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DOI: 10.1039/x0xx00000x 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
www.rsc.org/ 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(ll) binding domain of this sequence was identified at its C-terminus, a histidine-rich
region, well conserved in numerous fungal Zn(ll) transporters. The Zn(l1) binding behaviour towards the three peptides Ac-
FHEHGHSHSHGSGGGGGG-NH,  (residues  131-148),  Ac-SHSHSHSHS-NH, 157-165), Ac-
FHEHGHSHSHGSGGGGGGSDHSGDSKSHSHSHSHS-NH, 131-165) explored by means of different

thermodynamic and spectroscopic techniques. Cu(ll) was also investigated since this endogenous metal can compete with

(residues and

(residues was
Zn(ll) for the same binding sites.

The results indicate that the peptides under investigation have the ability to tightly coordinate Zn(ll), at physiological
pH, thus suggesting that the whole protein sequence can play a role in Zn(ll) acquisition and regulation. Cu(ll) is able to
form even stronger complexes than Zn(ll) but it is normally present in very low concentration in the biological
environment. The competition between Zn(ll) and Cu(ll) could be exploited to impair the Zn(ll) acquisition routes of
Candida albicans. Among the two binding sites, the affinity of both Zn(ll) and Cu(ll) is higher for that located at the
residues 131-148, although the coordination geometry is rather different for the two metal ions.

ongoing search for new therapeutic strategies, there is
currently only a limited number of truly effective treatments:
the ability of pathogenic 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 specificity is an
important concern in the development of novel, specific
agents towards which fungi will not be resistant to. 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(ll) into the fungal cell.
Understanding the bioinorganic chemistry of this process is

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
candidemia (invasive candidiasis). The condition is usually
confined to severely immunocompromised patients
(undergoing organ transplantation, major surgery and those

with AIDS or neoplastic disease).1 However, untreated invasive
candidiasis is a problem also in therefore of particular interest; in fact, a deep knowledge of

immunosuppressed patients,”* and may ultimately become a  the coordination modes and thermodynamics of metal-metal
greater problem than drug resistant bacterial “superbugs”.’ transporter interactions is the first step towards the design of

: . o . 69
Despite the progress of antifungal therapies and the @ highly specific therapeutic.
Zn(ll) is crucial for the virulence and survival of fungal

pathogens in humans, being indispensable, together with
Cu(ll), in the expression of many metal-proteins and
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enzymes. Zn(ll) uptake is a challenge for microbes, since

the concentration of this metal in a free, non-protein bound
. 12 .

form, is as low as sub-nanomolar.” Cu(ll) is not only an

endogenous metal which can generally compete with Zn(ll) for
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the same binding sites, but it can take part in the host-microbe
“tug of war” 131

CAYJH2 (UniProt Knowledgebasels) is a 199 amino acid
sequence corresponding to the gene CAWG_03987 found in
the strain WO-1 of Candida albicans." “CAWG_03987 has
domain(s) with predicted cation transmembrane transporter
activity, role in transmembrane transport, cation transport and
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
alternated with other amino acids are located and can both act
as metal binding sites.

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

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

Results and discussion
Ligands 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
(pKa=15),19 but they can be displaced by Cu(ll) at a suitable pH
value, to form complexes. The distribution diagrams for
protonation equilibria of L1, L2 and L3 are shown in Figures S1,
S2 and S3 (ESIT) and the corresponding constants are reported
in Tables S1, S2 and S3 (ESIt). Ligand L1 (Ac-
FHEHGHSHSHGSGGGGGG-NH,) has six groups involved in acid-
base reactions: one glutamic acid and five histidines. Glutamic
acid has the lowest pKa value (4.18), as predictable by its acid
moiety; while His residues are characterized by logK 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 expectations
based on His protonation equilibria.20 Ligand L3 has fourteen
groups involved in acid-base reactions: one glutamic acid, two
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aspartic acids, ten histidines and one lysine. In the considered
pH range 3-9, both the deprotonation of an aspartic acid and
the lysine could not be detected. The first two acidic constants
of L3, characterized by pKa 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 pKa values, ranging from
5.14 to 7.78, arise from the deprotonation of the ten
histidines. The pKa of Lys (necessary for computations but
irrelevant on 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 (10.5421).
Potentiometric data do not allow to understand 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(ll) complexes

