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Abstract—A series of cyclic peptides with different linkers were designed and synthesized to model the elbow-type Ca2+-binding loop
of a-lactalbumin (LA). All amino acids of the Ca2+-binding loop are strikingly well conserved among LAs of different species with
the sequence Lys79-Phe-Leu-Asp82-Asp-Asp-Leu-Thr- Asp87-Asp88, where three carboxylates of Asp82, Asp87, and Asp88 and the
amide carbonyl oxygen atoms of Lys79 and Asp84 participate in Ca2+ binding. Alanine-containing models were also prepared for
monitoring the role of the binding (82, 87–88) and nonbinding Asp residues (83–84) in coordinating the cation. The structural fea-
tures of synthetic peptides and their Ca2+-binding properties were investigated in solution by circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopy. In water, the CD curves show a strong negative band below 200 nm as a sign of the pres-
ence of unfolded conformers. In TFE, all cyclic peptides were found to have a CD spectrum, reflecting the presence of folded (turn)
conformers. The effect of Ca2+ was dependent on the structure and concentration of the model and the Ca2+ to peptide ratio (rcat). A
surprising time dependence of the FTIR spectra of Ca2+ complexes of the Ala-containing peptides was observed. The shape of the
broad amide I band showed no more change after �60 min. Contrary to this, the deprotonation of the side chain COOH group(s)
and formation of the final coordination sphere of Ca2+ took more time. Infrared spectra showed that in the Ca2+ complex of model
comprising the binding Asp residues of LA, the cation is coordinated to the COO� groups of all three Asps, while in the complex of
model comprising nonbinding Asp residues of LA, the two neighboring Asp side chains form a bridged Ca2+-binding system.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The strong and selective binding of Ca2+ to a large num-
ber of proteins is closely related to the regulation of
many physiological functions. A good understanding
of the selective impact of Ca2+ essentially implies the
unraveling of determinants that contribute to Ca2+ affin-
ity. Rationally designed low-molecular-weight model
compounds that contain the key ligand amino acids
are very useful in such study. In this article, we focus
on determining the importance of conservative amino
acids within the Ca2+-binding loop of a-lactalbumins
(LAs).

Since it was found that a-LA binds Ca2+,1 there has
been a thorough investigation of the physicochemical
aspects of the metal binding to the protein.2 Calcium

binding stabilizes the native state of LA in such a way
that, for instance, the temperature induced unfolding
of an LA shifts from near 20 �C for the apo-protein to
nearly 70 �C for the Ca2+-bound protein.3 Moreover,
correct refolding and correct disulfide repairing of the
reduced LA requires the presence of Ca2+.4 The crystal-
lographic analysis of the structure of LA5,6 revealed an
extremely well-formed Ca2+-binding loop that differs
from the EF-hand Ca2+-binding loops.7 It has been
termed �the elbow Ca2+-binding loop� (Fig. 1). The loop
consists of 10 amino acid residues. In most LAs, it ex-
tends from Lys79 to Asp88 and consists of the sequence
Lys79-Phe-Leu-Asp82-Asp-Asp-Leu-Thr-Asp87-Asp88.
Five residues contribute to liganding Ca2+: three carb-
oxylates of Asp82, Asp87, and Asp88 and two peptide
carbonyl oxygen atoms of Lys79 and Asp84. The very
slightly distorted pentagonal bipyramidal metal coordi-
nation is completed by two additional water molecules.
The elbow Ca2+-binding loop is flanked by a short 310-
helix at the N-terminal side and an a-helix at the C-ter-
minal side. Both structures contribute to orienting the
amino acid side chains of the loop terminals. Within
the tertiary structure of LA, the distance between Ca
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atoms of Lys79 and Ca atoms of Asp88 is about 7.9 Å.
All amino acids of the Ca2+-binding loop are strikingly
well conserved among LAs of different species. The
question arises to what extent individual amino acids
that are not directly involved in the coordination of
Ca2+ contribute to the binding affinity. The contribution
of charged groups such as the positively charged Lys79

and the negatively charged Asp83 and Asp84 residues is
also of special interest. The side chain carboxylates of
the latter Asp residues are not coordinated to Ca2+.
However, they significantly increase the local charge
density.

