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Abstract: Some transition metals, like manganese, iron, cobalt, nickel, copper and zinc,
required for the biosynthesis of metalloenzymes and metalloproteins, are essential mi-
cronutrients for the growth and development of pathogenic microorganisms. Among the
defenses put in place by the host organism, the so-called “nutritional immunity” consists
of reducing the availability of micronutrients and thus “starving” the pathogen. In the
case of metals, microorganisms can fight the nutritional immunity in different ways, i.e.
by directly recruiting the metal ion or capturing an extracellular metalloprotein or also
through the synthesis of specific metallophores which allow importing the metal in the
form of a chelate complex. The best known and most studied metallophores are those di-
rected  to  iron  (siderophores),  but  analogous  chelators  are  also  expressed  by  microor-
ganisms to capture other metals, such as zinc. An efficient zinc recruitment can also be
achieved by means of specialized zinc-binding proteins. A deep knowledge of the proper-
ties, structure and action mechanisms of extracytoplasmic zinc chelators can be a power-
ful tool to find out new therapeutic strategies against the antibiotic and/or antifungal resis-
tance.  This  review  aims  to  collect  the  knowledge  concerning  zincophores  (small
molecules and proteins in charge of zinc acquisition) expressed by bacterial or fungal mi-
croorganisms that are pathogenic for the human body.

Keywords: Zincophores, metal binding proteins, zinc, nutritional immunity, bacteria, fungi, antimicrobial agents.

1. INTRODUCTION
It is well known that the number of pathogenic mi-

croorganisms capable of adapting and resisting current
therapeutic treatments has significantly increased over
the last decades. There is currently only a limited num-
ber of effective drugs against bacterial and fungal infec-
tions and the threat of antimicrobial resistance (AMR)
is a major concern in clinical practice. As a result of an-
timicrobial resistance, common treatments become in-
efficient  and  infections  persist  in  the  host  organism,
making pathogens extremely dangerous for the patien-
t's subsistence and increasing the risk of spreading to
other  individuals.  Not  to  mention  that  the  mortality
rate associated with  infectious  diseases  dramatically
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increases in the case of immunocompromised individu-
als [1-5].

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 all living organisms, functioning as cofactors in met-
alloproteins or structural components for enzymes. It
has been estimated that approximately 30% of all pro-
teins require metals for their biological function [6, 7].
Nonetheless, both a reduced and an excessive concen-
tration of metal inside the cell are potentially toxic and
fatal for its survival. From this perspective, one can eas-
ily  understand  that  metal  ions  play  a  key  role  in  the
pathogen  subsistence  and  as  virulence  factors  [8].
Pathogenic  microorganisms,  like  bacteria  and  fungi,
can meet the physiological metals’ demand through the
acquisition of micronutrients from the surrounding mi-
croenvironment during the colonization of a host organ-
ism. To prevent infections, the host restricts access to

1875-533X/21 © 2021  Bentham Science Publishers

Send Orders for Reprints to reprints@benthamscience.net
7312

Current Medicinal Chemistry, 2021, 28, 7312-7338
REVIEW ARTICLE

How Zinc-Binding Systems, Expressed by Human Pathogens, Acquire
Zinc from the Colonized Host Environment: A Critical Review on Zin-
cophores

This is an Open Access article  published 
under CC BY 4.0  
https://creativecommons.org/licenses/
by/4.0/legalcode 

http://crossmark.crossref.org/dialog/?doi=10.2174/1389200222666210514012945&domain=pdf
https://creativecommons.org/licenses/by/4.0/legalcode


Critical Review on Zincophores Current Medicinal Chemistry, 2021, Vol. 28, No. 35   7313

essential metal micronutrients, withholding and limit-
ing these resources by means of an innate immune re-
sponse  termed  “nutritional”  immunity  [9,  10].  This
phenomenon is a primary defense line put in place by
vertebrate organisms to limit the efficiency of micro-
bial invaders. In fact, during inflammation, the concen-
trations of non-bound trace minerals, such as iron and
zinc, proved to undergo a severe drop, which can even-
tually  result  in  the  occurrence  of  human  diseases
[11-15].  The  host  metal  homeostasis  perturbation  is
caused by the pathogen organism, which can rely on so-
phisticated systems to sequester metal micronutrients
and overcome their scarce bioavailability. The mech-
anisms put  in play by pathogens to obtain the neces-
sary metal nutrients are various and include both active
and passive transport through the pathogen cell mem-
branes. In the former case, to make the metal recruit-
ment  more  efficient,  pathogens  can  synthesise  pro-
teins,  peptides  or  other  molecules  with  the  specific
function of metal scavenger, adapting to the host-medi-
ated metal limitations [7, 16]. These so-called “metal-
lophores”  are  here  intended  as  specialised  extracyto-
plasmic (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 transmem-
brane transporter).

Although all forms of life require the strict control
of transition metal ions homeostasis, in this work, we
focus on zinc acquisition by bacterial  and fungal  hu-
man pathogens. We aim to summarize and describe the
main systems involved in Zn2+ uptake from the periplas-
mic and/or extracellular space, with particular empha-
sis on the very first step of metal sequestration at the in-
terface with the host organism. More precisely, we are
interested  in  “zincophores”,  usually  defined  as  small
molecules involved in zinc uptake in bacteria [17, 18],
in analogy with siderophores. However, the term zin-
cophore has also been employed for proteins that are
able to chelate zinc in fungi [19, 20]. In both cases, the
cellular zinc acquisition is facilitated by the interaction
of  the  zincophore  with  a  transmembrane  transporter.
Zinc-binding proteins in charge of zinc uptake, which
deliver  the  metal  ion  to  a  target  transporter,  are  well
known  also  for  bacterial  systems  and  most of them
are  generally  classified  as  substrate  binding-proteins
(SBPs)  [21,  22].  According  to  the  above  definitions,
we decide to  extend the  term zincophore  to  any spe-
cialised zinc chelator (small molecule, e.g. opine metal-
lophores, peptide; independent protein, e.g. Pra1; trans-
membrane transporter-associated substrate binding-pro-
tein, e.g.  ZnuA; or zinc metallochaperone, e.g.  ZinT;
more  details  on  these  systems  are  given  below)  in-

volved in the zinc acquisition pathway, expressed or se-
creted  by  pathogens  (e.g.,  bacteria  and  fungi)  in  the
periplasm or in the extracellular environment and able
to reversibly bind zinc ions and to deliver them to the
transporter system (Fig. 1).

Fig. (1). Schematic illustration of the defined zincophore sys-
tems. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

The  divalent  Zn2+  ion  has  a  high  rate  of  ligand
exchange, a reasonably high electron affinity, a flexibil-
ity of coordination geometry (mostly tetrahedral) and
no redox activity. A zinc ion can organize the biologi-
cal structure and stabilize the folding of a protein, as in
zinc fingers. Regulation of the transcription and transla-
tion of the genetic message are also dependent on Zn2+,
which is required by RNA and DNA polymerases and
participates in ribosome activity. Its polarizing power
makes  the  pKa  of  coordinated  water  molecules  quite
low, displaying Lewis acid properties and allowing a
catalytic function when, for instance, it coordinates to
three rather than four protein ligands. The large family
of  Zn2+-enzymes  includes  superoxide  dismutases  and
metalloproteases  involved  in  infectious  events  (e.g.,
ADAM  metalloproteinases  or  deuterolysin  [23-25]),
and also human innate and adaptive immune responses
are largely dependent on this metal ion [26]. The bio-
logical key role of Zn2+ is therefore well-documented,
and a deep look into the bio-chemistry of pathogens’
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primary zinc-chelating systems is fundamental in order
to rationally deal with the discovery and design of new
antimicrobial  drugs.  Although genome analyses have
identified  numerous  homologues  of  each  zincophore
and import  systems, and various genes encoding fur-
ther putative zinc transporters in human pathogenic spe-
cies [27], the vastness of the topic forces us to focus on
the most relevant representative zincophores for each
class of homologous proteins.

This review covers (i) bacterial ABC transporter re-
lated zincophores, i.e. the zinc-specific substrate bind-
ing  proteins  (SBPs)  constituting  the  extramembrane
component of the ABC import systems, (ii) their associ-
ated zinc-chaperones (when existing), which are a mis-
cellaneous group of proteins able to bind and transfer
zinc to the SBP-zincophore, (iii) the bacterial nicotia-
namine-like zincophores (also known as opine metal-
lophores)  and,  analogously  to  bacterial  microor-
ganisms, (iv) the most important zincophores from fun-
gal  pathogens,  comprising  Pra1  and  its  orthologue
Aspf2. The use of these zincophores as therapeutic tar-
gets  against  bacterial  and  fungal  infections  is  finally
discussed.

1.1. The Rules of Zinc Tug-of-War
To better understand the properties and the mech-

anisms of action of the above-mentioned zincophores,
some preliminary considerations are necessary. First of
all,  we  must  distinguish  between  two  environmental
niches  in  which  the  metal-binding  proteins  can  be
found:  the  periplasm  and  the  extracellular  space.
Gram-negative bacteria are characterized by an additio-
nal  outer  membrane  which  defines  the  periplasmic
compartment (the space between the outer and the inn-
er/cytoplasmic  membranes).  On  the  contrary,  Gram-
positive bacterial and eukaryotic cells (such as fungi)
lack the outer membrane and the periplasm. The pres-
ence of the periplasm requires a series of import sys-
tems to let the metal pass through the outer membrane
and make it caught by specialised proteins that transfer
it to further cytoplasmic import systems. This function
is usually delegated to diffusible soluble, highly specif-
ic, periplasmic metal-binding proteins or low molecu-
lar weight metal chelators. The secretion of metal-bind-
ing proteins in the Gram-positive bacteria and eukaryot-
ic  cells,  instead,  implies  the  release  of  these  metal-
lophores directly into the host environment, and it re-
quires a further reassociation step with the cell. Alterna-
tively,  the metallophore can be a  lipid-anchored pro-
tein located at the cell surface of Gram-positive bacte-
ria (reaching in some cases up to 40% of Gram-posi-
tive surface lipoproteins [28]) and, with less extent, of
Gram-negative  bacteria  (both  at  outer  or  inner  mem-
brane) [29].

