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Copper homeostasis is a fine balance for bacteria: essential for respiration, yet toxic in excess. While the
CusCFBA efflux system exports Cu() from Gram-negative cells, little is known about how its periplasmic
chaperone, CusF, might respond to Cu(i) under oxidative stress. This study explored whether CusF's
coordination environment is more adaptable than previously assumed, and how histidine spacing influences
metal selectivity. We examined two peptides that mimic CusF metal-binding domains: a rare —HHH- motif
(Ac-2ANEHHHETMSE3,-NH,) and a His/Met-rich binding site (Ac-ss TIHHDPIAAVYNWPEMTMRFTITPQTKMSEgz-
NH,). Potentiometry, UV-Vis and CD spectroscopy, ESI-MS, and steady-state fluorescence were used to
characterize their Cu(i) and Zn(i) complexes. At physiological pH, both peptides form Cuf(i) species with a
[INim. 2N7] donor set. The —HHH- motif peptide stabilizes these complexes more effectively, likely due
to earlier amide engagement enabled by its compact histidine triad. Zn(i) binds to the —HHH- motif
peptide through three imidazole donors, whereas the His/Met-rich metal binding site shows higher
overall Zn(i) affinity despite involving only two imidazoles. Fluorescence reveals metal-induced pertur-
bations near tryptophan in the Ac-s5TIHHDPIAAVNWPEMTMRFTITPQTKMSEgs-NH,, with Cu(i) causing
stronger quenching and a larger red-shift than Zn(i). Comparison with a calcitermin-derived HxHxH
peptide indicates that compact histidine —HHH—- clustering better stabilizes Cu(i), whereas spaced histi-
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Introduction

Copper is an essential trace element that plays a critical role in
both structural and catalytic cellular processes. However, its
intracellular concentration must be tightly regulated, as imbal-
ances, either deficiency or excess, can severely disrupt bio-
chemical pathways, impair respiration, and ultimately lead to
cell death."” In response to varying environmental conditions,
bacteria have evolved sophisticated homeostatic and resistance
mechanisms that ensure precise control over copper ion levels.
Due to differences in cell wall architecture, Gram-positive and
Gram-negative bacteria have developed distinct strategies for
copper uptake and export.’

The uptake of Cu(u) ions from the environment and their
transport into the periplasmic space across the outer mem-
brane of Gram-negative bacteria occurs through three universal
systems.

The first of these involves porins, which facilitate the
passive transport of copper(u) ions. Examples of porins respon-
sible for Cu(u) transport include OmpF and OmpC.*"® The
second system involved in copper ion uptake consists of TonB-
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dines favor Zn(i), underscoring how sequence architecture governs metal selectivity.

dependent transporters. Structurally, these transporters
resemble proteins responsible for zinc ion acquisition.
Members of this group include NosA, OprC, BtuB, TutA, FepA,
and FhuA.” The OprC protein exhibits high selectivity towards
Cu(u) ions, enabling their binding within a tetrahedral geome-
try involving a characteristic CXXXM-HXM sequence motif.?
The OprC protein exhibits high selectivity toward copper ions,
with binding occurring at the characteristic CXXXM-HXM
motif. Structural and spectroscopic studies have shown that
this site can accommodate both Cu(r) and Cu(u), with methion-
ine residues providing a soft donor environment favoring Cu
(1), while Cu(u) can also bind and may undergo reduction at
the same site. Additionally, OprC contains a unique pathway
formed by eleven methionine residues, which may direct
copper ions from the outer surface of the cell membrane
toward the binding site located at the base of the transport
channel.’ The third copper transport system involves metallo-
phores, low molecular weight organic compounds with a high
affinity for metal ions.'® This system is activated under con-
ditions of limited metal availability in the environment. In
response, the bacterium synthesizes and secretes metallo-
phores into the extracellular space, where they chelate metal
ions. The metal-metallophore complexes are then recognized
by specific membrane transporters, through which they are
imported into the periplasmic space, where the metal ions are
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subsequently released. Although the mechanisms governing
copper transport from the periplasm to the cytosol remain
incompletely understood, certain inner membrane proteins
have been identified. One such transporter is CcoA, a member
of the Major Facilitator Superfamily (MFS), which mediates
copper uptake into the cytoplasm, primarily for the assembly
of cytochrome ¢ oxidases."*

To prevent the toxic effects of copper ions and maintain
their homeostasis, bacteria employ systems that enable the
export of these ions from the cytosol to the extracellular
environment.

This export function is carried out by various protein
families, including P-type ATPases, ABC transporters, and
members of the RND (Resistance-Nodulation-Division) family.

It is worth noting that these proteins are also involved in
the homeostasis of other metal ions, such as zinc. The system
responsible for removing copper ions from the cell is the Cus
system, which is mainly found in Gram-negative bacteria,
including E. coli'? This transporter belongs to the RND
(Resistance-Nodulation-cell Division) family and the HME
(Heavy Metal Efflux) subfamily, and is responsible for
pumping Cu(i) and Ag(i) ions out of the cell.* The Cus system
forms a tripartite protein complex, CusABC, which creates a
transport channel spanning from the inner membrane,
through the periplasmic space, to the outer membrane of the
cell, along with the periplasmic chaperone CusF. The first
component of this system is the CusA protein, which is
responsible for binding copper ions from the cytosol and
transferring them to the next protein of the system, CusB.
The apo-CusA structure exists in a closed conformation;
however, upon binding a metal ion, such as Cu(i), a complex
is formed (e.g., Cu(1)-CusA), which induces the opening of the
protein’s structure. The initial binding of Cu(1) by CusA
involves three methionine residues. Crystal structures of CusA
have revealed that, in addition to this primary binding site,
there are four additional pairs of methionine residues located
within the transmembrane and periplasmic domains. These
residues also participate in the coordination and transport of
copper ions through the interior of the protein.'* Another
component of the system is the adaptor protein CusB, which
connects the inner membrane transporter (CusA) with the
outer membrane channel (CusC). CusB is a periplasmic
protein composed of four domains.'* The N-terminal meth-
ionine triad in CusB provides a soft S-donor site that binds
Cu(1) through three conserved methionine residues (M21,
M36, and M38) in trigonal geometry.'”> The final component
of the tripartite transport channel is CusC, a homotrimeric
protein with a structure typical of efflux pumps located in the
outer membrane of Gram-negative bacteria. Structural ana-
lyses have shown that CusC does not possess specific Cu(1)-
binding sites, due to the distances between methionine resi-
dues being too great to allow effective coordination.
Nevertheless, similar to CusB, the inner surface of the CusC
channel contains numerous negatively charged residues that
facilitate the passage of positively charged metal cations out
of the cell.*®
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Studies on the CusAB complex have shown that trimeric
CusA can associate with six CusB units, forming a funnel-like
structure. It is likely that the methionine triad in CusB serves
as the binding site for Cu(1) ions delivered by the periplasmic
chaperone CusF, which represents another component of the
CusABCF export system.'” Its synthesis is regulated by the
intracellular concentration of Cu(i) ions."> CusF participates in
transport by binding free copper ions from the periplasmic
space or by receiving them from the CopA transporter,'® and
subsequently delivering them to the CusB and CusC pro-
teins."® According to structural studies, CusF consists of a five-
stranded p-barrel. Cu(r) ions are bound by CusF through one
histidine residue and two methionine residues, both oriented
toward the interior of the protein structure.”*** Although
CusF is known to specifically bind Cu(i) and Ag() via a
Met,His motif, its localization in the oxidizing environment of
the periplasm prompted us to investigate its potential inter-
action with Cu(u). While Cu(1) is the predominant species
under anaerobic conditions and is the primary substrate of the
CusCFBA efflux system, Cu(u) can be present in the periplasm
as a result of oxidative stress or the presence of oxidizing
agents. Therefore, we sought to explore whether CusF is
capable of binding Cu(u), which could provide new insights
into the flexibility of its metal-binding site and its possible
role in bacterial adaptation to fluctuating redox conditions.>*
Moreover, the study by Vergnes et al. demonstrates that copper
stress, sensed via the CusSR two-component system, induces
the expression of the MsrPQ methionine sulfoxide reductase
system, which in turn maintains CusF functionality by repair-
ing oxidized methionine residues. These results underscore
that CusF is not only involved in copper trafficking under
anaerobic conditions but also plays a critical role in copper
homeostasis under oxidative stress, where Cu(u) is prevalent.
Therefore, investigating CusF-Cu(u) interactions provides
important insights into the broader scope of bacterial copper
regulation.”® In addition to Cu(u), Zn(u) was included in this
study as a biologically relevant comparison metal. While not
directly transported by the CusCFBA system, Zn(u) shares key
coordination features with Cu(u), including affinity for histi-
dine residues, yet differs in its redox-inert character and pre-
ferred coordination geometry. Investigating Zn(u) interactions
with CusF-derived peptides thus provides a valuable baseline
for understanding how sequence context influences metal ion
selectivity, and how CusF distinguishes between closely related
but functionally distinct metal ions under physiological
conditions.

