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Abstract The purpose of this work is to characterize the
interactions of two disulfide-constrained cyclic tetrapep-
tides [c(Ac-Cys-Pro-Phe-Cys-NH;), SS1; c(Ac-Cys-Pro-
Gly-Cys-NH,), $S2] with Cu*" ions in order to facilitate
the design of cyclic peptides as sensors for metal ions. The
Cu®"—peptide complex cations at m/z 569.1315 for Cu*"—
SS1 and m/z 479.0815 for Cu**—SS2 were detected by
mass spectrometry. The gas-phase fragmentation of the
Cu”*—peptide complexes was studied by collision-induced
dissociation and suggests the atoms involved in the coor-
dination. Cu®* ion binds to a single SS1 or SS2 with Ky(app)
of 0.57 £ 0.02 and 0.55 £ 0.01 puM, respectively. Iso-
thermal titration calorimetry data indicate both enthalpic
and entropic contributions for the binding of Cu** ion to
SS1 and SS2. The characteristic wavenumber of 947 cm ™!
and the changes at 1,664 and 1,530 cm~! in the infrared
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spectrum suggest that the sulfydryl of cysteine, the car-
bonyl group, and amide II are involved in the coordination
of Cu®". The X-ray absorption near-edge structure signal
from the Cu®"—peptide complex corresponds to the four-
coordination structure. The extended X-ray absorption fine
structure and electron paramagnetic resonance results
demonstrate the Cu®" ion is in an S/N/20 coordination
environment, and is a distinct type II copper center. The-
oretical calculations further demonstrate that Cu>" ion
binds to SS1 or SS2 in a slightly distorted tetragonal
geometry with an S/N/20 environment and the minimum
potential energy.

Keywords Cu®" jon - Cyclic peptide - Metal sensor -
Mass spectrometry

Introduction

Peptides are effective ligands for metal ions [1]. Cyclic
peptides are a specific group of peptides with a cyclic
structure for the main peptide chain. Natural cyclic pep-
tides display a broad range of biological roles in living
organisms, including as hormones, toxins, antibiotics, and
molecules with enzymatic or transport functions [2-7].
Cyclic peptides contain donor atoms in the peptide back-
bone and the amino acid side chain which are able to
complex with metal ions. Metal ion—peptide systems are
attractive to researchers with an interest at the interface
between inorganic chemistry and biochemistry. Cyclic
peptides have potential as metal ion biosensors for the
determination of metal ion concentrations in the environ-
ment [8, 9].

Among these metal ions, copper is an essential element
that is used as a cofactor in many proteins involved in
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several vital processes [10—13]. Studies on the coordination
abilities of cyclic peptides with regard to Cu”" ions have
shown that cyclic peptides with a histidyl residue in the
peptide sequence are able to bind metal ions via the
imidazole nitrogen as well as via the deprotonated amide
nitrogens from the main peptide chain [7, 14-16]. Inter-
esting information has been provided by studies on the
coordination abilities of cyclic tetrapeptides. The pH and
the peptide ring size have a great impact on the kind of
coordinated nitrogen [17-19]. Bertram and Pattenden [20]
summarized the metal binding and metal complexes of
azole-based cyclic peptides of marine origin and pointed
out what structural and stereochemical features in marine
metabolites are necessary to facilitate metal complexation
and transport. The Comba group reported the Cu*" coor-
dination chemistry of the cyclic pseudo-octapeptide patel-
lamide derivatives H4pat1 [21], H4pat2, and H4pat3 [22],
drew conclusions on the structure—reactivity correlations,
and provided information on why nature might have cho-
sen oxazolines and thiazoles as incorporated heterocycles.

Peptides are versatile and powerful ligands. Donor
atoms of independent side chain residues, especially those
of imidazole nitrogen of histidine, thiolate sulfur of cys-
teine, and carboxylate oxygen of aspartate and glutamate,
are the major metal binding sites [23]. Cu®" prefers
nitrogen donors such as histidine or oxygen donors such as
glutamate and aspartate [10]. It is not strange that in oxy-
tocin and vasopressin-like peptides, which are cyclic pep-
tides with a disulfide bridge between cysteine residues, no
sulfur atom is involved in the coordination with Cu®* 7,
24]. Sulfur donor ligands such as cysteine and methionine
in proteins coordinate with Cu™ ion [10, 25, 26]. However,
peptides of cysteine generally form very strong covalent
bonds with the typically soft-metal ions (e.g., Pd*", Pt*",
and Hg®"). Cu®" also has relatively high affinity for thio-
late residues, especially if mixed (S,N) chelates can be
formed [23].