Idealized loops resemble a Greek omega (X). It is the
conspicuous compactness of the loops, which allows
their identification as a discrete entity in X-ray elucidat-
ed proteins. A loop structure is defined by the segment
length (6–16 residues), the absence of regular secondary
structures, and the distance between segment termini
(<10 Å). Omega loops should be distinguished from
disulfide-bridged ones. Loops are rigid structures but
the shortness of their substructures suggests that they
are chiroptically not well-defined conformations.8 It
has been suggested that bicyclic peptides9 and longer lin-
ear peptides10 can mimic the three-dimensional structure
of protein sites.

To answer the above question, we constructed model
decapeptides mimicking the calcium-binding loop of
LA with its ends connected with different linkers. Our
first approach in the design of calcium-binding model
compounds was simply to preserve the native sequence
of LA loop in monocyclic analogues. Recognizing the
importance of Lys side chain in calcium binding and/
or in its influence on the local charge density, some

models without Lys were also synthesized. Alanine-con-
taining models were designed for monitoring the role of
the binding Asp residue (82, 87–88) 3d and nonbinding
Asp residue (83, 84) 3e in coordination of the cation.

In the present study, we report the synthesis, structural
characterization, and calcium binding of linear and cyc-
lic model peptides (Table 1). Molecular mechanics
(MM) was used to design the peptide models. At first
the calcium-binding loop was calculated according to
the X-ray structure of LA6 (Protein Data Bank ID:
1F6S). The minimum size of the linear model (1) was
calculated to comprise 12 residues of the binding site
of LA. The cyclic models 2–4 were calculated to contain
35–40 backbone atoms. Except for the Asp (D)- and Ala
(A)-substituted models 3d and 3e, the cyclic models fea-
ture all five Asp residues that are present in the binding
loop of LA. Disulfide, thioether, and lactam bridges
were chosen to construct the ring.

Circular dichroism (CD) and Fourier transform infrared
(FTIR) spectroscopy were used to characterize the con-
formation and Ca2+-induced conformational transitions
of the models. Cyclic peptides 3d–3f were designed for
clearing up the role of the binding (Asp82, Asp87, and
Asp88) and nonbinding (Asp83 and Asp84) aspartic acid
residues as well as the importance of Lys79 in Ca2+

binding.

2. Results and discussion

2.1. Design and synthesis of peptides

On the basis of the results of MM calculation, we cut-
out the Ca2+-binding loop of LA from Lys79 to Asp88.
The Lys79 side chain is not involved in Ca2+ binding6

(Protein Data Bank ID: 1F6S), and the modeling in vac-
uum showed the possibility of salt bridge formation be-
tween the e-NH2 of Lys and the b-COOH of Asp87 or
Asp88. This feature could assist at the adoption of natu-
ral backbone conformation11 and calcium binding. It is
known that in protein, the mutation of Lys79 to alanine
did not effect the Ca2+ binding but the mutant lost 50%
of its tertiary structure; hence, this amino acid has a spe-
cific structural role in the protein.12 Using different link-
ers—thioether (2a–2b), disulfide (3a–3f), and lactam
bridge (4)—we investigated the effect of ring size and
linker type on the secondary structure and the Ca-bind-
ing ability of cyclic peptides. Considering the synthetic
routes two different connections were used: head-to-side
chain (2a and 4) and side chain-to-side chain (2b and 3a–
3f) cyclization. According to the X-ray data,6 the side
chain of lysine is not involved in Ca2+ binding, only
its backbone carbonyl oxygen. Therefore, we synthe-
sized peptide 3c (a serine analogue) to control the effect
of side chain contribution on conformation and Ca2+

binding. The serine residue increases the hydrophilicity
but no changes were observed in the conformation and
Ca2+ binding of the peptide. Some peptides comprising
lysine were prepared (2a, 3a, 3d, and 3e) to establish
the microenvironment of a possible salt bridge between
the e-NH2 of Lys and the b-COOH of Asp87 or Asp88.

Figure 1. Calcium-binding site in a-lactalbumin from Asn74 to Lys94

[Protein Data Bank ID 1F6S, this picture was made by the use of

RasTop (version 2.1) by Philippe Valadon (La Jolla, CA, USA)].23
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The contribution of Lys side chain resulted in a small
change in the secondary structure in the case of peptides
3a and 3f (data not shown). The alanine-containing
models were designed for monitoring the role of the
binding Asp residues (82, 87–88) 3d and nonbinding
Asp residues (83–84) 3e in the coordination of the
cation.