This context imposes specific zinc-coordination fea-
tures and, in particular, the necessity of kinetically la-
bile but thermodynamically stable coordination bonds;
in other words, the systems involved in the trafficking
mechanisms  must  ensure  adequate  thermodynamic
complex stability to prevent unwanted reactions or the
premature release of the loaded ions, and at the same
time, an easy and favourable metal transfer to the prop-
er 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. As a gen-
eral rule, the competitiveness is inversely proportional
to the metal bioavailability in the cell, and, in the first
instance,  it  depends  on  the  chelate  binding  affinities
for a given metal ion. This concept comes from the Irv-
ing-Williams series, which elucidates the natural order
of stability of metal complexes with divalent transition
metal atoms (Mg2+, Ca2+ < Mn2+ < Fe2+ < Co2+ < Ni2+ <
Cu2+ > Zn2+). In the case of flexible proteins and the un-
structured portion of polypeptides, the ligand cannot re-
ly on specific steric effects that can favour the interac-
tion with a specific metal ion (such as allostery, pro-
tein-protein interaction mediated specificity, steric hin-
drance,  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)
[30-32]. More details regarding these concepts are dis-
cussed below for each individual zincophore system.

2.  ABC  TRANSPORTER  RELATED  ZIN-
COPHORES: ZINC-SUBSTRATE BINDING PRO-
TEINS AND THEIR ZINC-CHAPERONES

According  to  the  classification  first  proposed  by
Berntsson  et  al.  in  2010  [29]  and  later  improved  for
novel classes of Substrate Binding-Proteins (SBPs) by
Scheepers et al. in 2016 [33], we can distinguish seven
different classes (“clusters”) of SBPs, including met-
al-binding proteins. Phylogenetical and structural anal-
yses on a wide variety of known SBPs highlight that
Zn2+-substrate-binding proteins share certain evolutio-
narily  conserved  structural  characteristics,  although
they display different sizes, poor or no sequence homol-
ogy and have multiple biological roles. Therefore, only
one class (cluster  A) is  representative of  Zn2+-related
chelators,  and  currently,  all  of  them  are  known as
extra-membrane   components   of   the   ATP-Binding
Cassette (ABC) transporters, with the function of with-
drawing  and  delivering  the  cognate  substrate  to  the
transmembrane domains (TDMs) of the transport sys-
tem.  The  ABC  transporters  are  extremely  important
and often involved in the processes of metal homeosta-
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sis, being able to translocate the bound targets across
the cell membranes in both directions (they can be clas-
sified as importers or exporters).

Cluster  A  consists,  in  general,  of  SBP-dependent
ABC  transporter  proteins  able  to  directly  bind  free
Zn2+, Mn2+, Fe2+/3+ 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  α-helical  hinge  region that  links  the
two globular, pseudo symmetrical α/β domains typical
of  all  the  SBPs  [22].  This  α-helix  linker  makes  the
structure relatively rigid and seems to be responsible
for the different mechanism of substrate delivery pro-
posed for cluster A-I SBPs, which significantly differs
from the common “Venus flytrap” identified in SBPs
with the non-metal cognate substrate [29, 33-35]. This
latter  mechanism,  in  fact,  resembles  the  carnivorous
plant Venus flytrap (Dionaea muscipula) trapping ac-
tion, and is indicative of large conformational changes
induced by the substrate binding, which causes the α/β
lobes  closure  and  fold  around  the  linker  [36].  In  the
case of cluster A-I proteins, instead, structural compari-
sons  between  the  apo-  (metal-free)  and  holo-  (met-
al-bound) forms show only minor changes and a slight
domains  motion  upon  metal  exchange,  about  4°-5°
rigid-body  rotation  with  respect  to  ~  40°  to  60°  of
other  SBPs  [37].

Understanding how exactly  the  metal  ions  are  re-
cruited and how these zincophores discriminate within
the variegated pool of  available metal  micronutrients
remains a challenge. Many studies underline the cru-
cial contribution of the metal-binding sites specificity
and of the consequent resulting coordination mode that
can facilitate or block the conformational changes re-
quired to perform a specific function. An elegant exam-
ple 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 Zn2+ ion (coordinated to His67, His139, As-
p280 and Glu205) deactivates PsaA, blocking the pro-
tein in its closed conformation and preventing the met-
al  release  after  binding  [34].  Similar  results  concern
the Fe/Mn2+ chelator YfeA from Yersinia pestis, which
is able to strongly bind Zn2+in vitro but not in vivo, and
whose PsaA-like “spring-hammer” mechanism of ac-
tion has been recently elucidated [37-39]. Therefore, it
is desirable that Zn2+-specific SBPs avoid strong inter-
actions  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 pro-
tein, or close to them, that make the ideal coordination
sphere enough distorted, or occupying some coordina-
tion  positions  with  exchangeable  solvent  molecules,
i.e. water.

Taking  into  account  these  observations,  we  can
now introduce the further sub-classification that differ-
entiates cluster A-I zincophores on the basis of (i) the
donor atoms of the metal coordination sphere, (ii) 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 [22,
29, 40, 41]. In the case of cluster A-I Zn2+ binding pro-
teins,  it  is  possible  to summarize the following com-
mon characteristics: (1) they generally display a tetra-
hedral (3NImidazole, 1COO– or 1H2O) metal coordination
mode,  which  means  that  Zn2+  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 ex-
ception represented by TroA protein, and it generally
indicates specificity for Zn2+; (3) in Gram-negative bac-
teria, 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 coord-
ination mode and the presence of a flexible loop close
to the binding site are therefore two indispensable fea-
tures  that  ABC-transporter-related  zincophores  must
display  to  perform their  biological  role  and facilitate
the interconversion between their metal -free and -load-
ed forms (Fig. 2). At the present day, only a relatively
limited number of cluster A-I zincophores have been
identified (Table 1). Unfortunately, neither their three-
-dimensional  structures  nor  the  mechanistic  implica-
tions of their metal uptake function are always clear.

As a matter of fact, the rigid nature of the long α-he-
lix clamp connecting the two α/β domains disfavours
large-scale  domain  rotations;  on  the  contrary,  small
changes in helices and in the loop spatial conformation
near the metal-binding site are observed between apo-
and holo- forms in many Zn2+ specific SBPs, suggest-
ing that metal uptake and release are likely mediated
by  the  structural  rearrangements  of  secondary  ele-
ments,  as  also recently proposed for  the SBP protein
ZnuA of Escherichia coli (EcoZnuA) [42]. However,
the role of the flexible region rich in acidic and histi-
dine residues near the metal-binding site has not been
established yet. It is supposed to facilitate zinc acquisi-
tion, to serve as a sensor under zinc-exceeding condi-
tions, or to be recognised by the membrane permease
component  [43-45].  Some  studies  revealed  that  the
His-rich  loops  of  ZnuA  homologues  in   E.  coli  and
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Fig. (2). Schematic representation of Zn2+ acquisition by means of ABC transporter related zincophores in Gram-negative (left)
and Gram-positive (right) bacteria. The Substrate Binding Protein (SBP) contains two α/β domains, the rigid α-helical linker
and the flexible loop facing the metal binding pocket. The flexible loop is long and rich in histidine and acidic residues in the
case of G-negative bacteria (group II) and short with or without histidine residues in G-positive bacteria (group I). The addi-
tional SBP associated zincophores are different classes of proteins that may act as zinc-chaperone and deliver the Zn2+ ion to
the SBP or help the SBP in the zinc recruitment process. (A higher resolution / colour version of this figure is available in the
electronic copy of the article).

Table 1. Representative bacterial Zn2+ 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 Refs.

AdcAII
3His, 1Glu

Ia lipid-anchored
S. pneumoniae(G+),

[41]
3His, 1Glu or H2O S. agalactiae (G+)

Lbp
(or Lsp) 3His, 1Glu Ia Lipid-anchored S. pyogenes (G+) [51]

Lmb 3His, 1Glu Ia Lipid-anchored S. agalactiae (G+) [52]

AdcA
3His, 1Glu or H2O (N-terminal do-

main);
3His (C-terminal domain)

Ib Lipid-anchored S. pneumoniae (G+), S. agalactiae (G+), S. pyogenes
(G+) [53]

ZnuA
3His, 1Glu

II Soluble
E. coli (G-), S. enterica (G-)

[46, 54, 55]
3His, 1H2O

P. aeruginosa (G-), T. pallidum (G-), H. ducreyi (G-),
H. influenzae (G-), Y. pestis (G-)

TroA 3His, 1Asp III Lipid-anchored T. pallidum (G-), S. suis (G+) [56, 57]
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Salmonella  enterica  can  bind  Zn2+  through  their  His
and Asp/Glu residues, providing secondary metal bind-
ing sites [43, 46]. Moreover, the loop can be involved
in  specific  protein–protein  interaction  and  potential
Zn2+  acquisition  from  additional  metallochaperones;
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  has  been
proved to play a critical role, embedding into a structu-
ral cavity of the partner protein [47].

In  light  of  the  above  considerations,  ABC  trans-
porter SBPs are not the only ABC related zincophores
involved in the process of nutritional immunity. Very
few  other  classes  of  periplasmic  and/or  extracellular
zinc-binding proteins have been identified and charac-
terized to date. One common feature of these systems
is their activity as metallochaperones for the SBP com-
ponent of the ABC zinc transporters. In many bacterial
species, the SBP-zincophore can interact with a further
“accessory” protein in order to overcome zinc starva-
tion and increase the efficiency of zinc recruitment (as
in the case of ZnuABC and ZinT). The most representa-
tive Zn2+-SBPs interact with a specific zinc-chaperone
(Table  2),  which  is  usually  upregulated  under  zinc-
limited  conditions.  The  mechanisms  by  which  the
paired proteins interact are still uncertain and can dif-
fer for each system, in particular considering that the
identified  zinc-chaperones  share  very  poor  structural
and sequence similarities. It is also important to men-
tion that these “accessory-zincophores” are not indis-
pensable for the proper function of ABC transporters
in  several  bacteria,  since  their  deletion  in  mutant
strains affects only with minor extent the pathogen sur-
vival, and there are many cases of microorganisms ex-
pressing an ABC importer and not possessing the addi-
tional zinc-chaperone [48-50]. A more detailed discus-
sion  of  the  more  relevant  SBP-zincophores  and  their
identified associated zinc-chaperones is given below.
We selected at least one representative of each group
of cluster A-I zincophores.