All the present results show that L1 and L2 peptides are able to
form 1:1 complexes with the Zn(ll) ion; no poly-nuclear or bis-
complexes have been detected neither by potentiometry nor
by mass spectrometry. Formation constant values are shown
in Table 1 and the corresponding distribution diagrams are
plotted in Fig. 1-3; ESI-MS spectra are instead reported in Fig.
S4-S14 (ESIT). Stability constants for the system Zn(l1)/L1 have
been calculated only up to pH 6, because, at higher pH,
precipitation occurred. No precipitation has instead been
observed over the explored pH range in the case of L2 and L3.

Zn(ll) binds L1 starting from pH 4.3 with the formation of
the species [ZnH3L]4+, where the most likely coordination mode
is via two histidine residues and the carboxyl group of the
glutamic acid (2N,,; COO). The next step involves the release
of a third proton with a pka value of 4.9, giving rise to the
species [ZnHzL]3+. 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.zz'25 Analogously, in the case of L2, the
first detected complex [ZnHL]3+ is also characterized by the
(3N;m; O) configuration; 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 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 (3N,,; OH)
complex. Moreover, at higher pH values, the species [ZnH_L]*
is formed: the corresponding logK 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.
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In the system Zn(ll)/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(ll) in a high number
of combinations. The MS spectra (Fig. S$10-S14, ESIT), recorded
at pH 5.30, reveal the presence of both mononuclear
(IZnHsLI* at m/z=900.6, ([ZnH,L]-K)** at m/z=910.1 and
([ZnH3L]~K2)4+ at m/z=919.8) and binuclear ([Zn2H3L]4+ 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 [Zn2H3L]4+, the two Zn(ll) 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, competing, metal ions — as
it 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(l)/Zn(11)/L3, on the basis of the binary speciation models
reported here. Circular dichroism measurements performed
in the far-ultraviolet spectroscopic range (Fig. S15, ESIT) reveal
that there is no significant pH-dependant variation in the
secondary structure of Zn(ll)/L3 complexes. The band at 200
nm points out the absence of a specific conformation and the
prevalence of random coils.

Table 1 Overall stability constants (log 8) and acid dissociation constants (pKa) of
zinc(ll) complexes with L1, L2 and L3 at 7=298 K, /=0.1 mol dm™ (NaClO,). Values
in parentheses are standard deviations on the last significant figure.

Ligand Species log 8 pKa

L1 [ZnHsL]*™ 24.1 (1) 49
[ZnH,L]* 19.21 (2) -
[znL]" 7.51(2) -

L2 [ZnHLP** 11.55 (3) 5.97
[ZnL)* 5.58 (2) 7.22
[ZnHaL]" -1.65 (4) 8.20
[ZnH.L] -9.85 (6) -

L3 [ZnHsL]™ 62.32 (5) -
[ZnHeL]*" 51.65 (6) -
[ZnHaLP*" 39.89 (3) -
[ZnH,L]" 26.40 (3) 7.84
[ZnHL] 18.57 (7) 8.57
[ZnLl 10.0 (1) 8.6
[ZnH4L)” 1.35(1) -
[ZnyHsL]* 38.8(2) .

This journal is © The Royal Society of Chemistry 20xx
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Cu(ll) complexes

The three investigated peptides proved to be able to form
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Figure 1 Exemplificative species distribution diagram relative to Zn(ll)/L1 complexes;
metal/ligand molar ratio = 1: 1.25.
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Figure 2 Exemplificative species distribution diagram relative to Zn(Il)/L2 complexes;
metal/ligand molar ratio = 1 : 1.25.
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Figure 3 Exemplificative species distribution diagram relative to Zn(ll)/L3
complexes; metal/ligand molar ratio =1 : 1.25.
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stable 1:1 complexes with the Cu(ll) ion; no poly-nuclear or bis-
complexes have been detected neither by potentiometry nor
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 instead showed in Fig. S16-S25
(ESIT), UV-Vis spectra in Fig. $26-S28 (ESIt) and CD spectra in
Fig. S29-532 (ESIT).