The linear peptides were prepared by manual peptide
synthesis on solid support using Boc/Bzl strategy; the side
chain of Asp residues was protected as cyclohexyl (cHex)
ester to minimize the aspartimide formation during the
cleavages.13 The peptides were built in MBHA resin
[(amino-[4-methylphenyl]methyl copolystyrene divinyl-
benzene) hydrochloride] except peptides 1, 2a, 3b, and
3c, where Merrifield resin (chloromethylpolystyrene–di-
vinylbenzene) was used. The intramolecular cyclization
to form a thioether bridge was achieved by two different
methods (Schemes 1 and 2) and the yield after purifica-
tion was 7–10%. The formation of the lactam bridge
was performed with solid-phase cyclization (Scheme 4).
After the cleavage of the side chain protecting group of
lysine, the cyclization was performed by shaking the reac-
tor for days. Disulfide bridge formation (Scheme 3) in
two cystein-containing peptides was easily achieved,
according to the published results14 without difficulties.
The cyclization was clearly monitored by HPLC
(Fig. 2). The yield of the disulfide bridge containing cyclic
peptides was �24%, while lactam bridge was 8%.

Last step of solution-phase cyclization was the water
evaporation in vacuo, and the purification procedure
was the following: using HPLC with eluent A, the
Tris–HCl (tris(hydroxymethyl)amino methane) was
eliminated, while the cyclic peptide was eluted from
the column with a gradient slope of 0.5% B/min. All

peptides were identified by MS and amino acid analyses
(Table 1).

2.2. Spectroscopic studies

2.2.1. CD spectra of models 1–4. CD spectral parameters
of linear (1) and bridged cyclic peptides (2–4) are sum-
marized in Table 2. In the structure-promoting solvent
TFE linear peptide 1 shows a spectrum marked by a
strong positive band at 192 nm, a negative band at

Scheme 1. Reagents and conditions for the synthesis of peptide 2a: (i)

(a) 2% DBU + 2% pipiridine in DMF, (b) Cl–CH2–CO–OPcp (3 equiv)

in DMF; (ii) (a) 40% TFA in DCM, (b) HF, 1.5 h, �5 �C, p-cresol,
thiocresol, (c) Tris–HCl buffer, 4–5 days.

Table 1. Synthesis and analytical characterization of model peptides 1–4

Peptides Structure MS data (M+H)+ measured (calculated) Retention time (min)a Yield (%)

1 Ac–GKFLDDDLTDDG–OH 1352.1 (1351.6) 15.5 41

2a
KFLDDDLTDDCG OH

COCH2
1397.4 (1395.6) 15.9 10

2b
Ac (CFLDDDLTDDK)G NH2

CH2CO
1438.8 (1436.6) 17.0 7

3a Ac (CKFLDDDLTDDC)G NH2 1497.9 (1497.6) 15.7 25

3b Ac (CFLDDDLTDDC)G OH 1370.6 (1370.5) 18.0 19

3c Ac (CSFLDDDLTDDC)G OH 1456.7 (1457.5) 14.9 22

3d Ac (CKFLDAALTDDC)G NH2 1410.0 (1409.6) 16.7 23

3e Ac (CKFLADDLTAAC)G NH2 1366.3 (1365.6) 16.7 26

3f Ac (CFLDDDLTDDC)G NH2 1369.9 (1369.0) 18.1 20

4
GLDDDLTDDK Aβ NH2

COCH2CH2CO
1259.0 (1257.5) 10.3 8

a See Section 4 for details.
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203 nm, and a negative np* shoulder between 220 and
230 nm. This spectrum shows class C features and repre-
sents a mixture with high population of folded conform-
ers (b-turns).15 In water or Tris–HCl buffer (pH 7), the
spectrum changes significantly: the negative couplet is
replaced by a strong negative band below 200 nm with

Scheme 3. Reagents and conditions for the synthesis of peptide 3a

(similar condition were applicated for peptides 3b–3f): (i) (a) 40% TFA

in DCM, (b) HF, 1.5 h, �5 �C, p-cresol, thiocresol; (ii) Tris–HCl

buffer, (pH 8.1–8.4) 4 days.

Figure 2. Analytical HPLC chromatogram of crude cyclopeptide 3a,

detected at 220 nm (black) and 260 nm (red). Peptide 3a after 4 days

cyclization (A) and cyclopeptide together with linear its linear

precursor (B).

