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The importance of turn-like peptide conformation for the copper(II) binding has been revealed by the
synthesis of simple amino acid-based tweezers and the study of their interaction with copper(II). Amino
acids Phe, Leu, Val, Ala and Gly were bridged through their C-terminuses with conformationally constrained
motif, cis enediyne moiety ((Z)-octa-4-en-2,6-diyne-1,8-diamine). The interaction of prepared diamine li-
gands with copper(II) was studied by means of potentiometric titrations, UV–visible and EPR spectroscopic
and mass spectrometric techniques. All ligands interact efficiently with copper(II) and form complexes of
1:1 stoichiometry differing in the protonation state of the ligand. LCu2+ species were found predominant
at pHb6.5, with log K⁎ ranging from −8.06 to −6.65, while at higher pH deprotonation occurred, giving
rise to LH−1Cu+ complexes or LH−2Cu complex for the phenylalanine-related ligand. An additional species,
LH−3Cu− were found at pH>9 for the valine- and alanine-related ligands, respectively. Comparing stability
of studied complexes with those reported in previous work revealed that ligands effectively emulate proper-
ties of copper(II) binding peptides. Based on the results obtained in this work it can be concluded that struc-
tural rigidity significantly enhances coordination properties of the ligand, thus conforming importance of the
turn-like peptide conformation for the copper(II) binding.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The presence of multiple binding sites makes peptides and proteins
effective and specific ligands for complexation of metal ions. In living
systems, protein–metal complexes are involved in storage and transport
of molecules, signal transduction, transcription processes and enzyme
activities. Some proteins participate in metal ion transport; for example
human serum albumin (HSA) has a picomolar affinity for Cu(II) and is
important factor in regulating its blood level [1]. Binding sites in pro-
teins are determined by the amino acid sequence; generally, histidine
and cysteine residues are considered primary anchoring sites in pep-
tides and proteinswith high affinity for Cu(II) [2–4]. There are, however,
several proteins with binding motifs located at the N-terminus; the
most studied are the above‐mentioned HSAwith Asp-Ala-His sequence,
and also proteins associated with neurodegenerative diseases.

Several studies have been focused on Alzheimer's disease-related
β-amyloid protein (Aβ) and its transformation from monomeric
random coil conformation to aggregates with β-sheet conformation.
This protein transformation has been correlated with protein primary
sequence, pH, protein concentration, glycation, and also with
+385 1 4680 195.
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complexation and presence of metal ions [5]. The N-terminal sequence
of Aβ protein is considered a binding region for metal ions, primary
Cu(II) [6]. Numerous studies were performed on short peptide se-
quences to determine groups involved in binding of Cu(II). It was
found that histidine side-chain competes for Cu(II) binding with the
amino terminus upon the increase of pH, although amino group is a
possible binding site at any pH value. One of the recent studies explored
the role of N-terminal amino group and the imidazole moiety of
histamine placed at the fourth position (pseudotetrapeptide glycyl-
glycyl-glycyl-histamine, GGGHa and its N-Boc protected derivative,
Boc-GGGHa) in the Cu(II) binding [7]. Higher stabilities of ML com-
plexes were found for GGGHa compared with protected derivative
Boc-GGGHa, supporting the importance of the N-terminal amino
group for metal ion coordination. Recently, potential Cu(II)-binding
motifs in four pseudorepeat units of tau protein were searched by
using several electron paramagnetic resonance spectroscopy tech-
niques [8]. It was found that octadecapeptides coordinate to Cu(II)
with a binding affinity similar to that of Aβ(1–16) peptide. A nitrogen
atom of the histidine side-chain together with a carbonyl oxygen of a
backbone amide coordinates to Cu(II). Also, experiments suggested
that existence of a free N-terminus together with a “specific conforma-
tion” is also essential to the high Cu(II)-binding affinity. Regarding con-
formation, it is noteworthy that a histidine residue directly coordinates
to Cu(II) in any fragments that contain the hexapeptide HVPGGG
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Fig. 1. Distribution diagram of the different protonation forms of 3c (c=1×10−3 M) at
T=298 K (Ic=0.1 M NaCl).
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sequence. Presence of proline residue in the vicinity of Cu(II) binding
site is also characteristic of the flexible N-terminal domain of the
avian prion protein (PHNPGY) and it contributes to the rigidity of the
peptide. Consequently, avian prion protein unit can bind only two
Cu(II) equivalents with the same geometry at any Cu(II):peptide ratio.
It was speculated that conformational preferences of avian peptide con-
tribute to the Cu(II) binding mode and maybe to the overall conforma-
tional integrity of the protein and its protection from pathogenic
conversion [9,10].