To probe the metal-binding capacity of CusF, we investi-
gated two distinct regions of the protein: (i) the N-terminal
peptide fragment (Ac-,,ANEHHHETMSE;,-NH,) contains a
-HHH- motif, and (ii) a His/Met-rich region (Ac-5s TITHHDPIAA-
VNWPEMTMRFTITPQTKMSEg;-NH,). To characterize its Cu(u)
and Zn(u) interactions, we employed a combination of poten-
tiometric titrations, UV-Vis and circular dichroism (CD) spec-
troscopy, fluorescence and mass spectrometry (MS). This
multi-technique approach allowed us to gain detailed insights
into the metal-binding properties and coordination behavior

This journal is © The Royal Society of Chemistry 2025
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of both regions, shedding light on the structural flexibility and
potential functional diversity of CusF in response to varying
metal oxidation states.

Experimental

Materials

The peptides (AccANEHHHETMSE-NH, and Ac-TITHHDPIAAVN-
WPEMTMRFTITPQTKMSE-NH,) were purchased from Karebay
Biochem (certified purity: 98%) and were used as received. The
samples for electrospray ionization mass spectrometry
(ESI-MS) were prepared in extra pure methanol (Sigma-
Aldrich)-water mixture. Cu(u) and Zn(u) perchlorates were
high-purity products [Cu(ClO,),-6H,0 from Sigma-Aldrich; Zn
(Cl0,4),:6H,0 from POCH]. The concentrations of their stock
solutions were determined by inductively coupled plasma
mass spectrometry. The 0.1 M NaOH solution (Sigma-Aldrich),
which was free of carbonates, was standardized by using
potentiometry with potassium hydrogen phthalate (Sigma-
Aldrich). All of the samples were prepared with freshly double
distilled water. The ionic strength (I) was adjusted to 0.1 M by
the addition of NaClO, (Sigma-Aldrich). 20 mM phosphate
buffer with pH 7.4 was prepared from a mixture of salts
(Na,HPO,-2H,0 and NaH,PO,-2H,0 from POCH and
EuroChem, respectively).

Potentiometric measurements

The stability constants for proton Cu(u) and Zn(u) complexes
with two ligands were calculated from titration curves carried
out over the pH range of 2-11 at 298 K and ionic strength 0.1
M NacClO,. The total volume of the solution used was 3.0 cm®.
The potentiometric titrations were performed using a Dosimat
800 Metrohm Titrator connected to a Methrom 905 pH-meter
and a Mettler Toledo pH in Lab Science electrode. The thermo-
stabilized 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 through titrating HClO, with NaOH using a
total volume of 3.0 cm®. The ligand concentration was 0.3 mM,
and the metal-to-ligand ratios were 0.9:1. The exact concen-
trations and the purities of the ligand solutions were deter-
mined by the Gran method.>® The standard potential and the
slope of the electrode couple were computed by means of
GLEE program.”” The HYPERQUAD 2008 program was used
for the stability constant calculations.”® The speciation dia-
grams were computed with the HYSS program.”® In addition,
the experimental and fitted titration curves obtained for the
studied systems are presented in SI (Fig. S1). Hydrolysis con-
stants for metal ions were taken from the literature
(Table s1).%%°*

Mass spectrometry

High-resolution mass spectra were obtained on a Bruker
compact QTOF (Bruker Daltonik, Bremen, Germany), equipped
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with electrospray ionization source with an ion funnel. The
mass spectrometer was operated in the positive ion mode. The
instrumental parameters were as follows: scan range m/z
100-2000, dry gas - nitrogen, temperature 453 K, and ion
energy 5 eV. The capillary voltage was optimized to the highest
S/N ratio and it was 4800 V. The samples were prepared in 1:1
MeOH : H,O mixture at pH 6 with a M:L molar ratio 0.9:1,
where [ligand]oc = 0.1 mM. The samples were infused at a flow
rate of 3 pL. min~'. The instrument was calibrated externally
with a Tunemix™ mixture (Bruker Daltonik, Germany) in
quadratic regression mode. Data were processed by application
of the Compass DataAnalysis 4.2 (Bruker Daltonik, Germany)
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 elemen-
tal composition of the obtained complex.

