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Abstract

The necessity of new antimicrobial agents is unarguable, since current therapeutic
treatments are not always effective: drug-resistant pathogenic microorganisms have
significantly increased over the last decades and their associated mortality rate still remains
a global concern. Several studies have shown that metal acquisition and regulation greatly
contribute to virulence and physiology of pathogens. In particular, to prevent infections,
humans restrict the access to essential micronutrients by means of an innate immune
response termed "nutritional immunity”; on the contrary, pathogens rely on sophisticated
systems (e.g. siderophores) to overcome the scarce metal bioavailability. From this
perspective, a deeper insight into the mechanism of metal trafficking in pathogens and host
nutritional immune response can provide crucial information to design new effective
antibiotic therapies, e.g. by developing species-selective transport or imaging drugs which
can be recognized only by specialized metal transport proteins (“Trojan Horse” approach).
Furthermore, metal complexes are not only a promising tool in antimicrobial treatments,
but they can also find application against pathologies which, in general, involve metal ions
(e.g. neurodegenerative diseases or cancer). The first essential step to develop novel metal-
based antimicrobials is the elucidation of thermodynamics and coordination chemistry of
the metal chelators involved in pathogenic events.

The main aim of this work is to provide insight into the correlation between metal
transport, homeostasis and virulence in pathogens. The research work is mostly focused on
Zn(II), which is crucial for the survival of human and pathogen cells. Its assimilation by
pathogens is extremely challenging: free zinc concentration is normally subnanomolar, and
many other divalent endogenous metal ions, such as Cu(Il) (or Ni(Il) in some organisms),
can compete for the same protein binding sites, thus requiring a more extensive study of
the phenomenon. For this purpose, the interaction of metal ions with human antimicrobial
peptides, metal transporters, natural metallophores and biomimetic molecular systems are
investigated, with particular emphasis on the thermodynamic properties of the obtained
complexes and the elucidation of their speciation in solution.

The choice of the unstructured peptide fragments as protein models, that simulate the
coordination and transport of metals, is the first essential step of this research. Consultation
of specific databases and scientific literature provides information about evolutionarily
conserved sequences with metal binding function. The further characterization of the metal
complexes required several experimental techniques. Mass spectrometry and
potentiometric titrations allow to evaluate the stoichiometry, coordination modes and
stability of the formed complexes in aqueous solution, varying the experimental conditions
like metal/ligand ratio and the pH value. Furthermore, competition diagrams obtained from
calculated partial and overall stability constants provide a deeper understanding of the
metal binding affinity. Spectroscopic techniques, such as UV-Vis spectrophotometry,
circular dichroism (CD), electron paramagnetic resonance and nuclear magnetic resonance
ensure a complementary study to understand the coordination geometries and to identify
the precise binding sites. CD measurements in the far-UV region also give indications on
the presence of specific conformations (a-helices, random coils, etc.). Biological studies in
vitro of potential antimicrobial agents involved in the process of nutritional immunity can
complete the information about the way of action of some systems and the role of metal
ions. Moreover, the comparison between different peptide analogues helps clarifying the
role of some residues of the sequence, not always directly involved in complexation but
rather influencing the complex geometry and contributing to its stability.
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1. Chapter One: Introduction

1.1 Transition metal ion transport as novel drug target candidate

It 1s well known that the number of pathogenic microorganisms capable to adapt and resist
current therapeutic treatments has significantly increased over the last decades; therefore,
the necessity of new antimicrobial agents is unarguable. There is currently only a limited
number of effective drugs against bacterial and fungal infections and the threat of
antimicrobial resistance (AMR) is still a major concern in clinical practice. As a result of
antimicrobial resistance, common treatments become inefficient and infections persist in
the host organism, making pathogens extremely dangerous for the patient subsistence and
increasing the risk of spreading to other individuals. AMR occurs naturally, as a
consequence of genetic mutations and organism evolution, but is facilitated by the
inappropriate assumption of medicines, low-quality treatments and inadequate prevention
and control of infections. The dramatic dissemination of antibiotic-resistant strains
represents both a serious threat and a scientific challenge.!"! To date, the available arsenal
of therapeutic and diagnostic tools against infectious diseases is insufficient to address the
AMR crisis and novel, innovative pharmacological therapies are urgently required. Reports
from the European Antimicrobial Resistance Surveillance Network (EARS-Net) estimate
that in 2018, 58.3% of the Escherichia coli isolates exhibited resistance to the third
generation of cephalosporins, fluoroquinolones and even carbapenems, and high levels of
Staphylococcus aureus infections were caused by methicillin-resistant species (MRSA).
The intrinsically drug-resistant Pseudomonas aeruginosa still represents the main cause of
healthcare-associated infections in Europe, and the percentage for vancomycin-resistant
Enterococcus faecium increased from 10.5% to 17.3% over three years.”!

The search for innovative therapies should be aimed not only at clinically more effective
drugs, but also at economically attractive compounds with adequate costs and gains for
producers. The use of natural compounds, for example, is an advantageous option for
attempting production cost-cutting, but still poses the risk of drug-resistance development.
In order to devise more attractive therapeutic and diagnostic strategies, as a first step, it is
crucial to understand the functioning of the pathogen virulence factors and to aim at them
as new clinical targets. Understanding and clarifying the biological phenomena involved in
the interactions between pathogens and the host organism, both in vivo and in vitro, can
provide the basis for the rational design of new promising therapies, with high rate of
specificity, selectivity and effectiveness. A significant difference between bacterial, fungal
and mammalian cells is related to the mechanisms of transition metal ions transport. !

The first row d-block metal ions manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni),
copper (Cu) and zinc (Zn) are known to be essential for the physiology of living
organisms, functioning as cofactors in metalloproteins or structural components for
enzymes. It has been estimated that approximately 30% of all proteins require metals for
their biological function. Nonetheless, both a reduced and an excessive concentration of
metal inside the cell are potentially toxic and fatal for its survival. From this perspective,
one can easily understand that metal ions play a key role in the pathogen subsistence and as
virulence factors.”” Pathogenic microorganisms, like bacteria and fungi, can meet their
physiological metals demand by detracting micronutrients from the surrounding
microenvironment during the colonization of a host organism. To prevent infections, the
host restricts the access to essential metal micronutrients, withholding and limiting these
resources by means of an innate immune response termed “nutritional immunity”.”* This
phenomenon is a primary defence line put in place by vertebrate organisms to limit the



efficiency of the microbial invaders. In fact, during inflammation the concentrations of
non-bound trace minerals, such as iron and zinc, proved to undergo a severe drop, which
can eventually result in the occurrence of human diseases.”'?! The host metal homeostasis
perturbation is caused by the pathogen organism, which can rely on sophisticated systems
to sequester metal micronutrients and overcome their scarce bioavailability. To obtain the
necessary metal nutrients, pathogens exploit various mechanisms, including both active
and passive transport through the pathogen cell membranes. In the former case, to make
the metal recruitment more efficient, pathogens can synthesise proteins, peptides or other
molecules with the specific function of metal scavenger, adapting to the host-mediated
metal limitations.'™ *) These so called “metallophores” are intended as specialised
extracellular or periplasmic chelators acting as metal shuttles, capable of catching the
metal ion from the host microenvironmental niche and transfer it to an appropriate target
protein, most often a transmembrane transporter. The amount of free metal ions must be
strictly regulated both in the case of pathogens and humans. The overload or shortage of
metals can induce cellular apoptosis due to intrinsic cytotoxic effects (inhibition of
enzymes through wrong metal coordination, formation of stable, irreversible protein
complexes, disruption of the membrane potential, absence of crucial protein cofactors and
consequent loss of enzymatic activity). Hence, attempting metals transport-targeted
therapies can be an outstanding opportunity to fight pathogens. Moreover, such
therapeutics may limit undesirable side effects for the host organism, since most
eukaryotes, including humans, frequently exhibit different metal acquisition pathways and
totally lack most of the typical extracytosolic metallophores of bacteria and fungi.

1.2 Human versus pathogen: the rules of the metal tug-of-war

To better understand the properties and the mechanisms of action of metallophores and
metal transporters, some preliminary considerations are necessary. First of all, we must
distinguish between two environmental niches in which pathogens’ metal binding proteins
can be found: the periplasm and the extracellular space. Gram-negative bacteria are
characterized by an additional outer membrane which defines the periplasmic compartment
(the space between the outer and the inner/cytoplasmic membranes). On the contrary,
Gram-positive bacterial and eukaryotic cells lack the outer membrane and the periplasm,
but possess a cell wall mainly containing peptidoglycans (bacteria) or multilayers of chitin,
glucans and mannoproteins (fungi). The presence of the periplasm requires a series of
import systems to let the metal pass through the outer membrane and make it caught by
specialised proteins that transfer it to further cytoplasmic import systems (Figure 1.1).
This function is usually delegated to diffusible soluble, highly specific, periplasmic metal-
binding proteins or low molecular weight metal chelators. The secretion of metal-binding
proteins in the Gram-positive bacteria and eukaryotic cells, instead, implies the release of
these metallophores directly into the host environment and it requires a further
reassociation step with the cell. Alternatively, the metallophore can be a lipid-anchored
protein located at the cell surface of Gram-positive bacteria (reaching in some cases up to
40% of Gram-positive surface lipoproteins 14y and, with less extent, of Gram-negative
bacteria (both at outer or inner membrane).!"”! Acquisition of metals directly by means of
transmembrane systems — not associated with high-affinity proteins acting as metal shuttles
— is also possible. The transfer direction can be from and to the cytosol. These systems are
often characterized by several transmembrane domains (TDMs) connected by outer-
cellular fragments that contain amino acid residues capable of acting as metal binding
sites; examples include the ZIP and the CDF family members, drug/metabolite
transporters, proton-coupled metals transporters, etc.



On the other hand, the human organism (here named “host”) possesses various systems
able to withdraw metal ions and limit their availability. The competition for trace minerals
is fierce and the host must constantly evolve efficient mechanisms to circumvent the
pathogen virulent activity. Numerous antimicrobial peptides and small proteins (AMPs),
such as S100 proteins family members, ferritin, transferrin, hepcidin, defensins, histatins,
etc., are able to sequester metal ions and starve microbes. They act as mediators of the
innate host defence and, more intriguingly, they can serve as starting material to design
novel efficient clinical treatments by simply improving their efficacy.!'®'®

o€ I &€ eo%

Host antimicrobial Metal ions
Metallophores  Metal transporters  protein

r .
Cytoplasm Membrane  Periplasm Membrane

Figure 1.1 - Schematic representation of metal trafficking pathways in Gram-negative
bacteria.

Taking into account the whole of the above considerations, this biological context imposes
specific metal-coordination features and in particular the necessity of kinetically labile but
thermodynamically stable coordination bonds; in other words, the systems involved in the
metal trafficking mechanisms must ensure adequate thermodynamic complex stability to
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prevent unwanted reactions or the premature release of the loaded ions, at the same time an
easy and favourable metal transfer to the proper target must not be hindered. A further
complication arises from the presence of different metal ions in the periplasmic and
extracellular environments, which can act as competitors for the same binding sites. The
Irving-Williams series elucidates the natural order of stability of metal complexes with
divalent transition metal atoms: Mg(II), Ca(Il) < Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II)
> Zn(Il); in the case of flexible proteins and unstructured portion of polypeptides, the
ligand cannot rely on specific steric effects that can favour the interaction with a specific
metal ion (such as allostery, protein—protein interaction mediated specificity, steric
hindrance, access to the binding site, kinetics, etc.) and therefore the metal selection
follows the absolute order of metal affinity, with copper and zinc predominating in the
protein bound-form (low bioavailability).!'*"

Considering the host-pathogen interface, one can distinguish four leading actors: (i) metal
ions, (i) metallophores, (iii) metal transporters and (iv) host antimicrobial peptides and
proteins (Figure 1.1). Each system plays a key role in the phenomenon of metals uptake-
associated virulence and the investigation of their mutual interactions opens the way to
novel antimicrobial strategies. Further details about each class are given in the next
sections, with particular focus on the metal ions and transport systems investigated in this
research work. Zinc interaction with zinc-binding proteins is by far the principal
mechanism studied in this PhD thesis, therefore, special attention will be devoted to the
description of zinc-metallophores (“zincophores”) and zinc transporters. Copper binding
ability of these proteins has been also investigated by virtue of Cu(Il) potential activity as
main zinc competitor and of its possible application in antimicrobial strategies. Nickel,
instead, played a crucial role when the zinc or copper competition in bacterial nickel-
binding proteins (e.g. Hpn protein) has been considered.

1.3 Transition metal ions in biological systems

All forms of life require the strict control of transition metal ions homeostasis and the
importance of such micronutrients as virulence factors is undoubtedly well recognised and
accepted. Metal availability depends on different physiological factors, such as pH, free
oxygen concentration, metabolic activity, enzymes expression, imbalance of other free
metal ions and the presence of competing chelators from the host organism. Understanding
the dynamics behind metal acquisition processes is crucial to direct in vitro structural and
functio[r;?l studies and then provide rational guidelines for the design of new antimicrobial
agents.

Biological systems, like nature itself, must follow the basic notions of chemistry and, when
thinking about metal binding proteins, of metals coordination chemistry. Metal ions and
their ligands can be thus classified according to Pearson’s theory of hard-soft acids and
bases,””! which predicts the general preference of a metal ion for certain ligands (Table
1.1). The two classes are empirically identified on the basis of the thermodynamic stability
of the formed complexes (measured by the equilibrium constant for the species formation,
Ky). It turns out that hard acids preferentially bind hard bases, and soft acids tend to interact
with soft bases. The same also occurs for those acids and bases with an intermediate
(borderline) character, which preferentially form complexes together. Furthermore, the
metal-ligand interaction can be generally summarized as follow: hard interactions are
predominantly electrostatic and soft interactions are predominantly covalent.

In biological systems, and in particular in proteins and peptides, one can identify only a
relatively small number of potential metal ligands, corresponding to specific amino acids
side-chains, in addition to the amino and carboxylic ends of the sequence. Moreover, the
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protein folding must ensure an adequate conformation to locate ligand residues in a
position suitable for the metal coordination. Alternatively, the metal binding can occur via
amino acid residues located in an unstructured, flexible portion of the protein, which can
adopt various conformations and properly coordinate the metal ion. The most common
metal binding chemical groups are the imidazole of His, the carboxylates of Glu and Asp,
the thiolate of Cys and the phenolate of Tyr. Less frequently the metal coordination can
occur by means of the thioether moiety of Met, the amino group of Lys, the guanidine of
Arg and the amides of Asn and Gln. Metal ions like Cu(Il), Ni(II) or Fe(Ill) can also
displace backbone N-amide protons at suitable pH values or bind the carbonyl group of the
peptide chain (Figure 1.2).

Table 1.1 - Hard-soft classification of Lewis acids and bases.

Hard Borderline Soft

H', Li*, Na*, K', Be*,
Acids Mg**, Ca*, Cr*", Fe'™",
Cr’, Al**, SO;, BF;

Cu’, Au, Ag+, T,
Hg,*", Pd**, cd*, Pt*,
Hg*", BH;

FeZ+’ C02+’ Ni2+’ Cu2+’
Zn>", Pb*", SO, BBr3

F, OH, H,0, NH;,
ROH, COs;*, NOs, |NO,, SOs*, Br,N;,|H, R, CN, CO, T,
0%, S04, POs", | Ny CeHsN, SCN SCN', RsP, C4Hs, RS

ClO,

Bases

Computational approaches applied to experimental evidence (e.g. the hard-soft rule)
identify a quite ordinary binding preference for each metal ion; for example, Ca(Il)
favourite amino acids were predicted to be Asp, Glu, Asn and Gly, Cu(Il) exhibits a
marked preference for His while Zn(II) for His, Asp, Glu and Cys, Mg(II) usually binds
Asp and Glu, and Fe(IIl) His, Asp, Glu, Cys and Tyr.>* ¥ Although metal ion-binding
sites in proteins exhibit a wide range of diversity, the regions responsible for the
interaction with ligands, substrates or other proteins tend to be conserved both in sequence
and structure, and the involved residues are usually in close spatial proximity. Therefore,
despite the mere presence of a certain residue in a protein sequence, it is often more useful
looking for a particular recurring motif (consensus sequence) by consulting specific
database or performing sequences alignment of homologue proteins. Typical examples of
metal binding motifs in proteins are the well-known amino terminal copper- and nickel-
binding (ATCUN) motif NH,-X-Y-H-, which commonly results in a Cu(Il) and Ni(I)
square planar complex where the metal is bound to the terminal amino group, the
imidazole nitrogen of His and the two backbone amides (NHj, Ny, ZN*);DS] or the
Cys,His; zinc finger motif -X-C-X;45-CX2-H-X534H-, consisting of an a-helix and an
antiparallel B-sheet, with Zn(Il) usually forming a tetrahedral complex.*® Polyhistidine
sequences (consecutive -(HH),- or alternated -(HX),-) are also quite common in
metallophores or antimicrobial peptides, and several metal transporters contain high
percentage of His residues in their flexible, extra-membrane fragments (His-rich loops).m]
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This research work is mostly focused on the bioinorganic chemistry of Zn(Il), which is
crucial for the survival of human and pathogen cells, being indispensable for the function
of several metalloproteins and enzymes. Its assimilation by pathogens is extremely
challenging: free zinc concentration within cells is normally subnanomolar,*®! and many
other divalent endogenous metal ions, first of all Cu(Il), but also Fe(II)/Fe(IlI) and Mg(II)
or Ni(Il) in certain organisms, can compete for the same protein binding sites, thus
requiring an extensive study of the different metals binding abilities of the involved
systems. For example, Cu(Il) is present in bacterial periplasm, it might enter the cytoplasm
via the zinc-uptake system ZupT and, depending on its concentration, might represent a
strong Zn(IT) competitor, unless properly regulated.'*”’

1.3.1 Histidine interaction with metal ions

According to Pearson’s classification, the imidazole side chain of histidine is a good
binding site for the so-called “borderline” metal ions (Table 1.1). In fact, although they
can form coordination bonds with other donor atoms, such as oxygen and sulphur, divalent
cations like Cu(Il), Zn(Il) and Ni(Il) exhibit a marked preference for nitrogen. The
imidazole group of His is partially deprotonated at physiological pH (pK, = 6.5), exerting a
buffer action and being available for metal coordination. Therefore, when a His residue is
located in a solvent exposed site or in an accessible unstructured portion of the protein
(which can fit itself around the metal centre or extend into the surrounding environment
with higher degrees of freedom), Cu(Il), Zn(Il) or even Ni(Il) can easily find an optimal
anchor point and coordinate the imidazole.*”) Moreover, in the case of Cu(II) or Ni(II), the
His coordination can promote the deprotonation and binding of the peptide backbone
amides to occupy the available equatorial coordination positions. The driving force of the
amide complexation is usually the formation of stable six- or five-membered chelate rings
(see Figure 1.3a). An outstanding example is given by the ATCUN motif: the His residue
located at position 3 of a peptide chain enables the simultaneous formation of three fused
chelate rings and the saturation of the coordination plane when Cu(Il) or Ni(II) coordinate
the adjacent amides and the terminal amino group (Figure 1.3b). The efficiency of His as
anchoring site is also underlined by the formation of more stable complexes when several
His residues are located in proximal positions. This is certainly true for Zn(II) that usually
coordinates several imidazole side chains in order to saturate its coordination sphere or
form (3N, H2O) complexes, which are quite frequent in biological systems (Figure 1.4).
Even in the case of Cu(Il), Co(II) and Fe(II), poly-His sequences promote the formation of
very stable complexes.
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Figure 1.3 - Example of Cu(Il) complex with (a) coordination mode (Nyy, 3N"); (b)
ATCUN type coordination mode (Ny,, NHy, 2N").



Figure 1.4 - Example of Zn(Il) complex with coordination mode (3Njn,, H20).

1.3.2 Zinc

Zinc is the second most abundant transition metal ion in living organisms, after iron. A
zinc ion can organize the biological structure and stabilize the folding of a protein, as in
zinc fingers proteins. Regulation of the transcription and translation of the genetic message
is also dependent on Zn(II), which is required by RNA and DNA polymerases and
participates in ribosome activity. The large family of Zn(II)-enzymes includes carbonic
anhydrase, carboxypeptidases, alkaline phosphatase, beta-lactamase and alcohol
dehydrogenases. Zn(II)-enzymes are also involved in many infectious events (e.g.
superoxide dismutases, ADAM metalloproteinases or deuterolysin) and play a key role in
human innate and adaptive immune responses.'* *!! The biological significance of Zn(Il) is
therefore well-documented and a deep look into the (bio-)chemistry of pathogens’ primary
zinc-thieves is fundamental in order to rationally deal with the discovery and design of new
antimicrobial drugs. The divalent Zn(II) ion has a high rate of ligand exchange, a
reasonably high electron affinity, a flexibility of coordination geometry (mostly
tetrahedral) and no redox activity, which in turns avoids the participation in free-radical
cellular damage. The Zn element has the [Ar]3d'%4s? electron configuration and its most
common oxidation state is +2. The corresponding Zn(II) ion is therefore characterized by a
d" configuration which limits the spectroscopic investigation of zinc complexes: visible
light is not absorbed since no d—d transitions can take place. Its polarizing power makes the
pK, of coordinated water molecules quite low, displaying Lewis acid properties and
allowing a catalytic function when, for instance, it coordinates three rather than four
protein ligands. More in general, the zinc-bound water can be either ionized to zinc-bound
hydroxide, polarised by a generic base to generate a nucleophile for catalysis, or displaced
by an appropriate ligand or substrate.

1.3.3 Copper

Copper is present in many enzymes, with crucial roles in electron transfer and activation of
small molecules (e.g. Oz, NOy, CO). Together with zinc, Cu(Il) is an important cofactor for
superoxide dismutases (SODs), enzymes that catalyse the dismutation of the superoxide
ion, O%, into oxygen and hydrogen peroxide. Copper is also well-known for its direct
pathogenic role in neurotoxic processes, like peptide aggregation and deposition in the
brain. In some invertebrates, copper also functions as oxygen carrier. The most common
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oxidation states for Cu element ([Ar]3d'%4s') are +1 and +2. The Cu(Il) ion has a 3d’
electron configuration and its complexes present a coordination number of 4, 5 or 6; they
are often characterized by the Jahn-Teller effect, which induces tetragonal, not
symmetrical geometry distortions, resulting in a configuration stretched or compressed
along a quaternary axis, thus stabilizing (i.e. minimizing the energy of) the system. When
the tetragonal elongation is enough intense, Cu(Il) complexes with coordination 4 can
assume a square planar geometry. In a protein/peptide bound form, Cu(II) can also displace
backbone N-amide protons at suitable pH values and include the amide-nitrogens in its
donor atoms set. In bacterial periplasm Cu(Il) can be adventitiously reduced to the more
toxic Cu(l), and therefore copper detrimental action must be prevented by oxidation, efflux
or sequestration mechanisms. According to the Irving—Williams series of divalent cations,
Cu(Il) is able to produce the most stable metal complexes and therefore is highly
competitive in a biological environment.

1.3.4 Nickel

Nickel plays an essential role as catalytic cofactor in many enzymes from bacteria, fungi
and plants. Nickel-containing enzymes, except for urease, are mostly found in
microorganisms and they include glyoxalase I, acireductone dioxygenase, urease,
superoxide dismutase, [NiFe]-hydrogenase, carbon monoxide dehydrogenase, acetyl-
coenzyme A synthase/decarbonylase, methyl-coenzyme M reductase, and lactate
racemase.””! The uptake, trafficking, and storage mechanisms of Ni(II) ion is extremely
efficient; nickel deficiency hardly occurs in any organism that requires this metal. The
most important nickel import systems are NikABCDE and the nickel/cobalt permeases
(NiCoT).”¥ Ni element has a [Ar]3d%® electron configuration and its most common
oxidation state is +2, although in certain conditions it can present a +1 or +3 oxidation
state. The resulting Ni" and Ni’*, however, are unstable species and do not contribute to
noticeable redox activity in living organisms. Ni(Il) is thus the most stable and common
jon, with a 3d® electronic configuration. Hexacoordinate nickel forms paramagnetic
octahedral complexes (high spin configuration and a triplet ground-state) with three spin-
allowed transitions (according to Tanabe-Sugano diagram for d* ions): 3A2g - 3T2g (F),
3Azg — T ¢ (F), 3 Ay — T, ¢ (P). With coordination number 4, Ni(II) tends to preferentially
form complexes with a square-planar arrangement (point group Dgp) in order to increase
the electronic stabilization energy of its d-orbitals. The resulting molecular d-orbital energy
levels may favour a low-spin configuration (dy,’, dy,’, dn’ dxyz) with an empty d,.y
orbital at higher energy. In this case there are three spin-allowed transitions: lAlg — leg,
'Aig — 'Eg 'A1g — 'Big Therefore, the spin state of Ni(Il) complexes depends on the
coordination number and geometry. In square-planar complexes, Ni(II) shows diamagnetic
behaviour with S = 0 (singlet ground-state), but if the geometry changes to tetrahedral or
the coordination number increases to five or six, the spin state changes to S = 1 (triplet
ground-state), resulting in a paramagnetic complex. This effect is termed coordination-
induced spin-state switching (CISSS).** The formation of Ni(II) complexes with peptides
proceeds in a way similar to Cu(Il), displaying a preference for nitrogen and oxygen donor
atoms and being able to promote the deprotonation of the backbone N-amides. In contrast
with Cu(Il), increasing the pH value, the coordination of the peptide chain (namely the
deprotonation of N-amides) occurs cooperatively and promotes the transition from an
initial octahedral distorted arrangement (most frequent with amine ligands) to a square-
planar geometry. An important limitation of Ni(I) ion is the relatively slow kinetic of
ligand exchange and complexation reactions, the first-order water exchange rate constant
for Ni(II) is 100 times slower than for Co(II) and 1000 times slower than for Zn(II).1**!



1.4 Zincophores

Many bacteria possess high-affinity uptake systems to transport a specific nutrient or
ligand, in general a target substrate, across their membranes. Zincophores are such systems
in charge of zinc recruitment from the extracytosolic space (host environment or
periplasm). Therefore, it is possible to distinguish different classes of zincophores: (i) the
bacterial ABC transporter related zincophores, i.e. the zinc-specific substrate binding
proteins (SBPs) constituting the extramembrane component of the ABC import systems,
(ii) their associated zinc-chaperones (when existing), which are a miscellaneous group of
proteins able to bind and transfer zinc to the SBP-zincophore, (iii) the bacterial
nicotianamine-like zincophores (also known as opine metallophores) and, analogously to
bacterial microorganisms, (iv) fungal macromolecules able to bind zinc and deliver it to a
target membrane transporter.

1.4.1 ABC transporter-related zincophores and their zinc-chaperones

The most important bacterial transport systems are the ATP-binding cassette (ABC)
transporters, consisting of three main components: a substrate binding-protein (SBP), a
membrane permease and an ATPase. The ABC transporters are extremely important and
often involved in the processes of metal homeostasis, being able to translocate the bound
targets across the cell membranes in both the directions (they can be classified as importers
or exporters). There are seven different classes (“clusters”) of SBPs, including metal-
binding proteins. Phylogenetical and structural analyses on a wide variety of known SBPs
highlight that Zn(II)-substrate binding proteins share certain evolutionarily conserved
structural characteristics, although they display different sizes, poor or no sequence
homology and have multiple biological roles. Therefore, only one class (cluster A) is
representative of Zn(Il)-related chelators and currently all of them are known as extra-
membrane components of the ATP-binding cassette (ABC) transporters, with the function
of withdrawing and delivering the cognate substrate to the transmembrane domains of the
ABC transport system.’®! Cluster A consists, in general, of SBP-dependent ABC
transporter proteins able to directly bind free Zn(II), Mn(Il), Fe(II)/Fe(IIl) ions (cluster A-
I) or to interact with metals in their protein-bound form, like siderophore, catecholate,
heme (cluster A-II). The main common feature of the cluster A metallophores is the
presence of a single rigid a-helical hinge region that links the two globular, pseudo
symmetrical o/ domains typical of all the SBPs. This a-helix linker makes the structure
relatively rigid and seems to be responsible for the different substrate delivery mechanism
proposed for cluster A-I SBPs, which significantly differs from the common “Venus
flytrap” identified in SBPs with non-metal cognate substrate.”®** A further sub-
classification differentiates cluster A-I zincophores on the basis of (i) the donor atoms of
the metal coordination sphere, (i7) the organism type, (iii) the presence of a flexible loop
near the metal-binding site, (iv) the length of the loop, and (v) the presence of histidine
residues in the loop.!" In the case of cluster A-I Zn(II) binding proteins, it is possible to
summarize the following common characteristics: (1) they generally display a tetrahedral
(3Nim, COO™ or H,0) metal coordination mode, that means that Zn(Il) is bound to 3
histidine residues and 1 carboxylate group from glutamic acid or aspartic acid or 1
exchangeable water molecule; (2) the flexible loop is always present, with only one
exception represented by TroA protein, and it generally indicates specificity for Zn(Il); (3)
in Gram-negative bacteria there is always a long His-rich loop while (4) in Gram-positive
bacteria the loop is usually shorter and may or may not contain His residues. The proper
coordination mode and the presence of a flexible loop close to the binding site are
therefore two indispensable features that ABC-transporter related zincophores must display
to perform their biological role and facilitate the interconversion between their metal -free
and -loaded forms. To date, only a relatively limited number of cluster A-I zincophores
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have been identified (Table 1.2). Unfortunately, neither their three-dimensional structures
nor the mechanistic implications of their metal uptake function are always clear.

Table 1.2 - Representative bacterial Zn(II) specific substrate-binding proteins of cluster A-
I. A three-dimensional structure of the protein in the zinc bound form is available for the
underlined species. Hypothetical zinc coordination mode for SBP lacking a 3D structure is
written in italics.

Protein Coordination mode | SBP classification | Species Ref.
3His, 1Glu S. pneumoniae (G+)

AdcAll Ia (lipid-anchored) 39
3His, 1Glu or H,O S. agalactiae (G+)

Lbp 3His, 1Glu Ia (lipid-anchored) | S. pyvogenes (G+) [40]

(or Lsp) ’ )

Lmb 3His, 1Glu la (lipid-anchored) | S. agalactiae (G+) |

3His, 1Glu or H>O (N-

] +
terminal domain); S. pneumoniae (G+)

1 . [42]
AdcA 3His (C-terminal Ib (lipid-anchored) g agzlc;zt;;ze( ((}CJ}F;L)
domain) - PYog
. E. coli (G-)
3His, 1Glu S. enterica (G-)
P. aeruginosa (G-) [43-45]
ZnuA II (solubl
n (soluble) T. pallidum (G-)
3His, 1H>O H. ducreyi (G-)
H. influenzae (G-)
Y. pestis (G-)
TroA 3His, 1Asp III (lipid-anchored) T pallidum (G-) (46,471

S. suis (G+)

Understanding how exactly the metal ions are recruited and how these zincophores
discriminate within the variegated pool of available metal micronutrients remains a
challenge. Many studies underline the crucial contribute of the metal binding sites
specificity and of the consequent resulting coordination mode, that can facilitate or block
the conformational changes required to perform a specific function. An elegant example is
provided by the pneumococcal surface adhesin A (PsaA) protein, which belongs to cluster
A-I SBPs. Its structural studies revealed that “imperfect”, far-from-ideal metal
coordination modes are preferable to favour the metal transport processes. This is also the
reason why Zn(II) ion (coordinated to His67, His139, Asp280 and Glu205) poisons PsaA,
blocking the protein in its closed conformation and preventing the metal release after
binding.®” Therefore, it is desirable that Zn(I)-specific SBPs avoid strong interactions
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with the metal substrate and this can be achieved by means of different sets of donor
atoms, possibly located at mobile, flexible regions of the protein, or close to them, that
make the ideal coordination sphere enough distorted, or occupying some coordination
positions with exchangeable solvent molecules, i.e. water. Interestingly small changes in
helices and in the loop spatial conformation near the metal-binding site are observed
between apo- and holo- forms in many Zn(Il) specific SBPs, suggesting that metal uptake
and release is likely mediated by the structural rearrangements of secondary elements, as
also recently proposed for the SBP protein ZnuA of Escherichia coli (EcoZnuA).**!
However, the role of the flexible region rich in acidic and histidine residues near the metal
binding site has not been established yet. It is supposed to facilitate zinc acquisition, to
serve as a sensor under zinc-exceeding conditions or to be recognised by the membrane
permease component. Some studies revealed that the His-rich loops of ZnuA homologues
in E. coli and Salmonella enterica can bind Zn(Il) through their His and Asp/Glu residues,
providing secondary metal binding sites./*) Moreover, the loop can be involved in specific
protein-protein  interaction and potential Zn(II) acquisition from additional
metallochaperones (Table 1.3): the most interesting example concerns the formation of the
protein binary complex between SenZnuA and the periplasmic zinc binding protein
SenZinT, where the N-terminal histidine-rich loop of ZnuA proved to play a critical role,
embedding into a structural cavity of the partner protein.'*”’

Table 1.3 - Summary of Zn(II) specific substrate binding proteins (SBPs) and their
associated accessory zinc-chaperone.

SBP-dependent ABC Associated zinc-chaperone component Ref.
transporter
ZnuA ZinT (periplasmic protein) [49]
AdcA (N-terminal domain) AdcA (C-terminal domain) [50]
AdcAll PhtD (surface protein) 511
AztC AztD (periplasmic protein) (521

1.4.2  Nicotianamine-like zincophores

Staphylococcus aureus, Pseudomonas aeruginosa and Yersinia pestis are human
pathogenic bacteria which, in a metal-deficient environment, can express specific opine-
type metallophores called staphylopine (StP), pseudopaline and yersinopine, respectively.
These chelators are similar to nicotianamine and their biosynthesis proceeds in the
following steps: 1) CntK, a histidine racemase (if present, as in S. aureus) converts L-His
into D-His; 2) CntL, a nicotianamine synthase enzyme, attaches the aminobutyrate chain of
S-adenosyl-L-methionine (SAM) to the histidine amino group, to form an intermediate
called xNA (if contains D-His) or yNA (if contains L-His); 3) the opine dehydrogenase
(ODH) enzyme, CntM, condenses the intermediate with an a-keto acid and, after reduction
with NAD(P)H, the obtained opine-type metallophore has stereochemistry (L, L) or (D,
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L)."* An additional nicotianamine-like metallophore belongs to Paenibacillus
mucilaginosus and has been named bacillopaline. The role of this metallophores in zinc
uptake has been confirmed in the context of nutritional immunity, for example
staphylopine was shown to compete with human calprotectin for zinc binding and import
by S. aureus. The mechanism of metal recruitment by means of such metallophores
consists of the internalization of the Zn(I)-opine complex through an appropriate
transporter.

1.4.3  Fungal zincophores: Pral and Aspf2

Fungal zincophores are small proteins, able to sequester zinc from the host tissue by
interacting either with the free soluble metal ion or with the metal coordinated to different
ligands. The concept of fungal protein zincophores and the discovery of how they work is
relatively new to the world of science. In 2012, Citiulo ef al. explained the details of this
mechanism in C. albicans: the zincophore is expressed under zinc limited conditions and
neutral to basic pH, it is then released from the hyphal surface into the surrounding
environment of the host, where it binds the Zn(II) ion and delivers it to the fungal pathogen
via physical interactions with an appropriate zinc transporter. In the case of C. albicans,
the 299 amino acid zincophore is named Pral (pH-regulated antigen 1); it captures zinc
and returns to the cell via a syntenically expressed receptor, Zrtl (A. fumigatus
orthologues: Aspf2 and ZrfA, respectively).>*! Although our knowledge on the inorganic
biochemistry of zincophores keeps expanding and is starting to be considered as a stepping
stone towards finding new, specific antifungal therapeutics based on zincophore fragments
connected with antifungal drugs, there are numerous issues that keep surprising us, such as
the recent data which shows that the Pral zincophore may collaborate with Sap6, a
secreted aspartyl protease involved in zinc scavenging. It was suggested that Sap6 may act
upstream in the zincophore pathway, delivering the substrate to the Pral/Zrt1 system. In
this context, Sap6 may function as a zinc-chaperone and may take the role of the above
mentioned bacterial SBP associated zincophores (e.g. ZinT), highlighting more similarities
with bacteria than might be expected. It is also worth to mention that, from the functional
point of view, the Pral/Zrtl zinc uptake system is analogous to bacterial zinc ABC
transporters, involving a secreted zinc scavenger (e.g. ZnuA) and a transmembrane protein
(e.g. ZnuB). Hence, the nutrient sequestration strategy from C. albicans appears to be well
conserved in other pathogens

1.5 Zinc transporters

Several bacterial proteins involved in the transmembrane transport of zinc, along with
those devoted to the transport of other metal ions, have been characterised in the past
decade. Zinc transporters can be classified as channels and pores, electrochemical
potential-driven transporters and primary active transporters. According to the known
systems, zinc transport tends to mostly occur by means of active mechanisms, although
also passive transport is possible. The major bacterial zinc importers are the members of
the ABC transporters family, which has been described in detail in the previous section and
makes use of substrate-binding proteins in order to sequester the metal ion from the
surrounding environment. Adequate zinc acquisition is also critical for the survival and
virulence of fungal pathogens, and — as in the case of bacteria — the tug-of-war between the
fungus and its host can be regarded as a potential target for new antifungal therapies. In
order to develop a highly specific antifungal medication, it is important to precisely
understand and aim at the differences in human and fungal Zn(II) transport.”® >"1 One of
the biggest obstacles in finding effective and drug-specific antifungal agents with
negligible side effects for patients comes from the fact that fungi share many basic

13



metabolic pathways with their human hosts (both are eukaryotes), much more than with
prokaryotic bacteria. Unlike bacterial pathogens, fungi do not rely on ABC transporters for
zinc transport, but they encode two independent classes of zinc transporters: (i) ZIPs
(Zrt/Irt-like proteins), which transport zinc from outside the cell into the cytoplasm, and
(i) ZnTs (zinc transporters) which transport zinc from the cytoplasm out of the cell and
from the cytoplasm into vesicles. ZIP proteins consist of several (6 to 9) transmembrane
domains connected by outer-cellular fragments that may contain amino acid residues
capable of acting as metal binding sites. In most cases, such potential metal-binding sites
are histidine rich motifs.

1.6 Host antimicrobial proteins and peptides

Antimicrobial peptides and antimicrobial proteins (AMPs) are phylogenetically ancient
biomolecules with a broad spectrum of activity and scarce attitude to induce antimicrobial
resistance. They are known to be effective against a wide variety of pathogens, like Gram-
positive and Gram-negative bacteria, fungi, viruses and even cancer cells and are present in
all living organisms (invertebrates, vertebrates, plants, prokaryotes)."® Interestingly,
AMPs also exhibit different desirable and attractive medicinal properties, hopefully
translatable into an appropriate bioactive system that will serve as an efficient clinical
treatment. Nevertheless, these extraordinary candidate molecules present some drawbacks.
The AMPs activity level is subject to modulation or degradation by both human and
pathogenic proteolytic enzymes; in fact, many endo- and exo-peptidases act to transform
high molecular weight peptides into shorter oligopeptides, making them inactive. Another
challenge to overcome is the decrease of biological activity in vivo (compared to in vitro
experiments): differences in the pH and salt concentrations and the presence of a variety of
interacting molecules can inhibit the AMPs efficacy.l>*>”!

As already mentioned, AMPs act as mediators of innate host defence, and their
antimicrobial activity can be expressed in different ways, including the interaction with
cell membranes and the sequestration of metal nutrients such as Zn(II), Cu(Il), Mn(II) or
Ca(Il). The main AMP mechanisms of action on a membrane concern the possibility to
promote cell wall permeabilization and to inhibit its biosynthesis, resulting in a loss of
pathogenic cell membrane integrity. On the other hand, several AMPs have also been
suggested to be involved in the disruption of metal homeostasis of pathogens.®” The
presence of some divalent metal ions can modulate the efficacy of some AMPs (psoriasin,
kappacin, microplusin, calcitermin, histatin, etc.); and some interesting studies demonstrate
that Zn(IT) and Cu(II) can play a role as structural cofactors,®"” ® inducing desirable and
significant conformational changes in peptide structures with possibly a better microbicide
activity; this is the case of kappacin and dermicidin, which can adopt an amphiphilic a-
helical structure in bacterial membrane-like environments.'> Y The importance of these
metal ions in the process of nutritional immunity is crucial as well: antimicrobial peptides
like %oé%asin, histatins and microplusin, in particular, act by chelating zinc and copper
ions.

1.7 Overview of the presented research

In this work we mostly focus on Zn(II), Cu(Il) and Ni(Il) acquisition by bacterial and
fungal human pathogens. Our aim is to understand the bioinorganic chemistry of the main
systems involved in metals uptake from the periplasmic and/or extracellular space, with
particular emphasis on the very first step of metal sequestration at the interface with the
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host organism, that is the “place” where most of these processes occur and where the actual
“metal tug-of-war” befalls. Once the bioinorganic chemistry of the involved systems is
known, the further step can be devoted to the design of novel metal-related therapeutic
strategies. The whole of the obtained information can allow to correlate the metal
coordination behaviour with the corresponding biological function. Furthermore, metal
complexes are not only a promising tool in antimicrobial treatments, but they can also find
application against pathologies which, in general, involve metal ions: a well-known
example is that of neurodegenerative diseases. In fact, the onset and progression of
disorders like Alzheimer's, Parkinson's and Huntington's diseases as well as amyotrophic
lateral sclerosis are closely related to the imbalance of transition metal ions in the brain,
clearly suggesting the crucial importance of metal homeostasis. The first essential step to
develop novel metal-based therapeutics is the elucidation of coordination chemistry of the
metal chelators involved in pathogenic events.

Genome analyses have identified numerous homologues of each metallophore and import
system, and various genes encoding further putative metal transporters in human
pathogenic species. The vastness of the topic forces us to focus on a restricted pool of
biological systems. Different pathogenic species and their most promising metal
acquisition pathways (as potential drug-targets) have been selected and investigated in
terms of coordination properties of the involved metal binding proteins. A detailed
description of the systems investigated in this work is given in the next chapters and is
schematically reported in Figure 1.5.

Metal ion homeostasis

Neurodegenerative Biomimetic
diseases molecular systems

Infectious diseases

ZinT periplasmic L
— protein from E. coli
and S. enterica

Tau protein L His-containing
P branched peptides

C4YJH2 metal
— transporter from C.
albicans

Zrt2 metal
— transporter from C.
albicans

Hpn protein from H.
pylori

Human AMP
calcitermin

Figure 1.5 - Schematic overview of the research work.
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The studied systems include: (i) the ZinT periplasmic protein from E. coli and S. enterica,
the metal transporter proteins (i) C4YJH2 and (iii) Zrt2 from C. albicans, (iv) the Hpn
protein from Helicobacter pylori and (v) the human antimicrobial peptide calcitermin.
Moreover, there are several hypotheses and existing evidence of infectious agents, like H.
pylori and other pathogens, contributing to neurodegenerative diseases etiology in human
and animal models.'®® H. pylori associated worsening of neurological disorders can be
related to the disruption of the blood-brain barrier and to the formation of amyloid-like
fibrils, which is promoted by the Hpn protein in the brain.!”” ") The metal-binding ability
of Hpn is also well documented.”" *! Therefore, considering the possible link among
metal ions, neurodegenerative disorders and infectious pathologies, it is worth it to
investigate the metal ion interaction with metal-binding proteins associated to
neurodegeneration. From this perspective, the Cu(Il)/Cu(I) binding and oxidation activity
has been studied in relation to the (vi) human tau protein. In this context of characterization
of biological systems, a different — but closely related — field of research is instead focused
on the design and study of artificial systems that can mimic the functions of natural
biomolecules or can display multivalent interactions with various biomolecular targets,
including the ability of showing specific, selected metal binding properties: (vii) ad hoc
designed His-containing branched peptides have been studied for their ability to bind metal
ions. Although the design of promising therapeutic agents does not represent the goal of
this PhD research work, the overall of the obtained results is certainly a solid steppingstone
to rationally develop novel strategy against several human pathologies.
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2. Chapter Two: Instrumental techniques

2.1 Complex-formation equilibria in solution

A metal complex can be defined as a species resulting from the interaction of one or more
metal ions (M) with another species (ligand, L) able to independently exist in solution.
Their interaction is based on Lewis theory of electron pairs donors and acceptors.
According to the type and number of metal ions (acceptors) and ligands (donors), a
complex can be: positively or negatively charged, neutral, mononuclear (one metal ion),
polynuclear (multiple metal ions), bis-, tris-, etc. complex (multiple ligand molecules), etc.
The required parameters for the characterization of simultaneous complex-formation
equilibria in solution are contained in the so-called “speciation model”, which provides the
stoichiometry of the different formed species and their formation constants at a given
temperature (7) and ionic strength (/). The speciation model allows to calculate the
composition of a system in different conditions of pH, absolute concentrations of the
components and metal to ligand ratios. For a generic system constituted by the metal ion
M, the ligand L and a proton H, the stoichiometry and the stability constant are described
by the following equations:

pM + gL + rH == ML H; (2.1)
_ [MyLgH,]
Poar = M L] HT 2.2)

where the terms in square brackets in equation (2.2) represent the molar concentrations of
the different species present at equilibrium (2.1). The charges and the solvent molecules
are omitted for the sake of simplicity. 8,4, is the global (or cumulative) formation constant
and provides quantitative information about the interaction between the metal ion M and
ligand L. The stoichiometric coefficient r for the proton may also be negative if the number
of protons dissociated from the ligand is greater than the maximum number of dissociated
protons in the absence of metal ion. A detailed description of the different equilibria in
solution can be obtained by stepwise constants, K, (or X,, when they refer to the ligand
protonation). The overall formation constant is equal to the product of the individual
stepwise constants (equations 2.4 and 2.5).

When working in aqueous solutions, besides the complex-formation equilibria, the metal
ion and the ligand participate in other equilibria which are influenced by the pH value, i.e.
they are involved in acid/based reactions: the metal ion can form complexes with the
hydroxide ion ([M™ (OH ),]™™") and/or become insoluble and precipitate in solution, while
the ligand can undergo protonation equilibria. The first step to determine the speciation
model of a system is to experimentally determine such equilibria and measure the
corresponding equilibrium constants. The metal hydrolysis constants are often available
from literature and calculated at specific value of 7 and /. Ligand protonation (stepwise or
cumulative) constants must instead be determined and refer to the following equilibria:

L+H HL X, = HL]
[H][L]

HL + H H,L X, = Lt
[H][HL]
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H, ,L+H H,L Xo = qr D] (2.3)
_ HL]
L+H HL Pous = T = %
_ [HL]
L+ 2H H,L Porz = oy = Koo
[HnL]
L+ nH HnL ﬁOln = m = X1X2 Xn (24)

Once the protonation equilibria are described, it is possible to move forward to the
determination of complex-formation constants.

_ (ML]
M+ L ML Biio = L K,
_ ML)
M + 2L =— ML, Biao = T KK,
_ MLy
M + nL ML, Bino = R KK, .. K, (2.5)

The stepwise constants are usually sought in order to understand the relationships between
structure and reactivity; while to calculate the concentration of the final product (the
complex ML,) the overall formation constant, /3, is frequently used.

Any system with n components (metal/s, ligand/s and proton) can be described by the
following equations:

a) n mass balances of the n components;
b) charge balance;
¢) N formation constants f; for the present species.

For a binary system, there are three mass balances:
Cy = [M] + [ML] + [ML,] ...+ [ML,] = [M] + ¥ B,[M][L]" (2.6)
C, = [L] 4 [HL] ... + [ML] ...+ N[ML,] = [L] + ¥ X, [LI[H]" + X NB,[M][L]" (2.7)
Cy = [H] — [OH] + [HL] ... + r[H,L] = [H] — K,, [H]"* + X rX,[L][H]" (2.8)

where Cy,, C;, and Cy are the stoichiometric concentration of the metal, the ligand and the
proton respectively, and [M], [L], [H] are the corresponding free concentration. Cy;, C; and
Cy are usually known, as they are suitably set by the experimenter, while [M], [L] and [H]
can be directly or indirectly experimentally obtained (for example with potentiometric
measurements). To properly solve the problem, it is necessary to build up mass balances
models, that represent the system and consider all the possible species in which the main
components are partitioned (see equations 2.6, 2.7 and 2.8). The binary system consisting
of these three equations contains 3+N unknowns, that are the free concentrations of the
components and the overall formation constants. Therefore, it is not univocally solvable. If
[M], [L] or [H] and the protonation stepwise constants X; are known, this set of
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simultaneous equations can be solved respect to the N overall formation constants f;. The
ligand protonation constants X; must be determined accordingly, as previously mentioned.
For this purpose, a strong base is added to an acidic solution of the ligand in its protonated
form H,L and pH is measured for each addition (potentiometric titration).

Experimental methods for the study of these systems are, thus, based on the determination
of the free concentration of at least one component and re-test to different conditions in
which the formation constants remain unchanged (temperature and ionic strength are kept
constant). In the case of labile complexes, i.e. for those complexes in which the ligands are
not irreversibly bound to the metal but may be replaced by other ligands with fast kinetics
and there is competition between the metal ion and the proton for the donor sites of the
ligand, an experiment can be performed through an acid-base potentiometric titration. For
each titration point the concentration of free proton can be estimated. For each of the N,
points of the titration, a system of three mass balances can be written. The result is a total
system of 3N, equations and (3—1)N, + N unknowns, because for every point we have 3—1
unknown free concentrations and the same N formation constants for all the points. The
system can be solved if the number of unknowns equals the number of equations, namely
the number of experimental points (N = N). Normally, the exact solution of these systems
can be achieved only in very simple cases. For systems with an equation order higher than
one, it is possible to get a good approximate result with statistical methods of nonlinear
least squares fitting. In this case, the number of needed points is at least double that of the
parameters to be determined and, furthermore, a greater number of points will increase the
accuracy of the results. Nowadays there are several available software programs which are
able to process hundreds of experimental points related to systems with several metals and
ligands, where there are many simultaneous equilibria. The program usually gives a
statistical analysis of the goodness of fit, that provides an assessment of the model
reliability and results. Although potentiometry is the most widely used technique for this
purpose, thanks to its simplicity and accuracy, this method of calculation may be coupled
to any analytical technique capable of measuring the free concentration of at least one
component of the system in variable experimental conditions.

2.1.1 Potentiometry

In potentiometry, the determination of the free concentration of a component present in
solution is performed using a glass electrode. A glass electrode is a type of ion-selective
electrode made of a doped glass membrane, that is sensitive to changes in the content of a
certain type of ions in a solution. Glass electrodes are commonly used for pH
measurements. The potentiometric method is used for the determination of both the
protonation constants and the complexes formation constants. It is important that the ligand
is involved in both acid/base type equilibria and complex-formation equilibria (i.e. there
must be competition between metal ion and proton for the ligand binding sites). A glass
electrode measures the potential E of the system, which correlates with the activity of the
hydrogen ions through the Nernst equation:

RT
E=E0+n—FlnaH++Ej (2.9)

where E° is the standard potential, E; represents any liquid junction potential of the
system, R is the universal gas constant (8.314 J K™' mol™"), T is the absolute temperature
(in Kelvin, K), F is the Faraday constant (96840 C mol ™), n is the number of transferred
electrons and for the glass electrode is 1 and ay, is the activity of the H' ion. E; can be
minimized to negligible and reproducible values by providing a salt bridge (conventional
saturated KCl solution) and a constant ionic medium. Corrections for the effect of the
liquid junction can be included in the calibration procedure in the region of low pH;!!! E;is
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then revealed as a deviation from linearity of the observed potential as a function of pH,
since the liquid junction potential in a solution of constant ionic strength can be defined as:

Ej = jo[H] + jp Ky [HT]™ (2.10)

where j, and j, are the so-called parameters of the ionic medium: the acid liquid junction
coefficient and the basic liquid junction coefficient, respectively, and K, is the water self-
ionization constant. Converting now the Neperian logarithm into the decimal one, at room
temperature 7 = 25 °C, and approximating the effect of E; to a negligible value, equation
2.9 can be rewritten as:

E = E% +0.05916 log ay, 2.11)

The rigorous thermodynamic equilibrium constant is expressed in terms of activities,
which are quite impractical. For the sake of convenience and reproducibility,
concentrations are preferred. The proton activity can then be expressed as:

apy = [H'] vy (2.12)
and thus, considering both equations 2.9 and 2.12:
RT RT
— 0 +] 4 2.13
E=E +nFln[H ]+nFln)/H+ (2.13)

where [H] is the proton molar concentration and yy, is the activity coefficient, which is
related to the interactions occurring between the solute molecules. y describes the
deviation from the solution ideal behaviour and its value tends to unity in very dilute
conditions (i.e. when particles encounters approach zero). Experimentally, the Debye-
Hiickel limiting law is valid only for very dilute solutions (C < 10~ M). According to the
Debye-Hiickel limiting law, the logy; should also decrease with the square root of
increasing ionic strength, I

Az
1+ Ba;VI

A and B are constants depending on the ion charge, the temperature, the density and the
dielectric constant of the solvent, for aqueous solutions at 7= 25 °C A = 0.509 and B =
0.3284, z; is the ion charge number, and a; is the effective diameter of the hydrated ion.
The most significant aspect of equation 2.14 is the prediction that the activity coefficient is
a function of ionic strength rather than the electrolyte concentration. Hence, for high and
constant concentrations of ionic strength, the activity coefficients remain constant with
respect to the variation of the other species in solution, when their concentration is 10%
lower than the ionic medium concentration. Therefore, in order to avoid complications due
to variation of activity coefficients, it is customary to perform stability constant
determinations in solutions of relatively high and constant ionic strength (~ 0.1 M).

logy; = — (2.14)

In condition of constant temperature and ionic strength, the activity coefficient is constant
and it could be incorporated into the standard potential E°:

RT
E=EY +— In[H' 2.15
+nF n[H"] ( )
with
RT
E°’=E°+ﬁlnyH+ (216)

The Nernst equation applies to an ideal situation, and a real system can actually undergo
some slight deviations from the theoretical Nernstian behaviour due to experimental
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fluctuations. Thus, it is convenient to introduce the slope factor f;, an experimental
parameter that takes into account the deviation from the theoretical slope of Nernst
equation (~ 59.16 mV, see equation 2.11). The resulting equation is:

RT
E = E* + By — In[H*] (2.17)

The values of B, and E? are obtained through a specific daily calibration consisting in a
strong acid titration using a strong base as titrant. In this way, the measured values of
potential E can be directly related to the concentration of the proton [H'] and the obtained
equilibrium constants can be expressed in terms of concentration.

2.1.2  Data analysis and processing

The analysis of potentiometric data are performed using the following computer programs:
Tiamo 2.4, Microsoft EXCEL, GLEE,"” HYPERQUAD"! and HYSS.!"!

Tiamo 2.4 is the software package interfaced with the potentiometric instrument Metrohm
905 Titrando, it allows to acquire titration curves and to modify the experimental
measuring parameters. GLEE 1is exploited mainly to process the calibration curves of the
electrode. Indeed, if the hydrogen ion concentration, indicated by [H'] in equation 2.17, is
known for a series of measurements of electrode potential it is possible to determine both
the standard potential and the slope factor. Calculations proceed using Gran’s method
(Figure 2.1).”! The perfect linearity is a good estimate of the proper electrode function and
the absence of convergence between the acidic and basic lines (ideally the end point of the
titration) allows to calculate the amount of impurity of the solutions, often corresponding
to the carbonate contamination of the alkaline titrant. The acceptable error on the alkaline
concentration is about 2—-3%.

Befora End Point

After End Point

Gran's
function

End Point
L~

Volume of added titrant, V (ml)

Figure 2.1 - Gran’s linearization

Microsoft EXCEL software is used to derive the exact concentration of the ligand in the
prepared solutions, once again taking advantage of the Gran’s method: applying the Gran
plot theory, it is possible to precisely detect the end-points of the potentiometric titration
curve. The first end-point corresponds to the volume at which the number of equivalents of
strong base (NaOH or KOH) corresponds to that of added strong acid (HCI or HC1O4):

n°eqacid = n°,4base (2.18)

The second end-point indicates the volume at which the sum of equivalents of acid and
ligand is equal to the equivalents of the base (equation 2.19).
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n°eqligand + n°yqacid = n°y4base (2.19)

Therefore, the difference between the above two points is the volume of strong base
necessary to titrate the ligand. Then, multiplying this volume for the base concentration
and dividing it by the number of protonable sites, it is possible to obtain the concentration
of the ligand in the solution.

The above calculated parameters and the titration curve points can be also processed with
the HYPERQUAD program, to compute the protonation constants for the ligand and the
stability constants for the complexes. HYPERQUAD input files contain a list of
parameters that describe the sample analysis: millimoles of ligand, acid and metal, titrant
base concentration, electrode standard potential E®’ and slope factor S, initial volume of
the analysed sample and temperature. The data refinement is a least-squares based
procedure, in which the sum of squared residuals is minimized. The results of a least-
squares calculation include the standard deviations and correlation coefficients of the
refined parameters, giving information on the goodness of fit. In the input speciation model
for HYPERQUAD calculations, hydrolysis constants for metal ions are also included.

2.2 UV-Vis spectrophotometry

Ultraviolet-visible spectrophotometry is a technique widely used to analyse complex
formation in solution. The interpretation of the absorption spectra, and hence the analysis
of the position and intensity of the experimental bands, provides information about number
and nature of the donor sites involved in the metal coordination. UV-Vis
spectrophotometry allows to determine the concentration of a species in solution, since it is
linearly related to the absorbance of the solution (equation 2.20). The quantitative analysis
in spectrophotometric methods is based on the Beer-Lambert law. According to Beer, for a
dilute solution the absorption intensity is proportional to the number of the attenuating
species, and therefore, to their concentration; while Lambert’s law states that the fraction
of absorbed radiation is independent of the radiation intensity. Combining these two laws,
we can derive the Beer-Lambert law:

I
A=l0g70=elC (2.20)

where A is the observable absorbance of the solution, I, is the intensity of the incident
monochromatic radiation, I is the intensity of the transmitted radiation, & represent the
molar extinction coefficient, an intrinsic property of the absorbing species and thus
independent of the other parameters, [ is the path length of the absorbing solution
expressed in cm and C the concentration of the absorbing species expressed in molarity.
The value of log(l,/I) is commonly known as the absorbance A of the solution and it can
be directly read from the experimentally recorded spectrum; A is often expressed as
“absorbance units”. The absorbance is an additive property of the system, therefore when
more than one absorbing species coexist in solution, the measured total absorbance is a
sum of each single component contribution.

A = l (81 Cl + 52 Cz et ETl CTL) (221)
In the field of inorganic chemistry, UV-Vis spectral range is usually associated with metal-
centered d—d electronic transitions. Indeed, transition metals appear coloured because they

are able to absorb visible light (wavelength range: 400—-800 nm). Higher energy transitions
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may also occur in the ultraviolet range (200400 nm). When a complex absorbs enough
energy in form of quantized ultraviolet or visible light, the valence electrons can be excited
to higher energy orbitals depending on the energetic separation between them (AE).
Different compound will have unique energy spacing between electronic levels, and
therefore changes in the absorption spectra of a metal complex solution can provide
information about the type of ligand and the metal coordination sphere under different
experimental conditions (e.g. pH, metal-ligand ratio). The value of AE can be directly
correlated to the frequency of the absorbed light (v) and thus to its wavelength (4). The
higher the energy gap AE the smaller the value of 4:

AF = hv = h= (2.22)
h is Planck’s constant (6.626 - 10" J s) and c is the speed of light in vacuum (3.00 - 10® m
s™"). However, the rigorous discussion of electronic transitions must take into account that
light-induced electronic excitation also causes many rotational and vibrational transitions
of the molecule, and the result is a gaussian band-shape absorption instead of a single line
corresponding to the expected AE energy (Franck-Condon principle). The maximum of the
absorption band is centred on a Amax value which gives information on the AE and therefore
on the energy distribution and electron occupancy of the complex orbitals. Besides Apax,
another important parameter provided by absorption spectra is the molar absorptivity € at a
given wavelength. It is an estimate of the probability that a specific transition between two
states separated by AE o« 271 occurs. Indeed, certain transitions are allowed and certain
transitions are forbidden depending on the nature of the involved orbitals and electrons.
Without going into the details of the theory, it is possible to distinguish between allowed
and forbidden transitions simply investigating the interaction of the complex with the
electromagnetic moment induced by the incident photon. The resulting spectroscopic
selection rules impose (i) a symmetry requirement of the involved orbitals on the basis of
the representation of the point group to which the molecule belongs, this also includes the
Laporte rule for centrosymmetric complexes, which states that allowed electronic
transitions cause a change of the parity (Germ. g, gerade and u, ungerade); (ii) a spin state
requirement by which electronic transitions which cause a change of the electron spin state
are forbidden (gmax < 1 Mflcmfl). Nevertheless, selection rules may undergo some
exceptions. The spin selection rule may be broken by the coupling of spin and orbital
angular momenta, which is greater for heavy atoms. The symmetry/Laporte selection rule
can be circumvented by molecular vibrations, which can perturb the symmetry and destroy
the centre of inversion, or by intrinsic asymmetry of the complex structure due to distorted
arrangements of the ligand around the metal ion. The breakdown of Laporte rule allows to
detect roughly intense d-d bands in the absorption spectra of transition metal complexes,
which are instead expected to be forbidden (t;; — €,). To briefly summarise, the types of
electronic transition which are possible to detect by means of UV-Vis absorption (Figure
2.2) are:

— transitions between orbitals mostly localized on the metal ion (MC, ie. d-d
transitions; emsx ~ 100-200 M 'cm '), typically observable in the visible spectral
range;

— transitions between orbitals mostly localized on the ligands (LC), whose UV-Vis
bands are almost independent of the presence of the metal;

— transitions between orbitals that are predominantly ligand in character and orbitals
that are predominantly metal in character (metal-to-ligand charge transfer MLCT,
ligand-to-metal charge transfer LMCT), which are characterized by extremely
intense bands (max ~ 1000-50000 M 'cm ') in the ultraviolet spectral range,
although may have a tail into the visible.
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Figure 2.2 - Molecular orbital diagram for a generic ML complex with Oy, symmetry
representing various types of electronic transitions.

2.2.1 Crystal Field (CF) and Ligand Field (LF) Theories

The above considerations arise from a specific theoretical background that allows to
rationalise the absorption spectra of a metal complex by means of both the crystal-field
theory (CFT) and the ligand-field theory (LFT). A transition-metal ion in a compound or
complex is supposed to be subjected to an electrostatic field produced by molecules and
ions in its environment. Reasonably, only the nearest neighbours of the metal ion need to
be considered. According to the crystal-field theory, the ligands are either negative ions or
molecules with unshared electron pairs directed towards the metal. When forming a
complex, the electrons from the ligands will be closer to some of the metal d-orbitals and
farther away from others, causing a loss of degeneracy in the orbital energetic levels. The
electrons in the d-orbitals and those in the ligands repel each other due to repulsion
between charges of the same sign. Thus, the d-electrons closer to the ligands will have a
higher energy than those further away, which results in the d-orbitals splitting in energy.
The magnitude of the energy separation between the d-orbitals, and hence the colour of the
complex (that is due to the d—d transition), depends on: (i) the nuclear charge and the
identity of the central metal ion, (ii) the ligand charge density, (iii) the geometry of the
complex ion (the electric field created by the lone-pair of the ligand depends on the
geometry of the complex ion), (iv) the number of d-electrons, and (v) the oxidation number
of the central ion. CFT focuses on the d-orbitals energy separation, being crucial to
understand and rationalize experimental spectra, thermodynamics stability and magnetic
properties of the metal complexes. In an octahedral model six ligands (i.e. six point
charges) are located around the metal ion and cause a lowering of the dyy, dy,and dy, orbital
energy and the increase of the d,; and dy».y» one, as shown in Figure 2.3. The difference in
energy between the two sets of d-orbitals is called the ligand-field splitting parameter A,
where the subscript “o” stands for octahedral.
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Tetrahedral complexes are the second most common type of complexes for the first-row
transition metals (i.e. Zn(Il)) after the octahedral ones; they are characterized by four
ligands that form a tetrahedron around the metal ion. In a tetrahedral distribution of
charges, metal d-orbitals split again into two groups, with an energetic gap of A;. The lower
energy orbitals are d,» and d.y», while the higher energy orbitals are dyy, dy, and d,,
opposite to the octahedral situation. Furthermore, since the ligand electrons in the
tetrahedral symmetry are not oriented directly towards the d-orbitals, the energy splitting is
lower than in octahedral field (A,= 0.44 A,). Crystal-field theory is also successful in
describing square planar and other geometries, including the tetragonal distortion due to
Jahn-Teller effect (see Figure 2.3), and allows to introduce the concept of high-spin and
low-spin configurations for d*, d°, d° and d’ metal ions. Depending on the ligand-field
splitting parameter, A, and on the pairing energy (electron—electron Coulombic repulsion),
the d-electrons may occupy all the available (not degenerate) five d-orbitals with parallel
spin (high-spin) or proceed first filling the lower degenerate d-orbitals, allocating two
paired electrons per orbital (low-spin), fully in accordance with Pauli exclusion principle.

Octahedral Tetrag(?nal Square .Trlgon.al Tetrahedral
Pyramidal Planar Bipyramidal
/
* L d sl » ®

Ty 7 oy Xy -
2" TV
Xy XZ YZ Xy Xy ‘ .
Xz yz i L Y. xy )(!-y5
Xz yz

Figure 2.3 - Distribution of the five d-orbitals in different ligand fields. The elongation on
one axis causes the decrease in energy of the orbitals lying along the axis direction.

The splitting of d-orbitals in the crystal field model not only depends on the geometry of
the complex, but also on the nature of the metal ion, its charge and the surrounding ligands.
For instance, the higher the oxidation state of the metal or the stronger the ligand, the
larger the splitting. A list of ligands ranked in order of their ability to cause large orbital
separations is known as spectrochemical series. In case of octahedral field:

— increasing A, —
I'<Br <CI'< SCN' <F <OH <ONO <H;0 <SCN <NH3; <NO, <CN <CO
weak-field ligands strong-field ligands

When the geometry and the ligands are held constant, the metals spectrochemical series is
approximately the following one:
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— increasing A, —
+ 2+ + +
Mn®" < Ni*" < Co** < Fe*" < V?" <Fe’* <Ru’* <Pd*" <Pt**

In an octahedral field, the value of A, increases as the oxidation state increases and moving
down the group. This trend agrees with the decrease of the atomic radius in higher
oxidation state ions, that means smaller distances between metal and ligands and larger
interaction energies.

An advanced theory to explain the spectroscopic properties of metal complexes is based on
the ligand-field model, which takes into account the overlap between the orbitals of the
metal ion and of the ligands. LFT arises from the application of the molecular orbital
theory and allows to build-up a molecular orbital energy level diagram from metal atom
orbitals and symmetry-adapted linear combinations (SALC) of ligand orbitals. In an
octahedral complex, the result is an electronic rearrangement which is qualitatively the
same as in crystal-field theory with five molecular orbitals which are mainly metal-orbital
in character (three triply degenerate nonbonding orbitals with t,, symmetry and two doubly
degenerate antibonding e, orbitals). Moreover, when ligands have orbitals with local =
symmetry with respect to the M—L axis, it is possible to form SALCs of t,, symmetry and
to combine them with the three metal t,, orbitals. With respect to the atomic nonbonding
orbitals, the resulting t,, molecular orbitals of the complex can have higher or lower energy
(depending on the relative energies of the ligand and metal orbitals) and A, is decreased or
increased, respectively (Figure 2.5). The ligands can be then classified as n-donor or =-
acceptor depending on the presence (n-donor) or absence (m-acceptor) of electrons in their
available 7 orbitals; this also affects the energy of such orbitals and therefore the A, gap.
The spectrochemical series introduced by CFT can be then explained on the basis of the &t
bonding effect, when feasible, and most of the above considerations on the frontier orbitals
are also reflected in LFT model, but with the advantage of a detailed description (and
prediction) of the complex molecular orbital energy diagram which rigorously clarify most
of the observable absorption phenomena.