2.1.  The Leading SBP-Zincophore of  Gram-Nega-
tive Bacteria ZnuA

ZnuA  is  a  periplasmic  soluble  protein  typical  of
Gram-negative bacteria. It belongs to group II of clus-
ter A-I and possesses a long N-terminal His-rich loop
nearby its high-affinity primary Zn2+ binding site. The
available crystal structures reveal that the binding resi-
dues  and  the  surrounding  environment  are  highly
conserved among different bacterial species. The metal
coordination  occurs  via  (3His,  1Glu)  in  E.  coli  [46]

and  S.  enterica  [54]  species,  but  can  also  involve  a
(3His, 1H2O) binding mode, as demonstrated for Syne-
cocystis 6803 [44]. Similar coordination modes can be
hypothesised for the other ZnuA homologues of differ-
ent human pathogens; despite the lack of a solved 3D
structure,  the  multiple  sequence  alignment  of  ZnuA
proteins from different bacterial species (Scheme S1,
Supplementary Information) allows to suggest that the
(3His, 1H2O) binding mode is likely due to the absence
of an oxygen-donor residue (Asp or Glu) proximal to
His60 (as in the case of SynZnuA) [55]. In addition, up-
on  Zn2+  complex  formation,  the  conformational
changes of the ZnuA structure mainly involve the flexi-
ble  His-rich  loop,  which  slightly  shifts  and  possibly
shields the metal substrate from the solvent, also induc-
ing  subtle  rearrangements  of  the  helices  around  the
binding pocket and the flipping of one coordinated his-
tidine [46]. Although the collected data are insufficient
to clearly elucidate the exact mechanism by which the
metal is delivered to ZnuB, according to the previous
observations, one can suggest that the plasticity of the
loop can facilitate the release of the zinc ion [42]. It is
also worth noting that in the solved crystal structure of
the Zn2+-SenZnuA complex, one histidine residue be-
longing to the flexible loop substitutes the conserved
His60 (EcoZnuA numeration, Scheme S1, Supplemen-
tary Information) in the metal coordination. Moreover,
the partially occupied Zn2+ binding conformation (0.7
occupancy) is characterized by a shift of Glu position,
a  change  of  its  coordinated  oxygen  (from  OE1  to
OE2), and the binding of a water molecule as a fifth li-
gand  [60].  Interestingly,  the  relatively  long  His-rich
loop of ZnuA also provides several extra candidates as
zinc ligands (His, Glu and Asp residues) in the proximi-
ty of the primary metal-binding site, potentially increas-
ing the protein efficiency of zinc acquisition [21, 46,
61]. Several studies suggest that this unstructured loop
may function as a metal scavenger or chaperone during
zinc-limited conditions. The flexible loop can interact
with the Zn2+ ion and shuttle the metal from the loop it-
self to the binding pocket (canonical binding site be-
tween the α/β domains). Moreover, it seems to play a
crucial  role  in  the  interaction  with  ZinT  (formerly
known  as  YodA),  a  periplasmic  protein  primarily
found  in  Gram-negative  bacteria  [46,  61].

ZinT is  defined as  a  lipocalin/calycin-like  protein
because of its major β-barrel domain, which is structu-
rally related to this protein family; additionally, it also
contains a small helical domain. Lipocalins are extra-
cellular proteins associated with several functions, in-
cluding ligand binding,  receptor  binding and interac-
tion  with  other  macromolecules  to  form complexes.
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Table 2. Summary of Zn2+ specific substrate-binding proteins (SBPs) and their associated accessory zinc-chaperone.

SBP-Dependent ABC Transporter Associated Zinc-Chaperone Component Refs.
ZnuA ZinT (periplasmic protein) [47]

AdcA (N-terminal domain) AdcA (C-terminal domain) [58]
AdcAII PhtD (surface protein) [59]
AztC AztD (periplasmic protein) [40]

Therefore, it is not surprising that ZinT may function
as  a  zinc-chaperone  for  the  ZnuABC  system.  ZinT
is also involved in oxidative stress events [62], and its
expression  appears  to  be  upregulated  by  strictinin
isomers,  which  can  display  antimicrobial  activity
against  E. coli  [63].  Although different  crystal  struc-
tures of ZinT identify several possible zinc metal-bind-
ing  residues  (His167,  His176,  His178,  Glu212,
His216, His24, His26, His27 and His29) [64, 65], there
is a general consensus that the three highly conserved
His residues (His167, His176 and His178) facing the
center  of  the  calycin  like-domain  are  the  preferred
zinc-binding  sites  with  the  well-known  tetrahedral
(3His, H2O) coordination mode [64]. Interestingly, the
sequence portion between residues 24 and 29 (-HXH-
HXH-) 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. Ther-
modynamic  studies  reveal  that  this  short  N-terminal
His-rich loop is a high-affinity zinc-binding site, dis-
playing  a  (3  or  4His,  H2O)  coordination  mode.  This
fragment is possibly in charge of zinc primarily seques-
tration  from  the  surrounding  environment  [66].  The
type of donors and the hypothesised mixture of tetrahe-
dral and pyramidal complex geometries in the solution
can be considered a “non-ideal” zinc coordination that
can favour the further transfer of the metal ion to the
canonical binding site of ZinT (3 His of the calycin--
like domain) [65, 66]. As already mentioned, the Zn2+-
ZinT complex from S. enterica can interact with ZnuA
forming a binary complex where both proteins expose
their binding pocket to the Zn2+ ion and where the His-
rich loop of ZnuA enters the space delimited by the ca-
lycin and helical domains of ZinT. The proposed mech-
anism  of  metal  uptake,  therefore,  involves  the  zinc
transfer from ZinT to ZnuA [47]. The His-rich loop of
ZnuA governs this interaction and exhibits higher met-
al affinity than the ZinT binding sites; this makes the
flexible loop of ZnuA a hypothetical metal transfer in-
termediary between the  two proteins.  An example of
such a mechanism has been described for Zn2+ transfer
from the metallochaperone AztD to the SBP AztC of
Paracoccus denitrificans.

2.2.  The  Streptococci  Zincophores  AdcA,  AdcAII,
Lsp and Lmb

AdcA and AdcAII are two lipid-anchored proteins
able  to  deliver  zinc  to  the  ABC  transporter  AdcBC.
This import system is an orthologue of ZnuABC from
Gram-negative bacteria and it is in charge of Zn2+ ac-
quisition in Streptococcus species. Both AdcA and Ad-
cAII belong to the cluster A-I of substrate-binding pro-
teins, however they do not show a totally redundant ac-
tivity but,  intriguingly,  they seem to contribute addi-
tively  to  the  in  vivo  virulence;  nonetheless,  they  dis-
play significant genetic, structural and functional differ-
ences [67].

AdcA  (whose  3D  structure  has  not  yet  been  ob-
tained) is characterized by two main zinc-binding do-
mains connected by a linker sequence. The N-terminal
domain  displays  high  homology  with  ZnuA  protein,
conferring to AdcA the typical features of cluster A-I
zinc-specific binding proteins (group Ib); the C-termi-
nal domain, instead, shares high sequence identity with
the  Zn2+  chaperone  ZinT  from  Gram-negative  or-
ganisms  (Scheme  S2,  Supplementary  Information),
suggesting that AdcA C-terminal domain may play the
same or similar biological role in the process of zinc
homeostasis, functioning as metal ion scavenger under
zinc limited conditions or as a facilitator of metal deliv-
ery to the AdcBC transporter [68]. The presence of this
extended (~200 amino acid residues) C-terminal region
is anomalous, but not totally out of context if one com-
pares AdcA to the studied ZnuA-ZinT interaction in S.
enterica. Interestingly, Isothermal Titration Calorime-
try (ITC) data relative to AdcA revealed that its N-ter-
minal (ZnuA-like) domain represents a more efficient
zinc ligand with respect to the C-terminal (ZinT-like)
region,  about  two  orders  of  magnitude  higher  [58],
thus mirroring the thermodynamic results obtained for
ZnuA and ZinT [46, 61, 66]. The putative metal-bind-
ing  residues  in  the  ZnuA-like  domain  correspond  to
the three conserved histidines typical of cluster A-I. As-
suming a tetrahedral geometry as the most likely, the
fourth  coordination  position  should  be  a  water
molecule  or  an  acidic  residue  (according  to  previous
considerations on ZnuA). In the case of the ZinT-like
domain, the predicted zinc coordination mode is (3His,
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Fig. (3). Simulated (Phyre2 [78]) three-dimensional structure of AdcA; green = ZnuA-like domain, pink = ZnuA-flexible loop,
blue = ZinT- like domain. Zn2+ ions are represented as purple spheres. The proposed zinc binding mode is (3His, 1H2O). Pro-
tein picture was generated using CCP4mg [79]. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).

1O) (carboxylic oxygen or a water molecule). Indeed,
the  three  histidines  in  positions  167,  176  and  178
(ZinT nomenclature) are also conserved in AdcA (Fig.
3).