Spectroscopic studies

The absorption spectra were recorded on a Jasco-V730 spectro-
photometer, in the range 200-800 nm, using a quartz cuvette
with an optical path of 1 cm. Circular dichroism spectra were
recorded on a Chirascan CD spectrometer in the 200-800 nm
range, using a quartz cuvette with an optical path of 1 and
0.1 cm in the visible and near-UV range. The concentration of
sample solutions used for spectroscopic studies was similar to
those employed in the potentiometric experiment. The metal :
ligand ratio was 0.9:1. All spectroscopic measurements were
recorded in the pH range 3-11. The pH of the samples was
adjusted with the appropriate amounts of HCIO, and NaOH
solutions. The ¢ (UV-Vis) and Ae (CD) values listed in the
tables correspond to the individual complex species identified
in the distribution diagrams and were extracted from spectra
recorded at the pH values where the respective species is
present at its maximum concentration. OrginPro 2016 was
used to process and visualize the obtained spectra.

Fluorescence experiments were performed on an RF-6000
spectrofluorometer (Shimadzu). All samples were prepared in
20 mM phosphate buffer at pH 7.4. The final peptide concen-
tration in each sample was 50 uM. Titrations were performed
by the stepwise addition of increasing concentrations of Cu(u)
and Zn(n) ions (0-2 equiv.). Fluorescence emission was
recorded at 345 nm upon excitation at 295 nm.

Results and discussion

Mass spectrometric insights into the Cu(u) and Zn(u) binding
stoichiometry of the Ac-,,ANEHHHETMSE;,-NH, and

Ac-5s TIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH, frag-
ments of CusF

Electrospray ionization mass spectrometry (ESI-MS) confirmed
the stoichiometry of the Cu(u) and Zn(un) complexes with the
two studies peptides, AccANEHHHETMSE-NH, and Ac-TIHHD-
PIAAVNWPEMTMRFTITPQTKMSE-NH,. Table S2 lists the m/z
values for the free ligands and their metal complexes. The
most intense signals (m/z = 681.77, z = 2+ for Ac-
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ANEHHHETMSE-NH,; (Fig. S2A and Table S2A) m/z = 1145.55,
z = 3+ for Ac-TIHHDPIAAVNWPEMTMRFTITPQTKMSE-NH,)
(Fig. S2B and Table S2B) corresponds to the free peptides.
Only monomeric species were detected, indicating that both
peptides form 1:1 metal to ligand (M:L) complexes. For Ac-
ANEHHHETMSE-NH,, the monomeric complexes [CuL]** and
[ZnL]** were detected at m/z = 712.23 and 712.73, respectively
(Fig. S2A and Table S2A). In the case of Ac-TIHHDPIAAVN-
WPEMTMRFTITPQTKMSE-NH,, the corresponding [CuL]*
and [ZnL]** complexes appeared at m/z = 1161.24 (Fig. S2B and
Table S2B). No evidence of polynuclear or bis-complexes was
found in either ESI-MS or potentiometric measurements,
further supporting a 1:1 stoichiometry under the experi-
mental conditions.

Determination of protonation constants for Ac-,,ANEHHHET-
MSE;,-NH, and Ac-55TIHHDPIAAVNWPEMTMRFTITPQTKMSE ;-
NH, peptides from CusF

Potentiometric titrations of the AccANEHHHETMSE-NH, and
Ac-TTHHDPIAAVNWPEMTMRFTITPQTKMSE-NH, peptides
revealed six distinct deprotonation constants (pkK,) for each
ligand. For AccANEHHHETMSE-NH,, the first three pK, values,
3.89, 4.05, and 4.81, are assigned to the deprotonation of car-
boxylic groups from glutamic acid residues. The subsequent
values, 5.34, 6.29, and 6.59, correspond to the ionization of
histidyl side chains (Table 1A).

In the case of Ac-TITHHDPIAAVNWPEMTMRFTITPQTKM-
SE-NH,, the first two pK, values (4.01 and 4.22) are likewise
attributed to glutamic acid residues, followed by two pK,
values (5.41 and 7.00) arising from the deprotonation of histi-
dyl imidazole groups. The final two constants, 9.67 and 11.27,
are associated with the basic side chains of lysine and argi-
nine, respectively (Table 1B). The obtained values are consist-
ent with those reported in the literature for similar peptide-
based systems.***® Notably, the arginine side chain displays
an unusually low apparent pK, compared to the canonical
value (~12—12.5]. In Ac-TTHHDPIAAVNWPEMTMRFTITPQTK-
MSE-NH, peptide, Arg is embedded in a predominantly hydro-
phobic and low-dielectric environment (...MTMRFTIT...). Such
conditions disfavor the stabilization of the protonated guanidi-
nium group and thus facilitate deprotonation. This effect pro-
vides a straightforward rationale for the lower pK, value
obtained in our calculations compared to the typical values
reported in aqueous solution.?”*® Consistent with this
interpretation, Wyrzykowski et al. reported markedly reduced
arginine side-chain pK, values (9.75 and 10.55 at 25 °C) for
arginine-rich Pinl-derived peptides, attributed to guanidi-
nium-driven aggregation and microenvironmental effects.>* By
contrast, the deprotonation of the Asp residue itself could not
be reliably determined. Although Asp is present in the
sequence, its expected pK, (~3.8) overlaps with those of the
adjacent Glu residues (~4.0-4.2). Consequently, the corres-
ponding equilibrium makes only a negligible contribution to
the overall titration curve, and Hyperquad consistently rejected
this constant as statistically insignificant. The absence of an
Asp equilibrium in the fitted model should therefore be inter-
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preted not as a lack of deprotonation, but as a consequence of
the strong overlap between acidic residues and their very low
individual populations under the studied conditions.?**%*!

Investigation of coordination behavior of Ac-,,ANEHHHETMSE;,-
NH,, and Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg,;-NH,,
with Cu(u)

Potentiometric measurements revealed that Cu(u) starts inter-
acting with the Ac-,,ANEHHHETMSE;, peptide above pH 3.5
forming a [CuH,L]" species in which the metal ion is likely co-
ordinated by one imidazole nitrogen [1Nj;,] (Table 1A and
Fig. 1A). The next complex species, [CuHL], predominates at
pH 5.5 and is associated with coordination of a second imid-
azole nitrogen. This is evidenced by a significant decrease in
the pK, value for this species (5.10) compared to the free
ligand (6.29) (Table 1A). The appearance of a positive band at
258 nm in the CD spectrum (Table 1A and Fig. 3A) confirms
imidazole nitrogen coordination to the Cu(u) ion.** For the
[CuL]™ species, which predominates at pH 6.2, a [2Njy,, 1N ]
binding mode was assigned. The appearance of two additional
bands in the CD spectrum at 4 = 372 and 4 = 655 nm, indicates
the involvement of the amide nitrogen in the coordination
sphere (Table 1A and Fig. 3A). This is further supported by a
UV-Vis band at 4 = 607 nm, consistent with the formation of a
3N complex (Table 1A and Fig. 2A).***** The lack of changes in
the UV-Vis spectrum for the subsequent [CuH_;L]*~ species (1
= 601 nm) suggests the same 3N coordination mode, in which
the third non-coordinating histidine residue undergoes depro-
tonation. This conclusion is supported by the fact that the pK,
value of this histidyl group in the complex (6.50) remains
essentially unchanged compared to that of the free ligand
(6.59).**34%¢  Coordination of the second amide nitrogen
occurs in the [CuH_,L]*” species (with maximum concen-
tration at pH 8.7), where the appearance of a positive (641 nm)
and negative band (512 nm) in the CD spectrum (Fig. 3A) con-
firms the formation of a [2Nj,,, 2N~] complex with square-
planar geometry.?”*® In the [CuH_,;L]*~ species, a blue shift in
the UV-Vis absorption band (589 nm — 523 nm) indicates
coordination of a third amide nitrogen to the Cu(u) ion, displa-
cing one histidine residue and yielding a [1N;,, 3N"| complex.

