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The use of model peptides that can simulate the behaviour of a protein domain is a very successful analytical
method to study the metal coordination sites in biological systems. Here we study zinc and copper binding ability
of the sequence HTHEHSHDHSHAH, which serves as model for the metal interactions with YrpE, a putative
metal-binding protein of the ZinT family identified in Bacillus subtilis. Compared to other ZinT proteins secreted
by Gram-negative bacteria, the metal-coordination properties of YrpE N-terminal histidine-rich domain have not
been yet characterized. Different independent analytical methods, aimed at providing information on the sta-
bility and structure of the formed species, have been employed, including potentiometric titrations, electrospray
ionization mass spectrometry, UV-Vis spectrophotometry, circular dichroism and electron paramagnetic reso-
nance spectroscopy. The obtained speciation models and equilibrium constants allowed to compare the metal-
binding ability of the investigated polyhistidine sequence with that of other well-known histidine-rich pep-
tides. Our thermodynamic results revealed that the YrpE domain HTHEHSHDHSHAH forms more stable metal
complexes than other His-rich domains of similar ZinT proteins. Moreover, the studied peptide, containing the
alternated (-XH-), motif, proved to be even more effective than the His6-tag (widely used in immobilized metal

ion affinity chromatography) in binding zinc ions.

1. Introduction

Studying protein systems can be a very difficult task, especially if the
dynamic and environmentally dependent nature of the metal-protein
interaction is considered. A complete comprehension of the system re-
quires a high number of analyses performed under different experi-
mental conditions and eventually implies the description of the species
distribution, the ligand coordination modes, complex stoichiometry and
geometry. In the last decades a very successful analytical procedure
suitable to study metal interaction in biological systems has been
developed [1-3]. This method is aimed at simplifying the experimental
investigation using model peptides which mimic the metal coordination
sites in native protein. The choice of the model peptide is a crucial step,
and it is guided by two main requirements: (i) the behaviour of the metal
binding domain should be only negligibly affected by the rest of the
protein; (ii) the model peptide sequence is unstructured both within the
protein in its biological environment and as “free” ligand under the
investigated experimental conditions. The valuable feature of the
analytical method based on model peptides concerns not only the

simplification of the metal-protein interaction investigation, but also the
chance to deepen the knowledge on the properties of different peptides
and their metal complexes. Such information can be employed in many
other applications, e.g design of antimicrobial agents, metal decon-
tamination, immobilized metal ion affinity chromatography. In this
work we use a model peptide to better understand the cellular metal
acquisition process of Bacillus subtilis, a Gram-positive bacterium iso-
lated from various soil and marine environments, also found in the
gastrointestinal tract of humans [4,5]. Due to its ease of genetic
manipulation and widespread use in many areas, including industry, it is
one of the most well-studied bacteria, often used as model organism. The
fortune of B. subtilis arises from its extraordinary versatility, that makes
it useful for various applications from enzyme production and food
fermentation to environmental decontamination and aquaculture [6-9].

B. subtilis is routinely used in wastewater treatment [10,11] and in
bioremediation processes [12,13], thanks to its ability to remove
organic wastes, heavy metals and other contaminants [14,15]. The
interaction with metal ions is a key aspect of B. subtilis technological and
medical applications [16]. It proved to be effective in heavy metal
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remediation, providing an environmentally friendly approach to
enhance the uptake of cadmium, lead, copper, zinc, nickel, arsenic and
mercury [16]. Several studies also show that B. subtilis biofilm formation
is strictly affected by the presence of metal ions which can be absorbed
by the biofilm matrix and change its properties [17,18]. However,
B. subtilis, as any other organism, requires a tight regulation of metal ion
homeostasis. Metalloregulatory proteins of different families (e.g. Fur,
DtxR, MerR, and ArsR/SmtB) are therefore in charge of sensing cytosolic
metal levels and direct metal ion uptake, storage and efflux [19]. Given
the importance of metal interaction with B. subtilis cells, the mechanisms
of metal homeostasis require an extensive study [15,19].

The genome analysis of B. subtilis has revealed the presence of a
candidate component of the ATP binding cassette (ABC) transporter,
here called YrpE. It supposedly functions as a zincophore, i.e. a speci-
alised zinc chelator able to catch the metal from the colonized envi-
ronment and transfer it to an appropriate target protein (most often a
transmembrane transporter) [20,21]. In many bacteria, the extracellular
component of zinc specific ABC transporters can cooperate with an
additional protein to increase the efficiency of zinc recruitment: it is the
case of the periplasmic proteins ZinT [22] and AztD [23] or of the
pneumococcal histidine triad protein PhtD [24]. The mechanisms by
which the paired proteins interact are still uncertain, depending on the
involved systems and on the considered microorganism [25].