In  the  solid-state  structure  of  AdcAII  in  its  Zn2+-
bound form [41], the amino acid residues involved in
the metal coordination sphere are the three characteris-
tic  conserved  histidines  of  cluster  A-I  SBPs  and  one
glutamic acid in position 286. The coordination geome-
try is tetrahedral and the binding pocket faces a 15-resi-
dues  disordered  loop.  The  classification  proposed  by
Loisel et al. [41] inserts AdcAII into the Ia group, con-
sisting of Gram-positive bacteria SBPs with a flexible
loop lacking the typical abundance of His and charged
residues (Glu and Asp). The structural differences be-
tween AdcA and AdcAII are evident and the singular
characteristic of AdcAII flexible loop (deprived of the
His-rich motif), which does not contribute to the met-
al-binding [41], opens the way to the search for an aux-
iliary system able to make up for the His-rich or ZinT-
like  region  functionality.  In  S.  pneumoniae,  this  role
has been attributed to the pneumococcal histidine triad
proteins  (Pht),  comprising  PhtA,  PhtB,  PhtD,  and
PhtE. These surface proteins contain multiple (five to
six)  putative  zinc-binding  HXXHXH  motifs,  which
have been proved to affect AdcAII pathogenicity, dis-
playing  only  a  partial  functional  redundancy  both  in
vitro and in vivo [67]. In particular, the interaction be-
tween PhtD and AdcAII has been widely investigated,
suggesting that (i) the AdcAII zinc uptake may occur
through  the  directional  transfer  of  a  Zn2+  atom  from

PhtD, or (ii) it may be related to the simple increase of
metal local concentration near the cell membrane, with
Pht proteins acting as “zinc magnets” and consequent-
ly increasing the probability for AdcAII to encounter
the metal [69, 70]. The three-dimensional structures of
Zn2+ complexes with a 54-amino acid fragment of Ph-
tA and a 137-amino acid segment of PhtD obtained by
means of X-ray crystallography and NMR, respective-
ly, show a (3His, 1Glu) coordination mode for both the
systems [59, 71]. Despite the AdcAII main role in zinc
import, Durmort et al.  recently highlighted a correla-
tion between AdcAII and the thickness of S. pneumo-
niae  cellular  capsule,  which  results  in  a  higher  viru-
lence upon the protein deletion [72]. From this perspec-
tive, it is worth reporting that Lsp and Lmb, two homo-
logues of AdcAII, display an additional function, being
able to bind laminin and to participate in adhesion dur-
ing infections [49], therefore we will briefly discuss th-
ese zinc-specific SBPs expressed by S. pyogenes  and
S. agalactiae.

Analogously to S. pneumonia, also in S. pyogenes
and S. agalactiae, zinc acquisition is mediated by the
ABC zinc importer AdcBC with its two associated lipo-
proteins  AdcA and  AdcAII  [73,  74].  In  S.  pyogenes,
the AdcAII homologous protein has been indifferently
called Lsp or Lbp; while in S. agalactiae, it is known
as Lmb. Their obtained 3D structure is in line with pre-
vious observations on group Ia SBPs, and the high sim-
ilarity with SpnAdcAII is also confirmed by their met-
al-binding  ability;  both  the  formed  Zn2+  complexes
have a 1:1 ligand/metal ratio and the metal-binding site
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corresponds to three conserved histidines and one glu-
tamic  acid  (3His,  1Glu)  located  at  the  interface  be-
tween the two globular α/β domains. The flexible loop,
typical of zinc-specific binding proteins, is present but
does not contain the His-rich motif [75]. Their mech-
anism of metal binding and release has been only hy-
pothesised  by  means  of  molecular  dynamics  simula-
tion [76]. Despite the structural similarities and the ge-
netic homology with SpnAdcAII, the laminin-binding
ability has not been confirmed in the case of SpnAd-
cAII and the analysis of the surface charge distribution
between SagLmb and SpnAdcAII revealed significant
differences, attributable to the “extra” adhesion functio-
nality [52, 77]. Noteworthy, this laminin-binding capac-
ity proved to be zinc-mediated; a specific conformatio-
nal structure is required to associate with laminin and
Zn2+ coordination assures and maintains the proper cor-
rect protein fold [52].

A recent study from Moulin et al. on S. agalactiae
suggests that this organism possesses a third zinc-subs-
trate  binding  protein  associated  with  the  AdcBC im-
porter, and therefore two overall redundant AdcAII ho-
mologues  (the  previously  discussed  SagLmb and  the
additional SagAdcAII) [49]. Noteworthy, the gene en-
coding SagLmb, SagAdcAII and SpyLsp is not situated
in the same operon of the AdcB permease and the Ad-
cC ATPase, but is rather cotranscribed along with a his-
tidine triad protein, thus suggesting their primary role
as  zincophores  rather  than  laminin-binding  proteins
[73, 74]. Further analyses also elucidated the interac-
tion of SagLmb and SagAdcAII with two Pht proteins
(ShtI and ShtII) (Fig. 4), as in the case of PhtD and Ad-
cAII in S. pneumoniae [74].

2.3. The Curious Cases of TroA and AztC

TroA is the periplasmic Zn2+-binding component of
an ABC transporter located in the cytoplasmic mem-
brane  of  Treponella  species  (e.g.  T.  pallidum,  the
Gram-negative bacterium responsible for the sexually
transmitted disease syphilis,  and T.  denticola)  and in
the cellular membrane of Streptococcus suis, which is
instead a Gram-positive bacterium. TroA is classified
as a type III of cluster A-I SBP; it is linked to the mem-
brane lipid layer and, therefore, it is not able to freely
diffuse  into  the  surrounding  space.  TroA  is  the  only
zincophore  among  SBP-dependent  ABC  transporter
proteins which does not contain a flexible loop close to
its metal binding pocket. The particularity of TroA, be-
sides the lack of the loop, is its absence of definite met-
al specificity: in vitro TroA binds divalent zinc, manga-
nese and iron and in vivo its biosynthesis depends on
Zn2+ and Mn2+ in T. pallidum or Mn2+ and Fe2+ in T. den-

ticola, making its function as metal-specific transporter
arguable [22, 80, 81]. Isothermal titration calorimetry
highlighted that TpaTroA affinity for Zn2+ and Mn2+ is
very  similar  and  reaches  nanomolar  concentrations
[45]. Mn2+ coordination, however, is driven by an en-
tropic  effect  associated  to  the  release  of  water
molecules,  while  in  Zn2+  binding the  major  contribu-
tion  is  given  by  the  favourable  change  in  enthalpy,
which is in good agreement with the fact that Zn2+  is
highly polarizable and can form bonds with increased
covalent character [45].

Fig. (4). Schematic representation of S. agalactiae zinc ac-
quisition by means of Adc/Lmb importer system and the as-
sociate histidine triad proteins Sht and ShtII. Adapted from
[74]. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

Understanding the biological role of TroA and its
mechanism of action can be easier when comparing dif-
ferent zinc import systems. In T. pallidum  ZnuA and
TroA  represent  two  redundant  proteins  in  charge  of
Zn2+  uptake and both are SBP-dependent  ABC trans-
porter proteins. ZnuA, as previously discussed, is met-
al-specific, binds Zn2+ with high affinity and displays
at least two (three in TpaZnuA [45]) binding sites locat-
ed at the canonical cleft between α/β domains and in
the flexible His-rich loop. TpaTroA, lacking the flexi-
ble loop, has only one metal-binding site in the inter--
domain pocket and does not show any detectable differ-
ences between its apo- and holo- forms, nor in the pres-
ence of Zn2+ or Mn2+ ions. Therefore, TpaTroA mech-
anism of action should necessarily differ not only from
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TpaZnuA, but also from most of the known cluster A-I
SBPs, including Mn2+ specific binding proteins of clus-
ter  A-I  group  III  (e.g.  PsaA),  where  conformational
changes usually occur, although their detailed associat-
ed mechanism is still under investigation [45, 57]. On
the contrary, in S. suis, both Zn2+ and Mn2+ bindings in-
duce  almost  the  same  conformational  changes.  The
SsuTroA X-ray structure also revealed the presence of
two flexible short regions which can have a biological
function facilitating the metal transport mechanism or
the interaction with other protein systems [57]. A hy-
pothesis about how TroA can act as “multi-specific me-
tal-binding  protein”  without  being  deactivated  or  in-
hibited,  for  instance,  by  Zn2+  ion  -  as  in  the  case  of
PsaA -, as well as an explanation about the apparent in-
ability to distinguish between Zn2+ and Mn2+ may be re-
lated  to  its  putative  collaboration  with  other  zin-
cophores.

In the case of T. pallidum, for instance, the highly
specific  ZnuA  protein  can  very  efficiently  sequester
Zn2+ from the periplasmic space and make TroA free to
bind less competitive metals, like Mn2+ or Fe2+. The rel-
atively  high  abundance  of  TroA  within  the  cell  also
agrees with the putative function of binding other met-
als besides Zn2+ [45].

Although this review is exclusively dedicated to hu-
man pathogens, it is important to mention further zin-
cophore systems, AztC and AztD from P. denitrificans
species,  whose  homologues,  nonetheless,  have  been
identified  in  human  pathogens  like  Klebsiella  pneu-
monia  and  Enterobacter  aerogenes  [82].  AztC is  the
periplasmic  component  of  the  ABC  zinc  transporter
AztABC and it is classified as group III of cluster A-I
SBPs, together with TroA protein. It displays the high-
est structural similarity with TroA, showing a zinc co-
ordination mode almost identical: 3His, 1Asp. Unusual-
ly,  it  possesses a relatively short  flexible loop facing
the  metal  binding  pocket,  which  contains  a  few
charged residues and only 2-3 histidines. This attribute
is  absent  in  TroA  and  in  the  other  known  group  III
SBPs, and represents an element of specificity for Zn2+

ion. However, in the case of AztC, the loop properties
are  rather  unusual  and  locate  halfway  between  the
known cluster A-I groups; it possesses a short His-con-
taining loop (group Ib), it belongs to Gram-negative or-
ganisms (group II), its structure and coordination mode
is almost the same of TroA (group III) [82]. Analogous-
ly to ZnuA and AdcAII, AztC proved to interact with a
zinc metallochaperone, AztD, to facilitate zinc acquisi-
tion  under  metal-depleted  conditions.  The  study  of
AztC/AztD  system  provided  detailed  information  on
the specific role of its flexible loop, which is likely cru-

cial for the interaction between the two proteins and fa-
cilitates  the  dislocation  of  a  Zn2+  ion  from  AztD  to
AztC  through  its  three  His  residues  (H120,  H122,
H131),  transiently  binding  the  ion  [40,  83].