In case of Cu(u)-Ac-5sTITHHDPIAAVNWPEMTMRFTITPQTK-
MSEg;-NH, system, the first two complex species, [CuH;L]**
and [CuH,L]’, result from deprotonation and the binding of
copper ions to two histidyl residues (Table 1B and Fig. 1B).
The coordination of a second imidazole nitrogen is confirmed
by a significant decrease in the pK, value for the [CuH,L]"
species (5.20), compared to the free ligand (7.00) (Table 1B).
The next species, [CuHL], with a maximum concentration at
pH 7.3, indicates the involvement of an amide nitrogen in
metal binding, forming [2Nj,,,, 1IN"] complex. This is evidenced
by the appearance of a charge transfer (CT) band (N~ — Cu(u))
in the CD spectrum at 295 nm (Fig. 3B). Coordination of a
second amide nitrogen occurs in the [CuL]™ complex, which
reaches its maximum concentration at pH 8.4, as indicated by
a new CD band at 335 nm (Table 1B and Fig. 3B). Additionally,
this complex adopts a square planar geometry, confirmed by

This journal is © The Royal Society of Chemistry 2025
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Table 1 Deprotonation constants (pK,) for (A) Ac-,ANEHHHETMSE3,-NH, and (B) Ac-55TIHHDPIAAYNWPEMTMRFTITPQTKMSEgz-NH,. Stability
constants (log ) for their Cu(i) complexes in aqueous solution of 4 mM HCIO4 with | = 0.1 M NaClO, at 25 °C. C, = 0.3 mM; M: L molar ratio =

09:1
UV-Vis CD
Species Log By pK,’ A [nm] elem™ M A [nm] Ae[em™ M) Donors
(A) Ac-,, ANEHHHETMSE;,-NH,
[HeL]** 30.97(4) 3.89 (E)
[HsL** 27.08(4) 4.05 (E)
[H,L]" 23.03(4) 4.81 (E)
H,L 18.22(4) 5.34 (H)
[HL]” 12.88(3) 6.29 (H)
[HL]~ 6.59(5) 6.59 (H)
[CuH,L]" 17.64(2) 1Nim,
CuHL 12.54(2) 5.10 258 0.33 2Nim,
[CuL]” 6.69(2) 5.85 607 443.5 259 2.24 2Njp, 1IN~
372 0.47
655 0.90
[CuH_,L]*~ 0.19(2) 6.50 601 284.3 256 2.98 2Njpm, 1IN~
377 0.44
652 0.76
[CuH_,L]*~ ~7.84(4) 8.03 589 90.1 250 4.25 2Nipm, 2N~
334 —0.74
512 -0.28
641 0.59
[CuH_sL]*~ -17.02(4) 9.18 523 106.5 259 6.53 1Njp, 3N~
313 0.42
499 -1.27
652 0.97
(B) Ac-5s TITHHDPIAAVNWPEMTMRFTITPQTKMSE;-NH,
[HeL]** 41.58(4) 4.01 (E)
[HsL** 37.57(4) 4.22 (E)
[H,L] 33.35(4) 5.41 (H)
H;L 27.94(3) 7.00 (H)
[HZL;_ 20.94(2) 9.67 (K)
[HL]" 11.27(2) 11.27 (R)
[CuH,L** 32.00(3) 258 1Njp,
[CuH,L]" 26.80(2) 5.20 258 2Nim
CuHL 20.21(3) 6.59 259 0.46 2Njpm, 1IN~
295 -0.40
[CuL]™ 12.32(3) 7.89 553 103.4 261 1.14 2Nim, 2N~
299 -0.27
335 0.17
580 -0.39
[CuH_,L]*~ 3.43(4) 8.89 551 121.5 261 1.40 1Njp, 3N~
298 -0.16
325 0.17
564 -0.50
[CuH_,LP*~ —5.94(4) 9.37 541 118.9 262 1.75 AN~
318 0.30
563 -0.70
[CuH_;L]*~ -15.63(3) 9.69 541 117.5 262 2.35 4N~
316 0.43
564 -0.83

“Constants are presented as cumulative log f; values. f(HjLy) = [Hij]/([H]/[L]k), in which [L] is the concentration of the fully deprotonated
peptide. Cu(u) stability constants are presented as cumulative log f;; values. L stands for a fully deprotonated peptide ligand that binds Cu(u)
ions: A(MHLy) = [M,-Hij]/([M]’[H]’[L]k), where [L] is the concentration of the fully deprotonated peptide. ” pK, values of the peptides were derived
from cumulative constants: pK, = log f(H,L) — log #(H;_;L). For Cu(ir) complexes: pK, = log f(MH; + 1L;) — log A(MH/Ly).

positive CD band at 580 nm (Fig. 3B). The UV-Vis spectrum
further supports this geometry by showing an absorption band
at 553 nm (Fig. 2B), consistent with a 4N coordination mode
involving two imidazole nitrogens and two deprotonated
amide nitrogens ([2N;m,, 2N~] donor set). Replacement of one
histidyl residue by a third coordinating amide occurs in the
[CuH_,L]*~ complex. The presence of CT bands at 298 and

This journal is © The Royal Society of Chemistry 2025

325 nm and a d-d Cotton effect at 564 nm in the CD spectrum
suggest a [1N;;,, 3N~| binding mode (Fig. 3B). The 4N coordi-
nation environment is further supported by the UV-Vis absorp-
tion band at 551 nm (Fig. 2B). A shift of the UV-Vis absorption
band to 541 nm (Fig. 2B) suggests the coordination of a fourth
amide nitrogen, resulting in the formation of a [4N"] complex
in the [CuH_,L]>~ species (max concentration at pH 9.7). The
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last species, [CuH_;L]*", results from the deprotonation of a
non-binding lysine residue, as evidenced by the unchanged
pK, value (9.69) compared to the free ligand (9.67) (Table 1B).
The absence of spectral changes in both the UV-Vis and CD
spectra further confirms the retention of the 4N~ coordination
mode.