The predicted zinc-binding protein YrpE of B. subtilis shows high
similarities with the ZinT protein of Escherichia coli and Salmonella
enterica (45% of sequence identity, Scheme S1). These proteins belong to
the same ZinT protein family and contain regions abundant with histi-
dine and aspartic and glutamic acid residues in their N-terminal domain
[26]. Histidine amino acid is particularly known for its propensity to
bind metals like Zn?* and Cu®* [3,27,28]. Noteworthy, the comparison
of YrpE (B. subtilis) and ZinT (E. coli, S. enterica) shows a main difference
in the N-terminal domain, where the His-rich loop characteristic of ZinT
protein family is located. In the case of YrpE protein from B. subtilis the
His-rich loop corresponds to the 13-mer fragment between residues 57
and 69 (Scheme S1).

According to the predicted three-dimensional structure provided by
AlphaFold software v2.0 [29] and UniProt Database (UniProt identifier:
005410) [30], the identified fragment does not present any specific
structural conformation, and it can be therefore converted in a perfect
model peptide to study the metal interaction with this protein domain.
Analogously, the thermodynamic characterization of metal complexes
with model peptides corresponding to the flexible His-rich loop of ZinT
proteins from E. coli and S. enterica (residues 24-29, -HXHHXH-) sug-
gested its role in zinc sequestration from the surrounding environment
[31]. A similar study for ZinT-like protein in Gram-positive bacteria is
missing, prompting us to investigate the putative zinc-binding protein
YrpE from the model organism B. subtilis. Comparing the flexible
His-rich loop of YrpE from B. subtilis (a Gram-positive bacterium) and
that of the ZinT proteins from E. coli and S. enterica (two Gram-negative
bacteria), we would like to highlight the possible differences in the metal
binding ability. Indeed, in the case of YrpE, the sequence is longer and
characterized by a zinc-binding motif with seven alternated histidine
residues ((HTHEHSHDHSHAH-). Hence, the question is: how the num-
ber and position of the histidine residues affect the zinc binding efficacy
of this N-terminal loop in YrpE/ZinT proteins?

To answer the question, the acid-base properties of the peptide Ac-
HTHEHSHDHSHAH-NHy, corresponding to the sequence 57-69 of the
YrpE protein, have been characterized by potentiometry at a given
temperature and ionic strength. The ability to form zinc(II) and copper
(ID) complexes has also been deeply investigated by means of different
techniques, including potentiometric titrations in the pH range 2-11,
UV-Vis absorption spectrophotometry, mass spectrometry (MS), circu-
lar dichroism (CD) and electron paramagnetic resonance (EPR). Zinc has
been selected because it is the primary substrate for the chosen protein.
Nevertheless, many examples in literature show that copper ion can
efficiently compete for the same zinc binding sites, and both these
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metals are essential micronutrients for B. subtilis and can be absorbed
from the extracellular environment [13,19,32].

Another crucial point concerns the importance of polyhistidine
peptides in many applications. Almost 80% of histidine-rich proteins
have been found in bacteria, and around 33% of their totality contains
polyhistidyl motifs. Polyhistidyl sequences have been reported to form
relatively strong interactions with transition metal ions (Ni%*, cu®t,
Zn?" and Co%") mostly thanks to the imidazole ring of the histidine side-
chain [33]. His-rich peptides also proved to be involved in antimicrobial
activities, examples include histatins [34], calcitermin [35], piscidins
[36], shepherin [37] and clavanins [38], where histidine residues are
present in number from 3 to 8 and occupy different positions. In recent
years, histidine-rich antimicrobial peptides have been suggested to
participate in the mechanism known as nutritional immunity, ie. the
process by which an organism withdraws essential metal ions in order to
limit their bioavailability and reduce the pathogenicity during infections
[39,40]. The position of histidine residues may therefore affect the ef-
ficacy of the metal coordination. Interestingly, the peptide investigated
in this work (Ac-HTHEHSHDHSHAH-NH,) is formed by 7 alternated
histidines separated by only one amino acid. Comparing its Zn>* and
Cu®" binding affinity with that of other His-rich peptides can therefore
highlight its potential as metal chelator. Nevertheless, such information
is also useful for other purposes, for example immobilized metal ion
affinity chromatography (IMAC) [41,42], where the basic tool for pu-
rification of the recombinant proteins are hexa-histidine affinity tags
(-HHHHHH-), alternated histidine-glutamine and histidine-asparagine
tags [43], or other natural derived polyhistidine tags [44]. Due to
their special metal binding properties, poly-His peptides can therefore
be exploited for various applications aimed at sensing and trapping
metals.