Table 2. CD data of model peptides

Peptides Solvent knm ([H]MR · 103 (deg cm2 dmol�1))

1 TFE 189 (9.30) 204 (�8.17) 218 (�7.05)

H2O — 198 (�10.4) 218 (�3.82)

2a TFE 184 (7.27) 201 (�10.14) 226 (�4.06)

50% TFE 184 (4.40) 200 (�10.78) 229 (�3.33)

2b TFE 187 (9.82) 203 (�8.82) 214 (�6.31)

H2O 182 (2.32) 199 (�10.37) 221 (�2.98)

2c TFE 182 (9.73) 200 (�9.51) 217 (�5.33)

3a TFE 184 (9.19) 202 (�11.80) 221 (�4.83)

H2O 183 (1.50) 200 (�11.84) 227 (�1.51)

3b TFE 186 (8.98) 203 (�7.39) 218 (�4.88)

3c TFE 185 (6.63) 202 (�7.74) 218 (�4.66)

3d TFE 185 (5.35) 202 (�9.56) 222 (�4.80)

H2O 181 (�0.12) 200 (�11.61) 229 (�1.34)

3e TFE 187 (2.34) 202 (�11.14) 220 (�3.78)

H2O 183 (�0.84) 200 (�10.77) 228 (�1.35)

3f TFE 188 (10.94) 205 (�6.47) 219 (�4.91)

4 TFE 183 (8.76) 199 (�10.69) 218 (�3.61)

50% TFE 185 (3.48) 200 (�12.95) 220 (�4.95)

Scheme 2. Reagents and conditions for the synthesis of peptide 2b: (i)

(a) 2% DBU + 2% piperidine in DMF, (b) Cl–CH2–CO–OPcp

(3 equiv) in DMF; (ii) (a) according to the Boc/Bzl protocol, (b) last

Boc group cleavage followed by 5% acetic anhydride in pyridine; (iii)

(a) HF, 1.5 h, �5 �C, p-cresol, thiocresol (b) Tris–HCl buffer, 4–5 days.
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a weak negative shoulder at 230 nm (class U spectrum).
This spectrum is indicative of the predominance unor-
dered (extended) conformers.

Cyclic peptides 2a, 2b (bridged by a CH2CO group) and
cyclic peptides 3a–3f (comprising a disulfide bridge) also
show CD spectra in TFE characterized by a negative
pp* couplet and a negative np* band (Table 2, Fig. 3)
reflecting the presence of turn(s) within the macroring.
Addition of less than 50% water to the solution in TFE
does not have a significant spectral effect. The class C
spectrum in TFE is replaced by a class U spectrum in
water or in Tris buffer (pH7). In the case of linearmid-size
peptides, class C spectra reflect the presence of conformer
population(s) of periodic ordered (a-helix or 310 helix) or
aperiodic ordered (type I or III b-turn) structures.15 Cyc-
lic peptides cannot adopt longer helical stretches. Consid-
ering the amino acid sequence, ring size, and the presence
of disulfide or other bridges, the adoption of turns is very
probable. These turns are destroyed by water.

Compound 4 is unique within the series. There is a suc-
cinic acid bridge between its N-terminal glycine and the
e-NH2 group of lysine residue acylating the b-alanine.
Regardless of the enhanced flexibility of the macroring,
the spectrum in TFE resembles the spectra of the other
models in this solvent. The class C spectral features are
preserved even in a 50% TFE–water mixture.

Neutralization of one or more aspartic acid carboxyl
groups of 2b resulted in a blue-shift of the negative cou-
plet and a decrease of the relative intensity of the shoul-
der in the np* spectral region. This is indicative of
definite conformational changes without the loss of the
comprised b-turn.

2.2.1.1. CD spectra in the presence of Ca2+ ions. CD-
monitored Ca2+-titration was performed on the disul-
fide-bridged cyclic peptides 3a, 3d–3f. The CD spectrum
of the peptides shows more or less class C character
(Fig. 3). Addition of Ca2+ gave rise to marked spectral
shifts in the case of all cyclic models.

The CD spectra of 3a with all five Asp residues of the
binding loop changed differently below and above
’0.5 Ca2+ to peptide ratio. Less than 0.5 equiv Ca2+

caused an increase of the relative intensity of np* band
near 220 nm (Fig. 4). Contrary to this, 2a also compris-
ing five aspartic acid residues suffered marked spectral
changes upon addition of P2 equiv of Ca2+. Five equiv-
alents of Ca2+ disrupted the negative couplet and in-
duced a positive band at 217 nm (data not shown).

