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Small Cysteine-Rich Motif, Big Function—Metal-Driven Dimerization
of the CopY C-Terminal Fragment
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ABSTRACT: Transition metal homeostasis is essential for bacterial survival, especially under host-induced metal stress. The CopY
repressor from Enterococcus hirae regulates copper levels through a conserved C-terminal CxCxxxxCxC motif, which binds metal ions
such as Cu(I) and Zn(II) and modulates the DNA-binding activity of the protein. This work highlights the distinct coordination
behaviors of Cu(I) and Zn(II) in the CopY C-terminal motif (Ac-ECNCIPGQCECKKQ) and sheds light on the structural basis of
its metal-driven regulatory function. Using ESI-MS, potentiometry, UV—Vis, CD, NMR, and FT-IR, we show that this short
sequence is sufficient for metal-driven dimerization and forms distinct complexes with Cu(I) and Zn(II). Cu(I) promotes the
formation of binuclear (Cu,L) and dimeric (Cu,L,) clusters, while Zn(II) favors monomeric (ZnL), bis-complex (ZnL,), and minor
dimeric (Zn,L,) forms. Metal binding induced significant structural rearrangements in the peptide, while the apo form was largely
disordered; Zn(II) coordination stabilized more ordered conformations, and Cu(I) induced extensive conformational changes
associated with the formation of distinct multinuclear complexes. These findings enhance our understanding of bacterial
metallostasis and provide a molecular framework for future studies of metal-dependent gene regulation and antimicrobial strategies
targeting metal homeostasis.

B INTRODUCTION

Bacterial regulation of transition metal levels, also known as
“metallostasis,” refers to the mechanisms by which cells
manage the internal availability of essential metal cofactors,
avoiding both metal deprivation and toxicity. Metallostasis has
emerged as a crucial aspect of the interaction between

dimer, and activates the promoter of the copYZAB operon.
CobineCobine et al. first demonstrated that this Zn(II)-bridged
dimer is the physiological resting state of CopY.’ In some
species, CopY binds to Zn(Il) in the absence of copper,
maintaining its repressor function. When Cu(I) levels rise,
copper displaces zinc, causing CopY to release from the DNA,

vertebrate hosts and pathogens, characterized by competition
for nutrients. Hosts utilize various strategies to deprive
pathogens of these essential metals or to control infections
by the introduction of highly competitive metals. To
counteract this, bacteria must adapt to these host-driven
changes in metal availability by using specialized metal-sensing
transcriptional regulators, called metalloregulatory proteins,
and metallochaperones, which direct metals to their appro-
priate cellular locations.'™*

The CopY protein plays a crucial role in maintaining copper
homeostasis, which is vital because copper serves as an
essential cofactor for enzymes but becomes toxic when present
in excess. The CopY repressor is found exclusively in Gram-
positive bacteria and coordinates Cu(I) ions via a C-terminal
CxCxxxxCxC motif. Interestingly, in E. hirae, when copper
availability is low, CopY preferentially binds Zn(II),” forms a
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which derepresses the target genes.7 This Cu(I)-for-Zn(II)
substitution is facilitated by direct Cu(I) transfer from the
metallochaperone CopZ to CopY, as shown by Cobine et al.*
Moreover, CopY also interacts with the chaperone CopZ,
which is rather unique and has not been demonstrated for
other Cu(I)-sensing transcriptional regulators.g’lo

Understanding the function of CopY and the copper

regulation system is essential, especially in bacteria, as copper
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Figure 1. Amino acid sequence and 3D AlphaFold structure of the CopY protein (source: UniProt database Q47839); the analyzed sequence

Ac-13,ECNCIPGQCECKKQ,; is highlighted in red.

is widely used in antimicrobial strategies. Excessive copper can
be toxic, and bacteria must precisely control its levels to
survive. The study on CopY can offer insights into bacterial
resistance mechanisms and help in developing treatments that
exploit copper toxicity to kill pathogens. What is particularly
important for this study is the fact that CopY, involved in
copper homeostasis, can also bind Zn(II) ions."” Therefore, it
is valuable to understand its coordination properties with
Zn(II) and to compare their thermodynamic stability with that
of copper complexes, to investigate whether Zn(II) could
displace Cu(I) from its binding sites.

In this study, we focus on Cu(I) and Zn(II) complexes
involving a C-terminal CxCxxxxCxC motif, which is involved
in Cu(Il) binding in E.hirae CopY:
Ac-13;,ECNCIPGQCECKKQ), 5, highlighted in red in Figure
1. We elucidate their structural and thermodynamic properties
using a variety of complementary methods: mass spectrometry
provides information about complex stoichiometry, while
potentiometry allows the determination of stability constants,
enabling the identification of species present in the solution
across different pH values. To analyze the ability of the CopY
C-terminal CxCxoxxCxC motif to coordinate Cu(I) and Zn(II)
in more detail, the peptide fragment was incubated with
increasing amounts of metal ions, and the process was
monitored using UV—VIS spectroscopy.

B EXPERIMENTAL SECTION

Chemicals and Solutions. Ac-ECNCIPGQCECKKQ_ peptide
(98% purity) was purchased from KareBay and used as received. The
peptide was stored as a dry powder at —20 °C and handled exclusively
inside a glovebox under an inert nitrogen atmosphere to prevent
oxidation. Tetrakis(acetonitrile)copper(I) tetrafluoroborate [Cu-
(MeCN),BF,] (Sigma-Aldrich) and 10% (v/v) acetonitrile were
added to stabilize the Cu(I) oxidation state. Zn(II) perchlorate was an
extra-pure product (Sigma-Aldrich). The concentrations of stock
solutions of these salts were determined using inductively coupled
plasma mass spectrometry. The carbonate-free stock solution of 0.1 M
NaOH was purchased from Sigma-Aldrich and then potentiometri-
cally standardized with potassium hydrogen phthalate.'”'> All
solutions were freshly prepared, thoroughly degassed to remove
dissolved oxygen, and stored under an inert atmosphere. Peptide
concentrations were determined using the DTNB (S,5'-dithiobis(2-
nitrobenzoic acid)) assay directly inside the glovebox, ensuring the

thiol groups remained in the reduced state. The peptide solutions
were mixed with a freshly prepared 1 mM DTNB reagent in HEPES
(pH 7.4) and incubated at room temperature for 15 min. The reaction
resulted in the formation of the yellow 2-nitro-5-thiobenzoate anion
(TNB?"), which was quantified by measuring the absorbance at 412
nm using a UV—vis spectrophotometer. The concentration of free
thiols was calculated using the molar extinction coefficient of TNB (&
= 14,150 M™" cm™"). All measurements were performed in duplicate
inside a glovebox under an inert nitrogen atmosphere to prevent thiol
oxidation. The DTNB-determined concentration consistently
matched the peptide weight, confirming that the peptide was not
oxidized. The concentration determined by DTNB consistently
matched the theoretical peptide mass, indicating that the cysteine
residues remained in their reduced thiol form. Therefore, the use of
reducing agents such as DTT and TCEP was deemed unnecessary.