The presence of proline residue in the vicinity of Cu(II) binding
site, mostly preceding histidine residue [8,10], raises questions
about the role of peptide conformation in the Cu(II) binding. Contrary
to other 19 naturally occurring amino acids, Xaa-Pro amide bond (Xaa
being any amino acid) exhibits propensity to the trans-cis isomeriza-
tion [11]. Conformational energy calculations revealed that trans and
cis forms of the Xaa-Pro amide bond are almost isoenergetic, there-
fore, equilibrium mixture of two forms is present in unfolded pro-
teins. Prolines are commonly found in turns, β-hairpin loops, and
also in α helices where they cause kinks in the helix. It is therefore,
reasonable to assume that presence of proline in metal-binding pep-
tides, particularly cis form of the Xaa-Pro amide bond, is important
for adopting the “advantageous” peptide conformation.

With the aim to reveal the role of turn-like peptide conformation,
caused by the presence of proline residue, for the metal ion binding,
we have designed and synthesized a group of small molecular tweezers.
Amino acid-based diamines 3, prepared from the precursors 1 and 2, as
outlined in Scheme 1, with predefined turn-like conformation and
omitted typical Cu(II) binding site (His, Cys) were expected to give
some insight into the conformational aspects of Cu(II) binding pep-
tides. Amino acids Phe, Leu, Val, Ala and Gly were bridged through
their C-terminuses with enediyne moiety ((Z)-octa-4-en-2,6-diyne-
1,8-diamine), a structural motif found in the class of enediyne antican-
cer antibiotics [12]. Presence of the rigid cis oriented enediyne skeleton
provides turn-like conformation and directs two amino acids into
the same direction, but leaves enough flexibility for adjusting upon
addition of metal ion. We were intrigued by the possibility that such
conformationally constrained, short peptide mimetics can provide
binding site for metal ions, therefore their affinity towards Cu(II) was
studied by combined use of pH-spectrophotometric and potentiometric
titrations, EPR spectroscopy and mass spectrometry measurements.

2. Experimental

2.1. General

Reactionsweremonitored by TLC on Silica Gel 60 F254 plates using de-
tectionwithninhydrin. RP (reversedphase)HPLCanalysiswasperformed
on HPLC system coupled with UV detector; C-18 semipreparative
Scheme 1. Synthesis of ligands 3. (i) cis-1,2-dichloroethene (0.5 eq), piperid
(250×8 mm, ID 5 μm) column at a flow rate of 1 mL/min, or analytical
(150×4.5 mm, ID 5 μm) column at a flow rate of 0.5 mL/min was used
under isocratic conditions using different concentrations of MeOH in
0.1% aqueous trifluoroacetic acid (TFA). UV detection was performed at
260 nm. NMR spectra were recorded on 600 MHz and 300 MHz spec-
trometers, operating at 150.92 or 75.47 MHz for 13C and 600.13 or
300.13 MHz for 1H nuclei. TMS was used as an internal standard.
Mass spectrometry (MS) measurements were performed on HPLC sys-
tem coupled with triple quadrupole mass spectrometer, operating in
positive electrospray ionization (ESI) mode. Spectra were recorded
from a 10 μg/mL compound solution in 50% MeOH/0.1% formic acid
(FA) by injection of 2–5 μL into the ion source of the instrument by
autosampler, at the flow rate of 0.2 mL/min (mobile phase 50%
methanol/0.1% FA). For pH-dependent MS measurements, 0.1 M
HCl or 0.1 M NaOH was used, while concentration of the ligands
and Cu(NO3)2 was 5×10−4 M. High resolution mass spectrometry
(HRMS) analysis was performed on matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass spectrometer operating in
reflectronmode. Calibration typewas internalwith calibrants produced
by matrix ionization (monomeric, dimeric and trimeric α-cyano-4-
hydroxycinnamic acid (α-CHCA)), azithromycin and angiotensin II
dissolved in α-CHCA matrix in the mass range m/z of 190.0499 to
749.5157 or 1046.5417. Accurately measured spectra were internally
calibrated and elemental analysis was performed on Data Explorer
v.4.9 Software with mass accuracy better than 5 ppm. Samples were
prepared by mixing 1 μL of analyte methanol solution with 5 μL of
saturated (10 mg/mL) solution of α-CHCA and internal calibrants
(0.1 mg/mL) dissolved in 50% acetonitrile/0.1% TFA. Compounds 1a–e
(Scheme 1) were prepared according to the known procedure [13].
ine (2 eq), Pd(PPh3)4 (0.01 eq), CuI (0.1 eq), and THF; (ii) TFA/H2O 9:1.