2.4. Other SBP-zincophores
Several other zinc ABC importers and their ortho-

logues have been identified in many bacteria by means
of genome analyses (e.g.,  zrgABCDE in Vibrio chol-
era [27]) and biochemical characterizations. There are
several examples of ABC transporters displaying con-
troversial behaviour towards the Zn2+ ion, including the
previously discussed proteins PsaA and TroA. In fact,
PsaA is a Mn2+-specific binding protein which is also
able to interact and bind zinc, although this metal has a
detrimental  effect  on  the  protein  functionality,  while
the TroABC transporter (where TroA is the associated
SBP) exhibits a putative polyvalent metal transport ac-
tivity. In a similar way, the MntABC is a further bacte-
rial metal transporter capable of interacting with Zn2+

through  its  extra-membrane  component  (cluster  A-I,
group III SBP). Although Mn2+ is considered its physio-
logical  relevant  metal  substrate,  in  Neisseria  gonor-
rhoeae,  it  appears  to  promote  the  transport  of  both
Mn2+  and  Zn2+in  vivo  [84,  85].

Intriguingly, a previously classified Cobalt-Nickel
ABC transporter CntABCDF from Staphylococcus au-
reus has been recently re-evaluated in its putative role
of  Zn2+  binding  system  by  Grim  et  al.  [86].
CntABCDF  is  a  member  of  the  Peptide,  Opine  and
Nickel Uptake (PepT) transporter family, and its associ-
ated SBP is  classified into cluster  C.  These are large
size proteins characterized by an extra domain whose
function  has  not  been yet  clarified  but  seems to  take
part in the coordination of the substrate oligopeptides
[29,  85,  87].  The  lipid-anchored  SBP,  CntA,  con-
tributes to S. aureus survival in zinc-limited conditions
thanks to its capacity to transfer Zn2+ ions through the
interaction with the bacterial nicotianamine-like metal-
lophore staphylopine. The mechanism of staphylopine
recognition and binding is common to many other non-
metal-specific  SBPs,  as  discussed  in  the  introductive
paragraph, and causes drastic domain motions and con-
formational changes [88]. Further details on the way of
action  of  this  zinc  importer  systems  and  the  metal-
lophore  substrates  are  given  in  the  next  section.

It  is  also  important  to  mention  the  existence  of
zinc-binding  proteins  involved  in  cellular  detoxifica-
tion, mostly belonging to Gram-negative bacteria and
located in the periplasm. Although they are not specifi-
cally involved in the process of Zn2+ recruitment, they
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rather carry out a contrary function, interacting with ex-
porter proteins and helping in delivering the metal out-
side the cell; they can be classified as periplasmic Zn2+

binding proteins as well. We briefly mention the two
homologues  ZraP  and  Spy  [89,  90].  They  are  CpxP
family  homologues  and  ATP-independent  molecular
chaperones able to bind Zn2+ ions (ZraP is zinc specific
and  possesses  two  zinc-binding  domains  [91],  while
Spy displays lower metal binding affinity [89]) and to
reduce the free metal  concentration in the periplasm,
preventing zinc-related cytotoxic phenomena.

3. NICOTIANAMINE-LIKE ZINCOPHORES
Staphylococcus  aureus,  Pseudomonas  aeruginosa

and  Yersinia  pestis  are  human  pathogenic  bacteria
which, in a metal-deficient environment, are able to ex-
press specific opine-type metallophores, called staphy-
lopine (StP), pseudopaline and yersinopine, respective-
ly.  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 ami-
no group, to form an intermediate called xNA (if con-
tains D-His) or yNA (if contains L-His); 3) the opine
dehydrogenase (ODH) enzyme, CntM, condenses the
intermediate  with  an α-keto  acid  and,  after  reduction
with NAD(P)H, the obtained opine-type metallophore
exhibits stereochemistry (L, L) or (D, L) [92].

The opine dehydrogenases of S. aureus (SauODH),
P.  aeruginosa  (PaeODH)  and  Y.  pestis  (YpeODH)
show different substrate specificity: pyruvate for S. au-
reus  and  Y.  pestis  and  α-ketoglutarate  for  P.  aerugi-
nosa,  although  they  are  structural  homologues.
SauODH, PaeODH and YpeODH have been investigat-
ed using both a steady-state kinetic method and X-ray
crystallography [92], which revealed a dimeric struc-
ture,  where  the  residues  Arg-383,  Asp-153  and
His-242  play  key  roles  in  Schiff  base  formation  and
the selection of the α-keto acid substrate. All the struc-
tures were in an open conformation, but a closure is to
be expected to build up the catalytic site.

A combination of bioinformatics, structural analy-
sis, chemical synthesis and enzymatic studies has been
employed  to  deeply  explore  the  specificity  of  CntM
opine  dehydrogenases  [93].  Following  the  S.  aureus
numbering, the amino acidic residue at position 33 was
recognized as responsible for the NAD(P)H selectivi-
ty; the presence of an arginine decides the preferential

binding  to  NADPH.  On  the  other  hand,  the  amino
acidic residue at position 150 rules the selectivity to-
wards α-ketoacids; an aspartate makes CntM selective
towards pyruvate while alanine allows the use of both
pyruvate and α-ketoglutarate. A further in silico analy-
sis of the available genomes led Laffont et al. to identi-
fy a soil bacterium, Paenibacillus mucilaginosus, with
all the characteristics required to synthesize a new met-
allophore  belonging  to  the  opaline  family.  It  derived
from D-His (like in the case of S. aureus) but reacted
with NADPH and α-ketoglutarate (like P. aeruginosa).
The new metallophore was named bacillopaline [93].
The synthetic pathways of these four zincophores are
schematized in Fig. (5).

3.1. Staphylopine
Staphylopine (StP) is a versatile metallophore, relat-

ed to plant nicotianamine, expressed by Staphylococ-
cus aureus,  a  Gram-positive bacterium. StP can bind
various metals in vitro depending on the environmental
conditions;  its  metal-affinity  mirrors  that  of  nicotia-
namine, with similar Kd values and the same affinity or-
der: Cu2+ > Ni2+ > Co2+ > Zn2+ > Fe2+ [94]. The first ex-
tensive  description  of  the  cnt  operon  (cn-
tKLMABCDFE),  that  encodes  the  functions  required
for the biosynthesis (CntKLM) and trafficking of StP,
is due to Ghssein et al. [94]. The biosynthesis of StP is
promoted by the combined enzymatic activity of CntK,
CntL, and CntM using D-His as starting substrate for
the fusion with a single α-aminobutyric acid moiety de-
riving from SAM. The acquisition of zinc is then real-
ized with the importer CntABCDF which works in con-
junction with StP, while the membrane transport pro-
tein CntE, belonging to the Major Facilitator Superfam-
ily (MFS), is deputed to the export of the metallophore
(Fig. 6). It is worthy of mention here that S. aureus is
also capable of directly recruit Zn2+ ions via the ABC
permeases of the AdcABC family, which are found in
many  other  Gram-positive  bacteria  [86].  Adc  is  the
first system employed by S. aureus to import Zn2+ ions;
the  Cnt  system  is  induced  only  when  the  bacterium
zinc  demand  cannot  be  satisfied  by  the  Adc  system
alone [88, 95]. The capability of S. aureus to obtain the
zinc required for its growth in a zinc-depleted environ-
ment  is  deeply  impaired  by  the  concomitant  loss  of
both the Adc and Cnt systems. However, while the loss
of AdcABC alone does not hamper the S. aureus abili-
ty to grow or cause disease in the presence of calpro-
tectin (CP),  the Cnt-StP system proved critical  for S.
aureus to face zinc starvation



Critical Review on Zincophores Current Medicinal Chemistry, 2021, Vol. 28, No. 35   7323

Fig. (5). Biosynthetic pathway for the assembly of staphylopine, pseudopaline, yersinopine and bacillopaline. Adapted from
[93].

Fig. (6). Model of staphylopine (StP) secretion and recovery of zinc ions. After Stp synthesis inside the cell, its export occurs
by  means  of  the  MFS  efflux  pump  CntE.  The  import  of  StP  zinc  complex  is  then  mediated  by  the  ABC  import  system
CntABCDF. The complex dissociates in the cytoplasm and zinc is released [94]. (A higher resolution / colour version of this
figure is available in the electronic copy of the article).
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imposed by CP. The StP-based import system of S. au-
reus is the most important weapon of this bacterium in
the tug-of-war with the host for zinc recruitment dur-
ing infection [86].

The machinery of staphylopine synthesis and activi-
ty, encoded by the cntKLMABCDFE operon, was fur-
ther enlightened by Fojcik et al. [96]; they found that
this  operon  is  preceded  by  a  non-coding  region
(PcntK) and includes a promoter region (PcntA).  The
PcntK  region  contains  two  consecutive  Fur  and  Zur
boxes, a sRNA transcription start and a repetition; the
PcntA  region  contains  a  Fur  box  overlapping  a  Zur
box. The activity of PcntK is reduced by the repeated
region and tightly controlled by Fur or Zur binding to
their respective targets. The PcntA activity is coopera-
tively regulated by Fur and Zur binding to the Fur/Zur
box. In addition, the StP-dependent metal acquisition
in S. aureus proved to be subtly regulated by the two
essential metals, iron and zinc [96].

As already described above, the cnt operon compris-
es an StP exporter, a membrane protein encoded by the
cntE gene, and an StP metal-complex importer, encod-
ed by the genes cntABCDF.  In particular, CntA is an
extracytoplasmic Substrate-Binding Protein (SBP) and
plays  a  key  role  in  StP/metal  recognition.  CntB  and
CntC are membrane proteins forming the channel re-
quired for StP/metal import. CntDF are two ATP-bind-
ing proteins that supply the energy necessary for trans-
portation.  In  order  to  enlighten  the  molecular  mech-
anisms ruling the recognition and transport of StP/met-
al complexes, Song et al. determined the crystal struc-
tures  of  the  CntA/StP complexes  with  Co2+,  Ni2+  and
Zn2+  [88].  They  also  measured  the  affinity  constants
for  the  interactions  of  CntA  with  StP/Co2+,  StP/Ni2+

and StP/Zn2+ complexes by ITC. CntA can distinguish
among the three StP/metal complexes; it binds StP/Ni2+

and StP/Co2+  stronger  than StP/Zn2+.  Most  likely,  the
nature of the metal ion recognized and transported by
the Cnt system depends on the conditions of the envi-
ronment where the bacteria grow.