UV Titration of Ac-ECNCIPGQCECKKQ with Cu(l) and Zn(ll).
All titration experiments were performed using a 1 cm quartz cuvette,
which was filled under strictly anaerobic conditions in a glovebox
equipped with a palladium catalyst and filled with a 5% hydrogen/
95% nitrogen gas mix. The apo-peptide was diluted in 20 mM Tris-
HCI buffer, pH 7.4, with peptide concentrations of 20 uM. All UV
spectra were recorded on a Jasco-730 spectrophotometer, situated in
the glovebox, in the range of 190—800 nm. OriginPro 2016 was used
to process and visualize the obtained spectra.

Mass Spectrometry. High-resolution mass spectra were obtained
on a Bruker compact QTOF (Bruker Daltonik, Bremen, Germany),
equipped with an electrospray ionization source with an ion funnel.
The mass spectrometer was operated in positive ion mode. The
instrumental parameters were as follows: scan range m/z 100—2000,
dry gas—nitrogen, temperature 453 K, and ion energy S eV. The
capillary voltage was optimized to achieve the highest S/N ratio,
which was 4800 V. The samples were prepared in a 1:1 MeOH:H,O
mixture at pH 7 with an M:L molar ratio of 0.9:1, where [ligand],, =
0.5 mM. The samples were infused at a flow rate of 3 uL min~". The
instrument was calibrated externally with a Tunemix mixture (Bruker
Daltonik, Germany) in quadratic regression mode. Data were
processed by the application of the Compass DataAnalysis 4.2
(Bruker Daltonik, Germany) program. The mass accuracy for the
calibration was better than S ppm, enabling, together with the true
isotopic pattern (using SigmaFit), an unambiguous confirmation of
the elemental composition of the obtained complex. Mass
spectrometry experiments were carried out to qualitatively probe
the Cu-peptide complex formation. At Cu:peptide ratios of 0.9:1 and
2:1 (data not shown), the spectra consistently showed dominant apo-
peptide signals, with only weak peaks corresponding to Cu-bound
species. This distribution does not reflect the actual solution
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equilibria, as potentiometric titrations under identical conditions
indicate nearly complete metal binding. The discrepancy can be
attributed to ionization and survival biases during electrospray, which
are known to disfavor Cu—thiolate complexes. Even under conditions
optimized for gentle ionization, apo-peptide signals typically remain
more intense than those of metalated species.'>™'* We considered
whether MALDI-MS might alleviate this problem, but previous
reports and our own experience with similar Cu—peptide systems
suggest that MALDI often promotes demetalation and matrix-induced
artifacts, and therefore is unlikely to provide spectra dominated by
intact complexes.'®'” For this reason, we rely on potentiometry and
complementary spectroscopies for quantitative speciation and present
the MS data as qualitative support for the presence of Cu-bound
forms rather than as a measure of their abundance.

Potentiometric Measurements. The stability constants for
proton, Cu(I), and Zn(II) complexes with Ac-ECNCIPGQCECKKQ
were calculated from titration curves carried out over the pH range of
2—11 at 298 K and an ionic strength of 0.1 M NaClO,. The total
volume of the solution used was 3.0 mL. The potentiometric titrations
were performed using a Dosimat 800 Metrohm Titrator connected to
a Metrohm 905 pH-meter and a Mettler Toledo pH inLab Science
electrode. The thermostabilized glass cell was equipped with a
magnetic stirring system, a microburet delivery tube, and an inlet—
outlet tube for argon. Solutions were titrated with 0.1 M carbonate-
free NaOH. The electrodes were calibrated daily for hydrogen ion
concentration by titrating HCIO, with NaOH using a total volume of
3.0 mL. The ligand concentration was 0.5 mM, and the metal-to-
ligand ratio was 0.9:1. The exact concentrations and purities of the
ligand solutions were determined by the Gran method. All samples
were prepared inside a glovebox under an inert atmosphere and
directly transferred to tightly sealed titration vessels. The vessels were
wrapped with Parafilm and transferred to a potentiometric setup,
where titrations were performed under a continuous argon stream to
prevent oxidation. The following appropriate parameters were used:
signal drift 1 mV min~}; min waiting time 50 s, max waiting time 2000
s; volume increment 0.001 mL; and dosing rate 1 mL min~!. The
standard potential and the slope of the electrode couple were
computed by means of the GLEE program.'® The HYPERQUAD
2008 program was used for the stability constant calculations.'® The
speciation diagrams were computed with the HYSS program.*’
Overall stability constants (log /) obtained from potentiometric
titrations were converted into overall dissociation constants (Kj)
according to the following relationship: K; = 1/f, where f is the
cumulative formation constant for the given stoichiometry. It should
be emphasized that these values are cumulative dissociation constants
and not stepwise ones. They therefore describe the complete
dissociation of each complex into free metal ion(s) and ligand and
should not be interpreted as sequential steps of metal release.

NMR. Peptides were prepared in water containing 10% D,O and
20 mM phosphate buffer at pH 7.4. The final peptide concentration
was maintained at 0.5 mM. Zinc and copper ions were added from
concentrated stock solutions of Zn(NO;), and [Cu(CH,CN),]BF,,
respectively, to achieve the desired metal-to-peptide ratios. A 10 mM
stock solution of [Cu(CH;CN),]BF, was freshly prepared in 20 mM
phosphate buffer (in D,O, pH 7.4) containing 5% (v/v) acetonitrile.
To minimize the oxidation of Cu(I) to Cu(II), ascorbic acid (1.0 mM
final concentration) was added to peptide samples immediately prior
to use. All solutions were degassed with water-saturated nitrogen and
maintained under an inert N, atmosphere throughout the experi-
ments.

NMR measurements were performed at 288 and 298 K using a
Bruker Avance 600 MHz spectrometer. 3-(Trimethylsilyl)-[2,2,3,3-
d,]propane sulfonate, sodium salt, was used as the internal reference
standard for NMR experiments. Spectral processing and analysis were
conducted with TopSpin 3.6. To minimize the residual water signal,
excitation sculpting was employed, applying a 2 ms selective square
pulse centered on the water resonance.”’ Proton resonance
assignments were obtained through two-dimensional NMR experi-
ments, including the TOCSY and NOESY spectra.

FT-IR. FT-IR spectra were recorded by using an Agilent Cary 630
FTIR spectrometer equipped with a transmission module. Samples
were prepared by depositing a small volume of a solution of the
peptide and its Zn(1I) complex in a phosphate buffer water solution.
The solvent was allowed to evaporate completely under controlled
ambient conditions. After evaporation, the resulting thin film or
residue was analyzed directly.