It is worth noting that pH-metric titrations of the Cu(u)
complexes with both ligands, Ac-,,ANEHHHETMSE;,-NH, and
Ac-5sTTHHDPIAAVNWPEMTMRFTITPQTKMSE;-NH,, led to
the formation of a slight opalescent precipitate, completely
invisible during mixing, in the pH range of 4.0-6.5 for the
Cu(u)-Ac-,, ANEHHHETMSE;,-NH,, and between pH 4.0-8.0
for the Cu(i)-Ac-ssTTHHDPIAAVNWPEMTMRFTITPQTKMSEg;-
NH,. This phenomenon resulted in a significantly elevated
baseline in the UV-Vis spectra, preventing reliable identifi-
cation of the very weak d-d transition bands typically observed
for Cu(u) coordination environments. Importantly, this slight
precipitation effect had no measurable influence on the CD
spectra recorded over the same pH range, nor was it detected
during potentiometric titrations. Nevertheless, due to the high
sensitivity of UV-Vis spectroscopy to light-scattering phenom-
ena, the opalescence was clearly visible in this technique and
could have otherwise remained unnoticed using less sensitive
analytical methods.

The observed opalescence likely results from local aggrega-
tion effects, particularly in the pH range where the net charge
of the peptide approaches zero. This may be further influenced
by the accumulation of positive charges from protonated side
chains (e.g., lysine, arginine, and non-coordinated histidines),
which disturb electrostatic balance, reduce overall solubility,
and promote peptide-peptide interactions.****

Study of coordination properties of Ac-,,ANEHHHETMSE;,-NH,,
and Ac-5s TIHHDPIAAVNWPEMTMRFTITPQTKMSE;-NH, with
Zn(u)

The first Zn(i)-Ac-,,ANEHHHETMSE;,-NH, species, [ZnH,L]>*
and [ZnH;L]**, appear at low pH values and reach their
maximum concentrations at pH 3.8 and 4.5, respectively.
These complexes likely involve coordination through the car-
boxylate oxygens of glutamic acid residues (Table 2A and
Fig. 4A). Subsequent deprotonation steps lead to the formation
of [ZnH,L]", ZnHL and [ZnL]~ species, which are most likely
associated with the stepwise coordination of three histidine
residues. This is supported by the slightly lowered pK, values
of these forms (5.05, 6.09 and 6.10, respectively) compared to
the free ligand (5.34, 6.29 and 6.59, respectively), indicating
stabilization upon metal binding. The last species, [ZnH_;L]*",
with maximum concentration at pH 8.5, most likely corres-
ponds to the formation of a hydroxylated complex [3Njn,
10H™].

For the second ligand, Ac-;sTIHHDPIAAVNWPEMTMRFTI-
TPQTKMSEg;-NH,, a similar coordination pattern is observed
(Table 2B and Fig. 4B). The first species, [ZnH,L]*", likely
involves zinc binding to the carboxylic group of a glutamic
acid residue. The appearance of [ZnH;L]*" and [ZnH,L]"
species, with notably shifted pK, values (4.40 and 5.00 vs. 5.41

This journal is © The Royal Society of Chemistry 2025
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Table 2 Stability constants (log p) for (A) Zn(n)-Ac-,,ANEHHHETMSE,-
NH, and (B) Zn(i)-Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg3-NH,
complexes in aqueous solution of 4 mM HCIO,4 with / = 0.1 M NaClO, at
25°C.C,. =03 mM; M:Lmolarratio=0.9:1

Species Log g pKa Donors

(A) Ac-,,ANEHHHETMSE;,-NH,

[znH,L]** 27.15(4) COO G
[znH,L]** 22.71(2) 4.44 COO g1y
[ZnH, L] 17.66(2) 5.05 1Njp,

ZnHL 11.57(3) 6.09 2Nim

[ZnL]” 5.47(2) 6.10 3Nim

[ZnH_ L]~ -1.82(3) 7.29 3Njm, 10H™
(B) Ac-5s TIHHDPIAAVNWPEMTMRFTITPQTKMSE;-NH,

[ZnH,LP* 38.57(5) COO gy
[ZnHL]** 34.17(3) 4.40 1Nip,
[ZnH,L]" 29.17(4) 5.00 2N,

ZnHL 22.91(4) 6.26 2Njm, 10H™
[zZnL]~ 14.98(5) 7.93 2Nim, 20H~

and 7.00 for the free ligand), indicates participation of two his-
tidine side chains in Zn(u) binding. The final two species,
[ZnHL] and [ZnL]", reaching maximum concentrations at pH
7.5 and 10.0, respectively, are associated with the stepwise
deprotonation of coordinated water molecules, leading to the
formation of hydroxo complexes with proposed [2N;,,, 10H"]
and [2N;,,,, 20H™] binding modes.

To better illustrate the coordination modes of the dominant
species at physiological pH (~7.0), representative binding
models were constructed using PyMol (Fig. 5). The structures
are based on the major species identified in the speciation dia-
grams and supported by spectroscopic data. In the Cu(u)-
Ac-,, ANEHHHETMSE;,-NH, system, the dominant [CuH_,L]*~
complex adopts a [2Nj,,, 1N~] coordination mode, involving
two histidine imidazole and one deprotonated backbone
amide (Fig. 5A). A comparable binding pattern is observed for
Cu(n)-Ac-5s TTHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH,,
where the major [CuHL] species also features a [2Njy,, 1N"]
donor set (Fig. 5B). The [ZnL]™ complex formed by
Ac-,, ANEHHHETMSE;,-NH, involves coordination through all
three histidine residues (Fig. 5C), while the [ZnHL] complex
observed for TIH is best described as involving two imidazoles
and a water molecule [2Njy,, 10H™] (Fig. 5D). The resulting
models highlight how subtle differences in histidine arrange-
ment and peptide architecture influence donor selection,
coordination geometry, and ultimately metal-binding
preferences.

Structural properties of investigated metal binding sites and
their Cu(u) and Zn(u) complexes

To investigate the structural features and conformational
changes of the studied ligands upon metal coordination, CD
spectra were recorded in the far-UV region (180-300 nm). The
CD spectrum of the Ac-s;sTIHHDPIAAVNWPEMTMRFTITPQT-
KMSEg;-NH, peptide is largely disordered throughout the
studied pH range, exhibiting a single broad negative band cen-
tered around 197 nm, characteristic of a predominantly
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A) ANE CuH_L [2N,,, IN']

B) TIH CuHL [2N,,, 1N‘]