47M. Gredičak et al. / Journal of Inorganic Biochemistry 116 (2012) 45–52
2.2. Preparation of protected ligands 2

Pd(PPh3)4 (0.01 mmol), CuI (0.1 mmol), piperidine (1 mmol) and
cis-1,2-dichloroethene (0.5 mmol) were mixed in 2 mL of dry tetra-
hydrofuran (THF) for 30 min at room temperature under argon. A
premixed solution of 1 (1 mmol) and piperidine (1 mmol) in 3 mL
of dry THF was added dropwise under argon. The reaction mixture
was stirred overnight at room temperature. The solvent was evapo-
rated, and the product was extracted with ethyl acetate, washed
with brine and water and purified by flash column chromatography.
Detailed characterization of compounds 2a–e is given in the Supple-
mental information.

2.3. Preparation of ligands 3

Enediyne 2 (0.1 mmol) was dissolved in 1 mL of TFA/H2O 9:1mix-
ture and the reaction was stirred for 1 h at room temperature. The
solvent was evaporated and the residue purified by HPLC. Residual
TFA was removed on short silica gel column with 20% ammonia solu-
tion in methanol. Detailed characterization of compounds 3a–e, their
NMR and MS spectra are given in the Supplemental information.

Sample preparation for the pH spectrophotometric titrations (deter-
mination of protonation constants) revealed that ligands 3 are present
in protonated forms, as HCO3

− salts. To prove the presence of HCO3
−

ions, standard qualitative test was made: solution of MgSO4 was
added to the solutions of ligands 3. Upon heating precipitate of MgCO3

was formed. Moreover, FT-IR spectra of ligands 3 were checked for
HCO3

− characteristic bands. In spite of overlapping with vibrational
bands originating from ligands 3, HCO3

− characteristic bands at 710,
870, 1360 and 1670 cm−1 confirm the presence of ligands 3 as HCO3

−

salts.

2.4. Electronic absorption measurements

UV–visible spectra experiments were performed on Varian Cary Bio
100 spectrophotometer, using a cell with 1 cm optical path length at
T=298 K. Stock solutions of ligands 3 and Cu(OAc)2 (1.0×10−3 M)
were prepared in spectroscopic grade methanol and Milli-Q water. Ti-
trations were performed with ligand concentrations ranging from
10−4 to 10−6 M, corresponding to an absorbance maximum in the
range of 0.1–1.0. The applied metal-to-ligand ratios were varied up to
4:1.

2.5. pH-spectrophotometric titrations

The protonation constants of the investigated ligand were deter-
mined by combined pH-spectrophotometric titrations. The electrode
used for the pH-measurement was Metrohm LL Micro glass electrode
6.0234.100 with Metrohm 487 pHmeter. Calibration of the glass elec-
trode was done using 5 standard buffer solutions (pH=2–10). The
UV–vis spectra were recorded on Varian Cary 50 spectrophotometer
using quartz cell with 1 cm optical path. The pH of 10 mL of the in-
vestigated ligand solution (c≈5×10−4 M, Ic(NaCl)=0.1 M) was set
in the range from 3 to 12 with increment≈0.3 by adding HCl or
NaOH (c=0.1 M or 0.01 M). The lgKH values were determined by
multivariate non-linear regression analysis of A vs. pH curve using
pHab program package [14].

2.6. Potentiometric titrations

Potentiometric measurements were used for evaluation of the cop-
per complex stability constants. The electrode, pH-meter and the cali-
bration procedure were the same as described above. Metrohm 876
Dosimat plus was used as automatic burette. All solutions were pre-
pared in redistilled and degassed water. The titrations were performed
by adding≈0.05 mL of NaOH (c≈1×10−2 M) to 8–10 mL solution of
the ligand, HNO3 (c≈1×10−3 M) and Cu(NO3)2 under argon atmo-
sphere. NaOHused as a titrant was standardizedwith potassiumhydro-
gen phtalate as primary standard, while HNO3 was standardized by the
NaOH solution. The titrant solutionswithmetal-to-ligandmolar ratio of
0.5 and 2 were titrated, but since at higher ratio precipitation of
copper(II) hydroxide occurred after addition of NaOH, this data was
not used in calculations. Even at lower ratios precipitation was still ob-
served in most cases, but at substantially higher pH. The ionic strength
was kept fixed at Ic=0.1 M by adding NaNO3 to the titrant solutions.
The data fitting was done bymeans of Hyperquad program [15]. During
the refinement of the stability constants, the copper(II) hydrolytic spe-
cies were taken into account [16] and the protonation constants of the
investigated ligands determined previously were kept fixed.