B RESULTS AND DISCUSSION

The Cu(I) and Zn(II) binding properties of the C-terminal
CxCxxxxCxC motif of E. hirae CopY (Ac-ECNCIPGQ-
CECKKQ) were investigated to elucidate their structural and
thermodynamic characteristics. A combination of complemen-
tary techniques was employed: mass spectrometry provided
information about complex stoichiometry, while potentiomet-
ric titrations facilitated the determination of stability constants
and speciation across a wide pH range. UV—Vis spectroscopy
was used to monitor spectral changes during incremental metal
ion addition, offering insight into the coordination process.
Structural details and conformational changes induced by
metal binding were further explored through circular dichroism
(CD), nuclear magnetic resonance (NMR), and Fourier-
transform infrared (FT-IR) spectroscopy. The integration of
these methods enabled a comprehensive description of both
the metal coordination geometry and the accompanying
structural rearrangements upon complex formation.

Stoichiometry of Cu(l) and Zn(ll) Complexes with the
C-Terminal Motif of CopY Protein. ESI-MS confirmed the
stoichiometry of the Cu(I) and Zn(II) complexes with Ac-
ECNCIPGQCECKKQ (Figure 2A and G). Table S1 shows
the m/z values for both metal complexes at an M:L ratio of
0.9:1. ESI-MS peak assignments were based on the comparison
between the precise calculated and experimental m/z values
and their isotopic patterns.

On both MS spectra, the most intensive m/z signals
correspond to the free ligand. The m/z values of 812.83 and
542.22 correspond to [L]** (Figure 2B and H) and [L]*,
respectively. The sodium ([L + Na]**, m/z = 823.81) and
potassium ([L + K]**, m/z = 831.80) adducts of the free ligand
were also detected. MS analysis confirmed the formation of
dimeric forms the for Ac-ECNCIPGQCECKKQ ligand with
m/z values of 1624.64 and 1084.10 for [L,]** and [L,]*
(Figure 2D and J), respectively. Dimerization of the C-terminal
motif of the CopY protein was confirmed before. Pazehoski
etal. proved the specific involvement of the 38 C-terminal
residues of CopY in dimerization.”” From our studies, we can
claim that an even shorter fragment (14 aa—ECNCIPGQ-
CECKKQ) of the C-terminal E. hirae CopY fragment,
containing the CxCxxxxCxC motif, is responsible for
homodimerization.

In the case of metal complexes, for both copper and zinc
complexes, the high-resolution mass spectra (Figure 2 and
Table S1) reveal the formation of mononuclear species under
the employed experimental conditions. The signals corre-
sponding to the mononuclear Cu(I) and Zn(II) complexes are
located at m/z values of 843.79 [CuL]*" (Figure 2C), 562.20
[CuL]*', 844.78 [ZnL]*" (Figure 2I), and 563.52 [ZnL]*,
respectively. The polynuclear complexes were observed only
for Cu(I) ions, where [Cu,L]*" signal at m/z 875.81 was
assigned (Figure 2E). In turn, bis-complexes were detected for
zinc ions ([ZnL,]**, m/z 1105.07 (Figure 2K)), which were
not observed for copper.
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Figure 2. ESI-MS spectra of the A) Cu(Il) and G) Zn(II)-Ac-
ECNCIPGQCECKKQ  systems. M:L molar ratio 0.9:1. The
complexes were prepared in a mixture of MeOH:H,O (1:1) at pH
6. For the chosen ligand (B, D, H, J), Cu(I) (C, E, F), and Zn(II) (I,
K, L) complexes, a comparison of experimental and simulated signals
was performed.
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The most unexpected m/z signals, with perfectly fitted
isotopic patterns, were discovered for dimeric complexes. As
suspected, apart from the dimer formation of the ligand itself,
metal binding to the C-terminal region of CopY is also
responsible for the homodimerization pathway in Enterococcus
hirae. For copper, the signal corresponds to two ligands and
four Cu(I) ions [Cu,L,]** were detected at m/z 1167.33
(Figure 2F). For zinc, due to the fact that the monomeric form
of the ligand binds up to one zinc ion, the dimer involves only
two zinc ions, which were detected on MS spectra as [Zn,L,]**
signal with m/z at 1126.04 (Figure 2L).

Ligand Protonation and Formation of Metal Com-
plexes in Solution. To analyze the metalation process in
more detail and to obtain stepwise stability constants of Cu(I)
and Zn(II) binding, potentiometric pH titrations are the
method of choice. They are a specific and very precise tool to
study metal—ligand interactions based on the change in pK,
values of the ligand groups in the absence and presence of
metal ions. The C-terminal fragment of CopY features a total
of nine protonation sites (Table 1). The three lowest proton
dissociation constants (pK, 2.48, 3.03, and 4.12, respectively)

Table 1. Equilibrium Constants and Proposed Coordination
Modes for Cu(I) and Zn(II) Complexes with Ac-
ECNCIPGQCECKKQ, T =298 K, I = 0.1 M (NaClO,), and
M/L Molar Ratio = 0.9:1 (for Cu(I), Also M/L = 2:1).7

logp pK, Metal coordination
Ligand protonation
H,L 60.38(7) 248 (COOH)
H,L 57.90(7) 3.03 (E)
H,L 54.87(5) 4.12 (E)
H(L 50.75(7) 467 (C)
H,L 46.08(4) 7.90 (C)
HL 38.18(3) 8.81 (C)
H,L 29.37(5) 9.13 (C)
H,L 2024(3) 988 (K)
HL 1036(3)  10.36 (K)
Cu(I) complexes (M:L molar ratio = 0.9:1)
CuHL  56.18(3)
CuHL  53.06(1) 312 1S,
CuH,L  4937(3) 3.69 257,
CuH,L  45.07(2) 430 3870
CuH,L  39.75(3) 5.32 457¢p
CuHL 31.88(4) 7.87 487¢,, H,0/38 ¢, H,0
Cu(I) complexes (M:L molar ratio = 2:1)
Cu,HL  4931(2) 3870,
CuH,L  4561(1) 3.70 457¢p
Cu,HL 40.77(2) 4.84 cluster formation Cu,S,
Cu,L 3332(3) 745 4870y H,0/38 ¢, H,0
Zn(II) complexes (M:L molar ratio = 0.9:1)
ZnHL  57.72(8)
ZnH(L 54.26(3) 3.46
ZnHL  4995(4) 431 1S,
ZnH,L 40.60(4)
ZnH,L  3623(1) 437 457¢p
ZnHL 30.15(2) 6.08 48"y Hy,0/387 ¢, HyO
ZnH,L, 64.51(4)
ZnH,L,  5836(5) 6.15
ZnHL,  4827(5)  10.09

“Values in parentheses are standard deviations on the last significant
figure.
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correspond to the carboxylic acid groups of the C-terminal and
the two glutamic acid side chains. These values are in good
agreement with the literature, where the most acidic groups are
detected in the pK, range of 2—4.* For Ac-ECNCIPGQ-
CECKKQ, the protonation constants of four cysteine residues
were determined (pK, 4.67, 7.90, 8.81, and 9.13). The
dissociation constants of the Cys residues are usually found
in the range between 8 and 9.2*~*” However, Freisinger et al.
recently discovered a distinctive pK, shift of (most likely) one
cysteine thiolate group to a value of 4.3 when performing a
potentiometric titration with the apo-metallothionein from the
aquatic fungus Heliscus lugdunensis.”® A possible explanation for
one distinctively lower pK, value of the Cys residue could be a
strong hydrogen bond involving this Cys-thiolate group that
would lower the pK, value significantly. Possible H-bonding
partners could be the two Lys residues or another still
protonated Cys residue.”””" However, why this effect occurs
only for one of the many thiolate groups present in the
different M T’ investigated remains unclear so far. Interestingly,
for polyHis-tag proteins, which feature eight histidine residues,
precisely one pK, value assigned to His protonation is lower
than usual. For example, for the DHDHDHHHHHHPGSSV-
NH, (N-DpH) peptide, a pK, of 4.70 was determined, while all
other His residues have pK, values in the range of 5.40—7.51.>"

The last two pK, values of 9.88 and 10.36 come from the
deprotonation of two lysine residues.