Cu(ll) starts to interact with L1 at pH lower than 3 and the
first detected complex is [CuH4L]5+. The stoichiometry of this
species indicates that two acid/base sites are deprotonated
and it can be suggested that Cu(ll) binds a histidine and the
carboxylate group of the glutamic acid (N,,; COO’), in fact,
these two residues (pKa values: 5.7 and 4.2, respectively) can
be deprotonated at a so acidic pH value only if they are bound
to the metal ion.

As for L2 peptide, the stoichiometry of the first detected
species is [CuHZL]4+: in this case, potentiometric data do not
reveal the formation of the 1N,, complex. Most likely, the
absence of a carboxylate side chain makes the hypothetical
species [CuH3L]5+ less stable than the corresponding complex
formed by L1. It can be suggested, for the complex [CuHZL]4+,
that two imidazole nitrogens are coordinated to Cu(ll). The
position of the d—d band of UV-Vis spectra at pH 5 (660 nm,
see Fig. S27 and Table S4, ESIt) 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, [CuHmL]9+, where, besides the Asp residues, two
additional acid/base side groups of the ligand are
deprotonated. It can be suggested that Cu(ll) binds a histidine
and the carboxylate group of the Glu residue (1N,,; COO), as
in the case of L1, or that the binding occurs via two histidine
residues (2N,,,) 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), that show a A= 660
nm, as expected for a complex where Cu(ll) is bound to two
imidazole nitrogens.19 Subsequently, the species [CquL]8+,
characterized by a protonation 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
(2N,,) coordination.

Increasing the pH value, Cu(ll) 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
(2N;n; COO’) and (3N,,; COO’) configurations are the most
probable for [CuHsL]** and [CuH,L]**, respectively. Starting
from pH 4, the complex loses a further proton to form the
species [CuHL]2+ where Cu(ll) should bind a fourth N-imidazole
with a pKa = 4.92. It is reasonable that this His residue
substitutes the carboxylate group in the equatorial plane,
moving it to the axial position. The presence of an axial binding
group produces a red-shift in the Vis spectra19 that can explain
the fact that the wavelength of maximum absorption at pH 6.3
(593 nm, see Fig. S26 and Tab. S6, ESIT) is slightly higher than
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Table 2 Overall stability constants (log 8) and acid dissociation constants (pKa) of
copper(ll) 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 8 pKa
L1 [CuHLP 31.63 (5) 430
[CuHsL]* 27.33 (5) 4.63
[CuH,L*" 22.70 (4) 4.92
[CuHL* 17.78 (2) 5.77
[CuL]* 12.00 (2) -
[CuH.L -3.04 (2) 8.43
[CuHsL* -11.47 (3) -
L2 [CuH L™ 20.00 (2) ;
[CuL]* 10.04 (2) -
[CuH.,L] -4.50 (2) 8.94
[CuH.LI -13.44 (4) -
L3 [CuHl]** 73.4 (1) 4.0
[CuHoL® 69.4 (1) 41
[CuHsL]™ 65.30 (8) 4.72
[CuH,LI® 60.58 (6) 5.20
[CuHeLP* 55.38 (6) 5.72
[CuHsL]* 49.65 (7) 6.09
[CuHaLP* 43.56 (7) 6.39
[CuHsL)* 37.16 (5) 6.83
[CuH,L]* 30.34 (4) 7.19
[CuHL] 23.14(2) -
[CuH,L1* 7.01(2) -
[CuHsL* -10,85 (3) -
3+ [CuL]"
o [CuH,L] (Cull LI
" . CuH LJ
[CuH L]’ [CuHL] ICuH, L]
E ool free Cu”*
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Figure 4 Exemplificative species distribution diagram relative to Cu(ll)/L1 complexes;
metal/ligand molar ratio = 1:1.25.
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the predicted value for a (4N,,,) complex (576 nm).19 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 (4N,,) configuration is also hypothesized for the [Cul]
complex formed by the L2 ligand at pH 6. Since the
corresponding (3N,,,) 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 a quick sequence. The formation of a 4N species is
also confirmed by EPR spectra (Tables S4 and S6, ESI’r).26