At rcat ’ 0.5, the CD curve is indicative of a definite
amount of b-strand structure.16 However, at the concen-
tration of the peptide (0.35 mM), no aggregation can be
observed. Above this ratio, the intensity of the np* band
in the spectrum decreased. At rcat = 5, the np* band al-
most vanished while the intensity of the negative pp*
band appeared with increased intensity. Titration of 2a
and 2b, also comprising five Asp residues, did not result
at rcat ’ 0.5 in a spectrum marked by a definite negative
band near 220 nm (spectra not shown).

The CD spectra of the cyclic peptide 3d changed gradu-
ally until rcat ’ 1.5. Above this ratio, the spectra showed
a nearly complete loss of the np* band (Fig. 5). This is a
sign of the binding of Ca2+ to backbone amide carbo-
nyls after saturation of the inner binding site. The spec-
tral behavior of 3e is similar to that of 3d until rcat = 1.
Increasing the molar excess of Ca2+ induces spectral

Scheme 4. Reagents and conditions for the synthesis of peptide 4: (i)

(a) 40% TFA in DCM, (b) succinic anhydride (3 equiv), DIEA

(3 equiv) in DMF; (ii) (a) 2% DBU + 2% piperidine in DMF, (b) DIC/

HOBt (3 equiv) 3 days; (iii) HF, 1.5 h, 5 �C, p-cresol, thiocresol.

Figure 3. CD spectra of peptides 3a (black), 3d (red), 3e (green), and 3f

(blue) in TFE.
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changes in both the np* and the pp* spectral regions
(Fig. 6). The spectra at rcat P 1.5 showed a positive
band above 210 nm. The appearance of the positive
band can be associated with Ca2+ binding to backbone
carbonyls giving rise to marked conformational change.
Features indicating the presence of b-strand conforma-
tion are not seen in the spectra of the Ca2+ complexes
of cyclic peptides 3d and 3e.

The titration curves of 3f, lacking Lys showed a gradual
increase of the intensity of the negative pp* band until
rcat ’ 1 but the np* band did not change significantly.
Above this, the intensity of the negative np* decreased.

No time dependence was observed during CD-moni-
tored Ca2+ titration of cyclic peptides 2 and 3.

2.2.2. FTIR spectroscopic studies. On the basis of the CD
spectroscopic data on models 1–4, FTIR spectroscopic
measurements have been performed on the cyclic model
3a and its alanine-substituted derivatives 3d and 3e. The
spectra were taken in TFE in the 1800–1500 cm�1 spec-
tral region, which is mainly composed of bands due to
mCO (COOH), amide I, amide II, and mas (COO�) vibra-
tions but absorptions by the Lys (K) side chain
½dasNHþ

3
ðKÞ and dsNHþ

3
ðKÞ� also give contribution to

the spectrum. Some of the models are present as trifluo-
roacetate (TFA�) salts. The strong mas (COO�) band of
TFA� appears at �1675 cm�1. For comparison, the
infrared spectrum of the des-lysine mode 3f was also
measured.

There are three main bands in the spectrum of the par-
ent model 3a at about 1725 cm�1 (mCO), 1675 cm�1 [am-
ide I and mas (COO�) of TFA�], and 1540 cm�1 (amide
II). The weak shoulders near �1630 and �1600 cm�1

can be assigned to the absorption of side chains of Lys
and Phe. The infrared spectra of 3a, 3d, and 3e are sim-
ilar except that the relative intensity of the mCO band is
smaller in the spectra of 3d and especially 3e comprising
three and two Asp residues, respectively. The positions
and decreased intensity of the amide I band in the spec-
trum of 3f comprising no lysine and bound TFA� is in
agreement with expectation (Fig. 7). The shape and
deconvolution of the amide I bands do not give informa-
tion about the secondary structure of the ring compris-
ing 38 backbone atoms. The low wavenumber
shoulder of the amide I band may be a sign of the spec-
tral contribution of turn(s). The amide I component
band of the acceptor CO of intramolecular H-bond(s)
of b- and c-turns was suggested to appear near 1640
and 1620 cm�1, respectively.17

2.2.2.1. FTIR spectra in the presence of Ca2+ ions. The
cyclic peptide 3a comprising five Asp residues resulted
in a turbid solution and separation of a precipitate
in the presence of 0.5–1.5 equiv Ca2+ [cp (peptide

Figure 5. CD spectra of cyclic peptide 3d (black) and the titration

curves at rcat = 0.25 (red), rcat = 0.5 (green), rcat = 1 (blue), rcat = 1.5

(pale blue), and rcat = 2.5 (purple) in TFE. The inset shows the

dependence of the ellipticity at 220 nm as a function of rcat.