The complex formation constants and the calculated pK,
values of the C-terminal fragment of CopY in the presence of
Cu(I) are shown in Table 1. To the best of our knowledge, this
is the second case where potentiometry has been successfully
applied to a Cu(I)-peptide system to obtain detailed insight
into its binding properties.”” The stability constants for Cu(T)
complexes with AccECNCIPGQCECKKQ were calculated on
the basis of the titration curves recorded in the pH range of 2—
11, as shown in Figure 3A. Potentiometric measurements
revealed the presence of six equimolar complex species.
Starting from a pH even below 2, the first detected species is
CuHgL, whose stoichiometry indicates that two glutamic acids
and a carboxylic group of the C-terminus are deprotonated.
Deprotonation and Cu(I) binding of the four following
cysteine residues start from pH 2 and correspond to CuH;L,
CuH,L, CuH;L, CuH,L species, respectively. The pK, values
for these Cu(I) complexes are within the range of 3.12—5.32
(Table 1). In the presence of Cu(I) ions, the pK, values of the
cysteine thiol groups decrease relative to the values of the apo
form (4.67—9.13). Keeping in mind that copper(I), same as
Zn(II), is normally unable to displace amide protons, the last
calculated species, CuHL, with pK, 7.87 corresponds to water
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molecule binding with 4S7¢,, H,O or 3S7¢,, H,O
coordination mode. While coordination of the e-amino
group of a lysine side chain cannot be excluded in principle,
several factors argue against this assignment in our system. The
lysine e-amino group has a relatively high intrinsic pK,
(~10.5), making deprotonation at pH 7.5 unlikely; moreover,
its hard donor character contrasts with the Cu(I) preference
for softer ligands, and spectroscopic/potentiometric evidence
from analogous systems consistently assigns pK, values in the
range of 7—8 to aqua ligands rather than lysine residues.”~>°

Due to the fact that MS has confirmed the formation of
dimeric Cu,L species (Figure 2E), we decided to perform
additional potentiometric titrations at a 2:1 M:L ratio. The first
calculated species is Cu,H;L (Figure 3B and Table 1), where
three of four cysteine residues are already deprotonated. This
suggests that one Cu(I) ion can be coordinated by two
cysteine residues, while the second Cu(I) is coordinated by
only one at this stage. The next species, Cu,H,L, corresponds
to two Cu(I) ions bound to all cysteine residues. The lowered
pK, value of 3.70, compared to the apo form (4.67), indicates
the involvement of the last cysteine residue in complex
formation (Table 1). An interesting phenomenon is observed
for the Cu,HL form with a pK, of 4.84. This value is unlikely
to be attributed to the deprotonation of an amide nitrogen,
first because it is too low for an amide nitrogen, and second
because Cu(I), with its completely filled d'® electron
configuration, exhibits a behavior similar to that of Zn(II),
where the displacement of the amide nitrogen by the
coordinated metal is impossible,’® or at least uncommon.
The pK, value of 4.84 is also too low to be assigned to the
deprotonation of a water molecule. It should be emphasized,
however, that the formal conversion from a terminal to a
bridging thiolate does not itself require deprotonation; the
observed pK, should therefore be regarded as a macroscopic
constant reflecting the net proton transfer associated with
cluster reorganization.”’ >’ Due to the lack of literature data
on this topic, we can only speculate that this may result from
the formation of a Cu,S, cluster, where initially two copper
ions were coordinated separately to two cysteinyl residues. At
higher pH, structural rearrangement occurs, along with
protonation/deprotonation of the cysteinyl residue (hence
the pK, value of 4.84) and the formation of a sulfide bridge
between the two Cu(I) ions (Figure 4). The last Cu,L species
results from the deprotonation of a water molecule (pK, =
7.45, Table 1).

The binding of Zn(II) to Ac-ECNCIPGQCECKKQ begins
at a pH of about 2, and the first detected forms are ZnH-L and
ZnH(L, where two (carboxylic groups of the C-terminus and
glutamic acid) and three (carboxylic groups of the C-terminus
and two glutamic acids) acidic residues are deprotonated,
respectively (Table 1 and Figure 3C). The slightly lowered pK,
value of 3.46 for the Glu residue, compared to the apo form
(pK, = 4.12), may suggest its involvement in Zn(II) binding at
very low pH. The next three species, ZnHL, ZnH;L, and
ZnH,L, correspond to the binding of Zn(II) to cysteine
residues. The ZnH;L — ZnH,L transition, indicated by
pK,=431 (pK, = 9.13 for the apo), corresponds to the
binding of a fourth cysteine to Zn(II) and the generation of a
[4S7] coordination mode. For the ZnH,L species, it was
impossible to determine the stepwise dissociation constant due
to the release of a proton within a very narrow pH range. The
formation of the last ZnHL species (pK,=6.08) can be
assigned to the deprotonation of a water molecule. Due to the
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Figure 4. The proposed coordination mode of two Cu(I) ions to the

C-terminal motif of the CopY protein Ac- ECNCIPGQCECKKQ.
M:L ratio of 2:1, interpretation based on potentiometric studies.

fact that MS spectra (see Figure 2) confirmed the formation of
both monomeric species and bis-complexes, stability constants
for Zn(II) bis-complexes were also calculated. The bis-
complexes start to appear at a pH of around 5—6 (Figure
3C). For the ZnH,L, species (maximum concentration at pH
8), where all cysteine residues are deprotonated, the metal-
binding mode could involve four His residues, two from each
monomer. The amounts of monomeric (ZnHL ~ 60%) and
bis-complex (ZnH,L, ~ 40%) species are almost equal over a
wide pH range between 7 and 9.