In this work, we present the coordination properties of
Cu®" ions and two disulfide-constrained cyclic tetrapep-
tides (Fig. 1) as determined by high-resolution electrospray
ionization mass spectrometry (ESI-MS), isothermal titra-
tion calorimetry (ITC), Fourier transform infrared (FTIR)
spectroscopy, X-ray absorption fine structure (XAFS)
spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy, and theoretical calculations. The stoichiom-
etry, affinity, and coordination structure of Cu?*—peptide
complexes are discussed in detail.

Materials and methods
Materials

All reagents and solvents were of analytical grade and were
used without further purification. Synthesis and purification
of cyclic peptides were performed by the same methods as
those described by Shi et al. [27]. The purity of the cyclic
tetrapeptide was above 99 % (Fig. S1).

Mass spectrometry

All experiments were conducted with a commercial
QSTAR Pulsar i hybrid tandem quadrupole time-of-flight
mass spectrometer (AB SCIEX, Concord, ON, Canada).
The sample was diluted in water/methanol solution (1:1
v/v) to 1-10 uM. The solution was introduced into the
source using a direct infusion pump and then sprayed at a
flow rate of 1 pL/min. The capillary voltage was main-
tained between 3.5 and 4.5 kV, and nitrogen gas was used
for both desolvation and nebulization.

For the collision-induced dissociation (CID) experi-
ments, the precursor ion of interest was selected using the
analyzer and the product ions were analyzed using a time-
of-flight analyzer. Nitrogen served as the cooling gas as

Fig. 1 The structure of the 0 0
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well as the collision gas for the CID experiments, and the
pressure in the collision cell was maintained at 10 mTorr.
The collision energy was 30 eV.

Isothermal titration calorimetry

ITC measurements were performed at 25 £ 0.2 °C using
an isothermal titration calorimeter (ITC200 GE). The Cu®™"
concentrations of stock solutions were verified by titrations
against standardized EDTA solutions. Two cyclic tetra-
peptides were buffered at pH 7.4 with 20 mM
tris(hydroxymethyl)aminomethane-HCI buffer. All solu-
tions were filtered through 0.22-um filters and degassed
prior to use. Typically, 13 portions of 3 puL. metal solution
were injected into the peptide solution in the sample cell
during each titration. A delay of 180 s between injections
was allowed for equilibration. The heat generated during
interactions was measured by the instrument. The titration
of metal ions into buffer was done in each experiment as a
reference for baseline corrections in the data processing.
All experiments were repeated at least three times.

The ITC data were analyzed using the Origin 7.0 soft-
ware package from MicroCal. Baseline correction was
applied for each experiment by subtraction of data from the
titration of metal ion solution into a buffer blank corre-
lating to the heat of dilution. A binding isotherm was fitted
to the data using a nonlinear least-squares method to
minimize ;52 values. The detected enthalpy change (AH;rc)
and association constant (Kjpc) were obtained from the
best-fit parameters. The Cu”" binding constant with regard
to cyclic peptide was calculated as K, = Kitc X Kpuffer
and the dissociation constant was calculated as Ky = 1/
Kping as described previously [28].

Fourier transform infrared spectroscopy

FTIR measurements were performed at room temperature
with a PerkinElmer Spectrum instrument equipped with an
HgCdTe (nitrogen-cooled) detector and a KBr beam
splitter. The spectra were recorded with a resolution of
2 cm™'. Two hundred and fifty-six scans on an air-dried
film (wet film) were co-added, with use of AgBr windows
under green light. The treatment and analyses of the FTIR
spectra were described in previous studies [29, 30].