— increasing A, —

LFT 7 donor < weak 1 donor < no & effects < w acceptor

CFT weak-field ligands strong-field ligands
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Figure 2.4 - Effect of n-donor and n-acceptor ligands on the energy gap between HOMO
and LUMO orbitals of a generic metal complex with O, symmetry.
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2.2.2 Data analysis and processing

The UV-Vis spectra were acquired in the spectral range 200900 nm at a temperature of
25°C, in a quartz cuvette with an optical path of 1 cm. Spectrophotometric titrations
allowed to follow the changes in absorbance throughout the pH range 2—12. The pH was
varied approximately half unit for each measurement by manual addition of a little amount
of HCI and NaOH 0.1 M. Obtained UV-Vis spectra at different pH values were analysed
using the Origin software. For each spectrum, the absorbance was converted in € (M 'cm ™)
dividing it by the overall metal concentration and the optical pathway (¢ = A/Cl). Molar
extinction coefficient values are reported on y-axis, while wavelengths are maintained on
x-axis. The position and the intensity of the main bands were derived and the
corresponding values of wavelength of maximum absorption (Amax, M), absorbance (Amax,
au) or absorptivity with respect to the total metal ion concentration (&max, M 'em™) were
obtained. In literature it is possible to find the value of Ay.x expected for a d-d transition of
Cu(Il) and Ni(II) complexes. In Tables 2.1 and 2.2 are listed some values that will be
useful for the interpretation of the spectrophotometric results in the visible spectral range.
In particular, the method here employed to analyse the spectroscopic data is based on the
"rule of average environment" (Billo’s method).!*™

Table 2.1 - Expected Anax for Cu(Il) complexes with different coordination modes.

Donor atoms Amax (nm)
Nim, COO™ 731
2 Nim 687
3 Nim 627
2 Nim, N° 604
4 Nim 576
3 Nim, N 557
2 Nim, 2N 539
Nim, 3N 522
4N 506

Table 2.2 - Expected Amax for Ni(II) complexes with different coordination geometries.

Coordination geometry Amax (nm)
Square planar 420 -600
Octahedral ~ 650; ~ 380

For Cu(Il) complexes the wavelength related to the maximum absorption Ay.x can also be
estimated using the following empirical equation:
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103
=
max = 10.294 ngg 0 + 0.346 nggo- + 0434y, + 0.460 nyy, + 0.494 ny-]

(2.23)

where ncgo- refers to the number of carboxyl groups, ny, is the number of imidazole
moieties, nyy, represents the number of amines and ny- the number of amides coordinated
to the metal ion."™ As already mentioned above, unfortunately, Zn(II) complexes are not
spectrophotometrically active.

2.3 Circular Dichroism (CD)

Asymmetric chromophores or symmetric chromophores in an asymmetric environment can
interact differently with right- and left-circularly polarized light. When a circularly
polarized light beam passes through an optically active medium, it experiences different
velocities depending on the different refraction indices for right- and left-circularly
polarized light (n,. # n;); this phenomenon is called optical rotation and it results in the
rotation of the polarization axis. The variation of optical rotation as a function of
wavelength is known as optical rotatory dispersion (ORD). Similarly, right- and left-
circularly polarized light at certain wavelengths can be differently absorbed due to
differences in the extinction coefficients (&, # &) for the two polarized rays, giving rise to
the phenomenon called circular dichroism (CD). Therefore, two types of circularly
polarized light interact in different ways with optically active chiral molecules. In a CD
experiment, right- and left-handed circularly polarized light at different wavelength pass
through the sample and the difference in the two light components absorption is measured.
The interaction with the sample usually causes an elliptically polarised vector of the
transmitted radiation, due to the different interaction with the left- and right- circularly
polarised components. If one component is completely absorbed, the resultant wave will be
circularly polarized. A circular dichroism signal can be positive or negative, depending on
whether L-CPL (left-circularly polarized light) is absorbed to a greater extent than R-CPL
(right-circularly polarized light) or to a lesser extent, giving rise to a positive or negative
CD signal, respectively. A schematic representation of the instrumental apparatus for a
generic CD experiment is shown in Figure 2.5.

Monochromator and
linear polarizer PEM

L . D activ
High intensity Csar?\Ctlee
light source P
Detector
|::> \VAA RCP LCP | pep  1cP | RCP  LCP
White ; Tals /. o
unpolarised Linea
light polarized
light

Figure 2.5 - Schematic representation of a CD instrument. The incident radiation passes
through a modulating device, usually a photoelastic modulator (PEM), which transforms
the linear light to circular polarized light. The PEM is able to let pass either the left (L-
CPL) and the right (R-CPL) light component depending on the applied alternating electric
field. The direction of polarization and the absorption changes are measured by a detector,
and circular dichroism is calculated.
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2.3.1 Data analysis and processing

The CD spectra were acquired in the spectral range 200-900 nm. Analogously to UV-Vis
measurements, spectrophotometric titrations have been performed to follow the changes in
the CD signals throughout the pH range 2—12. The pH was varied approximately half unit
for each measurement, by manual addition of a little amount of HCl and NaOH 0.1 M.
Obtained CD spectra at different pH values were analysed using the software Origin. In
general, any electronic transition that gives rise to a UV-Vis absorption also gives rise to a
CD band, with the maximum (or minimum) located at approximately the same wavelength
of the maximum absorption on UV-Vis spectra (Figure 2.6).
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Figure 2.6 - The relationship between UV-Vis absorption and CD spectra. Band 1 has a
positive CD spectrum with L-CPL absorbed more than R-CPL; band 2 has a negative CD
spectrum with R-CPL absorbed more than L-CPL; band 3 is due to an achiral
chromophore.

Historically, circular dichroism is represented in terms of ellipticity (0), which is defined as
the tangent of the ratio of minor to major elliptical axis. Modern CD instruments are
capable of millidegree precision. Molar ellipticity can also be defined as 6 = 3298 Ae.
The unit ellipticity persists even though CD is now measured as the difference in
absorbance between right- and left-circularly polarized light as a function of wavelength
(AA = A; — A,). The Beer-Lambert law (Ae = AA/IC) states that the difference in
extinction coefficients (Ae = ¢; — ¢,, where ¢; and &, are the molar extinction coefficients
expressed as M 'em ' for left- and right-circularly polarized light, respectively), at a given
wavelength, is equal to the difference in absorbance divided by the product of the path-
length and the concentration. Therefore, circular dichroism spectra usually present Ae
along y-axis and A along x-axis. Besides d-d transitions in the visible region, circular
dichroism allows to detect intense bands in the ultraviolet region mostly due to charge
transfer transitions between metal and ligand. Table 2.3 reports the maximum wavelengths
of absorption for CD bands of Cu(Il) and Ni(I) complexes, which can help predicting the
coordination modes of the studied complexes.
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Table 2.3 - Expected Anax for the most characteristic CD bands of Cu(II) and Ni(II)
complexes with different donor atoms.™

Metal ion Donor Amax (NM)
220
Nim 245 - 260
280 — 345
N 295 -315
Cu(Il) OH 285
Otyr_ 300 - 3 10
NH, 233 -245
COO 255 -265
3 220 -27
320 - 350
Ni(ID N 250 — 270
Nim 260 —270

It is also worth to mention that the chirality of the molecule can arise from both its
conformation and its structure. This means, for instance, that the CD spectra of a protein
molecule with a specific secondary structure can undergo some variations if its
conformation changes (for example from random coil to B-sheet). Such analyses are
commonly performed in the far-ultraviolet spectroscopic range (180—-350 nm) and require a
low concentrated solution of the interested biomolecule (or peptide with an adequate large
sequence of amino acids) and a quartz cuvette with 0.1 mm path length. It is useful to
measure far-UV CD spectra for both the apo-peptide and the metal-ligand complexes in
order to verify possible conformational changes in the peptide folding, which may occur
upon the metal coordination. CD signals for specific secondary structures are shown in
Figure 2.7.
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Figure 2.7 - Typical CD bands for a-helix (yellow), B-sheet (blue) and random coil (red)
conformations.!'”
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2.4 Electrospray Ionization Mass Spectrometry (ESI-MS)

Mass spectrometry is an analytical technique that can provide both qualitative and
quantitative information (such as structure, molecular mass, concentration and isotopic
ratios of atoms) on organic and inorganic analytes in complex mixtures after their
conversion to positively or negatively charged ions. A mass spectrum is a graphical
representation of the relative abundance of the obtained ions as a function of their
mass/charge (m/z) ratio. The most intense peak has 100% of abundance and it is called
base peak. Since a mass spectrometer separates and detects ions of slightly different
masses (modern instrumentations can resolve ions differing by only a single atomic mass
unit), it distinguishes different isotopes of a given element.

Mass spectrometers can be divided into three fundamental parts, namely the ionization
source, the analyser and the detector system. Since ions are easier to manipulate than
natural molecules, the sample must be first introduced into the ionization source where the
1onization process takes place. The obtained ions are sent to the analyser region of the mass
spectrometer, where they are separated according to their m/z values. The separated ions
are thus detected to generate the signal and plot the spectrum. The analyser and detector
components, and often the ionisation source too, are maintained under high vacuum to
prevent any hindrance from air molecules and let the ions travel throughout the instrument.
The main function of the mass analyser is to separate the formed ions according to their
mass-to-charge ratios. There are a large number of currently available mass analysers,
which include quadrupoles, time-of-flight analysers (TOF), magnetic sectors, Fourier
transform ion cyclotron resonance (FT-ICR) and quadrupole ion traps. These mass
analysers have different features, including the m/z range that can be covered, the mass
accuracy and the achievable resolution. The analysers listed above can be used in
conjunction with electrospray ionization source (ESI). ESI is suitable for polymers,
proteins, peptides and small polar molecules, allowing very high sensitivity and an easy
coupling to high-performance liquid chromatography HPLC, pu-HPLC or capillary
electrophoresis. The transfer of ionic species from solution into the gas phase by ESI
involves three steps: (1) dispersion of a fine spray of charged droplets, followed by (2)
solvent evaporation and (3) ion ejection from the highly charged droplets (Figure 2.8).
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Figure 2.8 - Schematic representation of the electrospray ionization process.

Spray is produced by applying a strong electric field (3—6 kV), under atmospheric pressure,
to a liquid passing through a capillary tube with a weak flux. The applied electric field
induces a charge accumulation at the liquid surface, which then results in the formation of
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highly charged droplets, which are carried by a nebulising gas (e.g. nitrogen) and pass
down pressure potential gradients toward the analyser region. With the aid of temperature
and/or stream of drying gas, the charged droplets are continuously reduced in size by
evaporation of the solvent, with consequent increase of surface charge density until the
reach of their Rayleigh limit. At this point the surface tension cannot compensate for the
electrostatic repulsion and the droplets undergo a “Coulomb explosion” creating many
smaller and more stable droplets. Finally, the electric field strength within the charged
droplet reaches a critical point and the formation of ions in gaseous phase becomes
kinetically and energetically favourable. The ions are then accelerated into the analyser for
subsequent analysis.

A brief description of one of the analysers used for the ESI-MS measurements of this work
is also given. The Quadrupole-time-of-flight analyser is a high mass accuracy and high-
resolution instrument, ideal for peptide sequencing, where a time-of-flight analyser is
coupled with a linear series of two quadrupoles. The first quadrupole can be used as a
precursor mass selector, i.e. an ion mass filter, while the second quadrupole is employed as
a collision cell using Ar, He, or N, gas, in order to produce further fragmentations. A mass
spectrum is obtained by monitoring the ions passing through the quadrupole filter as the
voltages on the four paired rods, which composed it, are varied. The two opposite rods
have an applied potential of +(U + V cos(wt)), where U is a direct current voltage and
V cos(wt) is an alternating current voltage. There are two operating procedures: varying
and holding U and V constant, or varying U and V with the ratio U/V fixed for a constant
angular frequency, . Then the product ions are analysed in the TOF analyser. Resolution
for such instrument can be higher than 18000. In a time-of-flight analyser ions “drift”
down an evacuated tube of a suitable length (usually 1 m) with different velocities
depending on their mass-to-charge ratios (heavier ions of the same charge reach lower
speeds, while ions with higher charge have an increased velocity). For a tube of known
length, velocity is inversely proportional to the time of flight, ¢z, of the ions:
L m

= = 2.24
tr v L 2zeV ( )

where L is the distance between the source and the detector, v is the ion rate after
acceleration, m is the mass, e is the electron charge (e = 1.60-1071° C) and V is the
accelerating electric field potential. Times of flight are typically on the order of
microseconds (1-50 ps) for a drift tube (L) of 1 meter long. TOF instrument offers a wide
number of advantages respect to other types of mass spectrometers, as it is simple to use
and sturdy enough. Furthermore, TOF is the fastest MS analyser, it is well suited for pulsed
ionization methods (i.e. MALDI ion source), it has high ion transmission and the highest
practical mass range (theoretically unlimited). However, it requires fast digitizers which
can have limited dynamic range and it has limited resolution and sensitivity.

2.4.1 Data analysis and processing

The interpretation of mass spectra was achieved using the program Bruker Compass Data
Analysis 4.0; with this software, it was possible to compare the experimental spectrum
with the isotopic pattern of a simulated spectrum, in order to obtain a validation of the ion
attribution. The physical property of ions that is measured is the mass-to-charge ratio rather
than the simple mass. Therefore, it should be mentioned that for multiply charged ions the
apparent m/z values are fractional parts of their actual masses. ESI-MS is a soft ionization
technique which allows a gentle handling of the sample ions, this is a great advantage since
it prevents the molecule fragmentation. As a consequence, ESI mass spectra of peptides
and proteins usually appear as a collection of various multiply charged ions of the intact
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analyte molecule forming adducts with other metal ions (such as K* or Na") or protons
deriving from the chosen experimental conditions (e.g. pH).

2.5 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance (NMR) is a spectroscopic technique widely used for the
determination of molecular structures in solution and pure liquids. This spectroscopic
method applies to atomic nuclei which are sensitive to an external magnetic field, By, and
it measures the absorption of radiofrequency electromagnetic radiation. Atomic nuclei are
characterised by the nuclear spin quantum number, /. When an atomic nucleus possesses a
non-zero net nuclear spin (/ # 0), it can be investigated by NMR. Examples of nuclei
relevant for biomolecular NMR include 'H (spin = 4), deuterium *H or D (spin = 1), °C
(spin = 1), N (spin = 1), PN (spin = 1), 3lp (spin = '2). A rotating particle possesses an
angular momentum, J, and a magnetic moment, p; these vectorial quantities are related by
the giromagnetic ratio, v, which is constant and typical for each nucleus.

p=vyJ (2.25)

When a nucleus interacts with an external magnetic field, the motion of the electrons
around the atom generates an opposite magnetic field and the nucleus precesses about the
direction of the field. The angular momentum vector J precesses about the external field
axis with an angular frequency known as the Larmor frequency, o, which is proportional to
v and By (Larmor equation, 2.26). Therefore, in the presence of an external magnetic field,
nuclei with different gyromagnetic ratios can be discriminated by means of their precession
frequency.

w=7vB, (2.26)

In the presence of an external magnetic field, two spin states exist for a nucleus. The
magnetic moment of the lower energy +1/2 state is aligned with the external field, while
the higher —1/2 spin state is opposite. The nuclear magnetic moment, oscillating at the
Larmor frequency, can be in resonance with the magnetic component of an incident
electromagnetic radiation of frequency equal to ®. Under these conditions, the radiation is
absorbed (its energy exactly corresponds to the spin state separation of a specific set of
nuclei) and the nuclear spin rotates changing orientation from the +1/2 state to the higher —
1/2 spin state. The frequency of a NMR transition depends on the local magnetic field
experienced by the nucleus and is expressed in terms of the chemical shift, 9, that is the
difference between the resonance frequency of nuclei in the sample and that of a reference
compound, usually tetramethylsilane Si(CH3)4. Chemical shifts are different for the same
element in inequivalent positions within a molecule, therefore NMR can be used to study
the structure of a molecule and the interaction with a metal ion. Moreover, the use of two-
dimensional nuclear magnetic resonance spectroscopy allows the dispersion of the signals
in various dimensions and the observation of correlations between different signals.
Interactions between nuclear spins is also possible and can be observed by NMR. The so-
called spin-spin coupling gives rise to multiplets due to small changes in the resonance
energy associated to a nucleus affected by the orientation of the spin of a nearby nucleus.
The strength of spin-spin coupling, which is reported as the spin-spin coupling constant, J
(in hertz, Hz), decreases rapidly with distance through chemical bonds. Chemically
equivalent nuclei, however, do not display the effects of their mutual spin-spin coupling.
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2.5.1 Data analysis and processing

The TOCSY (Total Correlation Spectroscopy) experiment has been the most employed
method to record NMR spectra in this work; it shows the correlations (cross peaks) for
nuclei which are directly coupled and nuclei which are connected by a chain of subsequent
couplings. A comparison between the observed chemical shifts of a peptide sample in
absence and presence of metal ion allows to identify which proton signals are more
affected by the addition of the metal and therefore which residues are most likely involved
in the interaction with it. In the case of paramagnetic metals, like Cu(Il), NMR proton
signals of the residues close to the metal ion undergo an intense line broadening, therefore
the selective signal disappearance can give information on the involved donor groups.
Spectral processing and analysis was performed using Bruker TOPSPIN 2.1 and Sparky.!'"!

2.6 Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance spectroscopy (EPR) corresponds to the observation of a
resonant absorption by unpaired electrons in a magnetic field. It is suitable for
paramagnetic species. By analogy with NMR, the application of an external magnetic field
By produces a difference in energy between the possible spin states of the unpaired
electrons (Zeeman effect) and the absorption of the microwave radiation can cause the
excitation of the particle from its low energy state to a higher energy state:

where pg is the Bohr magneton (9.2740 - 102 J T™") and g is a numerical factor known as
the “g value”. Usually the resonance conditions are obtained at a fixed incident radiation
(AE = hv, with constant v), by varying the intensity of the magnetic field. The most used
frequencies are in the microwave range (9.5 GHz). The proportionality constant g is the
primary empirical parameter which is determined in an EPR experiment: this value is
specific for the molecule under investigation and contains information on the chemical
environment, e.g. the coordination sphere of a paramagnetic metal ion. For a free electron
in vacuum g. = 2.00232, but in compounds this value is affected by spin-orbit coupling,
which alters the local magnetic field experienced by the electron. The unpaired electron of
a paramagnetic molecule does not only experience the external magnetic field, but it is also
affected by the molecular electronic structure. Then, the g values can be highly anisotropic
so that the resonance condition depends on the rotation of the molecule in the applied field
(or, alternatively, rotation of the field around the magnet). A metal ion at the centre of a
perfect octahedron with six identical ligands with identical metal-to-ligand bond lengths
will give a single (derivative) line EPR spectrum, called an isotropic pattern, with g, = g, =
gx. An axial pattern with g, # g, = g, can occur when a perfect octahedron is elongated or
compressed along one of the axes. More generally, if one, or two of the ligands along this
axis are different from the others the structure and the spectrum are (near) axial and it is
possible to define two g values, g, (for the component parallel to the applied magnetic
field) and g (for the other two components, which are perpendicular to the field).

The coupling of the electron spin to any magnetic nucleus with I # 0 gives rise to hyperfine
interaction, which results in the multiplet (2I+1) structure of each EPR line. The hyperfine
interaction parameter, A, expressed in gauss, represents the magnitude of the splitting and
is also generally anisotropic. Taking a metal complex as an example, besides the hyperfine
structure, which describes the coupling of the unpaired electron to the atom on which it is
primarily located, the superhyperfine structure refers to the coupling to ligands nuclei and
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gives further information about the formed complexes (e.g. the extent of electron
delocalization and covalence in metal complexes).

2.6.1 Data analysis and processing

The EPR parameters, g and A, for Cu(Il) complexes were obtained by means of computer
simulation of the experimental spectra using the WIN-EPR SIMFONIA software (Bruker).
Since these parameters are determined by the chemical composition and the position of the
atoms nearest to the metal ion, they provide information on the coordination sphere and the
donor atoms set. The metal-ligand interaction can be predicted by a comparison with
literature values for the EPR parameters (Table 2.4).'"¥ EPR analyses can also give
information on the possible formation of bi-nuclear copper complexes, since the magnetic
interaction between the two metal centers — unless very distant in the molecule — produces
an antiferromagnetic coupling that renders Cu(II) ions silent.

Table 2.4 - Expected values of g, and A in Cu(II) complexes with different equatorial
donor atoms.

Donor atoms g/ Ay (G)
IN, 30 2.34-2.32 140 — 160
2N, 20 2.30-2.27 160 — 180
3N, 10 2.25-2.19 170 — 200
4N 2.21-2.16 190 — 215

2.7 Solid-phase peptide synthesis

Solid-Phase Peptide Synthesis (SPPS) is a common technique for peptide synthesis. The
method is based on the use of a solid resin as support material, the use of an excess of
reagents in order to promote a faster synthetic process with high purity, and the
construction of the peptide from the carbonyl group side (C-terminus) to amino group side
(N-terminus) of the amino acid chain. The employed synthetic strategy is Sheppard’s a-
Fmoc strategy, where the o-amino group 1is protected with the Fmoc (9-
fluorenylmethoxycarbonyl) labile base protecting group. The Fmoc strategy is overall
accessible, simple and inexpensive and it allows a wide choice of both resins and amino
acid side chains protecting groups, ensuring high yields. The general synthetic scheme is
shown in Figure 2.9: the first amino acid, which is protected at its a-amino group and at
the reactive lateral groups (Fmoc-Xaa), is anchored to the resin through its C-terminus; the
Fmoc group is then removed and the unprotected amino group can react with a second
Fmoc-amino acid (Fmoc-Xbb) to form a peptide bond. The use of coupling reagents (e.g.
carbodiimides) is also crucial to activate the reactive groups and enhance the efficiency of
amide bond formation. The above steps are repeated for each amino acid added to the
peptide chain. Under strong acidic conditions the peptide chain is then cleaved from the
resin and the side chains protecting groups are removed.
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Figure 2.9 - Synthetic scheme of SPPS.
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3. Chapter Three: ZinT periplasmic protein

3.1 Outline of the work

ZinT (formerly known as YodA) is a periplasmic protein primarily found in Gram-negative
bacteria. ZinT is defined as a lipocalin/calycin-like protein because of its major B-barrel
domain, which is structurally related to this protein family; additionally, it also contains a
small helical domain. Lipocalins are extracellular proteins associated to several functions,
including ligand binding, receptor binding and interaction with other macromolecules to
form complexes. Therefore, it is not surprising that ZinT may function as a zinc-chaperone
for the ZnuABC system. Although different crystal structures of ZinT identify several
possible zinc metal binding residues (His167, His176, His178, Glu212, His216, His24,
His26, His27 and His29) there is a general consensus that the three highly conserved His
residues (His167, His176 and His178) facing the centre of the calycin like-domain should
be a favourable zinc binding site.!"" #! Interestingly, the sequence portion between residues
24 and 29 (-HXHHXH-) is rich in histidines and is highly conserved in ZinT homologues
from different bacterial species; moreover it is highly flexible and it is reminiscent of the
His-rich loop typical of zinc-specific SBPs. As already mentioned, the Zn(II)-ZinT
complex from S. enterica can interact with ZnuA forming a binary complex where both
proteins expose their binding pocket to the Zn(II) ion and where the His-rich loop of ZnuA
enters the space delimited by the calycin and helical domains of ZinT."!

The above results prompted us to deeply investigate the coordination chemistry of ZinT
complexes with Zn(Il) and Cu(Il), two endogenous and competing metal ions. For this
purpose, we studied the following amino- and carboxyl-terminal protected peptides: L1 =
Ac-HGHHSH-Am and L2 = Ac-HGHHAH-Am, which serve as models for the N-terminal
histidine-rich loop (the 24-29 amino acid sequence) of EcoZinT and SenZinT,
respectively, and L3 = Ac-DHIIAPRKSSHFH-Am from FEcoZinT and L4 = Ac-
DHIIAPRKSAHFH-Am from SenZinT, which correspond to the 166—178 amino acid
sequence encompassing three highly conserved His residues. It is important to stress out
that the investigated model peptides are very similar in the two bacteria, but in the case of
S. enterica, two serine residues (position 28 and 175 of ZinT protein sequence) are
substituted by alanines. There are no explanations for such substitution in terms of ZinT
biological role or virulence efficacy. Nevertheless, it is quite interesting to notice that this
variation occurs in both the metal binding domains of ZinT. Since small changes in the
peptide primary structure can affect the metal binding behaviour, a deep investigation of
the complex-formation equilibria is required to fully understand the coordination properties
of EcoZinT and SenZinT and to highlight the possible differences between the behaviours
of the two bacterial species.

3.2 Experimental procedure

Analyses performed on the above mentioned peptides follow the scheme:

= Potentiometric determination of ligand protonation and Zn(II) and Cu(Il) complex-
formation constants.

* Mass spectrometric analysis to evaluate ligand purity and the stoichiometry of the
formed Zn(II) and Cu(II) complexes.

* Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

» EPR measurements of Cu(Il) complexes.
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» Far-UV CD spectroscopy to investigate the structural conformations of apo-
peptides, Cu(Il) and Zn(II) complexes.

From the obtained equilibrium constants it is possible to plot the species distribution
diagram for each system. It shows the formation percentage of each complex as a function
of pH. Both the equilibrium constants and the spectroscopic data from UV-Vis and CD
measurements help defining the most probable coordination modes for the Cu(Il) ion by
comparing the observed wavelengths of absorption of a certain complex (corresponding to
the pH value at which the species reaches its maximum of formation in solution) with the
expected theoretical Amax value obtained from literature. EPR g, and A, parameters also
give information on the metal coordination sphere.

The employed experimental conditions, instruments and materials are reported in details
below, in Bellotti et al., 2020.

3.3 Results and discussion

The overall stability constants (logf) and acid dissociation constants (pK,) for the formed
metal complexes are reported in Table 3.1 together with the proposed coordination mode
for each species. In the case of Cu(Il) systems, increasing the pH value, a general shift of
the visible absorption bands towards shorter wavelengths is observed (Figure 3.1); this
behaviour typically indicates the increase of the number of coordinated nitrogen atoms
around the Cu(Il) ion. Therefore, moving to alkaline conditions and with all the studied
peptides, Cu(Il) is able to gradually form complexes where 2, 3 and 4 nitrogen atoms are
coordinated to the metal center (Figure 3.2). Under physiological and alkaline conditions,
the binding of a larger number of N-amides to the Cu(Il) ion, gradually substituting
imidazole nitrogens in the equatorial coordination plane, is confirmed by the increased
intensity of the CD signals. The metal interaction with the peptide backbone, in fact,
usually produces a stronger CD absorption, due to the proximity of the N-amide donor
groups to the peptide chiral centres. An increased square-planar character of the complex
geometry is conceivable (Figure 3.3a), as indicated by the typical shape of CD bands in
the visible region.”
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Figure 3.1 - Vis absorption spectra of Cu(II)/L1 complexes; M:L ratio 0.9:1; Cy =
0.45-10° M, optical path 1 cm.
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Figure 3.2 - Proposed coordination mode (3N, COO") for Cu(Il) complexes with L3 and
L4 under acidic conditions.

Table 3.1 - Equilibrium constants and proposed coordination modes for Cu(Il) and Zn(II)
complexes at 7=298 K and /=0.1 M (NaClQy). Values in parentheses are standard
deviations on the last significant figure.

Species logf pK, Coord. logf pK. Coord.
L1 L2
[CuH,L]*""  19.72(8) 4.45 2Np, 19.4(1) 446 2Np,
[CuHLJ* 1527(3) 626  3Nj, 14.93(4) 637  3Np,
[CuL]* 9.00(7)  7.15  2Njm, N° 8.56(8)  7.24 2N, N
[CuH.L]"  1.85@8) 731 2Np, 2N 1.329) 738 2N, N
[CuH,,L] -5.46(7) 931 2Ny, 2N -6.06(8) 9.52  2Nj,, 2N~
[CuHsL]  -14.78(8) - Nim, 3N -15.59(9) - Nim» 3N, Nipax)
L3 L4
[CuH,L]*""  22.26(3) 532 2Ny, COO 22.53(4) 5.40 2N, COO™
[CuHLJ* 16.94(4) 5.74 3N, COO 17.13(5)  5.68 3Ny, COO™
[CuL]* 11.19(4)  6.19  3Np, N° 11.45(5) 635  3Np, N
[CuH.L]"  5.004) 9.03 2N, 2N 5.10(4)  9.65 2N, 2N~
[CuH,,L] -4.03(7)  10.18 2Npp, 2N, eNHoeey  -4.54(6)  10.35 2Ny, 2N°
[CuH;L]  -14.20(7) - 2Nim, 2N, eNHaey  -14.90(5) - 2Nim, 2N~
L1 L2
[ZnH,L]Y - - - 17.3(1) 578  2Ni
[ZnHL] 11.85(7) 64  3Np, 11.5(1) 6.0  3Np,
[ZnL]* 5.5(1) 63  3Nm 5.5(1) 6.1 3N
[ZnH_ L] -0.82(7) - 3-4Nj, -0.573) - 3-4Npp,
L3 L4
[ZnH,L]*  20.04(7) 628 2N, COO 20.17(5) 647 2Ny, COO
[ZnHL]* 13.76(5) 6.51  3Np, 13.70(5) 6.61  3Nj,
[ZnLT]** 725(3) - 3Nim 7.092) - 3Njm
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When the coordination geometry undergoes a tetragonal distorted environment due to a
more or less intense apical interaction (e.g. in the case of [CuH ;L] for L2 and [CuH.,L]
for L3), spectroscopic methods provide indication of such perturbation. An example is
given by the amino group of lysine residue (e-NH») in L3, which can apically interact with
Cu(IT) under alkaline conditions causing a slight “red-shift” towards 544 nm of the
wavelength of maximum absorption of [CuH.,L] (pH = 10). The slight changes of EPR
parameters also suggest an apical perturbation in the complex, due to the possible
interaction of Cu(Il) with the lysine e-NH, moiety (Figure 3.3b). On the contrary, in the
case of L4 (which is the analogue of L3) no spectroscopic changes are observed and Lys
merely deprotonates without any particular effect on Cu(Il) complexation. Furthermore, in
both the systems (Cu(II)/L3 and Cu(II)/L4) under the most basic pH, the deprotonation of
the pyrrole-type nitrogen of a coordinated histidine may occur. For all the investigated
copper complexes the octahedral distorted geometry is likely predominant at acidic and
physiological pH, while moving to alkaline conditions the square planar character
increases with the simultaneous coordination of backbone amides.

a) b)
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@) TCu?t H.N O
r', N\ \ H'S C-term 2 ' HN
n Vo N-term
N- \\NH 0 ro8
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R ﬁ'l% N. o N O
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O N~ °N
4 v ;N
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i
Hijys or Hn"Sjyg 15167
L1 L3

Figure 3.3 - Proposed coordination mode for Cu(Il) complexes with (a) L1 (Nyy,, 3N") and
(b) L3 (2Nim, 2N, eNHy(ax)) under alkaline conditions.

In the case of Zn(Il) complexes, potentiometric measurements have been performed until
pH 8, due to the formation of a precipitate at more alkaline conditions. The tetrahedral
geometry is by far the most probable (Figure 3.4), even though a pentacoordinate system
(4N, O") with a distorted pyramidal arrangement has been suggested for a Zn(II)-L1
complex ([ZnH.;L]"); this is not surprising considering the conformational flexibility of
Zn(11) ion.'® "' A mix of tetrahedral and pyramidal species can also be hypothesized.

High resolution mass spectra confirmed the formation of mononuclear Zn(Il) and Cu(II)
complexes under the employed experimental conditions. Signals corresponding to various
sodium and potassium adducts, together with the differently protonated free ligand and
metal complexes have been detected. No poly-nuclear complexes or bis-complexes have
been identified. An exemplificative mass spectra is given in Figure 3.5.
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Figure 3.4 - Proposed coordination mode (3Ny,,, COO") for Zn(Il) complexes with L3 and
L4 under acidic conditions.
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Figure 3.5 - (a) ESI-MS spectrum for Cu(II)/L3 system at L:M molar ratio 1:0.9 in
MeOH:H;O (1:1) mixture solution at pH=7. (b) Comparison of experimental and simulated
isotopic pattern of the chosen metal complex [CuL]*". For the sake of simplicity only one
mass spectrum, corresponding to L3/Cu(Il) complex is reported.
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It is worth to mention that the thermodynamic and spectroscopic results obtained in the
present work are consistent with previous biological studies conducted on ZinT. The metal
binding site corresponding to the 166—178 amino acid sequence (E. coli L3 = Ac-
DHIIAPRKSSHFH-NH; and S. enterica L4 = Ac-DHIIAPRKSAHFH-NH,) is confirmed
to be fundamental for metal coordination, particularly involving the three histidines
(His167, His176, His178) and the aspartic acid (Asp166). Furthermore, the spectroscopic
far-UV CD structural characterization of L3 and L4 apo-peptides and of their Cu(Il) and
Zn(Il) complexes does not highlight the formation of any particular a-helical or B-sheet
structure and the typical band obtained at around 200 nm confirms a flexible random coil
conformation (Figure 3.6).
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Figure 3.6 - Far-UV CD spectra of (a) L3, (b) L4 apo-peptides and their Cu(Il) and Zn(II)
complexes. M:L molar ratio 0.9:1; Cp = 0.1-10 M; optical path 0.01 cm; pH = 7.

Nevertheless, the obtained thermodynamic equilibrium constants designate also the N-
terminal histidine-rich fragment (**HGHHXH?) as a very effective metal binding domain.
We calculated two competition plots to qualitatively evaluate the ligand affinity for Cu(II)
and Zn(Il) (Figure 3.7). They represent a simulation of solutions containing equimolar
concentrations of the metal and the chosen ligands, admitting that all the peptides compete
for the metal recruitment and that they form only the binary complexes described in the
speciation models (Table 3.1). The histidine-rich fragments L1 and L2 are better ligands
for zinc ion than L3 and L4, confirming the general assumption that a higher number of
histidine residues favours the metal complexation.®"" Indeed, according to the proposed
speciation models, ZinT short fragments form stable 4N complexes with Zn(II) already at
pH around 6. On the contrary, L3 and L4 contain only 3 imidazole groups and they can
only coordinate the metal ion by means of a (3N, O) binding mode. Therefore, the
proposed coordination hypotheses are in good agreement with the competition plot trend,
which also confirms a comparable stability among the studied systems below pH 6, i.e.
where all the peptides display a 3N coordination. In the case of copper ion, once again the
crowded cluster of histidines in L1 and L2 provides a higher number of anchoring sites to
favour the first steps of complexation. On the contrary, in L3 and L4 the available binding
sites are located at the peptide sequence opposite sides (Ac-DHXXXXXXXXHFH-Am),
likely preventing an effective complexation. However, increasing the pH value, the
calculated competition plots designate the longer fragments as the most effective ligands.
In order to explain this result, it can be useful to observe that, under alkaline conditions,
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backbone amides gradually substitute His residues as donor groups. As a consequence, the
number of histidines in the peptide sequence contributes to a lesser extent to the complex
stabilization, while the length of the peptide (clearly greater for L3 and L4) could favour
the wrap and protection of the metal binding site, thus increasing the complex stability. No
remarkable differences between E. coli and S. enterica model systems have been observed.
The coordination behaviour is similar for L1 and L2 as well as for L3 and L4, respectively,
although some minor differences occur under the most alkaline conditions. However, it is
worth to underline that peptides from EcZinT show a higher tendency to stabilize Cu(II)
complexes at neutral and alkaline pH, i.e. when backbone amides participate in Cu(Il)
coordination. Although serine residues are not coordinated to the metal ion, this trend has
been observed in many other systems and it has been ascribed to a possible electronic
effect of serine residues, capable of favouring the amidic proton displacement by the Cu(II)
ion.™ 2 Tt is worth to note that the higher Cu(Il) affinity for L3 is consistent with the
hypothesis of the metal interaction with an apical lysine (see above), which contributes to
stabilize the complex by “wrapping” the metal centre.
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Figure 3.7 - Competition plots for a solution containing equimolar concentration (110
M) of metal ion, L1: AccHGHHSH-Am, L2: AccHGHHAH-Am, L3: Ac-DHITAPRKSSH
FH-Am and L4: Ac-DHIIAPRKSAHFH-Am. (a) Zn(II); (b) Cu(Il).
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According to recent studies performed on SeZinT, the metal recruitment mechanism of this
protein should involve the formation of a binary complex with ZnuA, the soluble
periplasmic component of the ZnuABC transporter. This interaction has not been fully
elucidated, but the Zn(II) binding seems to be crucial. Moreover, the N-terminal His-rich
loop of ZnuA proved to play a critical role, and some evidence also suggests that ZnuA
may interact with other metal ions, including Cu(Il). In order to compare the Zn(II) and
Cu(Il) metal binding ability of the ZinT fragments with that of the two identified metal
binding sites of ZnuA protein from E. coli (Ac-
"MK SIHGDDDDHDHAEKSDEDHHHGDFNMHLW'*-Am, corresponding to the N-
terminal His-rich loop, and Ac-"*GHFTVNPEIQPGAQRLHE*-Am, a secondary and
less effective binding site),!'”) the two competition plots shown in Figure 3.8 have been
computed. The comparison shows that ZnuA His-rich loop located in the domain 115-145
is by far the most effective ligand for Zn(II) ion. This is not surprising and confirms that a
higher number (seven in this case) of histidines in the sequence favours the Zn(II)
complexation and stabilizes the system.!''! On the other hand, Cu(II) complexes of ZnuA
His-rich loop do not exhibit an improved metal affinity with respect to ZinT, unless at the
most acidic pH values. Interestingly, from the chemical point of view, although both ZnuA
and ZinT systems L1 and L2, under acidic conditions, form macrochelated complexes with
the same 3Nj, coordination, the smaller number of His residues in ZinT leads to the
binding of N-amides at lower pH and therefore “earlier” with respect to ZnuA. The N-
amides coordination induces an increased square-planar character and the possible
formation of stable 5/6-membered-rings involving the imidazole and vicinal peptide
amides. Above physiological conditions, as previous described, L3 and L4 peptides are
able to form 4N complexes and exhibit the highest binding ability. Lastly, the two His-
containing ZnuA fragment Ac-**GHFTVNPEIQPGAQRLHE**-Am has been proved to
be the less effective ligand.

The different results obtained for Zn(II) and Cu(Il) complexes may explain the ZinT
biological activity towards these metals. Although ZinT is able to bind both the ions and
participate to Zn(II) recruitment, no evidence of its role in Cu(Il) homeostasis has been
found and indeed some studies exclude this function.”) Moreover, the extremely high
binding affinity of ZnuA His-rich loop towards Zn(II) is fully consistent with the putative
mechanism of zinc transfer from ZinT to ZnuA via the formation of the protein binary
system. Based on our results, such process can not occur in the case of Cu(Il), since the
ZnuA fragments proved to be inadequate to catch the metal ion.
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Figure 3.8 - Competition plots for a solution containing equimolar concentration (1-10
M) of metal ion, L1: Ac-cHGHHSH-Am, L2: AccHGHHAH-Am, L3: Ac-DHIIAPRKSSH
FH-Am, L4: Ac-DHIIAPRKSAHFH-Am, E. coli ZnuA peptide Ac-MKSIHGDDDDHDH
AEKSDEDHHHGDFNMHLW-Am and E. coli ZnuA peptide Ac-GHFTVNPEIQPGAQR
LHE-Am. (a) Zn(II); (b) Cu(Il).

3.4 Conclusions

The metal binding behaviour of ZinT fragments is fully consistent with the hypotheses
about the protein biological role.’) The high efficacy of HGHHXH in metal chelation is in
line with the necessity to recover and stabilize as much micronutrients as possible from the
medium, acting as a primary metal scavenger. Subsequently, its function may involve the
delivery of the metal ion to ZinT canonical binding site (L3 and L4 fragments) for storage
and/or transfer to other proteins (e.g. ZnuA). The His-rich loop may therefore represent the
first, but temporary, stop station for the metal ion on its route to cellular import. Indeed, a
relatively high metal binding affinity is crucial to ensure the acquisition process in an
environment rich of competitive systems. It is therefore not surprising that the histidine-
rich loop of E. coli ZnuA (Ac-MKSIHGDDDDHDHAEKSDEDHHHGDFNMHLW-Am)
exhibits the strongest Zn(Il) affinity in comparison with the ligands studied in this work.
ZinT is supposed to directly interact with ZnuA, forming a binary complex in the presence
of zinc ions and likely transferring the metal to the partner protein through the His-rich
loop of ZnuA. This process can be successfully achieved only if the ZnuA metal binding
site has a higher affinity for Zn(Il) than ZinT, and this is the case highlighted by our
results. Surprisingly, Cu(Il) complexes behave in a different way. In this case, the ZnuA
His-rich loop shows a less effective metal binding ability, resulting in a higher stability of
Cu(II) complexes with ZinT. Although further investigations are necessarily required, our
thermodynamic results reflect previous observations according to which ZinT should not
participate in Cu(Il) homeostasis.

The research on ZinT complexes has been published in the paper “D. Bellotti, M.
Rowinska-Zyrek, M. Remelli, Dalton Trans., 2020, 49(27), 9393-9403".
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4. Chapter Four: C4YJH2, a putative fungal metal
transporter

4.1 Outline of the work

C4YJH2 (UniProt Knowledgebase ') is a 199 amino acid sequence corresponding to the
gene CAWG 03987 found in the strain WO-1 of C. albicans. The encoded protein is
classified as a putative cation transmembrane transporter and its sequence analysis
highlighted a significantly high number of histidine and serine residues, especially in its C-
terminal domain. C4YJH2 shares 60% identity with the Zrcl zinc transporter. Its structure
remains unsolved, but can be modelled with Phyre2, a remote homology recognition
technique, able to regularly generate reliable protein models to simulate and predict their
likely structure.’” It occurs that C4YJH2 possesses four transmembrane domains, and its
most probable Zn(II) binding sites are located in the C-terminal region, i.e. in the
extracellular portion of the protein characterized by two poly-His tags:
FHEHGHSHSHGSGGGGGGSDHSGDSKSHSHSHSHS ~ (131-165  residues).  Our
previous work, carried out within my Master’s thesis, confirmed that the main histidine-
rich sequences between 131-148 (FHEHGHSHSHGSGGGGGG) and 157-165
(SHSHSHSHS) amino acid residues are involved in metal coordination.”! In the native
protein, these two His-rich domains are linked by the 9-residue sequence GSDHSGDSK
(148-156), also containing a histidine and thus possibly contributing to the metal binding.
Therefore, we decided to study Zn(II) and Cu(Il) complexes with the protected peptide Ac-
GSDHSGDSK-Am (WT, wild type) and its analogues Ac-GSDHSGASK-Am (D7A), Ac-
GADHAGDAK-Am (S2A/S5A/S8A), Ac-GSDH-Am (GSDH) and Ac-HSGD-Am
(HSGD). The Asp-to-Ala substitution in D7A allows to investigate the role of Asp-7 in the
wild-type peptide protonation (possible hydrogen bond with Lys-9) and metal
coordination. The nonapeptide S2A/S5A/S8A has been studied to evaluate the role of
serines in stabilizing the formed complexes. Although the Ser hydroxymethyl group is
generally not expected to interact with Cu(Il) or Zn(II) ions, an electronic effect on the
adjacent residues binding ability has been hypothesized. The two short peptides provide
information on Cu(Il) attitude to coordinate amidic nitrogen atoms in the amino- or
carboxyl-terminus direction.

4.2 Experimental procedure

Analyses performed on the above mentioned peptides follow the scheme:

= Peptide synthesis by means of solid-phase technique.

» Potentiometric determination of ligand protonation and Zn(II) and Cu(II) complex-
formation constants.

» Mass spectrometric analysis to evaluate ligand purity and the stoichiometry of the
formed Zn(II) and Cu(Il) complexes.

= Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

= EPR measurements of Cu(Il) complexes.

* Far-UV CD spectroscopy to investigate the structural conformations of apo-
peptides, Cu(Il) and Zn(II) complexes.

* NMR measurements of apo-peptides and Zn(II) complexes.
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The employed experimental conditions, instruments and materials are reported in details
below, in Bellotti et al., 2019."

4.3 Results and discussion

The investigated peptides proved to be able to form stable 1:1 complexes with Zn(II) and
Cu(II); no poly-nuclear or bis-complexes have been detected either by potentiometry, mass
spectrometry or EPR in the case of copper ion. In all the systems the Cu(Il) coordination
begins at about pH 3.5. After a first anchoring step to the histidine residue, up to three
deprotonated amidic groups of the peptide backbone bind the Cu(Il) ion, occupying the
equatorial position of its coordination sphere. At physiological pH, the species (Nim, 2N")
(Figure 4.1) is always the most abundant in solution, with the only exception for HSGD,
which rather displays a (2N, COO") coordination mode. These complexes are rather stable
and reach about 90% of formation in solution. The overall stability constants (logf) and
acid dissociation constants (pK,) for the formed metal complexes are reported in Table 4.1
together with the proposed coordination mode for each species.

Figure 4.1 - Proposed coordination sphere of Cu(Il) complexes with WT ligand at
physiological pH. Explicit hydrogen atoms and water molecules are omitted for clarity.

The comparison between measured and expected Anax values, together with EPR results
allowed to determine the differences in the copper coordination modes above neutral pH.
In the case of WT and D7A the values of Amax (= 560 nm) suggest the substitution of the
imidazole nitrogen by the N-amide in the Cu(Il) equatorial plane, to obtain a (3N")
coordination mode (expected Amax value: 563 nm) with a water molecule in the fourth
equatorial position, rather than a (Ny,, 3N") coordination sphere, which is the case of
S2A/S5A/S8A. The study of the two tetra-peptides, Ac-GSDH-Am and Ac-HSGD-Am
allowed to qualitatively describe the Cu(II) N-amide-coordination attitude, since they
correspond to the left-hand and the right-hand side fragments around histidine,
respectively. It can be assumed that the nona-peptide WT is able to form a mixture of
isomeric species in which the amide coordination towards the N-terminal direction is
favoured by the formation of a stable 6-membered ring. The lower pK, value of the step
associated to the first N-amide binding in GSDH and, consequently, the higher value of the
overall stability constant of [CuH_;L] (about one order of magnitude with respect to that of
HSGD) support the above hypothesis. The substitution of serine with alanine residues
significantly lowers the peptide affinity for the Cu(Il) ion (Figure 4.2), suggesting a
possible role of Ser residues (quite abundant in C4YHJ2 protein sequence) in the
biological task of metal uptake and regulation. On the contrary, this trend does not occur
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for Zn(IT) complexes where amides are not involved in the coordination. This is in
agreement with the above hypothesis that serines are responsible for an electronic effect
that makes amide protons much more acidic.

In Zn(IT) complexes, the metal coordination at physiological pH occurs mainly by means
of (at least) one aspartic acid and the histidine residue. The Asp in position 7 is likely a
crucial residue for the formation and stabilization of Zn(II) complexes, as indicated by the
decrease of Zn(Il) affinity for ligand D7A (Figure 4.3), where the proposed metal
coordination does not involve the aspartic acid.

Table 4.1 - Equilibrium constants and proposed coordination modes for Cu(Il) and Zn(II)
complexes at 7=298 K and /=0.1 M (KClI). Values in parentheses are standard deviations
on the last significant figure.

Species logf pK. Coord. logf pK. Coord.
WT S2A/S5A/SSA
[CuHL]" 15.66(4) - Nim, COO™ 14.63(3) 6.58 Ny, COO
[CuL] - - - 8.053) 6.63 Np, N (COO)
[CuH., L] 3.543)  8.15  Npm, 2N~ 1.4233)  9.59 Ny, 2N
[CuH,LL]*  -4.61(5 1046 3N -8.27(4)  10.65 N, 3N°
[CuHLL]*  -15.07(7) - 3N -18.81(5) - Nim, 3N”
D7A
[CuHL]* 14.04(6) 5.57 Npn
[CuL] 8.48(3) 584 N, N
[CuH. L] 2.64(2) 829  Npm, 2N~
[CuH,LT -5.65(4) 1038 3N
[CuHLL]*  -16.03(5) - 3N
HSGD GSDH
[CuL] 421(2) 679 Ny, COO 424(5) 5.87 Np
[CuH.,L] 2.58(2) 691 Ny, N, COO -1.633) 592 N, N
[CuH,L] 9.50(2) 8.78 2N, COO" -7.56(2)  8.53 N, 2N~
[CuH;L]>  -18.27(2) - 3N, COO, Nipax)  -16.09(4) - 3N, Nimax)
WT S2A/S5A/SSA
[ZnHL]" 14.11(6) - Nim, 1-2 COO™ 13.37(9) - Nim, 1-2 COO™
[ZnH_ L] -1.86(4) 1039 Ny, COO 2.15(4) 1035 Ny, COO™
[ZnHLL]™  -12.25(5) - Nim, COO™ -12.50(6) - Nim, COO™
D7A
[ZnH_ L] 2.57(3) 1036 Ny,
[ZnH,L] -12.93(6) - Nim
HSGD GSDH
[ZnL]" 2.9(1) - Nim, COO 2.85(9) - Nim, COO™
[ZnH,L] -12.43(4) - Nim, COO™ -12.41(3) - Nim, COO™
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Figure 4.2 - Competition plots for solutions containing equimolar concentrations of each
component (1-10~ M). The difference in the % of complex formation suggests an effect of
Ser residues on the stabilization of Cu(Il) complexes.
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Figure 4.3 - Competition plot for a solution containing equimolar concentrations (1-10~
M) of Zn(I), WT, D7A and S2A/S5A/S8A.

'H-'"H TOCSY spectra recorded at physiological pH (Figure 4.4) confirm the suggested
coordination hypotheses, since the major Zn(Il)-induced shifts are those of histidine
protons (Hg1—Hsz), (Hoe—Hgpi1), (Ho—Hp) and aspartic acids protons (He—Hgi), (Ho—Hpo).
Furthermore, in the case of WT ligand, the pronounced deshielding effect exhibited by His
H¢; protons (As=0.125 ppm) compared to the shift of His Hs; (As=0.050 ppm), in the
presence of Zn(I) ions, suggests a coordination through the imidazole-Ns.”' This
difference is less pronounced in S2A/S5A/S8A, thus suggesting that the presence of the
Ser residues may influence the binding behaviour of histidine. It is also worth of note that
in Zn(I1)-S2A/SSA/S8A system, the protons of lysine display a moderate downfield shift
(Figure 4.5): since Lys does not directly participate in coordination, these perturbations
suggest the Zn(Il) coordination via the aspartic acid in position 7, the nearest the Lys
residue. In the case of WT ligand, only Lys-H, exhibits a small perturbation after Zn(II)
addition, possibly because the presence of serine residues reduces the deshielding effect on
Lys. In the case of the WT ligand, only Lys-H, exhibits a small perturbation after Zn(II)
addition, possibly because the presence of serine residues reduces the deshielding effect on
Lys. As for peptide D7A, Zn(Il) complexes begin to form only at pH 6.5, i.e. when
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imidazole nitrogen is deprotonated and available for complexation. Evidently, the
presence, at lower pH, of only one Asp carboxylate is not sufficient to stabilize the metal
ion binding. Thus, the first detected species is [ZnH_ L], most likely deriving from the
binding of D7A to the hydrolytic species [ZnOH]" already present in solution in small
amount, as revealed by the species distribution diagram. Rather unexpectedly, the 'H-'H
TOCSY spectra recorded at pH 7.2 suggest that the aspartic acid in position 3 should not
participate in complex formation. Indeed, the metal addition causes only a selective shift of
histidine (Hg;—Hs,) imidazole protons (more pronounced for His-Hg; protons, as already
observed above for WT and possibly due to the presence of Ser residues) leaving the
signals of H,—Hgi/Hg, unchanged, therefore suggesting that no other residues are involved
in the complexation. Signals corresponding to the aspartic acid (Ho—Hg1), (Ho—Hgz) protons
undergo only a slight shift, supposedly due to the proximity to the histidine anchoring site.
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Figure 4.4 - (a) Aliphatic and (b) aromatic regions of "H-"H TOCSY NMR spectra for
ligand WT, C = 3-10° M, pH 7.3, T=298 K, in the absence (black) and in the presence
(red) of 1 equivalent of Zn(II).
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Figure 4.5 - Aliphatic region of 'H-'H TOCSY NMR spectra for ligand S2A/S5A/S8A, C.
=310° M, pH 7.4, T=298 K, in the absence (black) and in the presence (purple) of 1
equivalent of Zn(II).

4.4 Conclusions

An overall comparison of the studied domains of C4YJH2 is shown in Figure 4.6. The
calculated competition plots take into account the Cu(Il) and Zn(II) binding ability of the
“linker” Ac-GSDHSGDSK-Am (148-156) and of the two poly-His sequences Ac-
FHEHGHSHSHGSGGGGGG-Am (131-148) and Ac-SHSHSHSHS-Am (157-165).”
The obtained results emphasize that the ligand efficiency mainly arises from the high
number of histidine residues, nevertheless there is a minor but not negligible contribution
of the linker sequence in the complexes formation at acidic pH. Indeed, both the metal ions
show a preference for the binding site corresponding to the 131-148 sequence. A deeper
look into the C4YJH2 metal biding sites highlights that the two His-rich fragments bind the
metal ion by means of three histidine residues (3Ny,;,) and an oxygen (carboxylic O or a
water molecule); this is a very common zinc coordination mode which is extremely
frequent in zinc-binding protein involved in the processes of metal transport. In condition
of metal excess, it is reasonable to suppose that the zinc ions can coordinate the two major
clusters of histidines and that the two coordination sites should be independent due to the
presence of a rather long linker between them. A detailed study of the system with an
excess of metal would be required to clarify this aspect. Nonetheless, many biological
systems, like ZinT, ZnuA or Pht proteins, contain different metal binding sequences (often
rich in histidines) with different metal binding affinities and which play different biological
roles: they can function as primary scavengers capable of delivering the metal to other
fragments, which are instead involved in the substrate transfer; or they can simply increase
the local concentration of metal around the most effective transport site. The same cannot
be excluded for the extra-membrane loop of C4YJH?2.

This research work includes the publications “D. Bellotti, C. Tocchio, M. Rowinska-Zyrek,
M. Remell@, Metallomics 2019, 11(12), 1988-1998” and “D. Bellotti, D. Loboda, M.
Rowinska-Zyrek, M. Remelli, New J. Chem. 2018, 42(10), 8123-8130".
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Figure 4.6 - Competition plots for solutions containing equimolar concentrations (1 10°
M) of metal ion, Ac-FHEHGHSHSHGSGGGGGG-Am (131-148), Ac-GSDHSGDSK-Am
(148-156) and Ac-SHSHSHSHS-Am (157-165). (a) Cu(Il); (b) Zn(II).
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5. Chapter Five: Zrt2 fungal metal transporter

5.1 Outline of the work

Zrt2 is a zinc transporter of the Zip family. It is predicted to be found in the plasma
membrane and is essential for C. albicans zinc uptake and growth at acidic pH. Zrt2 from
C. albicans 1s composed of 370 amino acids and its three-dimensional structure has been
predicted using Phyre2 software:!!! eight putative transmembrane domains have been
identified together with an extra-membrane, disordered loop corresponding to the amino
acids sequence 126-215. This protein portion contains at least three possible metal binding
motifs: -HxHxHxxD- (144-153), -HxxHxxEHxDx- (181-193) and the Glu- and Asp- rich
sequence DDEEEDXE (161-168) (Scheme 5.1). The corresponding model peptides
protected at their termini (Ac-GPHTHSHFGD-Am, Ac-DDEEEDLE-Am and Ac-
PSHFAHAQEHQDP-Am) have been investigated in order to elucidate the thermodynamic
and coordination properties of their Zn(Il) and Cu(Il) complexes, with the further aim to
identify the most effective metal binding site among the three fragments. Furthermore,
according to our previous results concerning the possible role of serine residues in
stabilizing copper complexes,”” *! the Ser-to-Ala substitution has been considered and,
therefore, we extended the investigation to the following two peptides: Ac-
GPHTHAHFGD-Am and Ac-PAHFAHAQEHQDP-Am.

10 20 30 40 50
MNSDSISQVE EYLNKRDECP TDNDYNGNIG TRISSIFVIM VTSAIGTLLP
60 70 80 90 100
LLSSKYSFIR LPPMVYFICK YFGSGVIVAT AFIHLLEPAA DSLGNKCLTG
110 120 130 140 150
PITEYPWAFG ICLMTLFLLF FFELLAYQGI DRKIAKESQL DNQGPHTHSH
160 170 180 190 200
FGDASMYVKK DDEEEDLENQ NEKQADANPY PSHFAHAQEH QDPDVMGTTV
210 220 230 240 250
NDQSKEQYYG QLLGVEFVLEF GVMFHSVFIG LALAVSGDEF KSLYIVLVFEFH
260 270 280 290 300
OMFEGLGLGT RIATTNWARH RYTPWILAIC YTLCTPIAIA VGLGVRKSYP
310 320 330 340 350
PGSRRALITN GVFDSISAGI LLYTGIVELM AHEFLYSGEF KGPGGFKNML
360 370
LAYFVMCWGA GLMALLGKWA

Scheme 5.1 - Amino acid sequence of Zrt2 from C. albicans.

5.2 Experimental Procedures

Analyses performed on the above mentioned peptides follow the scheme:

» Potentiometric determination of ligand protonation and Zn(II) and Cu(II) complex-
formation constants.

»  Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

* Far-UV CD spectroscopy to investigate the structural conformations of apo-
peptides, Cu(Il) and Zn(II) complexes.
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The employed experimental conditions, instruments and materials are reported in details
below, in Bellotti et al., 2019." Peptides have been purchased and used without further
purification.

5.3 Results and discussion

Analogously to previous discussed systems (see Chapters 3 and 4), by means of titrimetric
and spectrophotometric techniques the speciation models for the studied peptides have
been obtained (L1: Ac-GPHTHSHFGD-Am, L2: Ac-GPHTHAHFGD-Am, L3: Ac-
PSHFAHAQEHQDP-Am, L4: Ac-PAHFAHAQEHQDP-Am and L5: Ac-DDEEEDLE-
Am): the protonation constants are reported in Table 5.1, while the complex-formation
constants are reported in Table 5.2 together with the most probable coordination
environment for the formed species.

Table 5.1 - Protonation constants for all the investigated ligands at 7=298 K and /=0.1 M
(KCI). Values in parentheses are standard deviations on the last significant figure.

logp logK logp logKk logp logK logf logK  logp logKk

L1 L2 L3 L4 L5
HL 6.96(4) 6.96 6.96(4) 6.96 7.39(4) 7.39 7.34(5) 7.34 5.92(4) 5.92
H,L  13.32(3) 6.36 13.32(3) 6.36 13.90(3) 6.50 13.87(3) 6.53 11.153) 5.23
H;L  18.71(4) 5.39 18.87(4) 5.55 19.79(4) 5.89 19.66(4) 5.79 15.95(6) 4.80
H,L 21.71(4) 3.00 22.79(4) 3.92 24.08(4) 4.28 23.87(5) 4.21 20.55(3) 4.60
HsL - - - - 27.23(4) 3.15 26.73(5) 2.86 24.45(5) 3.90
HeL - - - - - - - - 28.28(3) 3.83
H,L - - - - - - - - 31.01(3) -

As already widely discussed in the previous chapters, both the equilibrium constants and
the spectroscopic data from UV-Vis and CD measurements can help defining the most
probable coordination mode for the Cu(Il) ion. The observed wavelength of maximum
absorption at a given pH value (corresponding to the conditions at which a selected species
reaches its maximum of formation in solution) can be compared with the expected
theoretical Ama value obtained from literature.’” From UV-Vis spectra of the native
peptides Ac-GPHTHSHFGD-Am and Ac-PSHFAHAQEHQDP-Am (Figures 5.1a and
5.2a respectively) it is possible to clearly distinguish the gradual shift of the An.x value
towards higher energies (blue-shift) with the increase of the pH. This trend is obtained with
all the studied peptides and agrees with the hypothesis that, moving to alkaline conditions,
a general increase of the number of coordinated nitrogen atoms is observed. The acidic
residues (Asp and Glu) present in the peptide sequences may also participate in the
coordination at acidic pH, however the employed experimental techniques leave this point
questionable. The Cu(II) coordination to the backbone amides likely begins at around pH
6—6.5 in the case of Ac-GPHTHSHFGD-Am, and around pH 7-7.5 in the case of Ac-
PSHFAHAQEHQDP-Am.
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Table 5.2 - Equilibrium constants and proposed coordination modes for Cu(Il) and Zn(II)
complexes at 7=298 K and /=0.1 M (KCl). Values in parentheses are standard deviations
on the last significant figure.

Species logp pK. Coord. logf pK. Coord.
Ac-GPHTHSHFGD-Am Ac-GPHTHAHFGD-Am

[CuH,L]** - - - 17.68(3) 427 N, COO

[CuHLJ* 13.21(2) 513  2Nm 13.42(1) 532 2Nj,, COO

[CuL] 8.08(2) 6.85  3Np 8.10(2) 7.05  3Np

[CuH.,L] 1.22(4) 6.99 3N, N 1.05(3) 727 3N, N°

[CuHLL] -5.77(3) 9.53 2N, 2N° -6.22(2) 9.80  2Nj, 2N~

[CuH L] -15.30(4) - Nim, 3N -16.02(3) - Nim, 3N
Ac-PSHFAHAQEHQDP-Am Ac-PAHFAHAQEHQDP-Am

[CuH,L]* 18.45(3) 471  Np (COO) 18.36(3) 464 Np, (COO)

[CuHL]" 13.74(2) 546  2Np 13.72(2) 533 2Np

[CuL] 8.27(2) 3Nim 8.39(2) 3Nim

[CuH,L]* -6.96(2) 8.61 2Ny, 2N -6.91(2) 834  2Nj, 2N

[CuH L] -15.57(3) Nim, 3N -15.25(3) Nim, 3N
Ac-DDEEEDLE-Am

[CuH,L] 23.78(6) -

[CuH,L]>" 14.94(5) 5.10

[CuHL]* 9.84(5) 6.04

[CuL]™ 3.81(6) -

[CuH,L]"™ -13.6(1) -
Ac-GPHTHSHFGD-Am Ac-GPHTHAHFGD-Am

[ZnHL]* 10.48(9) 548  2Np, (COO) 10.71(4) 554 2N, (COO)

[ZnL] 5.00(2) 751  3Np 5.17(1) 7.44  3Np,

[ZnH_ L] 2.51(4) 9.78  3Npn 2.27(2) 9.43  3Nj,

[ZnH,L] -12.29(5) 3Nim -11.69(3) 3Nim
Ac-PSHFAHAQEHQDP-Am Ac-PAHFAHAQEHQDP-Am

[ZnH,L]** - - - 17.1(1) 575 N (COO)

[ZnHL] 11.22(5) 6.03 2N, (COO) 11.36(6) 590 2N, (COO)

[ZnL] 5.19(2) 8.04 3Ny, 5.46(4) 8.02  3Np

[ZnH.,L]T -2.85(3) 9.69 3N -2.56(5) 9.82 3Ny,

[ZnH,L*> -12.54(5) 3Nim -12.38(7) 3Nim
Ac-DDEEEDLE-Am

[ZnH,L]*" 14.4(1) -

[ZnL]>” 3.6(1) 7.45

[ZnH_L]* -3.9(1) 8.24

[ZnH,L]™ -12.2(1) -
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This is confirmed by the obtained circular dichroism spectra (Figures 5.1b and 5.2b),
where the increase of CD signals intensity can be ascribed to the formation of Cu(Il)—
amide bonds. According to the proposed speciation model and to the species distribution
diagrams, [CuH_;L], [CuH,L] and [CuH.L] (charges omitted) are the most abundant
species found above physiological pH and display a coordination sphere with up to three
deprotonated amides located in the equatorial plane of the complex.
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Figure 5.1 - (a)Vis absorption spectra, (b) CD spectra of Cu(I1)/Ac-GPHTHSHFGD-Am
system; M:L ratio 0.9:1. Cyy = 0.63-10 M, optical path 1 cm.
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Figure 5.2 - (a)Vis absorption spectra, (b) CD spectra of Cu(Il)/Ac-PSHFAHAQEHQDP-
Am system; M:L ratio 0.9:1. Cyy = 0.63-10> M, optical path 1 cm.

Interestingly, in the case of ligand Ac-DDEEEDLE-Am, the obtained spectroscopic data
suggest that, after the anchor to the carboxylic moieties of the peptide, the Cu(Il) ion
interacts with the backbone amides at pH > 10 (Figure 5.3). Moreover, in this system
copper hydroxo species are present in solution in large extent, dominating in the alkaline

pH range.
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Figure 5.3 - (a)Vis absorption spectra, (b) CD spectra of Cu(Il)/Ac-DDEEEDLE-Am
system; M:L ratio 0.9:1. Cyy = 0.56:10 M, optical path 1 cm.

In the case of zinc complexes, a tetrahedral coordination geometry is expected where up to
three imidazole nitrogens belonging to the His residues participate in the complexation,
forming (3N, O) species where the oxygen atom may be a carboxylic O™ or may belong
to a coordinated water molecule. Alternatively, in the case of ligand Ac-DDEEEDLE-Am
the coordination sphere exclusively involves the carboxylic side chains of Asp and Glu.
Hydrolysis steps are then observed at alkaline pH values.

The Ser-to-Ala substitution does not incisively affect the coordination properties of the
peptide analogues Ac-GPHTHAHFGD-Am and Ac-PAHFAHAQEHQDP-Am and the
above considerations remain valid also for those systems. Nonetheless, the role played by
the serine residue in metal complexation can be qualitatively evaluated by means of a
competition diagram where each couple of analogues is considered. In the case of Ac-
GPHTHSHFGD-Am and Ac-GPHTHAHFGD-Am, the presence of the serine stabilizes
copper complexes above pH 6.5, i.e. when the metal ion begins to interact with backbone
amides. Although this behaviour is not fully elucidated, it quite frequently occurs in Cu(Il)
complexes with peptides, and it is also verified by the other systems studied in this thesis.
Apparently, the only exception (in this PhD work) is represented by the two analogues Ac-
PSHFAHAQEHQDP-Am and Ac-PAHFAHAQEHQDP-Am, where this serine-associated
trend is not respected. One can hypothesise that, in this case, the coordinated amides are
mainly located to the C-terminal portion of the peptide, rather far away from the serine in
position 2, and therefore they are not affected by the electrostatic effect of the serine.

5.4 Conclusions

The zinc transporter Zrt2 possesses three possible metal binding sites located at the
extramembrane loop between amino acid residues 140 and 200. The corresponding three
studied peptides have proved excellent ligands for Zn(Il) and Cu(Il) ions, although from
these preliminary results they are not expected to equally contribute to the metal binding.
In fact, according to the obtained competition diagrams (Figure 5.4), which have been
calculated on the basis of the thermodynamic constants of each binary system, in the native
Zrt2 protein the peptide Ac-GPHTHSHFGD-Am should exhibit the highest metal binding
affinity. It contains three alternated histidines separated by only one residue (-HxHxH-).
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On the other hand, Ac-PSHFAHAQEHQDP-Am contains three histidines separated by two
and three residues (-HxxHxxxH-), respectively. The alternated sequence of Ac-
GPHTHSHFGD-Am is confirmed to be more effective. It is also worth noting that the
peptide Ac-DDEEEDLE-Am is the most efficient ligand at pH lower than 5-5.5 and
therefore it may play a crucial role in metal acquisition under the most acidic conditions.
Taking into account that Zrt2 is essential for C. albicans growth at acidic pH, the different
metal binding affinities displayed by the studied peptide sequences may somehow

modulate the protein activity in a wider pH range, being indispensable for ensuring the
metal transfer inside the pathogenic cell.

a) b)

100

Zn(ll)

80

% < 80 -
N 3
2 o
Qo o
2 60 2 604
o I ® Cu(ll) - Ac-GPHTHSHFGD-Am
5 5
= 404 = 40
5] \ @ PH GD-An
E EEEDLE-Ar / E SPHTHAHFGD
g \//\\ ﬁ’mm - Ac-GPHTHSHFGD-Am _E: T
= 20+ S S 204 ~
\ . / \ EEDLE-A SN
J NG , | &
0 T T T T T 1 0 T T T T T T T T
4 5 6 7 8 10 3 4 5 6 7 8 9 10
pH pH

Figure 5.4 - Competition plots for a solution containing equimolar concentrations (1-10
M) of Ac-GPHTHSHFGD-Am, Ac-GPHTHAHFGD-Am, Ac-PSHFAHAQEHQDP-Am,
Ac-PAHFAHAQEHQDP-Am and Ac-DDEEEDLE-Am. (a) Zn(II); (b) Cu(II).
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6. Chapter Six: Calcitermin antimicrobial peptide

6.1 Outline of the work

Among several uncharacterized molecules that contribute to the overall antimicrobial
activity of human nasal fluid, a 15-residue antimicrobial peptide named calcitermin has
been recently identified. Its sequence (VAIALKAAHYHTHKE) exactly corresponds to the
C-terminal domain of calgranulin C, a pro-inflammatory protein of the S100 family."
Several studies have reported that cleavage fragments of parent proteins have potent
antimicrobial activity (e.g. buforin I,[z] lactoferricin,m KDAMP,[4] vasostatin-1 [5]). While
calcitermin did not express any antimicrobial activity in phosphate buffer at pH 7.4, under
more acidic conditions (pH 5.4) — which are quite common in biological fluids during
inflammation — it proved active against E. coli, P. aeruginosa and C. albicans.
Furthermore, it was demonstrated that the presence of micromolar concentrations of Zn(II)
enhances its antimicrobial activity against E. coli and L. monocytogenes.