From potentiometric titrations, we were not able to calculate
reliable log S values for dimeric or higher-order complexes
(e.g, Zn,L,, Cu,L,). A likely explanation is that such species
are indeed present in solution, even at a 1:1 M:L stoichiometry
(as confirmed by MS), but their equilibrium concentrations are
too low to be quantified potentiometrically. Moreover, Cu,L
(from potentiometry) and Cu,L, (from MS), as well as ZnL
and Zn,L,, all share an overall 2:1 M/L ratio; based solely on
stoichiometry, potentiometry cannot easily discriminate
between them because they contribute similarly to the overall
proton balance (unless their protonation patterns differ
significantly). To test this, we refitted the potentiometric
data set in Hyperquad while explicitly including dinuclear and
tetranuclear terms. During iterative refinement, both species
were automatically excluded, as their calculated concentrations
never exceeded ~3—5% of total Cu, and their refined stability
constants carried unrealistically high errors. This outcome
reflects the limited sensitivity of potentiometry to species
present in such low abundance, while MS can still detect them
owing to its different bias toward ionization. Accordingly, our
speciation model is based on mononuclear CuHL as the
predominant solution species, with higher nuclearities present
only in trace amounts, detectable by MS but below the
threshold for reliable potentiometric refinement. Thus, the two
techniques are complementary rather than contradictory:
potentiometry robustly captures the predominant mononu-
clear species, while MS reveals the presence of higher-
nuclearity complexes at lower abundance. Similar discrepancies
between potentiometry and MS have been noted in related
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Figure 5. A competition plot between the C-terminal CxCxoxCxC CopY motif (Ac-ECNCIPGQCECKKQ), Zn(II) ions, and A) a short
tetracysteine tag Ac-FLNCCPGCCMEP-NH,, B) phytochelatin PC4 (ECECECECG), and C) a designed 12-mer HS peptide (Ac-
SCHGDQGSDCSI-NH,). It describes complex formation at different pH values in a hypothetical situation in which equimolar amounts of all
reagents are mixed. Calculations are based on binding constants from Table 1 and ref 2072

peptide—metal systems, underscoring that minor multinuclear
species, although detectable by MS, may fall below the
threshold for reliable potentiometric refinement.'**" More-
over, complexes stabilized in solution primarily by weak or few
intermolecular interactions generally exhibit low gas-phase
stabilities and are prone to in-source dissociation during
electrospray ionization.”' ~** Importantly, however, gas-phase
stability does not necessarily parallel the solution binding
affinity. For instance, even protein—ligand complexes stabilized
by strong ionic interactions in solution may display
unexpectedly low stability in the gas phase.*”

The determination of overall stability constants is essential
for understanding metal—protein interactions. Dissociation
constant (K;) values for Cu(I) and Zn(II) complexes were
determined under physiologically relevant conditions (pH 7.4,
ionic strength I = 0.1 M, 25 °C) by using potentiometric
methods. The K calculated for the Zn(II) complex with the C-
terminal CopY motif was found to be 1.64 X 107" M,
indicating a high binding affinity within the picomolar range.
This value aligns well with previously reported Ky values for
Zn(1I) binding to proteins or peptides coordinated by four
cysteine residues. Specifically, metallothioneins (MTs) and
shorter peptides, which utilize cysteine residues to tightly
coordinate Zn(II), exhibit K; values ranging from approx-

imately 107# to 107" M.**~*” These strong affinities highlight
the biological significance of such proteins in zinc homeostasis
and buffering. In the case of Cu(I), exceptionally low
dissociation constants were determined for both 1:1 and 2:1
metal-to-ligand stoichiometries, with K values of 1.33 X 1076
M and 2.19 X 107" M, respectively. These values correspond
to pKy values of approximately 15.9 and 18.7, indicating very
tight binding in the subpicomolar to femtomolar range. Such
high affinities are consistent with, or even exceed, those
reported for known Cu(I)-binding proteins such as yeast Atx1,
human Atoxl, and engineered mutants like H48C-CopC,
which typically exhibit K, values in the range of 107** to 107"
M.*** Nevertheless, comparisons of absolute affinity values
should be made with caution, as it has been demonstrated that
different methodological approaches can yield divergent results
for the same metal—ligand systems.”

Competitive Zn(ll) Binding Highlights the Affinity of
the CopY CxCxxxxCxC Motif. Since potentiometric data for
Cu(I) complexes are not available, the comparison of the
CxCxxxxCxC motif with other cysteinyl-containing sequences
was limited to Zn(II) coordination. We focused on three
systems: (i) a short tetracysteine tag, CCPGCC, which can be
introduced at the N- or C-terminus of a protein or into flexible
loops for in vitro or in vivo labeling with biarsenical probes;>’
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Figure 6. UV—vis titrations of Ac-ECNCIPGQCECKKQ with Cu(I) (A) and Zn(II) (C) in 20 mM Tris-HCl buffer, pH 7.4. Molar absorptivity
values (¢) at 262, 295, and 315 nm (B) and at 230 nm (D) as a function of Cu(I) and Zn(II) equivalents, respectively. Additionally, the ratio of

€(362)/€(505) during the titration (B).

(i) phytochelatin PC4, containing a repeating y-Glu-Cys motif
four times;”' and (iii) a designed 12-mer HS peptide, Ac-
SCHGDQGSDCSI-NH,, whose sequence was inspired by the
Cu(I)-binding loop of CueR from Vibrio cholerae.’> To
compare the thermodynamic stability of Zn(I) complexes
with those of different ligands, competitive speciation diagrams
were employed. These diagrams, based on the calculated
stability constants, depict hypothetical scenarios in which
equimolar amounts of ligands and Zn(II) ions are mixed. They
enable a direct visual comparison of the relative affinities of the
ligands toward the metal ion under similar conditions. Such
comparative analysis is particularly valuable in the context of
bioinorganic coordination chemistry, as it provides insight into
how subtle differences in ligand architecture, such as cysteine
spacing or backbone composition, can dramatically influence
metal jon coordination, stability, and potentially biological
function.

The CxCxxxxCxC motif derived from CopY displays a
higher Zn(II) affinity than the canonical tetracysteine tag
motif, CCxxCC (Figure SA). This observation indicates that
greater spatial separation of cysteinyl residues enhances the

thermodynamic stability of Zn(II) complexes, compared to
motifs where cysteine residues are positioned adjacently. The
effect of the number of amino acid residues between two CxC
units on Zn(II) complex stability was also examined (Figure
SB). The CopY CxCxoxCxC motif again demonstrated
superior binding properties relative to the PC4 CxCxCxC
motif, in which only one amino acid separates the two CxC
segments. In addition, a protein-derived fragment containing
only two cysteine residues (Ac-SCHGDQGSDCSI-NH,),
despite forming Zn,L bis-complexes in solution, the same as
the C-terminal fragment of CopY, showed lower stability
compared to the CopY motif, confirming the latter’s enhanced
metal-binding capacity.

Furthermore, when compared with cysteinyl motifs reported
in the literature, the CopY CxCxxxxCxC sequence exhibits the
strongest Zn(II) complexation based on potentiometric data,
underscoring its exceptional thermodynamic stability and
potential biological relevance.

Spectroscopic Evidence for Cu/Zn—Cys Cluster
Formation. The metal ion binding ability and capacity were
evaluated using spectrophotometric titrations of the apo-Ac-
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Figure 7. Fingerprint regions of 'H—"H TOCSY spectra of AccECNCIPGQCECKKQ _in the absence and presence of 0.9 Zn(II) equivalents. Cy, =

0.5 mM, T = 288 K, 20 mM phosphate buffer, pH 7.4.