2. Results
2.1. Ligand protonation

The acid-base properties of peptide Ac-HTHEHSHDHSHAH-NH,
have been studied by potentiometric titrations. The ligand contains two
acidic residues, Asp and Glu, which can release a proton from their
carboxylic side chain. In addition to these acidic residues, the peptide
contains seven alternated histidine residues, which participate in acid-
base equilibria through the imidazole ring of their side chains. The ob-
tained protonation constants are reported in Table 1. The release of
acidic protons from Asp and Glu residues occurs with a dissociation
constant of 3.02 and 3.98, respectively. According to literature [45] we
assigned the lower value to the aspartic acid, which is generally more
acidic than the glutamic acid.

The subsequent deprotonation steps are due to the seven His resi-
dues. The logK values of the side imidazole groups of histidines spans in
the range 5.48-7.54, in agreement with literature [45]. The available
data do not allow to exactly attribute a protonation value to every single
His residue in terms of micro-constants. However, the acidity of pro-
tonated histidines decreases (and the step protonation constant grows)
as the charge of the peptide decreases (due to the progressive loss of
protons in a more and more basic environment) until becoming
negative.

2.2. Formation of metal complexes in solution

The alternated histidyl-tag is of particular importance for metal co-
ordination and is supposed to bind divalent metal ions like Cu?>* and
Zn?* with high efficacy. Nevertheless, a thorough investigation of the
thermodynamic and spectroscopic properties of metal/ligand (M/L)
complex formation is crucial to understand the role of this protein
fragment and to compare it with other metal chelating sequences
diffused in natural proteins and peptides.

As reported in the Experimental section, the thermodynamic
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Table 1

Equilibrium constants and proposed coordination modes for Cu®>* and Zn?*
complexes with ligand Ac-HTHEHSHDHSHAH-NH,, T = 298 K, I = 0.1 M
(NaClO4) and M:L molar ratio = 0.9:1. Values in parentheses are standard de-
viations on the last significant figure.

Species logp pKa Metal coordination
Ligand protonation

HoL7* 51.94(6) 3.02

HgL®* 48.92(4) 3.98

H,L* 44.94(4) 5.48

HeL** 39.47(2) 5.65

HsL3* 33.81(3) 6.25

H4L2* 27.56(2) 6.26

HaL* 21.30(3) 6.77

HaL 14.53(1) 6.99

HL™ 7.54(2) 7.54

Cu?* complexes

[CuHsL]>" 40.04(3) 4.45 2N

[CuH4L]** 35.59(3) 4.92 3Nim

[CuH3L]3* 30.67(3) 5.91 4N

[CuH,L]** 24.76(4) 6.23 4Nim, Nim(ax)
[CuHL]* 18.53(3) 7.68 4N, Nimcan
[CuL] 10.85(5) 8.42 4N, Niman)
[CuH_; L] 2.43(6) 8.46 3Nims N7, Nimax)
[CuH_,L]* —6.03(4) 9.47 2N, 2N, Nimcan
[CuH_3L]* —~15.50(4) Nims 3N7, Nimcan)
Zn®* complexes

[ZnH5L]% 27.06(6) 5.47 FAN

[ZnH,L]** 21.59(4) 6.20 45N,

[ZnHL] * 15.40(6) 7.25 4N

[ZnL] 8.15(7) 4Nim

investigation of complex-formation equilibria has been performed by
means of potentiometric titrations on solutions where the metal:ligand
stoichiometric ratio was M:L = 0.9:1. The speciation models for the M/L
systems are reported in Table 1, and the corresponding species distri-
bution diagrams are depicted in Figs. 1 and 2. In the case of Cu?*
complexes, for which spectroscopic investigations were informative,
UV-Vis and CD data are summarised in Fig. 3 and EPR data are reported
in Table S1 and Fig. S1.