Calcitermin contains a putative metal-binding domain with three alternated histidine
residues in position 9, 11 and 13, and the free terminal amino and carboxylic groups. In
addition, it has the potential to adopt a helical conformation in membranes. The above
results prompted us to deeply investigate the complex-formation equilibria of calcitermin
with Zn(II) and Cu(Il) ions. The unprotected wild-type peptide VAIALKAAHYHTHKE
(WT) has been considered, along with its three mutants, in which each His residue is
replaced with one alanine (Ala-scan strategy): VAIALKAAAYHTHKE (H9A),
VAIALKAAHYATHKE (H11A), VAIALKAAHYHTAKE (H13A). The comparison
among the behaviours of the different analogues helps to shed light on the role played by
each His residue in metal coordination and complex stability and on the impact of the
formed complexes on antimicrobial activity.

6.2 Experimental procedure

Analyses performed on the above mentioned peptides follow the scheme:

» Peptide synthesis by means of solid-phase technique.

= Potentiometric determination of ligand protonation and Zn(II) and Cu(Il) complex-
formation constants.

= Mass spectrometric analysis to evaluate ligand purity and the stoichiometry of the
formed Zn(II) and Cu(Il) complexes.

= Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

* Far-UV CD spectroscopy to investigate the structural conformations of apo-
peptides, Cu(Il) and Zn(II) complexes.

* NMR measurements of apo-peptides, Zn(Il) complexes and Cu(Il) complexes.

= Antimicrobial activity tests of apo-peptides, Zn(II) complexes and Cu(II)
complexes, carried out in collaboration with Wroctaw Medical University.

The employed experimental conditions, instruments and materials are reported in details
below, in Bellotti et al., 2019.1°!
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6.3 Results and discussion

The present study shows that calcitermin is a very good chelator for both Cu(Il) and Zn(II)
ions. Wild type calcitermin (WT = VAIALKAAHYHTHKE) contains nine groups
involved in acid-base reactions: two lysines (K), one tyrosine (Y), the amino-terminus,
three histidines (H), one glutamic acid side chain (E) and the carboxylic-terminus. The
three peptide mutants HOA, H11A, H13A lack one His residue, which has been substituted
by one alanine in position 9, 11 and 13, respectively. As a general trend, Cu(Il)
coordination occurs with the progressive binding of the available histidine residues (except
for H11A where only His13 binds the ion), followed by the interaction with the terminal
free amino group and the further deprotonation and coordination of three backbone N-
amides, which gradually substitute the donor groups in the equatorial plane of Cu(Il)
complexes (Table 6.1). A comparison between the obtained thermodynamic constants for
copper complexes and for ligands protonation, together with the absence of changes in the
Vis absorption and CD spectra at alkaline pH values, suggested that tyrosil-O™ and the two
lysil e-NH; groups do not participate in the metal complexation with all the investigated
peptides. Spectroscopic data are in good agreement with the proposed speciation models;
in fact, with the increase of pH, a blue-shift of Vis spectra is observed (Figure 6.1a),
suggesting the increase of the number of coordinated nitrogen atoms. Considering the
wild-type system WT as an example, the wavelength of maximum absorption shifts from
800 nm at pH 3.0, corresponding to the [Cu(H,0)s]*" species, to 612 nm at pH 6.3, where
the [CuH,L]*" complex reaches almost 60% of formation, supporting the hypothesis of a
(3Nim) coordination (expected Amsx = 625 nml’) with a distorted octahedral geometry.
Moving to alkaline conditions, the wavelengths shift continues due to the formation of 4N
complexes with all the studied peptides. Under physiological and alkaline conditions, the
binding of a larger number of N-amides is also confirmed by the increased intensity of the
CD signals (Figure 6.1b).""
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Figure 6.1 - (a) Vis absorption spectra, (b) CD spectra of Cu(Il)/WT system; M:L ratio =
0.9:1; Cyy = 0.4-10° M, optical path 1 cm.

63



Table 6.1 - Equilibrium constants and proposed coordination modes for Cu(Il) and Zn(II)
complexes at 7=298 K and /=0.1 M (NaClO,). Values in parentheses are standard
deviations on the last significant figure.

Species logf pK. Coord. logf pK. Coord.
WT H9A
[CuH,L]* 62.6(1) 39 N - - -
[CuHL]"  58.693) 4.90 2N, 56.72(6) 4.51 Np
[CuHsL]*"  53.793) 594 3N, 52.21(3) 5.66 2Nj,
[CuH,L]*  47.853) 6.95 3Np, 46.55(4) 725 2Np
[CuH;L]**  40.90(4) 7.40 3N, NH, 39.30(5) 7.62  2Np, NH,
[CuH,L]" 33.50(4) 8.88 2Np, NH,, N 31.68(5) 8.87 2Np,, NH,, N
[CuHL] 24.62(5) 9.74 2N, 2N° 22.81(6) 9.64 2N, NH,, N
[CuL] 14.88(5) 10.16 2Ny, 2N 13.18(6) 9.84 Ny, NH,, 2N°
[CuH,L”  4.72(5) - Nim, 3N 3.33(5) - NH,, 3N
[CuH;L]Y  -16.71(8) - Nim, 3N° -18.01(6) - NH,, 3N~
H11A H13A
[CuH¢L]" 55.71(6) 535 N - - -
[CuHsL]*"  50.37(5) 6.55 N 51.82(1) 5.74 2Ny, or Ny, NH,
[CuH,LT**  43.82(6) 7.53 Np, N 46.08(2) 6.70 2Ny, or Ny, NH,
[CuH;L]*"  36.28(7) 8.71 Np, N 39.38(2) 7.97 2Np, NH,
[CuH,L]" 27.57(7)  9.17 Ny, NHy, N 3141(33) 9.75  2Npn, NH,, N°
[CuHL] 18.40(7) 10.18 Ny, NH,, N 21.66(4) 1021 2Ny, NH,, N
[CuL] 8.22(9) 1023 Npm, NH,, 2N~ 11.45(4) 1093 2Np, 2N
[CuH,L*  -2.01(7) - NH,, 3N~ 0.52(7) - Nim, 3N
[CuHsL]*Y  -24.198) - NH,, 3N™ 21.8(1) - Nim, 3N™
WT H9A
[ZnHsL]" 51.02(5) 6.47 2Ny, COO™ - - -
[ZnH L]" 44.55(7)  7.00 3Ny, COO™ 42.80(6) 7.82  2Np
[ZnH,L]* 37.55(8) 7.52  3Np, (COO) 34.88(8) 8.78 2Np,
[ZnH,L] 30.03(7) 831  3Np 26.20(1) 8.81 2N,
[ZnHL] 21.72(7) - 3Nim 17.39(8) - 2Nim
[ZnH LT"  3.5(1) - 3Nim 26(1) - 2Nim
H11A H13A
[ZnHsL]" 48.4(1) 624 Ny, COO 49.44(4) 622 Np
[ZnH,L]" 42.14(4) 7.56  2Np,, COO™ 4323(3) - 2Nim
[ZnH,L]* 34.58(5) 825 2Ny, (COO) - - 2Nim
[ZnH,L] 26.32(6) 8.70  2Np, 27.24(5) - 2Nim
[ZnHL] 17.62(6) 9.70 2Ny, - - -
[ZnL] 7.9(1) 9.94  2Nj, - - -
[ZnH.L]*  -2.029) - 2N - - -
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As for zinc complexes, the metal coordination is very similar with all the four ligands:
Zn(I) binding occurs by means of all the available histidine residues, giving rise to
tetrahedral complexes. The N-terminus, the tyrosine and the two lysine residues are not
involved in complexes formation. Furthermore, approaching the physiological/alkaline pH,
the deprotonation of a coordinated water molecule leads to the formation of monohydroxo
species with all the investigated peptides (Table 6.1).

The metal coordination modes at physiological pH are unambiguously confirmed by NMR
spectra, where distinct changes can be observed after the addition of Cu(Il) or Zn(Il): (i)
broadening of the signals assigned to specific His residues Hs-H, correlations, confirming
their participation in coordination, (77) the shift of valine H,-H, and Hg-H, correlations,
which is likely related to the involvement of terminal amine in the metal coordination
sphere (Figure 6.2), and (iii) the variation of the signals assigned to carboxylic moieties,
corresponding to the Glu or C-terminus binding to the metal ion (the involvement of the C-
terminal carboxyl group, instead of the Glu side chain carboxylate, although less likely,
cannot be excluded, since it would also affect the H, correlations of the C-terminal Glu).
By means of NMR spectra and Ala-scan strategy it has been possible to elucidate the role
of each histidine in metal coordination: at physiological pH all the available His residues
are bound to the metal ion, except for Cu(II)-H11A system, where only His in position 13
participates in the complexation, probably due to less hindered surroundings.
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Figure 6.2 - (a) Aliphatic and (b) aromatic region of 'H-"H TOCSY NMR spectra for wild-
type calcitermin, Cp = 3107 M, pH 7.4, T=298 K, in the absence (black) and in the
presence (red) of 1 equivalent of Cu(Il).
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His-to-Ala substitutions have a significant effect on both the thermodynamic stability and
the structure of the metal complexes. As expected, the increased number of histidines
makes the coordination of both the metals more effective. In fact, the most remarkable
differences in binding affinity between calcitermin and its mutants occur from pH 5.5 in
the case of Zn(Il), and pH 4.5 in the case of Cu(Il), i.e. when the third histidine residue of
WT calcitermin comes into play (Figure 6.3). There is no preferred Cu(Il) binding site in
calcitermin: the stabilities of the complexes with H9A and H13A are almost identical.
HI11A mutant — where two histidines are separated by three amino acids — displays the
lower affinity for Cu(Il) and in its complexes only one His residue is involved in binding
(Table 6.1): clearly the coordination His-Xxx-His is preferred to His-(Xxx)s-His. As for
Zn(II) complexes, the higher stability of the species formed by H13A, with respect to those
formed by H9A and H11A, suggests a pivotal role of His9 and His11 in zinc complexation.
It is also noteworthy that the coordination of Zn(Il) to the glutamic acid side chain of
H11A mutant is not reflected by an increased stability of the complex.
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Figure 6.3 - Competition plots for a solution containing equimolar concentrations (1:10
M) of metal ion, WT calcitermin, H9A, H11A and H13A. (a) Cu(Il); (b) Zn(II).

All compounds were tested for their antimicrobial activity against a representative panel of
pathogenic organisms: Pseudomonas aeruginosa 15442, Klebsiella pneumoniae 13883,
Escherichia coli 25922, Staphylococcus aureus 29213, Enterococcus faecalis 29212 and
Candida albicans 10231. The minimal inhibitory concentration (MIC) has been
determined for free ligand and metal complexes at pH 5.4 (Table 6.2). Only WT and the
three Zn(II) complex systems with HOA, H11A and H13A are effective against Gram-
negative species (MIC=128 pg/ml), although their activity is lower than against Gram-
positive bacteria. The most promising MIC values have been obtained for HI3A,
HI3A/Cu(Il) and H11A/Zn(1l) (MIC = 4 pg/ml) and for H13A/Zn(Il) (MIC = 0.5 pg/ml)
against E. faecalis. Relevant MIC values were also detected against S. aureus for all the
H13A systems (0.25 pg/ml). Activity against C. albicans has been also detected, in
particular for WT and H9A metal complexes (MIC = 0.25-2 pg/ml). At pH 7.4, none of
the analysed systems showed any antimicrobial activity.

In order to better understand the mechanism of action of calcitermin and of its His-to-Ala
mutants Table 6.3 has been produced: it highlights differences between each system at
acidic and physiological pH in terms of their binding ability. The calculated dissociation
constant (K4) refers to the hypothetical general equilibrium: M + L = ML, where the
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protonation of both the ligand and the complex are not explicitly considered. The pM value
is the negative logarithm of the concentration of the free metal ion (pCu or pZn in the
present case) under given experimental conditions, here [L]ita = 10° M and [M]otal = 10°¢
M, at pH 7.4 or 5.4.

Table 6.2 - In vitro antimicrobial activity of WT, H9A, H11A, H13A expressed as a
minimal inhibitory concentration (ug/ml), at pH = 5.4.

Strain C. albicans E. faecalis S. aureus E. coli K. pneumoniae P. aeruginosa
WT n/d n/d 128 n/d 128 n/d
WT-Cu(II) 1 n/d 128 n/d n/d n/d
WT-Zn(II) 1 n/d n/d n/d n/d n/d
H9A 1 n/d n/d n/d n/d n/d
H9A- Cu(l) 2 128 n/d n/d n/d n/d
HY9A- Zn(I) 0.25 n/d 64 n/d n/d 128
H11A n/d 64 n/d n/d n/d n/d
HI11A Cu(II) n/d 32 64 n/d n/d n/d
H11A-Zn(II) n/d 4 n/d n/d 128 n/d
HI3A n/d 4 0.25 n/d n/d n/d
HI13A Cu(Il) n/d 4 0.25 n/d n/d n/d
H13A-Zn(II) 128 0.5 0.25 n/d n/d 128

*n/d- not determined

Table 6.3 - Calculated dissociation constants (K4/M), pM values and coordination
hypotheses for Cu(Il) and Zn(II) complexes at pH 5.4 and 7.4.

pH 5.4 pH 7.4
Coord. (% of M
complexation) Kq pM Coord. Ka pM

WT-Cu(Il) 3Nim 1.16:10°  6.95 3N, NH, 1.31-107"°  10.83
(100%)

HI9A-Cu(Il) 2N 3.95-10° 6.53 2N, NH, 3.07-10° 9.47
(97%)

H11A-Cu(II) Nim 5.40-10°  6.07 Nim, NH,, N~ 8.15-107  7.08
(84%)

H13A-Cu(Il) 2N, or N, NH,  4.03:-10°  6.52 2Ni, NH, 2.50-10°  9.56
(94%)

WT-Zn(1I) 2Njpn, COO 1.02:10°  6.00 3N, COO™  3.07-107 748
(36%)

H9A-Zn(II) 2Nim 6.08:10°  6.00 2Nim 432:10° 6.0
(4%)

H11A-Zn(II) Nim, COO™ 8.60-10°  6.00 2Ni, COO™  435:10°  6.10
(10%)

H13A-Zn(II) Nim 1.24-10°  6.00 2Npm 1.16:10°  6.26
(35%)
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It is not straightforward to link the antimicrobial activity of the studied systems with their
charge, structure or metal binding mode, although an hypothesis may concern the presence
of the non-bound amino terminal group. Far-UV CD measurements in water also revealed
a disordered structure for all the systems (ligands and their complexes), while they adopt a
helical-like structure in the presence of membrane-mimicking SDS. A further question may
arise from the relative competitivness of the two metal ions: can Cu(Il) oust Zn(Il) in
binding to calcitermin? According to the Irving-Williams series the answer looks quite
obvious and Cu(Il) complexes should be the most favoured, at least under equimolar
concentrations. By means of the calculated stability constants, a comparison between zinc
and copper systems under physiological concentrations in human lungs (a tenfold excess of
Zn(11) over Cu(II)™) suggests the predominance of copper/calcitermin complex.®

The metal complexation ability of ZinT (see Chapter 3) has been compared with that of
calcitermin, since it represents a possible natural competitor and antagonist of ZinT in the
host human organism for zinc and copper acquisition. The obtained competition plots
(Figure 6.4) show that, under acidic conditions, calcitermin binds both Zn(II) and Cu(II)
ions with the highest affinity. At such pH values its coordination sphere is very similar to
that of ZinT complexes, with a (3N, O") binding mode; however, the alternated His-tag
(HxHxH) is confirmed to be an extremely effective binding motif, even with respect to the
four histidine sequence HxHHxH of ZinT. Moreover, in the case of zinc, calcitermin
almost steadily maintains its efficacy as ligand throughout the explored pH range.

100

free Zn(ll)

80

Zn(I)WAIALKAAHYHTHKE (Calcitermin)
60 - )
Zn(II)fAc-HGHHaH-Am

Zn(l)/Ac-HGHHSH-Am \

40 4

% formation relative to [Zn(11)]

20 +
/
Zn(I1)/Ac-DHIAPRKSAHFH-AM)

pH

Figure 6.4 - Competition plot for a solution containing equimolar concentrations (1 107
M) of Zn(II), calcitermin and peptides L1, L2, L3 and L4 of ZinT.

6.4 Conclusions

The present work is a comprehensive description of the thermodynamics, structure,
coordination chemistry and antimicrobial acitivity of the studied metal-calcitermin
complexes. Novel antimicrobial peptides with very promising efficacies are presented:
both His-to-Ala substitutions and the presence of metal ions have a significant influence on
the antimicrobial activity of the studied systems, in particular, (i) Cu(Il) and Zn(II)
complexes of both wild type calcitermin and H9A mutant are active against fungi (C.
albicans); (ii) mutating His11 and His13 to HI1A and H13A, respectively, extinguishes
the antifungal activity; (iii) relevant antimicrobial effects against Gram-positive bacteria
are detected, in particular by the H13A systems against S. aureus and E. faecalis; (iv) no
intrinsic activity has been determined against Gram-negative strains for all the analysed
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compounds. These outstanding results clearly place calcitermin in a privileged position for
further attempts to understand the relationships between antimicrobial peptide-metal
coordination, structure, stability, efficacy and mode of action, with the final aim of
designing novel effective therapeutics.

This research work includes the publication “D. Bellotti, M. Toniolo, D. Dudek, A.
Mikolajezyk, R. Guerrini, A. Matera-Witkiewicz, M. Remelli, M. Rowinska-Zyrek, Dalton
Trans. 2019, 48(36), 13740-13752".
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7. Chapter Seven: Hpn protein

7.1 Outline of the work

Nickel is crucial for the virulence of H. pylori, whose machinery for the homeostasis of
this metal ion is rather complicated. This system includes a small cytoplasmic His-rich
protein called Hpn (Helicobacter pylori protein with affinity for nickel), which accounts
for about 2% of the total synthesized proteins.!! This protein was initially considered to
store Ni(Il) in the cell and to alleviate the metal toxicity by sequestering the intracellular
excess of metal.l” Interestingly, it has been observed that, under acidic conditions, Hpn
releases the bound nickel and it has been suggested that this allows the protein to supply
nickel to the cell when urease activity needs to be stimulated for pH regulation.[3’ 4
Recently, it has also been proposed that Hpn interacts with many other proteins to perform
various cellular functions connected with the maturation of nickel-containing enzymes,
with the recovery of peptides and the acquisition of nitrogen."

Hpn contains 60 amino acids, 28 of which (47%) are histidines'"), thus it has several
domains capable of coordinating metal cations: the poly-histidine sequences in positions
11-17 and 28-33.,'" the two motifs 38-42 and 51-55 encompassing a double cysteine
residue (EEGCC),!" and the amino-terminal sequence (Met-Ala-His-) corresponding to a
typical ATCUN motif. Although the first ATCUN sequence play a major role in the Hpn
binding ability towards Ni(Il), the histidines in positions 4 and 8 can contribute to the
stability of the metal complexes by participating in the complexation and forming
macrochelated species, or by favouring the formation of bi-nuclear complexes. We
therefore compared the affinity for Cu(Il), Ni(II) and Zn(II) ions of the wild-type peptide
WT (corresponding to the N-terminal domain of Hpn, MAHHEEQHG-Am) with that of its
His-to-Ala  mutants: MAAHEEQHG-Am (H3A), MAHAEEQHG-Am (H4A),
MAHHEEQAG-Am (H8A) and MAHAEEQAG-Am (H4A/H8A). The complex-formation
equilibria in condition of Cu(Il) excess have also been studied in order to detect the
formation of binuclear complexes.

7.2 Experimental procedure

Analyses performed on the above mentioned peptides follow the scheme:

= Peptide synthesis by means of solid-phase technique.

= Potentiometric determination of ligand protonation and Ni(II), Zn(IT) and Cu(II)
complex-formation constants.

* Mass spectrometry analysis to evaluate ligand purity and the stoichiometry of the
formed Ni(II), Zn(II) and Cu(Il) complexes.

= Spectrophotometric (UV-Vis and CD) analyses of Ni(Il) and Cu(Il) complexes.

= EPR measurements of Cu(Il) complexes.

The employed experimental conditions, instruments and materials are reported in details
below, in Bellotti et al., 2021."
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7.3 Results and discussion

With the exception of H3A, all the investigated sequences contain a very efficient Cu(II)
and Ni(Il) ATCUN-binding site (Nm, NHz, 2N") which is confirmed to confer great
stability to copper and nickel complexes. The presence of additional histidines in position 4
and 8 allows the formation of stable homo- and hetero- binuclear complexes (Table 7.1).
When Cu(Il) and WT are present in solution at a nearly equimolar ratio, six variously
protonated mononuclear 1:1 complexes are formed. However, at acidic pH, when “free”
Cu(II) ions are still available in solution, a not negligible amount of the binuclear species
[Cu,H.,L]" is formed (about 12%) (Figure 7.1a). On the other hand, in conditions of metal
excess, practically only binuclear complexes are formed above pH 5 (Figure 7.1b).
Spectroscopic data are in good agreement with the proposed speciation model. When M/L
molar ratio is about 1:1, a single intense absorption located at 525 nm dominates the UV-
Vis spectra. This d-d band is almost entirely attributable to [CuL] and is compatible with
the coordination hypothesis (N, NH,, 2N7) suggested above (expected Amax = 531 nm).
EPR data at pH 5.5 (gy = 2.19, A, = 197.0) agree with a 4N coordination around Cu(Il) in
the equatorial plane of the complex.”” ') This is also confirmed by CD spectra, where the
typical double band characteristic of the ATCUN-type coordination was observed.
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Figure 7.1 - Representative species distribution diagrams for complex-formation of WT

with Cu(II), at 7=298 K and /=0.1 M (KCI). C;=1-10" M and (a) M/L molar ratio 0.8:1;
(b) M/L molar ratio 1.9:1.
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Table 7.1 - Equilibrium constants and proposed coordination modes for Cu(Il) complexes
at 7=298 K and /=0.1 M (KCIl). Values in parentheses are standard deviations on the last
significant figure.

Species logp pK. Coord. logp pK. Coord.
WT H3A
[CuHsL] 25.52(8)  4.03 Nim(COO) . . ;
[CuFbL]  21.496) 439 Ny, NH, 19.59(3) 493 Ny, COO"
[CuHL]’ 17.10(5) 457 Ny, NH, N° 14.66(2) 5.62 2Ny, COO"
[CuL] 12.53(2)  6.17 Nim, NH,, 2N 9.043)  6.82 N, NH,, COO
[CuH.,L] 6.36(3)  7.05 Npm, NH,, 2N 2.22(4) 730 N, NHp, N
[CuHLL]  -0.694) - N NH, 2N~ -5.08(5) 10.14 Nip NH,, 2N
[CuH.L] - - 15.22(7) - Nim, 3N
+ (NIm, NHz, 2N7) (Nlm, NH2, COOf)
[CuH. L] 10982) 552 ™ o0 6.76(4) - NN
(Nim, NHa, 2N)
[Cu.HL,L] 5.46(3) - N CO0) - - -
[CuHsL] - - - -6.53(4)  7.68
_ Nim, NH,, 2N~
[CwHL]  — 9273)  9.04 EZIlIIm, 213,) ) 14216) 9.03
3 (Nm, NHa, 2N")
[CuHosL] -18.31(5) - (2N, 3N) -23.24(7) 11.0
[Cqu_ﬁL]AF - - - -34.2(1) -
H4A HSA
[CulbL] - - 19.332) - Nim (COO")
[CuHL] 15.15(3)  4.60 Ny, NH, . - .
[CuL] 10.55(3) 471 N, NHy, N° 10.55(1)  4.87  Nim NHy, N°
[CuH.,L] 5.84(2)  6.83 N, NH,, 2N 5.682) 6.76 N, NH,, 2N
[(CuLL]  -0.994) - N NH,2N  -1.08(4) - Nim, NH, 2N-
+ NIma NHZ, N7 NIm, NHZ) N7
CutLLl  874(5) 576 " os 8.825) 382\, coo
(Nln’b NH2> 2N7) (Nlm> NHZ: 2N7)
[CuHLL] 298 656 ™ co0) 3.00(7) - N OO
. (Nim, NH,, 2N") (Nim, NH», 2N")
[CooHaL]  =338(7) 634 ' T N N)
2 (Nim, NH,, 2N") (Nim, NHp, 2N")
[CusH.4L] 9.92(3) 888 ™\ [13.1203) 932 o)
3- (N]m, NHQ, 2N7) (N]m, NHz, 2N7)
[CupHLsL] 1880 - N AN "22.44(4) - (Nim, 3N)
H4A/HSA
[CuHL] 12.95(1) - N (COO)
[CuH.,L] 427(1) 528 Ny, NHy, N
[CulL]  -0.99(1) - Ny, NHy, 2N
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In condition of metal excess, as previously mentioned, binuclear species are formed by
means of the two additional histidines in position 4 and 8. After the second Cu(Il) ion
anchors the His residues (2Ny,,), the binding of up to three N-amides occurs leading to the
formation of [Cll2H.5L]37, (Nim, NHaz, 2N")(Nim, 3N"). In principle, both His4 and His8 can
originate this binding mode. The significant difference is that, if His4 is bound to copper in
the equatorial plane of the complex, the amide coordination should proceed in the C-
terminal direction (due to the presence of the other complexed metal ion) while, in the case
of His8, it can proceed towards the N-terminus. It is well known in the literature that both
these modes are possible, but the latter produces more stable complexes due to the
different dimension of the formed chelation rings. Spectroscopic data confirm the above
hypotheses. The two Vis absorption spectra recorded at pH 4.5 and 5.0, where the complex
[CuyH. L] is the prevailing species in solution, show two maxima: the first, more intense,
at Amax = 528 nm corresponds to the ATCUN coordination mode of the first Cu(Il) ion; the
second band, around Apnax = 740-730 nm, can be attributed to the coordination of an
imidazole nitrogen to the second copper atom with the possible participation of the side
carboxylate group of one Glu residue (expected absorption maximum: 731 nm). Increasing
the pH, the second band shifts to shorter wavelengths, as a consequence of the coordination
of further nitrogens to the second Cu(Il) in the C-terminal portion of WT. At pH = 11, only
one intense absorption band is observed at 520 nm, typical of a (N, 3N") Cu(Il) complex
(expected Amax = 522 nm). This band is superimposed to that of the ATCUN-type copper.
EPR spectra recorded in the presence of excess of Cu(Il) are very weak, confirming the
formation of binuclear complexes. In ligand H3A, the absence of histidine in position 3
definitively influences the ability to coordinate Cu(Il), resulting in complexes which are
significantly weaker than those formed by WT. Both the histidine residues can function as
metal anchor site, thus favouring the formation of binuclear complexes in the case of metal
excess in solution. The metal coordination sphere also involves the amino terminal group
and, starting from pH 6, the backbone amides (Table 7.1). Such behaviour occurs for both
the bound Cu(Il) ions, in accordance with the general trend already discussed for His-
containing peptides without an ATCUN site (see previous chapters). The speciation model
of H4A and H8A does not differ very much from that determined for the WT peptide,
except for the absence of the most protonated species; this is obviously due to the lack of
one histidine residue. It is worth of note that two consecutive histidines really do give rise
to binuclear complexes, as in the case of H8A. Lastly, in H4A/H8A only the histidine in
third position is present and, therefore, only mononuclear ATCUN-type complexes are
formed in the explored pH range. In addition, Vis absorption data show that, in the
presence of Cu(Il) excess, the solution precipitates at pH > 7, most likely due to Cu(Il)
hydroxide.

The complex-formation equilibria with the Ni(II) ion have been investigated only in the
presence of a slight ligand excess and thus only mono-nuclear complexes have been
detected. Adequate long waiting times between each titrant addition have been employed
due to nickel slow kinetics. The formation of yellow, diamagnetic, square-planar
complexes has been observed at alkaline pH in every system. The presence of the ATCUN
type sequence in all peptides, with the exception of H3A, favours the Ni(II) coordination to
the amino-terminal domain, as already described for copper. The main species at neutral
pH is the (N, NH,, 2N") complex, characterized by an intense absorption around 422
nm;!" ' the corresponding CD spectrum contains, in the Vis range, two bands of opposite
sign, at 415 (positive) and 480 (negative) nm, respectively,!>"*! and a positive and intense
charge-transfer band in the UV region around 260 nm.'® ' The obtained stability
constants and coordination modes for the formed Ni(II) species are reported in Table 7.2.
Since ligand H3A lacks the ATCUN-type domain, its interaction with nickel differs from
the other investigated peptides. Ni(II) first coordinates one His residue, then proceeds with
the formation of macrochelated species, with the involvement of the second histidine
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and/or of the terminal amino group. The species formed at acidic pH are probably
octahedral; with the increase of pH they evolve to the classical square planar, low spin
complex via the interaction with deprotonated backbone amides.

Table 7.2 - Equilibrium constants and proposed coordination modes for Ni(Il) complexes
at 7=298 K and /=0.1 M (KCIl). Values in parentheses are standard deviations on the last
significant figure.

Species logf pK, Coord.
WT [NiHL]  12.90(8) 5.77 Nim, NHz, N
[NiL ] 7.13(6) 6.26 Ny, NH,, 2N
[NiH.L]"  0.87(5) 6.95  Nip, NH, 2N
NiHLL]  -6.08(5) - Nim, NH,, 2N
H3A NiHLL] 18.0Q2) 6.0 Nim
[NiHL] 11.98(8) 6.25 2Njn or Nj, NH;
[NiL ] 5.73(6) 778 2Njpor 2Ny, NH,
[NiH.L]F  -2.05(8) - 2Nim, N 01 2Njp, NHp, N°
[NiHLL]  -18.64(7) 9.1 Nim, 3N
INiHLL]  -27.7(1) ; 4N
H4A [NiL] 6.25(8) 549 Ny, NHp, N
[NiH.L  0.76(2) 6.89 Ny, NH,, 2N
NiHLL]  -6.13(5) ; Ny, NH,, 2N
HSA [NiL] 6.01(6) 575 Nip, NH;, N°
[NiH.L]  0.26(3) 672 Ny, NH, 2N
[NiHLL] -6.46(4) - Ny NH,, 2N
H4A/H8A  [NiH,L]"  -0.48(5) 555 Nip NHy, N°
NiHLL]  -6.03(1) ; Nim» NH,, 2N

In the case of Zn(II) ion, the ligand effectiveness is not strictly affected by the presence of
the ATCUN sequence, but mostly depends on the number of available histidines, which act
as multiple metal anchoring sites and allow the formation of macrochelated systems. The
stoichiometry of the first detected species with all the investigated peptides requires that
two nitrogen atoms are deprotonated and bound to the metal (2N, or in the case of
H4A/H8A Nyn, NH;). In the case of WT, which contains three histidines, a mixture of
complexes, with identical stoichiometry and coordination mode but involving different
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donor atoms, can be formed. This may explain why zinc complexation with WT starts at
lower pH (= 4.5) than with the other peptides. It is also worth noting that, when the
histidine in position 8 is replaced by one alanine (peptides H8A and H4A/H8A) the first
complexes are formed only at pH around 5.5, suggesting an important role of His-8 as the
first metal anchor. As the pH increases, Zn(I) binds all the available histidines and
terminal amino group, forming 3N complexes or, in the case of WT, a 4N complex
theoretically corresponding to [ZnL]; this could be the reason for its greater stability
(almost two orders of magnitude) compared to the other complexes of the same
stoichiometry formed by the other peptides (see Table 7.3). All these complexes should
have a tetrahedral geometry, with water molecules occupying the “vacant” coordination
positions. Further deprotonation steps can be then attributed to water molecules
deprotonation.

Table 7.3 - Equilibrium constants and proposed coordination modes for Zn(II) complexes
at 7=298 K and /=0.1 M (KCI). Values in parentheses are standard deviations on the last
significant figure.

Species logf pK, Coord.
WT (ZnHLL] 18.79(6) 623 2N
[ZnHL]  12.56(6) 6.46 3N, of 2Njp,, NH,
[ZnL] 6.10(4) - 3Njm, NH;
H3A [ZnHL] 11.71(4) 6.93 2Nim
[ZnL] 4.78(4) 8.02 2Njp, NH;
[ZHH_]L]7 -324(5) - 2Nlm7 NH,
H4A [ZnHL] 11.69(3) 7.22 2N,
[ZnL] 4.47(6) 8.37 2N, NH,
[ZnH, L] -3.9(1) - 2Ny, NH,
HSA [znHL]  10.71(6) 6.58 2Ny,
[ZnL] 4.13(3) 8.23 2Ny, NH,
[ZnH. L] -4.10(4) - 2Ny, NH,
H4A/H8A  [ZnL] 3.88(6) 784 N, NH,
[ZnH. L] -3.96(6) 8.46 2Njp,, NH;
[ZnHoL] -12.42(6) - 2N, NH,

The formation of hetero Cu(Il) and Ni(Il) binucelar complexes with WT have been also
investigated. Potentiometric data processing revealed the formation of three hetero-metallic
binuclear species: [CuNiH.L]" (log8=9.97), [CuNiH.,L] (logf=3.40) and [CuNiH.sL]*
(logf=-23.74). It can be assumed that, at acidic condition, Cu(Il) coordinates the N-
terminal ATCUN site, while increasing the pH, a nickel ion binds the two histidine
residues not involved in copper coordination. Starting from pH about 9, the Ni(Il) ion
forms the classic planar and diamagnetic 4N complex. In the pH range 4.5-8.5, the Vis
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absorption spectra remain virtually unchanged, showing the d-d transition of the Cu(II)
ATCUN-type complex; under more alkaline pH values, the typical band of the diamagnetic
Ni(II) complex becomes instead evident (Figure 7.2).

170 pH10.30 ——pH 3.50
160 ——pH 4.00
150 —— pH 4.50
140 pH9.20 ——pH5.53

——pH 6.00
——pH6.49
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Figure 7.2 - Vis absorption spectra for Cu(I)/Ni(II) complexes with WT; Cp = 1.0-10~ M,
Cu(II):L = 0.8:1, Ni(II):L = 0.9:1.

7.4 Conclusions

The studied fragments of Hpn protein proved to be good chelators for divalent copper,
nickel and zinc ions. The formation of binuclear Cu(Il) complexes have been extensively
studied; from the obtained results one can generally assume that the first Cu(Il) ion
interacts with the peptide at the very effective N-terminal ATCUN site (if present), while a
second Cu(Il) ion can further coordinate the histidine residues in position 4 and 8.
However, His-8 seems to be the favourite site, due to the possibility to further coordinate
the amide nitrogen towards the N-terminal direction, forming a stable 5/6-membered
chelate rings. Moreover, the WT model peptide proved to form hetero-binuclear
complexes, where the ATCUN sequence interacts exclusively with Cu(II), while nickel
preferentially binds the histidine residue in position 8 (second binding site) to form its
typical square planar complex (N, 3N"). In the interaction of Cu(Il) with a binary
Ni(II)/WT complex, the nickel ion can be either released or even moved from the ATCUN
site to the second binding site. In both cases, the activity of Hpn protein is disturbed. In
fact, in the presence of only a 20% of Cu(Il) with respect to Ni(I), not only mixed
Cu(IT)/Ni(IT) species are formed in the entire pH range, but, at neutral pH, some Ni(Il) is
still not complexed (Figure 7.3). When thinking about possible antimicrobial strategies, a
suitable Cu(Il) complex, sufficiently stable to reach the bacterium but weaker than that
formed with Hpn, could be employed as a pharmacophore, with the aim of producing a
“ligand exchange” reaction, where Cu(Il) ions substitute Ni(Il) ions at the Hpn ATCUN
domain; in a possible additional second step, the released Ni(Il) ions could even be
sequestered by the metal-free pharmacophore and eliminated. This action would partially
inhibit the Hpn efficiency in Ni(Il) recruitment and storage, thus helping the nutritional
immunity mechanism to starve the pathogen. A similar action could also be obtained with
Zn(I1) ion, but it would require very high Zn(II) concentration, since its affinity for Hpn, at
least as far as the N-terminus is concerned, is much lower. Figure 7.4 shows that, in the
presence of a 10-fold excess of Zn(Il) with respect to Ni(II), the most acidic pH values are
dominated by Zn(Il) complexes, and, at neutral pH, about 30% of the peptide is engaged
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with zinc. Therefore, distressing the bacterial nickel homeostasis by means of competing

metals (or ligands) seems to be a promising strategy to find new therapeutic ways to
eradicate H. pylori.

This research work includes the publication “D. Bellotti, A. Sinigaglia, R. Guerrini, E.
Marzola, M. Rowir’lska-Zyrek, M. Remelli, J. Inorg. Biochem., 2021, 214, 111304”.
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8. Chapter Eight: R1 and R3 regions of tau protein

8.1 Outline of the work

Compared to the interaction of copper with other neuronal peptides involved in the
pathogenesis of neurodegenerative diseases, which has been deeply elucidated, the
interaction of copper with tau protein is poorly characterized, even if the relevance and the
impact of tau homoeostasis in neurodegenerative diseases progression is taking a central
stage in the last years. Tau proteins are present in the axon terminals of neurons and are
mostly associated with microtubules, the major constituent of the cytoskeleton, composed
of a dynamic tubulin polymer. The human brain contains six main tau isoforms that can be
categorized depending on whether they contain three or four pseudorepeats (R1-R4) in the
C-terminal region that constitutes the microtubule-binding domain. Tau proteins are highly
soluble and show little tendency to aggregation. However, tau aggregation is characteristic
of several neurodegenerative diseases known as tauopathies (including Alzheimer’s
disease).'! The structure of the tau fibrils from a diseased brain obtained with cryo-EM
shows the formation of cross-f/B-helix structure between residues 306-378, which is the
portion of tau comprising R3 and R4 regions."”! The region encompassing the R1-R4
repeats represents a potential binding site for metal ions, since each repeat contains at least
one histidine (His268, His299 and His362 in R1, R2 and R4, respectively); R3 contains
two vicinal histidine residues (His329 and His330).

In the present study, we investigate the properties and the reactivity of the copper
complexes formed with R1 (Ac-*°VKSKIGSTENLKHQPGGG®*-Am) and R3 (Ac-
3B GSLGNIHHKPGGG™-Am) fragments. These two fragments were chosen because they
have different behaviour in the intraneuronal tau neurofibrillary tangles formation. In
particular, R3 portion is found inside the cross-p/B-helix structure of tau filament, whereas
R1 is outside.!”! Moreover, these two peptides allow to clarify how the presence of one
histidine or two vicinal histidines affects the affinity for copper and the reactivity of the
complexes. We also justify the choice to use a truncated R3 fragment excluding the
cysteine residue (Cys322) according to the evidence that Cu(Il) is able to oxidize in vitro
the cysteine residue inducing the formation of a disulfide intermolecular bond."”! However,
the two cysteine residues in tau protein (Cys291 and Cys322) are likely involved in
disulfide bond in the native protein, even if formation of intramolecular or intermolecular
bonds may play an important role in tau aggregation.[6’ I The speciation of the Cu(I) and
Cu(IT) complexes with both R1 and R3 peptides were studied, together with the oxidation
of the dopamine (DA) neurotransmitter, as physiological model of induced copper redox
cycling, and the related, but with a simpler oxidation pattern, 4-methylcatechol (MC).

8.2 Experimental Procedures

Analyses performed on the above mentioned peptides follow the scheme:

= Peptide synthesis by means of solid-phase technique.

* Potentiometric determination of ligand protonation and Cu(II) complex-formation
constants.

= Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

= EPR measurements of Cu(Il) complexes.

* Study of Cu(I) complex formation equilibria by means of UV-visible competition
experiments with ferrozine (Fz*") as competing metallochromic indicator.
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* NMR measurements of apo-peptides, Cu(Il) and Cu(I) complexes.
= Kinetics study of oxidation of catecholic substrates.
» Evaluation of SOD-like activity of free Cu(Il) and of its complexes.

The employed experimental conditions, instruments and materials are reported in details
below, in Bacchella ez al., 2020.®!

8.3 Results and discussion

All the formed Cu(Il) complexes correspond to 1:1 metal/peptide stoichiometry. For the
R1 system, the predominant species in the pH range 6-8.5 is [CuHL]*" which reaches 95%
total copper at pH 7.2. Above pH 8.5 [CuL]" becomes the most abundant species, reaching
its maximum at pH 9 (ca. 60 % total copper). The last three deprotonation steps only
involve the deprotonation of the lysine residues. In the case of R3, under acidic conditions
both the histidine residues bind the cupric ion in the equatorial plane, while at neutral pH
(pH 7-7.5) the [CuL]*" and [CuH.,L]" species predominate. In [CuL]*" the metal ion likely
adopts an equatorial (3N, O) coordination mode that involves one deprotonated peptide
nitrogen, two imidazole donors, and a water molecule. The expected Amax for this
coordination environment is 604 nm. Moving to pH 7.8 where [CuH_L]" dominates, the
complex shows a (N, 2N, O) donor-atom set. The proposed equatorial coordination of
N-amides extends toward the N-terminal and a stable 6-membered (Ny,, N*) chelation ring
is formed; the deprotonation of amides in the C-terminal direction for R1 and R3 peptides
is prevented by the presence of a proline residue. The copper coordination environments
proposed in Table 8.1 are based on visible absorption and CD spectra and on EPR
magnetic parameters at different pH.

The calculated conditional affinities for Cu(Il) for both the peptides (K ) revealed that the
R3 peptide has higher affinity for Cu(Il) than R1, as a consequence of the presence of two
His donors. However, the affinity of R3 is only 2-fold higher than that of R1 at pH 7.4, and
5-fold at pH 6.5; this indicates that R3 region is not selective in binding copper but that, in
tau protein, the metal may rather be distributed over multiple sites, or likely be bound to
one preferential site as the consequence of additional structural features not modelled using
R1 and R3 peptides. On the other hand, UV-visible competition experiments performed on
Cu(I) complexes highlight that the R1 peptide does not significantly bind Cu(I), while the
R3 peptide has a high affinity for this metal ion (Figure 8.1). The proposed coordination
mode is a (2Ny,) with a possible weak interaction of the carbonyl oxygen of His329. The
characterization of R3 complexes with both Cu(I) and Cu(Il) by NMR spectroscopy is in
full agreement with the proposed binding modes.

To gain information on the potential catalytic role of R1 and R3 complexes in oxidative
reactions, a comparative study of their oxidative activity against catecholic substrates with
respect to that of free Cu(Il) has been performed. Both in the case of dopamine (DA) and
4-methylcatechol (MC), the substrate catalyzed by Cu(Il) is strongly promoted by the
addition of R3 but it is only slightly enhanced by the presence of R1. The oxidation
proceeds with a biphasic behaviour where a fast initial step is followed by a second linear
phase; however, in the case of DA such behaviour is less clear due to the presence of
several absorbing species in solution (Figures 8.2 and 8.3). It was previously demonstrated
that the presence of tandem His-His sites promotes the reduction of Cu(Il) to Cu(I), mainly
through the formation of stable Cu(I)/peptide adducts.” '
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Table 8.1 - Equilibrium constants and proposed coordination modes for Cu(Il) complexes
at 7=298 K and /=0.1 M (KCIl). Values in parentheses are standard deviations on the last
significant figure.

Species Logp pK. Coord.
R1
[CuH5L]" 34.84(8) 6.74 Np, (COOY) K, (R1)
[CuH,L]"  28.1(33) 540 N, N
u . . Im» - :
CuHLJ* 22.70(5) 8.62 Ny, 2N 11)§11615 M
[CuL] 14.08(8) 9.62 Ny, 3N~ AM)
[CuH.,L] 4.46(7) 1031 Ny, 3N pH 7.4
-9
[CuH,L] -5.85(9)  10.50 Ny, 3N° 150(10) - 10 M
[CuHsL?  -16.35(7) - Nim, 3N™
R3
[CuH,L]*  20.48(7) 4.67 N Kq (R3)
[CuHL]* 1581(2) 642 2Np pH 6.5
[CuL]** 9.39(3) 691 2Ny, N° 2.8(5)-10°M
[CuH.,L]" 2.48(2) 870 Ny, 2N~
pH 7.4
[CuH,,L] -6.22(3)  10.09 Ny, 3N 71(5) - 10° M
[CuHsL] -16.31(4) - Nim, 3N
04 0.09
§ .08 .
0.3} % 007, ° )
8 *+R3 :5; 0.06 | ° 55
802 20_05, Ttee,
2 * ;
< 4 5 8
0.14 ; Equiv. R3 vs. Cu”
0.0 T T T T 1
400 500 600 700 800
Wavelength

Figure 8.1 - Spectral dataset for the titration of a solution of [Cu(CH3CN)4]BE4 and Fz*
with R3 (Cu:Fz = 1:2.15, Ccy =41 uM, Ciscorbate = 10 mM, 100 mM aqueous HEPES
buffer solution, pH 7.4). Insect: absorbance values at 600 nm. Open circles: observed;
filled circles: calculated.

It is however worth noting that here, for both R1 and R3 fragments, the estimated potential
is lower than that observed for copper adducts with tau (340 mV vs NHE).!"*! Assuming a
similar affinity for Cu(I) for both R3 region and tau protein, the difference of one order of
magnitude in the affinities for Cu(Il) accounts only for 60 mV of the difference in their
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redox potentials. Overall, these data suggest that there are structural or second-shell
interactions in copper/tau adducts that determine the redox potential in the protein and that
are not completely modelled by R1 and R3 peptides.

The reaction mechanism proposed for the oxidation of catechols by copper-tau peptide
complexes may involve the following reaction steps, where P is tau-peptide:

1. Cu(Il) + P 2 [Cu(II)P]

2. [Cu(IT)P] + catechol — [Cu(I)P] + semiquinone™
3. [Cu(I)P] + catechol 2 [Cu(I)P-catechol]

4. [Cu(I)P-catechol] + O, — [CuP-catechol-O,]

5. [CuP-catechol-O,] —->— [Cu(II)P] + quinone

After rapid complexation (1), the reaction proceeds with a fast step of Cu(Il) reduction by
the catechol (2). The rate-determining step is the reaction of [Cu(I)P-catechol] complex
with O,, to generate the ternary complex indicated as [CuP-catechol-O;]. Previous studies
on copper-peptide complexes indicate that the reaction rate depends also on catechol
concentration, suggesting that substrate binding occurs as a pre-equilibrium step (3) before
the rate-determining binding of molecular oxygen (4).'*'®! The complexation between
Cu(I) and R3 facilitates the reaction with molecular oxygen, increasing the reaction rate,
while with R1 the metal 1on is mostly unbound and the reactivity reflects that of “free”
copper (Figures 8.2 and 8.3).

The reduction of Cu(Il) during the catechol oxidation generate Cu/O, species capable to
oxidize other cellular components through Fenton chemistry. LC-MS analysis allows to
evaluate the oxidative modifications on R1 and R3 peptide upon oxidation of DA and MC.
R3 undergoes extensive modifications through oxygen insertion and/or quinone-
derivatized histidines, in fact the amount of unmodified peptide is only 8% after 90 min of
time incubation (Figure 8.4).
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Figure 8.2 - Kinetic profile of DA (3 mM) oxidation with time in 50 mM HEPES buffer
solution at pH 7.4 and 20 °C in the presence of only Cu(II) (25 uM) (brown trace) and with
2 equiv. (grey), 4 equiv. (orange) of R1 peptide or 1 equiv. (light blue), 2 equiv. (blue) and
4 equiv. (green) of R3. Autoxidation of substrate is also shown (black dotted trace).
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Figure 8.3 - Kinetic profile of MC (3 mM) oxidation with time in 50 mM HEPES buffer
solution at pH 7.4 and 20 °C in the presence of only copper(Il) (25 uM) (brown trace) and
with 2 equiv. (grey), 4 equiv. (orange) of R1 peptide or 1 equiv. (light blue), 2 equiv.
(blue) and 4 equiv. (green) of R3. Autoxidation of substrate is also shown (black dotted
trace).

The LC-MS data are in agreement with the catalytic data on catechol oxidation. R1
fragment is weakly bound to Cu(l), leading to a slow reaction with molecular oxygen and
thus to weak catalytic activity in catechol oxidation and limited “self-modification”. By
considering the percentage of unmodified peptide after 90 min in the presence of copper
and MC under the same experimental conditions, it is possible to list the neuronal peptides
in this order of reactivity: R3 > prion fragment 76—114 (PrP7. 1)l > AB16 ~ Ap28I >>
Rl > a-synuclein fragment 1-15."*" Moreover, neither Cu(I)-R1, nor Cu(I)-R3
significantly increase the SOD-like activity of free Cu(II).
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Figure 8.4 - HPLC-MS elution profiles of R3 peptide (50 uM) in HEPES buffer (50 mM)
pH 7.4 in the presence of Cu(Il) (25 uM) and MC (panel A) or DA (panel B) (3 mM) after
15, 30 and 90 min reaction time.
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8.4 Conclusions

Potentiometric measurements suggest that the vicinal His-His residues in R3 guarantee a
strong binding site for copper in both the oxidation states, whereas the single histidine in
R1 is not able to stably interact with Cu(I). The study of the oxidative reactivity of these
copper-tau peptide complexes confirms that R3 coordination sphere guarantees an efficient
Cu(1)/(Il) redox cycling. In particular, copper-R3 complex is able to strongly enhance the
metal ion ability to oxidize cathecolic substrates, like dopamine and 4-methylcatechol,
whereas copper-R1 complex reactivity is similar to that of free copper. Moreover, by
comparing the tendency to undergo copper-mediated oxidative modification of tau R3 and
R1 peptides with other neuronal peptides analysed in previous studies, it turns out that R3
is the most reactive, followed by prion protein fragment (PrP7¢_114) and N-terminal portion
of Al peptide.

The His-His tandem site ability to bind copper in both oxidation states provides an active
catalyst for reactions that activate oxygen and are potentially dangerous for the cellular
compartment. The different binding of Cu(I) for R3 and R1 fragments is particularly
important for this interaction because tau protein is located intracellularly where the
reductive redox potential implies that copper is mostly in the reduced state.

This research work includes the publication “C. Bacchella, S. Gentili, D. Bellotti, E.
Quartieri, S. Draghi, M. C. Baratto, M. Remelli, D. Valensin, E. Monzani, S. Nicolis, L.
Casella, M. Tegoni, S. Dell’Acqua, Inorg. Chem. 2020, 59(1), 274-286".
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9. Chapter Nine: Linear and branched Cu(Il)
binding peptides

9.1 Outline of the work

The metal-binding properties of branched peptides and more in general of oligopeptides
covalently mounted on a molecular scaffold have been widely explored in the last
decade;!'! several examples are known in the literature, from short dipeptides,”™ to long
oligopeptides that spontaneously fold into supersecondary structures.””) The metal binding
affinities and the coordination modes depend on the peptide chain sequence and
preorganization or fold of the overall branched structure; in fact, as a general assumption,
one can consider the chains of a branched construct as independent metal binding moieties
in absence of folded architectures, while they can act as single metal binding sites in a
structured molecule.!

The two branched homomeric tetrapeptides, (AAHAWG)4-PWT2 and (HAWG)4-PWT2
where synthesized by mounting the linear peptides on a PWT2 cyclam-based scaffold
provided with four maleimide chains.”) The peptides used (AAHAWGC-Am and
HAWGC-Am) reacted with PWT2 through a thio-Michael reaction which resulted in the
formation of thioether bonds. The used ligands ensure a high degree of flexibility of the
construct and the possibility to bind four or less metal ions, one per arm or two to four
peptides coordinated to one metal center. The aim of this work is to demonstrate that the
ligand (AAHAWG)4-PWT2, which bears four ATCUN-type AAH N-terminal sequences,
is capable to bind four Cu(II) ions and form stable (Ny;,, NH, 2N") complexes in a wide
pH range. On the other hand, the use of (HAWG)4-PWT2, whose branches present His as
the N-terminal amino acid, could stabilize Cu(Il) histamine- or glycine-like coordination
modes under pH conditions at which they are less common; in fact, with the single-chain
HAWG-Am they are expected to mostly occur at acidic pH.!'"'? Both the branched
peptides, (AAHAWG)4-PWT2 and (HAWG)4,-PWT2, and single-chain peptides,
AAHAWG-Am and HAWG-Am, have been studied in the absence/presence of Cu(Il)
ions. The addition of a C-terminal methylated cysteine residue in the single-chain peptides
to obtain AAHAWGC(SMe)-Am and HAWGC(SMe)-Am has been also considered to
simulate the thioether moiety of the branched systems. Finally, a preliminary investigation
of Zn(Il) complexes with the single-chain peptides has been performed. As a general
perspective, the stabilization of specific metal coordination environments in conditions
(e.g. pH) where they are not expected to be stable may lead, for instance, to the design and
isolation of new bioinspired catalytic systems or efficient metal-based sensors and
receptors.

9.2 Experimental Procedures

Analyses performed on the above mentioned peptides follow the scheme:

* Synthesis of linear and branched peptides by means of solid-phase technique and
peptide welding technology.

= Potentiometric determination of ligand protonation and Zn(II) and Cu(Il) complex-
formation constants.

= Mass spectrometric analysis to evaluate ligand purity and the stoichiometry of the
formed Cu(Il) complexes.
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»  Spectrophotometric (UV-Vis and CD) analyses of Cu(Il) complexes.

The employed experimental conditions, instruments and materials are reported in details
below, in Perinelli et al., 2020.13

9.3 Results and discussion

All the investigated linear peptides bear one histidine residue, and therefore an imidazole
donor group, and a Trp residue as a spectroscopic tag. Single-chain peptides can be
grouped into two couples possessing an Xxx-Xxx-His- N-terminus or a His- N-terminus,
respectively. For each couple of peptides, the difference stands in the presence at the C-
terminus of a Cys(S-Me) residue. The obtained results confirmed that this moiety does not
particularly affect the peptides metal binding ability (Table 9.1). Our results demonstrate
that Cu(II) is bound to both the single-chain and the branched peptides preferentially at the
N-termini, as previewed by our design. The ATCUN terminus in AAHAWG-Am gives rise
to mononuclear complexes of high stability with a (N, NH;, 2N") coordination. A further
deprotonation step at alkaline pH to form the [CuLH ;] species has been assigned to the
deprotonation of the second imidazolic proton to form a coordinated imidazolate ion.!'*'®
The deprotonation of axially-bound water molecule has been excluded since the
corresponding m/z signal is completely absent in the ESI-MS spectra. On the other hand,
HAWG-Am is able to form 1:2 copper:peptide adducts at pH 7 with mixed histamine-like
and glycine-like coordination, where the second amino group likely binds Cu(Il) in axial
position (Figure 9.1) and is responsible of the small red-shift of the Vis absorption band,
from the expected 607-617 nm to the observed 634 nm. Conversely, in the alkaline pH
range the peptide forms 1:1 adducts: the deprotonation of three amides of the peptide
backbone occurs and the ligand wraps around the metal, with the participation of the
terminal amine, in a (4N) coordination mode.

Bimetallic species, with different protonation degrees, were also detected in this system by
potentiometric data analysis. These are however minor species if compared to
monometallic ones, and their characterization was not carried out in further detail.
Therefore, the major difference between the two peptides is that the ATCUN coordination
mode for AAHAWG-Am is stable in a wide pH range (4—10), while for HAWG-Am there
is a profound change of Cu(Il) coordination from pH 7 to pH 9.

vy

Figure 9.1 - Structural hypothesis for the complex [Cu(II(HAWG-Am),]*". Color code:
orange=copper, blue=nitrogen, red=oxygen, light grey=hydrogen, grey = carbon.
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Table 9.1 - Equilibrium constants and proposed coordination modes for Cu(Il) and Zn(II)
complexes at 7=298 K and /=0.1 M (NaClO,). Values in parentheses are standard
deviations on the last significant figure.

Species logp pK, Coord. logf pK. Coord.
HAWG-Am HAWGC(SMe)-Am
[CuL]** 8.24(1) 7.5 Nim, NH, 8.21(1) 7.4 N, NH;
[CuLH,] 0.7(3) 8.0 Ni/NH,, N™ 0.8(4) 7.6  Np/NH,, N
[CuLH.,] -7.3(1) 7.7 Ni/NH,, 2N~ -6.8(1) 7.8  Nu/NH,, 2N~
[CuLH;] -15.043) - Ni/NHy, 3N~ -14.57(4) - Nim/NHp, 3N~
[CuL,]** 14.26(3) - 2 (Njm, NH,) 14.63(4) - 2 (Nim, NHy)
[Cu, L H ;] 5.5(1) 7.8 5.9(1) 7.4
[CuL,H ;5] -2.3(1) - -1.5(1) -
AAHAWG-Am AAHAWGC(SMe)-Am
[CuH,,L] -0.47(1)  11.59 N, NHp, 2N° -0.86(1) 11.7 Ny, NHp, 2N~
[CuH;L] -12.06(3) - Nim, NHp, 2N~ -12.6(2) - Nim, NH,, 2N
HAWG-Am HAWGC(SMe)-Am
[ZnL]* 4.7(1) 7.58  Nm, NH, 4.35(5) - Nim» NH,
[ZnH_ L] -2.87(4) 8.73  Nm, NH, - - -
[ZnH,L] -11.61(4) - Nim, NH, -12.40(3) - Nim, NH,
[ZnH,L,]*" 21.50(7) - 2 (Nim) - - -
[ZnL,]* 9.96(7) - 2 (N, NH,) 8.86(5) - 2 (Njjm, NH,)
AAHAWG-Am AAHAWGC(SMe)-Am
[ZnL]* 3.18 (6) 7.90  Npm, NH, 3.28(7) 7.77 N, NH,
[ZnH_ L] -472(4) 821 N, NH, -4.49(4)  8.68 N, NH;
[ZnH,L] -1292(3) - Nim, NH, -13.17(5) Nim, NH,

In the case of Zn(Il) ion, the formation of complexes with AAHAWG-Am and HAWG-
Am exclusively occurs by means of the histidine residue and the terminal amino group,
giving rise to (Nm, NH;) complexes. A tetrahedral geometry is conceivable, where
coordinated water molecules complete the zinc coordination sphere. Interestingly, these
preliminary data reveal that in Zn(II)/HAWG-Am system, bis-complexes dominate in the
pH range 4.5-8.5; while they have not been detected in the case of AAHAWG-Am.

The interaction of Cu(Il) with the two tetramers built on the cyclam scaffold has been
studied through spectroscopic and spectrometric techniques at fixed pH. In the case of
(AAHAWG),-PWT2, mass spectrometry identified the species [CusLHs]Ks*" (m/z =
1029.4) and [Cu,LH]K5*" (m/z = 1359.7), suggesting that each branch of the tetramer
behaves exactly like the monomer and independently binds one Cu(II) ion. This hypothesis
is confirmed by spectrophotometric and spectrofluorimetric titrations performed at pH 7.4
and pH 9. At both pH values the absorbance increases and the fluorescence intensity
decreases during the addition of Cu(Il), reaching a plateau when the metal ion is equimolar
to the peptide branches, i.e. when the concentration of copper is four times that of
(AAHAWG)4-PWT2. In the case of (HAWG)4-PWT2, mass spectra show the signals of
mono- to tetra-nuclear complexes. Based on fluorescence measurements at pH 7, we
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suggest the formation of a species where the metal ion is bound to two peptide arms,
according to the species [CuL,]*" observed for the single peptide. This hypothesis is
confirmed by the Vis absorption spectra, since we observed a d-d band at 630 nm, which is
very close to the Apax of [CuLz]2+ complex of HAWG-Am. Moreover, CD spectra are
perfectly superimposable to those recorded for the system Cu(Il)/HAWG-Am, at neutral
pH and in excess of ligand. The fluorescence binding isotherm at pH 9.0 shows that the
emission intensity of the tryptophan residue is very rapidly quenched with Cu(II) addition,
with an equivalence point corresponding to 2 copper ions per ligand. In these conditions
the hypothesis of the formation of a 2:1 Cu:L complex (each Cu(Il) coordinated by two
peptide arms) is in full agreement with visible absorption data. Moreover, since in our
experiments the (HAWG)4-PWT2 concentration is 0.20 mM (corresponding to a formal
concentration of the peptide branches of 0.80 mM), our data suggest that through
(HAWG)4-PWT2 we could achieve an increase of the peptide “local concentration” of 2—-3
orders of magnitude compared to the same conditions using the single-chain analogue.
Finally, in silico analyses showed that the four branches (peptide plus spacer) have an
adequate length and a sufficient degree of flexibility to place the N-termini of the peptides
close to each other, allowing the formation of histamine-like [Cu(peptide),] adducts
(Figure 9.2).

Figure 9.2 - Representation of two model structures of different atropoisomers of the
adducts [Cu,(HAWG)4s-PWT2]. The cyclam scaffold and the two histamine-like copper
binding sites are represented as thick sticks, Cu(II) ion is the orange sphere. In the figure,
the imidazole of the terminal His (Nnp2, O)-coordinated and a water molecule (red sphere)
are in axial position.
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9.4 Conclusions

Each AAHAWG peptide mounted on the cyclam scaffold retains the property to form
ATCUN-type adducts with copper. However, in the AAHAWG-PWT?2 the affinity of the
four chelating groups is not exactly the same and the metal binding ability decreases as the
amount of Cu(II) bound to the ligand increases. With the ligand HAWG-Am we were able
to qualitatively obtain what we expected from our design. On one hand, the nature of the
scaffold and the length of the spacer allowed a large degree of freedom of the peptides
which, at pH 7, can form 1:2 adducts with copper, adopting the mixed histamine-like and
glycine-like coordination, as the single-chain peptide does. Most importantly, the latter
coordination mode is predominant also at pH 9, unlike what occurs with free HAWG-Am.
This behaviour (i.e. avoiding peptide nitrogen deprotonation) is unachievable at pH 9 for
the single chain-peptides unless its concentration is in the molar range. This is not only an
extraordinarily high concentration for model peptides, but it is also out of the solubility
range for the vast majority of proteins. Therefore, with our branched peptides we were able
to shift up the effective molar concentration of the chelating groups (N-termini) of 2 to 3
orders of magnitude by mounting 4 equivalent peptides on a cyclam scaffold. We expect
that avoiding peptide nitrogen deprotonation and coordination will have, for instance, a
noticeable effect on the Cu(I)/Cu(Il) redox potential, since amide nitrogen coordination
stabilizes Cu(Il). Along with this consideration we preview that the development of these
branched peptides will get into the development of copper bioinspired catalysts based on
stable coordination environments at pH conditions unachievable with the use of single-
chain peptides.

This research work includes the publication “M. Perinelli, R. Guerrini, V. Albanese, N.
Marchetti, D. Bellotti, S. Gentili, M. Tegoni, M. Remelli, J. Inorg. Biochem. 2020, 205, 110980-
110993,
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10. Chapter Ten: Future perspectives

The importance of transition metals as virulence factors is undoubtedly well recognised
and accepted. Metal binding proteins, and in particular zinc binding proteins, represent the
main targets in an antimicrobial scenario aimed at knocking out the pathogen through
cellular starvation and inhibition of the metal import systems. The amount of free metal
ions, in fact, must be strictly regulated both in the case of pathogens and humans. If one
thinks about zinc, overload and shortage of the metal can certainly induce cellular
apoptosis due to intrinsic cytotoxic effects (inhibition of enzymes through wrong metal
coordination, formation of stable, irreversible protein complexes, disruption of the
membrane potential, absence of crucial protein cofactors and consequent loss of enzymatic
activity). Moreover, zinc binding proteins-targeted therapies may limit undesirable side
effects for the host organism, since most eukaryotes, including humans, frequently exhibit
different zinc acquisition pathways and totally lack most of the extracytosolic zinc-binding
proteins here described for bacteria and fungi.

Since the host and the pathogen organisms compete for the acquisition of transition metal
ions, any antimicrobial agent whose activity depends on the metal coordination must
exhibit proper thermodynamic features in order to avoid the loss of its metallic substrate or
its sequestration by a more efficient pathogenic protein. It is therefore necessary to clearly
elucidate the thermodynamic and coordination chemistry behind metal binding proteins at
the host/pathogen interface, and this PhD thesis gets a glimpse of the variety of existing
systems. Moreover, the study of the antimicrobial peptide calcitermin represented an
effective object of comparison to qualitatively speculate on the possible competition
between the investigated pathogenic systems and the calcitermin-mediated host defence.
An example is given in Figure 10.1, where the metal binding affinity of calcitermin is
compared with that of Zrt2 metal binding sites. Calcitermin activity against C. albicans is
enhanced by the presence of Zn(IT) and Cu(Il) and according to our thermodynamic results
calcitermin is also a better ligand for such metal ions in the pH range where it is
biologically active. The same is verified in the case of the bacterial protein ZinT (Chapter
3). Thus, the present results suggest that one possible calcitermin antimicrobial way of
action may be related to the metal binding affinities of the competing systems.
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Figure 10.1 - Competition plot for a solution containing equimolar concentrations (1-10
M) of metal ion, calcitermin VAIALKAAHYHTHKE (see Chapter 6) and Zrt2 binding
sites (Ac-GPHTHSHFGD-Am, Ac-DDEEEDLE-Am and Ac-PSHFAHAQEHQDP-Am)
(see Chapter 5).
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Hence, impairing the cell metals homeostasis can represent a promising antimicrobial
strategy with a high rate of selectivity and specificity. The administration of compounds
able to mimic, undermine or inactivate metal-binding proteins activity can result in a less
morbidity and in the attenuation of the pathogen virulence, until a most desirable
microbicide property. For this purpose, one can rely on de novo designed molecules with
inedited characteristics and way of actions or on derivatives of already existing natural
antimicrobial agents that commonly reside in the host organism and participate in the
nutritional immunity process (e.g. calcitermin). These systems, and their ad hoc
synthetized derivatives, may exhibit the antimicrobial activity by simply displaying higher
metal binding affinity and thermodynamic stability, which in turn allows the metal ions
sequestration and the reduction of their bioavailability.