ECNCIPGQCECKKQ_ peptide with increasing amounts of
Cu(I) and Zn(II) ions (Figure 6A and C, respectively). The
addition of Cu(I) ions leads to the formation of a broad
absorption envelope in the 250—400 nm range, and a shoulder
at 262 nm has been assigned to the sulfur — copper(I) charge
transfer band.’>** The intensity of the LMCT band at 262 nm
increases roughly linearly up to 2.0 equiv of Cu(I), reaching
Emax Values of roughly 20000 M~ cm ™!, suggesting the binding
of two Cu(I) ions strongly per monomer (Figure 6B). The
next two bands in the UV—vis spectra at 295 and 315 nm are
less clear, and the intensity of these bands increases linearly up
to 1.8—2 equiv (Figure 6B). Consistent with thiolate-bridged
cluster growth, the &,4,/€,95 ratio decreases to ~1.5, remains
nearly constant up to ~2.0 equiv of Cu(I), and then decreases
further at higher loadings. This behavior may reflect an initial
coordination of terminal cysteines to Cu(I), followed by the
involvement of bridging thiolate bonds that stabilize higher-
order Cu(I)—thiolate clusters. The UV region around 295 nm
is indicative of Cu(I)-thiolate cluster formation, hence the
formation of bridging thiolate groups, which seems to occur
either for a binuclear Cu(I)-thiolate core (Cu,L) or for a
dimeric form, where two (Cu,L,) or four (Cu,L,) copper(I)
ions are coordinated to a homodimer. Evidence of binuclear
Cu(I)-thiolate core formation (Cu,L) in the E. hirae CopY
monomeric C-terminal motif has been presented in several
papers,”” while Cu,L, species formation is not as obvious for
this bacterial protein. A previous structural study of CopY from
Streptococcus pneumoniae (Spn) revealed that the C-terminal
fragment of Spn CopY exists as a homodimer in solution and
binds up to two Cu(I) ions.”> One difference, which may have
a huge influence on dimer formation in the presence of Cu(I)
ions for the C-terminal fragment of CopY from Spn, is the fact
that Spn sequence alignment of the CopY protein reveals only
one CxC motif at the C-terminus, while CopY from
Enterococcus hirae has four cysteine residues, forming a
CxCxoxCxC motif. The cluster formation between Cu(I)
and cysteine residues was confirmed by copper(I) titration
(Figure 6A) and showed that up to two Cu(I) ions could be
bound by one monomer, while ligand dimerization could
provide Cu,L, cluster mode,” which was also confirmed by MS
spectra (Figure 2 and Table 1S). The Cu,L, species was not

22623

observed in the MS spectra; thus, we can conclude that one
CxC motif presented e.g, in CopY from Streptococcus
pneumoniae or S. mitis forces the C-terminal fragment to
create a Cu,L, complex, while two CxC motifs in the C-
terminal fragment of CopY (e.g, Enterococcus hirae and
Lactobacillus) cause Cu,L, homodimer formation.

Development of the ligand-to-metal charge transfer
(LMCT) band associated with metal—thiolate bond formation
was monitored at 230 nm for Zn(II) binding, as previously
described (Figure 6C).***° The intensity of the LMCT band
(Cys — Zn(Il)) increases progressively and reaches a plateau
after the addition of 1.0 equiv of metal ions (Figure 6D),
consistent with the formation of a stoichiometric Zn-thiolate
complex. This behavior is in excellent agreement with
speciation models derived from potentiometric titrations,
which revealed the predominant presence of mononuclear
ZnL and bis-complex ZnL, species. Mass spectrometry likewise
did not provide evidence of the presence of polynuclear
complexes per monomer. Together, these results confirm that
Zn(II) favors the formation of simple, well-defined complexes
that stabilize the local structure, in contrast to the multinuclear
cluster formation observed for Cu(I).

Structural Properties of CopY and Its Cu(l) and Zn(ll)
Complexes. NMR measurements were conducted by
solubilizing the peptide in 20 mM phosphate buffer at pH
7.4. Initially, the NMR spectra were recorded at 298 K;
however, the visibility of the NH signals was limited.
Therefore, the temperature was lowered to 288 K in order
to slow down proton exchange and enhance the intensity of
the amide proton signals. 1D and 2D 'H-'"H TOCSY and
NOESY spectra were recorded both in the absence and
presence of 0.9 equiv of metal ions (Zn(II) and Cu(I)) in
order to identify the residues involved in the metal
coordination sphere and to assess any conformational changes
upon Zn(II) and Cu(I) binding. The free ligand exhibited 1D
and 2D NMR spectra, characteristic of a highly flexible and
intrinsically disordered peptide. In particular, the 2D NOESY
spectra displayed no inter-residue NOE correlations, indicating
the absence of stable long-range contacts (Figure S1). By
contrast, in the presence of metal ions, the NOESY spectra
revealed nontrivial NOE correlations (Figure S1), supporting
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the metal-induced rearrangement of the peptide backbone (see
infra).

The NMR spectrum following Zn(II) addition revealed
several key effects (Figure S2). First, an increased dispersion of
amide proton signals was observed in the fingerprint region of
the TOCSY spectrum, suggesting a shift toward a more
structured conformation upon Zn(II) coordination (Figure 7).
In addition to the overall chemical shift changes, zinc
coordination leaves the NMR line widths of the peptide
signals unchanged and wellresolved, thereby indicating the
formation of monomeric Zn(II) complexes (Figure S3).
Consistently, marked chemical shift variations were observed
for specific amino acids, notably cysteine and adjacent residues
(Figures 8 and 9). As graphically shown in the histograms of
Figure 9, the metal ion induces chemical shift variations in
both backbone and side-chain protons, indicating that Zn(II)
binding not only influences the cysteines but also impacts
nearby residues, potentially altering the local structure. By
analyzing the Hp protons of the cysteine residues in the
presence of Zn(II), Cysl3S stands out among the four,
displaying a clear diastereotopic splitting of the Hf signals,
with one of the two protons shifted upfield by approximately
0.40 ppm. Cys133 also exhibits a diastereotopic shift, with one
of the Hf protons shifted downfield by about 0.20 ppm.
Cys142 shows a comparable variation, with an upfield shift of
0.20 ppm. Finally, the Hf protons of Cys140 appear to be the
least affected, showing a modest upfield shift of 0.06 ppm. A
completely different trend is observed when examining the
backbone protons (HN and Ha). In this case, Cys140 and
Cys142 exhibit the most pronounced effects on the amide
protons, which are shifted upfield by 0.5 ppm for Cys140 and
downfield by 0.9 ppm for Cys142. Regarding the Har protons,
Cys135, Cys140, and Cys142 show shifts of comparable
magnitude; however, Cys135 and Cys142 experience upfield
shifts, whereas Cys140 is shifted downfield. In contrast,
Cys133 shows only a minimal change in its Ha proton, with
a downfield shift of less than 0.07 ppm. All these effects, in
addition to confirming the interaction of Zn(II) with the four
cysteine residues, indicate that the peptide undergoes
substantial structural rearrangements upon metal coordination.
This is further supported by the observation of significant
chemical shift variations for the backbone NH of several other
residues located between positions 136 and 141, suggesting
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that the binding of Zn(II) induces conformational changes that
extend beyond the immediate coordination sphere. In
particular, Zn(II) coordination by the four cysteine residues
promotes a peptide refolding that brings Cys135 and Cys140
into close proximity. This conformational rearrangement is
essential to enable tetrahedral coordination geometry.
Conversely, the inherent spatial proximity between Cys133/
Cys140 and Cys135/Cys142 results in a reduced structural
impact on the terminal regions of the peptide, as reflected by
the more limited chemical shift perturbations observed in
those areas.