For both copper and zinc complexes, the high-resolution mass
spectra (Figs. S2 and S3) reveal the formation of only mononuclear
species under the employed experimental conditions. The most intense
detected signals correspond to metal complexes at different protonation
states and/or their sodium and potassium adducts, as shown in Figs. S2
and S3. No poly-nuclear complexes or bis-complexes are identified. The
obtained MS profiles for the M/L systems are in accordance with the
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Fig. 1. Species distribution diagram of Cu®'/Ac-HTHEHSHDHSHAH-NH,;
metal:ligand ratio 0.9:1; C, = 11073 M.
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Fig. 2. Species distribution diagram of Zn*'/Ac-HTHEHSHDHSHAH-NH,;
metal:ligand ratio 0.9:1; C, = 1.10°3 M.

speciation models reported in Table 1, which also outline the prevalence
in solution of 1:1 metal complexes.

Copper ion interacts with AccHTHEHSHDHSHAH-NH; ligand from
pH 3, forming nine different species in solution in the explored pH range
(Fig. 1). The first complex, [CuHsL] 5t s likely characterized by a
(2Nm) coordination, where two histidine residues are bound to the
metal center through their imidazole side chains. Although it is
reasonable to consider the participation of the carboxylic groups of Asp
and/or Glu residues in the coordination, such hypothesis is not sup-
ported by the wavelength of maximum absorption recorded at pH 4.3,
where [CuHsL]5+ reaches its maximum of formation in solution: the
experimental Apax value (681 nm) suggests a (2Ny,) binding mode
(expected Amax: 685 nm [46]). The remaining coordination positions of
the octahedron are occupied by water molecules. When pH is increased,
the species [CuH4L]4Jr is formed. It is characterized by a pK, value of
4.45. This value can describe the proton release from a histidine residue
which substitutes a water molecule in the metal coordination sphere.
Analogously, the next deprotonation step (pK; = 4.92) suggests the
coordination of a fourth histidine to obtain the (4Np,) complex
[CuH3L]3+, which reaches its maximum of formation around pH 5.5.
The release of a further proton (pK, = 5.91) to form [CquL]2+ is again
ascribed to the metal interaction with a histidine residue, which enters
the coordination sphere and likely occupies an axial position. This hy-
pothesis is supported by the obtained UV-Vis absorption data. In fact,
the obtained wavelength of maximum absorption in the pH range 6-8 is
slightly higher than that expected for a 4Ny, complex (experimental
Amax = 585 nm, expected Amax = 575 nm) and may be due to the presence
of axial donor groups. Axial interactions usually induce a shift towards
longer wavelengths [46]. Moreover, given the unchanged spectroscopic
properties in the pH range 6-8 where [CuH,L]?", [CuHL]" and [CuL]
species are formed in solution, it is reasonable to suggest the same co-
ordination mode for these three complexes. As a consequence, the cor-
responding deprotonation constants should refer to two histidine
residues which do not participate in the complexation. This is also
supported by EPR results, since no changes in the A|| and g|| values have
been detected in the same pH range (Table S1). Moving to alkaline
conditions, instead, UV-Vis, CD and EPR spectra undergo significant
changes (Fig. 3 and S1). In fact, we can observe a decrease of the
wavelength of maximum absorption in UV-Vis spectra from 585 nm to
532 nm (Fig. 3a), and an increase of the CD signals (Fig. 3b), particularly
in the Vis range (400-800 nm). Such behaviour is well known for copper
chelating peptides, and it is indicative of the coordination of the amide
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Fig. 3. (a) Vis absorption spectra, (b) CD spectra of Cu?*/Ac-HTHEHSHDHSHAH-NH, system.

nitrogens of the peptide backbone [3,47,48]. The N-amides can substi- histidines is also conceivable (Fig. 4), as indicated by a slight red-shift

tute the imidazole donor groups in the equatorial plane of the complex, (~15 nm) of the experimental A, With respect to the expected ones,
increasing its square planar character. It is the case of the species where only equatorial donor groups are considered.

[CuH_lL]’l, [CuH_,L] ~2and [CuH_gL]’B, which are characterized by pK, The formation of zinc complexes with AccHTHEHSHDHSHAH-NH,
values of 8.42, 8.46 and 9.47, respectively (Table 1). For these com- ligand begins at pH 4.5. Four zinc complexes with different protonation
plexes we can therefore suggest, in the order, a (3Npy, N7), (2N, 2N7) states are formed in solution up to pH 9 (Fig. 2), condition where pre-
and (Npy, 3N7) binding mode. An axial interaction with the side chain of cipitation was observed in solution. The first identified species at the