X-ray absorption fine structure spectroscopy

The copper K-edge XAFS spectra were measured at
beamline U7C of the National Synchrotron Radiation
Laboratory of China. The electron beam energy was
0.8 GeV and the maximum stored current was 250 mA.
The incident X-ray beam was generated by a nondispersive
silicon double-crystal monochromator with 111 symmetric

reflections. The X-ray harmonics were minimized by de-
tuning the two flat Si(111) crystal monochromators to
about 70 % of the maximum incident light intensity. The
XAFS spectra were measured at room temperature in
fluorescence mode by using a seven-element pixel high-
purity germanium solid-state detector with 45° incidence
angle. Cu®"—peptide complexes were lyophilized shortly
after adding Cu”" ions to peptide solution (1:1 Cu?** to
peptide) and were measured in powder samples. The X-ray
energy for the copper K edge was internally calibrated to
8,979 eV by using transmission data from a copper foil.
The data shown are the average of three to five scans and
were analyzed using a previously described method [31].

Electron paramagnetic resonance spectroscopy

EPR spectra were recorded with a Bruker EMXplus 10/12
EPR spectrometer equipped with an Oxford Instruments
EPR901 liquid helium continuous-flow cryostat fitted with
a super-high-Q cavity. The magnetic field was measured by
a Hall probe calibrated with the 1,3-bisdiphenylene-2-
phenylallyl EPR signal and a Bruker ER 036TM teslame-
ter. The microwave frequency was measured with an
internal frequency counter. The temperature was controlled
with an Oxford Instruments ITC503S temperature con-
troller. The spectra were acquired with a sweep width of
2,000 G, a frequency of 9.383303 GHz, a modulation
amplitude of 5 G, a modulation frequency of 100 kHz, and
a temperature of 40 K. The EPR spectra of Cu®"—peptide
complexes were simulated using biomolecular EPR spec-
troscopy software (Hyperfine Spectrum program).

Theoretical calculations

The copper(Il) complexes were calculated with the hybrid
density functional B3LYP method with the 6-31G(d,p)
basis set for carbon, nitrogen, oxygen, sulfur, and hydrogen
[32]. The double-{ valence basis sets and the effective core
potentials of Hay and Wadt [33] (Lanl2DZ) were used for
the copper atom. The f polarization function was also
added to increase the flexibility of the effective core
potential basis. The f exponent is 3.525 for the copper atom
[34]. All calculations were performed with the program
Gaussian 03 [35].

Results
Mass spectrometry
High-resolution electrospray ionization time-of-flight mass

spectrometry was used to identify charged complexes.
Figure 2 shows the mass spectra of protonated cyclic
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Fig. 2 The mass spectra of cyclic peptides (a) and Cu®"—peptide m/z

complexes (b)

tetrapeptides and Cu”"—peptide complexes. The peaks at
m/z 508.1699 and 418.1560 respond to [SS1+H]" and
[SS2+H]*, respectively. However, the peaks at m/z
569.1315 and 479.0815 prove the existence of [Cu”"(SS1—
H)]* and [Cu®>"(SS2—H)]" in the solution of Cu*" ions
and the cyclic tetrapeptides. These results indicate that
deprotonation is followed by Cu®" coordinating with the
cyclic tetrapeptides, and that these protons may be captured
by the metal-free cyclic tetrapeptides. Precise masses and
isotope distributions for the Cu*"—peptide complexes are
listed in Table S1. The results also indicate that the binding
stoichiometry of Cu”" ion with regard to cyclic tetrapep-
tide is 1:1.

The CID of the parent ions of the Cu®"—peptide com-
plexes was done to understand the gas-phase molecular
reactivity of Cu®"—peptide complexes, as shown in Fig. 3.
The main fragment ions containing copper ion were at m/z
552, 523, 477, 458, and 364 for the Cu?*-SS1 complex
(Fig. 3a) and at m/z 462, 447, 433, 397, 387, and 368
for the Cu**—SS2 complex (Fig. 3b). The assignments of
the fragment ions are listed in Table 1. These results
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Fig. 3 Collision-induced-dissociation spectra of the Cu2+—peptide
complexes: (a) Cu*™-SS1 complex and (b) Cu*™-SS2 complex. The
asterisk designates the parent ion

demonstrated the two Cu”*"—peptide complexes shared the
same fragmentation pathway of losing the hydroxyl radical,
the CH,SSCH, group, and the CH;CONHCCHCO radical.
However, the fragmentation pathway of losing the sulfur
atom or the SCH, radical from the [Cu”(SSl—H)]Jr parent
ion was not observed. Maybe the delocalized electron of
the phenyl group affected the gas-phase dissociation of the
[Cu”*(SS1—H)]™ parent ion.