This pattern of shifts suggests a structural influence on this
intervening region, potentially organizing it into a specific
secondary structure upon Zn(II) binding. The observed
chemical shift variations, particularly in the backbone amide
and Ha protons between residues 136 and 141, support the
hypothesis that metal coordination may drive the formation of
defined local conformations. To explore this possibility,
Chemical Shift Index (CSI) analysis was performed to assess
the presence and type of secondary structure elements induced
by Zn(II) coordination. CSI is a technique used to predict
protein secondary structures by examining variations in the
chemical shifts of Ca or Ha atoms. This method involves
comparing the measured chemical shift values of each amino
acid to the expected values for a random coil conformation,
allowing for the identification of deviations that may suggest a-
helices, f-sheets, or disordered structures. Positive CSI values
(upfield deviations) typically indicate a-helices, while negative
values (downfield deviations) are associated with f-sheets.
Values near zero or without a clear trend are generally
indicative of random coils or disordered regions. Figure 10
reports the graph of the CSI of the Zn(II)-Ac-ECNCIPGQ-
CECKKQ complex, obtained by assigning a value of —1 to the
upfield "Ha chemical shift variations of residues exceeding 0.10
ppm, +1 to the residues with chemical shift variations greater
than 0.1 ppm, and O for residues where the chemical shift does
not deviate upfield or downfield by more than 0.1 ppm.

The CSI data suggest that Zn(II) coordination promotes the
formation of defined secondary structure elements in the
central region of the peptide, with a p-strand-like pattern
extending from N134 to E141. Moreover, the pronounced CSI
deviations observed for Cys13S and Cysl142 may also reflect
electronic effects associated with direct metal coordination
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shows the changes in backbone proton resonances (HN and Ha), while the lower panel displays the variations for side chain protons. C; = 0.5

mM, T = 288 K, 20 mM phosphate buffer, pH 7.4.

rather than local secondary structure alone. In addition to
these observations, the NOESY spectrum provided further
insights. The NOE correlations in the presence of Zn(II) were
considerably more pronounced than those in the free peptide
spectrum (Figures S1 and S4). Furthermore, characteristic
intermolecular correlations were observed, indicative of
secondary structure elements. Notably, strong NH-Ha
correlations suggested the formation of a f-strand or another
organized secondary structure.

To further investigate this aspect, CD and FT-IR spectra of
the peptide were recorded in the absence and presence of
Zn(II) (Figure 11). The CD spectra of the peptide provide
clear evidence for Zn(1I)-induced conformational changes. In
the absence of Zn(II), the peptide exhibits a strong negative
band centered around 200 nm, which is characteristic of a
largely disordered or random coil structure. However, the
presence of a small negative band in the 220—230 nm range
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could indicate a slight tendency of the peptide to adopt an a-
helical structure. Upon the gradual addition of Zn(II) (0.5 to
2.0 equiv), the spectral profile undergoes significant alter-
ations: the intensity of the 200 nm minimum decreases, while a
positive band at around 215—220 nm becomes certainly
pronounced (Figure 11A). These changes are consistent with
the formation of ordered secondary structure elements, likely
f-strands or turn-like conformations, promoted by metal
coordination. The progressive nature of the spectral shift
suggests a metal-induced folding event, in agreement with CSI
analysis and the hypothesis that Zn(1I) binding stabilizes a
more compact and structured peptide conformation. The FT-
IR spectra further confirm Zn(II)-induced conformational
changes in the peptide (Figure 11B). In the apo form, the
strong amide I band around 1655 cm™' is indicative of a
predominantly disordered structure. Upon metal binding, the
intensity of both the amide I and amide II bands decreases, and

https://doi.org/10.1021/acs.inorgchem.5c03226
Inorg. Chem. 2025, 64, 22615—-22630


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03226/suppl_file/ic5c03226_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig9&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

15

0,5

N134
1136

E132
C133

G138

Q139
E141

C140
C142
K143
K144
Q145

-1,5

Figure 10. The chemical shift index of Ha protons of the Zn(II)-Ac-ECNCIPGQCECKKQ complex.

A B
4 -
g g
kel o
£ §
— el
[a) ]
o 2
<
T T T T T T 1
180 200 220 240 260 280 30
A [nm]
C apo
4 ——0.5eq_Cu(l)
- - -1.0eq_Cu(l)
2.0eq_Cu(l)
~ -
=
@
©
E
[a]
(@]

1
220 300

T
280

T T
240 260

A [nm]

T T
180 200

0124
0.104
0.08 4
0.06 4
0.04 4

f\/\,\

0.02 4

0.00
1750

T T T 1
1650 1600 1550 1500

Wavenumber (cm-1)

T
1700
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a slight shift toward lower wavenumbers is observed. These
spectral changes are consistent with the formation of more
ordered secondary structure elements and support the
structural rearrangement suggested by the CD and CSI data.

A similar analysis was also conducted for the peptide
complex with the cuprous ion. Similar to the zinc case, the
addition of copper led to a greater dispersion of the NH signals
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in the NMR spectrum (Figure S5). However, unlike the
previous observations, the spectrum shows multiple analogous
spin systems and line broadening (Figure S3), suggesting the
presence of several species coordinated to Cu(1) in solution. At
the same time, the comparison of the spectra recorded for
Zn(II) and Cu(I) complexes excluded the formation of
identical metal complexes, as shown by the fact that no

https://doi.org/10.1021/acs.inorgchem.5c03226
Inorg. Chem. 2025, 64, 22615—-22630


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03226/suppl_file/ic5c03226_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03226/suppl_file/ic5c03226_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03226?fig=fig11&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

NMR signal was superimposed on the ones corresponding to
the Zn(II) complex (Figures S1 and S3). Unfortunately, the
presence of multiple species in solution prevented the
complete assignment of the NMR spectrum, thereby also
hindering the acquisition of information on the coordination
sphere and the conformational rearrangements induced by
Cu(I).