2.7. EPR measurements

EPR spectra of Cu(II) complexes with ligands 3a–ewere recorded at
Varian E-109 spectrometer (X-band) equipped with BRUKER variable
temperature control unit. The spectra were recorded by EW program
and were taken at T=293 K. Additionally, only solutions in methanol
were frozen in liquid nitrogen after mixing. Then the EPR spectra were
recorded at T=77 Kwith the same spectrometer as above. For the sim-
ulation of the EPR spectra the simulation software EasySpin [17] has
been utilized. Concentrations of ligands 3a–e and Cu(OAc)2 in methanol
andwater, used for the EPRmeasurementswere 2.5×10−4 M. For the ti-
tration in methanol solution concentration of Cu(OAc)2 was 1×10−3 M.
The ratio of ligand:Cu(II) in water was varied from 1:1 to 1:4, while in
methanol solution the ratiowas varied from1:1 to 4:1, respectively.Mea-
surements were made after 5 min to ensure the equilibration of ligand
and Cu(II) solution's mixtures. The pH-dependent EPR measurements
were performed with ligand:Cu(II) mixtures (1:1); pHwas set by adding
HCl or NaOH (c=0.1 M).

3. Results

3.1. Synthesis and characterization of ligands 3

Target ligands 3 were prepared starting from previously described
Boc-protected amino acid propargylamide derivatives 1 [13]. Com-
pounds 1 were submitted to the Sonogashira condensation reaction
resulting in moderate yields of 2 (Scheme 1), which is in accordance
with lower reactivity of two aliphatic components in the Sonogashira
coupling [18]. Acid hydrolysis of Boc protection group yields ligands 3
in almost quantitative yields. All compounds were fully characterized
by NMR spectroscopy, mass spectrometry and HRMS (see Experimental
section and Supporting information for more details). High symmetry
of molecules associated with cis orientation of the enediyne moiety is
reflected on NMR spectra which show single set of signals for each deriv-
ative. TheMS/MS spectra of themolecular [M+H]+ ions of ligands 3 are
characterized by the presence of amino acid-specific immonium ion
H2N+=CHR, as well as fragment ion arising from the loss of the
N-terminal H2N–CHR–CO moiety.

3.2. Protonation properties of ligands 3a–e

The expected protonation equilibria in the solution of ligand L in-
volve ionization of both terminal amino moieties and can be repre-
sented by Eqs. (1) and (2) with corresponding equilibrium constants.

Lþ Hþ⇌LHþ KLHþ ¼ LHþ� �
L½ � Hþ½ � ð1Þ

LHþ þ Hþ⇌LH2þ
2 KLH2þ

2
¼

LH2þ
2

h i

LHþ½ � Hþ½ � ð2Þ



Fig. 2. UV–vis spectral changes during titration of 3a (2.2×10−5 M) with Cu(II) at dif-
ferent Cu(II):ligand ratios (0.1 – 4.1, corresponding to order of the spectra with the
highest to the lowest absorbance at 260 nm) in water. Concentrations of Cu(II) were
in the range of 2.2×10−6–8.0×10−5 M.

48 M. Gredičak et al. / Journal of Inorganic Biochemistry 116 (2012) 45–52
The protonation constants of the phenylalanine-related ligand 3a
were determined via standard potentiometric titration (Fig. S1).
However, higher log KLHn

n+ values and low solubility of deprotonated
form of ligands 3b–e hamper determination of their protonation con-
stants following the common procedure. Therefore, the protonation
equilibria of compounds 3b–ewere investigated by means of simulta-
neous spectrophotometric and pHmeasurements. The concentrations
used in the spectrophotometric measurements were significantly
lower and thus no precipitation occurred at any pH. Although ob-
served spectral changes caused by the change in the protonation
state were relatively small, it was possible to determine the proton-
ation constants of ligands 3a–e (Table 1) and the spectra of individual
species, i.e. fully deprotonated, mono- and diprotonated ligands (Figs.
S2–S5). The titration curves (A vs. pH) with both measured and calcu-
lated absorbance values at chosen wavelength are given in Figs. S6–
S9.

Distribution diagrams (Fig. 1 for 3c and Figs. S10–S13) revealed
presence of LH2

2+ species in acidic medium, with both terminal amino
groups protonated, whereas only at very high pH values (above 12)
the neutral (deprotonated) form is predominant.

3.3. Interaction of ligands 3 with copper(II)

Preliminary insight into complexation of Cu(II) by ligands 3a–e
was gained by means of spectrophotometric titrations in both meth-
anol and water. Significant spectral changes in UV–vis spectra of all
studied ligands in methanol were observed upon addition of Cu(II)
(hypochromic and bathochromic effect) with isosbestic point at
about 280 nm. Spectrophotometric titrations of ligands 3a–e Cu(II)
performed in water showed the most pronounced spectral changes
with ligand 3a (Fig. 2) while less pronounced changes were observed
with ligands 3b–e.