The results obtained in this work are the basis of a further research project focused on
calcitermin peptide derivatives, with the aim of obtaining novel, potent and stable
antimicrobial agents. This project has been already financed by the Polish National Science
Centre (Preludium Grant no. UMO-2020/37/N/ST4/03165). The peptidomimetic strategy,
i.e. the modification of the native peptide structure in order to improve its potential, will be
applied to calcitermin. The synthetic approach includes the insertion/substitution of D-
amino acids, non-proteinogenic amino acids or B-amino acids, and the synthesis of
peptoids. All these mutations should increase the proteolytic stability of native calcitermin,
giving rise to novel classes of potential metal-based-AMPs.
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Introduction

Novel insights into the metal binding ability of
ZinT periplasmic protein from Escherichia coli
and Salmonella entericat

b and Maurizio Remelli © *2

Denise Bellotti, 2 Magdalena Rowihska-Zyrek@
The ZinT mediated Zn(i) uptake is one of the major differences in the metabolism of human and bacterial
cells that can be challenged when looking for possible highly selective metal-based therapeutics. ZinT is a
216-amino acid periplasmic protein expressed by Gram-negative bacteria, which shuttles Zn(i) ions to the
ZnuABC transporter under zinc-limiting conditions. The suggested metal-binding sites of ZinT corres-
pond to a domain containing three highly conserved histidine residues (His 167, 176 and 178) and to the
N-terminal histidine-rich loop HGHHXH (residues 24-29). The coordination chemistry of the ZinT com-
plexes with Zn(i) and Cu(i) has been investigated. The present work is focused on the protected peptides
Ac-2*HGHHSH?°-NH, and Ac-**°DHIIAPRKSSHFHY8-NH, as models for the putative metal binding sites
of ZinT from Escherichia coli (EcZinT), and Ac-**HGHHAH?*?-NH, and Ac-**°DHIIAPRKSAHFHY®-NH,
from the ZinT protein expressed by Salmonella enterica sv. Typhimurium (SeZinT). The investigated pep-
tides are able to form stable mono-nuclear complexes where the histidine residues represent the principal
metal anchoring sites. The ZnuA (a periplasmic component of the ZnuABC transporter) metal binding site
exhibits higher affinity for Zn(i) than ZinT, suggesting that the interaction of the two proteins through the
formation of a binary complex may involve the metal transfer from ZinT to ZnuA. In contrast, this would
not occur in Cu(i), since the ZinT complexes are more stable. Furthermore, at acidic pH, where the anti-
microbial peptide calcitermin is biologically active, it also binds the metal ions with higher affinity than
ZinT, representing a possible efficient competitor and antagonist of ZinT in the host human organism.

affect the activity and the effectiveness of the involved
systems.*”’

The dramatic dissemination of antibiotic-resistant microor-
ganisms represents both a serious threat and a scientific chal-
lenge of the modern age. The acquisition of metals from the
host environment is a fundamental aspect of infections and
deeper insights into the mechanism of metal trafficking in
pathogens can provide crucial information to design new
effective antimicrobial treatments." Several pathogenic
microorganisms are capable of expressing metallophore
systems for the purpose to sequester metals from the host
environment. In the process of nutritional immunity, in fact,
the host and the pathogen compete for the acquisition of
metallic nutrients and, therefore, the relative metal binding
affinity and the specific coordination properties can seriously
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The Zn(u) assimilation pathway provided by the ZinT/
ZnuABC transport system is a promising strategy to develop
novel treatments against infectious diseases, since this metal
transporter does not have homologues in eukaryotic cells and
it can therefore assure high specificity and selectivity, mini-
mizing collateral side effects in patients.® The high-affinity Zn
(1) uptake system ZnuABC belongs to the family of ATP-
binding cassette transporters and it is composed of three pro-
teins: ZnuA (periplasmic metallochaperone), ZnuB (membrane
permease) and ZnuC (the ATPase component).”'® Recent
studies have also identified an additional auxiliary periplasmic
component of the bacterial ZnuABC system, which collabor-
ates with ZnuA in the mechanism of Zn(u) recruitment from
the periplasmic environment under severe zinc-limiting con-
ditions. This protein is known as ZinT (formerly named YodA)
and it is expressed by many Gram-negative bacteria, including
Escherichia coli and Salmonella enterica."*™ Interestingly,
recent studies have also demonstrated that ZinT and ZnuA can
specifically interact together to form a binary system, but only
if they are in a Zn(u)-bound form.®'***
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An efficient metal ion import is doubtlessly critical for
Escherichia coli and Salmonella enterica pathogenicity, together
with a proficient resistance system that can prevent microbial
cells from heavy metal poisoning. Interestingly, the physiologi-
cal role of ZinT is related not only to Zn(u) homeostasis but
also to cellular metal detoxification. In fact, beside zinc short-
age, its expression can be upregulated upon cadmium stress,
inducing protein accumulation in the periplasmic region.®
Furthermore, ZinT exhibits extremely versatile metal binding
properties and affinity for several other divalent metal
ions.">!”

Various crystal structures of ZinT from Escherichia coli
(EcZinT) and Salmonella enterica sv. Typhimurium (SeZinT)
have been reported, including Zn(u), Ni(u) and Cd(u) com-
plexes (Protein Data Bank (PDB) entries: 10E], 10EK, 10EE,
5AQ6, 5YXC, 1S7D, 1TXL, 5XM5, 4AW8, 4AYH, and 4ARH).
According to the evolutionarily highly conserved amino acid
sequence of ZinT and its three-dimensional structures, the
most probable identified metal-binding sites are two regions,
corresponding to (i) the sequence containing three histidine
residues at positions 167, 176 and 178,'®'® and (ii) the highly
conserved histidine-rich loop (HGHHXH) located at the
N-terminal position of the protein.®'*?° No thermodynamic
data are available for ZinT metal binding sites and the
accepted evidence encouraged us to proceed with the investi-
gation of Zn(n) and Cu(u) complexes with ZinT in both E. coli
(EcZinT) and S. enterica (SeZinT) species. Although the physio-
logical role of ZinT in Cu(u) metabolism has not been con-
firmed yet, Cu(u) is essential for many enzymatic processes
and it can be extremely toxic to microbes, since it generates
reactive oxygen species (ROS), increasing the cellular oxidative
stress.”"*? In contrast, Zn(n) is redox inactive and is crucial for
pathogen subsistence, participating in many cellular reactions
as a coenzyme or cofactor.”*>> Moreover, the importance of
these ions in the process of nutritional immunity is decisive as
well; human organisms can rely on a variety of proteins and
antimicrobial peptides in order to sequester Zn(u) and Cu(mu)
and induce pathogen starvation, interfering with their viru-
lence and survival in the host organism.*®?’

The present paper describes a detailed study on Zn(u) and
Cu(u) complexes with the following amino- and carboxyl-term-
inal protected peptides: Ac-HGHHSH-NH, (L1) and Ac-
HGHHAH-NH, (L2), which serve as models for the N-terminal
histidine-rich loop (the 24-29 amino acid sequence) of EcZinT
and SeZinT, respectively, and Ac-DHIIAPRKSSHFH-NH, from
EcZinT (L3) and Ac-DHIIAPRKSAHFH-NH, from SeZinT (L4),
which correspond to the 166-178 amino acid sequence encom-
passing three highly conserved His residues (see Fig. 1). It is
worth emphasizing the punctual Ser-to-Ala substitution occur-
ring in each couple of the peptide homologues L1/L2 and L3/
L4. Since small changes in the peptide primary structure can
affect the metal binding behaviour, a deep investigation of the
complex-formation equilibria is required to fully understand
the coordination properties of EcZinT and SeZinT and to high-
light the possible differences between the behaviors of the two
bacterial species. The thermodynamic and spectroscopic ana-
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E. coli: MAIRLHKLAVALGVFIVSAPAFSHGHHSHGNPL33
S.enterica: MVIHLKKLTMLLGMLLVNSPAFAHGHHAHGAPNM33

E. coli: TEVEQKAANGVEDDANVQNRTLSDWDGVWQSVY 66
S. enterica: TEVEQKAAAGVEDDANVRDRALTDWDGMWQS VY 66

E. coli: PLLOSGKLDPVFQKKADADKTKTFAEIRKDYYHK99
S. enterica: PYLVSGELDPVFROQKAKKDPEKTFEDIKAYYRKI9

E. coli: GYATDIEMIGIEDGIVEFHRNNETTSCKYDYDGI132
S. enterica: GYATNVETIGIENGVIEFHRDNNVASCKYNYAGI132

E. coli: YKILTYKSGKKGVRYLFECKDPESKAPKYIQFSI165
S. enterica: YKILTYASGKKGVRYLFECKDANSKAPKYVQFS 165

E. coli: DHITAPRKSSHFHIFMGNDSQQOQSLLNEMENWPTI198
S.enterica: DHITAPRKSAHFHIFMGNTSQQALLQEMENWPRT 198

E. coli: YYPYQLSSEEVVEEMMSH 216
S. enterica: YYPYQLKANEVVDEMLHH 216

Fig. 1 Protein sequence alignment between EcZinT and SeZinT.!*2°

The studied regions are marked in color.

lyses of metal-ZinT complexes have been performed by means
of several experimental techniques. The complex formation
equilibria have been investigated over a wide pH range
through high-resolution mass spectrometry and potentio-
metric titrations. A complementary description of the metal
coordination sphere and molecular geometry has been pro-
vided by UV-Vis spectrophotometry, circular dichroism (CD)
spectroscopy and electronic paramagnetic resonance (EPR).

Experimental

Materials

All  peptides (Ac-HGHHSH-NH,, Ac-HGHHAH-NH,, Ac-
DHIIAPRKSSHFH-NH, and Ac-DHIIAPRKSAHFH-NH,) were
purchased from KareBay Biochem (USA) with a certified purity
of 98%. They were used as received. Zn(ClO,),-6H,0 and Cu
(ClO,),-6H,0O were extra pure products (Sigma-Aldrich); the
concentrations of their stock solutions were standardised by
EDTA titration and periodically analysed via ICP-MS. The car-
bonate-free stock solution of 0.1 mol dm™> NaOH was pur-
chased from Sigma-Aldrich and standardized with the primary
standard potassium hydrogen phthalate (99.9% purity) by
potentiometry. The HCIO, stock solution was prepared by
diluting concentrated HClO, (Sigma-Aldrich) and then stan-
dardizing it with NaOH. The ionic strength was adjusted to
0.1 mol dm™ by adding NaClO, (Sigma-Aldrich). Grade A
glassware was employed throughout. All sample solutions were
prepared with fresh doubly distilled water.

Potentiometric measurements

The stability constants for proton and metal complexes were
calculated from the pH-metric titration curves registered at 7' =
298 K and an ionic strength of 0.1 mol dm™ (NaClO,) with a
total volume of 3 ecm™>. The potentiometric apparatus con-
sisted of a Metrohm 905 Titrando pH-meter system provided

This journal is © The Royal Society of Chemistry 2020
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with a Metrohm LL Unitrode glass electrode and a dosing
system 800 Dosino, equipped with a 2 ml micro burette. High
purity grade argon was gently blown over the sample solution
to ensure an inert atmosphere. The solutions were titrated
under constant-speed magnetic stirring with 0.1 mol dm™ car-
bonate-free NaOH. The electrode was daily calibrated for
hydrogen ion concentration by titrating HClIO, with standard
NaOH under the same experimental conditions as above. The
standard potential and the slope of the electrode couple were
computed by means of the Glee®® program. The purity and the
exact concentrations of the ligand solutions were potentio-
metrically determined using the Gran method.”® The
HYPERQUAD?® program was employed to calculate the overall
formation constant (f), referring to the following equilibrium:

pPM + gL +rH & ML H,

(the charges are omitted; p is 0 in the case of ligand protona-
tion; r can be negative). The step formation constants (K) and/
or acid dissociation constants (K,) were also reported. The
computed standard deviations (referring to random errors
only) were given by the program itself and are shown in par-
entheses as uncertainties in the last significant figure. The
hydrolysis constants for the Cu(u) and Zn(u) ions were taken
from the literature: [CuH_,]" log = —7.7, [CuH_,]*" logp =
-10.75, [CuzH_,*" logp = —21.36, and [CuH_,]*” logp =
-39.08;*" [zZnH_,]" logp = -8.96, [ZnH_,] logp = —16.9,
[ZnH_;] log f = —28.4, and [ZnH_,]*" log # = —41.2.>% The dis-
tribution diagrams were computed using the HYSS program.*?
A comparison of the overall metal binding ability of different
ligands was performed by computing the competitive dia-
grams. They represent the simulation of a solution containing
the metal and two (or more) ligands (or vice versa) and are
based on previously obtained binary speciation models, admit-
ting that all the components compete to form the respective
binary complexes without mixed species formation. This is a
reasonable approximation in the case of peptides, which most
often form only 1:1 complexes where the peptide completely
wraps the metal ion.

Mass spectrometric measurements

High-resolution mass spectra were obtained on a
BrukerQ-FTMS  spectrometer (Bruker Daltonik, Bremen,
Germany), equipped with an Apollo II electrospray ionization
source with an ion funnel. The mass spectrometer was oper-
ated in the positive ion mode. The instrumental parameters
were as follows: scan range m/z 100-2500, dry gas nitrogen,
temperature 453 K and ion energy 5 eV. The capillary voltage
was optimized to the highest signal-to-noise ratio, corres-
ponding to 4500 V. The small changes in the voltage (+500 V)
did not significantly affect the optimized spectra. The samples
(zn(u):ligand and Cu(u):ligand in a 0.9:1 stoichiometry,
[ligand]ior = 0.5 x 10> mol dm™>) were prepared with a 1:
1 methanol-water mixture at different pH values and were
infused at a flow rate of 3 pL min~". The instrument was exter-
nally calibrated with a Tunemix™ mixture (Bruker Daltonik,
Germany) in the quadratic regression mode. The data were

This journal is © The Royal Society of Chemistry 2020
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processed using the Bruker Compass DataAnalysis 3.4
program. The mass accuracy for the calibration was greater
than 5 ppm, showing together with the true isotopic pattern
(using SigmaFit) an unambiguous confirmation of the elemen-
tal composition of the obtained complex.

Spectroscopic measurements

The absorption spectra were recorded on a Varian Cary300 Bio
spectrophotometer, in the range of 200-800 nm, using a
quartz cuvette with an optical path of 1 cm. Circular dichroism
(CD) experiments were performed using a Jasco J-1500 CD
spectrometer at 298 K in 0.01 cm and 1 cm quartz cells in the
spectral ranges of 180-270 and 200-800 nm, respectively. The
ligands were dissolved in a water solution containing 4 x 107
mol dm™ HCIO, and 0.1 mol dm™ NaClO,. The ligand con-
centration was 0.5 X 10> mol dm™> (200-800 nm range) and
0.1 x 10~° mol dm™ (180-270 nm range). The Cu() to ligand
molar ratio was 0.9: 1. The UV-Vis and CD spectroscopic para-
meters were extracted from the spectra obtained at the pH
values corresponding to the maximum concentration of each
particular species, based on the distribution diagrams.
Electron paramagnetic resonance (EPR) spectra were recorded
in liquid nitrogen on a Bruker ELEXSYS E500 CW-EPR spectro-
meter at an X-band frequency (9.5 GHz), equipped with an ER
036TM NMR teslameter and an E41 FC frequency counter.
Ethylene glycol (30%) was used as a cryoprotectant. The ligand
concentration was 1.0 x 10~ mol dm™2 and the Cu(u) to ligand
ratio = 0.9 : 1. The EPR parameters were analysed by simulating
the experimental spectra using the WIN-EPR SIMFONIA soft-
ware, version 1.2 (Bruker).

Results and discussion
Ligand protonation

The investigated peptides are protected at their amino- and
carboxyl-termini by means of acetylation and amidation,
respectively. The ligand acid-base behaviour, therefore, only
depends on the amino acid side chain properties; the corres-
ponding experimental overall and step protonation constants
are reported in Table 1. The amide groups of the peptide back-
bone are very weak acids (pK, ~ 15)** and the spontaneous
release of their protons cannot occur in the explored pH range
(2.5-10.5). For each peptide, the obtained macro-constants
reported in Table 1 were compared with the literature data in
order to assign the protonation step to the corresponding
functional group. The term L here indicates the ligand in its
unprotonated form where all the dissociable protons have
been released; the net charge of L is zero for all the investi-
gated ligands. However, in the case of L1 and L2, L corres-
ponds to a peptide without any charged groups, while in L3
and L4 L is a zwitterionic species, due to the presence of the
negatively charged carboxylate group of the Asp residue and
the positively charged arginyl guanidinium group, which is
always protonated in the pH range here employed.

In ligands L1 and L2 there are four histidine residues
which are involved in the acid-base equilibria. The obtained
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Table 1 Overall (log ) and step (log K) protonation constants for all the investigated ligands (Ac-HGHHSH-NH, (L1), Ac-HGHHAH-NH; (L2), Ac-
DHIIAPRKSSHFH-NH, (L3) and Ac-DHIIAPRKSAHFH-NH, (L4)) at T = 298 K and / = 0.1 mol dm~3 (NaClO,). Values in parentheses are standard devi-

ations in the last significant figure

L1 L2 L3 L4
Species log f log K log j log K log f log K log j log K
HL' 7.38(9) 7.38 7.16(9) 7.16 9.53(3) 9.53 9.65(2) 9.65
H,L* 13.87(6) 6.50 13.75(5) 6.59 16.27(3) 6.74 16.56(4) 6.90
H,L* 19.87(9) 6.00 19.68(8) 5.93 22.59(2) 6.32 22.91(3) 6.35
HLY 25.60(7) 5.73 25.46(6) 5.78 28.17(3) 5.58 28.64(3) 5.74
H,L*" 32.22(3) 4.06 32.56(4) 3.92

pK. values range from 5.73 to 7.38, in good agreement with the
literature protonation constants for histidine residues.®
Ligands L3 and L4 contain five functional groups with dissoci-
able protons: the carboxylic side chain of aspartic acid, the
imidazole groups of the three histidine residues and the lysyl
amino group. In the case of both the ligands, we attribute the
lowest pK, value to the carboxylic acid of the Asp residue (4.06
and 3.92), while the next three protonation steps can be
assigned to the histidine residues with the pK, values ranging
from 5.61 to a maximum of 6.91. The highest formation con-
stants, 9.50 (L3) and 9.65 (L4), most likely correspond to the
lysine e-amino groups. The rather low pK, values can be
related to the Lys proximity to the protonated arginyl guanidi-
nium group. Indeed, the low pK, values (even lower than 9) for
lysine deprotonation are comparable with those found in the
literature, where the increased acidity is explained by the pres-
ence of vicinal positively charged side chains (Lys, Orn and
Arg).*°*® Notably, the Ser-to-Ala substitution does not signifi-
cantly affect the acid-base properties of the investigated pep-
tides, since the obtained protonation constants of each homol-
ogue couple Ac-HGHHSH-NH,/AccHGHHAH-NH, and Ac-
DHITAPRKSSHFH-NH,/Ac-DHIIAPRKSAHFH-NH, are
comparable.

Cu(u) complexes

The high resolution mass spectra revealed the formation of
mononuclear Cu(n) complexes under the employed experi-
mental conditions. Signals corresponding to various sodium
and potassium adducts, together with differently protonated
free ligand and metal complexes, have been detected. No poly-
nuclear complexes or bis-complexes have been identified. The

mass spectra are reported in Fig. S1-S4, ESL.f The speciation
models obtained by potentiometry confirm the occurrence in
the solution of 1:1 metal complexes, in accordance with the
MS results. The complex-formation constants for Cu(u) are
reported in Table 2, and the corresponding species distri-
bution diagrams are shown in Fig. 2 and S5-S7, ESL.f The
spectroscopy data are summarised in Tables S1-S4, ESIt and
the UV-Vis, CD and EPR spectra are depicted in Fig. 3, 4 and
S8-S16, ESLT

Potentiometric measurements revealed that Cu(u) is able to
interact with L1 and L2 starting from pH 3. The first identified
species is [CuH,L]""; the speciation diagrams plotted in Fig. 2
and S5, ESIt show that its percentage of formation in solution
remains rather low (25%) since this complex is quickly substi-
tuted with the [CuHL]’" species, that is by far the most abun-
dant complex in solution is observed from pH 4.5 up to pH 6.
In [CuH,L]"" the ligand has already lost two acidic protons
from its fully protonated histidine residues which can thus
bind the metal ion and form a (2Ny,,) species. The following
deprotonation step, associated with the formation of the
[CuHL]*" complex, has a pK, value of 4.45 (L1) and 4.46 (L2),
both attributable to the deprotonation and binding of the
third imidazole group. This step is also accompanied by a shift
of the visible absorption spectra towards shorter wavelengths,
thus indicating an increase of the number of coordinated
nitrogen atoms around Cu(u) (Fig. 3 and S9, ESIt). The
measured A, values for the complex solutions at pH = 5.5 -
where [CuHL]*" is the most abundant species - are 637 nm for
Cu(n)-L1 and 626 nm for Cu(u)-L2, and suggest a (3Ny,)
coordination for both the systems. The next deprotonation
step occurs with pK, = 6.26 (L1) and 6.37 (L2), leading to the

Table 2 Overall stability constants (logp) and acid dissociation constants (pK,) of Cu(i) complexes with all the investigated ligands (Ac-
HGHHSH-NH; (L1), Ac-HGHHAH-NH, (L2), Ac-DHIIAPRKSSHFH-NH; (L3) and Ac-DHIIAPRKSAHFH-NH, (L4)) at T = 298 K and / = 0.1 mol dm™
(NaClOy,). Values in parentheses are standard deviations in the last significant figure

L1 L2 L3 L4

Species log j pPK, log f pPK. log f pK, log j pPK.
[CuHZLJ4+ 19.72(8) 4.45 19.4(1) 4.46 22.26(3) 5.32 22.53(4) 5.40
[CuHL]** 15.27(3) 6.26 14.93(4) 6.37 16.94(4) 5.74 17.13(5) 5.68
[CuL 9.00(7) 7.15 8.56(8) 7.24 11.19(4) 6.19 11.45(5) 6.35
[CuH_,L]" 1.85(8) 7.31 1.32(9) 7.38 5.00(4) 9.03 5.10(4) 9.65
[CuH_,L] —5.46(7) 9.31 —6.06(8) 9.52 —4.03(7) 10.18 —4.54(6) 10.35
[CuH_,L]~ —14.78(8) -15.59(9) —-14.20(7) -14.90(5)
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Fig. 3 Vis absorption spectra for Cu(i) complexes with L1; M: L ratio =
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Fig. 4 CD spectra for Cu(n) complexes with L1; M:L ratio = 0.9:1.
Ccuan = 0.45 x 1073 moldm™3; optical path 1 cm.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

formation of the species [CuL]>". In this case the most reason-
able hypothesis is the release of the proton from an amide
group of the peptide backbone, which can be ionized, thanks
to the interaction with the Cu(u) ion. In fact, the corresponding
d-d band in the UV-Vis spectra at pH around 6.5-7, where
[CuL]** reaches its maximum of formation (Fig. 2 and S5,
ESIY), is characterized by the Apax value (L1: 608 nm and L2:
600 nm) very close to the expected absorption wavelength for
the (2Nyy,, N7) complex (604 nm (ref. 34)); the fourth equatorial
position should be occupied by a water molecule. Therefore, in
the formation of the [CuL]** species, a N-amide group should
substitute one histidine residue in the equatorial plane of the
metal coordination sphere. Moreover, starting from pH 6, a
slight variation in the CD spectra likely confirms the Cu(u)
interaction with the backbone N-amide (Fig. 4 and S10, ESIT).
The EPR parameters at pH 6.5 also indicate the prevalence of a
3N coordination (L1: g = 2.25, Aj = 180.4; L2: g = 2.22, A =
175.3).>° Upon increasing the pH value, the species [CuH_;L]"
and [CuH_,L] are formed with the following corresponding
acid dissociation constants: pK, = 7.15 and 7.31 (L1) and pK, =
7.24 and 7.38 (L2). From pH 6.5 to pH 9, the absorption
spectra of both the systems undergo a further blue-shift
towards the wavelengths of maximum absorption around
560 nm, suggesting the binding of one additional nitrogen
atom, most likely with the substitution of the water molecule.
An unequivocal description of the coordination mode of each
formed complex in this pH range is not possible. However,
one deprotonation step can be attributed to the mere release
of the proton from the last protonated histidine residue,
without directly participating in the metal complexation - the
corresponding step constants (7.31 for L1 and 7.24 for L2) are
in fact very close to those measured in the absence of metal
ions. The other step can be ascribed to the release of the
acidic proton from a second backbone amide, which binds Cu
(1) in the equatorial position, finally obtaining a (2Nyy,, 2N7)
coordination. The 4N binding mode for [CuH_,L] is also con-
firmed by EPR results.>®* Moreover, the increased signal inten-
sity of the CD spectra in the above considered pH range is con-
sistent with the increase of N-amide donors. Finally, at pH > 9,
the last complex [CuH_;L]” can be detected, characterized by
pK, = 9.31 (L1) or pK, = 9.52 (L2). The visible spectra in the
most alkaline pH range suggest the coordination of a third
N-amide in the equatorial plane of the complex, with the sub-
stitution of an imidazole. The formation of the [CuH_;L]|~
species causes a clear blue-shift of the Vis-absorption band to
Amax = 523 nm, in the case of the Cu(u)-L1 system, and 540 nm
in Cu(u)-L2. While the former wavelength perfectly agrees with
the expected literature value (522 nm) for the (Nyy,, 3N”) coordi-
nation mode, the latter value suggests the presence of an axial
donor group, most likely a further histidine residue, which is
known to induce a red-shift. An exhaustive explanation of this
different behaviour is not simple; it can be suggested that, in
L2, the additional coordination of an axial imidazole is (poss-
ibly electrostatically) hindered by the serine residue of L1.

In the case of L3 and L4, Cu(u) complexes begin to form at
pH 3.5. Under such acidic conditions, the metal coordination
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can involve the carboxylate side chain of Asp and the histidine
residues. The stoichiometry of the first detected complex
[CuH,L]*" suggests that two histidine residues and the car-
boxylic acid are already deprotonated. At such acidic pH the
binding of the two imidazole groups likely occurs, while the
coordination of COO™ is questionable. However, by subtracting
the log o1, value from the log f;1, value for each ligand, i.e.
the contribution of the still protonated groups, one obtains
5.85 (L1), 5.65 (L2), 5.99 (L3) and 5.97 (L4). The latter two
values are slightly higher than the former ones, supporting the
hypothesis of the additional carboxylate coordination, in
agreement with the spectroscopy results. The UV-Vis spectra
recorded at pH 5 (Fig. S12 and S15, ESI{), where [CuH,L]*"
reaches its maximum of formation in solution, show a d-d
band centred at 4 = 654 nm (Cu(u)-L3) and 650 nm (Cu(u)-L4),
which is in reasonably good agreement with the literature data
for the (2Ny,, COO™) Cu(u) complex (4 = 663 nm).>** The
binding groups most likely occupy three equatorial positions
of the metal coordination sphere in a distorted octahedral geo-
metry. The obtained g, and A, values of the EPR spectra
recorded at pH 5.3 (Fig. S14, S17, Tables S3 and S4, ESIt) also
confirm the (2N, O) coordination. The [CuH,L]*" species loses
a further proton with pK, = 5.32 (L3) or 5.40 (L4), as a result of
the deprotonation of the third histidine residue which can
coordinate the metal ion in the fourth equatorial position.
This hypothesis is supported by the fact that the expected
wavelength of maximum absorption for the (3Np,, COO7)
complex is 607 nm and the experimentally obtained Apax
values for [CuHL]** are 603 nm and 610 nm for L3 and L4,
respectively. Upon increasing the pH value, two further depro-
tonation steps give rise to [CuL]** and [CuH_,L]", respectively.
The corresponding pK, values (see Table 2) agree with the
hypothesis of the Cu(u)-induced ionization of two backbone
amides. The metal interaction with the peptide backbone
usually produces a stronger CD absorption, due to the proxi-
mity of the N-amide donor group to the peptide chiral centres,
and the CD spectra in Fig. S13 and S16, ESIT do not show a
remarkable CD activity up to pH = 6, i.e. when the [CuL]*" and
[CuH_,L]' complexes become the predominant species in solu-
tion. According to the UV-Vis absorption spectra and EPR
data, the formed complexes likely involve 4 N equatorial donor
groups, with a (3Nyy,, N7) and (2Ny,, 2N~) coordination mode
for [CuL]*" and [CuH_,L]", respectively. The next deprotona-
tion step leads to the formation of the [CuH_,L] complex. The
proton release occurs with pK, = 9.03 for L3 and pK, = 9.65 for
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L4 and it is reasonably attributable to the lysine e-amino
group. In the case of L3 the recorded UV-Vis spectra for
[CuH_,L] (pH = 10) show a red-shift towards Amax = 544 nm,
suggesting a variation in the Cu(u) coordination environment.
The slight changes of the EPR parameters (Fig. S14, ESIT) also
suggest an apical perturbation in the Cu(n) coordination
sphere, due to the possible interaction with the lysine e-NH,
moiety. In contrast, in the case of L4 no spectroscopic changes
were observed. The dissociation constant of 9.65 is also in
perfect agreement with the hypothesis of the lysine deprotona-
tion without being involved in the metal complexation (pK, =
9.65 in the free ligand). Lastly, under the most alkaline con-
ditions, the release of a further proton occurs with pK, = 10.18
(L3) and 10.35 (L4), most likely corresponding to the deproto-
nation of the pyrrole-type nitrogen of a coordinated histidine
group.’®*" This hypothesis is supported by the absence of
spectroscopic changes during the formation of the [CuH_;L]~
complex, thus excluding the coordination of a third amidic
nitrogen group.

Zinc complexes

The investigated systems are able to form Zn(u) complexes in a
stoichiometric ratio of 1:1 under the employed experimental
conditions. The electrospray ionization mass spectra confirm
the presence of only mononuclear species at different protona-
tion degrees with all the studied systems. The most intense
signals correspond to the free ligands and to their adducts
with sodium and potassium ions; nevertheless, it was also
possible to detect various Zn(u) complexes, confirming the spe-
ciation model obtained from the potentiometric data. The
corresponding m/z values and the superimposition of the
experimental and simulated isotopic patterns for the most
intense Zn(u) complexes are shown in Fig. S18-S21, ESLft
Potentiometric calculations have been performed up to pH 8,
due to the formation of a precipitate at alkaline pH. The
complex-formation constants are shown in Table 3 and the
species distribution diagrams are plotted in Fig. 5 and S22-
S24, ESLT

In the case of AccHGHHSH-NH, (L1) and AccHGHHAH-NH,
(L2), at the most acidic pH values, the free metal ion is prevail-
ing and Zn(u) complexes begin to form only above pH 4.5-5
(Fig. 5 and S22, ESIT). The di-protonated complex [ZnH,L]*" is
the first detected species in the L2-Zn(u) system. Notably, its
formation is not detectable in the case of L1, where the first
identified species is instead [ZnHL]*". Most likely, the L1 di-

Table 3 Overall stability constants (logp) and acid dissociation constants (pK,) of Zn(i) complexes with all the investigated ligands (Ac-
HGHHSH-NH; (L1), Ac-HGHHAH-NH, (L2), Ac-DHIIAPRKSSHFH-NH, (L3) and Ac-DHIIAPRKSAHFH-NH, (L4)) at T = 298 K and / = 0.1 mol dm™
(NaClOy,). Values in parentheses are standard deviations in the last significant figure

L1 L2 L3 L4
Species log j pKa log f pK. log f PKa log p PKa
[ZnHZLr* — — 17.3(1) 5.78 20.04(7) 6.28 20.17(5) 6.47
[znHL]™ 11.85(7) 6.4 11.5(1) 6.0 13.76(5) 6.51 13.70(5) 6.61
[ZnL]* 5.5(1) 6.3 5.5(1) 6.1 7.25(3) — 7.09(2) —
[ZnH_,L]" -0.82(7) — —-0.57(3) — — — — —
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protonated complex is only a transient species, which cannot
be detected by potentiometry due its low percentage of for-
mation in solution. In the [ZnH,L]*" complex two histidine
residues should have already deprotonated and bound to the
metal ion; the complex geometry is likely tetrahedral, where
two water molecules complete the Zn(u) coordination sphere.
The stoichiometry of the [ZnHL]*" complex for both systems
suggests that the Zn(u) coordination occurs by means of three
imidazole groups (3Ny,,). In the case of L2 — where it was poss-
ible to calculate the corresponding step dissociation constant
- the pK, value of 5.78 agrees with the hypothesis of the depro-
tonation and coordination of a third His residue to form
[ZnHL]*". The tetrahedral complex geometry most likely exists
also in this species, where the fourth donor group is a water
molecule. Upon increasing the pH value, two further com-
plexes are formed, [ZnL]*" and [ZnH_,L]". The former species
most likely is derived from the [ZnHL]*" complex through the
simple release of a proton from the coordinated water mole-
cule; in the latter, the binding of a fourth histidine group poss-
ibly takes place. Once again, the preferred Zn(u) tetrahedral
geometry should be retained in [ZnL]*" with the formation of
the mono-hydroxo complex (3Ny,, O~). The coordination of
the fourth histidine group in [ZnH_;L]" would instead lead to
the formation of a pentacoordinate system (4Ny,,, O) with a
distorted pyramidal geometry, which is not surprising consid-
ering the conformational flexibility of the Zn(u) ion.*>** A
mixture of tetrahedral and pyramidal species can also be
hypothesized.

With the ligands Ac-DHIIAPRKSSHFH-NH, (L3) and Ac-
DHIIAPRKSAHFH-NH, (L4), the Zn(u) complexation begins at
pH 4.5 with the formation of [ZnH,L]*" and [ZnHL]**, although
the solution remains dominated by the presence of free Zn(u)
up to about pH 6.5 (Fig. S23 and S24, ESI¥). In the first identi-
fied species [ZnH,L]"", the proposed hypothesized coordi-
nation is (2Ny,, COO™), where two histidine residues and the
Asp carboxylic side chain are bound to Zn(n) and occupy three
coordination positions with a tetrahedral conformation. The
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fourth donor group should be a water molecule. The [ZnHL]**
complex begins to form at around pH 5-5.5. The related acid
dissociation constants (L3: pK, = 6.28; L4: pK, = 6.47) suggest
the coordination of the third His residue, which likely substi-
tutes the carboxylate donor group in the metal coordination
sphere to obtain a (3Ny,,) binding mode. The thirdly formed
complex [ZnL]** becomes the most abundant species above
neutral pH in both the systems. According to its stoichiometry
and the corresponding pK, values, the ionization of the co-
ordinated water molecule probably takes place and a (3Npy,
O7) tetrahedral complex is obtained. Indeed, the relatively low
pK, values are not compatible with the hypothesis of lysine
deprotonation in the explored pH range, since its e-amino
group dissociates at higher pH values (pK, = 9.50 (L3) and
9.65 (L4) in the free ligands).

ZinT complex stability: pointing out the most effective metal
binding site
In order to better evaluate and compare the coordination
ability of the investigated systems, some competition plots
have been drawn. They represent the simulation of the solu-
tions containing equimolar concentrations of the metal and
the chosen ligands, admitting that all the peptides compete
for the metal recruitment and that they form only the binary
complexes described in the speciation models reported above.
It is important to point out that the investigated model pep-
tides belong to the ZinT proteins of different pathogenic
organisms, i.e. E. coli and S. enterica. The sequences are very
similar in the two bacteria, but in the case of S. enterica, two
serine residues (positions 28 and 175 of the ZinT protein
sequence) are substituted by alanines. There are no expla-
nations for such substitution in terms of the ZinT biological
role or virulence efficacy. Nevertheless, it is quite interesting to
note that this variation occurs in both the metal binding
domains of ZinT. The competition diagrams plotted in
Fig. S25 and S26, ESIT show the effects of the Ser-to-Ala substi-
tution on the Cu(u) and Zn(u) complex stability. Although
serine residues are not coordinated to the metal ion, their
presence seems to contribute to the overall stability of the Cu
() systems when the deprotonation of backbone amides
occurs, as already previously observed for similar systems.**
This effect is particularly evident in the case of L1 and L2,
where the lack of serine in the sequence causes a decrease of
the metal affinity around pH 6 (Fig. S25a, ESI}). The Cu(u)
complexes with L3 (E. coli fragment) are also more stable than
the Cu(u)-L4 systems; however, here the difference is smaller
(Fig. S25b, ESIT), possibly due to the presence of an additional
serine residue in the sequence which reduces the effect of the
Ser-to-Ala substitution. It is worth noting that the higher Cu(u)
affinity for L3 is consistent with the hypothesis of the metal
interaction with an apical lysine (see above), which contributes
to the stability of the complex by wrapping the metal centre. In
the case of the Zn(u) complexes (Fig. S26, ESI{), where amides
are not involved in the coordination, the contribution of the
serine residue to the complexation does not have a clear and
definite trend; the behaviour of the two binding sites is
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different although the binding modes are quite similar. A
deeper investigation would be required to completely analyse
these features.

An overall comparison among the four systems gives some
clues about the biological role of the two identified metal
binding sites in the ZinT protein, corresponding to the
N-terminal His-rich sequence (L1 and L2) and to the 166-178
fragments (L3 and L4). We obtained two competition plots to
qualitatively evaluate the ligand affinity for Cu(u) and Zn(u)
(Fig. 6). The histidine-rich fragments L1 and L2 are better
ligands for the Zn(u) ion, confirming the general assumption
that a higher number of histidine residues favour the metal
complexation.”>*” Indeed, according to the proposed specia-
tion models, the ZinT short fragments form stable 4N com-
plexes with Zn(u) already at pH around 6. In contrast, L3 and
L4 contain only 3 imidazole groups and they can only coordi-
nate the metal ion by means of a (3Ny,,, O7) binding mode.
Therefore, the proposed coordination hypotheses are in good
agreement with the competition plot trend, which also con-
firms the comparable stability of the studied systems below pH
6, i.e. where all the peptides display a 3N coordination.
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Fig. 6 Competition plots for a solution containing an equimolar con-
centration (1 x 107 mol dm™~3) of the metal ion, L1 = Ac-HGHHSH-NH,,
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DHIIAPRKSAHFH-NH,. (A) Zn(1); (B) Cuf(n).
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In the case of copper ions (Fig. 6b), once again the crowded
cluster of histidines in L1 and L2 provides a higher number of
anchoring sites to favour the first step of complexation. In
contrast, in L3 and L4 the available binding sites are
located on the opposite sides of the peptide sequence
(Ac-DHXXXXXXXXHFH-NH,), likely preventing an effective
complexation. However, upon increasing the pH value the cal-
culated competition plots designate the longer fragments as
the most effective ligands. In order to explain this result, it can
be useful to observe that, under alkaline conditions, the back-
bone amides gradually substitute the His residues as donor
groups. As a consequence, the number of histidines in the
peptide sequence contributes to a lesser extent to the complex
stabilization, while the length of the peptide (clearly greater
for L3 and L4) could favour the wrapping and protection of the
metal binding site, thus increasing the complex stability.

ZinT complex stability: a comparison with other biologically
relevant metal binding systems

The above results of the complex-formation behaviour of ZinT
allow for a comparison with some biologically relevant metal
binding systems in order to shed light on its mechanism of
action in the metal acquisition processes at the host/pathogen
interface.

The metal complexation ability of ZinT can be compared
with that of the antimicrobial peptide calcitermin
(VAIALKAAHYHTHKE), which is present in human airways and
is able to bind quite effectively Zn(u) and Cu(u) ions (Fig. S27,
ESI).*® Calcitermin contains three alternated histidines
(HXHXH), two lysines, one glutamic acid and free amino- and
carboxyl-termini. Furthermore, its antimicrobial activity is
enhanced in the presence of Zn(u) and Cu(u) under acidic con-
ditions,*® representing a possible natural competitor and
antagonist of ZinT in the host human organism. The compe-
tition plots of Fig. S27, ESIT show that, under acidic con-
ditions, calcitermin binds both Zn(u) and Cu(u) ions with the
highest affinity. At such pH values its coordination sphere is
very similar to those of ZinT complexes, with a (3Nyy,, O7)
binding mode; however, the alternated His-tag (HXHXH) is
confirmed to be an extremely effective binding motif, even
with respect to the four histidine sequences, HXHHXH, of L1
and L2. On the other hand, in the case of Cu(u) ions, starting
from physiological pH, the L3 and L4 fragments become more
efficient ligands than calcitermin. Interestingly, previous
studies show that the antimicrobial activity of calcitermin is
lost at physiological pH.”® Thus, the present results can
suggest that its antimicrobial way of action is related to the
metal binding affinities of the competing systems. A slight
different behaviour is observed, instead, in the case of Zn(u)
ions, where calcitermin almost steadily maintains its efficacy
as a ligand throughout the explored pH range.

According to recent studies performed on SezinT,"* the
metal recruitment mechanism of this protein should involve
the formation of a binary complex with ZnuA, the soluble peri-
plasmic component of the ZnuABC transporter. This inter-
action has not been fully elucidated, but the presence of both

This journal is © The Royal Society of Chemistry 2020
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the proteins in the Zn(u)-bound form seems to be crucial.
Moreover, the N-terminal histidine-rich loop of ZnuA has been
proved to play a critical role,’ and some evidence also
suggests that ZnuA may interact with other metal ions, includ-
ing Cu(u).” In order to compare the Zn(n) and Cu(u) metal
binding ability of the ZinT fragments with that of the two
identified metal binding sites of ZnuA from E. coli*°
(Ac-""®MKSIHGDDDDHDHAEKSDEDHHHGDFNMHLW'*°-NH,,
corresponding to the N-terminal His-rich loop, and
Ac->** GHFTVNPEIQPGAQRLHE?>*’-NH,, the secondary and less
effective binding site), the two competition plots shown in
Fig. S28, ESIT have been computed. The comparison shows
that the ZnuA His-rich loop located in the domain 115-145 is
by far the most effective ligand for the Zn(u) ion. This is not
surprising and confirms that a higher number (seven in this
case) of histidines in the sequence favour the Zn(u) complexa-
tion and stabilize the system. On the other hand, the Cu(n)
complexes of the ZnuA His-rich loop do not exhibit an
improved metal affinity with respect to ZinT, unless at the
most acidic pH values. Interestingly, from the chemical point
of view, although both ZnuA and ZinT (L1 and L2) systems,
under acidic conditions, form macrochelated complexes with
the same 3Ny, coordination, the smaller number of His resi-
dues in ZinT leads to the binding of N-amides at lower pH and
therefore earlier with respect to ZnuA. The N-amide coordi-
nation induces an increased square-planar character and the
possible formation of stable 5/6-membered-rings involving the
imidazole and vicinal peptide amides. Under physiological
conditions, as previous described, the L3 and L4 peptides are
able to form 4N complexes and exhibit the highest binding
ability. Lastly, the two His-containing ZnuA fragment
Ac->**GHFTVNPEIQPGAQRLHE?*'’-NH, has been proved to be
the less effective ligand.

The different results obtained for the Zn(u) and Cu(u) com-
plexes may explain the ZinT biological activity towards these
metals. Although ZinT is able to bind both the ions and par-
ticipate in Zn(u) recruitment, no evidence of its role in Cu(u)
homeostasis has been found and indeed some studies exclude
this function."® Moreover, the extremely high binding affinity
of the ZnuA His-rich loop towards Zn(u) is fully consistent with
the putative mechanism of zinc transfer from ZinT to ZnuA via
the formation of the protein binary system. Based on our
results, such a process cannot occur in the case of Cu(m), since
the ZnuA fragments proved to be inadequate to catch the
metal ion.

Conclusions

The thermodynamic and spectroscopy results obtained in
the present work are consistent with previous biological
studies conducted on ZinT. The metal binding site corres-
ponding to the 166-178 amino acid sequence (E. coli
L3 = Ac-DHIIAPRKSSHFH-NH, and S. enterica L4 =
Ac-DHITAPRKSAHFH-NH,) is confirmed to be fundamental for
metal coordination, particularly involving the three histidine

This journal is © The Royal Society of Chemistry 2020
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residues (H167, H176, H178) and the aspartic acid (D166)
residue. Furthermore, the spectroscopic near-UV CD structural
characterization of the L3 and L4 apo-peptides and of their Cu
() and Zn(u) complexes does not highlight the formation of
any particular o-helical or fB-sheet structures and the typical
band at around 200 nm confirms the flexible random coil con-
formation (Fig. S29 and S30, ESI{).

However, the obtained thermodynamic equilibrium con-
stants designate also the N-terminal histidine-rich fragment
(**HGHHXH?’) as a very effective metal binding domain. In
fact, the results presented in this work reveal that L1 = Ac-
HGHHAH-NH, (EcZinT) and especially L2 = AccHGHHAH-NH,
(SezinT) exhibit the highest affinity for the Zn(u) ion all over
the explored pH range. These fragments are also able to
better stabilize the Cu(u) complexes, but only under acidic
conditions, which is, nonetheless, quite common during
infections.

No remarkable differences between the E. coli and
S. enterica model systems have been observed. The coordi-
nation behaviour is similar for L1 and L2 as well as for L3 and
L4, respectively, although some minor differences are observed
under the most alkaline conditions. However, it is worth
underlining that the peptides from EcZinT show a higher ten-
dency to stabilize the Cu(n) complexes at neutral and alkaline
pH, i.e. when the backbone amides participate in Cu(u) coordi-
nation. This trend has been observed in many other systems
and ascribed to the possible electronic effect of serine resi-
dues, capable of favouring the amidic proton displacement by
the Cu(u) ion.***331

The metal binding behaviour of the ZinT fragments is fully
consistent with the previously formulated hypotheses about
the protein biological role. The high efficacy of HGHHXH in
metal chelation is in line with the necessity to recover and
stabilize as much micronutrients as possible from the
medium, acting as a primary metal scavenger. Subsequently,
its function may involve the delivery of the metal ion to the
ZinT canonical binding site (L3 and L4 fragments) for storage
and/or transfer to other proteins (e.g. ZnuA). The His-rich loop
may therefore represent the first, but temporary, stop station
for the metal ion on its route to cellular import. Indeed, a rela-
tively high metal binding affinity is crucial to ensure the acqui-
sition process in an environment rich of competitive systems.
It is therefore not surprising that the histidine-rich loop of
E. coli ZnuA (Ac-MKSIHGDDDDHDHAEKSDEDHHHGDFNMHLW-
NH,) exhibits the strongest Zn(u) affinity in comparison with
the ligands studied in this work. ZinT is supposed to directly
interact with ZnuA, forming a binary complex in the presence
of zinc ions and likely transferring the metal to the partner
protein through the His-rich loop of ZnuA. This process can be
successfully achieved only if the ZnuA metal binding site has a
higher affinity for Zn(u) than ZinT, and this is the case high-
lighted by our results. Surprisingly, the Cu(u) complexes
behave in a different way. In this case, the ZnuA His-rich loop
shows a less effective metal binding ability, resulting in a
higher stability of the Cu(u) complexes with ZinT. Although
further investigations are necessarily required, our thermo-
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dynamic results reflect previous observations according to
which ZinT should not participate in Cu(i) homeostasis.

The results of the present study shed new light on the way
of action of the ZinT/ZnuABC transport system. The elucida-
tion of the metal-protein interaction based on thermo-
dynamics and coordination chemistry is an indispensable
starting point to develop metal-based drugs. Taking advantage
of the Zn(u) chelating properties, a possible antimicrobial
strategy can be related to the design of a Zn(u) chelating
system that can ultimately interact with both ZinT and ZnuA
forming an irreversible (ternary) complex ZinT-(Zn(u)-pharma-
cophore)-ZnuA. This may starve the pathogen by preventing
the transfer of the metal ion to the ZnuB component and elim-
inating both the proteins in charge of metal recruitment.
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In the present work, we focus on C4YJH2, a protein sequence of 199 amino acid residues, found in the
genome of Candida albicans, and suggested to be involved in metal transport. Candida albicans is a member
of the normal human microbiome; under certain circumstances that allow it to grow out of control, it can
transform into a very dangerous fungal pathogen. The most probable Zn(i) binding domain of this sequence
was identified at its C-terminus, a histidine-rich region, well conserved in humerous fungal Zn(i) transporters.
The Zn(i) binding behaviour towards the three peptides Ac-FHEHGHSHSHGSGGGGGG-NH; (residues 131-148),
Ac-SHSHSHSHS-NH,  (residues 157-165), and Ac-FHEHGHSHSHGSGGGGGGSDHSGDSKSHSHSHSHS-NH,
(residues 131-165) was explored by means of different thermodynamic and spectroscopic techniques. Cu(i) was
also investigated since this endogenous metal can compete with Zn(i) for the same binding sites. The results
indicate that the peptides under investigation have the ability to tightly coordinate Zn(i), at physiological
pH, thus suggesting that the whole protein sequence can play a role in Zn(i) acquisition and regulation.
Cu() is able to form even stronger complexes than Zn(i) but it is normally present in very low
concentrations in the biological environment. The competition between Zn(i) and Cu(i) could be exploited
to impair the Zn(i) acquisition routes of Candida albicans. Among the two binding sites, the affinity of both
Zn() and Cu(i) is higher for that located at the residues 131-148, although the coordination geometry is
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Introduction

Candida albicans is a commensal part of the physiological flora
in the oral cavity, skin, gastrointestinal and urogenital tracts.
In the case of its pathological overgrowth, it is also the most
common fungal pathogen found in humans, the cause of
candidiasis, a condition that encompasses infections that
range from superficial (such as oral thrush or vaginitis),
chronic (reoccurring ulcers or painful sores that require long-
term treatment) to systemic and potentially life-threatening candi-
demia (invasive candidiasis). The condition is usually confined to
severely immunocompromised patients (undergoing organ trans-
plantation, major surgery and those with AIDS or neoplastic
disease)." However, untreated invasive candidiasis is also a serious
problem in non-immunosuppressed patients,”* and may ultimately
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rather different for the two metal ions.

become a greater problem than drug resistant bacterial
“superbugs”.’®

Despite the progress of antifungal therapies and the ongoing
search for new therapeutic strategies, there is currently only a
limited number of truly effective treatments: the ability of patho-
genic microorganisms to adapt and therefore resist drug action
still causes thousands of deaths every year. One of the biggest
obstacles in finding fungus-specific therapeutics is the fact that
humans and fungi share essential metabolic pathways (they are
both eukaryotes, unlike disease-causing bacteria). Lack of specifi-
city is an important concern in the development of novel, specific
agents towards which fungi will not be resistant. In order to design
new antifungal drugs, it is crucial to find and aim at differences in
the human and fungal metabolism. One of these differences is
the metal transport mechanism and, in particular, the transport
of Zn(u) into the fungal cell. Understanding the bioinorganic
chemistry of this process is therefore of particular interest; in fact,
a deep knowledge of the coordination modes and thermodynamics
of metal-metal transporter interactions is the first step towards the
design of a highly specific therapeutic.®™

Zn(u) is crucial for the virulence and survival of fungal
pathogens in humans, being indispensable, together with
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Cu(n), in the expression of many metal-proteins and enzymes.'*'"
Zn(u) uptake is a challenge for microbes, since the concentration
of this metal in free, non-protein bound form is as low as sub-
nanomolar.’* Cu(u) is not only an endogenous metal that can
generally compete with Zn(u) for the same binding sites, but it can
take part in the host-microbe “tug of war”.">™*

C4YJH2 (UniProt Knowledgebase'®) is a 199 amino acid
sequence corresponding to the gene CAWG_03987 found in
the strain WO-1 of Candida albicans.” “CAWG_03987 has
domains with predicted cation transmembrane transporter
activity, a role in transmembrane transport, cation transport
and is integral to membrane localization”.'® In contrast to most
metal-sequestering proteins, C4YJH2 has a significantly higher
number of histidine and serine residues, especially in its
C-terminal domain, where two sequences containing His alter-
nated with other amino acids are located and can both act as
metal binding sites.

In this work, we focus on the interactions of Zn(u) and Cu(u) with
three C-terminal C4YJH2 sequences: AcFHEHGHSHSHGSGGGGGG-
NH, (residues 131-148, L1), Ac-SHSHSHSHS-NH, (residues
157-165, L2), and Ac-FHEHGHSHSHGSGGGGGGSDHSGDSKSH
SHSHSHS-NH, (residues 131-165, encompassing the two
shorter fragments, L3). The studied sequences are very similar
to those present in several putative Zn(m) transporters and
proteins involved in metal homeostasis (Scheme S1, ESIf).

Mass spectrometric measurements and potentiometric titra-
tions provided information about stoichiometry, coordination
modes and stability of the formed complexes. In combination
with spectroscopic techniques, these methods allowed us to
identify and discuss the metal binding sites of the investigated
ligands.

Results and discussion
Ligand protonation

All the peptides L1, L2 and L3 (see Experimental) were
protected at their N-terminus by acetylation and at their
C-terminus by amidation. The amidic protons of the peptide
backbone cannot be spontaneously released in the pH range
explored by potentiometry, since they are very weak acids
(pK. ~ 15),'° but they can be displaced by Cu(u) at a suitable
pH value, to form complexes. The distribution diagrams for
protonation equilibria of L1, L2 and L3 are shown in Fig. S1-S3
(ESIt) and the corresponding constants are reported in Tables
S1-S3 (ESIf). Ligand L1 (Ac-FHEHGHSHSHGSGGGGGG-NH,)
has six groups involved in acid-base reactions: one glutamic
acid and five histidines. Glutamic acid has the lowest pK, value
(4.18), as predicted by its acid moiety, while His residues are
characterized by log K values ranging from 5.74 to 7.50. Ligand L2
(Ac-SHSHSHSHS-NH,) contains four basic sites, corresponding to
its four histidines. The obtained protonation constants (5.48, 6.08,
6.47, and 7.12) are in excellent agreement with theoretical expecta-
tions based on His protonation equilibria.”® Ligand L3 has four-
teen groups involved in acid-base reactions: one glutamic acid, two
aspartic acids, ten histidines and one lysine. In the considered pH

8124 | New J. Chem. 2018, 42, 8123-8130

NJC

range of 3-9, deprotonation of both an aspartic acid and the lysine
could not be detected. The first two acidic constants of L3,
characterized by pK, values of 3.52 and 3.90, likely correspond to
the second aspartic acid and to the glutamic acid side groups,
while the other ten pK, values, ranging from 5.14 to 7.78, arise
from the deprotonation of the ten histidines. The pK, of Lys
(necessary for computations but irrelevant to the results in the
pH range 3-9) is assumed to be equal to the averaged literature
value for Lys-containing peptides, under the same experimental
conditions (10.54 ). Potentiometric data do not allow us to under-
stand which specific His residue is involved in each deprotonation
step, as all the histidines are almost equivalent from the chemical
point of view. For this purpose, NMR studies would be useful and
they will be the subject of further investigation.

Zn(u) complexes

All the present results show that L1 and L2 peptides are able to
form 1:1 complexes with the Zn(u) ion; no poly-nuclear or bis-
complexes have been detected either by potentiometry or by
mass spectrometry. The formation constant values are shown
in Table 1 and the corresponding distribution diagrams are plotted
in Fig. 1-3; ESI-MS spectra are also reported in Fig. S4-S14 (ESI).
Stability constants for the system Zn(u)/L1 have been calculated
only up to pH 6, because, at higher pH, precipitation occurred.
However, no precipitation has been observed over the explored pH
range in the case of L2 and L3.

Zn(u) binds L1 starting from pH 4.3 with the formation of
the species [ZnH;L]**, where the most likely coordination mode
is via two histidine residues and the carboxyl group of the
glutamic acid (2Ny,,; COO™). The next step involves the release
of a third proton with a pK, value of 4.9, giving rise to the
species [ZnH,L]*". This complex begins to form at a pH close to
that of the previous one. The most likely coordination mode for
this species is three histidine residues and one oxygen atom
with a tetrahedral geometry, rather common in zinc-transporting
proteins.”>>* Analogously, in the case of L2, the first detected

Table 1 Overall stability constants (log 8) and acid dissociation constants
(pK.) of zinc(i) complexes with L1, L2 and L3 at T = 298 K, / = 0.1 mol dm ™~
(NaClOy4). Values in parentheses are standard deviations on the last
significant figure

Ligand Species log f8 pKa
L1 [ZnH,L]* 24.1 (1) 4.9
[ZnH,L]** 19.21 (2) —
[ZnL]" 7.51 (2) —
L2 [ZnHL]** 11.55 (3) 5.97
[ZnL]** 5.58 (2) 7.22
[ZnH_,L]" —1.65 (4) 8.20
[ZnH_,L] —9.85 (6) —
L3 [ZnHgL]" 62.32 (5) —
[ZnHL]>* 51.65 (6) —
ZnH,L* 39.89 (3) —
ZnH,L]" 26.40 (3) 7.84
ZnHL] 18.57 (7) 8.57
ZnL]~ 10.0 (1) 8.6
ZnH_, L]~ 1.35 (1) —
[zn,H;L]* 38.8 (2) —
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Fig. 1 Exemplificative species distribution diagram relative to Zn(i)/L1
complexes; metal/ligand molar ratio = 1:1.25.
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Fig. 2 Exemplificative species distribution diagram relative to Zn(i)/L2
complexes; metal/ligand molar ratio = 1:1.25.
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Fig. 3 Exemplificative species distribution diagram relative to Zn(i)/L3
complexes; metal/ligand molar ratio = 1:1.25.

complex [ZnHL]*" is also characterized by the (3Nyy,; O) configu-
ration; in this case, the oxygen atom should belong to a water
molecule. Further deprotonation gives rise to the species [ZnL]
(L1) and [ZnL]*" (L2). In the case of L1, two protons are most likely
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released almost simultaneously by the remaining two histidines,
which are not involved in the coordination. As for L2, the acidic
proton of the coordinated water molecule is instead released,
giving rise to a (3Np,; OH ) complex. Moreover, at higher pH
values, the species [ZnH_,L]" is formed: the corresponding log K
value 7.22 is practically identical to that of the fourth His residue
(7.12, Table S2, ESIt), which most likely deprotonates without
interacting with the metal ion. Further hydrolysis is observed at
the most alkaline pH values.

In the system Zn(u)/L3, the availability of a larger number of
histidine residues gives rise to a complicated, pH-dependent,
mixture of metal complexes (Fig. 3), where different histidines
are coordinated to Zn(u) in a high number of combinations.
The MS spectra (Fig. S10-S14, ESIt), recorded at pH 5.30, reveal
the presence of both mononuclear ([ZnHsL]"" at m/z = 900.6,
([ZnH,L]-K)** at m/z = 910.1 and ([ZnH;L]-K,)*" at m/z = 919.8)
and binuclear ([Zn,H;L]*" at m/z = 916.5) species. The latter
complex has been successfully introduced in the speciation
model for the fitting of potentiometric data (Table 1). It is
reasonable to suppose that, in the complex [Zn,H;L]"*, the two
Zn(u) ions are bound to the two major clusters of histidines,
located near the C- and N-terminus, respectively. Thus, the L3
peptide possesses two (most likely) independent coordination
sites separated by a rather long linker. It is reasonable to
suggest that, in the simultaneous presence of different, com-
peting, metal ions — as can happen in vivo - the two binding
sites can be occupied by different metals. This hypothesis could
be checked through further thermodynamic studies on the
ternary system Cu(u)/Zn(u)/L3, on the basis of the binary
speciation models reported here. Circular dichroism measure-
ments performed in the far-ultraviolet spectroscopic range
(Fig. S15, ESIt) reveal that there is no significant pH-dependant
variation in the secondary structure of the Zn(u)/L3 complexes. The
band at 200 nm points out the absence of a specific conformation
and the prevalence of random coils.

Cu(u) complexes

The three investigated peptides proved to be able to form
stable 1:1 complexes with the Cu(u) ion; no poly-nuclear or
bis-complexes have been detected either by potentiometry or by
mass spectrometry under the experimental conditions here
employed. Complex-formation constants are reported in Table 2
and the corresponding distribution diagrams are plotted in Fig. 4-6;
ESI-MS results are also shown in Fig. S16-525 (ESIt), UV-Vis spectra
are reported in Fig. S26-528 (ESIT) and CD spectra are reported in
Fig. 529-532 (ESIY).

Cu(n) starts to interact with L1 at pH lower than 3 and the
first detected complex is [CuH,L]**. The stoichiometry of this
species indicates that two acid/base sites are deprotonated and
it can be suggested that Cu(u) binds a histidine and the
carboxylate group of the glutamic acid (Np,; COO™), in fact,
these two residues (pK, values: 5.7 and 4.2, respectively) can be
deprotonated at such an acidic pH value only if they are bound
to the metal ion.

As for L2 peptide, the stoichiometry of the first detected
species is [CuH,L]*": in this case, potentiometric data do not
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Table 2 Overall stability constants (log ) and acid dissociation constants
(pK.) of copperf(i) complexes with L1, L2 and L3 at T = 298 K, / = 0.1 mol dm ™~
(NaClOy). Values in parentheses are standard deviations on the last significant
figure

Ligand Species log f8 pKa
L1 CuH,L]" 31.63 (5) 4.30
CquL]:: 27.33 (5) 4.63
CuH,LJ’ 22.70 (4) 4.92
CuHL)] 17.78 (2) 5.77
CuL]" 12.00 (2) —
CuH_,L]~ —3.04 (2) 8.43
CuH_;L]*~ —11.47 (3) —
L2 CuH,L]*" 20.00 (2) —
CuL]** 10.04 (2) —
CuH_,L —4.50 (2) 8.94
CuH_,L]|~ —13.44 (4) —
L3 [CuH,oL]* 73.4 (1) 4.0
[CquL]si 69.4 (1) 4.1
CuHSL]; 65.30 (8) 4.72
CuH,L]"" 60.58 (6) 5.20
CuHsL]; 55.38 (6) 5.72
CuH;L[*" 49.65 (7) 6.09
cuH4L]-2+ 43.56 (7) 6.39
CuH,L]” 37.16 (5) 6.83
CuH,L| 30.34 (4) 7.19
CuHL] 23.14 (2) —
CuH,lL]LF 7.01 (2) —
CuH_;L] —10.85 (3) —
3+ [CuL]
100 [CuH,L] [CuH_JL]z'

[CuH_LI

[CuHL]*
free Cu’"

80
60

[CuH, L™
40 -

% formation relative to [Cu(II)]

20
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Fig. 4 Exemplificative species distribution diagram relative to Cu(i)/L1
complexes; metal/ligand molar ratio = 1:1.25.

reveal the formation of the 1Ny, complex. Most likely, the
absence of a carboxylate side chain makes the hypothetical
species [CuH;L]*" less stable than the corresponding complex
formed by L1. It can be suggested, for the complex [CuH,L]*",
that two imidazole nitrogens are coordinated to Cu(u). The
position of the d-d band of the UV-Vis spectra at pH 5 (660 nm,
see Fig. S27 and Table S4, ESIY) is in good agreement with this
hypothesis.

Two different hypotheses are instead possible for the
coordination mode of the first identified complex of L3 peptide,
[CuH,,L]**, where, besides the Asp residues, two additional
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Fig. 6 Exemplificative species distribution diagram relative to Cu(i)/L3
complexes; metal/ligand molar ratio = 1:1.25.

acid/base side groups of the ligand are deprotonated. It can be
suggested that Cu(u) binds a histidine and the carboxylate
group of the Glu residue (1Ny,; COO ™), as in the case of L1,
or that the binding occurs via two histidine residues (2Ny,)
while the glutamic acid is still protonated. This latter hypothesis is
well supported by the Vis absorption data at pH 3 (see Fig. S28 and
Table S5, ESIt), which show a Ay, = 660 nm, as expected for a
complex where Cu(m) is bound to two imidazole nitrogens."
Subsequently, the species [CuHoL]*", characterized by a protona-
tion constant of 4.0 (Table 2), is compatible with the hypothesis of
the mere deprotonation of the Glu residue without any relevant
change in the complex geometry; in fact, the wavelength of
maximum absorption of the d-d band measured at pH 4 is
658 nm, suggesting again a (2Ny,,,) coordination.

Increasing the pH value, Cu(u) binds a larger number of
nitrogen atoms, as the blue-shift of Vis spectra for the three
ligands indicates (Tables S4-S6, ESIt). In the case of L1, the
(2Nym; COO™) and (3Nyy,; COO™) configurations are the most
probable for [CuH;L]*" and [CuH,L]**, respectively. Starting
from pH 4, the complex loses a further proton to form the
species [CuHL]** where Cu(u) should bind a fourth N-imidazole
with a pK, = 4.92. It is reasonable that this His residue
substitutes the carboxylate group in the equatorial plane,
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moving it to the axial position. The presence of an axial binding
group produces a red-shift in the Vis spectra’® that can explain
the fact that the wavelength of maximum absorption at pH 6.3
(593 nm, see Fig. S26 and Table S6, ESIT) is slightly higher than
the predicted value for a (4Ny,,) complex (576 nm).'® At neutral
pH, the species [CuL]" is formed from the deprotonation of a
histidine residue not involved in the coordination (d-d band at
590 nm).

A (4Ny,) configuration is also hypothesized for the [CuL]
complex formed by the L2 ligand at pH 6. Since the corres-
ponding (3Ny,,) complex was not detected by potentiometry,
a cooperative binding effect can be suggested leading to the
coordination of the third and the fourth histidine, in quick
sequence. The formation of a 4N species is also confirmed by
EPR spectra (Tables S4 and S6, ESI).>®

In the case of L3, when increasing the pH value, several
species with the same stoichiometry but different donor atom
set can form in solution at the same time, giving rise to a
complicated mixture, as happens in the presence of Zn(u). The
formation of macrochelates is also possible. At pH 5, where the
species [CuH,L]®" is the most abundant complex in solution,
the first amide proton is displaced by the Cu(u) ion. In fact, CD
spectra show a negative band at 309 nm (see Fig. S31 and Table
S5, ESIY), attributable to the N-amide charge transfer to the
metal ion."® The d-d band of the Vis spectra is located at
602 nm (pH 5.06) and it is compatible with the hypothesis
of a (2Npy; N7) complex.” At physiological pH, a mixture of
(2Npm; N7) and (3Nyy,; N7) species can be suggested.

Under alkaline conditions, the remarkable change in the
visible CD spectra of Cu(u) complexes with all three ligands
(see Fig. S29-S31, ESIt) suggests an important variation in coordi-
nation modes: up to three deprotonated amides of the peptide
backbone can gradually substitute imidazole nitrogens in the
metal coordination sphere with a square-planar molecular geo-
metry to form (2Ny,; 2N ) and (Ny,; 3N ) complexes. The
formation of some of these mononuclear Cu(u) complexes has
been also confirmed by mass spectrometry (Fig. S16-S25, ESIt).

As a final point, it is worth noting that the experimental far
UV-CD spectra for the system Cu(u)/L3 (Fig. S32, ESIT) show the
absence of any pH-dependant variation in the secondary
structure and the prevalence of a random coil conformation
(band at 200 nm).

2+

A comparison of metal binding abilities

In order to better understand the binding ability of the inves-
tigated ligands towards Zn(u) and Cu(u) ions, some competition
plots (see Experimental) were built up at equimolar concentra-
tions of ligands and metal ions. As shown in Fig. 7 and 8, the L3
species formed with both the Zn(u) and Cu(u) ions are the most
stable, while complexes with L2 reach the lowest formation
percentages. Complexes with the L1 ligand, containing one
more histidine than L2, are in an intermediate situation. These
results confirm the previous observation that with the increase
in the number of histidines, the coordination becomes more
effective.”’° It is important to emphasize that L3 contains both
the other two peptides. No direct evidence for the preferred metal
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Fig. 7 Competition plot for a quaternary solution containing equimolar
concentrations (1 mM) of Zn(i), L1, L2 and L3.
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Fig. 8 Competition plot for a quaternary solution containing equimolar
concentrations (1 mM) of Cu(), L1, L2 and L3.

binding site of L3 is available, although the higher affinity of L1
with respect to L2 suggests that the distribution of mono-nuclear
species where the metal ion is bound to L3 is unbalanced in favour
of the N-terminal binding site.

In the attempt to get more information on the role played by
the number and position of His residues on the coordination
ability of the ligand, other competition plots have been built up,
where the complex-formation behaviour of L1, L2 and L3 is
compared to that of other similar peptides. Four other histidine-
rich sequences have been taken into account: (i) the fragment of
the prion protein of zebrafish, Ac-PVHTGHMGHIGHTGHTG
HTGSSGHG-NH, (zp-PrP63-87), which contains seven separated
His residues;*"*? (ii) the peptides AccEDDAHAHAHAHAG-NH, and
(iii) Ac-cEDDHAHAHAHAHG-NH,,”” shorter analogues of the pep-
tide pHpG-1 (EDDHyGVG;,-NH,) found in the venom of the snake
Atheris squamigera,”®>® which contain four and five alternate His
residues, respectively; (iv) the peptide Ac-THHHHYHGG-NH,,
corresponding to the 18-26 domain of the Hpn protein from
H. pylori and containing five His residues, four of which are
consecutive.**

The competition plots that compare the zp-PrP63-87 peptide
with L3 (Fig. S33 and S34, ESIt) show a similar trend for both

New J. Chem., 2018, 42, 8123-8130 | 8127



Paper

the Zn(u) and Cu(u) complexes and confirm that the larger the
number of histidines in the sequence, the better the ability
to bind both Zn(u) and Cu(u) ions.