Fig.5 PyMol models of the Cu(m) and Zn(n)

dominant

complexes

formed by Ac-,,ANEHHHETMSE3>-NH, (ANE) and

Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEgs-NH, (TIH) peptides at physiological pH, based on potentiometric and spectroscopic data. (A)
[CuH_41L1>~ complex of ANE, with a [2N;m, 1N~] coordination mode; (B) [CuHL] complex of TIH, also adopting a [2N;,, 1IN7] donor set; (C) [ZnL]~
complex of ANE, coordinated through three histidine imidazoles [3N;,]; (D) [ZnHL] complex of TIH, featuring two histidine imidazoles and one water
molecule [2N;,, 1OH7]. Metal ions are shown as spheres (cyan for Cu(n), yellow for Zn(i)); ligands are depicted as sticks, and peptide secondary struc-
ture is shown in cartoon representation. For clarity, formal charges of the complex species are omitted in the figures; complete charge states are
given in Tables 1 and 2, and in the text. For clarity, the depicted amide donor is representative and does not correspond to a single, uniquely assigned

residue.

random coil conformation (Fig. S3D). In contrast, the
Ac-,, ANEHHHETMSE;,-NH, peptide displays a similar nega-
tive band near 200 nm in all pH range, but with increasing
pH, the spectrum gradually develops an additional weak nega-
tive band around 225 nm (Fig. S3A). This spectral feature is
indicative of a slight tendency toward a-helical folding,
suggesting that the Ac-,,ANEHHHETMSE;,-NH, peptide may
adopt a more ordered secondary structure under basic
conditions.

Coordination of Cu(u) and Zn(u) ions to the Ac-5sTIHHDPI-
AAVNWPEMTMRFTITPQTKMSEg;-NH, does not induce sig-
nificant changes in its secondary structure across the entire

15448 | Dalton Trans., 2025, 54, 15441-15454

studied pH range, as evidenced by the far-UV CD spectra
(Fig. S3E and F). At physiological pH (~pH 7), the spectra of
the apo form and both metal complexes are nearly super-
imposable, each displaying a broad negative band centered
around 197 nm, characteristic of a predominantly disordered
conformation (Fig. 6B). These results suggest that metal
binding does not impose conformational constraints on the
Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH,, indicat-
ing a lack of structural reorganization upon coordination. This
behavior may reflect the inherent flexibility of the peptide
backbone or the absence of a well-defined secondary structure
in the vicinity of the metal-binding site.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 CD spectra comparison between (A) Ac-,,ANEHHHETMSE3,-NH,, (B) Ac-55TIHHDPIAAYNWPEMTMRFTITPQTKMSEg3-NH, and its Cu(n) and
Zn(i) complexes at pH 7 in aqueous solution of 4 mM HCIO,4 with / = 0.1 M NaClO4 at 25 °C. C, = 0.1 mM; M: L molar ratio = 0.9:1.

In contrast to the His/Met-rich metal binding site peptide,
the -HHH- motif peptide exhibits a pronounced structural
response upon coordination with Cu(u) and Zn(u) ions. At
pH 7, comparison of the apo peptide and its Cu(u) and Zn(u)
complexes (Fig. 6A) reveals clear differences in the intensity
and shape of the spectral features. For the Cu(n)-
Ac-,, ANEHHHETMSE;,-NH, complex, CD spectra recorded at
pH 3, 5 and 7 show a dominant negative band near 200 nm,
accompanied by a weaker negative shoulder around 225 nm,
consistent with partial a-helical content (Fig. S3B). However, at
higher pH values (pH 9 and 11), a striking spectral transform-
ation is observed. In addition to the negative bands near 200
and 220 nm, a new and distinct positive band emerges in the
240-260 nm region, indicating a significant conformational
rearrangement, likely associated with changes in coordination
geometry or peptide folding (Fig. S3B). For the Zn(u)-
Ac-,, ANEHHHETMSE;,-NH, complex, the spectral evolution is
more gradual but also indicative of increased structural order-
ing. The main negative band at 200 nm remains present across
the pH range, while the band around 225 nm becomes pro-

z

cu()
.

Cu(ll) - Ac-ANEHHHETMSE-NH,
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20 \
Cu(ll) - Ac-TIHHDPIAAVNWPEMTMRFTITPQTKMSE-NH,

gressively more pronounced with increasing pH (Fig. S3C),
suggesting a stabilization of helical elements upon Zn(u)
coordination under basic conditions.

Cu(u) and Zn(u) binding properties at two sites of CusF: a
thermodynamic perspective

To gain deeper insight into the metal-binding properties of
the two metal binding sites of CusF with Cu(u) and Zn(u), com-
petition diagrams were plotted (Fig. 7). These diagrams, based
on overall stability constants of the binary complexes, simulate
equimolar conditions of ligands and metal ions in solution.
They provide a clear comparison of the complexation ten-
dencies of Ac-,,ANEHHHETMSE;,-NH, and Ac-;sTIHHDPIAAV-
NWPEMTMRFTITPQTKMSEg;-NH, peptides across the entire
examined pH range. The results clearly show an inverse trend
in metal ion binding: Ac-,,ANEHHHETMSE;,-NH, forms more
stable complexes with Cu(u) across a broad pH range, while
Ac-5s TTHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH, exhibits
a much stronger affinity toward Zn(u). Importantly, in both
peptides Cu(u) is coordinated by two histidine residues
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Fig. 7 Competition plots for a simulated solution containing equimolar concentrations of (A) Cu(n), (B) Zn(i), Ac-,,ANEHHHETMSEz,-NH, and
Ac-55TIHHDPIAAYNWPEMTMRFTITPQTKMSEgs-NH,. The diagrams are calculated from the overall stability constants of the binary complexes and
simulate a situation in which equimolar concentrations of all of the chosen ligands and metals are present in a solution.
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together with deprotonated backbone amides. The higher
stability of Ac-,,ANEHHHETMSE;,-NH, may arise from its
-HHH- motif, which provides a compact arrangement of histi-
dines that facilitates earlier backbone deprotonation and
amide coordination, thereby stabilizing Cu(u) complexes at
lower pH values, even though only two imidazoles are directly
bound (Fig. 7A). This preorganization lowers the entropic cost
of coordination and provides greater stability compared to the
longer and more flexible His/Met-rich sequence. However,
at alkaline pH (above 10), competition plots show that
Ac-55TIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH, begins to
surpass Ac-,,ANEHHHETMSE;,-NH, in Cu(u) complexation.
This shift can be explained by the formation of a highly stable
[4N7] complex in Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTK-
MSEg;-NH,, involving four deprotonated amide nitrogens
arranged in a square-planar geometry, which provides a
thermodynamic advantage over the more compact Ac-,,ANEH-
HHETMSE;,-NH, fragment.