In order to verify the presumptions concerning the processes taking
place in the studied solutions, EPR spectra of L:Cu(II) systems in metha-
nol and water were recorded and analyzed. The EPR spectrum of the
phenylalanine-related ligand 3a and Cu(II) (1:1 mixture) in methanol
is shown in Fig. 3a and suggests formation of a single Cu(II) complex.
The spectrum is characterized by four resonance transitions split by the
isotropic hyperfine splitting constant ao. Four lines are present due to
the hyperfine coupling between an electron spin (S=1/2) of the Cu(II)
(configuration 3d9) and the nuclear spin of the Cu(II) (ICu=3/2). Param-
eters derived from analysis and simulations of the spectra are summa-
rized in Table S1. The line shapes suggest unisotropic molecular motion
of the complex. The same result was obtained with the alanine-related
ligand 3d and again, the line shapes of the spectrum suggested highly
unisotropic molecular motion of the copper complex. However, due to
poor solubility of 3d in methanol, low resolution of spectra hampers fur-
ther analysis by simulations. Somewhat different results were obtained
with ligands 3b and 3c. Fig. 3b shows EPR spectrum of the 1:1 mixture
of 3c and Cu(II) inmethanol and suggests presence of two different com-
plexes between Cu(II) and ligand 3c. The nature of the complexes 3b–d
cannot be discussed due to the low resolution and overlapping of their
EPR lines. It may be suggested that the main difference between com-
plexes is in go-factor, i.e. the complexes differ in the spin-orbit coupling
contribution.
Table 1
Logarithmic values of protonation constants for ligands 3a–e at T=298 K (Ic=0.1 M
NaCl). The estimated errors are given in parentheses as 3σ (last digit).

Ligand log KLH+ log KLH2
2+ log βLH2

2+
a

3a 8.38(9) 6.72(3) 15.1(1)
3b 11.93(3) 6.77(3) 18.70(6)
3c 11.42(3) 8.29(3) 19.71(6)
3d 11.73(3) 7.18(3) 18.91(6)
3e 10.48(3) 7.83(3) 18.31(6)

a log βLH2
2+=log KLH++log KLH2

2+.
Fig. 4 shows EPR spectra obtained in methanol as a function of the
3a:Cu(II) ratio and again, the shape suggests that one type of the
Cu(II) complex was formed, while the amount of the complex in-
creases with the increment in the ligand 3a concentration. EPR spec-
tra of Cu(II) complexes with ligands 3b–d in methanol are shown in
Figs. S14–S16. The spectral fit of the EPR spectra of Cu(II) complexes
with ligands 3a–d in methanol at T=77 K was unsatisfactory due to
poorly resolved lines. However, EPR spectrum of the 4:1 mixture of
3a and Cu(II) in methanol confirmed the formation of a single Cu(II)
complex. The spectrum is characterized by A||=12.6(4) mT and
g||=2.292(5). EPR spectra of the 4:1 mixture of 3b–d and Cu(II) in
methanol were wide and non-resolved, especially those of 3d:Cu(II)
due to the same as discussed above. The line broadening effect
found in the EPR spectra of Cu(II) complexes with 3b and 3c can be
explained by interaction between two copper centers, in accordance
with previous suggestion about the simultaneous formation of two
complexes.

EPR spectra of Cu(II) complexes with ligands 3a–e in water were
generally of low resolution (Fig. S17). Additionally, pH dependent EPR
spectroscopy measurements confirmed presence of a complex at
pHb6.5, while at higher values signals were lost since a precipitation
occurred (Fig. S18).

The obtained data prompted us to study processes taking place in
water by potentiometric measurements and additionally by MS. The
pH titrations of acidified (HNO3) solutions of ligands 3a–d and ≈0.65
or 1.3 (in the case of 3a) equivalent of Cu(II) ions with potassium hy-
droxide (Figs. S19–S22) allowed determination of the complex stoichi-
ometries and corresponding stability constants, which are given in
Table 2. Thiswas not the casewith compound 3ewhere the quantitative
analysis was not possible, although the shape of the pH curve implied
that complexation occurred. In all cases only the mononuclear com-
plexes of general formula LH−nCu were formed differing only in the
protonation state of the ligand. The data could not have been fitted
with bis- or polynuclear species included in the model. It should be
noted that with less than 1 equivalent of Cu2+ added to the solution,
the formation of higher stoichiometry complexes in appreciable amount
is not expected. However, the immediate precipitation with addition of
NaOH when an excess of Cu2+ was added to the solution limited our
quantitative studies. Although most probably the precipitation of cop-
per hydroxide occurredwith increase in pH,we cannot exclude the pos-
sibility that insoluble copper complexes of higher stoichiometries were
formed.