A comparison between L2 and AccEDDAHAHAHAHAG-NH, -
both containing four histidines but separated by serine or
alanine residues, respectively - in the case of the Cu(u) ion,
shows a similar trend for both the ligands up to pH about 5
(Fig. S35, ESIt). On the other hand, Cu(u)/L2 complexes are
instead significantly more stable at higher pH values, where the
Cu(u)-amide binding comes into play. Evidently, the presence
of (non-coordinating) serines has an impact on amide deproto-
nation, possibly through their electronic effect on amidic nitro-
gens, making amide protons more acidic. In addition, if the EDD-
sequence is involved in Cu(u) coordination, this could somehow
hinder the binding with amides. On the contrary, Fig. S36 (ESIt)
shows that the peptide sequence AccEDDAHAHAHAHAG-NH, is a
better ligand for Zn(u) than the serine-substituted sequence L2,
even though the difference between the two curves is not excessive
(25% at physiological pH). In this case, Zn(u) is not able to
deprotonate N-amides, which do not come into play. The coordi-
nation mode is almost the same for both the peptides: Zn(u) binds
L2 via (3Npy; H,0), while Zn(u)/Ac-EDDAHAHAHAHAG-NH,, com-
plexes involve a carboxylic oxygen of the acidic terminus EDD-, and
this may be the difference that makes the Zn(u) complexes of the
latter more stable. At alkaline pH, the two systems become
equivalent, since coordination modes for L2 and Ac-EDDAHA
HAHAHAG-NH, (3Ny,,;; HO") are the same.

In Fig. S37 and S38 (ESI), the competition diagrams involving
L1 and AccEDDHAHAHAHAHG-NH, complexes are plotted: both
of them have five His residues alternated with other amino acids.
As in the previous case, the alanine-substituted peptide is a less
effective Cu(u) ligand than L1, where histidines are alternated with
a glutamic acid, a glycine and two serines. The explanation for this
behaviour may be the same as above, although here, both the
ligands contain carboxylate side chains which, in principle, can be
involved in coordination. For Zn(u) complexes, up to pH 6 (where
precipitation occurs in the Zn(u)/L1 system), the difference in
stability between the two systems is very small.

A comparison between alternate and consecutive His
sequences is shown in Fig. S39 (ESIt), where the competition
plot between L1 and the peptide AccTHHHHYHGG-NH, to form
Cu(n) complexes is reported. Both the ligands contain 5 histi-
dines, but the alternate sequence seems to be more effective in
binding the Cu(u) ion at physiological pH, in agreement with
the literature, where it is reported that the alternate His-tag
-AHAHAHAH- confers more stability to the Cu(u) complexes
than the consecutive His-tag with four histidines.?’

Experimental

Materials

All peptides (Ac-FHEHGHSHSHGSGGGGGG-NH,, Ac-SHSHSHSHS-
NH,, Ac-FHEHGHSHSHGSGGGGGGSDHSGDSKSHSHSHSHS-NHS,)
were purchased from KareBay Biochem (USA) (certified purity:
98%) and were used as received. Zn(ClO,),-6H,0 and Cu(NO3),-
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3H,0 were extra pure products (Sigma-Aldrich); the concentrations
of their stock solutions were standardised by EDTA titration and
periodically checked via ICP-MS. The carbonate-free stock solutions
of 0.1 mol dm ® KOH and NaOH were purchased from Sigma-
Aldrich and then potentiometrically standardized with the primary
standard potassium hydrogen phthalate (99.9% purity). All sample
solutions were prepared with freshly doubly distilled water. The
HCIO, stock solution was prepared by diluting concentrated HCIO,
(Sigma-Aldrich) and then standardized with KOH or NaOH. The
ionic strength was adjusted to 0.1 mol dm™* by adding NaClO,4
(Sigma-Aldrich). Grade A glassware was employed throughout.

Potentiometric measurements

Stability constants for proton and metal complexes were calculated
from pH-metric titration curves registered at 7'= 298 K and ionic
strength 0.1 mol dm > (NaClO,); experimental details are reported
as supplementary information (Tables S7 and S8, ESI{). The
potentiometric apparatus consisted of a Metrohm 905 Titrando
pH-meter system provided with a Mettler-Toledo InLab® Micro,
glass-body, micro combination pH electrode and a dosing system
800 Dosino, equipped with a 2 mL micro burette. High purity
grade argon was gently blown over the test solution in order to
maintain an inert atmosphere. Constant-speed magnetic stirring
was applied throughout. Solutions were titrated with 0.1 mol dm 3
carbonate-free KOH or NaOH. The electrode was daily calibrated
for hydrogen ion concentration by titrating HClO, with alkaline
solution under the same experimental conditions as above. The
standard potential and the slope of the electrode couple were
computed by means of the Glee*® program. The purities and the
exact concentrations of the ligand solutions were determined by
the Gran method.*® The HYPERQUAD?’ program was employed
for the overall () and step (K) stability constant calculations,
referring to the following equilibrium:

pPM + gL +1H S ML,H,

(charges omitted; p is 0 in the case of ligand protonation; r can be
negative). Reported K, values are instead the acid dissociation
constants of the corresponding species. The computed standard
deviations (referring to random errors only) were given by the
program itself and are shown in parentheses as uncertainties on
the last significant figure. Hydrolysis constants for the Zn(u) and
Cu(u) ions were taken from the literature.?’*® The distribution
diagrams were computed using the HYSS program.®® The overall
metal binding ability can be evaluated in a wide pH range by
computing and plotting the competition diagrams, starting from
the binary speciation models. A solution containing the metal and
the two (or more) ligands (or vice versa) is simulated, admitting
that all the components compete with each other to form the
respective binary complexes, without mixed species formation.
This is a reasonable approximation in the case of peptides,
which most often form only 1:1 complexes in which the peptide
completely wraps the metal ion.

Mass spectrometric measurements

High-resolution mass spectra were obtained on a Bruker
MicrOTOF-Q spectrometer (Bruker Daltonik, Bremen, Germany),
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equipped with an Apollo II electrospray ionization source with an
ion funnel. The mass spectrometer was operated in the positive
ion mode. The instrumental parameters were as follows: scan
range m/z 300-4000, dry gas nitrogen, temperature 453 K, and ion
energy 5 eV. The capillary voltage was optimized to the highest S/N
ratio and it was 4800 V. The small changes in voltage (£500 V) did
not significantly affect the optimized spectra. The samples were
prepared in a 1:1 acetonitrile-water mixture at different pH values
(experimental details are reported in Table S9, ESIT). The samples
were infused at a flow rate of 3 uL min~". The instrument was
calibrated externally with a Tunemix™ mixture (Bruker Daltonik,
Germany) in quadratic regression mode. Data were processed
using the Bruker Compass DataAnalysis 4.0 program. The mass
accuracy for the calibration was better than 5 ppm, enabling
together with the true isotopic pattern (using SigmaFit) an
unambiguous confirmation of the elemental composition of
the obtained complex.

Spectroscopic measurements

The absorption spectra were recorded on Varian Cary50 Bio and
Varian Cary300 Bio spectrophotometers, in the range 200-800 nm,
using a quartz cuvette with an optical path of 1 cm. Circular
dichroism (CD) spectra were recorded on a Jasco J-1500 CD
spectrometer in the 200-800 nm range, using a quartz cuvette
with an optical path of 1 cm in the visible and near-UV range or
with a cuvette with an optical path of 0.01 cm in the wavelength
range 180-300. The UV-Vis and CD spectroscopic parameters were
calculated from the spectra obtained at the pH values corres-
ponding to the maximum concentration of each particular species,
based on distribution diagrams. Electron paramagnetic resonance
(EPR) spectra were recorded in liquid nitrogen on a Bruker
ELEXSYS E500 CW-EPR spectrometer at X-band frequency
(9.5 GHz) and equipped with an ER 036TM NMR teslameter and
an E41 FC frequency counter. Ethylene glycol (30%) was used as a
cryoprotectant for EPR measurements. The EPR parameters were
analyzed by computer simulation of the experimental spectra
using WIN-EPR SIMFONIA software, version 1.2 (Bruker). The
concentrations of sample solutions used for spectroscopic studies
were similar to those employed in the potentiometric experiment
(experimental details are reported in Tables S10-S12, ESIY).

Conclusions

In the present work, three peptide fragments corresponding to
two possible metal binding sites, located in the C-terminal
region of the putative fungal protein C4YJH2, have been
investigated for their ability to interact with Zn(i) and Cu(u)
ions. All the peptides demonstrated a very good affinity for
these metals, in a wide pH range; the competition plots
reported in Fig. S40-S42 (ESIt) show that complexes formed
with Cu(u) are always more stable than those formed with Zn(u)
throughout the explored pH range. As a consequence, the two
metal ions should compete in vivo for these binding sites,
copper being favoured by its higher affinity and zinc instead
by its larger concentration.
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Both the metal ions showed a preference for the binding site
corresponding to peptide L1, although the coordination modes
are different. As for Zn(u) complexes, all the investigated
peptides bind the metal ion by means of three histidine residues
(3Npy,) and an oxygen (carboxylic O~ or a water molecule), with a
tetrahedral coordination geometry. The hypothesized molecular
structure for Zn(u)/L2 complexes with the (3Nyy,; O) configuration
at physiological pH is illustrated in Fig. S43 (ESIt), by way of
example. Concerning copper, it is supposed that, at acidic pH, the
metal coordination sphere mainly involves the imidazole ring of
histidine residues, while, at neutral or alkaline pH, the coordina-
tion of amide nitrogens of the peptidic backbone prevails. In
addition, a role for Ser residues has been also hypothesized, i.e.
that of reinforcing the Cu(u)-amide bonds.

The evolutionarily conserved sequence in C4YJH2 is probably
fully involved in the task of Zn(u) acquisition and regulation, which
is crucial for the growth and subsistence of pathogenic species like
Candida albicans. A better understanding of the thermodynamics
behind biological metal transport processes has been obtained,
highlighting both the coordination modes used by Zn(u) to bind
the proposed amino-acid sequence of C4YJH2 and the competition
with Cu(u). This knowledge can contribute to the design and
tuning of new antibiotic strategies against all the fungal pathogens
using zinc transporters or zincophores containing these or similar
peptide sequences in their metal binding sites.
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Candida albicans is a widespread human pathogen which can infect humans at different levels. Like the
majority of microorganisms, it needs transition metals as micronutrients for its subsistence. In order to
acquire these nutrients from the host, C. albicans employs various strategies, also involving chelating
proteins specifically expressed to sequester metals from the environment. A histidine-rich protein
sequence identified in the C. albicans genome, named C4YJH2, has been recently studied for its
putative role in Zn(i) transport. Two outer membrane major histidine-rich clusters of C4YJH2, namely
the domains 131-148 (FHEHGHSHSHGSGGGGGG) and 157-165 (SHSHSHSHS), have been confirmed as
strong binding sites for the Cu(i) and Zn(i) ions. Nevertheless, the 9-residue “linker” sequence 148-156
(GSDHSGDSK) between the two His-rich fragments of C4YJH2, containing an additional His residue, can
also contribute to metal binding. In the present work, the protected peptide Ac-GSDHSGDSK-NH, and
some analogues (Ac-GSDHSGASK-NH,, Ac-GADHAGDAK-NH,, Ac-GSDH-NH,, and Ac-HSGD-NH,) have
been synthesized and their metal binding properties have been studied in detail. The thermodynamics of
complex-formation equilibria of the above reported ligands with Cu(i) and Zn(i) ions have been studied
by potentiometry in a wide pH range and the stoichiometry of the formed species has been confirmed
by mass spectrometry; the most likely solution structures of the metal complexes are also discussed on
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DOI: 10.1039/cOmt00251k the basis of NMR, UV-vis, circular dichroism (CD) and EPR data. The results show the importance of

Asp7 in the stabilization of Zn(1) complexes and suggest a significant role of the (quite abundant) Ser

rsc.li/metallomics residues in the task of metal uptake and regulation.

Significance to metallomics

The mechanism of metal acquisition at the host/pathogen interface can be a fertile ground for the design of new antibiotics. The present paper deals with the
characterization of Cu(un) and Zn(un) binding to the putative metal transporter C4JYH2, found in the genome of Candida albicans. The thermodynamic
investigation of the formed metal complexes and their spectroscopic characterization in solution opens the way to the discovery of possible new
pharmacological targets based on metal ions.

healthcare systems: a deep reconsideration of commonly
used therapies and the availability of innovative drugs are

Introduction

The constant increase of the drug-resistance phenomenon
against antibiotics and antifungal agents, with a high incidence
especially in hospitals, represents a heavy burden for the
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definitely required. Candida albicans is one of the most diffused
opportunistic pathogenic yeasts that can affect the human
organism. The pathological conditions associated to C. albicans
frequently involve skin, oral cavity, oesophageal, vaginal and
gastrointestinal tract infections ranging from superficial dis-
orders to invasive systemic diseases that can eventually involve
the vascular system and various organs anywhere in the body.
Infections caused by C. albicans represent a serious threat
for the subsistence of immunocompromised or debilitated

This journal is © The Royal Society of Chemistry 2019
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individuals and it is by far the major cause of severe mucosal
infections (invasive candidiasis) with an elevated mortality rate.'™
Furthermore, the phenomenon of drug resistant mycoses has
become a serious clinical and financial burden on the world
healthcare systems: in the long run it may become a critical and
dangerous threat comparable to the increase of “superbug”
infections.>” As a consequence, the need of innovative antifungal
treatments with high selectivity, specificity and effectiveness
is undeniable.

Since the eukaryotic cells of human and fungal pathogens
share several biological processes, in order to identify new
pharmacological targets, one possible strategy is to focus on
the differences in the metabolic pathways of these species.
One difference concerns the mechanism of metal uptake and
transport into the fungal cell. In fact, several lines of evidence
confirm that one critical aspect of fungal infection and survival
is the ability of the pathogenic microorganism to assimilate
metal nutrients from the host environment.® Since metals are
essential for many vital cellular functions, to avoid infection,
the host restricts the access to the essential nutrients by means
of a process known as “nutritional immunity”.° The first step
towards the design of a highly specific metal transport targeting
therapeutic is therefore to obtain relevant information about
thermodynamics and coordination chemistry of the interacting
systems (metal-metal transporter).” ">

Zn(u), as well as several other transition metals, including
Cu(n), is crucial for life and it is frequently involved in many
cellular processes, where it can play the role of coenzyme or
cofactor. Since Zn(u) concentration in a free, nonprotein-bound
form is estimated to be sub-nanomolar,"® its uptake becomes
extremely challenging for the fungal pathogen. C. albicans has
evolved several mechanisms to overcome host nutritional immunity
by expressing zinc transporters (e.g. Zrt1/Zrt2/Pral for Zn(u))"*">
or redundant enzymes that withhold the host stocks. Also Cu(u)
is an endogenous metal and a necessary nutrient for C. albicans;
it can compete with Zn(u) for the same binding sites and actively
participate in the host-pathogen strife.'®'”

In this context, we recently started a study on Zn(u1) and Cu(u)
binding behaviour towards C4YJH2 (UniProt Knowledgebase),"®
a protein sequence of 199 amino acid residues, found in the
genome of Candida albicans (strain WO-1), which is supposed to
be involved in metal transport processes. In fact, it shares a high
percentage of identity with putative Zn(u) transporters and
proteins involved in metal homeostasis."> Its amino acid
sequence contains a remarkably high number of alternating
histidine and serine residues, mostly located in the domains

Table 1 Overall (log ) and step (log K) protonation constants for WT, D7A,
Values in parentheses are standard deviations on the last significant figure
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131-148 (FHEHGHSHSHGSGGGGGG) and 157-165 (SHSHSHSHS)
and confirmed to be involved in Zn(i) and Cu(u) coordination.?
In the native protein, these two His-rich domains are linked by
the 9-residue sequence GSDHSGDSK (148-156), also containing
a histidine and thus possibly contributing to the metal binding.
Therefore, we decided to extend our investigation focusing on
this “linker”. The protected peptide WT = Ac-GSDHSGDSK-NH,
has been considered, along with its analogues D7A =
Ac-GSDHSGASK-NH,, S2A/S5A/S8A = Ac-GADHAGDAK-NH,,
GSDH = Ac-GSDH-NH,, and HSGD = Ac-HSGD-NH,. The peptide
sequence of D7A lacks the aspartic acid in position 7, which is
substituted by an alanine in order to investigate the role of Asp-7
in the wild-type peptide (WT) protonation (possible hydrogen
bond with Lys-9) and metal coordination. The nonapeptide S2A/
S5A/S8A is an analogue of WT where serine residues have been
replaced by alanines. Serine residues are rather abundant in
C4YJH2 protein sequence. Although the serine side hydroxy-
methyl group has no acidic properties in the explored pH range
and it is generally not expected to significantly interact with
Cu(u) or Zn(u) ions, an electronic effect on the histidine residues
and/or on the amides of the peptide backbone has previously
been suggested.”® Finally, the study of the two short peptides,
Ac-GSDH-NH, and Ac-HSGD-NH,, corresponding to the left-
hand and the right-hand side fragments around histidine,
provides information on the Cu(u) attitude to coordinate amidic
nitrogen atoms in the amino- or carboxyl-terminus direction.

Results and discussion

Ligand protonation

All the investigated peptides, WT, D7A, S2A/S5A/S8A, GSDH and
HSGD, were protected at their N-terminus by acetylation and
at their C-terminus by amidation; therefore, their acid-base
behaviour depends on the amino acid side-chain properties, i.e.
on the imidazole ring of His, the carboxylic group of Asp and
the amino group of Lys. The amidic protons of the peptide
backbone cannot be spontaneously released in the pH range
explored by potentiometry, since they are very weak acids
(pK. ~ 15),>" but they can be displaced by Cu(n) at a mildly
acidic pH value, to form a coordination bond. The protonation
constants of WT, D7A, S2A/S5A/S8A, GSDH and HSGD are
reported in Table 1 while the corresponding distribution dia-
grams are shown in Fig. S1-S5 (ESIf).

The obtained protonation constants are consistent with
the literature values for similar systems®* and show reasonable

S2A/S5A/S8A, HSGD and GSDH at T = 298 K and / = 0.1 mol dm™> (KCl).

WT S2A/S5A/S8A D7A HSGD GSDH
Species log f8 log Kstep log B log Kstep Species log f8 log Kstep log B log Kstep log f8 log Kstep
HL™ 10.84 (2)  10.84 10.39 (1)  10.39 HL 10.21 (2)  10.21 6.58 (2)  6.58 6.83(2) 6.83
H,L 17.72 (3) 6.88 17.19 (2) 6.80 H,L" 16.70 (3) 6.49 10.44 (2)  3.86 10.60 (2)  3.77
H;L" 21.82 (3) 4.10 21.29 (2) 4.10 H,L> 20.46 (3) 3.76 — — — —
H,L* 25.01 (3) 3.19 24.63 (2) 3.34 — — — — — — —

This journal is © The Royal Society of Chemistry 2019
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similarities among the considered peptides; the variability can
be mainly ascribed to the charge of the different species. The
histidine protonation constant ranges from 6.49 to 6.88; this
interval is rather small, suggesting the absence of specific
behaviours depending on the ligand sequence. Furthermore,
the presence or absence of the serine residues nearby the
histidine does not seem to significantly affect its protonation
constant. The lysine log K value is rather high (10.84) for the
“wild-type” peptide (Ac-GSDHSGDSK-NH,), although still mea-
surable under the employed experimental conditions. Finally,
the Asp residues have the lowest log K values, due to their acidic
moiety, which vary between 3.19 and 4.10, depending on the
primary structure of the peptide and its charge.

The comparison between WT and its mutants does not point
out any significant change in the protonation behaviour attri-
butable to Ala substitutions. The difference in the log K values
of Lys residues between WT and D7A does not suggest the
formation of a hydrogen bond between the protonated amino
group of Lys-9 and the carboxylate group of Asp-7, but it can be
simply due to the higher charge of the former ligand, which
contains an additional carboxylate group. Analogously, the
Ala-Ser substitutions do not significantly affect the protonation
constants of peptide side chains.

Cu(u) complexes

All the investigated peptides proved to be able to form stable
1:1 complexes with the Cu(u) ion; no poly-nuclear or bis-
complexes have been detected either by potentiometry, mass
spectrometry or EPR. No precipitation has been observed over
the explored pH range. Overall complex-formation constants
(log ) and corresponding acidity constants (pK,) are reported
in Table 2 and the corresponding distribution diagrams are
plotted in Fig. 1 and Fig. S6-S9 (ESIt); ESI-MS results are shown
in Table S1 (ESIt). UV-vis, CD and EPR results are reported in
Tables S2-S6 (ESIt) and Fig. 2, 3 and Fig. S10-S17 (ESIt).
Cu(u) starts to interact with WT and its mutants around pH
3.5 and the first detected complex is the mono-protonated
species ([CuHL]" for WT and S2A/S5A/S8A; [CuHL]*" in the case
of D7A). The stoichiometry of these species indicates that
the ligand is mono-protonated, most likely at its Lys residue.
Doubtless, Cu(u) is anchored to the imidazole nitrogen of
histidine, while the possible participation in coordination by
the carboxylic group(s) of the Asp residue(s) is arguable. The
wavelength of maximum absorption expected for a coordina-
tion (Nym, COO™) is 731 nm,*! in good agreement with the VIS

View Article Online
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Fig. 1 Representative species distribution diagram relative to Cu(i) complexes
with WT; Cu(n) : L molar ratio = 0.8: 1.
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Fig. 2 Vis absorption spectra [350-900 nm; optical path 1 cm] for Cu(i)
complexes with WT; Cu(i) : L molar ratio = 0.8: 1.

absorption data in the pH range 5-6 for WT and S2A/S5A/S8A
(Zmax = 726 nm and 735 nm, respectively) (see Tables S2 and S3,
ESIT). Otherwise, in the case of D7A, we found /. = 750 nm, a
value closer to that expected for a Cu(1) complex with a (1Ny,)
configuration (760 nm). Increasing the pH value, the species
[CuL] (for S2A/S5A/S8A) and [CuL]" (for D7A) are formed with
PK, values of 6.58 and 5.57, respectively. This complex was not
observed in the case of WT. It is well known®® that, in this
pH range, the cupric ion already bound to the ligand can
displace one peptide hydrogen of the backbone to bind the
amide nitrogen. In that case, the coordination geometry should
be (1Npm, 1IN7) or (1Nyy,, 1IN7, COO™). The presence of two

Table 2 Overall stability constants (log ) and acid dissociation constants (pK,) of Cu(i) complexes with WT, S2A/S5A/S8A, D7A, HSGD and GSDH at
T =298 K and / = 0.1 mol dm~> (KC). Values in parentheses are standard deviations on the last significant figure

WT S2A/S5A/S8A D7A HSGD GSDH
Species log 8 pKa log f8 pKa Species log f8 PKa log 8 pKa log S8 pKa
[CuHL] 15.66 (4) — 14.63 (3) 6.58  [CuHLP*" 14.04 (6) 5.57 — — — —
[CuL] — — 8.05 (3) 6.63  [CuL]" 8.48 (3) 5.84 421 (2) 6.79  4.24 (5) 5.87
[CuH_,L]-  3.54(3) 8.15 1.42 (3) 9.59  [CuH_,L] 2.64 (2) 8.29  —2.58(2) 6.91 —1.63(3) 5.92
[CuH_, L]~ —4.61(5) 10.46  —8.27 (4) 10.65  [CuH_,L]~ —5.65 (4) 10.38  —9.50 (2) 8.78  —7.56(2) 8.53
[CuH_;L? -15.07 (7) — -18.81(5) — [CuH_;L]? -16.03 (5) — -18.27 (2) — -16.09 (4) —

1990 | Metallomics, 2019, 11, 1988-1998
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Fig. 3 Circular dichroism spectra [200-800 nm; optical path 1 cm] for
Cu(i) complexes with WT; Cu(u) : L molar ratio = 0.8:1.

nitrogens in the first coordination sphere of Cu(u) is confirmed
by EPR spectra (see Tables S3 and S4, ESI{). At higher pH, the
ionization/binding of a second amide occurs with values of
pK, = 6.63 (for S2A/S5A/S8A) and 5.84 (for D7A) and leads to the
formation of the species [CuH_;L]™ and [CuH_,L], respectively.
The complex [CuH_;L]” was also detected in the system con-
taining WT, where, however, a cooperative binding effect leads
to the simultaneous coordination of the first and second amide
nitrogens. These complexes reach about 90% of formation at
physiological pH. The most plausible coordination hypothesis
for these species is (1Np,, 2N ) (see Fig. 4). In fact, the
wavelengths of maximum absorption recorded at neutral pH
are consistent with the expected value for a Cu(u) complex with
this donor-atom set (Apnax = 583 nm) and the EPR results at
physiological pH confirm a 3N coordination.

In the alkaline pH range, the deprotonation of the third
amide likely occurs (pK, values = 8.15, 9.59 and 8.29 for WT,
S2A/S5A/S8A and D7A, respectively). The visible absorption

Fig. 4 Proposed coordination sphere of Cu(i) complexes with WT ligand
at physiological pH. Explicit hydrogen atoms and water molecules are
omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
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bands always shift to shorter wavelengths, suggesting the
increase of the number of coordinated nitrogen atoms. Based
on spectroscopic results it is possible to suggest two possible
configurations. In the case of ligands WT and D7A, the values
of Zmax (*560 nm) suggest the substitution of the imidazole
nitrogen by the N-amide in the Cu(u) equatorial plane, to obtain
a (3N7) coordination mode (expected A, value: 563 nm) with a
water molecule in the fourth equatorial position. On the other
hand, in the case of ligand S2A/S5A/S8A, the obtained wave-
length of maximum absorption at pH 10.3 (529 nm) strongly
suggests a (1Nyy,, 3N") configuration (expected Am.. value:
522 nm). The experimental values of A; and g, (Tables S2-54,
ESIt) for all three systems agree with the hypothesis of both a
3N coordination and a 4N coordination. It is worth noting that
the acidity constants of the three amide groups of S2A/S5A/S8A
involved in complexation are approximately one order of mag-
nitude lower (pK, one unit higher) than the corresponding
constants of WT and D7A. Since no steric effect comes into
play, an electronic effect due to the hydroxyl side chain of Ser
can be the source of this difference and of the consequent lower
stability of Cu(u) complexes with S2A/S5A/S8A with respect to
the analogous complexes with the other mutants. A similar
hypothesis was already put forward in the previous study on the
main metal binding domains of C4YJH2.?° In addition, among
the three Ser residues of S2A/S5A/S8A, a significant role should
be played by Ser-2, as suggested by the constant values obtained
for the systems Cu(u)/GSDH and Cu(u)/HSGD (see below).

Finally, under the most alkaline conditions, a further depro-
tonation step is observed and [CuH_,L]>~ (for WT and S2A/S5A/
S8A) and [CuH_;L]* (for D7A) species are formed, without any
significant variation in the spectroscopic parameters. This suggests
that the last deprotonation step does not affect the Cu(u) coordina-
tion and likely corresponds to the deprotonation of a not
coordinated lysine. This hypothesis is also in good agreement with
the thermodynamics results, since the corresponding pK,
values (10.46, 10.65 and 10.38) are practically identical to those
obtained from ligand protonation measurements.

Cu(n) interaction with HSGD and GSDH begins at pH lower
than 4. The speciation model is the same for the two ligands,
with four mononuclear 1:1 complexes, variously protonated.
However, the distribution diagrams (Fig. S8 and S9, ESIT) show
that the behaviour is not exactly the same, as explained below.

The first detected complex is [CuL]’; the stoichiometry of
this species suggests that both the histidine and the aspartic
acid are not protonated. The imidazole nitrogen of the histi-
dine can be deprotonated at such an acidic pH value only if it is
bound to the metal ion; instead, the side carboxylate of the Asp
residue can be involved or not in the metal coordination. In the
case of HSGD, the obtained wavelength of maximum absorp-
tion at pH 6 - where the [CuL]" complex is the most abundant
species in solution - is 715 nm, suggesting the formation of a
macrocycle with a (1Ny,;,,, COO™) coordination mode (expected
Amax value: 731 nm). On the other hand, in the case of GSDH,
the wavelength of maximum absorption at pH 5.5 is signifi-
cantly higher (763 nm), suggesting a (1Nyp,) coordination
(expected Amayx value: 760 nm). Most likely, in the latter case,

Metallomics, 2019, 11, 1988-1998 | 1991


https://doi.org/10.1039/c9mt00251k

Published on 08 November 2019. Downloaded on 12/12/2019 9:11:29 AM.

Metallomics

the carboxylate group of the Asp residue (close to histidine),
being at the opposite side of the backbone with respect to the
imidazole ring, cannot bind the same Cu(u) ion due to steric
hindrance. On increasing the pH value, three successive depro-
tonation steps are observed, giving rise to the species [CuH_;L],
[CuH_,L]™ and [CuH_;L].” The corresponding pK, values (6.79,
6.91 and 8.78 for HSGD and 5.87, 5.92 and 8.53 for GSDH,
respectively) suggest the progressive coordination of amide
nitrogens of the peptide backbone. Considering the complex
[CuH_,L] formed by HSGD, a (1N, 1IN, and COO™) coordina-
tion mode can be suggested. In fact, the wavelength of
maximum absorption at pH 7 — where this species reaches its
higher percentage — (Amax = 636 nm) is very close to the expected
Jmax value (638 nm).*! It is not possible, from the present
experimental data, to state which one of the backbone amides
is bound to copper; as a matter of fact, the coordination of the
amide nitrogen most close to His will lead to the formation of a
7-membered chelate ring. On the other hand, in the case of
GSDH, the amide nitrogen which binds the metal ion should be
that of His, the first one in the N-terminal direction, forming a
stable 6-membered ring. The lower pK, value of this step for
GSDH and, consequently, the higher value of the overall
stability constant of [CuH_,L] (about one order of magnitude
with respect to that of HSGD) support the above hypothesis.
At higher pH, the deprotonation/coordination of a second
amide occurs in a quick sequence in both the systems, giving
rise to the [CuH_,L]” complex, the predominant species at
physiological pH. In the case of HSGD, the positions of the d-d
band in the UV-vis spectra both at pH 7.60 and 8.12 (615 nm
and 612 nm, respectively, see Fig. S12 and Table S5 ESIt)
suggest a coordination mode where the two amides and the
carboxyl group occupy the equatorial positions of the metal
coordination sphere (2N, COO™; expected Apax = 614 nm). EPR
data at pH 8.7 agree with a [2N,0] coordination mode; in the
CD spectra, the typical®* charge transfer band at 301 nm, due to
the formation of the amide-copper bond, has been observed
(Table S5, ESIt). As for GSDH, the wavelength of maximum
absorption at neutral pH (Ana.x = 585 nm) is very close to the
one expected for a coordination (1Nyy,, 2N ) (583 nm), where
Cu(u) coordinates one imidazole and two amide nitrogens in
the equatorial plane of the complex. The EPR data at pH 8.6
(A =191.6, and g = 2.215, Table S6, ESI¥) clearly indicate a 3N
coordination mode. The last deprotonation step is associated
with the binding of a third amide in the main coordination
plane; the corresponding species is [CuH_;L]*". In the case of
HSGD, a further blue-shift is observed in the vis absorption
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spectra with a wavelength of maximum absorption at pH 11
of 575 nm, only slightly higher than the predicted value for a
(3N7, COO™) complex (547 nm). This difference can be ascribed
to the presence of an axial binding group, most likely the His
imidazole.”® EPR spectra at pH 10-11 are in agreement with
both 3N and 4N coordination modes.>® Also in the case of the
ligand GSDH, at very alkaline pH, the deprotonation of a
further amide occurs, with a pK, 8.53. The visible absorption
band shifts to a lower wavelength (560 nm), suggesting that the
third backbone amide substitutes the imidazole nitrogen in the
Cu(n) main coordination plane; in fact, the expected value of
Amax for a (3N7) coordination mode is 563 nm, very close to the
experimental one. As for the (1Ny,, 3N") coordination mode,
the expected Amax value would be 522 nm, rather far from the
experimental one. A similar behaviour was already previously
observed for the protected tetrapeptide Boc-Ala-Gly-Gly-His.?®
Actually, EPR spectra at pH 10-11 indicate a 4N coordination
mode, thus suggesting that the imidazole ring can be still
bound in an axial position.

Zn(u) complexes

The characterization of the Zn(u) complexes has been achieved
by means of mass spectrometry, potentiometry and nuclear
magnetic resonance. Mass spectrometric measurements provided
information on the stoichiometry of the formed species, potentio-
metry allowed the partial and overall stability constants of the
detected metal complexes to be determined and NMR spectra
recorded both in the presence and in the absence of Zn(u) ion
pointed out the precise metal binding sites. All the peptides studied
here are able to form 1:1 complexes with the Zn(u) ion; no poly-
nuclear or bis-complexes have been detected either by potentio-
metry or by mass spectrometry. No precipitation has been
observed in the explored pH range. The formation constant
values are shown in Table 3 and the corresponding distribution
diagrams are plotted in Fig. 5 and Fig. S18-S21 (ESIt); ESI-MS
results are reported in Table S1, ESL¥

WT and S2A/S5A/S8A peptides behave in a very similar
manner in coordination to the Zn(u) ion. In both systems, the
metal/ligand interaction starts at pH 4 and the first detected
species is [ZnHL]", which is also the prevailing complex at
physiological pH. The stoichiometry of this complex suggests
that only the side chain of Lys is protonated. The metal ion
should be anchored at the His residue and one or both of the
carboxylate moieties of the Asp residues can be involved in
complexation; the corresponding coordination mode can either
be (1Ny;,, COO™) or (1Nyy,, 2CO07). The suggested geometry

Table 3 Overall stability constants (log ) and acid dissociation constants (pK,) of Zn(i) complexes with WT, S2A/S5A/S8A, D7A, HSGD and GSDH at
T =298 Kand /= 0.1 mol dm~3 (KC). Values in parentheses are standard deviations on the last significant figure

WT S2A/S5A/S8A D7A HSGD GSDH
Species log 8 pPKa log PKa Species log PKa log PKa log f8 pKa
[znHL]" 14.11 (6) — 13.37 (9) — — — — — — —
[znL] — — — — [znL] — — 2.9 (1) — 2.85 (9) —
[ZnH_ L] —1.86 (4) 10.39  —2.15 (4) 10.35  [ZnH_4L] —2.57 (3) 1036  — — — —
[znH_,L]*” -1225(5) — —12.50 (6) — [znH_,L]”  —12.93 (6) ~12.43 (4) — -12.41(3) —
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Fig. 5 Representative species distribution diagram relative to Zn(i) com-
plexes with WT; Zn(i) : L molar ratio = 0.8: 1.

Fig. 6 Proposed molecular structure of Zn(i) complexes with WT ligand
at physiological pH. Explicit hydrogen atoms are omitted for clarity.

can be either tetrahedral or trigonal bipyramid, as most
frequently found in proteins,”” where the additional coordina-
tion positions are occupied by water molecules (Fig. 6). On
increasing the pH value, two simultaneous deprotonation steps
occur, giving rise to the [ZnH_,L]” complex, the most abundant
species in the pH range 8-10. It is reasonable to suggest the
hydrolysis of two coordinated water molecules. The [ZnL]
complex has not been detected by potentiometry, thus suggesting
it is only a transient species. "H-"H TOCSY spectra recorded at
physiological pH (Fig. S22 and S23, ESIt) confirm the suggested
coordination hypotheses, since the major Zn(u)-induced shifts are
those of histidine protons (Hg;-Hss), (Hy—Hg,), and (H,~Hgp,) and
aspartic acid protons (H,~Hg,), and (H,~Hp,). Furthermore, in the
case of WT ligand, the pronounced deshielding effect exhibited by
His H,, protons (4; = 0.125 ppm) compared to the shift of His Hg,
(45 = 0.050 ppm) (Fig. S22, ESIt), in the presence of Zn(u) ions,
suggests a coordination through the imidazole-N5.>*! This
difference is less pronounced in S2A/S5A/S8A, thus suggesting
that the presence of the Ser residues may influence the binding
behaviour of histidine. It is also worth noting that in the
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Zn(u)/S2A/S5A/S8A system, the protons of lysine display a
moderate downfield shift (Fig. S23, ESIf): since Lys does
not directly participate in coordination, these perturbations
can suggest an interaction of Zn(u) with the aspartic acid in
position 7, the nearest the Lys residue. In the case of the WT
ligand, only Lys-H, exhibits a small perturbation after Zn(u)
addition, possibly because the presence of serine residues
reduces the deshielding effect on Lys. Finally, starting from
pH 8.5, the complex [ZnH_;L]™ releases a further proton, giving
rise to the species [ZnH_,L]*". The corresponding pK, values
for the two systems (10.39 and 10.35 for WT and S2A/S5A/S8A,
respectively) are very similar to those obtained in the absence of
Zn(u), suggesting the simple deprotonation of the Lys residue
without any involvement in complexation.

As for peptide D7A, Zn(u) complexes begin to form only at
pH 6.5, i.e. when imidazole nitrogen is deprotonated and
available for complexation. Evidently, the presence, at lower
PH, of only one Asp carboxylate is not sufficient to stably bind
the metal ion. Thus, the first detected species is [ZnH_;L], most
likely derived from the binding of D7A to the hydrolytic species
[ZnOH]" already present in solution in small amount (see
distribution diagram of Fig. S19, ESIt). In the complex
[ZnH_,L], the dominant species throughout all the explored
pH range, the Zn(u) ion is certainly bound to the histidine
residue. Rather unexpectedly, the "H-'H TOCSY spectra
recorded at pH 7.2 (Fig. S24, ESIT) suggest that the aspartic
acid in position 3 should not participate in complex formation.
Indeed, the metal addition causes only a selective shift of
histidine (Hg;-Hs,) imidazole protons (more pronounced for
His H,, protons, as already observed above for WT and possibly
due to the presence of Ser residues) leaving the signals of
H,-Hp:/Hp, unchanged, therefore suggesting that no other
residues are involved in the complexation. Signals corresponding
to the aspartic acid (H,-Hpg,), and (H,~Hgp,) protons undergo only
a slight shift, supposedly due to the proximity to the histidine
anchor site. Starting form pH 8.5, the complex [ZnH_,L]|™ begins to
form with pK, = 10.36, likely corresponding to the deprotonation of
a not-coordinated lysine.

For the sake of completeness, Zn(un) complexes with ligands
HSGD and GSDH have been also investigated. These peptides
only possess two possible donor groups: one histidine and
one aspartic acid. No precipitation has been observed in the
explored pH range. In both the systems Zn(u) complexes begin
to form at pH 4 and only two major species were detected by
potentiometry: [ZnL]", where both the Asp and His residues
should be bound to the metal ion, and [ZnH_,L]|, where the
Zn(u) coordination sphere possibly involves also two ionized
water molecules, as already hypothesised for the systems
WT, D7A and S2A/S5A/S8A. The participation of His and Asp
residues in the Zn(u) complex formation is also confirmed by
the general changes of their proton correlations in 'H-'H
TOCSY spectra (Fig. S25 and S26, ESIY). It is also reasonable
to assume that both the low availability of donor groups and
the relatively small dimensions of these peptides can encourage
the formation of bis-/(poly)-complexes, although they should
represent only a minor species under the experimental
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Fig. 7 Competition plots for solutions containing equimolar concentra-
tions of M(1), WT, D7A and S2A/S5A/S8A. M(i) = (a) Cu(i) and (b) Zn(i).

conditions employed here (ligand and metal ion in almost
equimolar concentration) and therefore not detectable. The MS
spectra recorded at pH 6 confirm the presence of mononuclear
complexes as major species (see Table S1, ESIt).

Comparison of complex stability

In an attempt to better understand the binding ability of the
investigated ligands towards Zn(u) and Cu(u) ions, competition
plots have been built up at equimolar concentrations of ligands
and metal ions. The diagrams plotted in Fig. 7 compare the
thermodynamic stability of WT, D7A and S2A/S5A/S8A peptide
complexes with Cu(u) and Zn(u). The replacement of the Asp
residue in position 7 seems to affect the affinity with both the
metal ions. In the case of Cu(u), the absence of Asp7 makes the
metal complexation only slightly less efficient under acidic pH
values (Fig. 7a). It is noteworthy that at pH 6.5 the competition
curves of Cu(u)-WT and Cu(u)-D7A coincide; this is in agree-
ment with the proposed speciation models, since at that pH
value, the species [CuH_;L] dominate in solution and have the
same coordination geometry in both systems. The importance
of the Asp residue in position 7 is much more evident in the
case of Zn(u) (Fig. 7b), since WT and S2A/S5A/S8A show a much
better binding ability throughout all the explored pH range,
thus suggesting that the carboxyl group of Asp7 is of funda-
mental importance for the complex stability. As for the possible
role of serine residues, in the case of Cu(u) (Fig. 7a), the
presence of non-coordinating serines seems to have an impact
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on amide deprotonation, making complexes with WT and D7A
more stable than the species formed by S2A/S5A/S8A, starting
from pH 5 on, when amides come into play. On the contrary,
this trend does not occur for Zn(u) complexes where amides are
not involved in the coordination. This is in agreement with the
above hypothesis that serines are responsible for an electronic
effect that makes amide protons much more acidic.

The calculated competition diagram for the Cu(u)/WT/
HSGD/GSDH system is shown in Fig. S27 (ESIt). The HSGD
and GSDH tetra-peptides coincide with the 151-154 and 148-
151 amino acid sequence of the C4YJH2 protein and are
coincidentally composed by the same amino acid residues with
a different order. They also correspond to the minimal coordi-
nation site for a Cu(u) ion when anchored to the His residue of
the linker sequence WT (C4YJH2,45 156)- After the histidine
binding, the N-amide coordination can only proceed towards
the N-terminus in the GSDH ligand - forming a 6-membered
ring between the imidazole nitrogen and the first amide - and
towards the C-terminus in the case of HSGD - with instead the
formation of an initial 7-membered ring. These two different
coordination modes are certainly in competition also in the WT
peptide (Ac-GSDHSGDSK-NH,). The comparison among these
systems reveals that under acidic conditions the two short
peptides have similar behaviour, while starting from pH 5.5
(when the amide coordination comes into play), GSDH com-
plexes are by far more stable than HSGD species, suggesting that
in WT the amide coordination is unbalanced in favour of the
N-terminal direction. In the case of the Zn(u) ion, which is not
able to deprotonate and bind amide nitrogens, the two tetra-
peptides HSGD and GSDH have exactly the same behaviour all
over the explored pH range (Fig. S28, ESIt). On the other hand,
WT ligand shows a slightly higher affinity for Zn(u) under acidic
and physiological pH, probably due to the presence of two Asp
residues, which can both contribute to the metal coordination.
At alkaline pH, the stability of WT complexes becomes a little
lower than that of the species formed by the two short fragments,
possibly only because the lower negative charge of the latter
species stabilizes the hydroxo-complexes.

Conclusions

The present work represents an in-depth analysis of the thermo-
dynamic and spectroscopic properties of Ac-GSDHSGDSK-NH,
(WT) solution complex-formation equilibria. Four analogues
were also taken into account, for the sake of comparison. WT,
corresponding to the 148-156 amino acid sequence of C4YJH2,
acts as a linker between the two main poly-histidine domains of
the mentioned protein and proved able to coordinate both the
Cu(u) and Zn(u) ions.

For all the investigated peptides (Ac-GSDHSGDSK-NH,,
Ac-GSDHSGASK-NH,, Ac-GADHAGDAK-NH,, Ac-GSDH-NH, and
Ac-HSGD-NH,) the Cu(u) coordination begins at about pH 3.5.
After a first anchoring step to the histidine residue, up to
three deprotonated amidic groups of the peptide backbone
can bind the Cu(u) ion, occupying the equatorial position of
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Fig. 8 Competition plots for solutions containing equimolar concentrations
of M), Ac-FHEHGHSHSHGSGGGGGG-NH; (131-148), Ac-GSDHSGDSK-NH,
(148-156) and Ac-SHSHSHSHS-NH, (157-165). M(i) = (a) Cu() and (b) Zn(i).

its coordination sphere. At physiological pH, the species (1Nyy,,
2N7) is always the most abundant in solution. This complex
is rather stable and reaches about 90% of formation with all
the investigated peptides. The study of the two tetra-peptides,
Ac-GSDH-NH, and Ac-HSGD-NH, allowed us to qualitatively
describe the Cu(u) N-amide-coordination attitude: it can be
assumed that the nona-peptide WT is able to form a mixture
of isomeric species in which the amide coordination towards
the N-terminal direction is favoured. Furthermore, the substi-
tution of serine with alanine residues significantly lowers the
peptide affinity for the Cu(u) ion, suggesting a possible role of
Ser residues (quite abundant in C4YH]J2 protein sequence) in
the biological task of metal uptake and regulation.

In Zn(u) complexes, the metal coordination at physiological
pH occurs mainly by means of (at least) one aspartic acid
moiety and the histidine residue. The Asp in position 7 is likely
a crucial residue for the formation and stabilization of Zn(u)
complexes, as indicated by the decrease of Zn(u) affinity for
ligand Ac-GSDHSGASK-NH, (Fig. 7b), where the proposed metal
coordination does not involve the aspartic acid.

An overall comparison of the stabilities of the studied
domains of C4YJH2 is shown in Fig. 8. The calculated competi-
tion plots take into account the Cu(u) and Zn(u) binding abilities
of the studied “linker” Ac-GSDHSGDSK-NH, (148-156) and of
the two poly-His sequences Ac-FHEHGHSHSHGSGGGGGG-NH,
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(131-148) and Ac-SHSHSHSHS-NH, (157-165).>° The obtained
results emphasize that the ligand metal binding efficiency
comes mainly from the high number of histidine residues,
however highlighting a minor, but non-negligible contribution
of the linker sequence in the complex formation, which, in the
acidic pH range, is most likely due to the impact of the further
histidine and the additional serine residues.

As for the histidine rich fragments of C4YJH2, it is possible
to summarize that Zn(u) coordination mostly occurs by
means of three histidine residues (3Ny,,) and an oxygen atom
belonging to the aspartic acid side chain (in the case of
Ac-FHEHGHSHSHGSGGGGGG-NH,) or to a water molecule (in
the case of Ac-SHSHSHSHS-NH,,). Similarly, in the case of Cu(u)
complexation, histidine residues promote the metal binding at
acidic pH, while, moving to alkaline conditions, the amide
nitrogens of the peptide backbone gradually bind copper, even-
tually substituting the imidazole nitrogens in the equatorial
positions. No direct evidence for the preferred metal binding
site of the C4YJH2 sequence is available, although the higher
affinity of Ac-FHEHGHSHSHGSGGGGGG-NH, suggests that
the distribution of mono-nuclear species is in favour of this
fragment, most likely due to the availability of both a higher
number of His imidazoles and the Asp carboxylic side-chain.

As a matter of fact, the presence of specific, highly con-
served, histidine-rich motifs (e.g. HXHXH or HXXHXH) deter-
mines the metal-binding ability of the protein and then its
capability to affect the host/pathogen Zn(n) homeostasis.***
However, it is also clear that different coordination modes, like
those found at different pH values, can definitely affect the
efficacy of the protein activity in the task of metal recruitment,
as previously shown in the case of calcitermin, a human anti-
microbial peptide.** The rational understanding of such correla-
tion is still ongoing, especially in the case of C4YJH2, the
biological activity of which is still completely unknown, and
the door is open to further investigations.

Experimental
Materials

ZnCl, and CuCl, were extra pure products (Sigma-Aldrich); the
concentrations of their stock solutions were standardised by EDTA
titration and periodically checked via ICP-MS. The carbonate-free
stock solutions of 0.1 mol dm™* KOH were prepared by diluting
concentrated KOH (Sigma-Aldrich) and then potentiometrically
standardized with the primary standard potassium hydrogen
phthalate (99.9% purity). All sample solutions were prepared
with freshly prepared Milli-Q® water. The HCl and HNO, stock
solutions were prepared by diluting concentrated HCl and HNO;
(Sigma-Aldrich) and then standardized with KOH. The ionic
strength was adjusted to 0.1 mol dm* by adding KCI (Sigma-
Aldrich). Grade A glassware was employed throughout.

Peptide synthesis and purification

Peptides: Ac-GSDHSGDSK-NH,; Ac-GSDHSGASK-NH,; Ac-GAD
HAGDAK-NH,; Ac-GSDH-NH,; and Ac-HSGD-NH, were synthesized
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according to published methods® using Fmoc/t-butyl chemistry
with a Syro XP multiple peptide synthesizer (MultiSynTech
GmbH, Witten, Germany). Rink amide MBHA resin was used as
a solid support for the synthesis of all derivatives. Fmoc-amino
acids (4-fold excess) were sequentially coupled to the growing
peptide chain using DIPCDI/HOBt (N,N'-diisopropylcarbodiimide/
1-hydroxybenzotriazole) (4-fold excess) as an activating mixture
for 1 h at room temperature. Cycles of deprotection of Fmoc
(40% piperidine/N,N-dimethylformamide) and coupling with
the subsequent amino acids were repeated until the desired
peptide-bound resin was completed. N-Terminal acetylation was
performed with acetic anhydride (0.5 M) in the presence of
N-methylmorpholine (0.25 M) (3:1 v/v; 2 mL/0.2 g of resin) as the
last synthetic step. The protected peptide-resin was treated with
reagent B*® (trifluoroacetic acid (TFA)/H,O/phenol/triisopropyl-
silane 88:5:5:2; v/v; 10 mL/0.2 g of resin) for 1.5 h at room
temperature. After filtration of the resin, the solvent was concen-
trated in vacuo and the residue triturated with ethyl ether. Crude
peptides were purified by preparative reversed-phase HPLC using a
Water Delta Prep 3000 system with a Jupiter column C18 (250 x
30 mm, 300 A, and 15 pm spherical particle size). The column was
perfused at a flow rate of 20 mL min~' with a mobile phase
containing solvent A (5%, v/v, acetonitrile in 0.1% TFA), and a
linear gradient from 0 to 30% of solvent B (60%, v/v, acetonitrile in
0.1% TFA) over 25 min for the elution of peptides. Analytical HPLC
analyses were performed on a Beckman 116 liquid chromatograph
equipped with a Beckman 166 diode array detector. Analytical
purity of the peptides has been assessed using a Zorbax C18
column (4.6 x 150 mm, 3 pm particle size) with the
above solvent system (solvents A and B) programmed at a flow
rate of 0.5 mL min~ " using a linear gradient from 0% to 50% B
over 25 min. All analogues showed >95% purity when
monitored at 220 nm. The molecular weight of the final
compounds was determined by an ESI Micromass ZMD-2000
mass spectrometer.

Potentiometric measurements

Stability constants for proton and metal complexes were calcu-
lated from pH-metric titration curves registered at 7' = 298 K
and ionic strength 0.1 mol dm™* (KCI). The potentiometric
apparatus consisted of an Orion EA 940 pH-meter system
provided with a Metrohm 6.0234.100, glass-body, micro combi-
nation pH electrode and a Hamilton MICROLAB 500 dosing
system, equipped with a 0.5 mL micro burette. The thermo-
stated glass-cell was equipped with a magnetic stirring system, a
microburet delivery tube and an inlet-outlet tube for nitrogen.
High purity grade nitrogen gas was gently blown over the test
solution in order to maintain an inert atmosphere. Constant-
speed magnetic stirring was applied throughout. Solutions were
titrated with 0.1 mol dm ™~ carbonate-free KOH. The electrode was
daily calibrated for hydrogen ion concentration by titrating HNO;
with alkaline solution under the same experimental conditions as
above. The standard potential and the slope of the electrode
couple were computed by means of the SUPERQUAD®’ and
Glee®® programs. The purities and the exact concentrations of
the ligand solutions were determined by the Gran method.*
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The HYPERQUAD*® program was employed for the overall
formation constant (f) calculations, referring to the following
equilibrium:

pPM + gL +rH s M,LH,

(charges omitted; p is 0 in the case of ligand protonation; r
can be negative). Step formation constants (Ksep) and/or acid
dissociation constants (K,) are also reported. The computed
standard deviations (referring to random errors only) were
given by the program itself and are shown in parentheses as
uncertainties on the last significant figure. Hydrolysis con-
stants for Zn(u) and Cu(u) ions were taken from the literature
(Table S7, ESIf).>**' The distribution and the competition
diagrams were computed using the HYSS program.** In fact,
the overall metal binding ability of the different ligands can be
compared in a wide pH range by computing the competition
diagrams, starting from the binary speciation models. A solution
containing the metal and the two (or more) ligands (or vice versa)
is simulated, admitting that all the components compete with
each other to form the respective binary complexes, without
mixed species formation. This is a reasonable approximation in
the case of peptides, which most often form only 1:1 complexes
in which the peptide completely wraps the metal ion.

Mass spectrometric measurements

High-resolution mass spectra were obtained on a BrukerQ-FTMS
spectrometer (Bruker Daltonik, Bremen, Germany), equipped
with an Apollo II electrospray ionization source with an ion
funnel. The mass spectrometer was operated in the positive and
negative ion modes. The instrumental parameters were as
follows: scan range m/z 300-4000, dry gas-nitrogen, temperature
453 K and ion energy 5 eV. The capillary voltage was optimized to
the highest S/N ratio and it was 4500 V. The small changes in
voltage (+500 V) did not significantly affect the optimized spectra.
The samples were prepared in a 1:1 methanol-water mixture at
different pH values. The samples (Zn(u) : ligand and Cu(u): ligand
in a 0.8:1 stoichiometry, [ligand] = 5 x 10~ mol dm™°) were
infused at a flow rate of 3 pL min~'. The instrument was
calibrated externally with a Tunemix™ mixture (Bruker Daltonik,
Germany) in a quadratic regression mode. Data were processed
using the Bruker Compass DataAnalysis 4.2 program. The mass
accuracy for the calibration was better than 5 ppm, enabling,
together with the true isotopic pattern (using SigmaFit), an
unambiguous confirmation of the elemental composition of
the obtained complex.

Spectroscopic measurements

The absorption spectra were recorded on a Varian Cary50 Probe
spectrophotometer, in the range 350-900 nm, using a quartz
cuvette with an optical path of 1 cm. Circular dichroism (CD)
spectra were recorded on a Jasco J-1500 CD spectrometer in the
200-800 nm range, using a quartz cuvette with an optical path
of 1 cm in the visible and near-UV range. Electron paramagnetic
resonance (EPR) spectra were recorded in liquid nitrogen on a
Bruker ELEXSYS E500 CW-EPR spectrometer at X-band frequency
(9.5 GHz) and equipped with an ER 036TM NMR teslameter and
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an E41 FC frequency counter. Ethylene glycol (30%) was used as
a cryoprotectant for EPR measurements. The EPR parameters
were analysed by computer simulation of the experimental
spectra using the WIN-EPR SIMFONIA software, version 1.2
(Bruker). The concentrations of sample solutions used for
spectroscopic studies were similar to those employed in the
potentiometric experiment. The UV-vis, CD and EPR spectro-
scopic parameters were calculated from the spectra obtained at
the pH values corresponding to the maximum concentration of
each particular species, based on distribution diagrams.

NMR measurements

NMR spectra were recorded at 14.1 T on a Bruker Avance III
600 MHz system equipped with a Silicon Graphics workstation.
The temperatures were controlled with an accuracy of £0.1 K.
Suppression of the residual water signal was achieved by
excitation sculpting, using a selective square pulse 2 ms long on
water. All the samples were prepared in D,O (99.9% from Merck)
solution. Proton resonance assignment was accomplished by 2D
'H-"H total correlation spectroscopy (TOCSY) experiments carried
out with standard pulse sequences. Samples of analysed complexes
(zn(n):ligand in a 1:1 stoichiometry, [ligand], = 0.003 mol dm?)
were prepared by adding metal ions to the acidic solution of a
ligand (pH 3), and the pH was then increased to a higher value
(pH 7.4). Spectral processing and analysis was performed using
Bruker TOPSPIN 2.1 and Sparky.*

Complex structure drawings

The pictures of the complex structural hypotheses have been
drawn with ACD/ChemSketch and the 3D structure visualisation
was obtained with Mercury (The Cambridge Crystallographic
Data Centre, CCDC).
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Introduction

Bioinorganic chemistry of calcitermin — the
picklock of its antimicrobial activityy

Denise Bellotti, {2 P Mattia Toniolo,® Dorota Dudek, {2 ° Aleksandra Mikotajczyk,®
Remo Guerrini,® Agnieszka Matera-Witkiewicz, (¢ Maurizio Remelli © *2 and
Magdalena Rowinska-Zyrek & *°

Calcitermin, an antimicrobial peptide from the fluid of the human airways, is a well-conserved, 15 amino
acid C-terminal cleavage fragment of calgranulin C (VAIALKAAHYHTHKE), which is active under acidic pH
conditions (pH 5.4). In an attempt to understand the impact of the coordination of Zn(i) and Cu(i) on the
biological activity of calcitermin, we mutated each of the histidines with an alanine and studied the
thermodynamics, binding mode and antimicrobial activity of wild type calcitermin and its H9A, H11A and
H13A mutants and their Zn(1) and Cu(i) complexes. Both metals strongly enhance the antimicrobial
activity of calcitermin-like peptides, although the link between the minimal inhibitory concentration (MIC)
values and the stability, charge or structure of the complexes is not so obvious. As expected, the increase
in the number of histidines makes the coordination of both metals more effective. There is no preferred
Cu(i) binding site in calcitermin: the stabilities of the Cu()-H9A and Cu(i)-H13A complexes are almost
identical, while the Cu(i)—H11A complex (in which two histidines are separated by three amino acids and
only one His residue is involved in binding) is less stable. On the other hand, the higher stability of the
Zn(n)—H13A complex with respect to those formed by H9A and H11A suggests a pivotal role of His9 and
His1l in Zn(i) complexation. Impressive MIC breakpoints were obtained, similar and lower than those for
commonly used antimicrobial agents that treat Candida albicans (Zn(i) and Cu(i) complexes of WT calci-
termin and H9A, as well as H9A alone), Enterococcus faecalis (H11A, H13A and their metal complexes)
and Staphylococcus aureus (H13A and its complexes).

exception of a few species,” widespread resistance has not
been reported, making them a potential ‘treasure trove’ of

Antimicrobial peptides (AMPs, also known as host defence
peptides), are small, polycationic peptides that form part of
the innate immune response shared by all classes of life.
Different AMPs are active against fungi, bacteria, viruses, pro-
tozoa, and even cancer cells." There are numerous ways in
which AMPs might interact with pathogens, such as mem-
brane disruption, production of reactive oxygen species, inhi-
bition of cell wall, nucleic acid and protein synthesis, or by the
involvement of essential metal ions."® Presumably, bacteria
have been exposed to AMPs for millions of years and, with the
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starting points for rational, focused antimicrobial drug
design.*?

Calcitermin is one of the antimicrobial peptides found in
the fluid of the human airways. It is a 15 amino acid
C-terminal cleavage fragment of calgranulin C, a member of
the S100 family of antibacterial proteins, produced by neutro-
phils, monocytes and keratinocytes.® Calcitermin is only active
under acidic pH conditions (pH 5.4), which are often present
during inflammation; no antimicrobial activity was detected at
pH 7.4 What is of particular interest for this work, calciter-
min antimicrobial activity is enhanced in the presence of Zn(u)
ions.” How does Zn(u) coordination contribute to the biologi-
cal activity? Could the same enhancement be achieved in the
presence of Cu(n)? In general, metal ions have a dual effect on
the activity of antimicrobial peptides: (i) AMPs bind them, so
that microbes cannot get enough metals essential for their life
and virulence and/or (ii) AMPs need the given metal ion as a
booster of their antimicrobial activity, affecting the charge
and/or structure of the peptide.® Therefore, it is reasonable to
hypothesize that calcitermin mode of action may be connected

This journal is © The Royal Society of Chemistry 2019
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with (i) the increase of the positive charge (coming from the
protonation of its residues and from the metal ion itself) that
may facilitate interaction with the negatively charged groups
on the bacterial and fungal surfaces and/or (ii) with metal-
induced structural stabilization.” In an attempt to understand
the impact of Zn(u) and Cu(u) on calcitermin antimicrobial
activity, we described the bioinorganic chemistry and the anti-
microbial potential of Cu(u) and Zn(u) complexes with calciter-
min and its three His-to-Ala mutants, in which each histidine
residue is replaced with one alanine (wild type calcitermin,
WT = VAIALKAAHYHTHKE; H9A = VAIALKAAAYHTHKE;
H11A = VAIALKAAHYATHKE; H13A = VAIALKAAHYHTAKE).
Complexes were characterized by mass spectrometry, potentio-
metry, UV-Vis spectrophotometry, circular dichroism (CD) and
nuclear magnetic resonance (NMR). Antimicrobial activity
assays of ligand/complex system were also performed.

Results and discussion
Ligand protonation

All investigated peptides are unprotected fragments and thus
their acid-base behaviour not only depends on the amino
acids side chains properties, but also on their amino and car-
boxyl termini. The amide groups of the peptide backbone
cannot spontaneously release their protons in the pH range
explored by potentiometry, since they are very weak acids (pK,
~ 15);> however, these protons can be displaced by Cu(u) at a
suitable pH value, to form complexes. The distribution dia-
grams for protonation equilibria of wild type calcitermin and
its mutants are shown in Fig. S1-S4 (ESIf) and the corres-
ponding constants are reported in Table 1. Wild type calciter-
min (WT = VAIALKAAHYHTHKE) contains nine groups
involved in acid-base reactions: two lysines (K), one tyrosine
(Y), the amino-terminus, three histidines (H), one glutamic
acid side chain (E) and the carboxylic-terminus. The three
peptide  mutants H9A  (VAIALKAAAYHTHKE), H11A
(VAIALKAAHYATHKE), H13A (VAIALKAAHYHTAKE) lack one
His residue, which has been substituted by an alanine in posi-
tion 9, 11 and 13, respectively. All of them, once completely
deprotonated, bear a triple negative charge (L>~). The obtained
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protonation constants are in good agreement with literature
values for similar systems'® and show reasonable similarities
among the considered peptides. Lysines are the most basic
residues; although their log K values are rather high, they
could be measured under the considered experimental con-
ditions (pH range 2.5-10.5). log K value of tyrosine falls in the
range 9.37-9.65, among the studied peptides; this interval is
rather small, suggesting the lack of a specific behaviour
depending on the ligand sequence. Neither the presence or
absence of one histidine residue nearby the tyrosine signifi-
cantly affects its protonation constant. Analogously, the
obtained protonation constants for the amino-terminus are
quite close to each other (8.70, 8.57, 8.38, 8.61). Histidine resi-
dues are characterized by log K values ranging from 6.11 to
7.30: the acidity of imidazole groups increases with the posi-
tive charge of the peptide, as expected. Finally, the lowest log K
values can be attributed to the carboxylic groups of the Glu
residue (rather high for a carboxylate, but already reported in
the literature,"" and comparable in all mutants: 5.33, 5.59,
5.49, 5.36) and of the C-terminus (3.89, 4.11, 3.93, 3.80).

Cu(u) complexes

Calcitermin (WT) and its mutants H9A, H11A and H13A are
able to form 1:1 complexes with the Cu(u) ion; no poly-
nuclear or bis-complexes have been detected by potentiometry
or mass spectrometry under the experimental conditions here
employed. No precipitation has been observed over the
explored pH range. Overall complex-formation constants
(log §) and corresponding acidity constants (pK,) are reported
in Tables 2, S1-S3 (ESIt), along with the spectroscopic results.
The corresponding distribution diagrams are plotted in Fig. 1
and S5-S7 (ESIT). ESI-MS results are shown in Table S4 (ESIT):
the prevailing signals correspond to equimolar Cu(u) com-
plexes. UV-Vis and CD spectra are reported in Fig. 2, 3 and
S8-513 (ESIY).

The Cu(u) coordination to WT calcitermin starts at about
pH 3. The first detected complex is [CuH,L]*; the stoichio-
metry of this species indicates that two acid-base sites are
already deprotonated. Besides the terminal carboxyl group, it
is reasonable to claim that the first metal anchor site is one
His residue. In addition, NMR spectra (Fig. S14 ESI}) suggest

Table 1 Overall (log ) and step (log K) protonation constants for calcitermin, H9A, H11A and H13A at T = 298 K and / = 0.1 mol dm™> (NaClO,).

Values in parentheses are standard deviations on the last significant figure

WT H9A H11A H13A
Species log p log K log p log K log p log K log p log K
HL>™ 10.3 (1) 10.3 Lys 10.22 (7) 10.22  Lys 10.14 (9) 10.14  Lys 10.27 (5) 10.27  Lys
H,L~ 20.13 (6) 9.83 Lys 20.26 (3)  10.04  Lys 20.03 (4) 9.89  Lys 20.15 (2) 9.88  Lys
H;L 29.78 (6) 9.65  Tyr 29.77 (4) 9.51  Tyr 29.41 (5) 9.38  Tyr 29.52 (3) 9.37  Tyr
H,L' 38.50 (5) 870  NH, 38.34 (4) 8.57  NH, 37.79 (4) 8.38  NH, 38.13 (2) 8.61  NH,
H,L*" 45.80 (7) 7.30  His 45.44 (5) 7.10  His 44.88 (6) 7.09  His 45.25 (3) 7.13 His
HeL* 52.43 (6) 6.62  His 52.00 (5) 6.56  His 51.42 (5) 6.54  His 51.69 (3) 6.43 His
H,L" 58.54 (6) 6.11 His 57.59 (5) 5.59 Glu 56.91 (6) 5.49 Glu 57.05 (3) 5.36 Glu
HgL>" 63.89 (6) 5.33 Glu 61.71 (5) 4.11 COO~ 60.83 (6) 3.93  COO~  60.85(3) 3.80  COO~
HoL®" 67.78 (7) 3.89 COO~  — — — — — —

This journal is © The Royal Society of Chemistry 2019
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Table 2 Potentiometric and spectroscopic data for Cu(i) complexes with ligand calcitermin (VAIALKAAHYHTHKE), T = 298 K, / = 0.1 mol dm™
(NaClOy4) and M : L molar ratio = 0.9 : 1. Values in parentheses are standard deviations on the last significant figure

UV-Vis CD
Species log pKa, Amax (nm) Ae Mt em™) 2 (nm) Ae (M em™) pH
[CuH,L]*" 62.6 (1) 3.9 800 233 -1.6 3.0
[CuHL]* 58.69 (3) 4.90 800 233 -1.6 4.0
[CuHsL]*" 53.79 (3) 5.94 650 63 235 -2.0 5.1
[CuH,LP* 47.85 (3) 6.95 612 87 340 —0.22 6.3
283 0.39
235 —-2.03
[CuH L] 40.90 (4) 7.40 570 108 640 0.34 7.2
550 —-0.25
340 —0.88
257 2.10
235 -1.77
[CuH,L]" 33.50 (4) 8.88 540 120 640 0.46 7.9
550 —-0.35
340 -1.19
255 3.31
235 —1.48
[CuHL] 24.62 (5) 9.74 540 120 640 0.46 9.1
550 —-0.35
340 —-1.24
253 4.02
235 -1.11
[CuL]” 14.88 (5) 10.16 525 125 640 0.46 10.0
541 —0.40
340 -1.15
249 5.38
[CuH_,L]P~ 4.72.(5) 520 140 640 0.46 11.0
525 —0.58
340 —0.56
250 6.90
[CuH_,L]* ~16.71 (8) 520 140 340 —0.22 11.0
283 0.39
235 —-2.03

% formation relative to [Cu'"]

Fig. 1 Exemplificative species distribution diagram relative to Cu(n)/WT
complexes; M: L molar ratio = 0.9:1.

that the carboxylic groups are not involved in Cu(u) complexa-
tion. With the increase of pH value two subsequent deprotona-
tion steps occur with pK, values of 3.9 and 4.90, respectively,
most likely corresponding to the deprotonation and coordi-
nation of the other two histidine residues to form the (2Ny,;,)
complex [CuHgL]>" and the (3Ny,,) species [CuH;L]*". In fact,
in the acidic pH range (4.5-5.5), the second and third His resi-

13742 | Dalton Trans., 2019, 48, 13740-13752

UV-Vis spectra of Cu(ll)/VAIALKAAHYHTHKE

pH 11.9 pH 11.0

\pH 30 PH4O

T T 1
400 500 600 700 800

A (nm)

Fig. 2 Vis absorption spectra [350-800 nm; optical path 1 cm] for
Cu() complexes with WT; M: L ratio = 0.9: 1.

dues of WT calcitermin can be deprotonated only if they are
bound to the metal ion. It is not possible to exactly determine
the wavelength of maximum absorption of [CuH,L]°" and
[CuHEL]*", because of interference of the solvated Cu(u) ion,
always present in solution until pH 5.5. Starting from pH 6,
the [CuH,L]*" species is the most abundant in solution. It

This journal is © The Royal Society of Chemistry 2019
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CD spectra of Cu(ll)/VAIALKAAHYHTHKE

Ag (cm™ M)

Fig. 3 CD spectra [220-800 nm; optical path 1 cm] for Cu(i) com-
plexes with WT; M : L ratio=0.9:1.

derives from the [CuHsL]*" complex which releases a proton
with a pK, value of 5.94, compatible with the hypothesis of the
deprotonation of the Glu residue, without any relevant change
in the complex geometry. Spectroscopic data (Table 2) are in
good agreement with the thermodynamic results. With the
increase of pH, a blue-shift of Vis spectra is observed (Fig. 2),
suggesting the increase of the number of coordinated nitrogen
atoms: the wavelength of maximum absorption shifts to
612 nm at pH 6.3, where the [CuH,L]®* complex reaches
almost 60% of formation, supporting the hypothesis of a
(3Npm) coordination.’ The (3Nj,,) coordination mode is also
confirmed by NMR spectra where we can observe broadening
of all His Hs-H, correlations (Fig. S14 ESIt). Starting from pH
5.5, the complex releases a further proton with a pK, = 6.95 to
form the [CuH;L]*" species. This pK, value is attributable to
the deprotonation and binding of the terminal amino group to
form a (3Nyy,, NH,) complex (see Fig. 4A). This pKj,, in fact, is
significantly lower than the deprotonation constant of the
N-terminus in the free WT ligand (pK, = 8.70) (Table 1). The
coordination of the N-terminal amino group is suggested by a
significant shift of the H,~Hy correlations of Vall in NMR
spectra (Fig. S14 ESIT). The Vis spectrum recorded at pH 7
(Fig. 2) shows a quite broadened absorption band, likely due
to the presence of different species in solution ([CuH,L]*",
[CuH;L]*" and [CuH,L]").