Isothermal titration calorimetry

ITC is an efficient technique for the determination of the
stoichiometry and thermodynamic parameters of ligand
binding to biomolecules [28, 36]. The representative ITC
data in Fig. 4 demonstrate the isotherms of Cu®' ion
binding to SS1 and SS2. The least-squares fitting of the
titration data resulted in a single-site binding model, and
the stoichiometry was 1:1 for Cu>* and cyclic peptide. The
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overall dissociation constants (K4) were calculated from
the association constants derived from the ITC results.
K, = Kitc X Kputers, Ka = U/K,. Log Kpygrer for addition
of Cu”" to tris(hydroxymethyl)aminomethane buffer at pH
7.4 was 1.8 [37]. The association constants of Cu?* and the
two peptide were calculated to be 1.74 + 0.02 x 10° and
1.81 £ 0.03 x 10°M™', corresponding to dissociation
constants (Ky) of 0.57 4 0.02 and 0.55 + 0.01 uM for SS1
and SS2, respectively. The values of the enthalpy change
(AH) and the entropy change (AS) indicated both enthalpic
and entropic contributions for Cu*" jons binding to SS1
and SS2 (Table S2).

Table 1 The assignments of fragment ions for the collision-induced
dissociation of the parent ions of the Cu®*—peptide complexes

Complexes mlz Ton assignment

Cu?t-SS1 552 [Cu"(SS1—H)-OH]™*
523 [Cu"(SS1—H)-HCONH;]"
477 [Cu"(SS1—H)-CH,SSCH,| "
458 [Cu"(SS1—H)-CH;CONHCCHCO]™
[

364 Cu''(SS1—H)-CH;CONHCH(CONH)
CH,SSCH|™*

[Cu"(SS2—H)-OH]™*

447 [Cu"(SS2—H)-S]™

433 [Cu"(SS2—H)-SCH,]*

397 [Cu'(SS2—H)-CH;CONCCH] **
[
[

Cu?t-SS2 462

387 Cu''(SS2—H)-CH,SSCH, |+
368 Cu''(SS1—H)-CH;CONHCCHCO]**

For the structures of SS1 and SS2, see Fig. 1.

Fourier transform infrared spectroscopy

The FTIR spectra of the free SS1 and its metal complex are
shown in Fig. 5a. The broad band with medium intensity at
3,292 cm™!' was assigned to amide A (N-H stretching
vibration). Amide I (mainly C-O stretching vibration) is
observed as a strong band at 1,664 cm_l, whereas amide 11
(N-H bending and C-N stretching modes) appears at
1,531 cm™". Evidence for Cu®" binding to SS1 comes
from the weak positive derivative feature at 947 cm™" and
the shifts of the features at 1,172-1,230 and
1,433-1,440 cm~! in the infrared spectrum of the Cut-
SS1 complexes. In the 600-1,000 cm™' region, protein
C-S-H bending and C-S stretching are observed [30].
Therefore, the weak positive derivative feature at
947 cm™' corresponds to the coordination of Cu®™ to the
sulfur atom. However, the main differences for the Cu®—
SS2 complex are the changes at 1,530 and 1,664 cm ™!
due to the coordination of Cu®" to the nitrogen atom of
amide II and the oxygen atom of the carbonyl group
(Fig. 5b). A previous study reported that ring size
impacted on the copper(II) coordination abilities of cyclic
tetrapeptides [17]. For the peptides with more than
13-membered rings, the formation of a complex with the
4N binding mode is preferred [38]. A 14-membered,
tetraza cyclic tetrapeptide as a dominant species was
formed around physiological pH with Cu®" ions coordi-
nated to two amide nitrogens, an imidazole nitrogen, and
a water molecule [17]. In this work, SS1 and SS2, with a
14-membered ring, were likely to offer the sulfur, nitro-
gen, and oxygen atoms from the ring to coordinate with
Cu®" at pH 7.4.