Figure 6. CD spectra of cyclic peptide 3e (black) and the titration

curves at rcat = 0.25 (red), rcat = 0.5 (green), rcat = 1 (blue), rcat = 1.5

(pale blue) and rcat = 2 (purple) in TFE. The inset shows the

dependence of the ellipticity at 220 nm as a function of rcat.

Figure 4. CD spectra of cyclic peptide 3a (black) and the titration

curves at rcat = 0.25 (red), rcat = 0.5 (green), rcat = 1 (blue), rcat = 1.5

(pale blue), and rcat = 2.5 (purple) in TFE. The inset shows the

dependence of the ellipticity at 220 nm as a function of rcat.
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concentration) = 1.5 mM in TFE] which obscured the
measurement. Models 3d and 3e comprising no lysine
showed no precipitation in the presence of Ca2+. (A
weak tendency for aggregation was observed in the case
of 3f not comprising Lys. The presence of lysine appears
to promote aggregation even at lower Ca2+ ion concen-
trations.) It was observed, however, that the spectra
show differences depending on the time passed after dis-
solving the peptide in the TFE solution of the calcium
salt. Therefore the complexion of Ca2+ was followed
in time. The spectra at rcat = 0.5 showed definite time
dependence. The amide I band became constant after
60 min while the mCO (COOH) and amide II plus mas
(COO�) regions changed for a longer time.

The intensity decrease of the mCO band was accompanied
by an increase and broadening of the band below
�1600 cm�1 (strong high wavenumber shoulder at
�1585 cm�1) as a sign of the decrease of the number
of COOH and increase of the Ca2+-binding COO�

groups.

The cyclic peptide 3d features the three Asp residues that
in LA are involved in Ca2+ binding according to X-ray
crystallography.6 In the presence of Ca2+ at rcat = 1
the spectra showed time dependence but only until
�90 min (Fig. 8). The spectra are similar to that of 3f
(not shown). Interestingly, at rcat = 1 and 1.5, a compo-
nent band appeared at �1605 cm�1 reflecting the pres-
ence of a COO� group binding Ca2+ in a unidentate
manner, which is expected to increase the frequency of
the mas (COO�) band.18

Cyclic peptide 3e comprises only two Asp residues that
in LA are not coordinated to Ca2+. Regardless of the
Ca2+ to peptide ratio, the spectra changed in time until
�60 min (Fig. 9). After reaching the complex equilibri-
um, the spectra showed two characteristic features: a
definite shoulder at �1700 cm�1 in the mCO region and
another one at �1590 cm�1. It is reasonable to suppose
that the shoulder at �1700 cm�1 indicates the formation

of a Ca2+-binding H-bonded system participated by the
side chain COO� functions of two neighboring Asp
residues in which the proton involved in H-bond acts
as a bridging �pseudo metal� ion (Scheme 5). The

Figure 8. FTIR spectra of cyclic peptide 3d in TFE (black) and the

curves at 0 min (red), after 30 min (green), after 1 h (blue), after 1.5 h

(pale blue), and after 2 h (purple) in the presence of Ca2+ ions at

rcat = 1.

Figure 9. FTIR spectra of cyclic peptide 3e in TFE (black) and the

curves at 0 min (red), after 30 min (green), and after 1 h (blue) in the

presence of Ca2+ ions at rcat = 1.

Scheme 5. Unidentate (A), bridged (B), and bidentate (C) metal-ion

binding systems.

Figure 7. FTIR spectra of peptides 3a (red), 3d (blue), 3e (black), and

3f (green) obtained in TFE.
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low-wavenumber component at �1585 cm�1 can be as-
signed to the mas (COO�) of the H-bond acceptor aspar-
tate side chain binding Ca2+ ion.

3. Conclusion

One linear (1) and a series of cyclic peptides (2–4) were
designed and synthesized for modeling the elbow-type
Ca2+-binding loop of LA. Different linkers were used
to form a monocyclic system in models 2–4 with roughly
the same inner size of the ring (the distance between the
Ca atoms of Lys79 and Asp88 is about 7.9 Å).