The measured Ay is in the range 570-560 nm, which is
consistent with the hypothesis of a (3Ny,;,,, NH,) coordination
mode (568 nm)’ for [CuH;L]*". At physiological pH, the
amount of this species present in solution is comparable with
the amount of the [CuH,L]" complex. It can be suggested that,
to form [CuH,L]", one amide proton is displaced by the Cu(i)
ion (pK, = 7.40) and that the corresponding amide nitrogen
substitutes a donor group already bound in the equatorial
plane. Indeed, a significant change in the visible CD spectra
could be detected at pH > 7.2 (Fig. 3), thus suggesting a
remarkable variation in the coordination mode, attributable to
the involvement of a backbone amide."” Furthermore, at pH
7.9, where the [CuH,L]" species is the most abundant complex
in solution, the d-d band of the Vis spectra is located at

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Proposed coordination sphere of Cu(i) complexes with (A) wild-
type calcitermin, (B) H9A mutant of calcitermin, (C) H11A mutant of cal-
citermin, (D) H13A mutant of calcitermin, at physiological pH.
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540 nm and this is compatible with the hypothesis of a (2Nyy,,
1NH,, 1N7) complex (549 nm).” The formation of the next
species [CuHL)], detected at higher pH (pkK, = 8.88), is consist-
ent with the coordination of a further amide nitrogen,
suggesting a (2Ny,,, 2N7) coordination mode; the wavelength
of maximum absorption predicted for this type of coordination
is 539 nm.° The Vis absorption spectrum at pH 9.1 overlaps
with the one recorded at pH 7.9 (Fig. 2), both characterized by
a Amax = 540 nm, in agreement with the two proposed Cu(u)
configurations for the [CuH,L]" and [CuHL] species. The
seventh detected complex ([CuL]”) derives from the release of
the tyrosine proton (pK, = 9.74) without any interaction with
the metal ion. At pH higher than 9, the [CuH_,L]*~ species is
formed: the corresponding deprotonation step (pK, = 10.16)
can be attributed to the binding of a third amide nitrogen in
the main coordination plane, resulting in a (1Nyy,, 3N”) coordi-
nation mode (predicted Aga = 522 nm).” A square-planar
complex geometry is conceivable, as indicated by the CD
bands in the visible region (Fig. 3). Finally, at pH higher than
10, two further deprotonation steps occur, giving rise to the
[CuH_;L]*" species, no changes in the Vis absorption and CD
spectra are observed suggesting that the two Lys residues
spontaneously deprotonate without being involved in
complexation.

The coordination behaviour of the Cu(u)/H9A mutant
system is very similar to that of the wild-type calcitermin. The
formation of the first detected species, [CuHqL]*", is associated
with the coordination of the first histidine, while the
C-terminal carboxyl group is already deprotonated. The first
deprotonation step (pK, = 4.51) likely corresponds to the dis-
placement of the acidic proton from the second histidine to
obtain a 2N coordination mode (expected Ay, = 687 nm,
measured Ay, = 670 nm at pH = 5.0). At higher pH, the gluta-
mic acid deprotonates without being involved in Cu(u) coordi-
nation (pK, = 5.66). At physiological pH, the [CuH;L]** species
reaches its maximum of formation (40%) and the corres-
ponding protonation constant of 7.25 suggests that the Cu(u)
ion binds the N-terminal amine to obtain an equatorial con-
figuration (2N, NH,) (Fig. 4B); the corresponding value of
Amax 1S 613 nm, measured at pH 7.0 (expected Ay, = 617 nm).
The coordination mode at physiological pH is also confirmed
by NMR spectra, where distinct changes are observed after the
addition of Cu(u): (i) broadening of both the signals assigned
to His Hs—H, correlations, confirming their participation in
coordination (Fig. S15A ESIt), and (ii) the shift of valine H,~H,
and Hg-H, correlations (Fig. S15B ESI{), which is most prob-
ably related to N-terminal amine involvement in complexation.
No changes in correlation signals assigned to glutamic acid
are observed. The release of a further proton with a pK, =
7.62 gives rise to the [CuH,L]" species, where the most prob-
able deprotonated site is one N-amide, as suggested by the
remarkable change in the visible portion of CD spectra at pH >
8. Under the most alkaline conditions, up to three deproto-
nated amides of peptide backbone can gradually substitute
imidazole nitrogens in the metal coordination sphere. At the
most alkaline pH values the recorded d-d bands show a Aax
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of about 515 nm, slightly lower than the one obtained for the
Cu(u)/WT system and exactly the expected value for a (NH,,
3N7) coordination mode.’

As for Cu(u) complexes with H11A mutant, in the first
detected species ([CuHeL]’"), the Cu(u) ion is most likely
anchored to a His residue. The following complex, [CuH;L]*",
is obtained with a pK, = 5.35 which suggests the deprotonation
of the glutamic acid, without any change in Cu(u) coordi-
nation. In NMR spectra, the addition of Cu(u) to the peptide
solution does not trigger any significant change of glutamic
acid signals (Fig. S16B ESIf), further confirming that this
residue is not involved in binding. The formation of the third
detected species, [CuH,L]*", is characterized by a pK, value of
6.55; this is the most abundant species in the pH range
6.5-7.5. In the visible portion of the CD spectra in the pH
range 6-8, the onset of an intense negative band at 650 nm
can be observed, only in this Cu(u)/H11A system (Fig. S12
ESIY). This is a clue that an amide nitrogen is already involved
in coordination, as confirmed by the CD band at 316 nm.
Since the amides are closer to the chiral centers of the peptide
than the imidazole side chains, it is expected that their invol-
vement in Cu(u) coordination gives rise to more intense CD
signals. Therefore, the binding of a backbone-amide nitrogen
leads to the formation of a (Ny,,, N7) complex (expected Apax =
660 nm). It is worth of note that H11A is the only peptide of
the series where the two histidines of the sequence are separ-
ated by 3 residues; evidently, this His disposition favours the
amide ionization rather than the coordination of the second
imidazole ring, as confirmed by NMR spectra. Apart from the
N-terminal Vall signals, only the His13 Hs-H. correlations
broaden after the metal ion addition (Fig. S16A ESIt), while
the His9 aromatic signals do not undergo any significant
change, which points out the involvement of only the His13 in
Cu(u) binding (Fig. 4C). At pH higher than 9, significant
changes in UV-Vis and CD spectra support the hypothesis of
further important variations in the coordination mode,
suggesting that up to three deprotonated amides of the
peptide backbone can gradually be involved in the metal
coordination sphere. As in the case of H9A, the obtained wave-
length of maximum absorption at pH > 10 (Amax = 513 nm)
suggest a (NH,, 3N") configuration for Cu(u) complexes at the
most alkaline conditions.

A substantial difference in coordination modes at the most
acidic pH values can be hypothesized for Cu(u) complexes with
the H13A mutant, where the His residue in position 13 is sub-
stituted by an alanine. Cu(u) starts to interact with the ligand
at pH around 3.5 and the first detected complex is [CuHsL]",
in which three acidic sites are already deprotonated. The wave-
length of maximum absorption in the visible region at pH 5.2
(Amax = 653 nm) suggests a (2N) coordination for the metal ion.
Both the (2Nyy,) and (Np,, NH,) equatorial configurations are
possible: the expected Anm,ax values for these structures are
687 nm and 675 nm, respectively, not far from the experi-
mental value. Evidently, the absence of His13 in H13A destabi-
lizes the (Ny,) complex, favouring the early formation of a (2N)
species. This behaviour suggests a role for His13 in the first
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Cu(u) anchorage in WT calcitermin and its H9A and H11A
mutants. At pH 4, the [CuH,L]*" species begins to form. The
calculated pK, value of 5.74 can be attributed to the deprotona-
tion of the Glu residue without any involvement in Cu(u)
coordination. With the increase of pH, the [CuH;L]** complex
is detected; the corresponding pK, value (6.70) can be attribu-
ted to the coordination of either the N-terminal amine or the
second His residue. In any case, the suggested configuration
for [CuH;L]**, which is the major species at physiological pH,
is characterized by three N-donor groups (2Ny,, NH,) (see
Fig. 4D). This coordination mode is supported by NMR spec-
troscopy, where the broadening of both histidine Hs-H,
signals and the shift of the valine signals can be observed
(Fig. S17A and B ESIf). Once again, increasing the pH value
Cu(u) coordinates amide nitrogens to form a (1Nyy,, 3N7)
complex under the most alkaline conditions (experimental
Amax = 520 nm at pH 11.0).

As in the case of WT, the obtained experimental results for
all the three mutants suggest that tyrosine does not directly
interact with the metal ion. Furthermore, increasing the pH,
the [CuH_;L]*~ complex is formed in all the systems at the
most alkaline pH values. No spectroscopic changes are
observed, thus indicating that lysine residues release their
additional proton without participating to Cu(i) coordination.

Zn(u) complexes

All the investigated peptides are able to form 1:1 complexes
with the Zn(u) ion; no poly-nuclear or bis-complexes have been
detected neither by potentiometry, nor by mass spectrometry.
The complex formation constant values for wild-type calciter-
min are shown in Table 3 and for the three mutants (H9A,
H11A and H13A) are reported in Tables S1-S3 (ESIY); the
corresponding distribution diagrams are plotted in Fig. 5 and
S18-S20 (ESIt). ESI-MS results are reported in Table S4 (ESIf)
and NMR spectra are shown in Fig. S21-S24 (ESIf).

In the case of wild type calcitermin, the first observed Zn(u)
complex is [ZnH;L]"" which begins to form around pH 4.5 and
reaches its maximum concentration at pH 6. A reasonable
structural hypothesis for this species is that 2 histidine imid-
azoles and the side chain of glutamic acid are involved in
Zn(u) coordination (the involvement of the C-terminal carboxyl
group, instead of the Glu side chain carboxylate, although less
likely, cannot be excluded, since it would also affect the Ha

Table 3 Overall stability constants (log ) and acid dissociation con-
stants (pK,) for Zn(i1) complexes with calcitermin, T = 298 K, I = 0.1 mol
dm™3 (NaClO,) and M: L molar ratio = 0.9: 1. Values in parentheses are
standard deviations on the last significant figure

Species log j pK,
[znH,L]* 51.02 (5) 6.47
[znH,L]** 44.55 (7) 7.00
[ZnH,L]* 37.55(8) 7.52
[ZnH,L]" 30.03 (7) 8.31
[znHL] 21.72 (7) —

[znH_,L]? 3.5 (1) —

This journal is © The Royal Society of Chemistry 2019
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correlations of the C-terminal Glu (Fig. S21Bft)). The next
deprotonation step gives rise to the [ZnH4L]>" species; the
corresponding pK, = 6.47 can be ascribed to the deprotonation
of a further histidine. This pK, value is lower than that
measured for the third His residue (7.30) in the free ligand
and this suggests the participation of a third imidazole in
Zn(u) binding (Fig. 6A). This hypothesis is also supported by
NMR spectra, where Hs—H, protons signals of His9, His11 and
His13 are broadened to baseline (Fig. S21 ESIT) in the presence
of the metal ion. The deprotonation of a coordinated water
molecule leads to the formation of the [ZnH;L]*" species,
which dominates around pH 7. The remaining three com-
plexes [ZnH,L]", [ZnHL] and [ZnH_,L]*" are related to the
deprotonations of the terminal amine, tyrosine and two lysine
residues, which are not involved in the coordination.

The first detected complex for the H9A mutant is [ZnH,L]*",
which reaches its maximum of formation in solution around
pH 7. The stoichiometry of this species suggests that four
acid-base sites are already deprotonated. It is reasonable that
2 histidine residues are involved in Zn(u) coordination
(Fig. 6B); the glutamic acid does not interact with the metal
ion, as indicated by the lack of any changes in its NMR corre-
lations (Fig. S22 ESIf). The next four species [ZnH;L]*",
[ZnH,L]", [ZnHL] and [ZnH_,L]>", are most likely obtained
from the deprotonation of the non-coordinating N-terminus,
tyrosine and two lysine residues, respectively, without being
involved in complexation.

In case of the H11A mutant, the first Zn(u) complex,
[ZnHsL]", begins to form around pH 4.5 with a maximum of
formation at pH 6. Only three groups are deprotonated at this
point, ie. the two carboxylic groups and one histidine. The
proposed coordination mode for this species is (Ny,,, COO™),
where one histidine and the glutamic acid side chain are
involved in binding. The next species, [ZnH,L]**, dominates in
solution at neutral pH; its metal coordination sphere includes
a second histidine residue (pK, = 6.24) (Fig. 6C). This coordi-
nation mode is also supported by NMR spectra where we can
observe the broadening of histidine signals (Fig. S23A ESIf)
and a slight shift of the glutamic acid signals (Fig. S23B ESIL; T
however, as in the case of wild type calcitermin Zn(u) complex,
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Fig. 6 Proposed coordination sphere of Zn(i) complexes with (A) wild-
type calcitermin, (B) H9A mutant of calcitermin, (C) H11A mutant of cal-
citermin, (D) H13A mutant of calcitermin, at physiological pH.

the involvement of the C-terminal carboxyl group, instead of
the Glu side chain carboxylate, is less likely, but cannot be
excluded, since it would also affect the Ha correlations of the
C-terminal Glu). A further deprotonation step gives rise to the
[ZnH;L]** complex with a pK, = 7.56, which can be ascribed to
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the ionization of the coordinated water molecule. The follow-
ing four deprotonations lead to the formation of [ZnH,L]",
[ZnHL], [ZnL]” and [ZnH_;L]*~ complexes, which derive from
the deprotonation of the N-terminus, tyrosine and two lysine
residues, respectively. None of them are involved in Zn(u)
binding.

The first observed zinc complex of the H13A mutant is
[ZnH;L]** reaching its maximum amount around pH 6. As in
the case of H11A mutant, in this complex only one histidine
imidazole is involved in Zn(u) coordination. At neutral pH, the
species [ZnH,L]** dominates in solution; the corresponding
protonation constant of 6.22 is consistent with the hypothesis
of the coordination of a second His residue. As in the case of
H9A mutant, Glu residue does not interact with the metal ion
(Fig. 6D). This hypothesis is supported by NMR spectra
(Fig. S24B ESIY): after the addition of one equivalent of Zn(u)
ions, the signals corresponding to glutamic acid side chain
correlations remain unchanged. The release of two further
protons leads to the formation of the [ZnH,L]" complex; the
corresponding deprotonation steps can be assigned to the
ionization of a coordinated water molecule and to the deproto-
nation of the N-terminal amino group. Analysis of the complex
solution at pH above 8 was not possible, due to precipitation.

Comparison of complex stability

The stability constants of metal complexes characterized by
different stoichiometries and/or protonation degrees cannot
be directly compared. The parameters most commonly used to
evaluate the overall binding affinity of different ligands
towards a metal ion, the dissociation constant (K4)'* and the
pM value'® (Table S71) are reasonably comparable to those of
similar systems found in the literature. Ky values of Cu(u) com-
plexes at pH 5.4 are in the micromolar range, while those cal-
culated for pH 7.4 are close to the nanomolar range, with the
exception of A11H (8.15 x 1077), which involves (Ny,,, NH,, N-)
in binding, and the wild type calcitermin (1.31 x 10~'%), which
employs a (3Nj;,, NH,) binding mode. Considering that for his-
tidine a K4 value of 3 nM has been reported,'® calcitermin can
compete with amino acids and low molecular weight ligands
to bind the accessible pool of Cu(u) in vivo. Kq values of Zn(u)
complexes are in the millimolar range at pH 5.4, while at pH
7.4, they are around micromolar, with the exception of the
wild type calcitermin (3.07 x 1077 M), which involves an
additional imidazole in Zn(u) binding in comparison to other
mutants.

In addition, in the attempt to get more information on the
role played by the number and position of His residues on the
coordination ability of calcitermin, two competition plots
(plots based on the calculated constants, showing a hypotheti-
cal situation, in which equimolar amounts of Cu(u)/Zn(u), WT
calcitermin, H9A, H11A and H13A mutants, are present see
Experimental) were built up at equimolar concentrations of
ligands and metal ions (Fig. 7). The wild-type calcitermin is
the most effective ligand for both the investigated metal ions.
The most remarkable differences in binding affinity between
calcitermin and its mutants occur from pH = 5.5 in the case of
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Fig. 7 Competition plots for solutions containing equimolar concen-
trations of M(i), WT wild-type calcitermin, H9A, H11A and H13A. M(i) =
(A) Cu(n) and (B) Zn(n).

Zn(u) and pH = 4.5 in the case of Cu(u), i.e. when the third his-
tidine residue of WT calcitermin comes into play. This confirms
once again that an increase in the number of histidines makes
the coordination more effective.'®® At the most acidic pH
values the affinity of WT, H9A and H13A for Cu(u) ion is com-
parable, in agreement with the above hypothesis that the coordi-
nation behaviour towards the metal ion is very similar for these
three peptides. No direct evidence for the preferred metal
binding site of calcitermin comes out, since the two curves
referring to H9A and H13A complexes are practically superimpo-
sable throughout the entire pH range. On the other hand, the
lowest affinity of H11A is in good agreement with the hypothesis
of the initial involvement of only one His residue and it also
suggests that two histidines separated by only one amino acid
(ligands H9A and H13A) are more effective in chelating copper
than two histidines more far apart (as in H11A).

In the case of Zn(u) ion, the calculated competition plot
shows different trends. The stability of the mutant complexes
is much more affected by the position of His residues in the
amino-acid sequence. The higher stability of Zn(un) complexes
formed by H13A with respect to those formed by H9A and
H11A suggests a pivotal role of His9 and His11 in zinc com-
plexation. It is also noteworthy that, the coordination of Zn(u)
to the glutamic acid side chain of H11A mutant is not reflected
by an increased stability of the complex.

This journal is © The Royal Society of Chemistry 2019
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In order to better understand the binding ability of the cal-
citermin sequence, other competition plots have been built
up, where the complex-formation behaviour of WT is com-
pared to that of other similar peptides. Four other histidine
rich sequences have been taken into account: (i) the neuropep-
tide gamma DAGHGQISHKRHKTDSFVGLM-NH, (NPG),"’
which contains three histidines separated by four and two resi-
dues (HxxxxHxxH) and a free N-terminus, (ii) the protected
fragment Ac-SHSHSHSHS-NH, of C4YJH2, a putative metal
transporter of Candida albicans,'® with four alternated His resi-
dues (HxHxHxH), (iii) the N-terminally free multihistidine
peptide HAVAHHH-NH,,*® which bears four histidines with a
HxxxHHH motif, and (iv) the polyhistidine triad motif from
Streptococcus pneumoniae AccHGDHYH-NH,,”" which contains
three histidines separated by two and one residues (HxxHxH).
In the case of Zn(u) complexes, the comparison between calci-
termin, Ac-SHSHSHSHS-NH,, HAVAHHH-NH, and Ac-
HGDHYH-NH, (Fig. S25 ESI}) reveals that, under the most
acidic conditions (pH 4.5-6), the participation of Glu residue
in the complexation likely contributes to the stabilization of
Zn(u)/WT system, making this ligand more efficient than Ac-
SHSHSHSHS-NH,, in which only 3 histidines participate in the
coordination.'® In Fig. $26 (ESI{), the competition diagram of
Cu(u) complexes with WT, NPG and Ac-SHSHSHSHS-NH, is
plotted: under the most acidic condition Cu(u) coordination
mostly involves the His residues in all the systems. Starting
from pH 5, the higher affinity of Ac-SHSHSHSHS-NH, is con-
sistent with the binding of the fourth imidazole nitrogen, that
is absent in WT and NPG. These latter systems, instead,
contain three His and the free N-terminus and show a similar
trend up to pH 5.5. The increase of stability of Cu(u)/WT com-
plexes is due to the presence of a 4N coordination mode
(3Nim, NH,), rather than a 3N configuration (2Ny,, NH,)
suggested for NPG, where the third histidine should not bind
the metal ion.

Can Cu(u) outcompete Zn(u) in binding to calcitermin? The
Irving-Williams series suggests it definitely would, at least
under equimolar concentrations. The same situation would be
observed under physiological concentrations of the studied
metals in the lung (a tenfold excess of Zn(u) over Cu(m))**-
Zn(u) would be outcompeted by Cu(u) in all the studied pH
range (Fig. S277).

Antimicrobial activity

All compounds were tested for their antimicrobial activity
against a representative panel of microbials: Pseudomonas aer-
uginosa 15442, Klebsiella pneumoniae 13883, Escherichia coli
25922, Staphylococcus aureus 29213, Enterococcus faecalis 29212
and Candida albicans 10231. The in vitro antimicrobial activity
was screened using microdilution method and modified
Richard’s method. The results showed no MBC/MFC activity.
However, the minimal inhibitory concentration (MIC) has
been determined for all active compounds and their metal
complexes (Table 4).

Obtained results suggest that the structure modification in
all analysed systems (WT, H9A, H11A, H13A) determine
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Table 4 In vitro antimicrobial activity of WT, H9A, H11A, H13A expressed as a minimal inhibitory concentration (MIC), at pH = 5.4

Candida albicans ~ Enterococcus faecalis ~ Staphylococcus aureus — Escherichia coli  Klebsiella Pseudomonas
10231 29212 29213 25922 pneumoniae 13883 aeruginosa 15442
Strain MIC (pg mL™") MIC (pg mL™") MIC (pg mL™) MIC (pgmL™")  MIC (pg mL ™) MIC (pg mL™")
WT n/d n/d 128 n/d 128 n/d
WT-Cu(u) 1 n/d 128 n/d n/d n/d
WT-Zn(u) 1 n/d n/d n/d n/d n/d
H9A 1 n/d n/d n/d n/d n/d
H9A-Cu(u) 2 128 n/d n/d n/d n/d
H9A-Zn(m) 0.25 n/d 64 n/d n/d 128
H11A n/d 64 n/d n/d n/d n/d
H11A Cu(u) n/d 32 64 n/d n/d n/d
H11A-Zn(un) n/d 4 n/d n/d 128 n/d
H13A n/d 4 0.25 n/d n/d n/d
H13A Cu(u) n/d 4 0.25 n/d n/d n/d
H13A-Zn(n) 128 0.5 0.25 n/d n/d 128

n/d, not detected.

Table 5 Examples of MIC breakpoints values from EUCAST/2019/01/01 for bacteria and 2018/02 for fungi

MIC MIC
breakpoints breakpoints
MIC breakpoints (pg mL™") (g mL™) (ng mL™Y)
Enterococcus ssp. Staphylococcus ssp. E— B
(for E. faecalis) S(sensitive)< R(resistant)> (for S. aureus) S< R> C. albicans S< R>
Ampicillin 4 8 Azithromycin 1 2 Ambotericin B 1 1
Ampicillin-Sulbactam 4 8 Ceftobiprole 2 2 Fluconazole 2 4
Amoxicillin 4 8 Ciprofloxacin 1 1
Amoxicillin-clavulanic acid 4 8 Chloramphenicol 8 8
Imipenem 4 8 Maxifloxacin 0.25 0.25
Ciprofloxacin 4 4 Amikacin 8 8
Levofloxacin 4 4 Gentamicin 1 1
Vancomycin 4 4 Tobramycin 1 1
Linezolid 4 4 Teicoplanin 2 2
Nitrofurantoin 64 64 Clindamycin 0.25 0.5

(only E. faecalis)

specific and strictly directed activity. A different sensitivity of
all investigated strains is presented. Among all, Gram-negative
species (Escherichia coli 25922, Klebsiella pneumoniae 13883,
Pseudomonas aeruginosa 15442) are resistant for almost all
investigated compounds. Only WT and the three Zn(u)
complex systems with H9A, H11A and H13A present activity
against Gram-negative species (MIC = 128 pug mL™"), although
their activity was lower than those exhibited towards Gram-
positive bacteria. In fact, activity against Enterococcus faecalis
29212 and Staphylococcus aureus 29213 was detected for both
H11A and H13A mutants, although the most relevant MIC
values are shown for H13A, H13A/Cu(n) and H11A/Zn(u)
against Enterococcus faecalis 29212 (MIC = 4 pg mL™") and for
H13A/Zn() (MIC = 0.5 ug mL™") (Table 4).

According to the newest EUCAST (European Committee on
Antimicrobial Susceptibility Testing) validated “Clinical
Breakpoints and dosing v.9.0”, which have been obtained for
the same Enterococcus faecalis 29212 strain (Table 5) the MIC
breakpoints are similar and lower than those for commonly
used antimicrobial agents. Promising MIC values were also
detected against Staphylococcus aureus 29213 for all the H13A

13748 | Dalton Trans., 2019, 48, 13740-13752

systems: their MIC values (0.25 pg mL™') are significantly
lower than those obtained for common used antibiotics and
chemotherapeutics (Table 5, an EUCAST validation was
obtained for the same strain). Finally, comparison of the
results obtained against Candida albicans 10231 clearly shows
that WT complexes with Cu(u) and Zn(u) and also H9A mutant
and metal ion complexes present competitive values for cur-
rently used antimicrobial agents used in therapies (Tables 4
and 5). Antimicrobial activity of ligands/complexes, which were
active at pH 5.4 (discussed so far), was also tested at pH 7.4. At
this pH, none of the analysed systems presented any anti-
microbial activity. A Neutral Red (NR) cytotoxicity in vitro assay
(Table S6 ESIt) performed on a regular fibroblast show that the
used metal concentration range is not toxic to regular cells.

Conclusions

The present study shows that calcitermin is a very good chela-
tor for both Cu(u) and the Zn(u) ions. His-to-Ala substitutions
have a significant effect on both the thermodynamic stability
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and the structure of the metal complexes. As expected, the
increase in the number of histidines makes the coordination
of both the metals more effective. There is no preferred Cu(u)
binding site in calcitermin: the stabilities of the Cu(u) com-
plexes with H9A and H13A are almost identical. In the least
stable Cu(u) complexes formed by H11A, in which two histi-
dines are separated by three amino acids, only one His residue
is involved in binding: clearly the coordination HisxHis is pre-
ferred to HisxxxHis. As for the Zn(u) complexes, the higher
stability of the species formed by H13A, with respect to those
formed by H9A and H11A, suggest a pivotal role of His9 and
His11 in zinc complexation.

Both His-to-Ala substitutions and the presence of metal
ions have a significant influence on the antimicrobial activity
of the studied systems: (i) Cu(u) and Zn(u) complexes of both
wild type calcitermin and the three systems containing the
HO9A mutant are active against fungi (C. albicans); (ii) mutating
His11 and His13 to H11A and H13A, respectively, puts out the
antifungal activity; (iii) relevant antimicrobial effects against
Gram-positive bacteria are detected, in particular by the H13A
systems against S. aureus and E. faecalis; (iv) no intrinsic
activity has been determined against Gram-negative strains for
all analysed compounds.

Several AMPs require metal ions for their antimicrobial
activity. Often, metal coordination triggers the preorganization
of the AMP and/or various charge-charge or metal-ligand
interactions that may lead to the destabilization or permeabili-
zation of the cell wall.>** In the present case, it is not straight-
forward to link the antimicrobial activity of the studied
systems with their charge, structure or metal binding mode
(Table S77). The peptides and their metal complexes seem to
be random coils in water (data not shown) while they adopt a
helical-like structure in the presence of membrane-mimicking
SDS; no clear influence of the His-to-Ala substitutions or metal
coordination is observed (Fig. S28-S31 ESI¥).

In conclusion, the present work is a comprehensive descrip-
tion of the thermodynamics, structure and coordination chem-
istry of the studied metal-calcitermin complexes, with the aim
to find a link between these properties and the antimicrobial
mode of action. No such link became obvious so far, however,
what is of particular interest, novel antimicrobial peptides
with very promising antimicrobial efficacies are presented and
the antimicrobial-activity enhancing effect of the metal
binding is observed in numerous cases. This clearly opens the
door for further attempts to understand the relationships
between antimicrobial peptide-metal coordination, structure,
stability, efficacy and mode of action.

Experimental

Materials

Zn(ClO,),-6H,0 and Cu(ClO,),-6H,0 were extra pure products
(Sigma-Aldrich); the concentrations of their stock solutions
were standardised by EDTA titration and periodically checked
via ICP-MS. The carbonate-free stock solution of 0.1 mol dm™
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NaOH was purchased from Sigma-Aldrich and then potentio-
metrically standardized with the primary standard potassium
hydrogen phthalate (99.9% purity). All sample solutions were
prepared with freshly doubly distilled water. The HCIO, stock
solution was prepared by diluting concentrated HCIO, (Sigma-
Aldrich) and then standardizing with NaOH. The ionic
strength was adjusted to 0.1 mol dm™ by adding NaClO,
(Sigma-Aldrich). Grade A glassware was employed throughout.

Peptide synthesis and purification

Peptides WT, H9A, H11A and H13A were synthesized according
to published methods** using Fmoc/t-butyl chemistry with a
Syro XP multiple peptide synthesizer (MultiSynTech GmbH,
Witten Germany). Wang resin preloaded with Fmoc-Glu(OtBu)
was used as a solid support for the synthesis of all derivatives.
Fmoc-amino acids (4-fold excess) were sequentially coupled to
the growing peptide chain using DIPCDI/HOBt (N,N'-diiso-
propylcarbodiimide/1-hydroxybenzotriazole) (4-fold excess) as
activating mixture for 1 h at room temperature. Cycles of de-
protection of Fmoc (40% piperidine/N,N-dimethylformamide)
and coupling with the subsequent amino acids were repeated
until the desired peptide-bound resin was completed. The pro-
tected peptide-resin was treated with reagent B>® (trifluoro-
acetic acid (TFA)/H20/phenol/triisopropylsilane 88:5: 5 : 2; v/v;
10 mL per 0.2 g of resin) for 1.5 h at room temperature. After
filtration of the resin, the solvent was concentrated in vacuo
and the residue triturated with ethyl ether. Crude peptides
were purified by preparative reversed-phase HPLC using a
Water Delta Prep 3000 system with a Jupiter column C18 (250
x 30 mm, 300 A, 15 pm spherical particle size). The column
was perfused at a flow rate of 20 mL min~"' with a mobile
phase containing solvent A (5%, v/v, acetonitrile in 0.1% TFA),
and a linear gradient from 0 to 65% of solvent B (60%, v/v,
acetonitrile in 0.1% TFA) over 25 min for the elution of pep-
tides. Analytical HPLC analyses were performed on a Beckman
116 liquid chromatograph equipped with a Beckman 166
diode array detector. Analytical purity of the peptides was
assessed using a Zorbax C18 column (4.6 x 150 mm, 3 pm par-
ticle size) with the above solvent system (solvents A and B) pro-
grammed at a flow rate of 0.7 mL min~" using a linear gradient
from 0% to 100% B over 25 min. All analogues showed > 95%
purity when monitored at 220 nm. Molecular weight of final
compounds was determined by a mass spectrometer ESI
Micromass ZMD-2000.

Potentiometric measurements

Stability constants for proton and metal complexes were calcu-
lated from pH-metric titration curves registered at 7' = 298 K
and ionic strength 0.1 mol dm™ (NaClO,4). The potentiometric
apparatus consisted of a Metrohm 905 Titrando pH-meter
system provided with a Mettler-Toledo InLab® Micro, glass-
body, micro combination pH electrode and a dosing system
800 Dosino, equipped with a 2 ml micro burette. High purity
grade argon was gently blown over the test solution in order to
maintain an inert atmosphere. A constant-speed magnetic stir-
ring was applied throughout. Solutions were titrated with
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0.1 mol dm™ carbonate-free NaOH. The electrode was daily
calibrated for hydrogen ion concentration by titrating HCIO,
with alkaline solution under the same experimental conditions
as above. The reaction kinetics was always fast and an average
waiting time of 50 s seconds was employed between two
burette additions; acceptable signal drift was 2 mV min™". The
standard potential and the slope of the electrode couple were
computed by means of the Glee®® program. The purities and
the exact concentrations of the ligand solutions were potentio-
metrically determined using the Gran method.”” The
HYPERQUAD?® program was employed for the overall for-
mation constant (f) calculations, referred to the following
equilibrium:

pPM +qL +1H S M,LgH;

(charges omitted; p is 0 in the case of ligand protonation; r
can be negative). Step formation constants (K) and/or acid dis-
sociation constants (K,) are also reported. The computed stan-
dard deviations (referring to random errors only) were given by
the program itself and are shown in parentheses as uncertain-
ties on the last significant figure. Hydrolysis constants for
Zn() and Cu(u) ions were taken from the literature'®>® and are
reported in Table S5 (ESIf). The distribution diagrams were
computed using the HYSS program.’® The overall metal
binding ability of the different ligands can be compared in a
wide pH range by computing the competition diagrams, start-
ing from the binary speciation models. A solution containing
the metal and the two (or more) ligands (or vice versa) is simu-
lated, admitting that all the components compete with each
other to form the respective binary complexes, without mixed
species formation. This is a reasonable approximation in the
case of peptides, which most often form only 1:1 complexes
in which the peptide completely wraps the metal ion.

The dissociation constant (K4) refers to the hypothetical
general equilibrium: M + L = ML, where the protonation of
both the ligand and the complex are not explicitly con-
sidered.”” The pM value is the negative logarithm of the con-
centration of the free metal ion (pCu or pZn in the present
case), under given experimental conditions,"® here [L]iotar =
107> M and [M]ioea1 = 107° M, at pH 7.4 or 5.4."°

Mass spectrometric measurements

High-resolution mass spectra were obtained on a
BrukerQ-FTMS  spectrometer (Bruker Daltonik, Bremen,
Germany), equipped with an Apollo™ electrospray ionization
source with an ion funnel. The mass spectrometer was oper-
ated in the positive ion mode. The instrumental parameters
were as follows: scan range m/z 100-2500, dry gas nitrogen,
temperature 453 K and ion energy 5 eV. The capillary voltage
was optimized to the highest S/N ratio and it was 4500 V. The
small changes in voltage (+500 V) did not significantly affect
the optimized spectra. The samples were prepared in a 1:1
methanol-water mixture at different pH values. The samples
(zn(u):ligand and Cu(u):ligand in a 0.9:1 stoichiometry,
[ligand]io; = 0.5 x 10~° mol dm %) were infused at a flow rate of
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3 pL min~". The instrument was externally calibrated with a
Tunemix™ mixture (Bruker Daltonik, Germany) in quadratic
regression mode. Data were processed using the Bruker
Compass DataAnalysis 4.2 program. The mass accuracy for the
calibration was better than 5 ppm, enabling together with the
true isotopic pattern (using SigmaFit) an unambiguous confir-
mation of the elemental composition of the obtained complex.

Spectroscopic measurements

The absorption spectra were recorded on a Varian Cary300 Bio
spectrophotometer, in the range 200-800 nm, using a quartz
cuvette an optical path of 1 cm. The solutions were prepared
in water solution of 4 mM HCIO, at 0.1 M NaClO, ionic
strength. Ligand concentration was 1 mM. Circular dichroism
(CD) spectroscopy experiments were recorded on a Jasco J-1500
CD spectrometer at 298 K in a 0.01 cm and 1 ecm quartz cells.
The spectral range was 180-300 and 200-800 nm respectively.
The solutions were prepared in water solution of 4 mM HCIO,
at 0.1 M NaClO, ionic strength and in the water solution of
4 mM HCIO, at 10 mM SDS ionic strength (180-300 nm
range). Ligand concentration was 1 mM (200-800 nm range) or
0.1 mM (180-300 nm range). Cu(u) to ligand molar ratio was
0.9:1. The UV-Vis and CD spectroscopic parameters were cal-
culated from the spectra obtained at the pH values corres-
ponding to the maximum concentration of each particular
species, based on distribution diagrams.

NMR measurements

NMR spectra were recorded at 14.1 T on a Bruker Avance III
600 MHz equipped with a Silicon Graphics workstation. The
temperatures were controlled with an accuracy of +0.1 K.
Suppression of the residual water signal was achieved by exci-
tation sculpting, using a selective square pulse on water 2 ms
long. All the samples were prepared either in D,O or in a 90%
H,0 and 10% D,0 (99.95% from Merck) mixture. Proton reso-
nance assignment was accomplished by 2D "H-'H total corre-
lation spectroscopy (TOCSY) and nuclear Overhauser effect
spectroscopy (NOESY) experiments, carried out with standard
pulse sequences. Samples of analysed complexes (metal:
ligand in a 1:1 stoichiometry, [ligand],,; = 0.003 mol dm™)
were prepared by adding metal ions to the acidic solution of a
ligand (pH 3), and the pH was then increased to a higher
value. Spectral processing and analysis was performed using
Bruker TOPSPIN 2.1 and Sparky.*’

Antimicrobial activity assay of ligand/complex system

Three reference strains from ATCC collection (Pseudomonas
aeruginosa 15442, Klebsiella pneumoniae 13883, Escherichia coli
25922, Staphylococcus aureus 29213, Enterococcus faecalis 29212
and Candida albicans 10231) were used for antimicrobial
activity assay. The pH of experiment condition was 5.4 in
Tryptone Soy Broth (TSB) medium (as suggested by A.M. Cole
et al., that when the acidity of the medium was increased
(until pH 5.4) calcitermin was active against selected patho-
logical strains and did not present any activity against any
tested microorganisms at pH 7.4.” Before the general experi-
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ment, the validation of method concerning lower pH con-
ditions has been proceeded. Preliminary experiments, where
all examined strains have been incubated 24 h/37 °C in pH 5.4
TSB did not present any influence on growth conditions. The
antimicrobial effect of analysed ligands/complexes was per-
formed according to the standard protocol using microdillu-
tion method with spectrophotometric measurement (1 =
580 nm in starting point and after 24 h) and modified
Richard’s method.?** After 24 h/37 °C in TSB medium incu-
bation, a density of bacterial suspension was measured using
a densitometer and a proper dilution were prepared (0.005
MF). Afterwards, a 96-well microplate was prepared with the
range from 128 pg mL™" to 0.0625 pg mL ™" of ligand/complex
solution. A positive (TSB + strain) and negative control (TSB)
was also included in the test. Microplates were incubated 37 +
1 °C for 24 hours on the shaker. After this, the spectrophoto-
metric measurement has been done, then aliquots of 5 pL of
1% (m/v) 2,3,5-triphenyltetrazolium chloride (TTC) solution
were added in each well. TTC is converted into red formazan
crystals in microbial live cells. MBC/MFC can be observed as
the lowest concentration that did not show microbial growth
by visual analysis after 24 h incubation with TTC (did not
change the colour to pink). Thanks to both methods, MIC,
MBC or MFC can be determined.

Abbreviations

MIC Minimum inhibitory concentration/minimum concen-
tration, where microbial growth is inhibited

MBC Minimum bactericidal concentration/minimum con-
centration, where 99.9% bacteria died

MFC Minimum fungicidal concentration/minimum concen-
tration, where 99.9% fungi died

TTC  Triphenyl tetrazolium chloride

TSB  Tryptone soy broth

ATCC American type culture collection

S Sensitive

R Resistant
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ARTICLE INFO ABSTRACT

Keywords: Helicobacter pylori is a gram-negative bacterium with gastric localization that can cause many gastrointestinal

C‘.’PPer disorders. Its survival in the host environment strictly requires an efficient regulation of its metal homeostasis, in

;{mke] particular of Ni(II) ions, crucial for the synthesis of some essential enzymes. Hpn is a protein of 60 amino acids,
inc

47% of which are histidines, expressed by H. pylori and avid for nickel, characterized by the presence of an
ATCUN (Amino Terminal Cu(II)- and Ni(II)-binding) motif and by two further histidine residues which can act as
additional metal anchoring sites. We decided to deepen the following aspects: (i) understanding the role of each
histidine in the coordination of metal ions; (ii) comparing the binding affinities for Cu(II), Ni(II) and Zn(II) ions,
which are potentially competing metals in vivo; (iii) understanding the Hpn ability of forming ternary and poly-
nuclear complexes. For these purposes, we synthesized the Hpn N-terminal “wild-type” sequence (MAHHEEQHG-
Am) and the following peptide analogues: MAAHEEQHG-Am, MAHAEEQHG-Am, MAHHEEQAG-Am and
MAHAEEQAG-Am. Our results highlight that the histidines in position 4 and 8 lead to the formation of Cu(II)
binuclear complexes. The ATCUN motif is by far the most efficient binding site for Cu(Il) and Ni(II), while
macrochelate Zn(II) complexes are formed thanks to the presence of several suitable anchoring sites (His and
Glu). The metal binding affinities follow the order Zn(II) < Ni(II) < < Cu(Il). In solutions containing equimolar
amount of wild-type ligand, Cu(Il) and Ni(II), the major species above pH 5.5 are hetero-binuclear complexes.

Metal complexes
Hpn protein
ATCUN motif

1. Introduction

Helicobacter pylori is a spiral-shaped gram-negative bacterium that
can survive and proliferate in the human stomach; it is present in about
half of the Earth population. H. pylori infection can cause serious dis-
orders such as gastro-duodenal ulcer, MALT (mucosa-associated
lymphoid tissue) lymphoma and gastric cancer, which is responsible for
almost one million deaths worldwide every year [1]. The World Health
Organization has classified H. pylori as a “Group 1” human carcinogen
[2]. The survival capacity of the bacterium is especially based on the
activity of urease, a nickel-containing enzyme that catalyzes the hy-
drolysis of urea to ammonia and bicarbonate which act as buffers and
allow H. pylori to keep neutral the pH of its cytoplasm [3]. Urease rep-
resents about 10% of the total soluble proteins of H. pylori and requires
up to 24 nickel ions [4]. Another enzyme that contains nickel, and also
important for H. pylori, is the [NiFe] hydrogenase, which allows the
bacterium to exploit molecular hydrogen as an alternative energy source

* Corresponding author.
E-mail address: rmm@unife.it (M. Remelli).
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[5].

Nickel is therefore crucial for the virulence of H. pylori, which con-
tains a rather complicated management system for the homeostasis of
this metal ion. This system includes a small cytoplasmic protein, called
Hpn (Helicobacter pylori protein with affinity for nickel) [6], rich in
histidine, which accounts for about 2% of the total synthesized proteins.

The role played by Hpn in H. pylori is not fully understood; this
protein was initially considered to store nickel in the cell and to alleviate
the metal toxicity by sequestering the intracellular excess of nickel [7].
In fact, it was reported that H. pylori mutants with Hpn deficiencies are
more sensitive to excess of Ni(II) than the wild-type bacterium [8].
Interestingly, it has also been observed that, under acidic conditions,
Hpn releases the bound nickel and it has been suggested that this allows
the protein to supply nickel to the cell when urease activity needs to be
stimulated for pH regulation [9,10]. Recently, it has also been proposed
that Hpn interacts with many other proteins to perform various cellular
functions connected with the maturation of enzymes that contain nickel,
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Scheme 1. Amino acid sequence of Hpn protein. The studied N-terminal fragment is underlined.

with the recovery of peptides and the acquisition of nitrogen [2].

Using equilibrium dialysis and subsequent analysis by ICP-MS and
UV/visible spectrophotometry, Ge et al. have shown that Hpn binds five
Ni(II) ions per monomer at pH 7.4 [11]; however, the measured disso-
ciation constant was quite modest (Kq = 7.1 - 107% mol dm ™). A more
recent study has confirmed that Hpn can bind up to six Ni(II) ions per
monomer [12]. On the other hand, an investigation carried out by
converting Hpn into a FRET (fluorescence resonance energy transfer)-
based fluorescent sensor [13] reported a K4 value in vitro as low as
7.89 - 10~ mol dm™3, while it was not possible to measure any affinity
of the Hpn-FRET probe for Ni(II) within E. coli, most likely due to the
severe control of the levels of this potentially toxic metal inside the cell.

Hpn contains 60 amino acids, 28 of which (47%) are histidines [6]
(see Scheme 1). Hpn has several domains capable of coordinating metal
cations [14-16], such as the poly-histidine sequences in the positions
11-17, 18-26 and 28-33 [14], the two motifs encompassing a double
cysteine residue (EEGCC), in the positions 38-42 and 51-55 [17] and
the amino-terminal sequence (Met-Ala-His-), containing a His residue in
the third position, which makes it particularly suitable to bind divalent
metal ions such as Cu(Il) and Ni(II) [18,19]. The coordination ability of
this latter sequence, called “ATCUN” (Amino Terminal Cu(Il)- and Ni
(ID-binding motif) is highly recognized [20] and it has already been
studied in the past by our research team, but only in conditions of ligand
excess [18].

Although the first three Hpn residues play a major role in the Hpn
binding ability towards Ni(II), the additional histidines in positions 4
and 8 can have a non-negligible effect on the stability of the metal
complexes, for two main reasons: (i) they can take part in the formation
of complexes, forming macrochelated species; (ii) they can anchor a
second metal ion. We therefore decided to take a deeper look to these
aspects by following two main lines of investigation. First, comparing
the affinity towards the Cu(II), Ni(II) and Zn(II) ions of the model pep-
tide corresponding to the N-terminal domain of Hpn, MAHHEEQHG-Am
(wild-type, WT), with that of its mutants obtained by substitution of one
or two His residues with alanine (Ala-scan): MAAHEEQHG-Am (H3A),
MAHAEEQHG-Am (H4A), MAHHEEQAG-Am (H8A) and MAHAEEQAG-
Am (H4A/H8A) (Scheme S1, SIf). All the peptides are protected by
amidation at their C-terminus to better simulate the behaviour of the
entire protein. Second, in the case of the cupric ion, the complex-
formation equilibria under condition of metal excess have been stud-
ied, in order to detect the formation of binuclear complexes. Stoichi-
ometry and thermodynamic stability of the formed species have been
studied by mass spectrometry and potentiometry under a wide range of
pH; the structural hypotheses of the main complexes detected in solution
have been suggested on the basis of the results of several spectroscopic
techniques.

2. Experimental
2.1. Materials

CuCly, ZnCly and NiCly were extra pure products (Sigma-Aldrich);
the concentrations of their stock solutions were standardized by EDTA
titration and periodically checked via ICP-OES. The carbonate-free stock
solutions of 0.1 mol dm ™3 KOH were prepared by diluting concentrated
KOH (Sigma-Aldrich) and then potentiometrically standardized with the
primary standard potassium hydrogen phthalate (99.9% purity). All
sample solutions were prepared with freshly prepared Milli-Q® water.
The HCI and HNOg stock solutions were prepared by diluting concen-
trated ultra-pure HCl and HNO3 (Sigma-Aldrich) and then standardized

with KOH. The ionic strength was adjusted to 0.1 mol dm~> by adding
KCl (Sigma-Aldrich). Grade A glassware was employed throughout.

2.2. Peptide synthesis and purification

All the peptides were synthesized according to published methods
[21] using Fmoc (fluorenylmethoxycarbonyl protecting group)/t-butyl
chemistry with a Syro XP multiple peptide synthesizer (MultiSynTech
GmbH, Witten Germany). Rink amide MBHA resin was used as a solid
support for the synthesis of all derivatives. Fmoc-amino acids (4-fold
excess) were sequentially coupled to the growing peptide chain using
DIPCDI/HOBt (N,N’-diisopropylcarbodiimide/1-hydroxybenzotriazole)
(4-fold excess) as activating mixture for 1 h at room temperature. Cycles
of deprotection of Fmoc (40% piperidine/N,N-dimethylformamide) and
coupling with the subsequent amino acids were repeated until the
desired peptide-bound resin was completed. N-terminal acetylation has
been performed with acetic anhydride (0.5 mol dm—3) with the presence
of N-methylmorpholine (0.25 mol dm_g) (3:1v/v; 2ml/0.2 g of resin) as
the last synthetic step. The protected peptide-resin was treated with
reagent B [22] (trifluoroacetic acid (TFA)/H20/phenol/triisopropylsi-
lane 88: 5: 5: 2; v/v; 10 mL/0.2 g of resin) for 1.5 h at room temperature.
After filtration of the resin, the solvent was concentrated in vacuo and
the residue triturated with ethyl ether. Crude peptides were purified by
preparative reversed-phase HPLC using a Water Delta Prep 3000 system
with a Jupiter column C18 (250 x 30 mm, 300 A, 15 pm spherical
particle size). The column was perfused at a flow rate of 20 mL/min with
a mobile phase containing solvent A (5%, v/v, acetonitrile in 0.1% TFA),
and a linear gradient from 0 to 30% of solvent B (60%, v/v, acetonitrile
in 0.1% TFA) over 25 min for the elution of peptides. Analytical HPLC
analyses were performed on a Beckman 116 liquid chromatograph
equipped with a Beckman 166 diode array detector. Analytical purity of
the peptides has been assessed using a Zorbax C18 column (4.6 x 150
mm, 3 pm particle size) with the above solvent system (solvents A and B)
programmed at a flow rate of 0.5 ml/min using a linear gradient from
0% to 50% B over 25 min. All analogues showed >95% purity when
monitored at 220 nm. Molecular weight of final compounds was deter-
mined by a mass spectrometer ESI Micromass ZMD-2000.

2.3. Potentiometry

Stability constants for proton and metal complexes were calculated
from pH-metric titration curves registered at T = 298 K and ionic
strength 0.1 mol dm~3 (KCI). The potentiometric apparatus consisted of
an Orion EA 940 pH-meter system provided with a Metrohm
6.0234.100, glass-body, micro combination pH electrode and a dosing
system Hamilton MICROLAB 500, equipped with a 0.5 ml micro burette.
The thermostated glass-cell was equipped with a magnetic stirring sys-
tem, a microburet delivery tube and an inlet-outlet tube for the inert gas.
High purity grade nitrogen was gently blown over the test solution in
order to maintain an inert atmosphere. A constant-speed magnetic
stirring was applied throughout. Solutions were titrated with 0.1 mol
dm™3 carbonate-free KOH. The electrode was daily calibrated for
hydrogen ion concentration by titrating HNO3 with alkaline solution
under the same experimental conditions as above. The standard poten-
tial and the slope of the electrode couple were computed by means of
SUPERQUAD [23] and Glee [24] programs. The purities and the exact
concentrations of the ligand solutions were determined by the Gran
method [25]. The HYPERQUAD [26] program was employed for the
overall formation constant (f) calculations, referred to the following
equilibrium:
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Table 1

Overall (log #) and step (log K) protonation constants for the studied peptides at T = 298 K and I = 0.1 mol dm ™2 (KCI).
Species WT H3A H4A HS8A H4A/H8A

logp logk logp® logk® logp logk logp logk logp logk logp logk

HL™ 7.79(2) 7.79 7.76 7.76 7.81(2) 7.81 7.70(3) 7.70 7.59(1) 7.59 7.59(1) 7.59
H,oL 14.75(1) 6.96 14.69 6.93 14.58(2) 6.77 14.58(3) 6.88 14.41(1) 6.82 14.16(1) 6.57
HiL" 21.34(2) 6.59 21.22 6.53 20.87(3) 6.29 20.80(4) 6.22 20.39(2) 5.98 18.76(2) 4.60
H4L2+ 27.06(1) 5.72 27.02 5.80 25.37(2) 4.50 25.24(5) 4.44 24.70(2) 4.31 22.43(2) 3.67
HsL3* 31.20(2) 4.14 31.17 4.15 28.89(4) 3.52 28.64(3) 3.40 28.29(2) 3.59 - -
HeL** 34.59(2) 3.39 34.56 3.39 - - - - - - - -

WT - MAHHEEQHG-Am; H3A - MAAHEEQHG-Am; H4A - MAHAEEQHG-Am; H8A - MAHHEEQAG-Am; H4A/H8A - MAHAEEQAG-Am. Values in parentheses are

standard deviations on the last significant figure.
2 Witkowska et al. [18].

pM +gL +rHSM, L H,

(charges omitted; p is O in the case of ligand protonation; r can be
negative). Step formation constants (Ksep) and/or acid dissociation
constants (K,) are also reported. The computed standard deviations
(referring to random errors only) were given by the program itself and
are shown in parentheses as uncertainties on the last significant figure.
Hydrolysis constants for metal ions were taken from the literature and
suitably extrapolated for the experimental conditions here employed
[27,28]. The distribution and the competition diagrams were computed
using the HYSS program [29]. In particular, the latter are calculated
from the binary speciation models, hypothesizing a solution containing
the metal and the various ligands, and admitting that all the components
compete with each other to form the respective binary complexes,
without mixed species formation.

2.4. Mass spectrometry

High-resolution mass spectra were obtained on a BrukerQ-FTMS
spectrometer (Bruker Daltonik, Bremen, Germany), equipped with an
Apollo II electrospray ionization source with an ion funnel and on a
linear ion trap LTQ XL Mass Spectrometer (Thermo Scientific, Waltham,
MA, USA). The mass spectrometer was operated in the positive ion
mode. The instrumental parameters for BrukerQ-FTMS spectrometer
were as follows: scan range m/z 100-2500, dry gas nitrogen, tempera-
ture 453 K and ion energy 5 eV. The capillary voltage was optimized to
the highest signal-to-noise ratio, corresponding to 4500 V. Experimental
conditions for LTQ XL Mass Spectrometer were as follows: spray voltage
4.8 kV; sheath gas 40 a.u.; capillary temperature 523 K; capillary voltage
8-25 V and tube lens 60-120 V. The samples were prepared in a 1:1
methanol-water mixture at different pH values. The samples ([ligand] ot
= 5-10"% mol dm~3) were directly infused at a flow rate of 3 pl min—’.
Data were processed using the Bruker Compass DataAnalysis 3.4 pro-
gram. The mass accuracy for the calibration was better than 5 ppm,
enabling together with the true isotopic pattern (using SigmaFit) an
unambiguous confirmation of the elemental composition of the obtained
complex.

2.5. Spectroscopic measurements

The absorption spectra were recorded on a Varian Cary50 Probe
spectrophotometer, in the range 350-900 nm, using a quartz cuvette
with an optical path of 1 cm. Circular dichroism (CD) spectra were
recorded on a Jasco J-1500 CD spectrometer in the 200-800 nm range,
using a quartz cuvette with an optical path of 1 cm in the visible and
near-UV range. Electron paramagnetic resonance (EPR) spectra were
recorded in liquid nitrogen on a Bruker ELEXSYS E500 CW-EPR spec-
trometer at X-band frequency (9.5 GHz) and equipped with an ER
036TM NMR teslameter and an E41 FC frequency counter. Ethylene
glycol (30%) was used as a cryoprotectant for EPR measurements. The
EPR parameters were analysed by computer simulation of the

experimental spectra using WIN-EPR SIMFONIA software, version 1.2
(Bruker). The concentrations of sample solutions used for spectroscopic
studies were similar to those employed in the potentiometric experi-
ment. The UV-Vis, CD and EPR spectroscopic parameters were calcu-
lated from the spectra obtained at the pH values corresponding to the
maximum concentration of each particular species, based on distribu-
tion diagrams.

3. Results and discussion
3.1. Ligand protonation

The five investigated peptides possess two neighbouring Glu residues
containing a carboxylic side chain which can release a proton; therefore,
they can be represented as HyL. In addition to these acidic residues, the
peptides contain up to three histidines and the unprotected N-terminal
amine, which is the most basic group in these ligands. The protonation
constants are reported in Table 1, together with the available literature
values; representative distribution diagrams are shown as Supplemen-
tary Information (Supplementary Figs. S1-S5).

The protonation constants measured in the present work for the wild-
type peptide are almost identical to the values previously reported [18];
in the case of mutants, no literature value is available but the present
results are in excellent agreement with literature data of other peptides
containing the same residues with acid/base properties [30]. The sub-
stitution of one or two His residue with Ala does not affect the basicity of
the terminal amine, whose logK value ranges in a very narrow interval
(7.59-7.81). As for the Glu residues, the most acidic of them is charac-
terized by a logK value of 3.39-3.67 while the second one by a logK
value of 4.14-4.60; their acidity increases (and the protonation constant
decreases) with the charge of the ligand which in turn depends on the
number of (protonated) His residues. Finally, the logK value of the side
imidazole groups of histidines spans in the range 5.72-6.96; the avail-
able data do not allow to exactly attribute a protonation value to the
single His residues, in terms of micro-constants. The Ala-scan is unable to
identify significant differences in the acidity/basicity of the three single
histidines and the only observable trend is the same already reported
above for Glu residues: the higher the charge of the peptide, the lower
the side-imidazole protonation-constant.

3.2. Binary Cu(I) complexes

3.2.1. MAHHEEQHG-Am (wild-type, WT)

As observed above, the N-terminal fragment of Hpn investigated here
contains an ATCUN-type metal-binding site, corresponding to the first
three residues MAH-, the presence of which strongly characterize the Cu
(ID) and Ni(II) binding behaviour of this peptide. In a previous investi-
gation on this system [18], performed in the presence of an excess of
ligand, only the ATCUN-type coordination mode (Npmidazole» NNH25
2Namide) Was detected and the formation of only mononuclear 1:1
complexes was reported. In that case, only His in position 3 was claimed
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Table 2

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(Il) complexes with the peptide MAHHEEQHG-Am (WT), at T = 298.2
K and I = 0.1 mol dm™> (KCI).

Species log j pKa log " pK,"
[CuH5L]3* 25.52(8) 4.03 - -
[CuH,L]* 21.49(6) 4.39 -

[CuHL]*™ 17.10(5) 4.57 17.38 4.72
[CuL] 12.53(2) 6.17 12.66 5.96
[CuH_;L]~ 6.36(3) 7.05 —6.70 7.09
[CuH_,L]*~ —0.69(4) - —-0.39 -
[CupH_;L]* 10.98(2) 5.52 - -
[CuH_,L] 5.46(3) - - -
[CupH_4L] 2 —-9.27(3) 9.04 -
[CuH_sL] > ~18.31(5) - - _

Standard deviations on the last figure in parentheses.
2 Witkowska et al. [18].
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Fig. 1. Representative species distribution diagrams for complex-formation of
WT with Cu(Il), at T = 25 °C and I = 0.1 mol dm 3 (KCI). C;, = 1.0 - 1072 mol
dm 2 and a) Ceuany = 0.8 - 1072 mol dm~3; b) Ceuan = 1.9 - 102 mol dm 3.

to be involved in complexation. However, the presence of two additional
His residues can lead to the formation of binuclear complexes also in
solutions containing Cu(II) and WT in equimolar amount. Therefore, we
decided to revisit this system and to extend the investigation to the case
of excess of metal ion and to four new mutants where one or two his-
tidines have been replaced by alanine.

As reported in the Experimental section, the thermodynamic inves-
tigation of complex-formation equilibria has been performed by means
of potentiometric titrations on solutions where the M:L stoichiometric
ratio was 0.8:1 or 1.9:1. The speciation model for the system Cu(II)/WT,
reported in Table 2, was obtained putting all the experimental data
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together (8 curves, 753 experimental points in the pH range 2.5-11) and
a very good fitting was obtained (¢ = 1.81). Of course, given the
speciation model, the shape of the corresponding distribution diagram
depends on the metal and ligand concentrations: Fig. 1a shows that,
when Cu(Il) and WT are present in solution at a nearly equimolar ratio,
six variously protonated mononuclear 1:1 complexes are formed in the
explored pH range and they engage all the copper at pH higher than 5.2.
The corresponding stoichiometries and formation constants are in very
good agreement with literature values. However, at acidic pH, when
“free” Cu(II) ions are still available in solution, a not negligible amount
of the binuclear species [CugH_1L] *is formed (about 12%). On the other
hand, if the metal ion is in excess, practically only binuclear complexes
are formed at neutral/alkaline pH (Fig. 1b).

Starting from pH 3.5, the first detected species is [CuH3L]3+, whose
stoichiometry indicates that only three residues involved in acid-base
reactions are protonated: it is reasonable to assume that the two gluta-
mic acids and a histidine residue are deprotonated. However, at such a
pH value, histidine can be deprotonated only if it is coordinated to Cu(II)
through the imidazole nitrogen of its side chain (Nyy); the participation
of one or both carboxylate groups in chelation cannot be excluded. The
species [CquL]3+ deprotonates with pK, = 4.03 (see Table 2 and mass
spectrum in Supplementary Fig. S6, SI}); this value can be explained
with the coordination of the terminal amine to form the species
[CuH,L] 2*, characterized by a “macrocyclic” coordination mode (Nyp,
NH,) [31]. By increasing the pH value, the species [CuHL]" and [CuL]
begin to form, almost simultaneously, with pK, values of 4.39 and 4.57,
respectively, compatible with the deprotonation and coordination of
two amide nitrogens of the peptide chain, which occupy two further
equatorial positions in the coordination sphere of the metal ion. This is
the “ATCUN coordination mode”: (Npy, NHs, 2 N7). In excess of ligand
(Fig. 1a), the species [CuL] reaches its formation maximum at pH 5.5
and dominates in solution in the range of pH 4.7-6.1, approximately.
Since the formation of the first protonated species is extremely over-
lapped in a narrow pH range, the possibility of formation of binding
isomers cannot be excluded. It is worth of note that, also in the presence
of a slight excess of peptide with respect to Cu(Il) (see the distribution
diagram of Fig. 1a), in the acidic pH range, a not negligible amount of
the binuclear [CupH_;L]" species is formed. Its possible structure is
discussed below where the results of the investigation in excess of metal
are reported.

From the qualitative Vis absorption spectra (Supplementary Fig. S7,
SIt) recorded at pH lower than 5.0, it is not possible to precisely identify
the wavelengths of maximum absorption corresponding to the species
[CuH3L]®*, [CuH,L]?>" and [CuHL]*, due to the superimposition of
these complexes and the interference of the exa-aquo Cu(Il) ion, present
in solution in a consistent amount up to pH 4.5. In the case of nearly
equimolar Cu(II)/WT solutions, the UV-Vis spectra recorded at pH 5.0
and 5.5 are instead characterized by a single intense absorption band
located at 525 nm (Supplementary Fig. S7a and Supplementary
Table S1, SIt), almost entirely attributable to [CuL] and compatible with
the coordination hypothesis (N, NHa, 2 N7) suggested above (expected
Amax = 531 nm [32]). EPR data at pH 5.5 (Supplementary Table S1, SI})
agree with a 4 N coordination around Cu(Il) in the equatorial plane of
the complex [33]. Above pH 4.5, CD spectra (Supplementary Fig. S8a
and Supplementary Table S1, SIt) contain two intense negative bands
and one positive signal in the UV region, at 236, 272 and 311 nm,
attributable to charge-transfer transitions to Cu(Il) by the coordinated
amine, imidazole and peptide nitrogens, respectively [34]. As for the Vis
range of CD spectra, the typical double band characteristic of the
ATCUN-type coordination [20] was observed. No clue was detected of a
possible direct involvement of methionine sulphur in peptide
coordination.

Finally, again in the presence of ligand excess (Fig. 1a), at neutral/
alkaline pH, the species [CuH_;L]” and [CuH,gL]z’ are formed,
through two deprotonation steps involving the remaining two histidine
residues, which do not participate in the complex formation. In fact, the
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corresponding pK, values are respectively 6.17 and 7.05 (Table 2),
rather close to those obtained for the free ligand (6.59 and 6.96)
(Table 1). This hypothesis is also confirmed by all the spectroscopic data
which do not change by increasing the pH value from 5 to 10, as ex-
pected if the coordination mode does not change.

The system Cu(II)/WT has been explored also at the metal/ligand
ratio of (1.9:1)-10~% mol dm 3. As expected, this favours the formation
of binuclear species (see ESI-MS spectrum of Supplementary Fig. S9,
ESIt) where two Cu(Il) ions are coordinated to the same peptide mole-
cule (Fig. 1b). Under these experimental conditions, the complex
[CupH_{L]", which is formed starting from pH 4, reaches a percentage
of about 45%, being the predominant species around pH 5.5. It is
reasonable to assume that, while one Cu(Il) ion is coordinated to the N-
terminal domain in the above described ATCUN mode, the second metal
atom is bound to one of the two remaining histidines of the chain, with
the possible participation of one or both the side carboxylate groups of
Glu residues; the stoichiometry of this complex requires that the third
histidine is still protonated. Available data do not allow to state if the
“anchor” of the second Cu(II) ion is His-4 or His-8; a mixture of these two
species is likely. In the pH range 5-8, the third histidine releases its
proton, leading to the species [CugH_5L], which dominates at pH 6-7.
The corresponding pK, value (5.52, Table 2) much lower than that
measured in the absence of copper (6.96, Table 1), suggests that this His
binds the second Cu(Ill) ion. Moving to alkaline pH, the species
[CuyH_4L]2" is formed: two protons are released in a quick sequence,
probably corresponding to the deprotonation and coordination of two
peptide nitrogens. A further deprotonation step is observed at the most
alkaline pH values, characterized by a pK, value of 9.04; it can be
attributed to the coordination of a third amide nitrogen, which most
likely substitutes one imidazole in the equatorial plane of the complex,
leading to the formation of the species [CusH_sL]3~, whose binding
mode is (N, NHp, 2 N7 )(Npy,, 3 N7). In principle, both His-4 and His-8
can originate this binding mode, where the peptide wraps around the
second Cu(Il) ion through the coordination of the amide nitrogens of its
peptide chain. The significant difference is that, if His-4 is bound to
copper in the equatorial plane of the complex, the amide coordination
should proceed in the C-terminal direction (due to the presence of the
other complexed metal ion) while, in the case of His-8, it can proceed
towards the N-terminus. It is well known in the literature that both these
modes are possible, but the latter leads to more stable complexes than
the former due to the different dimension of the formed chelation rings
[35,36].

Spectroscopic data (Supplementary Figs. S7b and S8b; Supplemen-
tary Table S2, SI{) confirm the above hypotheses. The two Vis absorp-
tion spectra recorded at pH 4.5 and 5.0, where the complex [CusH_{L] "
is the prevailing species in solution, show two maxima: the first, more
intense, at Amax = 528 nm corresponds to the ATCUN coordination mode
of the first Cu(II) ion. The second band, around Ay,,x = 740-730 nm, can
be attributed to the coordination of an imidazole nitrogen to the second
copper atom with the possible participation of the side carboxylate
group of one Glu residue (expected absorption maximum: 731 nm [32]).
Increasing the pH, the second band shifts to shorter wavelengths, as a
consequence of the coordination of further nitrogens to the second Cu
(ID) in the C-terminal domain of WT. At pH = 11, only one intense ab-
sorption band is observed at 520 nm, typical of a Cu(II) species where 3
amidic nitrogens of the peptide chain and one imidazole are bound to
the equatorial plane of the complex (expected Apax = 522 nm [32]). This
is exactly the coordination mode suggested above for the second metal
ion in the complex [CugH_sL]®~. This band is superimposed to that of
the ATCUN-type copper. EPR spectra recorded in the presence of excess
of Cu(ll) are very weak, confirming the formation of binuclear com-
plexes. CD spectra (Supplementary Fig. S8b and Supplementary
Table S2, SIt) at pH 5 are practically identical to those already described
above for the solutions containing an excess of ligand and referring to
the ATCUN-type complex. However, when the Cu(Il) ion is instead in
excess, increasing the pH value, the shape of CD spectra undergoes a
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Table 3

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(ll) complexes with the peptide MAAHEEQHG-Am (H3A), at T =
298.2 K and I = 0.1 mol dm™ (KCI).