2+

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 it happens in the presence of Zn(ll).
The formation of macrochelates is also possible. At pH 5,
where the species [CuH7L]6+ is the most abundant complex in
solution, the first amide proton is displaced by the Cu(ll) ion. In
fact, CD spectra show a negative band at 309 nm (see Fig. S31

"
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Figure 5 Exemplificative species distribution diagram relative to Cu(ll)/L2 complexes;
metal/ligand molar ratio = 1:1.25.
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Figure 6 Exemplificative species distribution diagram relative to Cu(ll)/L3 complexes;
metal/ligand molar ratio = 1:1.25.
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and Table S5, ESIt), attributable to the N-amide charge
transfer to the metal ion.”” The d-d band of Vis spectra is
located at 602 nm (pH 5.06) and it is compatible with the
hypothesis of a (2N;n; N’) t:omplex.19 At physiological pH, a
mixture of (2N;,; N') and (3N,; N') species can be suggested.

Under alkaline conditions, the remarkable change in the
visible CD spectra of Cu(ll) complexes with all the three ligands
(see Fig. S29-S31, ESIt) suggests an important variation in
coordination 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 geometry, to form (2N,,; 2N°) and (N,,; 3N’)
complexes. The formation of some of these mononuclear
Cu(ll) complexes has been also confirmed by mass
spectrometry (Fig. S16-S25, ESIt)

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

A comparison about metal binding abilities

In order to better understand the binding ability of the
investigated ligands towards Zn(ll) and Cu(ll) ions, some
competition plots (see Experimental) were built up at
equimolar concentrations of ligands and metal ions. As shown
in Figures 7 and 8, the L3 species formed with both the Zn(ll)
and Cu(ll) 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 of the number of histidines,
2730 4t g important
to emphasize that L3 contains both the other two peptides. No
direct evidence on the preferred metal 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-
PVHTGHMGHIGHTGHTGHTGSSGHG-NH, (zp-PrP63-87), which
contains seven separated His residues;31' 32 (ii) the peptides Ac-
EDDAHAHAHAHAG-NH, and (iii) Ac-EDDHAHAHAHAHG-NH,,”’
shorter analogues of the peptide pHpG-1 (EDDHqGVG;¢-NH,)
found in the venom of the snake Atheris squamigera,zg’ 3
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 coordination becomes more effective.

J. Name., 2013, 00, 1-3 | §
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The competition plots that compare the zp-PrP63-87
peptide with L3 (Fig. S33 and S34, ESIT) show a similar trend

for both Zn(ll) and Cu(ll) complexes and confirm that the larger

the number of histidines in the sequence, the better the ability
to bind both Zn(ll) and Cu(ll) 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(ll) ion,
shows a similar trend for both the ligands up to pH about 5
(Fig. S35, ESIT). On the other hand, Cu(ll)/L2 complexes are
instead significantly more stable at higher pH values, where
the Cu(ll)-amide binding comes into play. Evidently, the
presence of (non-coordinating) serines has an impact on amide
deprotonation, possibly through its electronic effect on amidic

nitrogens, making amide protons more acidic. In addition, if

the EDD- sequence is involved in Cu(ll) coordination, this could
somehow hinder the binding with amides. On the contrary,
Figure S36 (ESIT) shows that the peptide sequence Ac-
EDDAHAHAHAHAG-NH, is a better ligand for Zn(ll) than the

% formation relative to [Zn"]