In contrast, Zn(u) complexes are more stable with the
longer  Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH,
(Fig. 7B), even though only two histidine imidazole nitrogens
are involved in coordination, compared to three in the
Ac-,, ANEHHHETMSE;,-NH,. This suggests that factors beyond
the number of coordinating histidines contribute to Zn(u)
binding affinity. The extended sequence of Ac-;sTIHHDPIAA-
VNWPEMTMRFTITPQTKMSE;-NH, likely provides additional
stabilization through secondary interactions involving back-
bone carbonyls, polar side chains, or a more flexible scaffold
that better accommodates Zn(u)’s preferred tetrahedral or dis-
torted octahedral geometry. In contrast, the compact -HHH-
motif, while efficient for Cu(u) binding, may introduce steric
constraints that reduce complex stability with Zn(u). Thus,
while ~-HHH-motif peptide is better suited for Cu(u) coordi-
nation due to its densely packed histidine array, the longer
and more conformationally versatile Ac-5sTIHHDPIAAVNWPE-
MTMRFTITPQTKMSEg;-NH, creates a more favorable coordi-
nation environment for Zn(u). Although Met/His-rich binding
site contributes only two imidazole donors, its Zn(u) com-
plexes are more stable than those of Ac-,,ANEHHHETMSEj;,-
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NH,, which coordinates through three histidines. This appar-
ent paradox arises from donor identity and geometry rather
than histidine count. TIH forms [2N;,, 1OH™ and 2N;,, 20H™]
species that provide the preferred tetrahedral environment for
Zn(u), and hydroxo ligation is more stabilizing than additional
neutral imidazole donors. In contrast, Ac-,,ANEHHHETMSE;,-
NH, stabilizes Zn(u) mainly with [3N;,,] up to higher pH, intro-
ducing OH™ only later. The flexible Ac-;sTIHHDPIAAVNWPE-
MTMRFTITPQTKMSEg;-NH, sequence further facilitates tetra-
hedral geometry, while the compact -HHH- motif imposes
steric constraints. Thus, the higher stability of Zn(u)-
Ac-55sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH,  reflects
early and efficient hydroxo coordination combined with favor-
able geometry, not simply the number of histidines.

Due to the intriguing coordination chemistry of three con-
secutive histidine residues (-HHH-), a relatively rare motif in
natural proteins, the thermodynamic stability of this sequence
was compared with that of a peptide derived from calcitermin,
antimicrobial peptide, which features the HxHxH motif
(Fig. 8).*° Both peptides used in the comparison were N- and
C-terminally protected to prevent end-group interference in
metal binding. The rationale behind this comparison lies in
the potential impact of histidine spacing on metal ion coordi-
nation geometry and complex stability. Notably, while the
-HHH- motif provides three adjacent donor sites, the HxHxH
arrangement introduces greater flexibility and potentially
reduces steric hindrance. Understanding these subtle differ-
ences is essential for elucidating the principles governing
metal-peptide interactions, particularly with biologically rele-
vant metal ions such as Cu(u) and Zn(u).

The pH-dependent complex formation profiles of Cu(u)
with two peptides Ac-VAILAKAAHYHTHKE-NH, and Ac-
ANEHHHETMSE-NH, show distinct differences in their coordi-
nation behavior. Above pH 5, the calcitermin-derived peptide
(Ac-VAILKAAHYHTHKE-NH,) begins to form Cu(u) complexes
that are thermodynamically more stable (Fig. 8A). These
results indicate that histidine spacing significantly influences
the thermodynamic stability and formation efficiency of Cu(u)-
peptide complexes. The HxHxH motif in the calcitermin-
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Fig. 8 Competition plots for a simulated solution containing equimolar concentrations of (A) Cu(i), (B) Zn(i), Ac-,,ANEHHHETMSE3,-NH, and Ac-
VAIALKAAHYHTHKE-NH,. The diagrams are calculated from the overall stability constants of the binary complexes and simulate a situation in which
equimolar concentrations of all of the chosen ligands and metals are present in a solution.
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derived peptide provides a more favorable coordination
environment compared to the -HHH- motif present in the
CusF fragment. In the calcitermin-derived sequence, Cu(u) can
coordinate all three histidines of the HxHxH motif, creating an
optimal set of imidazole donors that maximizes stability. By
contrast, in AccANEHHHETMSE-NH, of CusF, only two histi-
dines participate directly in metal binding, with amide donors
completing the coordination sphere. This difference in the
number of histidine ligands likely accounts for the lower
thermodynamic stability of Cu(un) complexes formed by the
-HHH- motif peptide compared to the calcitermin-derived
peptide. The opposite situation was observed for complexes
with Zn(un) ions (Fig. 8B). In this case, the ~-HHH- motif
peptide exhibits greater stability toward Zn ions than the calci-
termin-blocked peptide. This suggests that Zn(u) coordination
through three adjacent histidine residues is more favorable
than through the HxHxH motif. Zn(u) does not displace a
proton from the amide group and can bind to the peptide only
via imidazole nitrogen atoms, thus the greater distance between
two anchoring sites leads to the formation of less stable Zn(u)
complexes. A similar situation was previously observed for
model sequences Ac-:AHHA-NH, and Ac-AHAAAHA-NH,, where
the HH motif was more preferred by Cu(u) ions, whereas Zn(u)
ions formed more thermodynamically stable complexes with
the motif of two histidines separated by three amino acid resi-
dues.*” In addition, Ac-,,ANEHHHET-MSE;,-NH, carries three
acidic residues (two glutamates and one aspartate) located in
the immediate vicinity of the binding motif. Such carboxylate
groups are frequently involved in Zn(u) coordination in pro-
teins, either as direct ligating atoms or by stabilizing the coordi-
nation environment through electrostatic interactions and
hydrogen bonding. Their presence may therefore further
enhance the stability of Zn(u) complexes with ~-HHH- motif
peptide. By contrast, the calcitermin-derived peptide contains
only a single acidic residue, which limits such stabilization and
may contribute to the lower affinity of this fragment for Zn(u).
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Fluorescence monitoring of metal-induced structural effects in
Ac-5sTTHHDPIAAVNWPEMTMRFTITPQTKMSE;-NH,, via the
tryptophan residue

The periplasmic metallochaperone CusF has been shown to
fine-tune its Cu(1) binding properties through a non-covalent
Cu(i)-n interaction with a nearby tryptophan residue, which
stabilizes a three-coordinate, solvent-shielded metal site
without directly affecting affinity or specificity.>® Moreover, the
study suggests that CusF uses the tryptophan cap to protect
against exogenous ligand (O,) attack while the mechanism of
protein-protein complex formation allows the cap to swing out
of the way, and thus have minimal effect on the rates of metal
transfer.’’ Inspired by this mechanism, the present study
investigates how metal binding, specifically of Cu(u) and Zn(u),
affects the environment of this single tryptophan residue in
the synthetic peptide Ac-;sTITHHDPIAAVNWPEMTMRFTITP-
QTKMSEg;-NH,. Although direct metal coordination by the
indole side chain is not expected, tryptophan fluorescence is
highly sensitive to conformational changes, solvent exposure,
and nearby quenching centers. Therefore, emission at
~345 nm (upon excitation at 295 nm) was used as a spectro-
scopic probe of metal-induced structural rearrangements.
Fluorescence emission spectra recorded during titration
with Cu(u) and Zn(u) revealed concentration-dependent
quenching of the tryptophan emission band (Fig. 9A and B).
For both metal ions, progressive addition led to a decrease in
fluorescence intensity and a subtle, but consistent, red-shift of
the emission maximum. This shift indicates that the trypto-
phan residue experiences a more polar or more shielded
environment upon metal complexation. The quenching is
therefore interpreted not as a result of direct coordination, but
as a secondary effect of structural reorganization that places
the metal ion and its coordination sphere in proximity to the
tryptophan residue or alters peptide folding in a way that
modulates the local environment of the fluorophore.