Neutral (deprotonated) form of all ligands forms stable complexes
LCu2+ which is the predominant complex species in the solution at



Fig. 3. a) The EPR spectrum of 3a:Cu(II) mixture (up) and the spectrum obtained after subtraction of free Cu(II) EPR spectrum (down) in methanol; b) the EPR spectrum of 3c:Cu(II)
mixture (up) and the spectrum obtained after subtraction of free Cu(II) EPR spectrum (down) in methanol. DPPH was used as a standard (g=2.0036). Concentration of ligands and
Cu(OAc)2 was 2.5×10−4 M.
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pHb6.5, as can be seen in the distribution diagrams (Fig. 5). The copper
ion in this type of complex is most likely coordinated by both terminal
amine nitrogen and possibly two carbonyl oxygen atoms (structure I,
Scheme 2).

When considering the formation of LCu2+ species, one must keep
in mind that the binding depends on protonation equilibria. Thus, the
complexation process is most accurately represented by Eq. (3) with
corresponding constant K⁎ (Eq. (4)) which is a more direct measure
of the stability for the given complex.

LH2þ
2 þ Cu2þ⇌LCu2þ þ 2Hþ ð3Þ

K� ¼
LHCu2þ
h i

Hþ� �2

LH2þ
2

� �
Cu2þ� � ; logK� ¼ logβLCu2þ− logβLH2þ

2
ð4Þ

Comparison of the logK⁎ values for different ligands, given in Table 2
revealed that differences in stability of the LCu2+ complexes are not
highly pronounced but still not negligible. It should be noted that the
Fig. 4. The EPR detection of the 3a:Cu(II) complex formation in methanol as a function
of ligand:Cu(II) ratio. Complex was prepared by mixing the same concentration of
Cu(II) and different concentrations of 3a. The shown spectra were obtained by subtrac-
tion spectra of 3a:Cu(II) solutions and spectrum of free Cu(II). Concentration of
Cu(OAc)2 was 1×10−3 M.
log K⁎ value for ligand 3a is significantly higher than for the others
which is mainly due to the lowest proton affinity of this ligand. In the
distribution diagrams (Fig. 5), it is clearly seen that in all cases this spe-
cies is present in appreciable amount at pH>4.5 and reachesmaximum
concentration at pH≈6. For ligands 3b–d 85–90% of Cu(II) ions are in
complex, whereas in the case of 3a the percentage of LCu2+ complex
formation approaches 100%. At higher pH values further deprotonation
takes place and results in another type of complex (LH−1Cu+) in equi-
librium. Ligand 3a acts as an exception forming a complex (LH−2Cu)
with both amide moieties deprotonated and involved in the binding.
The equilibrium between LCu2+ and LH−2Cu+ complexes is
established at higher pH causing the LCu2+ to be the predominant spe-
cies in a wide pH range. Similar behavior was observed for (Gly)nHis
peptides where cooperative deprotonation of both amide groups took
place in the case of (Gly)nHis, while with longer peptides (n=3,4 and
5) deprotonation occurred in a successive fashion [19].

The proposed binding mode in LH−1Cu+ complexes of ligands
3b–d involves interaction of Cu(II) with one deprotonated amide ni-
trogen stabilizing the complex (structure II, Scheme 2). Although
less probable, another possibility is the formation of a hydrolytic spe-
cies with OH− as a donor group instead of the deprotonated amide
(structure III, Scheme 2). Again, the differences in stability caused
by differentiation in the amino acid side chain are not large, but as
for the LCu2+, alanine related ligand 3d shows the lowest affinity
for the copper ion whereas 3c:Cu(II) complex is the most stable. It
should be noted that, most likely, the complexes of LH−2Cu stoichi-
ometry are also formed in other cases apart from 3a, resulting in pre-
cipitation, since the given complex is electroneutral. We confirmed
that the precipitate is in fact a complex by recording UV–vis spectra
of the solid resolved in acid solution (HCl) after separating it by cen-
trifugation. In the obtained spectra the signal of ligand was observed
in all cases (Fig. S23).