Fig. 4 Isothermal titration a Time (min) b Time (min)
calorimetry (ITC) measurement 0 10 20 30 40 0 10 20 30 40
of Cu®" binding to SS1 (a) and 003 ' ' ‘ T ' ' ' ' T
SS2 (b). Upper panels: Raw 0.00 4 ] 0004 i
ITC data for injection of 1
1.25 mM Cu>" ions into 50 pM o -0.037 ] o
3 ] @ -0.02- -
SS1 or 40 uM SS2 at 25 °C. £ -0.06 - : 9
Lower panels: Normalized ITC g 0.09 ] ©
data for titrations versus molar EE | (:)L -0.04 | 4
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SS2. Data analysis using Origin -0.15 4 i -0.06 i
7.0 indicates that the memg - . . : . ; ; 3 0.00 - -
data fit well to a single-site c 0.004 k —
binding model g % -0.057 7]
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X-ray absorption fine structure spectroscopy

The XAFS spectroscopy approach is extremely sensitive
to the geometric environment of the absorbing atom. The
K-edge X-ray absorption near-edge structure (XANES)
spectra of the Cu®"-SS1 and Cu**-SS2 complexes are
shown in (Fig. 6, inset). The Cu’*—peptide complexes
show the pre-edge at 8,980 eV and the first intense tran-
sition occurs at 8,986 eV, which are typical of absorptions
of Cu** complexes [31]. This observation confirms the
divalent state of the copper ion in the Cu®"—peptide
complex under the experimental conditions. The XANES
signal from the Cu”*"—peptide complex corresponds to the
four-coordination structure of copper(Il) complexes [39,
40].

Extended XAFS (EXAFS) analysis is used to provide
information about the metal sites regarding the types of
atoms in the primary coordination sphere, bond lengths,
and the presence of ligands in the primary coordination
sphere (from multiple scattering analysis) [41]. As shown
in Fig. 6, the data were well fit with a four-coordinate site,
containing an S/N/20 coordination environment. The the-
oretical simulation was obtained from inverse Fourier
transforms based on the model of first- and second-nearest
coordination shells, and the best fits were superimposed on
the data. The other parameters obtained from the fitting are
listed in Table 2. The fitting of the spectrum revealed that
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Fig. 6 The Fourier transform of the extended X-ray absorption fine
structure oscillation function k*y(k). Solid line experimental data,
dashed line simulation result. The inset shows the copper K-edge
X-ray absorption near-edge structure data from the Cu>*-SS1
complex (solid line) and the Cu*™-SS2 complex (dashed line)

the Cu®* ion was bound to four atoms, including one
nitrogen atom at 1.98 (2) A, two oxygen atoms at 2.01
2) 10\, and one sulfur atom at 2.49 (3) A. These results
were consistent with the FTIR results, in which the Cu’*-S
interaction showed the characteristic wavenumber of
947 cm™ .
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Table 2 The fine fitting results of the extended X-ray absorption fine
structure spectra of the Cu®"-SS1 and Cu**-SS1 complexes obtained
by using the FEFF 8 software package

Complex Coordination Ligand Debye—Waller =~ Bond
number factor o> (Az) length (A)

Cu’*-SS1 4 20 0.0012 (3) 2.01 (2)
IN 0.0036 (1) 1.99 (3)
1S 0.0015 (4) 2.46 (1)

Cu’*t-8S2 4 20 0.0042 (3) 2.01 (2)
IN 0.0029 (3) 1.98 (2)
1S 0.0015 (2) 2.49 (3)