Fig. 4. Schematic model of the (2Ny,, 2N, axial Nj,,) binding mode for Ccu®" ion.
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most acidic pH values is [ZnH3L]>*. According to its stoichiometry, the
ligand has already lost six protons, most likely released by the two acidic
residues, Asp and Glu, and four histidines. All these residues represent
possible donor groups for the Zn?" ion and can participate in the
complex-formation process (Fig. 5). Increasing the pH value, the for-
mation of three further complexes occurs: [ZanL]2+, [ZnHL]" and
[ZnL]. The corresponding thermodynamic constants support the release
of the acidic proton from the protonated imidazole side chain of the
remaining three histidine residues. Given the high number of potential
donor groups and the conformational flexibility of Zn>" ion, we cannot
exclude the formation of a mixture of complexes with different geome-
tries. The bound histidines can mutually exchange with another imid-
azole group, forming tetra- or penta-coordinated systems with distorted
tetrahedral or pyramidal arrangements, respectively [49,50].

Lastly, the three-dimensional structure adopted by the peptide in
solution has been studied by means of circular dichroism in the range
180-260 nm (Fig. S4). The conformation remains unchanged after the
formation of metal complexes, and it is prevalently random coil in
aqueous solution.

3. Discussion

3.1. The N-terminal His-rich domain of YrpE binds zinc and copper with
higher affinity than the corresponding sequences in ZinT protein

The investigated Ac-HTHEHSHDHSHAH-NH; ligand corresponds to
the flexible His-rich loop, highly conserved in ZinT-like proteins. This
domain is supposed to strongly interact with metal ions, acting as pri-
mary metal scavenger. Such behaviour has been proved for ZinT protein
secreted by E. coli (EcZinT) and S. enterica (SeZinT), where the un-
structured N-terminal metal binding-site corresponds to the sequence
24-29, -HGHHXH- (X = Ser in EcZinT and X = Ala in SeZinT) [31]. YrpE
is classified as a protein of ZinT family; however, a remarkable differ-
ence from EcZinT and SeZinT concerns this His-rich domain. It is longer
and contains a higher number of histidine residues arranged in an
alternated motif. We therefore decided to compare the flexible loop of
YrpE and ZinT proteins to better understand its role on the basis of the
Gram-negative and Gram-positive classification of bacteria. The
competition diagram in Fig. 6 shows that HTHEHSHDHSHAH sequence
is more effective than HGHHXH in binding Zn®*and Cu®" until pH 8.
This means that in a common biological environment (physiological
and/or acidic pH), YrpE displays a better ability to catch metal ions. This
behaviour is explained by the higher number of histidines in Ac-H-
THEHSHDHSHAH-NH,, which allows a higher number of conformations
with different sets of bound imidazoles. We can suggest that the
remarkable difference in metal-binding affinity between YrpE and ZinT,
highlighted by our thermodynamic investigations (Fig. 6), arises from
the different niches where these proteins operate. In the first case, being
B. subtilis a Gram-positive bacterium, YrpE is likely located on the cell
surface and is exposed to the extracellular environment [26]. Its flexible

Fig. 5. Schematic model of the (4Ny,,) binding mode for Zn>" ion.
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loop in charge of metal recruitment must therefore compete with several
metal chelators participating in the host nutritional immunity. ZinT is
instead located in the periplasm of Gram-negative bacteria and interacts
with metal ions already internalized through the outer membrane. The
severe competitiveness to which YrpE is subjected may be responsible
for the higher metal-binding affinity of its N-terminal His-rich loop.

The alternated (HX), histidyl tag of AccHTHEHSHDHSHAH-NHj is a
very effective binding motif for zinc ion.

Polyhistidine peptides are extremely important in many applications
which involve the coordination of metal ions, being also quite diffused
in nature and as antimicrobial agents. However, differences in the po-
sition and number of histidines may strongly influence the metal-
binding ability of the peptide. We therefore tried to compare the zinc-
and copper-binding affinity of two different alternated histidyl motifs.
The -(XH)7- polyhistidine sequence of Ac-HTHEHSHDHSHAH-NH,,
where each histidine is separated by one residue, has been compared to
the polyhistidine sequence of the Prion protein of zebrafish, Ac-
PVHTGHMGHIGHTGHTGHTGSSGHG-NH; (zp-PrP63-87), which also
contains seven histidines but with a different alternated motif -(XXH)g-
XXXXXH- [51,52] (Fig. 7). No significative differences are observed for
the formation of Cu®* complexes, since both the peptides coordinate the
metal with comparable efficacy until pH 9. The same is not verified for
Zn?*, where the -(HX)7- motif promotes the formation of stable com-
plexes. This result suggests that peptides where multiple histidines are
separated by only one amino acid are better zinc chelators than those
with two residues between each histidine, even though the coordination
modes are the same.