Figure 7 Competition plot for a quaternary solution containing equimolar
concentrations (1 mM) of Zn(ll), L1, L2 and L3.
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Figure 8 Competition plot for a quaternary solution containing equimolar
concentrations (1 mM) of Cu(ll), L1, L2 and L3.
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serine-substituted sequence L2, even though the difference
between the two curves is not excessive (25% at physiological
pH). In this case, Zn(ll) is not able to deprotonate N-amides,
which do not come into play. The coordination mode is almost
the same for both the peptides: Zn(ll) binds L2 via (3N,,,; H,0),
while Zn(l1)/Ac-EDDAHAHAHAHAG-NH, complexes involve a
carboxylic oxygen of the acidic terminus EDD-, and this can be
the difference which makes more stable the Zn(ll) complexes
of the latter. At alkaline pH, the two systems become
equivalent, since coordination modes for L2 and Ac-
EDDAHAHAHAHAG-NH, (3N,,,; HO) are the same.

In Figures S37 and S38 (ESIT), the competition diagrams
involving L1 and Ac-EDDHAHAHAHAHG-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(ll) ligand than L1
where histidines are alternated with a glutamic acid, a glycine
and two serines. The explanation of this behaviour can be the
same as above, although, here both the ligands contain
carboxylate side chains which, in principle, can be involved in
coordination. For Zn(ll) complexes, up to pH 6 (where
precipitation occurs in the Zn(ll)/L1 system), the difference in
stability between the two systems is very small.

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

Experimental
Materials

All peptides (Ac-FHEHGHSHSHGSGGGGGG-NH,, Ac-SHSHSHSHS
-NH,, Ac-FHEHGHSHSHGSGGGGGGSDHSGDSKSHSHSHSHS-NH,)
were purchased from KareBay Biochem (USA) (certified purity:
98%) and were used as received. Zn(ClO,),-6H,0 and
Cu(NO3),:3H,0 were extra pure products (Sigma-Aldrich); the
concentration 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, (Sigma-Aldrich). Grade A glassware was
employed throughout.

Potentiometric measurements

This journal is © The Royal Society of Chemistry 20xx
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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, ESIt). 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 stirring was applied
throughout. Solutions were titrated with 0.1 mol dm?
carbonate-free KOH or NaOH. The electrode was daily
calibrated for hydrogen ion concentration by titrating HCIO,
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 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 (8) and
step (K) stability constant calculations, referred to the
following equilibrium:

pM+qL +rH S M,L,H,

(charges omitted; p is O in the case of ligand protonation; r can
be negative). Reported Ka 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 Zn(ll) and Cu(ll) ions were taken from
the literature.”” *® The distribution diagrams were computed
using the HYSS program.39 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), equipped with an Apollo Il 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).

This journal is © The Royal Society of Chemistry 20xx

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 a 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 corresponding 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 ES500 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, ESIt).

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(ll) and Cu(ll)
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(ll) are always more stable that those formed with
Zn(ll) 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.

Both the metal ions showed a preference for the binding
site corresponding to peptide L1, although the coordination
modes are different. As for Zn(ll) complexes, all the
investigated peptides bind the metal ion by means of three
histidine residues (3N;,) and an oxygen (carboxylic O" or a
water molecule), with a tetrahedral coordination geometry.
The hypothesized molecular structure for Zn(ll)/L2 complexes
with (3N,,; O) configuration at physiological pH is illustrated in
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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 coordination of amide nitrogens
of the peptidic backbone prevails. In addition, a role for Ser
residues has been also hypothesizes, i.e. that of reinforcing the
Cu(ll)-amide bonds.

The evolutionarily conserved sequence in C4YJH2 is
probably fully involved in the task of Zn(ll) acquisition and
regulation, which is crucial for the growth and subsistence of
the pathogenic species like Candida albicans. A better
knowledge of the thermodynamics behind biological metal
transport processes has been obtained, highlighting both the
coordination modes used by Zn(ll) to bind the proposed
amino-acid sequence of C4YJH2 and the competition with
Cu(ll). This knowledge can contribute to design and tune 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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