Electron paramagnetic resonance spectroscopy

X-band EPR spectroscopy was used to support the inter-
pretation based on ESI-MS, FTIR spectroscopy, and XAFS
spectroscopy. EPR spectra were obtained at pH 7.4 and
40 K for both Cu®* complexes with the peptides SSI and
SS2 and showed a distinct type II copper center (Fig. 7).
Simulation of the spectra indicated that the sites were axial
with g, = 2.062 (4, = 10 x 10~* cm™") and g = 2.322
(A =147 x 1074 cmfl) for the Cu*t-SS1 complex and
g1 =2060 (A, =10 x 107*em™!) and g = 2322
(A =145 x 107* cm™") for the Cu®*"™—SS2 complex. In
accordance with analysis of Cu®" EPR spectra by Peisach
and Blumberg [42], the range of g and A indicated a Cu**
ion with S/N/20 coordination in Cu®*-SS1 and Cu®*-SS2
[43]. g > g1 > g (g = 2.0023) indicated that Cu’*-SS1
and Cu®"-SS2 have a tetragonal Cu(Il) environment [44].

cu*-ss2

T T T T T T T T T 1
2600 2800 3000 3200 3400 3600
Field [G]

Fig. 7 Electron paramagnetic resonance spectrum (solid line) with
simulation (dashed line) of 100 pM Cu®>*-SS1 and Cu®*-SS2
complexes in 30 % glycerol/H,O solution (pH 7.4). Microwave
frequency 9.383303 GHz, microwave power 1 mW, modulation
frequency 100 kHz, modulation amplitude 5 G, temperature 40 K

Theoretical calculations

The type II copper sites are typified by tetragonal coordi-
nation of Cu*" with four ligands that are either coplanar or
slightly distorted from a coplanar array. We therefore
performed density functional theory calculations for the
optimized structure and conformation of peptides and their
complexes to gain insight into the energetics of the con-
formational change of the cyclic peptides upon coordina-
tion to Cu®" ion. The best proposed SS1, SS2, Cu*"-SS1,
and Cu?t—SS2 structures obtained from the theoretical
calculations are shown in Fig. 8 and other computed
structures are shown in Fig. S2. The calculated relative
energies are listed in Table S3. Density functional theory
calculations were performed with a setup previously opti-
mized for copper(Il) complexes [45, 46]. Frequency cal-
culations on the optimized structures were used to verify
that they were indeed minima on the potential energy
surface. For the best proposed structure, every angle and
length of the coordinate bonds is listed in Table S4.
According to the data, the Cu®"™=SSI and Cu”*"-SS2
complexes had a four-coordination slightly distorted
tetragonal geometry, with one sulfur and one nitrogen atom
as well as two oxygen donors, and it was in agreement with
the simulation and interpretation of the EPR and EXAFS
data.

Discussion

Simple metal-peptide systems provide a basis for under-
standing metal interactions occurring in biochemically
relevant systems. We are especially interested in develop-
ing cyclic-peptide-based motifs for selective metal ion
binding and sensing. SS1 and SS2 are cyclic disulfide
peptides. In principle, they are expected to bind heavy
metals such as Hg”, Pb”, Cu2+, and Cd*". In fact, the
amino acid sequence CxxC is conserved in many soft-
metal transporters that are involved in the control of the
intracellular concentration of ions such as Cu™, Hg”,
Zn*", and Pb>* [47].

The Cu*"=SS1 and Cu®"-SS2 complexes were detected
by ESI-MS. Their accurate m/z values indicated Cu®" ions
were ligated by deprotonated SS1 or SS2 and formed a
singly charged Cu*"—peptide complex [Cu?T(M—H)]".
These results also indicated that Cu**—peptide complexes
detected in the mass spectrometer were formed in solution
and that the state of cyclic peptide protonation in these
complexes does not change during the electrospray pro-
cess. Gas-phase copper complexes have been shown to
exhibit interesting properties regarding their formation,
structure, and dissociation in the absence of any interfer-
ence from solvents or other species present in solution. In
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Fig. 8 The calculated
structures of SS1, SS2, and the
Cu*—peptide complexes. In the
structure of the complexes, all
hydrogen atoms have been
removed for clarity. The Cu>"
ion is shown in pink. Oxygen,
carbon, and nitrogen atoms are
shown in red, gray, and blue,
respectively

particular, electrospray ionization had been found to pro-
duce copper complexes [7, 48, 49]. We mass-selected the
[Cu®’(M—H)]" species seen in Fig. 2 and subsequently
performed a CID experiment and obtained the fragmenta-
tion spectrum displayed in Fig. 3. The fragmentation
pathway suggested sulfur, nitrogen, and oxygen atoms are
involved in the binding since the two Cu’—peptide com-
plexes lose the same fragments: hydroxyl radical,
CH,SSCH, group, and CH;CONHCCHCO radical.