To further verify this assumption, we compared Ac-HTHEHSHDH-
SHAH-NH; with the well-known hexa histidine-tag -HHHHHH-, which is
used in immobilized metal ion affinity chromatography thanks to its
capacity to form stable complexes with many metal cations, including
Zn?" and Cu®* [28,33]. The competition diagrams depicted in Fig. 8
compare the capacity of Ac-HTHEHSHDHSHAH-NH, and
Ac-HHHHHH-NH, to form metal complexes. We can observe that, in the
case of Cu?* and above pH 4.5, the six consecutive histidines become
more effective than seven alternated histidines. The trend is inverted in
the case of Zn?* ion, where the peptide Ac-HTHEHSHDHSHAH-NH, is
confirmed to be the best ligand.

4. Materials and methods
4.1. Materials

The investigated peptide AccHTHEHSHDHSHAH-NH; was purchased
from KareBay Biochem (USA) with a certified purity of 98% and used as
received. Zn(ClO4)206H20 and Cu(ClO4)206H20 were extra pure prod-
ucts (Sigma-Aldrich). The concentrations of their stock solutions were
standardized by EDTA titration and periodically checked via ICP-MS.
The carbonate-free stock solution of 0.1 M NaOH was purchased from
Sigma-Aldrich and standardized with the primary standard potassium
hydrogen phthalate (99.9% purity) by potentiometry. The HCIO4 stock
solution was prepared by diluting concentrated HC1O4 (Sigma-Aldrich)
and then standardizing with NaOH. The ionic strength was adjusted to
0.1 M by adding NaClO4 (Sigma-Aldrich). Grade A glassware was
employed throughout. All sample solutions were prepared with freshly
doubly distilled water.

4.2. Thermodynamic measurements

Stability constants for proton and metal complexes were calculated
from pH-metric titration curves registered at T = 298 K and ionic
strength I = 0.1 M (NaClO4) using a total volume of 3 mL. The poten-
tiometric apparatus consisted of a Metrohm 905 Titrando pH-meter
system provided with a Metrohm LL Unitrode glass electrode and a
dosing system 800 Dosino, equipped with a 2 ml micro burette. High
purity grade argon was gently blown over the sample solution to ensure
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Fig. 6. Competition plots for a solution containing equimolar concentrations (11073 M) of Ac-HTHEHSHDHSHAH-NH,, Ac-HGHHSH-NH,, AccHGHHAH-NH, [31]
and (a) Zn?"; (b) Cu®". The plot is based on the determined thermodynamic constants and describes the formation of the binary metal complexes with each
component at different pH values in a simulated solution that contains all reagents in equimolar amount.

an inert atmosphere. Solutions were titrated under constant-speed
magnetic stirring with 0.1 M carbonate-free NaOH. The electrode was
daily calibrated for hydrogen ion concentration by titrating HCIO4 with
standard NaOH under the same experimental conditions as above. The
standard potential and the slope of the electrode couple were computed
by means of the Glee [53] program. Sample solutions were prepared
with ligand concentration C, = 0.5103 M and the metal:ligand ratio
was M:L = 0.9:1. The purities and the exact concentrations of the ligand
solutions were potentiometrically determined using the Gran method
[54]. The HYPERQUAD [55] program was employed to calculate the
overall formation constant (), referring to the following equilibrium:

PM + gL + rH S M,L,H,

(charges omitted, p is O in the case of ligand protonation, r can be
negative). Step formation constants (K) and/or acid dissociation con-
stants (K,) are also reported. The computed standard deviations (refer-
ring 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 Cu?" and Zn?* ions were taken from the

literature [56,57]. The distribution diagrams were computed using the
HYSS program [58]. A comparison among the overall metal binding
ability of different ligands was performed in different ways. First of all,
some competition diagrams were drawn. They represent simulations of
solutions containing the metal and the two (or more) ligands and are
based on the binary speciation models, admitting that all the compo-
nents compete to form the respective binary complexes without mixed
species formation. In addition, three parameters which give an overall
estimation of the metal binding affinity for each peptide at pH 7.4 were
computed. K4 (dissociation constant) refers to the generic equilibrium:
ML =M + L (charges omitted, M is metal, L is ligand) and corresponds to
the concentration of the free metal ion when the half ligand is in a
complexed form and half is free. A smaller value of K4 means a greater
stability of the formed complexes [59]. The pM value is instead the
negative logarithm of the free metal concentration under given experi-
mental conditions (most often: Cy ot = 1e107° M, Crtot = 101075 M)
[60]. A high pM value corresponds to a low concentration of free metal
ion and thus to a strong ligand. Finally, considering the system from a
different point of view, the parameter pLg s is defined as the amount of
ligand required to bind 50% of the metal (typically, a metal quantity as
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Fig. 7. Competition plots for a solution containing equimolar concentrations (1102 M) of Ac-HTHEHSHDHSHAH-NH,, Ac-PVHTGHMGHIGHTGHTGHTGSSGHG-
NH, [51,52] and (a) Zn2+; (b) Cu?*. The plot is based on the determined thermodynamic constants and describes the formation of the binary metal complexes with
each component at different pH values in a simulated solution that contains all reagents in equimolar amount.