A fascinating phenomenon is observed in the CD spectra
(Figure 11C) when the apo peptide is titrated with 0.5, 1.0,
and 2.0 equiv of Cu(I) ions. The addition of 0.5 equiv of Cu(I)
ions causes the disappearance of the negative absorption band
at 220—230 nm, characteristic of the apo peptide, and the
emergence of a positive band at 260 nm. With one equivalent
of Cu(I) ions, two positive bands are observed: a more intense
band at 260 nm compared to 0.5 equiv of Cu(I) and a broad
positive band in the range of 210—240 nm. At a 1:1 metal-to-
ligand (M:L) ratio, a dinuclear Cu,L and dimeric Cu,L,
complex are detected, as previously confirmed by UV—vis
and MS studies. Here, we can have a mixture of monomeric
Cul, dinuclear Cu,L, and dimeric CuyL, complex forms. The
enhanced formation of dinuclear and dimeric species becomes
evident upon the addition of 2.0 equiv of copper ions, as
indicated by a very broad positive band in the CD spectrum
between 220 and 260 nm, which may suggest a predominance
of the Cu,L and Cu,L, complex forms.

The CD spectra of Zn(II) complexes also differ from that of
the apo peptide, but their shapes remain very similar regardless
of the Zn:L ratio (Figure 11B). Spectroscopic and MS studies
have revealed that the C-terminal motif of the CopY protein
can bind up to one Zn(II) ion, forming either monomeric ZnL
or dimeric Zn,L, complexes. As observed in the CD spectrum,
these complexes show no structural differences (1.0 and 2.0
equiv of Zn(II)). The bis-complexes ZnL,, particularly in the
presence of 0.5 equiv of Zn(II), could also form (as confirmed
for a 1:1 ratio by MS and potentiometry). However, as
observed, their conformations do not differ significantly from
those of the ZnL and ZnL, complexes.

Proposed Coordination Models of Cu(l) and Zn(Il)
Complexes. To provide a clearer understanding of the
coordination pathways of Cu(I) and Zn(II) with cysteine
residues in the C-terminal motif of the CopY protein, Figure
12 presents schematic models of the main complex species.
Based on the combined spectroscopic (UV—vis, CD, NMR,
FT-IR), potentiometric, and mass spectrometric data, we
propose a set of coordination modes that rationalize the
observed metal—peptide interactions.

For Cu(I), the data support the sequential formation of
mononuclear (CuL), binuclear (Cu,L), and higher-order
dimeric (Cu,L,) species. The conserved CxCixoxCxC motif
provides a suitable arrangement of thiolate donors to support
bridging coordination, enabling cluster formation even within a
relatively short peptide sequence. The predominance of Cu,L
and CuyL, species observed in MS and supported by
characteristic UV—vis features, such as the broad absorption
and S” — Cu(I) charge transfer band at 262 nm, strongly
suggests a thiolate-driven multidentate coordination mode.

In contrast, Zn(Il) forms primarily monomeric (ZnL),
biscomplex (ZnL,), and dimeric (Zn,L,) species, with no
evidence of higher-nuclearity clusters. The Zn(II)-induced
conformational changes observed in CD and NMR spectra
imply a more structured peptide conformation upon metal
binding, but without the extensive thiolate bridging seen in
Cu(I) complexes. This difference highlights the distinct
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Figure 12. Proposed coordination modes and stoichiometries of
Cu(I) and Zn(II) complexes with the C-terminal motif of CopY,
based on the ESI-MS data. Cu(I) forms predominantly binuclear
(Cu,L) and dimeric cluster-type (Cu,L,) species, in addition to
mononuclear (CuL) complexes. Zn(II), in contrast, favors the
formation of monomeric (ZnL), biscomplex (ZnL,), and dimeric
(Zn,L,) species without evidence of higher-order cluster formation.
Cysteine residues involved in metal coordination are labeled, and
potential bridging interactions are indicated. Coordinating water
molecules at elevated pH, as suggested by potentiometric data, are
omitted for clarity.

coordination chemistry of Cu(I) and Zn(II) and their differing
preferences for cluster formation versus discrete complex
species.

Together, these proposed models emphasize how the spatial
arrangement of cysteine residues governs not only the
stoichiometry but also the structural organization of metal-
peptide assemblies, potentially linking metal coordination to
functional dimerization and regulatory activity of CopY. It is
worth noting that Cobine et al. have extensively characterized
the coordination environment of Cu(I) and Zn(II) ions in the
full-length CopY protein using spectroscopic, luminescence,”’
and XAS techniques,” providing a foundational model for Cu/
Zn—S binding in this system. Importantly, the C-terminal
CopY motif investigated here contributes directly to the metal
coordination observed in the intact protein. This conclusion is
consistent with the work of Pazehoski et al,*> who
demonstrated that the 38-residue C-terminal fragment of
CopY from Enterococcus hirae exhibits the same coordination
pattern, further supporting the central role of this domain in
metal binding and dimerization. Taken together, these studies
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show that whether considering the full-length protein, the 38-
residue C-terminal construct, or the shorter 14-residue motif
analyzed here, the Cu(I)/Zn(Il) coordination mode remains
conserved. This validates the use of truncated C-terminal
fragments as reliable and simplified models for probing the
metal-binding properties of CopY. Our study builds upon this
established framework by integrating potentiometric and mass
spectrometry methods, which allow us to refine and deepen the
understanding of cluster interactions with the C-terminal
fragment of CopY. Thus, while the coordination mode we
observe closely resembles that reported by Cobine et al,, our
multidisciplinary approach provides novel insights into the
thermodynamic and structural aspects of metal binding.

B CONCLUSIONS

This study provides new insights into the metal-binding
properties of the C-terminal fragment of the CopY protein
from Enterococcus hirae. We demonstrated that a 14-residue
fragment containing the conserved CxCxxxxCxC motif is
sufficient for Cu(I)-induced dimerization, challenging previous
assumptions that a longer region is required.”” Cu(I) binding
leads to the formation of binuclear (Cu,L) and dimeric
(CuyL,) complexes, whereas Zn(1I) favors simpler monomeric
and dimeric species. Spectroscopic analyses confirmed that
both metals induce distinct structural transitions, with Cu(I)
promoting more complex conformational rearrangements. Our
results indicate that the metal-binding behavior of CopY’s C-
terminal motif is strongly influenced by the number and
arrangement of cysteine residues. The presence of a single CxC
motif, as in Streptococcus pneumoniae CopY, favors Cu,L, dimer
formation, whereas proteins with two CxC motifs (e.g,
Enterococcus hirae CopY) preferentially form Cu,L, clusters.
Zn(II) coordination stabilizes a distinct structural fold,
independent of the M:L ratio, which may be critical for the
regulatory function of CopY in metal homeostasis.

Overall, our study highlights the intricate interplay between
Cu(I)/Zn(1l) ions and the C-terminal region of CopY,
providing valuable insights into the metalation process and
dimerization mechanisms in bacterial metalloregulation. These
findings may contribute to a better understanding of how
copper and zinc ions influence protein structure and function
in metal homeostasis and antimicrobial resistance. Future work
should aim to link these structural findings to functional
consequences, such as DNA binding or protein—protein
interactions, to fully elucidate the role of metal-induced
conformational changes in CopY-mediated transcriptional
control.
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