S. aureus exports StP via the membrane CntE pro-
tein, and ΔcntE mutant exhibits a significant growth de-
fect in a mouse subcutaneous-abscess model [97]. On
the contrary, no defect was detected in the mutant Δc-
ntABCDF,  lacking  the  StP  importer  [97].  Since  the
growth of the ΔcntE mutant was also compromised in
zinc and iron-depleted medium, the StP accumulation
in the bacterial cytoplasm along with its toxicity were
hypothesized as the reasons for this effect [96]. Chen
and Hooper [98] compared the growth of a ΔcntE Δc-
ntL double mutant with that of ΔcntE and ΔcntL single

mutants and of their parental strain in a murine subcuta-
neous-abscess model, under conditions of metal defi-
ciency.  They also followed the StP concentrations in
the  cytoplasm and  supernatant  during  the  growth.  In
the absence of the exporter, StP was produced and ac-
cumulated inside the cell, but this did not cause a reduc-
tion in cntKLM expression under a metal shortage. On
the other hand, in the absence of the gene cntL, the StP
biosynthesis was blocked; no intracellular StP accumu-
lation was observed and the growth defect of ΔcntE Δc-
ntL double mutant was less marked. To explain this be-
haviour, it was hypothesized that high concentrations
of StP in the cytoplasm would result in metal ion se-
questration thus impairing the cell metabolism. In fact,
the growth defect for the ΔcntE mutant in a metal-de-
pleted environment could be reversed by adding met-
als.  However,  the  hypothesis  was  not  supported  by
PCR experiments, since ΔcntE mutant and WT strain
did not show any difference in the expression of their
metal-regulated  genes  [98].  In  order  to  better  clarify
the mechanism causing the growth defect of S. aureus
ΔcntE  mutant,  a  strain lacking the second zinc trans-
porter AdcABC system was investigated under deplet-
ed metal conditions [95]; this mutant requires the Cnt
transport system to stock up on zinc. A serious growth
defect was confirmed for ΔcntE mutant, especially in
the presence of CP, suggesting the inability of the cell
to manage the zinc starvation. The addition of Zn2+ res-
tored the growth for both the ΔcntE ΔadcA and ΔcntA
ΔadcA mutants, while the addition of iron reversed the
growth defect only of the former but not of the latter.
The analysis of cellular metal content under various ex-
perimental conditions showed that the overall metal ca-
pacity of the cell is not stimulated by StP accumulation
due to CntE loss. Instead, the accumulation of StP and
its intermediates is toxic for the cell and this can be the
main  reason  for  the  well-established  growth  defect
when  CntE  is  absent  or  blocked.  These  results  make
the StP efflux pump a promising drug target for new
therapeutic strategies.

The  SauODH  enzyme  catalyzes  the  condensation
of pyruvate with the intermediate xNA to produce StP,
the amount of which must be accurately regulated in or-
der to maintain the correct metal levels in the cell but
also to avoid any waste of StP or its toxic effect. The
SauODH enzyme was recently structurally and functio-
nally characterized by Hajjar et al. [99] who also first
chemically synthesized the intermediate xNa. The crys-
tal  structure  of  SauODH  substantially  confirmed  the
previously  reported  results  [92].  The  metals  were
shown to play various and often opposite roles on the
enzyme activity; copper and zinc, at low concentration,
act as activators while they behave as strong inhibitors
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at high concentrations; manganese is always an activa-
tor; nickel and cobalt always behave as inhibitors. In
the proposed model, the enzyme activation is ruled by
both the metal concentration and its relative affinity to-
wards the xNA intermediate and an inhibitory site on
SauODH. SauODH is also somewhat inhibited by StP
itself  as  a  feedback mechanism to avoid overproduc-
tion of the valuable but toxic metallophore.

3.2. Pseudopaline
As already mentioned in the previous sections, the

ZnuABC transporter is the main zinc recruiting system
in many bacteria and its inactivation often causes a dra-
matic failure in cell growth. This is not the case with
Pseudomonas  aeruginosa,  a  Gram-negative  human
pathogen, which is able to proliferate in metal-depleted
environments, in the presence of calprotectin, and also
if znuABC is disrupted [100]. By genomic analysis of
P. aeruginosa under zinc starvation, Mastropasqua et
al. could identify the operon zrmABCD (also called cn-
tOLMI) that encodes for an additional zinc import sys-
tem [101]. This operon is stimulated by zinc deficiency
and it is Zur-regulated; it contains the genes for an out-
er membrane transport protein (named ZrmA or CntO)
and for a nicotianamine synthase (ZrmB or CntL).  If
one of the genes is inactivated together with the zinc
transporter ZnuABC, the capability of P. aeruginosa to
grow  in  a  zinc-depleted  environment  and  to  collect
Zn2+ is significantly impaired. These results suggested
that P. aeruginosa can synthesize a zincophore which
is  transported  outside  the  cell.  This  is  a  rather  small
molecule,  structurally  related  to  nicotianamine,  and
then named pseudopaline since it belongs to the opine
family, like StP [102]. The expression of pseudopaline
by  P.  aeruginosa  proved  to  be  very  selective  in  re-
sponse to zinc shortage.

As  mentioned  above,  P.  aeruginosa  contains  a
four-gene cntOLMI operon homologue that is responsi-
ble for the synthesis of the metallophore StP in S. au-
reus.  Besides  the  nicotianamine  synthase  (CntL)  and
the opine dehydrogenase (CntM) enzymes, which syn-
thesize pseudopaline, the machinery comprises a Ton-
B-dependent  transporter  (CntO),  an  inner  membrane
protein of the drug/metabolite transporter family (CntI)
and  an  outer  membrane  efflux  pump  of  the  resis-
tance-nodulation-division  family  (MexAB-OprM)
(Fig. 7) [103]. The operon is regulated on the zinc lev-
el by the Zur repressor [102]. Pseudopaline is different
from StP for  the  use  of  L-His  in  the  place  of  D-His,
and of α-ketoglutarate instead of pyruvate. A cntL mu-

tant strain, incapable of synthesizing pseudopaline, is
not able to provide nickel from minimal media, even
when supplemented with additional nickel [102]. If a
strong  multi-target  chelator  (EDTA)  is  added  to  the
medium, a situation that mimics the nutritional immuni-
ty conditions, for example, in airway mucus secretion
or  in  the  presence  of  calprotectin,  the  cntL  mutant
strain is also unable to import zinc, thus confirming the
role  of  this  operon  to  produce  a  zinc  importer  under
metal shortage [102]. It is worthy of notice that ΔcntI
mutants of P. aeruginosa, lacking the capability to ex-
port pseudopaline, showed more severe growth defects
than mutants where pseudopaline synthesis or its met-
al-complex import were eliminated [103]. This observa-
tion suggests that the toxicity of pseudopaline is due to
the chelation of intracellular metals [95].

The biosynthetic pathways leading to staphylopine
and pseudopaline  were  reconstructed in  vitro  to  con-
firm  their  potential  substrates;  the  formed  products
were then checked by mass spectrometry [105]. The ni-
cotianamine  synthase  and  opine  dehydrogenase  en-
zymes  of  P.  aeruginosa  and  S.  aureus
(PaeNAS/SauNAS and PaeODH/SauODH, respective-
ly) were heterologously expressed in E. coli and puri-
fied. Both the affinities of Pae  NAS for SAM and of
PaeODH for  NADPH were  measured by fluorimetry
and the found dissociation constants were in the micro-
molar range and lower than those previously reported
for SauNAS and SauODH, respectively [94]. The inclu-
sion of the imidazole side group of histidine in both sta-
phylopine and pseudopaline was confirmed, although
with opposite chirality. The α-ketoglutarate moiety in-
corporated  in  pseudopaline  is  bulkier  than  pyruvate
used to synthesize staphylopine; it contains an addition-
al carboxylic group which provides additional flexibili-
ty and higher affinity for metal ions.

3.3. Other Opine Zincophores
Also Y. pestis possesses a multiple zinc uptake sys-

tem. Besides the ZnuABC importer, Y. pestis uses the
siderophore yersinobactin to collect Zn2+ under condi-
tions of metal restriction [106, 107]. In addition, the ex-
istence of a third mechanism has been reported. In fact,
this  pathogen  can  express  opine  dehydrogenases
(named YpeCntM or YpeODH), which are able to con-
dense pyruvate with yNA, using NADPH; the product
is  the  nicotianamine-like  metallophore  called
yersinopine.  To  date,  no  information  is  available  on
the  interrelation  between  yersinopine  production  and
Y. pestis virulence, and the description of yersinopine
is limited to in vitro researches [92].
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Fig. (7). Model of pseudopaline secretion and recovery of zinc ions. After pseudopaline synthesis inside the cell, its transfer
across the inner membrane occurs by means of the DMT transporter CntI. The transport system in charge of its export from the
periplasm to the extracellular space is the MexAB-OprM efflux pump. The import of pseudopaline zinc complex in the peri-
plasm space is mediated by the TBDT transporter, CntO. The complex is later internalized by unknown system. The complex
then dissociates and zinc is released [104]. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).

The existence of another opine zincophore has been
hypothesized by Laffont et al. [93], who observed that
P. mucilaginosus contains a histidine racemase homo-
logue (like S. aureus) but, on the other hand, it is able
to condense xNA with α-ketoglutarate (like P. aerugi-
nosa). The resulting product should be a new type of
opine metallophore named bacillopaline [93].