low as Cyy ot = 110~ '2 M is considered for this calculation) [61]. Even
in this case, the higher the value of pLg s and the higher is the affinity of
the ligand for the metal ion.

4.3. Mass spectrometric measurements

High-resolution mass spectra were obtained on a BrukerQ-FTMS
spectrometer (Bruker Daltonik, Bremen, Germany), equipped with an
Apollo II electrospray ionization source with an ion funnel. The mass
spectrometer operated in the positive ion mode. The instrumental pa-
rameters were as follows: scan range m/z 100-2500, dry gas nitrogen,
temperature 453 K and ion energy 5 eV. The capillary voltage was
optimized to the highest signal-to-noise ratio, corresponding to 4500 V.
The small changes in voltage (+500 V) did not significantly affect the
optimized spectra. The samples (Zn?>":L and Cu?*:ligand in a 0.9:1
stoichiometry, [ligand]¢: = 0.5 - 1073 M) were prepared in a 1:1
methanol-water mixture at different pH values and were infused at a
flow rate of 3 pL. min~'. The instrument was externally calibrated with a

Tunemix™ mixture (Bruker Daltonik, Germany) in quadratic regression
mode. Data were processed using the Bruker Compass DataAnalysis 4.2
program. The mass accuracy for the calibration was better than 5 ppm,
enabling together with the true isotopic pattern (using SigmaFit) an
unambiguous confirmation of the elemental composition of the obtained
complex.

4.4. Spectroscopic measurements

The absorption spectra were recorded on a Varian Cary300 Bio
spectrophotometer, in the range 200-800 nm, using a quartz cuvette
with an optical path of 1 cm. Circular dichroism (CD) experiments were
recorded on a Jasco J-1500 CD spectrometer at 298 Kin a 0.01 cm and 1
cm quartz cells for the spectral ranges of 180-260 and 200-800 nm,
respectively. The ligand was dissolved in a water solution containing
410%™ HClO4 at 0.1 M ionic strength (NaClOy4). Ligand concentration
was 0.5-10> M (200-800 nm range) and 0.1.10~> M (180-270 nm
range). Cu?t to ligand molar ratio was 0.9:1. The UV-Vis and CD
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pH values in a simulated solution that contains all reagents in equimolar amount.

spectroscopic parameters were extracted from the spectra obtained at
the pH values corresponding to the maximum concentration of each
particular species, based on distribution diagrams. Electron para-
magnetic resonance (EPR) spectra were recorded in liquid nitrogen on a
Bruker ELEXSYS E500 CW-EPR spectrometer at X-band frequency (fre-
quency = 9.578-9.582 GHz, modulation amplitude = 10.00 G) and
equipped with an ER 036TM NMR teslameter and an E41 FC frequency
counter. Ethylene glycol (30%) was used as a cryoprotectant. Ligand
concentration was 1.0-10" M and Cu?* to ligand ratio = 0.9:1. The EPR
parameters were analysed by simulating the experimental spectra using
WIN-EPR SIMFONIA software, version 1.2 (Bruker).

5. Conclusions
Highlighting the metal chelation ability of a protein sequence pro-

vides novel insights into the mechanisms of metal homeostasis and in
which extent a protein metal-binding site is effective with respect to

many other competitive systems. In fact, it is well-known that bacteria
and host organisms compete for the acquisition of metal ions, being
involved in a process called nutritional immunity. Therefore, the rela-
tive metal binding affinity has an impact on the biological function of
the involved systems. The focus of this work is YrpE, a putative zinc
binding protein of the Gran-positive bacterium B. subtilis, which shows
high similarity with ZinT protein.