In themodel that provided the bestfit of the data obtained for3c and
3d, an additional species, LH−3Cu− which predominates at pH>9, was
included. Since only two protons could have been removed from the
ligand, the LH−3Cu− complex is most likely a hydrolytic species with
OH− coordinated to the copper in the axial position and four nitrogen
atoms (2NH2 and 2N−) in the equatorial plane (structure V,
Scheme 2). Low stability of the LH−3Cu− species (log K⁎≈−27.4)



Table 2
Logarithmic values (log β) of stability constants of 3a–d complexes with Cu(II). The es-
timated errors are given in parentheses as σ (last digit).

Species 3a 3b 3c 3d

log β LCu2+ 8.45(6) 11.2(4) 12.00(4) 10.85(6)
LH−1Cu+ – 3.68(4) 4.97(5) 3.21(8)
LH−2Cu −5.45(12) – – –

LH−3Cu− – – −14.08(8) −14.70(9)
log K⁎ aLCu2+ −6.65 −7.5 −7.72 −8.06

aLH−1Cu+ −15.02 −14.75 −15.70
aLH−2Cu −20.55
bLH−3Cu− −27.51 −27.32

a log KLHnCu
2+*=log βLHnCu

2+− log βLH2
2+.

b log KLH−3Cu
2+*=log βLH−3Cu

2+− log βLH2
2+− log βCuOH−.
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can be attributed to unfavorable deprotonation of H2O coordinated to
an already negatively charged species. We have tried to additionally
confirm the proposed model by monitoring the d–d transition band in
the spectra of Cu2+ with 3c and 3d, since significant red shift of the
d–dmaximum is expected upon axial coordination of copper ion. Unfor-
tunately, at experimental conditions (high concentrations and long op-
tical path) used in order to be able to monitor the low absorbing d–d
band, the absorption of the ligand overlaps with the d-d transition
band, making the precise determination of the maximum impossible
(Figs. S24–S25).

MS spectra of L:Cu(II) mixtures (1:1) were recorded at different
pH in order to validate the conclusions drawn from the potentiomet-
ric data by an additional method. However, pH adjustment, by adding
0.1 M solution of HCl and NaOH, introduces salts to the solution that
are known to suppress ionization in MS analyses and foster formation
Fig. 5. Distribution diagrams of the copper(II) species in solution obtained by the potentiome
(Ic=0.1 M NaNO3); a) 3a, b) 3b, c) 3c, and d) 3d.
of salt adducts. The presence of ion corresponding to the LH−2Cu and/
or LH−1Cu+ species was evidenced for all ligands. It should be point-
ed out that species LH−2Cu present as [LH−2Cu+H]+ and LH−1Cu+

(structures II and IV, respectively, Scheme 2) cannot be distinguished
by mass spectrometry. However, LCu(OH)+ (structure III) was not
detected, which suggests the participation of the amide group in the
coordination in the LH−1Cu+ complex. Mass spectrum of 3a:Cu(II)
equimolar mixture (pH 4.2) showed ion at m/z 490 corresponding
to the Cu(II) complex, togetherwith the ion corresponding to the ligand
atm/z 429 (Fig. 6). Abundant ions atm/z 120, 282 and 215 correspond
to the fragmentation of the molecular ion taking place in the MS ion
source (for comparison see tandem mass (MS/MS) spectrum of 3a,
Supporting information). Addition of HCl (pH 2.4) caused decrease in
the intensity of peak corresponding to the complex and appearance of
ion atm/z 526 corresponding to the adduct with HCl (isotope distribu-
tion confirms the presence of Cu(II)). Addition of NaOH to the same
solution to increase the pH to 5.9 changed significantly the ratio of
ligand- and complex-related molecular ions. The intensity of m/z 490
increased markedly, which is in accordance with the results obtained
by potentiometric measurements. Presence of LCu2+ species has not
been detected.

4. Discussion

While the role of the N-terminal amino group in either coordination
or stabilization of Cu(II) complexeswas highlighted in numerous studies,
the importance of “advantageous” peptide conformation remains some-
what unclear. This work was motivated with attempts to improve the
understanding of the factors that affect the stability of protein–copper
complexes, with special emphasis given to conformation-related ones.
tric titration of ligands 3 (c=1×10−3 M) and copper(II) (c=5×10−4 M) at T=298 K



Scheme 2. Proposed structures of complexes between ligands 3 and Cu(II).
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Based on the abundance of proline residue in peptides with Cu(II) bind-
ing affinity, we hypothesized that turn-like peptide conformation plays a
distinct role in the binding process. Therefore it is important to correlate
Fig. 6. The full scan MS spectra of 3a:Cu(II) mixture in water at different pH values: 4.2 (u
[M+H]+ m/z 429, [LH−2Cu+H]+=LH−1Cu+ m/z 490, [M-H2N–CHR–CO moiety+H]+ m/
our results to previously reported work regarding Cu(II) binding pep-
tides. The main attributes differentiating the studied ligands from the
most studied peptides with copper binding affinity are: (i) presence of
p), 2.4 (middle) and 5.9 (down). Concentration of 3a and Cu(NO3)2 was 5×10−4 M.
z 282, H2N+=CHR (phenylalanine-related immonium ion) m/z 120.
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two terminal NH2 groups, (ii) predefined turn-like conformation, and
(iii) absence of typical amino acids (histidine and cysteine) as the
Cu(II) binding sites.