4. FUNGAL ZINCOPHORES
Adequate zinc acquisition is also critical for the sur-

vival and virulence of fungal pathogens, which just as
in the case of bacterial invaders, have to overcome the
nutritional immunity of the host, which is not a trivial
task due to the sparse, even picomolar concentrations
of free Zn2+. The tug of war between the fungus and its
host, during which both are trying to control the availa-
bility of zinc, can, as in the case of bacteria, be regard-
ed as a potential target for new antifungal therapies. In
order to develop a highly specific anti-fungal medica-
tion, it is important to precisely understand and aim at

the differences in human and fungal Zn2+ transport [18,
108]. One of the biggest obstacles in finding effective
and drug-specific antifungal  agents that  do not  cause
serious side effects in patients comes from the fact that
fungi share many basic 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 out-
side  the  cell  into  the  cytoplasm,  and  (ii)  ZnTs  (zinc
transporters) which transport zinc from the cytoplasm
out  of  the  cell  and  from the  cytoplasm into  vesicles.
Numerous fungal species secrete zinc-binding proteins
–  zincophores,  one  of  the  most  exciting  classes  of
molecules  of  fungal  bioinorganic  chemistry.

The  best-described  modes  of  Zn2+  acquisition  are
those of Candida albicans, Aspergillus fumigatus and
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the yeast Saccharomyces cerevisiae. S. cerevisiae en-
codes two membrane zinc importers,  which transport
Zn2+  into the cell:  the high-affinity Zrt1 and the low-
affinity Zrt2. Both of them are up-regulated at low Zn2+

concentration  by  the  transcription  factor  Zap1;  when
the  cellular  concentration  of  Zn2+  becomes  too  high,
the expression of Zrt1 and Zrt2 becomes down-regulat-
ed [109]. The orthologues of Zrt1 and Zrt2 in A. fumi-
gatus are ZrfA and ZrfB. Their expression is up-regu-
lated  by  ZafA  (an  orthologue  of  S.  cerevisiae  Zap1)
when Zn2+ is sparsely available, and, under more basic
conditions,  down-regulated  by  PacC,  which  induces
the expression of  a  third Zn2+  transporter,  ZrfC [110,
111]. A similar expression pattern is observed in C. al-
bicans;  the  expression  of  Zrt1  and  Zrt2  zinc  trans-
porters is regulated by zinc availability [112], by Zap1
[113], and by pH via Rim101 [114]. Although modest-
ly upregulated by acidic pH, Zrt2 remains functional in
neutral and alkaline environment (just as the A. fumiga-
tus orthologue ZrfB) [115]. However, it is noteworthy
that at higher pH, the solubility of Zn2+ ions decreases,
and most likely, this is the reason why the pH triggers
the expression of a second, zincophore-based Zn2+ im-
port  system.  Fungal  zincophores  are  small  proteins,
able to sequester zinc from the host tissue by interact-
ing 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 et al. explained the details of this mech-
anism in C. albicans; the zincophore is expressed un-
der zinc limited conditions, and in neutral to basic pH,
it is then released from the hyphal surface into the sur-
rounding environment of the host,  where it  binds the
Zn2+ ion and delivers it to the fungal pathogen via phys-
ical  interactions  with  an  appropriate  zinc  transporter
(Fig. 8) [116].

In the case of C. albicans, the 299 amino acid zin-
cophore is named Pra1 (pH-regulated antigen 1); it cap-
tures zinc and returns to the cell via a synthenically ex-
pressed  receptor,  Zrt1  (A.  fumigatus  orthologues:
Aspf2  and  ZrfA,  respectively)  [116].  Both  pra1  and
zrt1 genes are encoded at the same locus and share the
same promoter [117].  Deletion of the pra1  gene pre-
vents  C. albicans  from using host  zinc  and this  does
not allow the fungus to grow and damage the surround-
ing cells [116]. It is quite noteworthy that although C.
albicans and A. fumigatus are not related species, they
possess a similar set of genes that are required for Zn2+

acquisition. Pra1 from C. albicans and Aspf2 from A.
fumigatus  share  43%  of  sequential  identity  upon  se-
quence  alignment,  Pra1  from  C.  albicans  and  Pra1

from Blastomyces dermatitidis [118] share 37% of se-
quential identity (Scheme S3, Supplementary Informa-
tion), and the zinc transporters Zrt1 (C. albicans) and
ZrfC (A. fumigatus) share 48% identity. Both the zin-
cophores and zinc transporters most likely share very
similar Zn2+ binding motifs. Based on these considera-
tions, one can suppose that both the fungal scavengers
may bind zinc in a similar way [110].

Fig. (8). Schematic model of C. albicans zincophore-based
Zn2+ acquisition [116]; after host invasion, Pra1 is expressed
due to alkaline pH and low amount of soluble Zn2+ in the in-
tracellular  environment.  It  is  secreted from the fungal  cell
surface, predominantly in the hyphal form and it binds host
cellular zinc (either free cytosolic or bound to host protein).
Pra1 returns to the fungal cell via physical interaction with
Zrt1, a membrane transporter, to deliver the bound Zn2+ ions.
(A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Initial  studies  showed  that  Pra1  was  able  to  bind
zinc  and  copper  ions,  but  did  not  interact  with  iron,
manganese or calcium [116]. Further attempts to identi-
fy metal-binding sites in Pra1 were carried out on pep-
tide models, which focused on potential Zn2+  binding
sites,  fulfilling  three  criteria:  (i)  contained  multiple
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zinc-binding  sites,  including  those  with  HXXX-
HXXGXXH and HXH motifs and other regions rich in
histidines, cysteines and acidic residues; (ii) were locat-
ed  in  unstructured  regions  of  Pra1,  as  predicted  by
Phyre2  (a  remote  homology  recognition  technique,
able to regularly generate reliable protein models [78])
and  (iii)  were  evolutionarily  conserved  in  the  zin-
cophores Pra1 of C. albicans and Aspf2 of A. fumiga-
tus  [19].  Combined  NMR,  potentiometric  and  mass
spectrometric  studies  allowed  pointing  out  the  met-
al-binding sites and compare their stabilities, showing
that  the  C-terminal  region  of  Pra1  (SHQHTDSNP-
SATTDANSHCHTHADGEVHC,  residues  271-299)
has the highest affinity for Zn2+ and binds the metal ion
by  means  of  four  imidazoles  (from  His288,  His290,
His292 and His298) (Fig. 9a) [19]. Most likely, this is
also the region responsible for the interactions with the
Zrt1 zinc transporter. To point out precise Zn2+ binding
sites at the N-terminal, extracellular region of the Zrt1
transporter, a similar experimental approach was used.
The  His156,  His161,  His168  and  Cys162  have  been
identified as Zn2+ binding residues in Zrt1 at physiologi-
cal  pH  (Fig.  9b)  [119].  Thermodynamic  results  also
highlighted the possible favorable transfer of the Zn2+

ion from Pra1 to Zrt1, thus enabling an efficient trans-
port of the metal ion from the zincophore to the trans-
porter protein [119].

Although our knowledge on the inorganic biochem-
istry 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 re-
cent  data which shows that  the Pra1 zincophore may
collaborate with Sap6, a secreted aspartyl protease in-
volved in zinc scavenging. It was suggested that Sap6
may act upstream in the zincophore pathway, deliver-
ing the substrate to the Pra1/Zrt1 system [120]. 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  organisms than might
be expected. It is also worth mentioning that, from the
functional point of view, the Pra1/Zrt1 zinc uptake sys-
tem is analogous to bacterial zinc ABC transporters, in-
volving  a  secreted  zinc  scavenger  (e.g.  ZnuA)  and  a
transmembrane protein (e.g. ZnuB). Hence, the nutri-
ent sequestration strategy from C. albicans appears to
be well conserved in other pathogens [108, 121].

As far as fungal species are considered, Pra1 ortho-
logues were identified in about 85% of the sequenced
fungi [122]; however, some species, such as Candida

glabrata, Histoplasma capsulatum, or Cryptococcus ne-
oformans  have  lost  the  pra1  gene.  It  is  hypothesised
that this is due either to their adaptation to acidic envi-
ronments,  because  Pra1-Zrt1  is  non-functional  at
acidic pH [123], or to the fact that Pra1 could influence
the pathogens’ interactions with host immunity, serv-
ing as a ligand for neutrophils and thus triggering their
migration  (both  C.  albicans  Pra1  and  A.  fumigatus
Aspf2 interact with several components of the comple-
ment cascade, such as factor H, plasminogen [124], C3
and  C4b-binding  protein  [125]).  Without  the  zin-
cophore system, the fungus could benefit from avoid-
ing attention from the immune system of the host.

Fig. (9). Proposed Zn2+ binding sites on C. albicans a) Pra1
zincophore and b) Zrt1 zinc transporter [19]. Structures are
based on coordinates simulated by Phyre2 [78]. The figure
was generated using CCP4mg [79].  (A higher  resolution /
colour  version  of  this  figure  is  available  in  the  electronic
copy of the article).

CONCLUSION
The  importance  of  transition  metals  as  virulence

factors  is  undoubtedly  well  recognised  and  accepted
[9]. Metal availability depends on different physiologi-
cal  factors,  such  as  pH,  free  oxygen  concentration,
metabolic  activity,  enzyme  expression,  imbalance  of
other  free  metal  ions  and  the  presence  of  competing
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chelators  from the  host  organism.  Understanding  the
dynamics behind metal acquisition processes is crucial
to direct in vitro structural and functional studies and
then provide rational guidelines for the design of new
antimicrobial agents.

Zincophores represent the main targets in an antimi-
crobial  scenario  aimed  at  knocking  out  the  pathogen
through cellular starvation and inhibition of the metal
import systems [126]. The amount of free zinc ions, in
fact,  must  be  strictly  regulated  both  in  the  case  of
pathogens and humans. Overload and shortage of zinc
can induce cellular apoptosis due to intrinsic cytotoxic
effects (inhibition of enzymes through wrong metal co-
ordination, formation of stable and irreversible protein
complexes,  disruption  of  the  membrane  potential,
absence  of  crucial  protein  cofactors  and  consequent
loss of enzymatic activity). Moreover, zincophore-tar-
geted therapies may limit undesirable side effects for
the host organism, since most eukaryotes, including hu-
mans, frequently exhibit different zinc acquisition path-
ways and totally lack most of the extracytosolic zinc-
binding proteins here described for bacteria and fungi.