The structural features of synthetic peptides and their
Ca2+-binding properties were investigated in solution by
CD and FTIR spectroscopy. In TFE, both the linear
model and the cyclic ones were found to have a class
C-type CD spectrum reflecting the presence of folded
(turn) conformers.15 No marked differences were seen in
the spectra of cyclic models having different bridges. In
water, the CD curves show a strong negative band below
200 nm as a sign of the presence of unordered (extended)
conformers. No conformational transition was observed
upon changes of pH in the range of 3.5–11.

In analogy with other synthetic peptides mimicking the
calcium-binding loop, no evidence of Ca2+ binding in
water at various pH values (pH 3.5–11) and in a TFE/
H2O 1:1 mixture was observed. Apparently, the Ca2+

affinity of the binding site of models 1–4 is not strong
enough to remove (or partially remove) the water mole-
cules surrounding the Ca2+ ion and undergo marked
backbone conformational transitions resulting in a dis-
cernible CD spectral effect. In neat TFE, the cyclic pep-
tides showed marked spectral changes in the presence of
Ca2+. The effect of Ca2+ was dependent on the structure
and concentration of the model and the Ca2+ to peptide
ratio. Above rcat ’ 2, the negative couplet in the pp* re-
gion was replaced by a blue-shifted negative band indi-
cating chain extension that is unfolding of the turn(s)
within the macroring. The decreased intensity of the
negative np* band or the appearance of a positive band
between 215 and 230 nm is indicative of the binding of
Ca2+ not only to the side chains of Asp but also to
amide carbonyl(s) of the peptide backbone.

FTIR spectroscopy proved to be more informative.
Comparative infrared studies have been performed on
the cyclic model 3a and its Ala for Asp substituted deriv-
atives 3d and 3e. Unfortunately, even at a rcat = 0.5 Ca2+

ions caused precipitation of the parent peptide 3a. Pre-
cipitation was not observed for the Ala-containing mod-
els 3d and 3e.

Titration with Ca2+ gave rise to a decrease of the inten-
sity of the mCO (COOH) band and an increase of the mas
(COO�) band of Asp residue(s). The Ala for Asp substi-
tution of LA (3d and 3e, respectively) enabled us to eval-
uate the relative importance of Asp residues in the Ca2+-
binding loop of LA. The time dependence of the spectral
changes in the amide I, mCO (COOH), and mas (COO�)
spectral regions was different. The shape of the broad

amide I band showed no more change after �60 min.
Contrary to this, the deprotonation of the side chain
COOH group(s) and formation of the final coordination
sphere of Ca2+ took more time.

In aqueous solution at pH �7, the Asp side chains are
deprotonated. In TFE solution, the majority of Asp res-
idues was protonated. TFE is a unique solvent due to is
lower dielectric constant and the presence of the nonin-
teractive, repulsive character of the trifluoromethyl
group.19,20 This solvent was suggested to mimic biolog-
ical binding sites that are buried or less accessible to
water. In TFE, Ca2+ binding must be preceded by
deprotonation of the Asp side chain(s) involved in the
coordination of Ca2+. On the basis of the relatively
low rate of deprotonation (�90 min) in the case of both
3d and 3e, the replacement of protons by Ca2+ appears
to be a favorable but slow process in TFE. The cost of
Ca2+ binding is that the solvent becomes acidic: the lost
protons are likely bound to water molecules that are
present in small amount in TFE solution. As shown in
Figures 8 and 9, the spectral patterns of the Ca2+ com-
plex of 3d and 3e are different. In the complex of 3d,
comprising the binding Asp residues of LA, the Ca2+

ion is coordinated by the COO� groups of all three
Asp. In the complex of 3e, the two neighboring Asp side
chains form a bridged Ca2+-binding system (Scheme 5).
Using models 3d and 3e comprising the binding and
nonbinding Asp residues, respectively, FTIR spectros-
copy revealed the crucial role of the distal Asp residue
in the binding site of LA.