Species log g pKa
[CuH,L]** 19.59(3) 4.93
[CuHL]" 14.66(2) 5.62
[CuL] 9.04(3) 6.82
[CuH_,L]~ 2.22(4) 7.30
[CuH_,L]*~ —5.08(5) 10.14
[CuH_3L]3~ —15.22(7) -
[CupH_L]* 6.76(4) -
[CupH_3L]~ —6.53(4) 7.68
[CuH_4L] 2 —14.21(6) 9.03
[CupH_sL] 3 —23.24(7) 11.0
[CuH_gL]* —34.2(1) -

Standard deviations on the last figure in parentheses.

(a) 100 g -—====o .

o]
o

60 A

40 -

20 A
S

% formation relative to total Cu(ll)

2.5 3.5 4.5 5.5 6.5 10.5

\
free Cu? \

el

o
M
-

\ [Cu,H_L]?

60 1

20 4 [CuH >

20 4

% formation relative to total Cu(ll)

[CuH, L]

[CuH,, L S

2.5 35 45 5.5 6.5 7.5 8.5 9.5 10.5
-log [H*]

0

Fig. 2. Representative species distribution diagrams for complex-formation of
H3A with Cu(Il), at T = 25 °C and I = 0.1 mol dm™3 (KCI). C, = 1.0 - 102 mol
dm~3 and a) Ceugp = 0.8 - 1072 mol dm~3; b) Ceyap = 1.9 - 103 mol dm 3.

dramatic change, due to the contribution of the second Cu(Il) ion. The
final spectrum, at pH 10.2, is very similar to that already previously
reported for a Cu(II)/peptide binding mode (Ny,, 3 N™) [37], attribut-
able to the species [CusH_sL]3".

3.2.2. MAAHEEQHG-Am (H3A)

The thermodynamic complex-formation constants for the system Cu
(I)/H3A are reported in Table 3 and the corresponding distribution
diagrams are shown in Fig. 2.

The H3A peptide is the only one, in the series here investigated, that
does not have a histidine in third position: this definitively influences its
ability to coordinate the Cu(Il) ion, resulting in complexes which are
significantly weaker than those formed by WT (over 3.5 orders of
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Table 4

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(Il) complexes with the peptide MAHAEEQHG-Am (H4A), at T =
298.2 K and I = 0.1 mol dm™ (KCI).

Species log g pPKa
[CuHL]* 15.15(3) 4.60
[CuL] 10.55(3) 4.71
[CuH_,L]~ 5.84(2) 6.83
[CuH_,L]%~ —0.99(4) -
[CupH_,L]" 8.74(5) 5.76
[CupH_,L] 2.98(7) 6.56
[CupH _3L]™ —3.58(7) 6.34
[CupH_4L] 2 —-9.92(3) 8.88
[CuH_sL] 2 —~18.80(4) -

Standard deviations on the last figure in parentheses.
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Fig. 3. Representative species distribution diagrams for complex-formation of
HA4A with Cu(ID), at T = 25 °C and I = 0.1 mol dm ™3 (KCI). C, = 1.0 - 107> mol
dm™2 and a) Cguary = 0.8 - 1073 mol dm~3; b) Ceyany = 1.9 - 107 mol dm 3.

magnitude in the case of the species [CuL]). However, the presence of
two histidines, separated by three amino acid residues, allows, also in
this case, the formation of binuclear complexes, as demonstrated by the
mass spectrum of Supplementary Fig. S10b SIf, recorded in excess of
metal.

The first species observed at acidic pH is the complex [CuH,L]?>", the
main complex up to pH 5. Both its stoichiometry and the spectroscopic
parameters (Supplementary Figs. S11 and S12, Supplementary Table S3,
SI7) suggest that the metal is bound to the nitrogen of a histidine
imidazole side chain, with the possible participation of the carboxylic
group of a glutamic acid. Since the sequence contains two His and two
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Glu residues, it is likely a mixture of complexes in solution with this type
of coordination but with different donor atoms involved. The loss of a
proton leads to the formation of the [CuHL] ™ complex, which reaches its
maximum at pH 5.5; the experimental value of . is very close to that
expected for a coordination (2Ny,, COO~), with the formation of a
macrochelate between the two histidines. The corresponding pK, value
(4.98), considerably lower than that measured for the second histidine
in the absence of metal (6.77, Table 1), supports this coordination
hypothesis.

Starting from pH 4.5, the formation of the complex [CuL] is observed
(Fig. 2a). The thermodynamic and spectroscopic parameters suggest the
deprotonation and coordination of the terminal amino group, which
replaces an imidazole ring in the equatorial plane of the complex (Nyy,
NHj, COO"); the fourth vertex of the plane is probably occupied by a
water molecule, while the second imidazole ring becomes free or in-
teracts with the metal in axial position. When, on the other hand, the
metal ion is in excess, the binuclear complex [CuyH_;L]" forms in a
considerable amount, in parallel with [CuL]. Here, the additional metal
ion is linked to the second histidine and to an amide nitrogen of the
peptide chain. Both the complex [CuL] and the species [CupgH_;L1™,
have their formation maximum around pH 6. As pH increases, each
metal ion anchored to the peptide is able to gradually displace the amide
protons of the chain, thus binding the corresponding amide nitrogens.
The wavelength of maximum absorption in the Vis spectra shifts to
lower values as the pH increases: the absorption band is narrower and
more intense when only mononuclear complexes are present (with a
unique and well-defined coordination site) while it is broader for
binuclear complexes that contain two similar but not identical metal-
binding sites. The CD spectra (Supplementary Fig. S12, SIt) have very
similar shapes, especially in their UV portion, confirming that the type of
donor atoms is the same in the two cases.

3.2.3. MAHAEEQHG-Am (H4A)

The thermodynamic complex-formation constants for the system Cu
(I)/H4A are reported in Table 4 and the corresponding distribution
diagrams are shown in Fig. 3.

The replacement of histidine in position 4 with an alanine does not
preclude the peptide H4A from complexing Cu(Il) as described above for
WT: in fact, His in third position leads to the formation of the stable
ATCUN-type complexes, while the presence of a second histidine in
position 8 allows the formation of binuclear complexes. The presence of
the latter species, detected by potentiometry, was confirmed by the mass
spectra recorded in excess of metal (Supplementary Fig. S13, SI{). The
speciation model of Table 4 does not differ very much from that deter-
mined for the WT peptide (Table 2) except for the absence of the most
protonated species [CquL]3Jr and [CuH,L] 2+; this is obviously due to
the lack of one histidine residue. In excess of ligand, the ATCUN-type
complex, with stoichiometry [CuH_;L]", is already the predominant
species at pH 5; at alkaline pH, the second histidine releases the proton
bound to the pyridine-type nitrogen of its imidazole ring, with a pK,
value (6.83) very similar to that measured in the absence of metal
(6.88), thus suggesting the absence of any interaction with the Cu(II) ion
already bound to the N-terminal domain. The Vis-absorption (Supple-
mentary Fig. S14a, SIf) and the CD spectra (Supplementary Fig. S15a,
SIt) confirm this coordination hypothesis, since they are practically
unchanged throughout the explored pH range (Supplementary Table S5,
SI7). Interestingly, although the replacement of His in position 4 with
Ala does not change the peptide coordination modes, the mono-nuclear
complexes of WT are more stable than those formed by H4A (see
competition diagrams discussed below). This result is in agreement with
the observation, already widely documented in the literature, that the
number of histidine residues of the peptide sequence always has a great
influence on the stability of the formed Cu(II) complexes, due to the

possibility of forming a number of species with the same stoichiometry
but a different set of donor atoms. Lastly, in the presence of metal excess,
the spectroscopic data (Supplementary Figs. S14b and S15b,
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Table 5
Cumulative complex-formation constants () and acid dissociation constants

(K,) of Cu(Il) complexes with the peptide MAHHEEQAG-Am (H8A), at T =
298.2 K and I = 0.1 mol dm™ (KCI).
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Table 6

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(II) complexes with the peptide MAHAEEQAG-Am (H4A/H8A), at T =
298.2 K and I = 0.1 mol dm™ (KCI).

Species log g pPKa Species log g pKa
[CuH,L]** 19.33(2) - [CuHL]™ 12.95(1) -
[CuL] 10.55(1) 4.87 [CuH_4L] 4.27(1) 5.28
[CuH_,L]™ 5.68(2) 6.76 [CuH 2L]27 —0.99(1) -
[CuH_,L1*~ ~1.08(4) - o ) .

[CupH_,L]* 8.82(5) 5.82 Standard deviations on the last figure in parentheses.

[CusH L] 3.00(7) -

[CupH_4L] 2 —13.12(3) 9.32

[Cu,H_sL] 3 —22.44(4) _ 100 7 ————mme

Standard deviations on the last figure in parentheses.
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Fig. 4. Representative species distribution diagrams for complex-formation of
H8A with Cu(Il), at T = 25 °C and I = 0.1 mol dm 3 (KCD). C, = 1.0 - 103 mol
dm~3 and a) Ceuan = 0.8 - 1073 mol dm~3; b) Ceuan = 1.9 - 102 mol dm 3.

Supplementary Table S6, SI}) have a very similar trend to that already
discussed above for WT, confirming the formation of binuclear species
with similar structure and stability of those already described for WT.

3.2.4. MAHHEEQAG-Am (H8A)

The thermodynamic complex-formation constants for the system Cu
(I1)/H8A are reported in Table 5 and the corresponding distribution
diagrams are shown in Fig. 4.

The H8A peptide contains two histidine residues which, although
close together, can lead to the formation of binuclear species. A first
metal ion is bound by the N-terminal ATCUN site, starting from pH 3,
and this complex (variously protonated depending on pH) is practically

[CuH_,LJ>

B [o2) o]
o o o
N L N

N
o
"

% formation relative to total Cu(ll)

2.5 3.5 45 55 6.5 7.5 8.5 9.5 10.5
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Fig. 5. Representative species distribution diagram for complex-formation of
H4A/H8A with Cu(I), at T = 25 °C and I = 0.1 mol dm ™ (KCI). C;, = 1.0 - 107>
mol dm~2 and Ccuany = 0.8 - 1073 mol dm 3.

the only species in solution in the presence of ligand excess. If, on the
other hand, the metal is in excess, a second Cu(II) ion can first anchor to
the histidine in position 4 and then bind, at basic pH, the amides of the
peptide backbone in the C-terminal direction. The formation of binu-
clear complexes, suggested by the potentiometric results of Table 5, is
confirmed by the mass spectra, an example of which is shown in Sup-
plementary Fig. S16 SIf. The spectrophotometric results confirm a
behaviour similar to that of the other peptides (Supplementary Figs. S17
and S18, Supplementary Tables S7 and S8, SI{). It is worth of note that

two consecutive histidines really do give rise to binuclear complexes.

Table 7

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Ni(II) complexes with the investigated peptides, at T = 298.2 K and I =

0.1 mol dm~3 (KCI).

Ligand Species log g pPK,
MAHHEEQHG-Am (wild-type, WT) [NiHL]* 12.90(8) 5.77
[NiL] 7.13(6) 6.26
[NiH_;L]~ 0.87(5) 6.95
[NiH_,L]? —6.08(5) -
MAAHEEQHG-Am (H3A) [NiH,L]%*+ 18.0(2) 6.0
[NiHL]* 11.98(8) 6.25
[NiL] 5.73(6) 7.78
[NiH_;L]~ —2.05(8) -
[NiH_sL]3~ —~18.64(7) 9.1
[NiH_4L]*~ —27.7(1) -
MAHAEEQHG-Am (H4A) [NiL] 6.25(8) 5.49
[NiH_;L] 0.76(2) 6.89
[NiH_,L]>~ —6.13(5) -
MAHHEEQAG-Am (H8A) [NiL] 6.01(6) 5.75
[NiH_;L] 0.26(3) 6.72
[NiH_,L]%~ —6.46(4) -
MAHAEEQAG-Am (H4A/H8A) [NiH_;L]~ —0.48(5) 5.55
[NiH_,L]*~ —6.03(1) -

Standard deviations on the last figure in parentheses.
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3.2.5. MAHAEEQAG-Am (H4A/H8A)

The thermodynamic complex-formation constants for the system Cu
(I)/MAHAEEQAG-Am (H4A/H8A), are reported in Table 6 and the
corresponding distribution diagram is shown in Fig. 5. Only the histidine
in third position is present in this peptide and, therefore, only mono-
nuclear, ATCUN-type complexes are formed in the explored pH range. In
addition, Vis absorption data (Supplementary Fig. S19, Supplementary
Table S9, SIt) show that, in the presence of Cu(Il) excess, the solution
becomes cloudy at pH > 7 for the formation of a precipitate, most likely
of Cu(Il) hydroxide. CD spectra (Supplementary Fig. S20, Supplemen-
tary Table S9, SI}) are almost identical at 0.8:1.0 and 1.9:1.0 metal-to-
ligand ratios, supporting the absence of polynuclear complexes.

3.3. Binary Ni(II) complexes

The complex-formation equilibria with the Ni(II) ion have been
investigated only in the presence of ligand excess and only mono-nuclear
complexes have been detected. The speciation models obtained by
potentiometry are shown in Table 7, while the corresponding distribu-
tion diagrams and all the spectroscopic results are reported as SIf
(Supplementary Figs. S22-S41, Supplementary Tables S10-S14). The
formation of yellow, diamagnetic, square-planar complexes has been
observed at alkaline pH in every system, with a slow kinetics which
required rather long waiting times between each titrant addition. No
precipitation was observed in the explored pH range.

The presence of the ATCUN type sequence in all peptides, with the
exception of H3A, favours the Ni(II) coordination to the amino-terminal
domain, as already described for copper. The main species at neutral pH
is the (Nim, NHy, 2 N7) complex, characterized by an intense absorption
around 422 nm [20,38]; the corresponding CD spectrum contains, in the
Vis range, two bands of opposite sign, at 415 (positive) and 480
(negative) nm, respectively [39-41], and a positive and intense charge-
transfer band in the UV region around 260 nm [42,43]. However, it
should be noted that the shape of CD spectra referring to the peptides
WT and H4A progressively changes at pH > 9, although no variations
are observed either in the absorption spectra or in the distribution dia-
grams (where the complex [NiH_,L]?" is practically the only species
detected in solution at pH > 8). On the contrary, for the H8A and H4A/
H8A peptides, in which the histidine in position 8 has been replaced by
an alanine, the CD spectrum simply becomes more intense, as pH in-
creases, without changing shape. Evidently, His-8, when present, is
somehow involved in coordination at high pH, for example with a shift
of nickel from the N-terminal to the C-terminal domain. However, the
available experimental data are not enough to fully clarify this point,
which would require further investigation.

A peculiar behaviour is that of H3A, due to the lack of the ATCUN-
type coordination domain. Likely, at acidic pH, the Ni(II) ion is
anchored to one His residue [38,44] and then, as pH increases, macro-
chelated species are formed, with the involvement of the second histi-
dine and/or of the terminal amino group. The species formed at acidic
pH are probably octahedral; they evolve to the classical square planar,
low spin complex at alkaline pH, with the involvement of deprotonated
amide nitrogens of the backbone. As a matter of fact, up to four
deprotonation steps are revealed by potentiometry at alkaline pH, sug-
gesting the coordination of more than two amide nitrogens to Ni(II).
This behaviour is confirmed by spectroscopic data (Supplementary
Figs. S28 and S29, SI}): the wavelength of maximum absorption at pH >
10 is 414 nm, lower than that recorded for the other systems (about 422
nm). In addition, the CD spectra in the Vis range show a single broad and
intense negative band, located around 440 nm.

3.4. Binary Zn(Il) complexes
The Zn(II) ion has a strong affinity for the imidazole nitrogen of

histidine, while it is generally accepted that it is not able to displace the
protons of the amide nitrogens. In all the studied systems, the formation
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Table 8

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Zn(II) complexes with the investigated peptides, at T = 298.2 K and I =
0.1 mol dm™3 (KCI).

Ligand Species log g pKa
MAHHEEQHG-Am (wild-type, WT) [ZnH,L]%* 18.79(6) 6.23
[ZnHL]" 12.56(6) 6.46
[ZnL] 6.10(4) -
MAAHEEQHG-Am (H3A) [ZnHL]" 11.71(4) 6.93
[ZnL] 4.78(4) 8.02
[ZnH_,L]~ —3.24(5) -
MAHAEEQHG-Am (H4A) [ZnHL]" 11.69(3) 7.22
[ZnL] 4.47(6) 8.37
[ZnH_,L]~ —3.9(1) -
MAHHEEQAG-Am (H8A) [ZnHL]" 10.71(6) 6.58
[ZnL] 4.13(3) 8.23
[ZnH_,L]~ —4.10(4) -
MAHAEEQAG-Am (H4A/H8A) [ZnL] 3.88(6) 7.84
[ZnH_,L]~ —3.96(6) 8.46
[ZnH_,L]*~ —12.42(6) -

Standard deviations on the last figure in parentheses.

of 1:1 complexes, variously protonated, was observed (see Table 8,
distribution diagrams of Supplementary Figs. S42-S46 SIf and mass
spectra of Supplementary Figs. S47-S51 SI{). The first complexes are
formed in all systems starting from pH 4.5-5.5: the stoichiometry of
these species depends on the number of histidines in the sequence
([ZnH,L1?* in the case of WT; [ZnHL] ™" in the case of H3A, H4A and
H8A; [ZnL] in the case of H4A/H8A). In every case, the stoichiometry
requires that two nitrogen atoms are unprotonated and bound to the
metal. They should belong to the two available imidazole side chains; or,
in the case of H4A/H8A, to the histidine and the terminal amino group.
It should be noted that, in the case of WT, which contains three histi-
dines, a mixture of complexes, with identical stoichiometry and coor-
dination mode but involving different donor atoms, can be formed. This
may explain why the [ZnH,L]?>* complex of WT begins to form at a pH
value (4.5) lower than that observed with the other peptides. It is also
worth noting that, when the histidine in position 8 is replaced by an
alanine (peptides H8A and H4A/H8A) the first complexes are formed
only at pH around 5.5, suggesting an important role of His-8 as the first
metal anchor. All these complexes should be macrochelated, most likely
with a tetrahedral geometry, where the two coordination positions not
occupied by nitrogens are occupied by water molecules. As the pH in-
creases, the third nitrogen of the peptide, if present, binds the metal by
displacing a water molecule. Only in the case of WT, zinc can simulta-
neously coordinate three histidine residues. In addition, also the for-
mation of a species with four nitrogen atoms linked to zinc is
theoretically possible for WT, corresponding to the complex [ZnL]; this
could be the reason for its greater stability (almost two orders of
magnitude) compared to the other complexes of the same stoichiometry
formed by the other peptides (see Table 8). Unexpectedly, the solutions
containing Zn(II) and WT are the only ones in which the formation of a
precipitate was observed between pH 7 and 10.2. In all other cases, no
clouding of the solution was detected, although the potentiometric
signal had a slow drift at pH > 8.5. At alkaline pH, further deprotonation
steps have been observed, which lead to the formation of the species
[ZnH_;L]™ and, only in the case of H4A/H8A, also [ZnH,zL]Z_. The
simplest explanation is the deprotonation of the coordinated water
molecules.

3.5. Ternary Cu(ID/Ni(I)/WT complexes

Data reported above show that, in the presence of Cu(II) excess, the
WT peptide can form binuclear species. Therefore, we decided to test its
behaviour in the presence of equimolar quantities of Cu(II) and Ni(II).
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Table 9
Cumulative complex-formation constants () and acid dissociation constants

(K,) of mixed Cu(II)/Ni(II) complexes with peptide WT, at T = 298.2 K and I =
0.1 mol dm™3 (KCI).

Species log g pPKa
[CuNiH_,L]* 9.97(6) 6.57
[CuNiH_,L] 3.40(4) -
[CuNiH_sL]3~ —23.74(4) -

Standard deviations on the last figure in parentheses.
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Fig. 6. Representative species distribution diagram for complex-formation in
the ternary Cu(II)/Ni(II)/WT system, at T = 25 °C and I = 0.1 mol dm 3 (KCD).
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Fig. 7. Vis absorption spectra for Cu(II)/Ni(II) complexes with WT; C, = 1.0 -
1072 mol dm 3, Cu(ID:L = 0.8: 1, Ni(Il):L = 0.9:1.

First, from a qualitative point of view, it was possible to observe, during
the titrations with KOH, that the solution, initially colorless, assumed a
pink color at acidic pH close to neutrality and then turned to orange at
basic pH.

Potentiometric data processing revealed the formation of three
hetero-metallic binuclear species, as reported in Table 9; the corre-
sponding distribution diagram is shown in Fig. 6. This result is in
excellent agreement with a recent study carried out under similar con-
ditions on the AAHAAAHG octapeptide [45]. Although that paper does
not report the complex-formation constants of the mixed species, the
stoichiometry of the ternary complex formed at basic pH, obtained from
mass spectra, is exactly [CuNiH_sL]?~, which corresponds (except for
the different charge due to the different number of carboxylic groups of
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Table 10

Calculated dissociation constants (Kq/mol dm %), pM and pLg 5 values for Cu(II)
complexes with the investigated peptides.

K4’ pCu’ plos
pPH=7.4 pH=5.4 pH = pH = pH = pH =
7.4 5.4 7.4 5.4
WT 2.35 - 9.95 - 14.408 7.959 12.27 7.00
107 1078
H3A 4.03 - 1.65 - 10.173 6.198 9.23 4.59
10710 10°°
H4A 4.48 - 2.26 - 14.128 7.610 12.25 6.64
107 1077
H8A 4.63 - 1.31- 14.113 7.841 12.24 6.88
107 107
H4A/ 4.26 - 2.52 - 14.150 7.565 12.25 6.60
HS8A 107 1077
DAHK- 1.69 - 7.30 - 14.550 8.093 12.28 7.14
Am‘ 10714 1078

a Kozlowski et al. [46].

b [Lltotas = 107> M and [Mlora; = 107° M; Crisponi et al. [47].
¢ Crea et al. [48].

d Speciation model taken from: Sokolowska et al. [40].

Table 11

Calculated dissociation constants (Kg/mol dm™~2), pM and pLg 5 values for Ni(II)
complexes with the investigated peptides, at pH = 7.4.

Ka pNi Plos
WT 6.19-107° 9.163 8.21
H3A 5.24.10°° 6.444 5.28
H4A 5.89 -107° 9.184 8.23
H8A 1.13-10°8 8.901 7.95
H4A/H8A 4.72-.107° 9.281 8.33
DAHK-Am® 1.85-107° 9.689 8.73

2 Speciation model taken from: Sokolowska et al. [40].

the sequence) to that obtained in the present investigation. Furthermore,
the absorption spectra shown in Fig. 7 are very similar to those reported
by Grenacs et al. [45], suggesting the same coordination geometry.
Therefore, it can be assumed that, at acidic pH, Cu(Il) coordinates at the
N-terminus of WT (with the ATCUN-type coordination mode); as pH is
increased, a nickel ion initially binds the two histidine residues not
involved in copper coordination. Starting from pH about 9, the Ni(II) ion
displaces up to 3 amide hydrogens of the peptide chain, thus forming the
classic planar and diamagnetic 4 N complex. It is reasonable to assume
that, in the species [CuNiH_sL]S’ (which dominates at pH > 9, see
Fig. 6) the Ni(II) ion is bound to His-8 and to the three preceding amides,
in the N-terminal direction. In the pH range 4.5-8.5, the absorption
spectra are practically identical and dominated by the d-d transition of
the Cu(II) ATCUN-type complex; at more alkaline pH values, the typical
band of the diamagnetic Ni(II) complex becomes instead evident.

ESI-MS spectra recorded at pH 5.5, 7.8 and 10.2 (Supplementary
Fig. S52 SI}) also highlight the formation of binuclear complexes with
Cu(Il) and Ni(II) at different protonation states and they are in good
agreement with the speciation model obtained by potentiometry.
Following the distribution diagram plotted in Fig. 6, the observed more
intense m/z signals correspond to the major species in solution under the
given pH.

3.6. Comparison of complex stability

When the various histidines of a peptide sequence have very similar
chemical environments, spectroscopic techniques are unable to distin-
guish the behaviour of each specific residue. Hence the need to study
series of analogues, e.g. with the Ala-scan method used here. To obtain
the required information, the stability of the complexes formed by the
different mutants must be compared; however, this cannot be directly
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Table 12
Calculated dissociation constants (Kq/mol dm™3), pM and pLy 5 values for Zn(II)
complexes with the investigated peptides, at pH = 7.4.

Ka pZn plos
WT 3.17-10°° 6.582 5.49
H3A 4.44.107° 6.084 4.34
H4A 6.99 -10°° 6.056 4.14
H8A 1.70 -107* 6.024 3.76
H4A/HSA 2.65-107% 6.016 3.56

done through the stability constants, since the complexes have different
stoichiometry and/or protonation degree. For this purpose, the param-
eters reported in Tables 10-12 have been calculated. The general
meaning of these parameters is to give an overall estimation of the
metal-ligand “affinity”, under well-defined experimental conditions of
pH and component concentration, which summarizes all the metal-
ligand interactions that give rise to the speciation models described
above. In particular, Kq (expressed as molarity, mol dm~>) corresponds
to the concentration of free metal when the ligand is half in the form of a
complex (whatever its stoichiometry) and half not complexed [46]. K4
depends on pH but not on the ligand concentration and the smaller it is,
the greater the complexes stability is. This parameter is widely used in
biochemistry, assuming that, if the K4 value is equal to or less than the
free metal concentration estimated (or measured) in the biological
environment, then the ligand can “capture” the metal. A similar mean-
ing can also be attributed to pM (= —log[Mlgee); in this case a higher
value means that the ligand is more effective in metal sequestration
[47]. The parameter pLgs, recently introduced by Sammartano and
coworkers [48], refers to the quantity of ligand (expressed as -log[L] o)
required to bind 50% of the metal present in traces (typically [Mli =
1-107'2 mol dm™>). This parameter takes into account the action of all
the other possible competing ligands present in solution (the speciation
model of which must be known) and it is the greater the smaller the
quantity of ligand required, i.e. the stronger the metal-ligand affinity.
The values of K4, pM and pLg s, at different pH and for all the systems
studied are shown in Tables 10-12 together with reference values for the
tetrapeptide DAHK-Am, corresponding to the ATCUN site of human
albumin.

As for the Cu(II) complexes, from Table 10 it is clear that the best
ligand in the series is human albumin at both pH 7.4 and 5.4: although
the coordination site is always of the ATCUN type and therefore the
binding mode is very similar for all peptides (with the exception of
H3A), the particular albumin sequence is favored probably due to the
presence of the aspartic acid residue, whose side carboxyl group can
participate in the metal complexation through an axial interaction
[49,50]. In the series of Hpn protein analogues, WT forms the most
stable complexes: the presence of an extra histidine residue and the
possibility of forming different complexes with identical stoichiometry
but different set of donor atoms is probably the reason of this greater
affinity. The differences between the H4A, H8A and H4A/HS8A ligands,
which have an identical ATCUN site but different combinations of
additional histidines, are of minor importance, although it can be
observed that the H4A/H8A peptide, which only possesses one histidine
in position 3 (and which consequently cannot form binuclear com-
plexes), has the lowest affinity. A significantly lower strength as Cu(II)
ligand is shown by H3A, where the histidine in position 3, responsible
for the ATCUN sequence, was replaced by alanine. As expected, the His-
3 residue is crucial to confer high Cu(Il) binding affinity to the studied
peptides like in human albumin. Similar considerations can be deduced
from the competition diagram reported as Supplementary Material
(Supplementary Fig. S53, SIt), which allow to compare the strength of
the ligands in a wide pH range.

Also in the case of Ni(Il) complexes, the best ligand proved to be
DAHK-Am (Table 11). Surprisingly, the peptide of the series which has
the second-best affinity for Ni(II) is H4A/H8A, which contains less

10

Journal of Inorganic Biochemistry 214 (2021) 111304

histidines than all the others. Evidently, the ATCUN binding motif,
which leads to the formation of strictly square-planar Ni(II) complexes
plays a major role and the presence of additional histidines is negligible,
or even disturbing, when moving towards neutral and alkaline pH, as it
can be observed from the competition diagram of Supplementary
Fig. S54, SI}. On the other hand, His-8 (which is absent in H8A) seems to
contribute to the stability of the system; moreover, as discussed in the
previous section, the obtained CD data for WT and H4A undergo a shape
variation at pH > 9, suggesting that His-8 is somehow involved in co-
ordination at alkaline pH. Once again, the lack of the His residue in
position 3 strongly penalizes the H3A peptide, as already observed in the
case of Cu(Il).

The coordination modes of the Zn(II) ion are very different from
those of Cu(Il) and Ni(II), as described above. In this case, the number of
histidine residues of the peptide plays a major role in establishing its
affinity towards the metal. The results reported in Table 12 and Sup-
plementary Fig. S55 SIt show that WT is by far the strongest ligand of the
series, at acidic pH; it is the only one which can form Zn(II) complexes
with three imidazole nitrogens as donor atoms. In contrast, H4A/H8A is
the weakest ligand; in fact, it possesses only one histidine. Moreover, the
zinc affinity is significantly lower for the H3A and H8A peptides than for
the H4A ligand, although all the three of them possess two histidines.
This result suggests a minor role for His-4, with respect to His-3 and His-
8, in zinc chelation.

Finally, the data of Tables 10-12 clearly show that, under the same
experimental conditions, the N-terminal domain of Hpn (represented by
WT) has great selectivity towards the metals studied with affinities in
the following order: Cu(Il) >> Ni(II) > Zn(II). Similar considerations
also apply to the other peptides. As already described above, a recent
study [13] reported, in the case of Ni(II), a K4 value for the Hpn protein
of 7.89-1078. It can be considered in a reasonably good agreement with
the value measured in the present work for the Ni(I[)/WT system
(6.19-107° M, Table 11), also taking into account that the experimental
conditions are rather different. Hence, it can be deduced that the amino-
terminal ATCUN site of Hpn plays an important role in the nickel co-
ordination. On the contrary, in the case of Zn(II), the K4 value measured
here for the peptide WT (3.17-10~® mol dm ™3, Table 12) is much higher
than that reported by Wegner et al. for the Hpn protein (1.03-10~° mol
dm™3). This is attributable to the fact that Hpn has other binding sites
rich in histidine and cysteine residues which have a greater affinity for
zinc than the amino-terminal domain.

4. Conclusions

The studied peptides proved to be good chelators for divalent copper,
nickel and zinc ions. With the exception of H3A, all the investigated
sequences contain a very efficient Cu(II) and Ni(II) ATCUN-binding site
(Nim, NHy, 2 N7) which is confirmed to confer great stability to copper
and nickel complexes. Furthermore, the presence of additional histidines
in position 4 and 8 allows the formation of stable homo- and hetero-
binuclear complexes. In the case of Zn(II) ion, the ligand effectiveness is
not strictly affected by the presence of the ATCUN sequence, but most
likely depends on the number of available histidines, which act as
multiple metal anchoring sites and allow the formation of macrochelate
systems. The binding strength of the N-terminus of Hpn protein has been
compared with that of the other studied binding sites of Hpn, i.e. the two
motifs containing a double cysteine residue in the positions 38-42 and
51-55 [17] and the poly-histidine sequence in the positions 18-26 [14].
The corresponding competition diagrams are reported as Supplementary
Information (Supplementary Figs. S56, S57 SIt). The -Cys-Cys- motifs
are stronger than the N-terminal ATCUN site, both for Ni(II) and Zn(II)
coordination. On the other hand, the poly-His sequence corresponding
to the 18-26 domain of Hpn can compete with the N-terminus only at
acidic pH value. In view of the fact that Hpn can bind up to five Ni(II)
ions, we can suggest that all these four studied binding sites are involved
in nickel trafficking. It looks reasonable that, at low nickel levels, the
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Fig. 8. Proposed molecular structure for the hetero-binuclear complex
[CuNiH,SL]g’. Cu(II) atom (in purple) is bound to the ATCUN site (Ny,, NHj, 2
N7), Ni(Il) atom (in yellow) displays a (N, 3 N7) coordination mode. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

cysteine binding sites are saturated with nickel before than His binding
sites.

The formation of binuclear Cu(II) complexes have been extensively
studied; from the obtained results one can generally assume that the first
Cu(Il) ion interacts with the peptide at the very effective N-terminal
ATCUN site (if present), while a second Cu(II) ion can further coordinate
the histidine residues in position 4 and 8. However, His-8 seems to be the
favorite site, due to the possibility to further coordinate the amide ni-
trogen towards the N-terminal direction, forming a stable 5/6-
membered chelate rings.

As expected from the Irving-Williams series [51], the N-terminal
domain of Hpn displays metal-binding affinities in the order Zn(II) < Ni
(II) << Cu(ID). In particular, this means that Cu(II), even if present in low
amount, can replace Ni(II) in the Hpn protein coordination. Moreover,
the WT model peptide was proved to form hetero-binuclear complexes,
where the ATCUN sequence interacts exclusively with Cu(II) while
nickel preferentially binds the histidine residue in position 8 (second
binding site) to form its typical square planar complex (Nyy, 3 N )(see
Fig. 8). In the interaction of Cu(Il) with a binary Ni(II)/WT complex, the
nickel ion can be either released or even moved from the ATCUN site to
the second binding site. In both cases the activity of Hpn protein is
disturbed. In fact, Supplementary Figs. S58, S59 SI{ show that, in the
presence of only a 20% of Cu(II) with respect to Ni(I), not only mixed Cu
(I1)/Ni(II) species are formed in the entire pH range, but, at neutral pH,
some Ni(II) is still not complexed (see Supplementary Fig. S23 SI7 for the
sake of comparison in the absence of copper). When thinking about
possible antimicrobial strategies, a suitable Cu(II) complex, sufficiently
stable to reach the bacterium but weaker that that formed with Hpn,
could be employed as a pharmacophore, with the aim of producing a
“ligand exchange” reaction, where Cu(II) ions substitute Ni(II) ions at
the Hpn ATCUN domain; in a possible additional second step, the
released Ni(II) ions could even be sequestered by the metal-free phar-
macophore and eliminated. This action would partially inhibit the Hpn
efficiency in Ni(II) recruitment and storage, thus helping the nutritional
immunity mechanism to starve the pathogen. A similar action could also
be obtained with the more safe Zn(II) ion, but it would require very high
Zn(II) concentration, since its affinity for Hpn, at least as far as the N-
terminus is concerned, is much lower than that of Ni(Il). Anyway,
Supplementary Fig. S60 SIt shows that, in the presence of a 10-fold
excess of Zn(I) with respect to Ni(Il), the most acidic pH values are
dominated by Zn(II) complexes, and, at neutral pH, about 30% of the
peptide is engaged in zinc binding.

The strategy of distressing bacterial nickel homeostasis by means of
competing metals (or ligands) looks promising in order to find new
therapeutic ways to eradicate H. pylori and a detailed understanding of
metal binding modes in bacterial metal chaperones is a valuable “brick
in the wall” which aims to stop the pathogens from spreading.
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ABSTRACT: Tau protein is present in significant amounts in
neurons, where it contributes to the stabilization of microtubules.
Insoluble neurofibrillary tangles of tau are associated with several
neurological disorders known as tauopathies, among which is
Alzheimer’s disease. In neurons, tau binds tubulin through its
microtubule binding domain which comprises four imperfect
repeats (R;—R,). The histidine residues contained in these
fragments are potential binding sites for metal ions and are
located close to the regions that drive the formation of amyloid
aggregates of tau. In this study, we present a detailed character-
ization through potentiometric and spectroscopic methods of the
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binding of copper in both oxidation states to R, and R; peptides, which contain one and two histidine residues, respectively. We

also evaluate how the redox cycling of copper bound to tau peptide

s can mediate oxidation that can potentially target exogenous

substrates such as neuronal catecholamines. The resulting quinone oxidation products undergo oligomerization and can

competitively give post-translational peptide modifications yieldin

g catechol adducts at amino acid residues. The presence of

His—His tandem in the R; peptide strongly influences both the binding of copper and the reactivity of the resulting copper
complex. In particular, the presence of the two adjacent histidines makes the copper(I) binding to Ry much stronger than in R;.

The copper—R; complex is also much more active than the copp

er—R; complex in promoting oxidative reactions, indicating

that the two neighboring histidines activate copper as a catalyst in molecular oxygen activation reactions.

B INTRODUCTION

Tau proteins, first discovered and characterized in 1975, are
present in the axon terminals of neurons and are mostly
associated with microtubules, the major constituent of the
cytoskeleton, composed of a dynamic tubulin polymer. In
solution, tau proteins are highly unfolded and characterized by
high flexibility of the chain.” The human brain contains six
main tau isoforms that can be categorized depending on
whether they contain three or four pseudorepeats (R;—R;) in
the C-terminal region that constitutes the microtubule-binding
domain. Tau proteins are highly soluble and show little
tendency to aggregation. However, tau aggregation is
characteristic of several neurodegenerative diseases known as
tauopathies.” > Among them, Alzheimer’s disease (AD) is one
of the most relevant and is characterized by the accumulation
of extracellular amyloid plaques and intraneuronal tau
neurofibrillary tangles (NFT).® The mechanism that leads to
accumulation of NFT is still poorly understood, but there is
evidence that tau undergoes post-translational modifications

-4 ACS Publications  © 2019 American Chemical Society 274

associated with AD such as abnormal hyperphosphorylation”*
and nitration.” The failure of therapeutic approaches based on
amyloid hypothesis has led to an increasing interest in tau
mediated AD etiology.'” Moreover, the recent application of
the cryo-electron microscopy (cryo-EM) technique has
allowed a fundamental step for deciphering how the structural
conformation might correlate physiological and pathological
aspects of tau protein.'" In particular, the structure of the tau
fibrils from a diseased brain obtained with cryo-EM shows the
formation of cross-f/f-helix structure between residues 306
and 378, which is the portion of tau comprising the Ry and R,
rfegions.12

As for other neurodegenerative diseases, oxidative stress and
metal ions are recognized as important factors contributing to
AD etiolog)r.13_17 Copper, zinc, and iron are essential metals
for healthy organisms and brain function, but impairment of
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metal homeostasis is a crucial risk factor.'® Despite the large
amount of biophysical and structural studies regarding the
interaction of transition metals with other proteins related to
neurodegeneration, such as a-synuclein,'””" prion proteins,”'
and f-amyloid (Af),”>"** much less is known about the
interaction of metals ions with tau. The region encompassing
the R,—R, repeats represents a potential binding site for
metals, since each repeat contains at least one histidine
(His268, His299, and His362 in R, R,, and R,, respectively);
R; contains two vicinal histidine residues (His329 and His330;
Figure 1).

Proline rich domair Microubule-binding domain

Projecion domain

N-terminus

Rz QTAPVPMPDLKNVKSKIGSTENLKHQPGGGK

R2,eys  VQIINKKLDLSNVQSKCGSKDN I KHVPGGGS |

[ o}
R3 306.336 VQIVYKPVDLSKVTSKCIGSLGN Ii_’!i!lJKPGGGIQ

VEVKSEKLDFKDRVQSKIGSLDNI IE-H}VPGGGN

Figure 1. Amino acid sequences of the four pseudorepeats in the
longest tau isoform. Each pseudorepeat consists of 31—32 amino acid
residues and contains a highly conserved octadecapeptide, which
shows >60% homology. The fragments used in this study are
underlined and highlighted in red and are defined as R,
(Ac-?°SVKSKIGSTENLKHQPGGG?73-NH,) and R,
(Ac-*33GSLGNIHHKPGGG?*-NH,).

Isothermal titration calorimetry shows that zinc(II) binds to
tau in a tetrahedral coordination site involving Cys291,
Cys322, and two histidines with moderate micromolar
affinity.”> Moreover, zinc(II) promotes tau hypegphosphor-
ylation by inactivation of protein phosphatase 2A.*° Recently,
an important role of zinc in the modulation of the aggregation
process of R;—R, has been proposed.”’”

Even if a detailed binding study is still missing, it has been
suggested that iron(III) binds to hyperphosphorylated tau and
induces its aggregation.”® Regarding heme-iron, the analysis of
the interaction with the R, fragment shows that heme binds
with moderate affinity to the histidine contained in this
region.29

The binding of copper to tau has been studied more
extensively. In particular, Soragni et al. have suggested that
copper(II) binds to a site between R, and Ry, even if a definite
coordination sphere has not been proposed.”® The binding of
copper(1I) to tau fragments R,,*' R, and R;* has been also
reported showing the crucial role of histidine as a coordination
site; however, the peptide fragments used in these studies
present free amine and carboxylic acid at the N-terminus and
C-terminus, respectively, giving rise to a coordination model
which is not suitable for mimicking the binding to full length
protein. The same objection can be made with regard to an
EPR spectroscopic study on the interaction of copper(Il) and
different portions of tau including Ry, R,, R3, and Ry regions"’4
and a more recent study that analyzes the interaction of
copper, in both oxidation states, with the R, region.”

Another study suggests that also the N-terminal portion of
tau protein can bind copper through coordination of His14
and His32.%° The interaction of copper with the full length tau
has been investigated also by laser ablation inductively coupled
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plasma mass spectrometry”’ and by electrochemical techni-
ques.”® In particular, the latter study proposes a reduction
potential for the Cu(II)/Cu(I) redox couple bound to the tau
protein of approximately 340 + S mV versus NHE.

The number of studies that account for the reactivity of the
copper—tau complexes and the related oxidative stress is even
more limited. Sayre et al. analyzed the metal-catalyzed
oxidation of 3,3’-diaminobenzidine in the presence of
hydrogen peroxide and propose that copper and iron are
involved in the redox reactions occurrin% in the neurofibrillary
tangles as well as in the senile plaques.”

It is therefore crucial to better define the nature and strength
of the binding of copper to tau by determining the
stoichiometry and the structure of the complexes formed in
solution and measuring the corresponding stability constants.
In addition, the oxidative reactivity associated with these
complexes should be explored to assess the potential
contribution to oxidative stress arising from the copper—tau
interaction.

In the present study, we investigate the properties and the
reactivity of the copper complexes formed with N-acetylated
and C-amidated R, (Ac-***VKSKIGSTENLKHQPGGG*">-
NH,) and R; (Ac-***GSLGNIHHKPGGG**-NH,) fragments.
These two fragments were chosen because they have different
behavior in the NFT formation. In particular, the Ry portion is
found inside the cross-f/f-helix structure of tau filament
whereas R, is outside.'” Moreover, these two peptides allow
clarification on how the presence of one histidine or two
vicinal histidines affects the affinity for copper and the
reactivity of the relative copper complexes. We also justify
the choice to use a truncated R; fragment excluding the
cysteine residue (Cys322) according to the evidence that
copper(Il) is able to oxidize in vitro the cysteine residue
inducing the formation of a disulfide intermolecular bond.*’
However, the two cysteine residues in tau protein (Cys291 and
Cys322) are likely involved in the disulfide bond in the native
protein, even if formation of intramolecular or intermolecular
bonds may play an important role in tau aggregation.*"**

The speciation of the copper(I) and copper(Il) complexes
with both R, and R; peptides was studied by potentiometry,
and the coordination environment of copper(Il) in its adducts
with the peptides was investigated by visible absorption and
CD spectroscopy. The copper(I)— and copper(II)—R; binding
was also studied by NMR and EPR spectroscopy. Finally, we
studied the oxidation of the dopamine (DA) neurotransmitter,
as a physiological model of induced copper redox cycling, and
the related, but with a less complex oxidation pattern, 4-
methylcatechol (MC). The present study extends our previous
investigations on the redox activity of copper complexes with
neuronal peptide fragments of AS,"™* a-synuclein,***” and
prion protein.

B RESULTS AND DISCUSSION

Peptide Protonation Equilibria. R, in its neutral form is
a monoprotic acid (LH, Scheme S1). In its fully protonated
form (on the side chains of Glu, His, and the three Lys
residues) it is a pentaprotic acid (LHs"). The pK, values
determined by potentiometric titrations (Table 1) are fully
consistent with the sequential deprotonation of the carboxylic
group of Glu, the imidazolium nitrogen of His, and the three
protonated amino groups of Lys residues, the latter ones
occurring at pH > 8.5. At pH 7.4, the predominant form of R,
is LH;>*. The second peptide Ry, in its neutral form, has no
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Table 1. Protonation Constants (pK,) of the Peptides R,
(LH) and R; (L), and Overall Formation Constants of Their
Complexes with Copper(II) (Referred to the Global
Reaction: pCu + qL + rH = [CuquHr] , Charges Omitted)”

R, = LH Ry=1L
pK,, 4.16(3); COOH Glu pKy, 5.78(4); N, H" His
pK, 6.40(2); N, H" His pKy 6.75(3); N, H* His
pK.s 9.69(1); NH;* Lys pK.s 10.19(1); NH;" Lys
pK.4 10.32(1); NH;" Lys
pK.s 10.64(1); NH;* Lys

species log p species log p
[Cu(LH;)]* 34.84(8)
[Cu(LH,)* 28.1(3) [Cu(LH,)]* 20.48(7)
[Cu(LH)]* 22.70(5) [Cu(LH)]** 15.81(2)
[CuL]* 14.08(8) [CuL]* 9.39(3)
[Cu(LH_))] 4.46(7) [Cu(LH_)]* 2.48(2)
[Cu(LH_,)]™ —5.85(9) [Cu(LH_,)] -6.22(3)
[Cu(LH_,)]* —16.35(7) [Cu(LH_,)]~ —-16.31(4)

“T = 2982 K, I = 0.1 M (KCI). Standard deviations on the last
significant figure are given in parentheses. Most relevant species at
neutral pH are given in bold.

acidic protons (L, Scheme S1), but it can undergo protonation
on the imidazole rings of the two His residues and on the
amino group of the Lys chain. In its fully protonated form, it is
therefore a triprotic acid (LH;**). For this peptide, the
observed pK, values (Table 1) are fully consistent with the
deprotonation of the two His residues (in the pH range 4—
8.5), and the deprotonation of the Lys side chain at pH > 9. At
pH 7.4, the predominant form of Ry is LH".

Copper(ll)/R; Complex Formation Equilibria. In the
presence of copper(1I), and in an excess of ligand with respect
to the equimolar metal/ligand ratio, the R, peptide forms
seven complex species. All these complexes correspond to 1:1
copper/peptide stoichiometry and differ for their protonation
states. The stoichiometry of these species, along with their log
p values, are reported in Table 1. A representative distribution
diagram is reported in Figure 2. We will discuss here the
speciation at neutral pH, whereas a complete description of the
speciation of the systems is reported as Supporting
Information. It should be highlighted that we did not examine
in depth ligand/Cu ratios lower than 1.5 since reactivity
experiments were principally carried out in the excess of

100
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[Cu(LH_,)]
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Figure 2. Representative distribution diagram of the copper(II)/R;
(LH) system in aqueous solution (Cu**/R; = 1:3, Cc, = 0.47 mM, [ =
0.1 M (KCI), T = 298.2 K).
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peptide. Our conditions are therefore unfavorable for the
formation of di- or polynuclear species that, in agreement with
this perspective, were not found in our speciation systems.

The predominant species in the pH range 6—8.5 is
[Cu(LH)]*, which reaches 95% total copper at pH 7.2
(Figure 2). Above pH 8.5, [CuL]* becomes the most abundant
species, reaching its maximum at pH 9 (ca. 60% total copper).
The last three deprotonation steps lead to [Cu(LH_;)],
[Cu(LH_,)], and [Cu(LH_,)]*", and they involve solely the
deprotonation of the lysine residues. The coordination
environment of copper in [Cu(LH)]** and [CuL]* (Scheme
1) is proposed on the basis of visible absorption and CD
spectra of the copper(II)/R; (LH) system at different pH’s
(Figure 3; UV CD spectra are reported in Figure S1).

The two spectra at pH 6.70 and 7.30, where [Cu(LH)]** is
predominant, exhibit an absorption A4, of ca. 584 nm. By
means of the parameters of the average environment (Billo’s
method)® ™" this wavelength very well accounted for the
presence on the equatorial plane of copper(Il) of one
imidazole nitrogen, two deprotonated peptide nitrogen
atoms, and a water molecule (Scheme 1, left; expected A,,,,
=583 nm).*” ™' A 6-membered chelate ring is obtained in the
hypothesis of coordination of the imidazole N° and of the
deprotonated peptide nitrogen of His268. By increasing the
pH from 7.3 to 9.1, the maximum of the ligand field transition
shifts from 584 to 523 nm in correspondence with the
formation of [CuL]* (Figures 2 and 3). The latter absorption
maximum is very well accounted for by the presence in [CuL]*
of one imidazole and three peptide nitrogen atoms on the
equatorial plane of copper(I) (expected A, = 523 nm).

The coordination mode in [Cu(LH)]*" is confirmed by EPR
spectroscopy at pH 7.3 in which the complex between
copper(Il) and R; in slight excess displays a typical axial
spectrum with with magnetic parameters: A; = (174 + 1) X
10*em™, A =9+ 1x 10 em™, gy =222 + 0.001, and g,
= 2.055 + 0.000S. (Figure S2). The simulation allows
assignment of 3N atoms in the coordination sphere of Cu(II).
Reporting the magnetic parameters in the Peisach and
Blumberg diagrams in which g and A, are plotted for different
coordinations of model Cu(II) compounds,®” it is evident that
the parameters of the R; EPR spectrum are in agreement with
a 3N coordination, confirming the assignment obtained by
simulation. A schematic representation of the proposed
coordination mode is reported in Scheme 1 (left).

Copper(ll)/R; Complex Formation Equilibria. In the
presence of copper(I) and in an excess of ligand with respect
to an equimolar metal/ligand ratio, the Ry peptide forms six
complex species. Similarly to what was observed for R, all
correspond to 1:1 copper/peptide stoichiometries. The
speciation model is reported in Table 1, and a representative
distribution diagram is reported in Figure 4. The formation of
copper/ligand 1:2 species was examined carefully for this
ligand since the presence of two imidazoles may favor these
stoichiometries. The fitting analysis suggests negligible
formation of 1:2 species under our experimental conditions.
A complete discussion of the speciation of the system is
reported as Supporting Information.

At neutral pH (pH 7-7.5), the [CuL]*" and [Cu(LH_,)]*
species predominate (Figure 4). At pH 6.7, where [CuL]*" is
48% of the total copper, the maximum of absorption of the d—
d band is 610 nm. Copper(II) in this species likely adopts an
equatorial (3N,0) coordination mode that involves one
deprotonated peptide nitrogen, two imidazole donors, and a
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Scheme 1. Schematic Representation of the Copper(II) Coordination in [Cu(LH)]*
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Figure 3. Left: Visible absorption spectra (absorbance/Cc,) of
solutions of copper(Il) and R, (Cu®*/R; = 1:1.5, Cc, = 0.39 mM, I =
0.1 M (KCl), T = 298.2 K). Right: Visible CD spectra of solutions of
copper(Il) and R; (Cu®*/R; = 1:1.5, C, = 0.52 mM, I = 0.1 M
(KCD), T = 2982 K).
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Figure 4. Representative distribution diagram of the copper(II)/Ry
(L) system in aqueous solution (Cu**/Ry = 1:3, Cc, = 0.47 mM, I =
0.1 M (KCl), T = 2982 K).

water molecule (Scheme 2). The expected A, for this
coordination environment is 604 nm. Moving to pH 7.8 where
[Cu(LH_,)]" dominates, the spectrum of the solution
experiences a blue shift to 585 nm (Figure S; UV CD spectra
are reported in Figure S3). This wavelength is well accounted
for a (N, 2N~, O) donor set. We have also performed EPR
experiments at both pH 6.7 and 7.9 in the presence of a slight
excess of Ry compared to copper(II). At pH 6.7, [CuL]*" is the
expected predominant species, whereas at pH 7.9, [Cu-
(LH_,)]" is the most abundant. In both cases, the spectra
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are characteristic of an axial geometry around the metal center
(Figures S4 and S5), but severe broadening of the signal due to
aggregation effects prevents reliable simulation and calculation
of the magnetic parameters.

For this coordination environment we propose chelation
models that are reported in Scheme 2 (modes a and b). In the
first (mode a), the imidazole of His329 acts as the anchor and
the donor atom set is made by two deprotonated peptide
nitrogen donors (Ile328 and His329) and one water molecule
on the equatorial plane. In the second (mode b), the imidazole
of His 330 is the anchor, while the two-deprotonated peptide
nitrogen atoms are those of His329 and His330. For each of
the two donor atom sets, the expected maximum of absorption
calculated using the rule of the average environment (Billo’s
rule) is 583 nm, in full agreement with experimental 585 nm.

'"H NMR data collected on R; (see below) show how the
proton signals of the Ile328—Pro332 are completely washed
out upon the addition of copper(Il) to the peptide at neutral
pH. These data suggest that possibly both modes a and b are
present in solution. As for the coordination of the second
imidazole, our data do not provide information on the
occurrence of this interaction.

The proposed equatorial coordination modes in [Cu-
(LH_,)]* start from one imidazole (either His 329 or 330)
and extend toward the N-terminus. In this circumstance, a
stable six-membered (N, N7) chelation ring is formed. An
alternative coordination mode for the (N, 2N~, O) donor set
has been proposed in the literature, and it involves anchoring
to the imidazole and the deprotonation of amides toward the
C-terminus.””* For R; and R, peptides, these coordination
modes are prevented by the presence of the proline residue.

Overall, these data suggest that [CuL]** and [Cu(LH_,)]*
markedly differ in their coordination environment since two
imidazoles are coordinated in the equatorial plane in the
former, while only one is found equatorially coordinated in the
latter. This major change in the coordination of copper(Il) is
consistent with the major changes in the CD spectra that were
observed in the pH range 6.7—7.8 (Figure S). Here, we see
that the CD trace at pH 6.7 (green trace) has a similar trend to
that of the CD spectrum of copper(1I)/R; at pH 7.3 (Figure
3), but the sign of the curve is inverted at pH 7.8 (violet trace).
We can attribute this CD change to conformational inversion
of the six-membered histidine chelate ring occurring upon
binding of the axial ligand in [Cu(LH_,)]*, as this effect has
been observed systematically for a number of copper(II)
complexes with histidine-containing multidentate ligands.” >’
The much stronger CD activity observed in the visible range at
high pH for both Cu**/R; and Cu®**/R; complexes cannot be
attributed to vicinal or conformational effects and is probably
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Scheme 2. Schematic Representation of the Copper(II) Coordination in [CuL]>* and [Cu(LH_,)]* Species of R; (L)
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Figure 5. Left: Molar visible absorption spectra (absorbance/Cc,) of
solutions of copper(II) and Ry (Cu®*/Ry = 1:1.25, C, = 0.60 mM, I =
0.1 M (KCl), T = 298.2 K). Right: Visible CD spectra of solutions of
copper(Il) and Ry (Cu**/Ry = 1:3, Cc, = 0.51 mM, I = 0.1 M (KCl),
T = 298.2 K).

due to coupling of transition moments of d—d transitions with
the three strong 7(amide)—copper(II) charge transfer bands in
the near-UV. In the literature, a (3N,0) binding mode at pH
7.4 for copper(1l) with several model peptides of R; and Ry
was proposed.”® For some of these peptides the precise
coordination environment was not clarified, and the involve-
ment of the peptide groups was proposed to occur through the
oxygen atom. Moreover, most of those peptides are not
acetylated at their N-terminus and, as a consequence, the N-
terminal amino group has been proposed as one of the donor
groups, especially on the basis of the EPR fingerprints.”*>®
While the coordination modes we propose agree with those in
the literature for the presence of (3N,0) binding modes for
both peptides at neutral pH, the major difference with the
latter models is that the peptide groups are coordinated
through the deprotonated nitrogen atoms, and that possibly
water is the oxygen donor.” ~**

With the speciation of the two copper(I)/R; and
copper(II)/R; systems available, we could calculate for both
peptides the conditional affinities for copper(1I) at pH 6.5 and
at pH 7.4 (K, for the equilibrium [CuL] = Cu + L). These two
pH values are those for which the K of copper(II)-tau and the
copper(I1/I)-tau reduction potential are available, respectively.
The Ky of the copper(II) adducts with the peptides at pH 7.4
resulted in 150(10) nM for R; and 71(S) nM for R;. Although
these two values allow the calculation of the copper(Il/I)-tau
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higher than that of R, at pH 7.4, and 5-fold higher at pH 6.5,
therefore showing that R; is not selective in binding copper at
both pH values. This is illustrated by the calculated
competition diagram reported in Figure S6, which represents
a hypothetical system where copper(1l), R;, and R; are present
in equimolar amounts, as occurs in tau protein. The relative
amount of copper(1I) bound to Ry and R, respectively, is 65 vs
35% at pH 6.5 and 58 vs 42% at pH 7.4. Therefore, with the
presence in tau of one His (R;, R,, and R, of tau) or a His—His
tandem (R;), the nature of the individual sequences may not
be discriminant in defining a unique binding site for
copper(II). The metal in tau may rather be distributed over
multiple sites, or likely be bound to one preferential site as the
consequence of additional structural features not modeled
using R; and R; peptides.

Copper(l)/R; and Copper(l)/R; Complex Formation
Equilibria. The formation constants of copper(I) complexes
with R; were determined in 100 mM aqueous 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES)
buffer at pH 7.4. As a consequence of the use of the buffer,
these are apparent constants. However, there is consensus in
the literature for not considering HEPES as a strong competing
ligand for copper(I).”” We expect therefore the values of these
apparent formation constants to be not significantly different
from conditional ones. UV—visible competition experiments
were carried out using ferrozine (Fzz_) as a competing
metallochromic indicator for copper(I). By adding R, to a
[Cu(Fz),]*” solution, a decrease in the absorbance values in
the range 450—800 nm was observed as a consequence of
copper(I) displacement from the indicator (Figure 6).

Conversely, the limited decrease in absorbance observed
with R; was fully accounted by dilution effects, which suggests
that the formation log f value of a possible copper(I)/R,
adduct is lower than S (see Figure S7). Data treatment of the
spectral dataset for the titrations with both peptides allowed to
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Figure 6. Spectral data set for the titration of a solution of
[Cu(CH;CN),]BF, and Fz*~ with R, (Cu/Fz = 1:2.15, C¢, = 41 uM,
Ciscorbate = 10 mM, 100 mM aqueous HEPES buffer solution, pH 7.4).
Inset: absorbance values at 600 nm. Open circles, observed; filled
circles, calculated.

calculate the conditional log /3 values for the Cu* + L = [CuL]
equilibria, which resulted 10.1(2) for R, (corresponding to a
dissociation constant of 7.9 107" M) and not significant for
R. Overall, all these data confirm that the R; peptide does not
significantly bind copper(I), while the R, peptide has a high
affinity for copper(I). This result was not unexpected, since
previous investigations of histatin peptides and models of Af
and Ctrl have proven the affinity of His—His tandem for
copper(I).** =% For these peptides, we reported affinities in the
range of 1071 to 107" M were reported, although affinities
down to 107 M have been reported in the literature.’” % As
for the coordination environment, we put forward the
hypothesis that the main binding site is at the two imidazole
groups of His 329 and His 330: copper(I) is likely (N;,,N;.,)
two-coordinated with a possible weak interaction of the
carbonyl oxygen of His 329. The involvement of the imidazole
groups as the donor ligands is in full agreement with NMR
data (see below). Finally, in the attempt to exclude a buffer
competing effect that could bias the comparison with NMR
data, we have performed the same competition experiments in

100 mM phosphate bufter at pH 7.0. Formation constants are
not significantly different from those in HEPES (not shown).

Structural Characterization of Copper—R; Complexes
by NMR Spectroscopy. Copper(II) and copper(I) binding
to Ry at pH 6.8 was also investigated by NMR spectroscopy.
Upon the addition of the paramagnetic ion to Ry solutions, we
observed selective line broadening of NMR resonances. As
shown in Figure 7, the most affected signals were those
belonging to His329, His330 and residues nearby, Ile328,
Lys331, and Pro332. As usually found for copper(1l)—peptide
interactions, the higher is the metal concentration, the larger is
the metal induced line broadening of NMR signals, as shown
in Figure 7B. The most affected protons are those belonging to
His imidazole rings, Hé and He. In particular, the effects are
more pronounced on He than H9, indicating N§ rather than
Ne, as a binding donor atom for both His.® ™%

Besides copper(II), we also investigated copper(I)—R,
association. Copper(I) is diamagnetic, and it induces chemical
shift variations of protein/peptide nuclei close to the metal
coordination sphere. As evident from Figure 8, signals of both
His329 and His330 are downfield shifted, supporting their
binding to the cuprous ion.°®%” Moreover, Figure 8 shows
changes on Ile328 methyl protons as well; this might be
explained by considering their proximity to the metal center.
Similar effects were obtained by using Ag(I) as a copper probe.
In this case, Ag(I) causes an upfield shift of His protons, in
agreement with what we recently reported on copper(I)
interaction with A peptides.” This similar behavior is
consistent with the fact that a His—His tandem is present in
Ap as well as in Ry, and it plays a key role in metal
interactions.®®®’

The interaction between copper(II) and R; has been also
investigated by NMR spectroscopy. Both 'H 1D and 'H—'H
TOCSY NMR spectra (Figure S8) indicate that the presence
of copper(II) induces large broadening of the signals of His268
and of the vicinal residues (Leu266, GIn269, and Pro270).
These data confirm the relevance of His268 as an anchoring
site for the coordination of copper(Il).

Oxidation of Dopamine and 4-Methylcatechol by
Copper—R; and Copper—R; Complexes. To gain
information on the potential catalytic role of copper—R; and
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—R; complexes in oxidative reactions, we performed a
comparative study of their oxidative activity against catecholic
substrates with respect to that of free copper(II). The most
important substrate that can be involved in this type of
reactivity is DA, due to its abundance in substantia nigra
neurons and because alteration in DA metabolism can be
related to several neurodegenerative disorders.”’ Catechol-
amines are present in many brain areas besides the substantia
nigra and, in particular, in those regions which are mostly
affected by AD and Parkinson’s disease.”’

The oxidation of DA catalyzed by copper(II) in HEPES
buffer at pH 7.4 was studied in the presence of increasing
amounts of either R; or Ry, in paralle]l experiments. DA
oxidation was monitored by UV—visible spectroscopy through
the development of the absorption band of dopaminochrome
(DAC) at 475 nm. This product accumulates in the initial
stages of the reaction.”””> Within about 1 h, formation of
insoluble melanic products could be noted; therefore, we
focused our attention on the first 30 min of reaction. In these
conditions, DA autoxidation is not negligible, as shown by the
black dotted trace in Figure 9. DA (3 mM) oxidation catalyzed
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Figure 9. Kinetic profile of DA (3 mM) oxidation with time in SO
mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of
only copper(II) (25 uM; brown trace) and with 2 equiv (gray) and 4
equiv (orange) of R, peptide or 1 equiv (light blue), 2 equiv (blue),
and 4 equiv (green) of Ry Autoxidation of substrate is also shown

(black dotted trace).
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by copper(II) (25 M) is strongly promoted by the addition of
R;, but it is only slightly enhanced by the presence of R,. In
both cases, the DA oxidation increases by increasing the tau/
copper(II) ratio.

Since DA oxidation is rather slow and occurs with the
formation of a mixture of products and precipitate, this
substrate is not suitable to perform a more detailed kinetic
study. Therefore, the oxidation of the more reactive MC (with
a lower semiquinone/catechol redox potential)*® can be
conveniently studied as a model substrate of DA. Oxidation
of MC (3 mM) promoted by copper(Il) (25 uM) and tau
peptides at pH 7.4 (50 mM HEPES buffer) proceeds with a
biphasic behavior where a fast initial step, concluded after
about 100 s, is followed by a second linear phase (Figure 10).
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Figure 10. Kinetic profile of MC (3 mM) oxidation with time in SO
mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of
only copper(II) (25 uM; brown trace) and with 2 equiv (gray) and 4
equiv (orange) of R peptide or 1 equiv (light blue), 2 equiv (blue),
and 4 equiv (green) of R;. Autoxidation of substrate is also shown
(black dotted trace).

The biphasic behavior can be noted also for DA oxidation,
but the presence of several absorbing species in solution makes
the observation less clear. During the time course of MC
oxidation, a shift of the developing absorption bands occurs
from the initial value of 401 nm, due to the 4-methylquinone
(MQ), to higher wavelengths, which is related to the formation
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of the quinone addition product with catechol.*” By increasing
the peptide concentration, the rate of both steps is accelerated
with a much stronger effect observed in the presence of Ry
rather than the complex with R;.

Prior to analysis of the reaction mechanism and comparison
of the different behavior in the presence of the two peptides,
we could estimate the reduction potential of the copper(I1/I)
couple by using the formation constants of copper(I) and
copper(II) complexes with the two peptides. As for the
copper(I)/R; adduct, for which a log § value could not be
determined, an upper limit of log § = S was considered (see
above). With these data in our hands, we could estimate a
reduction potential of —170(10) and +110(10) mV vs NHE
for R, and Ry, respectively. The former value (—170 mV for
copper/R;) represents an upper limit under our approxima-
tions.

It was previously demonstrated that the presence on peptide
sequences of tandem His—His sites promotes the reduction of
copper(II) to copper(I), mainly through the formation of
stable copper(I)/peptide adducts.’**” Tt is however worth
noting that here for both R; and R; fragments the estimated
potential is lower than that observed for copper adducts with
tau (340 mV vs NHE).* Assuming for R; and tau a similar
affinity for copper(I), the difference of an order of magnitude
in the affinities for copper(Il) accounts only for 60 mV of the
difference in their redox potentials. Overall, these data suggest
that there are structural or second-shell interactions in copper/
tau adducts that determine the redox potential in the protein
and that are not completely modeled by R; and R; peptides.

The reaction mechanism previously proposed for the
oxidation of catechols by copper-AB,** copper-a-synuclein,*®
and copper-prion*® peptide complexes can be extended to the
present study on copper-tau peptide complexes. It involves the
following reaction steps:

Cu’* + peptide = [Cu’*-peptide] (1)
[Cu®*-peptide] + catechol

— [Cu*-peptide] + semiquinone®* (2)
[Cu*-peptide] + catechol & [Cu*-peptide-catechol]  (3)
[Cu*-peptide-catechol] + O,

— [Cu — peptide-catechol-O, ] (4)
[Cu-peptide-catechol-O,]——[Cu**-peptide] + quinone

©)

After rapid complexation (reaction 1), the reaction proceeds
with the reduction of copper(II) to copper(I) by the catechol,
which occurs as a fast phase (reaction 2). The rate-determining
step is reaction 4 of the reduced form of the Cu—peptide
complex with dioxygen, to generate the ternary complex
indicated as [Cu-PrP-catechol-O,]. Our previous studies on
copper—peptide complexes indicate that the reaction rate
depends also on catechol concentration, suggesting that
substrate binding occurs as a pre-equilibrium step before the
rate-determining binding of molecular oxygen.****** The R,
binding to copper(I) facilitates the reaction with molecular
oxygen, increasing the reaction rate (Figures 9 and 10). On the
other hand, the weak affinity toward R, leaves copper(I)
mostly unbound to the peptide and, thus, with a reactivity
comparable with that observed for “free” copper (Figures 9 and
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10). The presence of the catechol, which could bind to the
metal ions, could complicate the scenario, perturbing the
binding processes. Anyway, the activity data clearly indicate
that the turnover reactivity of the copper/peptide complexes is
controlled by the copper(I) binding mode, confirming the key
role of His—His tandem in the R; fragment. An increase of the
rate of copper-mediated oxidation of catecholic substrates has
been already observed in the presence of AF*>’*”* and prion
protein®® fragments, whereas truncated a-synuclein peptides
induce a decrease in the reactivity of copper.*® This behavior
suggests that the multiple histidine residues present in Ap,
prion protein, and R; peptides, but not in R, and a-synuclein,
are crucial for this reactivity.

Conversely, in the presence of other substrates such as
ascorbate the rate of oxidation is higher with copper compared
to that of copper-Af’®”" or copper-a-synuclein® peptide
complexes. This behavior can be ascribed to the different
coordination properties of different substrates for copper in
both oxidation states and to a possible change in the rate
limiting step of the overall process.

Competitive Endogenous R; and R; Peptide Oxida-
tion. Similarly to our previous studies on other copper—
peptide complexes,**>** we investigated the metal-catalyzed
oxidation of tau peptides in the reductive environment
generated during catechol oxidation, by using LC-MS analysis.