There are different possible zincophore-based strate-
gies suitable for designing novel antimicrobial  thera-
pies: (i) zincophore-mediated drug delivery, (ii) cellu-
lar  zinc  overload  through  alteration  of  zincophore
biosynthesis,  (iii)  disruption  of  zinc  homeostasis  by
starvation due to competitive chelation or inhibition of
zincophore activity. These approaches reflect the best
known and most studied siderophore-based therapeu-
tics [127].

One of the most promising (antimicrobial or diag-
nostic) potential use of zincophores is based on the Tro-
jan Horse strategy, which has been widely explored in
the case of siderophores. The success of this strategy
lies  in  the  elusion  of  the  cell  membrane-associated
drug resistance and in an efficient and selective drug
delivery.  The  general  approach  exploits  the  metal-
lophore-mediated  metal  ion  transport  across  the  cell
membrane. A conjugated system (Fig. 10), where the
pharmacophore  molecule  is  covalently  bound  to  the
metal-binding protein in its  holo-form, can be recog-
nised by the cognate membrane transporter by means
of the metal-metallophore component. The complex is
then internalized inside the cell together with the conju-
gated therapeutic agent. The zincophore-mediated high-
ly  selective  transport  can  also  be  used for  diagnostic
purposes by substituting the antimicrobial  compound
with  an  imaging  probe.  The  accumulation  of  the  la-
beled compound inside the infected tissues can be high-
ly specific, targeting only the pathogen and not affect-
ing  mammalian  cells  [128,  129].  The  nicotianamine-

like zincophores, such as staphylopine and pseudopa-
line, are promising target molecules for the design of
conjugated-Trojan Horse systems which can be selec-
tively  acquired  via  their  associated  transporters  (Fig.
10).  In  this  context,  a  detailed  knowledge  of  fungal
Zn2+ uptake is also crucial to expand the limited arse-
nal  of  currently  effective,  highly  specific  treatments
against fungal infections and open new therapeutic pos-
sibilities based on antifungal agents bound to the C-ter-
minal fragment of the Pra1 zincophore, which would
deliver the drug to the fungus in a selective way. The
most common antifungal agents are those that (i) inter-
fere with the functions of the cell membrane (polienols
or  pirridone  derivatives),  (ii)  are  inhibitors  of  ergos-
terol  biosynthesis  (azoles,  triazoles,  alliloamines  and
phenylomorfolines), (iii) are nucleic acid synthesis in-
hibitors (cytosine analogues), and (iv) are cell wall syn-
thesis inhibitors (echinocandins) [130].

Fig.  (10).  (Top)  General  design of  potential  Trojan Horse
zincophore-based  therapeutics.  The  conjugated  system  is
constituted by four elements:  (1)  the zinc ion,  (2)  the zin-
cophore molecule which is able to form a stable zinc com-
plex,  (3)  a  linker  to  covalently  bind  the  zincophore  to  the
pharmacophore,  (4)  the  drug  or  imaging  probe.  (Bottom)
Schematic representation of the Trojan Horse strategy. The
transporter recognizes its substrate (the Zn2+-zincophore com-
plex) and facilitates the transition of the conjugated pharma-
cophore across the membrane barrier. (A higher resolution /
colour  version  of  this  figure  is  available  in  the  electronic
copy of the article).
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A cellular toxic effect of zinc by increasing the con-
centration of metal in the cytosol is also possible. Nov-
el  nicotianamine-like  zincophores  can  be  designed
with this purpose or, alternatively, they can be exploit-
ed as cytotoxic compounds (in place of the excess of
Zn2+).  The  staphylopine  trafficking  pathway  is  a
promising drug target candidate, since the StP intracel-
lular accumulation proved to be detrimental for the bac-
terial strain survival, even without disrupting the metal
homeostasis, but rather primarily acting with a chela-
tion-independent mechanism [95]. The biosynthesis of
Stp in S. aureus is upregulated under low Zn2+ concen-
tration and, together with the inhibition of the CntE ef-
flux pump, it can result in a toxic overaccumulation of
Stp inside the cell, offering a novel antimicrobial op-
portunity [95].

Impairing  the  cell  zinc  homeostasis  represents
another  promising  antimicrobial  strategy  with  a  high
rate of  selectivity and specificity.  The administration
of compounds able to mimic, undermine or inactivate
the  zincophores  activity  can  result  in  less  morbidity
and in the attenuation of the pathogen virulence, until a
most  desirable  microbicide  property  is  achieved.  For
this  purpose,  one  can  rely  on  de  novo  designed
molecules with unmodified characteristics and way of
actions or on derivatives of already existing natural an-
timicrobial agents that commonly reside in the host or-
ganism and participate in the nutritional immunity pro-
cess (e.g., peptidomimetics); some examples of human
zinc  chelating  antimicrobial  macromolecules  which
compete  with  pathogen  zincophores  include  calpro-
tectin, psoriasin, histatins, microplusin and calcitermin
[131-133].  These  systems,  and  their  ad  hoc  synthe-
sized derivatives, may exhibit antimicrobial activity by
simply  displaying  higher  metal  binding  affinity  and
thermodynamic  stability,  which  results  in  the  metal
ions sequestration and reduction of their bioavailabili-
ty. A further strategy implies the inhibition of metallo-
proteins  through the coordination of  the metal  ion in
the protein active site; the metal binding is thus aimed
at preventing the proper function of the protein. Sever-
al reported metalloprotein inhibitors bear the hydrox-
amic acid as a pharmacophore functional group able to
stably  bind  the  target  system  through  the  Zn2+  ion
[134]. One recent example of zincophore-targeted an-
timicrobial compounds regards two di-aryl pyrrole hy-
droxamic acids derivatives (RDS50 and RDS51) that
have proved to interfere with the ZnuA activity in S. en-
terica serovar Thyphimurium by preventing the Zn2+ re-
lease [135].

Along with antimicrobial therapeutic applications,
zincophores are also thought to be the most immuno-
genic components among the pathogenic metal trans-

port  systems,  particularly  in  Gram-positive  bacteria
where they can be superficially exposed [136]. S. pneu-
moniae  cell  surface  zincophores  (e.g.  histidine  triad
proteins, AdcA, AdcAII and their orthologues in other
streptococci) are increasingly considered as promising
novel vaccine candidate antigens [137-140], as well as
TroA in T. pallidum and Chlamydia trachomati [141].
The metal-substrate binding protein PsaA has been al-
ready successfully employed for the production of im-
munizing  agents  [142]  and  its  properties  may  con-
tribute to the fight against SARS-CoV-2 [143]. In fact,
it has been found that pneumococcal proteins, includ-
ing  PsaA,  contain  many  sequence  portions  sharing
high identity with various fragments of SARS-CoV-2
proteins.  These  pneumococcal  proteins  are  known to
contaminate  polysaccharide-based  pneumococcal
vaccines; two epidemiological studies have suggested
a  protective  effect  of  pneumococcal  vaccination
against SARS-CoV-2: a potential cross-reactivity be-
tween  pneumococcal  and  SARS-CoV-2  proteins  has
been hypothesised [143]. Although in this case, PsaA
effect  is  not  directly dependent on the metal  acquisi-
tion, the zinc-based antimicrobial strategies previously
described can be basically applied also to fight viruses.
In particular, SARS-CoV-2 has been proved to be sus-
ceptible  to  zinc  overload,  due  to  Zn2+  inhibition  of
SAR-Cov RNA polymerase. On the contrary, zinc defi-
ciency could facilitate  SARS-CoV-2 infection due to
an  increase  in  angiotensin-converting  enzyme  2
(ACE2, a zinc metallopeptidase) activity that could fa-
cilitate the virus entry into target cells. Therefore, the
use of zinc ionophores (therapeutic agents able to raise
intracellular zinc concentrations) has been explored as
a potential therapy [144]. Zinc-fingers have also been
proposed to sequester Zn2+ from zinc metalloenzymes
which are essential for SARS-CoV-2, thus deactivating
the  enzyme  activity  and  increasing  the  intracellular
free  Zn2+  concentration  [145].  It  is  also  important  to
highlight that the onset of bacterial co-infections in pa-
tients affected by COVID-19 may represent a serious
issue, and impairing zinc homeostasis may ultimately
be an interesting and innovative strategy to ameliorate
the progression of SARS-CoV-2 infections [146-148].

In  conclusion,  a  detailed  in-depth  comprehension
of metal coordination and thermodynamic stability of
the formed complexes is, therefore, crucial to evaluate
the  candidate  drugs  in  terms  of  their  ability  to  se-
quester metals or efficiently bind the protein–metal sys-
tem and hamper  the  pathogen metal  trafficking.  Zin-
cophore-targeted therapies have enabled to move for-
ward  in  the  design  of  novel  promising  antimicrobial
agents  and  represent  an  outstanding  opportunity  to
“checkmate”  the  pathogens.
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ABC = ATP-binding Cassette
Ac = Acetyl
ACE2 = Angiotensin-converting Enzyme 2
Am = Amide
Afu = Aspergillus fumigatus
AMR = Antimicrobial Resistance
Bde = Blastomyces dermatitidis
Cal = Candida albicans
CP = Calprotectin
DMT = Drug/metabolite Transporter
Eco = Escherichia coli
Hdu = Haemophilus ducreyi
Hin = Haemophilus influenzae
ITC = Isothermal Titration Calorimetry
MFS = Major Facilitator Superfamily
SBP = Substrate Binding Protein
Pae = Pseudomonas aeruginosa
PepT = Peptide,  Opine  and  Nickel  Uptake  Trans-

porter
Pht = Histidine Triad Protein
RND = Resistance-Nodulation-Division
Sau = Staphylococcus aureus
Sen = Salmonella enterica
Stp = Staphylopine
Syn = Synechocystis 6803
TBDT = TonB-Dependent Transporter
TMD = Transmembrane Domain
Tpa = Treponella pallidum
Ype = Yersinia pestis
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