The ESI-MS and ITC data indicated that the stoichi-
ometry for Cu”" binding to cyclic tetrapeptides was 1:1.
This agreed with that of Cu>" binding to histidyl-contain-
ing cyclic peptides [14, 16, 17, 19]. ITC reported Cu*"
binding affinities of Ky ~ 107’ M for SS1 and SS2. The
affinity is at a level similar to that for MxCxxC-based
cyclic peptide binding to Zn>", but is weaker than that for
Hg?*, Pb**, Cu™, and Cd** [47].

The pH and the peptide ring size had a great impact on
the kind of coordination [17-19]. In this work, SS1 and
SS2 had a 14-membered ring backbone and the Cu®" ions
interacted with SS1 and SS2 at pH 7.4 such that we could
estimate the coordination environment using different
methods under the same conditions. The fitting of the
EXAFS data revealed that the Cu®" ion was bound to four
atoms, including one nitrogen atom at 1.98 (2) A two
oxygen atoms at 2.01 (2) A, and one sulfur atom at 2.49
3) A. This was consistent with the FTIR result, in which
the positive derivative feature at 947 cm™' indicated the
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Cu”*=S interaction. Cu>™—$ interaction also occurred and
gave a characteristic absorption peak at 356 nm due to
S — Cu®* charge transfer in the copper-intein system [31].
However, in the UV—vis spectrum of Cu*"—SS1 and Cu*"

SS2, there are no characteristic absorption peaks for
S — Cu*" charge transfer in the 350-450-nm range (data
not shown). The XANES signal from the Cu®"—peptide
complex corresponds to the four-coordination structure of
Cu®" complexes. EPR spectroscopy was used to further
demonstrate the coordination environment and the simu-
lation of EPR spectra indicated that the Cu*"—peptide
complex contained a distinct type II copper center. The
S6vagd group has performed systematic studies on cop-
per(Il) complexes of Gly,His peptides and found the EPR
spectral parameter g decreased (from 2.299 to 2.199),
indicating the structure of the complexes changed from 2N
to 4N coordination [23]. g for Cu?T-SS1 and Cu**-SS2 is
2.322, bigger than 2.299. This indicates that in Cu*t-SS1
and Cu?*—SS2 only one nitrogen atom may be involved in
coordination. Furthermore, the theoretical calculations
estimated the optimal structure to be a slightly distorted
tetragonal structure and affirmed the coordination sphere
arrangement by frequency calculations and minimum-
energy optimization. Recently, a few studies of noncova-
lent interactions of metal atoms binding to the phenyl ring
by cation—= interactions were reported [50-52]. In Fig. 8,
the distance between the Cu®" ion and the aromatic carbon
atom is 6.40 A, which is greater than the sum of the van der

I?IS
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Waals radii (4.05 A). No cation—7 interaction existed in
Cu?*-SSl1. Therefore, it can be well understood why
Cu®"™=SS1 and Cu®"-SS2 have the same coordination
model although they have different structures.

In conclusion, we studied the binding properties of Cu®*
with regard to two disulfide-constrained cyclic tetrapep-
tides. The Cu?’t—SS1 and Cu*"-SS2 complexes were
identified by ESI-MS and the gas-phase chemical proper-
ties were analyzed by CID. The binding stoichiometry,
affinity, and thermodynamic parameters were obtained by
ITC. The experiments (FTIR spectroscopy, XAFS spec-
troscopy, and EPR spectroscopy) and theoretical calcula-
tions demonstrated Cu?' ions binding to disulfide-
constrained cyclic tetrapeptides in a slightly distorted
tetragonal geometry with an S/N/20 environment. These
results provide useful information to develop a cyclic-
peptide-based new metal ion biosensor for the determina-
tion of metal ion concentrations in the environment.
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