This aspect is important because, unlike copper enzymes
that activate oxygen for specific reactions,”” copper complexes
with neuronal peptides generate Cu/O, species capable of
nonselective oxidations. This reactivity is due to Fenton
chemistry yielding harmful reactive oxygen species (ROS) that
give rise to oxidative protein damage, through oxidation of
amino acid residues, structural alteration, and loss of
function.””™®” These reactions contribute to the oxidative
damage observed in AD, especially addressed to AS,* but they
can also reasonably involve tau protein. In this LC-MS analysis,
the oxidative modifications on R; and R; peptides produced
upon oxidation of both DA and MC were evaluated. In these
experiments, a solution of copper and tau peptides was
incubated in the presence of DA or MC under the same
conditions as in the catalytic oxidations ([tau peptide] = S0
uM; [Cu?*] = 25 uM; [catechol] = 3 mM; in 50 mM HEPES
buffer pH 7.4). Samples were analyzed after 15, 30, and 90 min
of reaction time.

The R, fragment undergoes a limited pattern of
modifications in the presence of MC (Figure 11, panel A),
whereas in the presence of DA the peptide remains mostly
unmodified (peak with # = 26 min, Figure 11, panel B). In the
latter case, the peak appearing at a ty of 24 min, with a relative
area of 7%, is not corresponding to an oxidative modification
but it is probably due to a fragmentation derivative.

Table 2 reports the variation over time of the percent
modification of the native peptide. These data show that in the
presence of MC the most abundant modification undergone by
R, peptide is the nucleophilic addition of MC and MQ to His
residue (two adjacent peaks with t; = 33/34 min). The
modification that implies an oxygen atom insertion (R; + 16,
peak with t; = 29 min) is limited, and it is only observed in a
low amount after prolonged incubation (1% after 30 min and
3% after 90 min).

The oxidative modifications of R; peptide are larger both in
terms of the number of products and in terms of the extension
of the modifications (Figure 12). In the presence of DA
(Figure 12, panel B), the most abundant modification
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Figure 11. HPLC-MS elution profiles of the R, peptide (50 uM) in
HEPES buffer (50 mM) at pH 7.4 in the presence of copper(Il) (25
uM) and MC (panel A) or DA (panel B; 3 mM) after 15, 30, and 90
min reaction time.

Table 2. Modification of R; Peptide (50 uM) Detected by
LC-MS Analysis, in the Presence of Copper(II) (25 gM)
and MC or DA (3 mM) in HEPES Buffer (50 mM) pH 7.4
at 20 °C

incubation time +MQ + +MC +
(min) R, +16 +MQ +MC 16 16
15 95% 3% 2%
30 88% 1% 6% 5%
90 85% 3% 5% 5% 1% 1%
incubation time +DAQ + +DA +
(min) R, +16 +DAQ +DA 16 16
15 100%
30 100%
90 93%

corresponds to the peak with a mass increment of +16 (tg = 27
min) that indicates the insertion of an oxygen atom (11% after
30 min and 29% after 90 min, Table 3). It is possible to note
also the double insertion of oxygen (+32 total mass increment,
—8% after 90 min), whereas a small amount of derivatives
obtained from the addition of catechol (2% of R;-DA+16) or
quinone (1% of R;-DAQ and 2% of R;-DAQ+16) even after
90 min is observed.
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Figure 12. HPLC-MS elution profiles of R; peptide (50 yM) in
HEPES buffer (50 mM) at pH 7.4 in the presence of copper(1l) (25
uM) and MC (panel A) or DA (panel B; 3 mM) after 15, 30, and 90
min of reaction time.

In the presence of MC, the pattern of modification is even
more complicated (Figure 12, panel A). The types of
modification identified by LC-MS analysis include (i) O-
atom insertion into His329 or His330 (+16 mass increment);
(ii) double O-atom insertion into both His residues (+32);
(iii) the addition of MQ to one His residue (+120); (iv) the
addition of MC to one His residue (+122); (v) a double
modification consisting of MQ_addition to one His residue
(+120) and O-atom insertion into His (+16), yielding a total
mass increment of 136; (vi) a double modification consisting
of MC addition to one His residue (+122) and O-atom
insertion into His (+16), yielding a total mass increment of
138; and (vii) oxidation of Pro332 to hydroxyproline®
followed by dehydration (mass loss of 2). Contrary to the
data regarding R, in which the nucleophilic addition was
predominant, in this case, the oxygen insertion is the most
abundant modification.

In conclusion, R; undergoes extensive modifications, since
the amount of unmodified peptide is only 8% after 90 min of
time incubation. The LC-MS data are in agreement with the
catalytic data on catechol oxidation. The R, fragment is weakly
bound to copper(I), leading to a slow reaction with molecular
oxygen and thus to weak catalytic activity in catechol oxidation
and limited “self-modification.”
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Table 3. Modification of R; Peptide (50 uM) Detected by LC-MS Analysis, in the Presence of Copper(II) (25 #M) and MC or

DA (3 mM) in HEPES Buffer (50 mM) pH 7.4 at 20 °C

incubation time (min) R, -2 +16
1S min 40% 5% 27%
30 min 23% 8% 36%
90 min 8% 12% 36%

incubation time (min) R, -2 +16
15 min 97% 3%
30 min 86% 11%
90 min 53% 4% 29%

+16 + 16 +MQ +MC +MQ + 16 +MC + 16
13% 1% 1% 6% 7%
11% 1% 2% 7% 12%
18% 1% 2% 7% 16%

+16 + 16 +DAQ +DA +DAQ + 16 +DA + 16

3%

8%

1% 2% 2%

It is also possible to compare the tendency to undergo
copper-mediated oxidative modification of tau R; and R;
peptides with other neuronal peptides analyzed under the
same experimental conditions in previous studies by our group.
By considering the percentage of unmodified peptides after 90
min in the presence of copper and MC, it is possible to list the
neuronal peptides in this order of reactivity: R; > prion
fragment 76—114 (PrPy¢_;;,)* > AB16 ~ A28 > R, > a-
synuclein fragment 1—15."

SOD-Like Reactivity of Copper—R; and Copper—R;
Complexes. We also measured the SOD-like activity of
copper(I)—R; and copper(II)—R; complexes in comparison
of the activity of free copper(Il) in solution. The activity was
evaluated through the direct assay in which O, is supplied as a
KO,-crown ether complex, as we reported previously for
copper(I1)—-prion,” copper(I1)—AB,*" and copper(Il)—a-
synuclein™ peptide complexes. As shown in Figure S9, neither
copper(II)—R; nor copper(II)—R; significantly increase the
SOD activity of free copper(IL).

B CONCLUSIONS

Compared to the interaction of copper with other neuronal
peptides involved in the pathogenesis of neurodegenerative
diseases, which has been deeply elucidated, the interaction of
copper with tau protein is poorly characterized, even if the
relevance and the impact of tau homeostasis in neuro-
degenerative disease progression has taken center stage in
recent years. The present study presents a thorough and
detailed analysis of the stability and the structural models of
copper (in both oxidation states) complexes with two peptide
fragments that are encompassed in the R, and R; repeats of
tau.

Potentiometric measurements suggest that the vicinal His-
His residues in R; guarantee a strong binding site for copper in
both oxidation states (K; value of 71 nM and 0.08 nM for
copper(I) and copper(I), respectively), whereas the single
histidine in R; can bind copper(II) (K; = 150 nM) but not
copper(I). CD and NMR techniques confirm the involvement
of the His—His tandem in the coordination of copper in both
oxidation states.

The study of the oxidative reactivity of these copper—tau
peptide complexes confirms that the R; coordination sphere
guarantees an efficient copper(I/II) redox cycling. In
particular, the copper—R; complex is able to strongly enhance
the capability of copper to oxidize cathecolic substrates as DA
and MC, whereas copper—R,; complex reactivity is similar to
that of free copper. The reduction of copper during the
catechol oxidation generates Cu/O, species capable of
oxidizing other cellular components through Fenton chemistry.
LC-MS analysis of the reaction mixture indicate that R; is
rapidly and extensively modified, through oxygen insertion
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and/or quinone-derivatized histidines. By comparing the
tendency to undergo copper-mediated oxidative modification
of tau Ry and R; peptides with other neuronal peptides
analyzed in previous studies by our group, we can conclude
that Ry is the most reactive, followed by the prion protein
fragment (PrP,s_;14) and N-terminal portion of Af peptide.

In conclusion, the His—His tandem strongly discriminates
the copper binding, rendering the copper(I) coordination
more favorable in R; compared to R;. This site accommodates
copper in both oxidation states, providing an active catalyst for
reactions that activate oxygen and are potentially dangerous for
the cellular compartment. The different binding of copper(I)
for Ry and R; fragments is particularly important for this
interaction because tau protein is located intracellularly where
the reductive redox potential implies that copper is mostly in
the reduced state.

The next steps of this bottom-up approach for deciphering
the copper—tau interaction might include (i) the study of the
copper complex with an R; peptide that includes the cysteine
residue, which has a relevant role in tau aggregation; (ii) the
analysis of protein fragments that contain more than one
copper binding site in order to understand if the individual
binding sites are influenced by each other; (iii) once the
individual binding site for copper is characterized, the
extension of the study to full length protein; and (iv) the
implementation of this in vitro approach by introducing other
cellular components such as a membrane-like environment.
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ABSTRACT

The two branched peptides (AAHAWG),-PWT2 and (HAWG)4-PWT2 where synthesized by mounting linear
peptides on a cyclam-based scaffold (PWT2), provided with four maleimide chains, through a thio-Michael
reaction. The purpose of this study was primarily to verify if the two branched ligands had a Cu(II) coordination
behavior reproducing that of the single-chain peptides, namely AAHAWG-NH,, which bears an Amino Terminal
Cu(ID)- and Ni(I)-Binding (ATCUN) Motif, and HAWG-NH,, which presents a His residue as the N-terminal
amino acid, in a wide pH range. The study of Cu(II) binding was performed by potentiometric, spectroscopic
(UV-vis absorption, CD, fluorescence) and ESI-MS techniques. ATCUN-type ligands ((AAHAWG),-PWT2 and
AAHAWG-NH,) were confirmed to bind one Cu(Il) per peptide fragment at both pH 7.4 and pH 9.0, with a [NH,,
2N, Ny,] coordination mode. On the other hand, the ligand HAWG-NH, forms a [CuL,]?* species at neutral
pH, while, at pH 9, the formation of 1:2 Cu(lII):ligand adducts is prevented by amidic nitrogen deprotonation and
coordination, to give rise solely to 1:1 species. Conversely, Cu(Il) binding to (HAWG)4-PWT2 resulted in the
formation of 1:2 copper:peptide chain also at pH 9: hence, through the latter branched peptide we obtained, at
alkaline pH, the stabilization of a specific Cu(II) coordination mode which results unachievable using the cor-
responding single-chain peptide. This behavior could be explained in terms of high local peptide concentration
on the basis of the speciation of the Cu(II)/single-chain peptide systems.

1. Introduction

composition and preorganization or fold of the overall branched pep-
tide. As a general observation, the branches in a branch peptide act as

Branched peptides have been explored in recent years for the iso-
lation of compounds capable of nucleic acid condensation [1,2] and
gene delivery [3-5], characterized by a high resistance to peptidases
[6,7] or with application in multivalent interactions with biomolecular
targets [8,9]. In the last decade, branched peptides and more in general
oligopeptides covalently mounted on a molecular scaffold were ex-
plored for their metal-binding properties [10].

Among those presented in the literature, branched peptides studied
for metal binding are profoundly diverse in complexity. Examples were
given of short dipeptides [11-14] and long oligopeptides that sponta-
neously fold into supersecondary structures such as coiled coils
[15-17]. For this latter class of peptides the term template-assisted
synthetic protein (TASP) was coined [18]. All these peptides operate
metal binding in a diverse way depending on the amino acid

* Corresponding authors.

independent metal binding moieties for less structured constructs,
while single metal binding sites could be obtained for folded archi-
tectures [19].

A new, relatively simple and very efficient method for the synthesis
of tetrabranched peptides has been recently described [20]. It guaran-
tees very high yields and an excellent purity of the products. The syn-
thetic strategy was named “peptide welding technology” (PWT) and it
consists of fixing four identical peptides on a suitable scaffold, by means
of a convergent approach. First, the peptide sequence and the scaffold
are separately synthesized and purified; then, they are bonded together
by exploiting the presence of specific mutually-reactive functional
groups. The thiol-Michael reaction, which is highly chemoselective, was
used for this PWT strategy. The peptide contains an additional C-
terminal cysteine residue and the reaction occurs between the Cys
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Scheme 1. Representation of a) the PWT2 scaffold [20]; b) the spacer between
the cyclam macrocycle and the peptide moieties; c) the tetra-acetylated cyclam-
based scaffold 1,1’,17,1”-(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetrayl)
tetraethanone (Acy-cyclam).

thiolic side chain and a a-f-unsaturated carbonyl group present on the
platform, thus a thio-ether addition product is obtained. Among several
studied cores, we focused our attention on the so called PWT2, a
scaffold based on the cyclam (1,4,8,11-tetraazacyclotetradecane)
moiety, — where four maleimide chains are linked through a spacer to
the four nitrogen atoms of the hetero-cycle (Scheme 1).

In this paper we present two branched homomeric tetrapeptides
consisting of four linear tetra- or hexa-peptides mounted on a PWT2
scaffold, capable of binding Cu(Il) at their N-termini (Scheme 1). The
used linear peptides were AAHAWGC-NH, and HAWGC-NH,. The C-
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Scheme 2. Representation of a) ATCUN-type coordination; b) histamine-like
coordination, c) glycine-like coordination of the peptide N-terminus to Cu(Il)
(R = CHolm).

terminal Cys present in each peptide had the thiol function converted
into a thioether group as a consequence of the covalent linkage to the
cyclam scaffold (Scheme 1). Furthermore, these peptides are char-
acterized by the presence of one histidine residue as the principal metal
binding residue, and were designed to achieve the stabilization of two
different metal coordination environments, as discussed below. The
tetrameric ligand (AAHAWG),4-PWT2 contains four ATCUN (Amino
Terminal Cu(II)- and Ni(II)-Binding Motif) N-termini, corresponding to
the Xxx-Xxx-His- sequence, while the ligand (HAWG),-PWT2 has a
histidine as first amino acid at its four N-termini. These ligands are
therefore homomeric branched tetrapeptides with four or six residues
plus a spacer between the peptide and the scaffold. Conversely to the
examples in literature [21], these ligands ensure a high degree of
flexibility of the construct and the possibility to bind either four metal
ions (one per arm) or two metal ions (two peptides coordinated to each
metal).

The rationale for the use of these ligands is the following: peptides
with ATCUN sequence are known to form 1:1 Cu(II)/peptide adducts
with a (NHy, 2N, Ny, Scheme 2a) metal coordination [22-24]. In
addition, this binding mode is known to be stable over a quite wide pH
range. On the contrary, peptides containing the amino-terminal His
residue have been reported to form different complexes with Cu(Il) as a
function of the pH. In particular, a (2N) mode — known as histamine-like
mode (Scheme 2b) - or a (N, O) coordination mode — which we can call
glycine-like mode, for the sake of simplicity, (Scheme 2c) — are expected
to be stable at low pH [25-27]. The deprotonation of the peptide ni-
trogen atoms of the backbone and subsequent coordination to Cu(II)
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Scheme 3. Representation of the single-chain peptides studied in this work.

has been observed at higher pH values [28,29]. Here we aimed to take
advantage of anchoring of four short peptides to a single scaffold to
stabilize specific Cu(II) coordination environments. In particular, we
aimed to evaluate if with (HAWG)4-PWT2 - considering the high local
concentration of peptides — a histamine-like coordination of the N-
terminal His could be stabilized at pH values where, using single-chain
peptides, it cannot be formed.

Along with the two branched peptides, in this work we have studied
the corresponding single-chain peptides, containing or not a Cys(SMe)
residue at their C-terminus to simulate the role played by the spacer in
the tetrameric ligands (Scheme 3). The thermodynamic speciation
model in solution, in a wide pH range, was obtained through po-
tentiometric titrations and the stoichiometry of the formed species was
confirmed by mass spectrometry. A deep spectroscopic investigation
with several different techniques allowed to formulate structural hy-
potheses for the complexes formed in solution, under different experi-
mental conditions.
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2. Experimental
2.1. Reagents

2.1.1. Synthesis and purification of the ligands

Tetrabranched peptide derivatives were prepared using a con-
vergent synthetic approach previously optimized and employed by our
research group for the synthesis of a series of G-protein coupled re-
ceptor ligands [20]. Linear peptides were synthesized by solid phase
method with an automatic solid phase peptide synthesizer Syro II
(Biotage, Uppsala Sweden) using Fluorenylmethyloxycarbonyl (Fmoc)/
tBu chemistry [30]. The resin 4-(2’,4’-dimethoxyphenyl-Fmoc-amino-
methyl)-phenoxyacetamido-norleucyl-4-Methylbenzhydrylamine (Rink
amide MBHA resin) was used as a solid support.

As an example, for the synthesis of AAHAWGC-NH,, the following
procedure was applied. The resin was treated with 40% piperidine/N,N-
dimethylformamide (DMF) and linked with Fmoc-Cys(Trt)-OH
(Trt = Trityl = Triphenylmethyl) by using [O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate] (HATU) as the cou-
pling reagent. The following Fmoc amino acids were sequentially cou-
pled to the growing peptide chain: Fmoc-Gly-OH, Fmoc-Trp(Tert-
butyloxycarbonyl = Boc)-OH, Fmoc-Ala-OH, Fmoc-His(Trt)-OH, Fmoc-
Ala-OH, Fmoc-Ala-OH. All the Fmoc amino acids (4 equiv.) were cou-
pled to the growing peptide chain by using HATU (4 equiv.) in DMF in
the presence of an equimolar concentration of 4-methylmorpholine
(NMM), and the coupling reaction time was 1 h. To improve the ana-
lytical profile of the crude peptide, capping with acetic anhydride
(0.5 M/DMF) in the presence of NMM (0.25 M/DMF) (3:1 v/v; 2 mL/
0.2 g of resin) was performed at any step. 40% Piperidine/DMF was
used to remove the Fmoc protecting group. The protected peptide-resin
was treated with reagent B [31] (trifluoroacetic acid (TFA)/H,0O/
phenol/triisopropylsilane 88:5:5:2; v/v; 10 mL/0.2 g of resin) for 1.5 h
at room temperature. After filtration of the resin, the solvent was
concentrated in vacuo and the residue triturated with ether. Crude
peptide was purified by preparative reversed-phase HPLC using a Water
Delta Prep 3000 system with a Jupiter column C;g (250 X 30 mm, 300
A, 15 um spherical particle size). The column was perfused at a flow
rate of 20 mL/min with a mobile phase containing solvent A (5% v/v
acetonitrile/water, 0.1% TFA), and a linear gradient from 0 to 60% of
solvent B (60% v/v acetonitrile/water, 0.1% TFA) over 25 min for the
elution of peptides.

In order to obtain the branched peptide (AAHAWG)4-PWT2, pur-
ified AAHAWGC-NH, x TFA (37 mg; 0.044 mmol) was reacted in so-
lution (H,O/CH3CN 1/1; 2 mL) with PWT2 [20] core (8.6 mg;
0.01 mmol) in the presence of 100 uL of 5% NaHCOj3 in a classical thio-
Michael reaction previously optimized for the synthesis of Nociceptin/
orphanin FQ tetra branched derivatives [32]. As expected, the reaction
reached completion in a few minutes and the mixture was directly
purified by preparative HPLC using experimental condition previously
reported for the purification of the linear peptide. The compound
(HAWG),4-PWT2 was synthesized in a similar manner.

Analytical HPLC analyses were performed on a Beckman 116 liquid
chromatograph equipped with a Beckman 166 diode array detector.
The analytical purity of the final compounds (the branched:
(AAHAWG)4-PWT2, (HAWG)4;-PWT2 and the linear: AAHAWG-NH,,
HAWG-NH,, AAHAWGC-NH,, HAWGC-NH,, AAHAWGC(SMe)-NH,,
HAWGC(SMe)-NH,,) was determined using a Luna C;g column
(4.6 x 100 mm, 3 pum particle size) with the above solvent system
(solvents A and B) programmed at a flow rate of 0.5 mL/min using a
linear gradient from 0% to 70% B over 25 min. Final products showed
>95% purity when monitored at 220 nm. Molecular weights of final
compounds were determined by a mass spectrometer ESI Micromass
ZMD-2000 (Waters®).

The tetra-acetylated cyclam-based scaffold 1,1%,17,1”-(1,4,8,11-tet-
raazacyclotetradecane-1,4,8,11-tetrayl)tetraethanone (Ac4-cyclam) was
obtained by dissolving 1,4,8,11-tetraazacyclotetradecane (1.0 mmol) in
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acetic anhydride (2 mL). The reaction was then left to stir overnight.
After this time, the solvent was removed under vacuum and the crude
product was purified via silica gel column chromatography using EtOAc
as eluent. 'H and '*C NMR measurements confirmed the synthesis of
Acy-cyclam, giving the following values of chemical shift: 'H NMR
(400 MHz, DMSO-dg) = 8 3.58-3.25 (m, 16H), 2.03-1.66 (m, 12H),
1.92-1.62 (m, 4H); 13C NMR = & 170.03, 169.99, 169.84, 169.68,
48.37, 48.05, 47.19, 46.66, 45.71, 44.90, 44.44, 43.72, 43.10, 28.09,
27.63, 27.12, 21.34, 20.77.

2.2. Solution studies

All the linear and branched peptide solutions were prepared in
freshly-boiled bidistilled water, in the presence of HCl 2 mM; the
peptide (single chain) concentration was always about 10 mM. The
stock solution of Ac,-cyclam was prepared in D,O and its concentration
(19.1 mM) was determined by H'-NMR using an external standard (L-
Phe).

2.2.1. Potentiometric measurements

The potentiometric titrations of AAHAWG-NH,, HAWG-NH,,
AAHAWGC(SMe)-NH, and HAWGC(SMe)-NH, were carried out in
aqueous solution at T = 25 * 0.1 °Cand I = 0.1 M (KCl) under N,
stream, using 2.2 mL samples. The potentiometric apparatus was pre-
viously described [33]. The Hamilton combined glass electrode (P/N
238000) was calibrated in terms of [H*] by titrating HCI solutions with
a 0.1 M carbonate-free standardized solution of KOH and the pK,, value
resulted to be 13.76(1). Protonation data were obtained by alkalimetric
titration of 3 samples (C;, = 1.2-1.3 10~ 3 M). Formation constants for
the Cu(II) complexes were determined from 3 titrations carried out on
sample solutions where the total concentration of metal ranged from
0.5 to 1.1 mM and the copper/ligand molar ratio ranged from 1:2 to
2:1. All the systems were studied between pH 3 and 11.

The protonation and complex-formation constants of the systems
were calculated with the software HyperQuad 2013 [34] and the results
were used to draw the species distribution curves with the software
Hyss 2009 [35].

2.2.2. UV-visible and circular dichroism data

UV and visible spectra of the Cu(II)/AAHAWG-NH,, Cu(Il)/HAWG-
NH,, Cu(II)/(AAHAWG)4-PWT2 and Cu(Il)/(HAWG),-PWT2 systems
were collected with a spectrophotometer Evolution 260 Bio (Thermo
Scientific, Waltham, MA, USA) provided with a Peltier thermostat,
using quartz cuvettes of 1 cm path length. The absorption spectra of the
Cu(II)/AAHAWGC(SMe)-NH, and Cu(II)/HAWGC(SMe)-NH, systems
were recorded on a Varian Cary50 Probe spectrophotometer, using
quartz cuvettes with an optical path of 1 cm. For the studies performed
at fixed pH, aqueous HEPES 25 mM (pH 7.0 for Cu(Il)/HAWG-NH,;
pH 7.4 for Cu(II)/AAHAWG-NH,) or CHES 25 mM (pH 9.0) were em-
ployed. The wused Cu(ll) and peptide concentrations were
Cpeptide = 0.70 mM, Cu:peptide = 0-1.32:1. Studies at variable pH
were performed by direct addition of NaOH. Spectra were collected
every half pH unit between pH 3 and 11 (Cu:peptide = 1:1.3-1.4,
Ccy = 0.50 mM). Spectrophotometric titrations of the Cu(Il)/
(AAHAWG)4-PWT2 and Cu(Il)/(HAWG)4-PWT2 systems were per-
formed only at fixed pH, under the conditions used for linear peptides,
by the addition of Cu(Il) aliquots to the buffered ligand solutions
(Ciigana = 0.17 mM, Cu:ligand = 0-8.2:1).

CD spectra of the Cu(II)/AAHAWG-NH,, Cu(II)/HAWG-NH,, Cu(II)/
(AAHAWG)4-PWT2 and Cu(II)/(HAWG)4-PWT2 systems were collected
with a Jasco J715 spectropolarimeter, using 0.1 and 1 cm path length
cuvettes for the UV and the Vis range, respectively. CD data collection
at variable pH for Cu(II)/AAHAWG-NH, and Cu(IIl)/HAWG-NH, was
performed between pH 3.2 and 12 by direct addition of NaOH. For
spectra collected in the UV region the concentrations were
Cu:peptide = 1:2-2.2, Cc, = 48-52 pM; for spectra collected in the
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visible region the concentrations were Cu:peptide = 1:2-2.2,
Ccy = 0.48-0.52 mM. CD data collection at fixed pH was performed at
pH 7.4 for Cu(Il)/AAHAWG-NH, and pH 7.0 or pH 9.0 for Cu(Il)/
HAWG-NH,. The same buffer conditions of absorption measurements
were employed. The Cu(Il)/(AAHAWG)4-PWT2 and Cu(Il)/(HAWG),-
PWT2 systems were studied only at fixed pH (7.4 and 9.0 for the
former, 7.0 for the latter, same buffer solutions as above). For both UV
and visible regions, the following conditions were employed:
Ciigana = 0.20 mM, Cu:ligand = 0-4:1. For Cu(II)/(AAHAWG)4-PWT2,
opalescence was observed at pH 9.0 for Cu(Il):ligand > 1. For Cu(I)/
(HAWG)4-PWT2, opalescence was observed at pH 9.0 upon addition of
small quantities of Cu(II), which prevented the collection of reliable CD
data. CD data at pH 7.0 for (HAWG)4,-PWT2 were limited to
Cu:ligand = 0-4:1 due to opalescence for higher amounts of Cu(II).

2.2.3. Spectrofluorometric titrations

Emission spectra were collected on a Horiba Jobin Yvon Fluoromax
3 spectrofluorimeter, using a 1 cm path length quartz cuvette. The
protonation equilibria of AAHAWG-NH, and HAWG-NH,, were studied
in aqueous solution between pH 3 and 10.5 by addition of small ali-
quots of concentrated NaOH to an acidic solution of the ligands
(CL = 9.5 and 4.8 uM for the two peptides, respectively, I = 0.1 M
(KCD, T = 298.2 K). The Cu(II)/AAHAWG-NH, and Cu(II)/HAWG-NH,
systems were studied at fixed pH (7.4 for the former, 7.0 and 9.0 for the
latter) by titration of the peptide solution with Cu(II) (C;, = 48 uM, Cu
(I1)/peptide = 0-1.46). The Cu(Il)/(AAHAWG),-PWT2 and Cu(ll)/
(HAWG)4-PWT2 systems were studied at fixed pH (7.4 for the former,
7.0 and 9.0 for the latter) by titration of the peptide solution with Cu(II)
(CL = 20 pM, Cu/ligand = 0-5). Buffer conditions were the same as
described above for absorption studies. Buffer solutions used to prepare
the samples were passed through a 0.45 pm nylon filter immediately
prior their use.

2.2.4. "H-NMR

H NMR spectra were collected on a Bruker AVANCE 400 MHz
spectrometer. The Ac,-cyclam system was studied with '"H NMR and 'H-
COSY (C. = 19.1 mM in D50). The variable temperature spectra were
collected from 25 to 75 °C. The 'H NMR spectrum in the presence of an
equimolar amount of Cu(II) was also collected. The 2D spectra were
collected at 75 °C. Spectra were referenced to the residual HDO peak
[36].

2.2.5. Electrospray-Ionization Mass-Spectrometry (ESI-MS)

ESI mass spectra were recorded on a linear ion trap LTQ XL Mass
Spectrometer (Thermo Scientific, Waltham, MA, USA). Data were pro-
cessed by using the spectrometer software. The measurements were
performed on binary metal/ligand solutions at appropriate pH values,
chosen in order to maximize the formation of a single complex species.
The samples were prepared in a similar way as described for po-
tentiometric studies without the addition of background electrolyte, in
water/methanol 50:50 V/V. The counter-ion was supplied by the base
employed to adjust the pH value (KOH). Direct infusion analyses were
always performed at 5 pL/min. Experimental conditions were as fol-
lows: spray voltage 4.8 kV; sheath gas 40 a.u.; capillary temperature
250 °C; capillary voltage 8-25 V and tube lens 60-120 V.

3. Results
3.1. Study of Cu(Il)/Ac4-cyclam system

The compound Ac,-cyclam has been synthesized and used as a
model to study the possible binding of Cu(Il) to the functionalized cy-
clam scaffold. Acs-cyclam has been characterized by '"H NMR and 'H-
COSY experiments (Figs. S1 and S2, Supplementary Information).
Multiple peaks are present in the 1.5-2.2 ppm (alkyl C-CH,-C and acyl
CH3CO protons) and 3.3-3.8 ppm ranges (CH»>-N protons). Increasing
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Fig. 1. UV-visible spectra for the titration of a water solution containing Acy-
cyclam (19.1 mM) and CuCl, (Cu:Acy-cyclam ratio = 0-2).

the temperature up to 75 °C, we observed progressive broadening of the
alkyl signals and coalescence of the acyl ones (Fig. S2, Supplementary
Information). These data overall demonstrate that the conformation of
the scaffold is fluxional in intermediate exchange on the NMR time
scale with prevalence of slow exchange at 25 °C.

The acid-base behavior of Acs-cyclam has been investigated by
potentiometry. The obtained titration curve (Fig. S3, Supplementary
Information) is nicely superimposable to that calculated for the titration
of HCI alone, without Ac,4-cyclam. This result confirms that Acs-cyclam
does not have any acid-base activity which could interfere with the
potentiometric study of the apo-peptidic chains. Furthermore, in order
to exclude Cu(Il) binding to Ac,4-cyclam, a series of UV-Vis spectra have
been recorded at different metal/ligand ratios. No changes in the wa-
velength of maximum of absorption have been observed and the ob-
tained Apax = 815 nm is consistent with the presence of solely Cu(Il)
aqua ion (Fig. 1). Further evidence comes from the NMR spectra of Ac,-
cyclam registered in the absence and in the presence of an equimolar
amount of Cu(Il) (Fig. S4, Supplementary Information), since signals
broadening, expected for the presence of coordinated Cu(Il), are com-
pletely absent.

3.2. Ligand protonation equilibria

The protonation constants of the single-chain peptides are reported
in Table 1; the corresponding distribution diagrams are reported as
Supplementary Information (Figs. S5 — S8).

All the linear peptides bear two basic sites, i.e. the terminal amine
and the side imidazole of the His residue. Data of Table 1 are macro-
constants and the corresponding micro-constants are not available;
however, on the basis of literature [37] the highest logK value can be
mainly attributed to the former functional group and the lowest to His.
The protonation equilibria of AAHAWG-NH, and HAWG-NH, have also

Table 1
Protonation constants for the single-chain peptides at T = 298.2 Kand I = 0.1
M (KCl). Standard deviations on the last figure in parentheses.

Ligand Species logB logk Residue

AAHAWG-NH, LH* 7.94(1) 7.94 Terminal NH,
LHy%* 14.30(1) 6.36 His

AAHAWGC(SMe)-NH, LH* 7.86(2) 7.86 Terminal NH,
LH>* 14.09(3) 6.23 His

HAWG-NH, LH* 7.33(5) 7.33 Terminal NH,
LHy?* 12.89(3) 5.56 His

HAWGC(SMe)-NH, LH* 7.27(3) 7.27 Terminal NH,
LH,2™" 12.58(4) 5.31 His
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Table 2

Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(Il) complexes with AAHAWG-NH, and AAHAWGC(SMe)-NH,, at T
= 2982 Kand I = 0.1 M (KC]). Standard deviations on the last figure in
parentheses.

Ligand Species logB PKq Coordination mode

AAHAWG-NH, [CuLH_,] —0.47(1) 11.59 [Nnu2,Nm,2N ]
[CuLH_3]~ —12.06(3) - [Nxp2,Nim,2N 7]

AAHAWGC(SMe)-NH,  [CuLH_5] -0.86(1) 11.7 [Nnu2,Nm,2N 7]
[CuLH_3]~ —-12.6(2) - [Nnu2,Nim,2N "]

been investigated by means of spectrofluorimetric titrations and the
results are shown in Fig. S9 (Supplementary Information): interestingly,
the intensity of the emission band of the indole group of Trp increases
as a consequence of imidazole deprotonation. As it was already pre-
viously reported [38,39], the close proximity of a protonated histidine
to tryptophan promotes a charge-transfer between the two aromatic
rings which, in turn, quenches the indole fluorescence. Although this
behavior is more evident for AAHAWG-NH, (Fig. S9a), for both AA-
HAWG-NH, and HAWG-NH, the assignment of the residues involved in
ligand deprotonation are in agreement with the spectrofluorimetric
data.

3.3. Cu(Il) complexes with AAHAWG-NH, and AAHAWGC(SMe)-NH,

The complex-formation constants obtained by potentiometric stu-
dies of the single-chain peptides AAHAWG-NH, and AAHAWGC(SMe)-
NH,, are reported in Table 2. The corresponding distribution diagrams
are shown in Fig. 2 and Fig. S10 (Supplementary Information). For both
these ATCUN-type peptides, the potentiometric titrations confirmed
their high affinity for Cu(Il) ion. The obtained speciation models are in
very good agreement with those reported for other similar systems
[40-43] (see also Table S1, Supplementary Information). Moreover, the
minor behavior difference between the two peptides (Table 2) suggests
that the additional Cys(SMe) residue has a negligible impact on their Cu
(II) binding ability. For this reason, only the Cu(Il)/AAHAWG-NH,
equilibria are described below.

Starting from pH 4, the interaction between Cu(II) and AAHAWG-
NHo, after a plausible anchoring of the metal ion to either the imidazole
or the amine nitrogen, leads to the concerted deprotonation of two
amide nitrogens of the peptide backbone to form the complex
[CuLH _,] which quickly becomes the most abundant copper species in
solution, the only one present in the pH range 5.5-9.0. The coordina-
tion geometry is most likely almost planar with the [Nnp2, N, 2N ]
donor-atom set, as represented in Scheme 2a. Further deprotonation
step at alkaline pH gives the [CuLH_3]~ species. Our hypothesis is that

100 -
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Fig. 2. Representative species distribution diagram for complex-formation of
AAHAWG-NH, with Cu(Il), at T = 25 °C and I = 0.1 M (KCD. Cgy, = 1 mM;
Cul = 1:1.
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the deprotonation of the second imidazolic proton occurs to form a
coordinated imidazolate ion, rather than of an axially-coordinated
water molecule. Although observed as a bridging group between two
metal ions, the coordination of His in the imidazolate form to one Cu(II)
has been previously observed [42,44,45]. Here we exclude the depro-
tonation of axially-bound water molecule since the signal of this ion is
completely absent in the ESI-MS spectra. Rather, the speciation model
of Table 2 is nicely confirmed by ESI-MS spectra recorded at slightly
alkaline pH, where both the [CuLH_,] and [CuLH_3] ~ complexes have
been observed and recognized through isotopic pattern analysis (Fig.
S11, Supplementary Information). Interestingly, a signal attributable to
the transient species [CuLH_;]* was also recorded in the ESI-MS ex-
periments, while the formation of this complex is too small to be ob-
served in potentiometry. It is worth of note that the experimental m/z
ratio of the ion [CuLH_3]~ supports the loss of a proton by the ligand
and rules out the formation of a hydroxo-species. Furthermore, we also
exclude the deprotonation and coordination of a third amidic nitrogen
of the backbone on the basis of UV-visible and CD spectroscopic data
(see below).

UV-visible and CD spectroscopic results are in agreement with the
coordination hypotheses described above. Vis-absorption spectra (Fig. 3
and Fig. S12, Supplementary Information) show only one band centred
at Amax = 526 nm, compatible with the hypothesis of a 4N coordination
and in particular with a [Nygo, Nim, 2N 7] (expected Apax = 531 nm)
[46]. Such absorption band is already observable at pH 4: initially the
intensity increases with pH and then remains unchanged under the
most alkaline conditions. Only at pH 4 a second (weak) band is also
present in the Vis spectrum, around 800 nm, due the presence of non-
bound Cu(Il) ions.

A spectrophotometric titration of AAHAWG-NH, with Cu(Il) per-
formed at pH 7.4 is shown in Fig. 4a. Increasing the Cu(Il) concentra-
tion in the peptide solution from copper/ligand ratio O to 1, we can
observe that the absorbance at 526 nm steadily and almost linearly
increases, following the formation of the complex [CuLH_,]. In the
presence of copper in excess the absorbance does not change anymore,
confirming that only mono-nuclear complexes of stoichiometry 1:1 are
formed in solution. Identical behaviors occurred repeating the same
experiments at pH = 9.0 (Fig. S13a, Supplementary Information), in
full agreement with the distribution diagram shown in Fig. 2. Further
confirmation of the exclusive Cu(Il):peptide 1:1 binding stoichiometry
has been obtained through spectrofluorimetric titrations performed in
the same conditions described above: in this case, the emission intensity
decreases with the formation of the complex (Fig. 4b and Fig. S13b,
Supplementary Information) [46] until the Cu(II) concentration

-—
o
o
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Fig. 3. Vis absorption spectra at variable pH of a Cu(Il)/AAHAWG-NH, solu-
tion,at T = 25°Cand I = 0.1 M (KCl). Cc, = 0.5 mM; Cu: L = 1:1.2. Dashed
line: spectrum at pH 4.0; dotted line: spectrum at pH 4.3; dashed-dotted line:
spectrum at pH 4.6; full black lines: spectra at pH 4.7-12.
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Fig. 4. Spectrophotometric (a) and spectrofluorimetric (b) titrations of
AAHAWG-NH, with Cu(Il) at pH 7.4 (aqueous HEPES buffer 25 mM). Dots
represent: a) absorbance values at 526 nm (C;, = 0.70 mM); b) fluorescence
emission data at 350 nm (Aexc = 280 nm; C;, = 48 uM). Scale is reported on the

right axes. Lines represent the speciation diagrams for the titration experiments
(scale on the left axes). * = H,L2™; ** = L.

becomes equimolar to that of AAHAWG-NH,.

The quenching of the Trp fluorescence due to the formation of
copper complexes has also been evidenced by means of a further
spectrofluorimetric titration of a diluted Cu(II)/AAHAWG-NH, solution
at fixed Cu(II)/L ratio and varying the pH value from 3.5 to 11.5 (Fig.
S14, Supplementary Information). The emission intensity at 350 nm
decreases until pH 5.5 where the formation of the complex [CuLH _,] is
complete and then it remains stable until pH approximatively 10, when
the species [CuLH_3] ~ starts to form.

CD spectra recorded for Cu(I)/AAHAWG-NH, solutions in the pH
range 4-12 (Fig. 5) are almost identical, confirming that the complex
geometry remains unchanged when pH is varied. This observation,
together with the absence of An.x changes, confirm that in this pH
range the coordination environment of Cu(Il) is almost the same for
both [CuLH_5] and [CuLH_s3] . Above pH 10, deprotonation/co-
ordination of an amide should give rise to an important change in the
complex geometry and, consequently, in the CD spectra. This is not
observed and, as previously discussed, we suggest the deprotonation of
the pyrrole-type nitrogen of the imidazole ring of His. In the UV range
of the CD spectra two main bands have been observed, one negative at
274 nm and one positive at 310 nm. The former can be attributed to an
intra-ligand transition due to the indole group; the latter is the well-
known charge transfer band due to the coordination of amide nitrogens
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Fig. 5. a) UV and b) visible circular dichroism spectra at variable pH of a Cu
(I1)/AAHAWG-NH, solution, at T = 25 °C and I = 0.1 M (KCl). UV spectra
Ccy = 52 puM; Vis spectra: Cc, = 0.52 mM; Cu:L = 1:2.

to the copper ion [46,47]. In the Vis region, the double band centred
around 520 nm corresponds to the typical metal d-d transitions of a Cu
(I1) complex with ATCUN peptides [47,48]. It is worth of note that the
CD spectra of the Cu(II)/AAHAWG-NH, system are almost perfectly
superimposable to that reported for the Cu(II) binding to human serum
albumin (Fig. S15, Supplementary Information) [22].

3.4. Cu(Il) complexes with HAWG-NH, and HAWGC(SMe)-NH,

Potentiometric analyses of the Cu(Il)/HAWG-NH, and Cu(I)/
HAWGC(SMe)-NH, systems were performed in the presence of an ex-
cess of either the ligands (Cu/L ratio = 1:1.2; 1:2.2) or the metal (Cu/L
ratio = 1.3:1), in the pH range 3-11. No precipitation was observed
with the employed conditions. Seven mono- and di-nuclear complexes
have been revealed in these systems, as reported in Table 3 and in
Figs. 6 and S16 (Supplementary Information). All the species detected
by potentiometry for the system Cu(Il)/HAWG-NH; have been observed
by ESI-MS, as shown in Fig. S17 and Fig. S18 (Supplementary In-
formation). At pH = 7.0 the signals corresponding to the [CuL]?* and
[CuL,]?* species can be recognized (at m/z = 265.58 and 499.83,
respectively) along with those of the dimers [CusLH_512" (m/
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Table 3
Cumulative complex-formation constants () and acid dissociation constants
(K,) of Cu(Il) complexes with HAWG-NH, and HAWGC(SMe)-NH,, at T =
298.2 K and I = 0.1 M (KCI). Standard deviations on the last figure in par-
entheses.

Ligand Species logP PK, Coordination mode
HAWG-NH, [CuL]** 824(1) 75  [Nyu2,Nml
[CuLH_,1* 0.7(3) 8.0 [Nne2/Nim,N 71
[CuLH _,] -7.3(1) 7.7 [Nnuz/Nm,2N "]
[CuLH_3]~ -15.04(3) - [Nnp2/Nim,3N 7]
[CuLy]** 14.26(3) - [2(NNp12,Nim)]
[CupLoH_ 52" 5.5(1) 7.8
[CuL,H_3]" -2.3() -
HAWGC(SMe)-NH,  [CuL]®* 821(1) 7.4  [Nnu2,Niml
[CuLH_,]1* 0.8(4) 7.6 [Nnr2/Nim,N 71
[CuLH_,] —-6.8(1) 7.8 [Nnu2/Nim,2N"]
[CuLH _3]~ -14.57(4) - [Nnp2/Nim,3N ]
[CuL,]** 14.63(4) - [2(Nnpi2,Nim)]
[CupLoH_ 512" 5.9(1) 7.4
[CusloH 31" -1.5(1) -
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Fig. 6. Representative distribution diagrams for complex-formation of HAWG-
NH,, with Cu(Il), at T = 25°Cand I = 0.1 M (KCl). Cc, = 1 mM; a) Cu:L = 1:2;
b) Cu:L = 1:1.

z = 531.25) and [Cu,L,H_5]" (m/z = 1061.00). At pH = 9.0 the
deprotonated complexes [CuLH_,] and [CuLH_3]~ were observed as
K* adducts in the positive ion mode and alone (the latter) in the ne-
gative ion mode. The obtained speciation models of Table 3 are very
similar considering both the stoichiometry and the stability of the
formed complexes, thus suggesting again that the Cys(SMe) residue has
a minor influence on the complex-formation behavior, as already
mentioned for AAHAWC(SMe)G-NH,. Therefore, only the Cu(II)/AA-
HAWG-NH,, equilibria are examined in the following paragraphs.
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The peptide HAWG-NHy, is characterized by the presence of His in
the first position (amino-terminus), that can chelate the Cu(II) ion in the
very effective histamine-like mode (Scheme 2). In fact, under the most
acidic conditions, the first formed species is [CuL]®™; its stoichiometry
suggests that both the terminal amine and the side imidazole ring are
unprotonated and bound to the metal ion, most likely in the equatorial
plane of a distorted octahedral complex where the remaining positions
are occupied by water molecules. The predicted wavelength of max-
imum absorption for this type of Cu(Il) coordination is 675 nm [46], in
very good agreement with the Vis absorption spectrum registered at
PH 4.45 (Amax = 676 nm), where this species is by far the most
abundant in solution (Fig. 7).

In the presence of excess of peptide (Fig. 6a), at neutral or slightly
alkaline pH, a second ligand binds the Cu(Il) ion, leading to the for-
mation of the [CuL,]?™* species, practically the only complex in solution
in the pH range 6-8. Vis absorption spectra show a clear blue-shift and
the wavelength of maximum absorption lowers approximately to
634 nm, suggesting the substitution of the coordinated water molecules
with nitrogen donors. However, the blue-shift is too little to suggest that
the second ligand also chelates copper in the histamine-like mode. In
fact, in the case of four nitrogens bound to Cu(Il) in the equatorial
plane, the predicted wavelength of the absorption band would be
559 nm [46]. On the other hand, the stoichiometry of the complex
reveals that both the nitrogens of the second ligand are unprotonated.
The alternative structural hypothesis for the bis-complex is that the
second ligand is bound to copper in the so-called glycine-like mode, i.e.
through its terminal amino group and the neighboring carbonyl oxygen
(Scheme 2¢). By admitting the presence of both coordination modes,
the predicted maximum of absorption is 607-617 nm [46]. The second
amino group likely binds Cu(Il) in axial position, and is responsible of
the small red-shift of the band, from the expected 607-617 to the ob-
served 634 nm [46]. The “plasticity” of the Cu(II) ion makes impossible
to establish which of the two nitrogens is equatorial or axial: most
likely, a mixture of species with slightly different geometry is present in
solution. It is worth noting that when pH is raised from 4 to 7, CD
spectra in the Vis region change only in their intensity but not in their
shape (Fig. 8), suggesting that the donor atom set remains the same.

Starting from pH 8.5, both Vis absorption and CD spectra undergo
an abrupt change, exactly in correspondence to the formation of the
species [CuLH_3]~ which dominates in the alkaline pH range. It is
clear that an important transformation of the complex takes place and
this can be attributed to a change in the donor atom set due to the

Journal of Inorganic Biochemistry 205 (2020) 110980

a
pH 3.1
104 pH 5.4
-pH 7.0
——pH 8.0
——pH8.3
> 54 ——pH9.0
S ——pHO7
E
Py
o
§- 0 i /——\_Q
w
-5 4
250 300 350 400
Wavelength (nm)
b
10 4 I
pH29-71
~ 04
()]
(]
©
£
2-10 pH 2.9
2 pH 4.1
%‘ pH 4.5
-20 - ——pH5.6
& ——pH 7.1
——pH 8.7
pH 8.7 -9.9 bH 9.9
-30 -
400 500 600 700 800

Wavelength (nm)

Fig. 8. a) UV and b) visible circular dichroism spectra at variable pH of a Cu
(I)/HAWG-NH, solution, at T = 25 °C and I = 0.1 M (KCl). UV spectra:
Ccu = 50 uM; Vis spectra: Cc, = 0.52 mM; Cu/L molar ratio = 1:2.

availability of deprotonated amide nitrogens of the backbone. Bis-
complexes are no longer present in solution, most likely because the
ligand wraps completely the metal and binds it in equatorial position
with three amide nitrogens and the imidazole (or the terminal amine).
The predicted absorption band for these [Njy,, 3N "] or [Nyp2, 3N "]
coordination modes should be located at 522 or 515 respectively [46].
The experimental value (500 nm) is in reasonable agreement with this
prediction. Further proof of these coordination hypotheses comes from
spectrophotometric titrations of HAWG-NH, with Cu(Il) at fixed
pH = 7 and 9. The absorption values at the registered Aoy, i.€. 630 nm
at pH = 7.0 and 500 nm at pH = 9.0 (Fig. 9) were monitored. At
pH 7.0 the intensity of the absorption band almost linearly increases
until the molar amount of copper in solution is about half of that of
HAWG-NH,, thus confirming the prevalence in solution of a complex
with Cu/L stoichiometry 1:2. Conversely at pH 9.0 (Fig. 9b) the plateau
corresponding to the maximum absorption intensity is obtained for the
equimolar Cu/L solution, thus confirming the presence of a dominant
species with stoichiometry 1:1 (i.e. the complex [CuLH_3] ", see
Fig. 6).

Spectrofluorimetric titrations were performed at pH 7.0 and 9.0
showing that the emission intensity decreases when the Cu(I) con-
centration increases in solution, as already observed for the ligand
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Fig. 9. Spectrophotometric titrations of HAWG-NH, with Cu(Il) at pH 7.0 (a)
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pH 7.0 and 9.0, respectively. Dots represent absorbance values. Scale is re-
ported on the right axes. Lines represent the speciation diagrams for the titra-
tion experiments (scale on the left axes).

AAHAWG-NH,. Data reported in Fig. 10 are in reasonable agreement
with the UV-visible titrations and support the hypothesis of complexes
with stoichiometry 1:2 at neutral pH and 1:1 under alkaline conditions.
It is worth noting that the interpretation of the spectral data is not so
straightforward when the Cu/L ratio is close to 1:1. In this case, the
dinuclear complexes observed in the ESI-MS spectra reach relevant
concentrations (up to 40% of total copper, see Fig. 6b) and they can be
detected also by potentiometry. Spectroscopic results for Cu(Il)/HAWG-
NH, and Cu(II)/HAWGC(SMe)-NH, with Cu/L ratio = 1: 1.2 also
confirm the possible existence of these species in the pH range 6-8
(Figs. S19 and S20, Supplementary Information), where the UV-Vis
spectra slightly change compared to the Cu/L = 1:2 solution. A hy-
droxo-bridged nature of these dinuclear complexes can be foreseen,
consistently with literature data for similar systems [48,49].

3.5. Cu(l) complexes with (AAHAWG) ,-PWT2

With the speciation of the single-chain peptides in our hands, we
studied the interaction of Cu(II) with the two tetramers built on the
cyclam scaffold through spectroscopic and spectrometric techniques at
fixed pH.

The mass spectrum at pH 4.9 of the ligand (AAHAWG),-PWT2 (Fig.
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Fig. 10. Spectrofluorimetric titrations of HAWG-NH, with Cu(I) at pH 7.0 (a)
and at pH 9.0 (b). C, = 48 uM, aqueous HEPES or CHES buffer 25 mM for
pH 7.0 and 9.0, respectively). Dots represent emission values at 350 nm
(A\exe = 280 nm). Scale is reported on the right axes. Lines represent the spe-
ciation diagrams for the titration experiments (scale on the left axes).

S21a, Supplementary Information), exhibits an excellent protonation
pattern: all the species from LH,2" to LHg®" have been detected, ac-
companied by one or more additional signals at +60/z, attributable to
adducts [Na* + K* — 2H'] (23 + 39-2 = 60), with the same charge
of the purely protonated ions. In the presence of a four-fold excess of Cu
(1), both at pH 7.2 and 9.8, the only two recognizable complexes are
the species [Cu,LH_g]K,** (m/z = 1029.4) and [CusLH_g]K3>* (m/
z = 1359.7), suggesting that each branch of the tetramer behaves ex-
actly like the monomer and independently binds one Cu(Il) ion (Fig.
S21b, Supplementary Information). This hypothesis is confirmed by
spectrophotometric and spectrofluorimetric titrations performed at
pH 7.4 (Fig. 11). Actually, at pH 7.4 the absorbance increases and the
fluorescence intensity decreases during the addition of Cu(Il), reaching
a plateau when the metal ion is equimolar to the peptide branches, i.e.
when the concentration of copper is four times that of (AAHAWG),-
PWT2. Accordingly, the CD spectra recorded at pH 7.4 in the presence
of increasing amounts of Cu(II) have the same shape of those recorded
for the system Cu(II)/AAHAWG-NH,, confirming the same coordination
behavior (Fig. S22, Supplementary Information). Similar spectro-
fluorimetric data were obtained at pH 9.0, while spectrophotometric
and CD data could be collected only up to 1 eq. of Cu(ll) due to
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for a solution of (AAHAWG),-PWT2 with Cu(Il) at pH 7.4 (aqueous HEPES
buffer 25 mM).

appearance of opalescence in the solution (Figs. S23 and S24, Supple-
mentary Information). The A at 500-515 nm in the absorption
spectra, together with CD information, reveals that also at this pH the
ATCUN nature of the copper coordination systems at both pH values
examined.

3.6. Cu(Il) complexes with (HAWG) ,-PWT2

The mass spectrum recorded at pH 3.7 for the ligand (HAWG),-
PWT?2, in the absence of metal ions, contains all the protonated species,
from LH,?* to LHs®*; the presence of Na™ or K™ adducts is negligible
(Fig. S25, Supplementary Information). In the presence of a 2:1 excess
of Cu(Il), the solution was light-blue colored, both at neutral and al-
kaline pH. The mass spectra show the signals of both mono- and bi-
nuclear species, variously protonated (Fig. S26, Supplementary
Information). Deprotonated and hydroxylated species, respectively
[CupLH_;137* (m/z = 1091.1) and [Cu,L(OH)1** (m/z = 1097.1), can
be observed at pH = 9.1. On the other hand, when Cu(II) was present in
a four-fold excess, the solution was pink and not perfectly clear at pH
higher than 6.7. The signals of both three- and tetra-nuclear complexes
are present in the MS spectrum (Fig. S27, Supplementary Information).

The spectrofluorimetric titration curve in Fig. 12a shows that, at
pH 7, the tryptophan emission steadily decreases until the Cu(Il)/
(HAWG)4-PWT?2 ratio reaches the value of 2 and it remains constant at
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Cu(Il) at a) pH = 7.0 (HEPES buffer 25 mM) and b) pH = 9.0 (CHES buffer
25 mM). Aexe = 280 nm; Aepis = 350 nm, G, = 48 uM.

higher values. This behavior suggests that Cu(Il), at neutral pH, forms
bis-complexes with the HAWG chains (and then two copper atoms for
each PWT2), exactly the same behavior described above for the free
HAWG-NH; peptide. At pH 9 (Fig. 12b) the emission decrease continues
beyond the ratio Cu(Il)/(HAWG),-PWT2 = 2 until M/L ratio ca. 4.
Perhaps most importantly, the equivalence point obtained from the
analysis of the binding isotherm is 2 equivalents of Cu(Il) per ligand
(HAWG)4-PWT2. These data suggest that at pH 9.0 the ligand
(HAWG)4-PWT2 preferentially binds 2 equivalents of copper(Il), in
conditions where 4 Cu(lIl) ions are instead expected to bind, one per
HAWG arm. On the other hand, the binding of four Cu(Il) is promoted
by the presence of an excess of Cu(Il), as suggested by ESI-MS data (Fig.
S27, Supplementary Information) and by fluorescence data which reach
a plateau only for 4 eq. of copper added.

To further support the hypothesis of formation of Cu(Il)/ligand 2:1
species both at pH 7.0 and at pH 9.0 we carried out absorption and CD
studies. Complete spectrophotometric titrations of the ligand with Cu
(II) was possible only at pH 7.0, since at pH 9.0 a marked drift in the
baseline followed by turbidity appeared already at Cu(II):ligand of 0.3.
The spectra are reported in Fig. 13. Only at pH 7.0 the visible CD
spectra for addition of Cu(II) up to 4 eq. vs. ligand could be collected
(Fig. S28, Supplementary Information). At pH 7.0 the maximum of
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absorbance upon addition of Cu(Il) is 630 nm, the same found for the
system Cu(II)/HAWG-NH, at the same pH. Also, the corresponding CD
spectrum exhibits a positive Cotton effect at 685 nm, again in agree-
ment with the behavior of the single-chain HAWG-NH, peptide (Fig.
S28, Supplementary Information). These results confirm that the com-
plexation mode of (HAWG)4-PWT2 towards the Cu(Il) ion, at neutral
PH, is similar to that of the HAWG-NH, monomer, as already suggested
by emission spectra described above.

Most importantly, also the spectra at pH 9.0 also present a max-
imum of absorption around 630 nm. That maximum corresponds to the
observed at pH 7.0 for both (HAWG),-PWT2 and HAWG-NH,, but not
of the latter at pH 9.0 (500 nm). Overall these spectroscopic data
suggest that, at least in the presence of up to 2 eq. of copper, (HAWG),-
PWT2 may form 1:2 Cu: peptide complexes. This observation is fully
consistent with spectrometric data (Fig. S25 and S26, Supplementary
Information). Also, these results suggest that, in that species the co-
ordination environment of copper is similar to that observed for
(HAWG)4-PWT2 and HAWG-NH, at pH 7.0 (histamine-like and glycine-
like coordinated peptide arms).

4. Discussion

In this study we present the complex-formation behavior of the two

11

short peptides AAHAWG-NH, and HAWG-NH, along with that of their
homo-tetramers (AAHAWG),-PWT2 and (HAWG)4-PWT2, mounted on
a cyclam scaffold. Absorption and CD spectrophotometric and mass
spectrometric characterization of the Cu(II) complexes with all ligands
has been performed, together with the potentiometric study of the
single-chain peptides speciation.

In the case of AAHAWG-NH,, all the experimental data agree with
the hypothesis of an ATCUN-type coordination for the complex
[CuLH_»], the most abundant species in a large pH range around
neutrality. Here, the chelation to the metal is carried out by the term-
inal amino nitrogen, the side imidazole and two deprotonated amide
nitrogen atoms (Fig. 14).

The coordination behavior of the peptide HAWG-NH, is more
complex, since two main coordination geometries are adopted, ac-
cording to the pH conditions. At pH 7.0 and in the presence of an excess
of ligand, the main species in solution is the complex [CuL,]1?*, while in
the alkaline pH range the species [CuLH_3] "~ is predominant. It is in-
teresting to note that these two species do not differ only in their
stoichiometry but also in their coordination geometry. In fact, in the
case of [CuL,]?", one ligand chelates Cu(Il) in the histamine-like mode
while the other is bound to copper in the glycine-like mode, as suggested
by visible absorption spectra. The coordination environment of Cu(II)
mainly involves (3N, O) in the equatorial plane, with a possible
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Fig. 14. Structural hypothesis for the complex [Cu(I)(AAHAWG-NH,)H_,].
Color code: orange = copper, blue = nitrogen, red = oxygen, light
grey = hydrogen, grey = carbon.

g
(]

Fig. 15. Structural hypothesis for the complex [Cu(ID(HAWG-NH,),]12". Color
code: orange = copper, blue = nitrogen, red = oxygen, light grey = hydrogen,
grey = carbon.

Fig. 16. Structural hypothesis for the complex [Cu(ID(HAWG-NH)H_3]".
Color code: orange = copper, blue = nitrogen, red = oxygen, light
grey = hydrogen, grey = carbon.
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interaction in the axial position with the imidazole nitrogen, as sug-
gested by spectroscopic data (Fig. 15). Conversely, in the alkaline pH
range the deprotonation of three amide nitrogen atoms of the peptide
backbone occurs and the ligand wraps around the metal, with the
participation of the terminal amine, in a (4N) coordination mode
(Fig. 16). Bimetallic species, with different protonation degrees, were
also detected in this system by potentiometric data analysis. These are
however minor species if compared to monometallic ones, and their
characterization was not carried out in further detail.

The data collected for the (AAHAWG),-PWT2 system showed that
the coordination behavior of each peptide branch parallels that of the
AAHAWG-NH, peptide in solution. Thanks to spectroscopic measure-
ments at fixed pH, it was possible to state that the metal forms a
complex with 1:1 stoichiometry with each one of the four peptide arms
anchored to the scaffold. An accurate observation of spectroscopic data
for this system reveals two main features. The binding isotherm from
fluorescence titration (Fig. 11) presents different slopes, with a change
at 2-3 eq, and indicates that binding of Cu(II) ends at 3.5 equivalents of
metal added to (AAHAWG),-PWT2. These aspects reveal that the
binding of the first two metal ions is most likely non-cooperative (in-
dependent binding sites). However, after the first two-three Cu(Il) eq.
have been added, the coordination of further metal equivalents be-
comes de facto unfavoured either as an effect of high cations con-
centration or because some unidentified negative cooperative effects
arise.

The behavior of (HAWG)4-PWT2 in solution was rather difficult to
characterize due to insolubility problems, and nevertheless the spec-
troscopic data strongly suggest that 2:1 Cu/L species are formed at both
pH 7.0 and 9.0, although the formation of solely 4:1 species were ex-
pected at the highest pH values. Based on fluorescence measurements at
pH 7.0, we suggest the formation of a species where each metal ion is
bound to two peptide arms, according to the species [CuL,]>* observed
for the single peptide. This means that (HAWG)4,-PWT2 is saturated
with two equivalents of Cu(Il) per molecule. This hypothesis is con-
firmed by the Vis absorption spectra, since we observed a d-d band at
630 nm, which is very close to the A,y of [CuL,]?* complex of HAWG-
NH,. Moreover, CD spectra are perfectly superimposable to those re-
corded for the system Cu(II)/HAWG-NHo,, at neutral pH and in excess of
ligand. At neutral pH, therefore, the four HAWG chains mounted on the
cyclam scaffold behave exactly like the single-chain peptides.

The same behavior has been found at pH 9.0, which deviates from
what could be hypothesized from the study of Cu(I)/HAWG-NH,
system. As predicted from our design, through (HAWG)4-PWT2 we
could stabilize the formation of Cu:peptide 1:2 species, in the presence
of <2 eq. of Cu(ll). The fluorescence binding isotherm at pH 9.0
(Fig. 12b) shows that the emission intensity of the tryptophan residue is
quenched very rapidly with Cu(Il) addition, with an equivalence point
corresponding to 2 copper ions per ligand. In these conditions the hy-
pothesis of the formation of a 2:1 Cu:L complex (each Cu(Il) co-
ordinated by two peptide arms) is in full agreement with visible ab-
sorption data that, although affected by a marked drift of the baseline,
clearly reveal that the absorption maximum of the Cu(Il) adduct at this
pH is above 600 nm. On the other hand, this information completely
rules out the occurrence of the [Ny, 3N~ ] copper coordination found
for the single-chain HAWG-NH, at alkaline pH. Rather, the absorption
maximum is consistent with a [2Nxu2, Nimidazole, O] coordination that
we associated to the [CuL,] species of the single-chain HAWG-NH,, at
neutral pH, as discussed.

The four arms of (HAWG),-PWT2 are certainly different systems
with respect to the free linear HAWG-NH, peptide. However, the spacer
between the cyclam scaffold and the peptide moiety looks long enough
(see below for discussion) to offer a quite high degree of freedom to the
terminal peptide chain. Within the limit of the approximation of con-
sidering almost independent the four arms, as suggested by our struc-
tural models, we attempted to find an explanation for the different
behavior of (HAWG),-PWT2, with respect to the HAWG-NH, simple
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peptide, in the stoichiometry of the species formed at high pH.
Therefore, the dependence of the solution composition for the system
Cu(II)/HAWG-NH, on the overall metal and peptide concentrations, at
fixed metal/ligand ratio (1:2), has been examined. It is possible for this
system due to the availability of the complete speciation model of
Table 3. The main result, for Cu(II) concentrations ranging from
0.1 mM to 0.1 M, is summarized in the distribution diagram reported in
Fig. S29 (Supporting Information). The diagram refers to fixed pH 9.0,
for a simultaneous increasing of both the Cu(Il) and peptide con-
centrations, at fixed Cu(Il)/L = 1:2. The diagram shows that the for-
mation of 1:2 adducts ([CuL»]?* species) is predominant when the total
Cu(II) concentration is above 10 mM (logCcyqny > —2.0), while for
lower concentrations the [CuLH_3]~ species predominates. As stated
above, we can cautiously transfer this information to the Cu(II)/
(HAWG)4-PWT2. Since in our experiments the (HAWG)4,-PWT2 con-
centration is 0.20 mM (corresponding to a formal concentration of the
peptide branches of 0.80 mM), our data suggest that through (HAWG),-
PWT2 we could achieve an increase of the peptide “local concentra-
tion” [50] of 2-3 orders of magnitude compared to the same conditions
using the single-chain analog. No direct experimental support is pre-
sently available for this hypothesis, due to the solubility problems of the
branched peptides. An extension of the present research to more soluble
peptides could give the required experimental demonstration.

Finally, we have taken into account, in evaluating our data, the
presence in solution of different conformers or atropoisomers of
(HAWG)4-PWT2 that surely exist as a consequence of the synthesis
process (four branches are mounted on the scaffold). In this respect,
conformational studies on the metal-free cyclam scaffolds reported in
the literature [51], together with X ray structural data [52], suggest
that N-functionalized cyclam molecules have a quite high degree of
fluxionality. Under these circumstances N-linked functional groups may
point away from the center of the cycle as schematically represented in
Scheme 1. We analyzed the molecule with the software HyperChem 8.0
taking into account that (CH;),N-C,cy1 groups are coplanar with the C=
O group since it is an amidic function. A large number of conformers
have been generated in silico, and two different atropoisomers are re-
presented in Fig. S30 (Supporting Information). The result of the iso-
mers analysis showed that the four branches (peptide plus spacer) have
an adequate length and a sufficient degree of flexibility to place the N-
termini of the peptides close to each other, allowing the formation of
histamine-like [Cu(peptide),] adducts.

5. Conclusions

In this paper we reported the synthesis of four single-chain short
peptides, and two branched peptides which are template-mounted on a
cyclam scaffold. All the peptides bear one histidine residue, and
therefore an imidazole donor group, and a Trp residue as a spectro-
scopic tag. Single-chain peptides can be grouped into two couples
possessing an Xxx-Xxx-His-N-terminus or a His-N-terminus, respec-
tively. For each couple of peptides, the difference stands in the presence
at the C-terminus of a Cys(S-Me) residue. This moiety simulates the
thioether function present in the branched peptides as a consequence of
the thio-Michael reaction used to mount the peptides on the cyclam
scaffold.

Our results demonstrated that Cu(I) is bound to both the single-
chain and the branched peptides preferentially at the N-termini, as
previewed by our design. The ATCUN terminus in AAHAWG-NH, gave
rise to mononuclear complexes of high stability with a [Nyp2, 2N,
Ni,] coordination. On the other hand HAWG-NH, formed 1:2 cop-
per:peptide adducts at pH 7 (mixed histamine-like and glycine-like co-
ordination), and 1:1 adducts at pH 9 where deprotonation of amidic
nitrogen atoms occurred. Therefore, the major difference between the
two peptides is that the ATCUN coordination mode for AAHAWG-NH,
is stable in a wide pH range (4-10), while for HAWG-NH, there is a
profound change of Cu(Il) coordination from pH 7 to pH 9.
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When mounted on the cyclam scaffold, the AAHAWG peptide re-
tained the property to form ATCUN-type adducts with copper, as de-
monstrated by spectroscopic features. However, the affinity of the four
chelating groups is not exactly the same, as qualitatively evidence by
the spectroscopic analysis, with a decrease in chelation capacity for an
increasing amount of Cu(II) bound to the ligand.

With the ligand HAWG-NH, we were able to qualitatively obtain
what we expected from our design. On one hand, the nature of the
scaffold and the length of the spacer allowed a large degree of freedom
of the peptides which, at pH 7, can form 1:2 adducts with copper,
adopting the mixed histamine-like and glycine-like coordination, as the
single-chain peptide does. Most importantly, the latter coordination
mode is predominant also at pH 9, unlike what occurs with free HAWG-
NH,. This behavior (i.e. avoiding peptide nitrogen deprotonation) is
unachievable at pH 9 for the single chain-peptides unless its con-
centration is in the molar range. This is not only an extraordinarily high
concentration for model peptides, but it is also out of the solubility
range for the vast majority of proteins. Therefore, with our branched
peptides we were able to shift up the effective molar concentration of
the chelating groups (N-termini) of 2 to 3 orders of magnitude by
mounting 4 equivalent peptides on a cyclam scaffold.

We expect that avoiding peptide nitrogen deprotonation and co-
ordination will have, for instance, a noticeable effect on the Cu(I)/Cu
(II) redox potential, since amide nitrogen coordination stabilizes Cu(IL).
Along with this consideration we preview that the development of these
branched peptides will get into the development of copper bioinspired
catalysts based on stable coordination environments at pH conditions
unachievable with the use of single-chain peptides.
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