The mechanism of metal binding to ZinT protein family has been
widely investigated in recent years by means of different experimental
methods. Both the whole proteins and peptide models have been
employed to clarify the way of action and biological role of the systems
[31,62,63]. In ZinT protein family, multiple metal binding sites are
present, therefore employing peptide models simplified the investiga-
tion and provided thermodynamic information on the specific protein
domains [31]. This allows to compare the behaviour of metal binding
domains of the same or different proteins and experimentally corrobo-
rate hypotheses on the mechanism of action. Since the main difference
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between YrpE and previously investigated ZinT proteins of E. coli and
S. enterica concerns the N-terminal His-rich loop, we extended the study
to this region of YrpE relying on peptide models. The purpose of this
experimental method is to provide information that, using the whole
protein, would not be possible to obtain. In particular, the aim is to
investigate the behaviour of specific metal-binding sites, providing in-
formation on the thermodynamic and coordination properties at
different experimental conditions (e.g. pH). Such information can be
obtained only partially or cannot be obtained studying the full-length
protein, especially in the presence of multiple metal-binding domains
that have different functions and behaviours in a biological context (it is
the case of ZinT protein family).

Here, we studied the formation of Zn?* and Cu®* complexes with the
peptide AccHTHEHSHDHSHAH-NH,, which serves as model for the N-
terminal His-rich domain (residues 57-69). The obtained data confirm
that this sequence is a very effective ligand for the investigated metal
ions. Moreover, the thermodynamic constants are in agreement with
theoretical expectations: Cu?" complexes proved to be more stable than
Zn?" complexes (Kq(Cu?") = 1.37-107'%, Kq(Zn?*") = 1.24.1078;
Table 2), following the trend based on the Irving-Williams series.

The formed metal complexes are mononuclear polymorphic species,
where different sets of donor atoms are possible. In the case of zinc,
however, the main species is a (4Nyy,) complex with four histidine bound
to the metal. Copper coordination sphere instead changes according to
the pH: under acidic conditions there is a prevalence of octahedral
complexes with two to five coordinated histidines, while above neutral
pH the amide groups of the peptide backbone substitute up to three
coordinated histidines in equatorial positions, increasing the square-
planar character of the geometry.

Pointing out the similarities and differences between YrpE and
EcZinT/SeZinT N-terminal His-rich domains, we compared the corre-
sponding peptide sequences. Interestingly, our results show that the N-
terminal His-rich domain of YrpE binds zinc and copper with higher
affinity than the corresponding domain in ZinT proteins. We can explain
this behaviour by means of analytical solution equilibria studies of His-
containing peptides, confirming that the higher the number of histi-
dines, the higher the stability of the formed complexes. From a biolog-
ical perspective, it is significant that the most effective metal-binding
domain is that of YrpE, supposedly secreted by the Gram-positive bac-
terium B. subtilis and therefore exposed to the extracellular environment.
On the other hand, ZinT from E. coli and S. enterica is located in the
periplasm and displays a less efficient His-rich domain.

This work is also aimed at shedding light on the metal-binding
abilities of different polyhistidine sequences. The investigation high-
lights that peptides containing alternated His residues are very effective
zinc chelators. In particular, the -(XH),- motif, where one residue sep-
arates each histidine, exhibits a higher zinc binding affinity than the
-(XXH),- motif. The same occurs comparing alternated and consecutive
polyhistidine sequences: ligand AccHTHEHSHDHSHAH-NH, is able to
bind Zn?** with higher affinity than the His6 tag (HHHHHH). This latter
sequence is widely employed in many technological applications,
including separation and purification of proteins by chromatography.
Nonetheless, natural derived polyhistidine tags are often already used
for their better performance.

In conclusion, we obtained the thermodynamic characterization of a
new His-rich peptide which shows high zinc binding affinity and serves
as model for the study of the metal acquisition by YrpE zinc-binding
protein. The opportunities connected to polyhistidine peptides as
metal chelators are several, ranging from the design of antimicrobial
agents able to withhold metal micronutrients in infected cells, to the
development of devices with environmental applications for metal
sensing and decontamination. Lastly, the obtained results highlight the
efficacy of the employed analytical method to thermodynamically and
spectroscopically characterize a protein metal-binding site by means of
appropriate model peptides, also allowing the comparison with other
complex systems and pointing out properties and behaviours
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Table 2
Calculated dissociation constants (Kq), pM and pLg 5 values for Zn®* and Cu?*
complexes with the ligand AccHTHEHSHDHSHAH-NH,, at pH 7.4.

Zn2+ Cu2+
K4 1.24.10°8 1.37.10° 1!
pM 8.85 11.64
pLlos 7.89 10.68
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