Regarding diamine-based structure of ligands 3a–e, significant dif-
ferences between log KLH+ and log KLH2

2+ were observed in all cases
(Table 1).When discussing thisfindingonemust take into consideration
the unfavorable interaction of positive charges when both terminal
amino groups are protonated, which lowers log KLH2

2+. For comparison,
log KLH2

2+ values for diamines NH2(CH2)nNH2 (n=2–4) were found in
the range between 6.8 and 9.6 and increase with the number of CH2

groups bridging two amino groups, while log KLH+ values are between
9.9 and 10.8 [20]. Conformational preferences of ligands 3, namely cis
orientation of rigid enediyne skeleton which governs attached amino
acids in the same direction, contribute significantly to the unfavorable
interaction of positive charges thus lowering the log KLH2

2+ value. Since
monoprotonated species carry only one positive charge, log KLH+ is con-
siderably higher and corresponds to those found for aliphatic diamines.

A combined use of pH-spectrophotometric and potentiometric titra-
tions, EPR spectroscopy and mass spectrometry measurements re-
vealed that ligands 3 form complexes of 1:1 stoichiometry with Cu(II).
At pHb6.5 all ligands form stable complexes LCu2+ (log K⁎ from
−8.06 to −6.65), with copper ion most probably coordinated by two
terminal amine nitrogen and possibly two carbonyl oxygen.

Due to the specific properties of ligands, when comparing the affin-
ity of other reported ligands towards Cu(II), it is important to take into
consideration the complexes with the same number of nitrogen atoms
coordinating copper ion. Copper complexes of simple oligopeptides
(Gly)n with 2N (NH2 and N−) binding mode showed lower stability
(log K⁎≈−8.2) [21] than the studied ligands 3. The complex stabilized
by single NH2, CO interaction, common in flexible oligopeptideswas not
observed in our case. This ismost certainly a consequence of the rigidity
of the structure, which hinders efficient binding by one side of the li-
gand. If we compare the stabilities of the LCu2+ complexeswith the sta-
bility of corresponding complexes of (Gly)nHis pseudopeptides [19], it
can be seen that ligands 3 effectively mimic the binding properties of
peptideswith histidine residue in the sequence. Namely, for these com-
plexes with log K⁎=−7.28 to −6.42, formation of a macrochelate in-
volving the participation of terminal amino group and the histidine
imidazole moiety is proposed. Since the log K⁎ values for the com-
pounds investigated in our work are in the same range (−8.06 to
−6.65), it can be concluded that the lack of His residual in the ligand
structure can be overcome by its rigidity and cooperative binding by
two amine groups. Even in the case of more complex peptides, like his-
tone H2B fragments [22] or human and mouse Aβ peptide fragments
[23] containing His moieties, stability of the Cu(II) complex can be cor-
related to those of the ligands 3. Again, stabilities of complexes with 2, 3
and 4 nitrogen atoms coordinated to the Cu(II) ion (log K⁎≈8, 15 and
24 respectively) are similar to those obtained in our work, with the
most expressed discrepancy in the case of human Aβ peptide fragment
showing additional stabilization of the complexes. As stated earlier, sig-
nificantly lower stability of the LH−3Cu− species compared to other 4N
complexes [22,23] is a consequence of unfavorable H2O deprotonation,
whereas the increase in log K⁎ of the LH−2Cu (3a) is caused by a coop-
erative amide deprotonation.

To conclude, we have synthesized small molecular tweezers based
on amino acids bridged with rigid cis enediyne moiety. Predefined
turn-like conformation and absence of typical Cu(II) binding sites, like
histidine or cystein, allowed us to bring conclusion about the relevance
of given constrained conformation for the metal binding. In relatively
wide pH range, including physiological, LCu2+ species are found pre-
dominant and their stabilities are comparable with stabilities of much
larger peptide fragments with incorporated histidine(s), known to con-
tribute strongly to the affinity for Cu(II). Therefore, it can be concluded
that simple diamine ligands 3, containing structurally defined binding
site, effectively mimic Cu(II) binding peptides. Our hypothesis that
turn-like conformation significantly contributes to the Cu(II) binding
efficiency is thereby confirmed.
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