400000 +

300000

G0 02 0s s o8 to 12 1s 15 1
Zn() equiv

200000 4 apo_TIH
4 ——Zn_0.2equiv.
“ ) Zn_0.4equiv.

Intensity a.u.

Zn_0.8equiv.

100000 4 Zn_1.0equiv.

Zn_1.4equiv.
Zn_1.6equiv.
Zn_1.8equiv.

T T T 1
300 350 400 450 500
A [nm]

Fig. 9 Fluorescence emission spectra of Ac-55sTIHHDPIAAVNWPEMTMRFTITPQTKMSEgs-NH, (1ex = 295 nm) recorded during titration with (A) Cu(n)
and (B) Zn(i) in the range of 0—2.0 equivalents. Insets: emission intensity at 345 nm plotted as a function of metal ion equivalents.
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Notably, Cu(u) induced a significantly stronger quenching
effect than Zn(u), with the emission intensity decreasing
sharply at low equivalents and reaching a plateau near 1:1
stoichiometry (Fig. 9A). In contrast, the Zn(u)-induced
quenching was more gradual and less efficient (Fig. 9B).
This distinction is consistent with the paramagnetic nature
and high quenching efficiency of Cu(u), as well as poten-
tially stronger or more specific coordination to the peptide
backbone or side chains. The subtle red-shift observed
for both metal ions further supports the notion of altered
local polarity or solvent exposure near the tryptophan
moiety.

Taken together, these data demonstrate that both Cu(u) and
Zn(u) bind to the peptide and induce conformational changes
that affect the environment of the tryptophan residue. The
more pronounced effects observed with Cu(u) suggest either
stronger binding affinity or a more compact structural
rearrangement, leading to more efficient quenching. The use
of intrinsic tryptophan fluorescence thus provides a sensitive,
non-invasive method to monitor metal-induced structural
dynamics in peptides, even in the absence of direct metal-
fluorophore interactions.

Conclusions

This work provides a comprehensive characterization of the
metal-binding behavior of two metal binding sites from the
CusF protein, Ac-,,ANEHHHETMSE;,-NH, and Ac-5sTIHHD-
PIAAVNWPEMTMRFTITPQTKMSEg;-NH,, focusing on their
interactions with Cu(u) and Zn(u) ions. Using potentiometry,
UV-Vis and CD spectroscopy, mass spectrometry, and steady-
state fluorescence distinct preferences in coordination were
revealed, depending on both the metal ion and the peptide
sequences.

Coordination studies revealed that at physiological pH,
both peptides form Cu(u) complexes involving two imidazole
nitrogens and one deprotonated amide nitrogen. For
Ac-,, ANEHHHETMSE;,-NH,, the dominant species is
[CuH_,L]*", corresponding to a [2Nj,, 1N~] coordination
mode. Importantly, this set of donors appears at a lower pH
than in the Ac-ssTTHHDPIAAVNWPEMTMRFTITPQTKMSEg;-
NH, system, indicating earlier engagement of the backbone
amide donor. In contrast, the Met/His-rich metal binding site
forms [CuHL] as the major species around pH 7, also with a
[2Nim, 1N7] donor set, but with less favorable thermodynamic
stability. These results underscore that Ac-,,ANEHHHET-
MSE;,-NH,, despite its shorter sequence, is more efficient at
stabilizing Cu(u) coordination under near-neutral conditions,
due to the compact -HHH- motif facilitating early amide
participation.

In the case of Zn(u), both peptides coordinate through histi-
dine imidazoles, yet Ac-5sTIHHDPIAAVNWPEMTMRFTITPQ-
TKMSEg;-NH, exhibits markedly higher thermodynamic stabi-
lity of its complexes. Notably, -HHH- motif peptide engages
all three histidines in Zn(u) coordination, whereas Met/His-
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rich metal binding site uses only two. The enhanced stability
in  Ac-5sTIHHDPIAAVNWPEMTMRFTITPQTKMSEg;-NH,  is
likely due to its extended sequence offering additional stabiliz-
ation via polar side chains, backbone carbonyls, or a more
favorable spatial arrangement for Zn(u)’s preferred tetrahedral
geometry. In contrast, the compact arrangement of histidines
in Ac-,,ANEHHHETMSE;,-NH, may impose steric constraints
that limit Zn(u) affinity, despite the greater number of coordi-
nating residues.

To further probe the structural consequences of metal
coordination in the Ac-5s5TIHHDPIAAVNWPEMTMRFTITPQ-
TKMSEg;-NH, peptide, steady-state fluorescence measure-
ments targeting its intrinsic tryptophan residue were per-
formed. Titration with both Cu(u) and Zn(u) resulted in pro-
gressive quenching of the emission band at ~345 nm,
accompanied by a subtle red-shift in the emission maximum.
These changes are consistent with metal-induced confor-
mational rearrangements or shielding effects near the trypto-
phan environment, rather than direct coordination.
Quenching was more efficient with Cu(u), suggesting either
stronger binding or more compact structural changes that
bring the metal center into closer proximity to the fluorophore.
This highlights the utility of tryptophan fluorescence as a sen-
sitive probe for detecting local structural changes induced by
metal complexation, even in the absence of direct metal-
fluorophore interactions.

Finally, comparison with a calcitermin-derived HxHxH
peptide reinforced the critical role of histidine spacing: while
the compact ~-HHH- motif in Ac-,,ANEHHHETMSE;,-NH,
favored Cu(u) coordination, the more dispersed histidines in
the antimicrobial peptide more effectively stabilized Zn(u)
complexes.

These findings not only expand the current understanding
of CusF’s coordination chemistry, but also shed light on how
subtle sequence variations can fine-tune metal selectivity at
the molecular level. The demonstrated ability of CusF frag-
ments to bind Cu(u), a redox state not typically associated
with the protein, highlights a previously underappreciated
flexibility in the bacterial copper resistance machinery.
Importantly, this work contributes to the broader under-
standing of bacterial copper homeostasis under oxidative
stress, where transient Cu(u) species may become relevant. By
dissecting the role of histidine motif architecture in metal
preference, this study opens new avenues for designing syn-
thetic metallopeptides and provides a framework for probing
the adaptive strategies employed by pathogens to manage
toxic metal exposure.
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