4. Experimental

4.1. General methods

The amino acids were represented by three- and one let-
ter code. Protected amino acids [Boc-Gly-OH, Boc-
bAla-OH, Boc-Cys(Mob)-OH, Boc-Asp(OcHex)-OH,
Boc-Leu-OH, Boc-Lys(Fmoc)-OH, Boc-Thr(Bzl)-OH,
Boc-Phe-OH, (Fmoc = 9-fluorenylmethoxycarbonyl,
Mob = para-methoxybenzyl)], solvents, and reagents
were purchased from Reanal Co. (Hungary), Novabio-
chem, and Fluka. The solvents for the spectroscopic
studies were TFE (Aldrich, NMR grade) and double
distilled water.

Circular dichroismmeasurementswere performedon Jas-
co Dichrograph J-810 at room temperature in quartz cell
with 0.02 cm path length. The spectra were averaged of
five scans in the region 185 and 300 nm. The concentra-
tion of peptide was 0.5–1 mg/ml. CD band intensities
are expressed in mean residue ellipticity ([H]MR, deg
cm2/dmol).

Ca2+ stock solution (21 mM) was prepared from
Ca(ClO4)2Æ4H2O (Aldrich, 99%) in TFE. Titrations were
performed until rcat = 10, where rcat = [Ca2+]/[peptide].

FTIR spectra were recorded on a Bruker Equinox 55
spectrometer at room temperature in a CaF2 cell of
0.02 cm path length. The peptide concentration in
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TFE was 1.5 mmol in each measurement and titration
was performed in a solution of Ca(ClO4)2Æ4H2O in
TFE (rcat = 0.5, 1, and 1.5). The spectra were corrected
with the background.

Analytical HPLC was carried out on a Jasco-HPLC
instrument with Alltima column (C-18, 5 lm, WP,
250 · 4.6 mm) using 0.1% TFA in water (A) and 0.08%
TFA in acetonitrile (B) as eluents.Gradient: 5–95% eluent
B over 30 min. Flow rate was 1 ml/min. The preparative
HPLC was performed with Knauer instrumentation with
preparative pump-head using Alltima column (C-18,
5 lm, WP, 250 · 22 mm), and for semipreparative purifi-
cation, Vydac column (C-18, 10 lm, 300Å, 250 · 10 mm)
and an analytical pump-head were used with the above
written eluents.

HyperChem 6.0 program was adopted for the MM cal-
culation of the model cyclic peptides, using the confor-
mational search module.21 The structure optimizations
were performed in vacuum using Polak-Ribiere algo-
rithm and AMBER force field. The amide groups were
inserted in the trans-form as restraints to aviod the for-
mation of the cis-amide groups.

4.1.1. Peptide synthesis and purification. Linear peptide
and peptide derivatives were synthesized usingMerrifield
resin (1.0 mmol/g) andMBHAresin (0.98 and 0.61 mmol/
g), pre-swelling 5–6 h in DCM. The first Boc amino acid
was attached to the Merrifield resin as a cesium salt:
0.5 g Boc-Gly-OH was dissolved in 2.5 ml EtOH + 1 ml
H2O and the pH was adjusted to 7 with 2 M aq Cs2CO3.
The solution was evaporated in vacuo to dryness and
eliminated water by evaporation of EtOH and benzene
from the resin. Boc-Gly-OCs salt (0.31 g, 1 mM)was add-
ed to the suspended resin (0.5 g) and shaked for 24 h at
50 �C. The resin was washed with 3· DMF, 3· MeOH,
3· DMF/H2O, 3· DMF, and 3· MeOH. The coupling
was monitored by elemental analysis.

In the case of MBHA resin, the attachment of the first
amino acid was performed with the DIC/HOBt (1,3-
diisopropylcarbodiimide/1-hydroxybenzotriazole) cou-
pling protocol (5 equiv amino acid, 5 equiv HOBt,
5 equiv DIC for 3 h at room temperature). Deprotection
was carried out in 40% TFA/DCM for 20 min followed
5 times washing procedure by DCM and neutralization
by DIEA for 5 min. Coupling was performed according
to the Boc/Bzl (tert-butyloxycarbonyl/benzyl) protocol22

in DCM using DIC/HOBt (3 equiv) for 40 min. The
coupling was monitored by Kaiser test. The side chain
of Boc-Asp was protected with cHex group. After the
cleavage of the last BOC group from N-terminal, the
acetylation was performed with acetic acid anhydride/
DIC (5 equiv/5 equiv) in DMF solution. The peptides
with free thiol groups were cleaved from the resin by li-
quid hydrogen fluoride (HF) (10 ml/1 g resin) in the
presence of scavengers (peptide:p-cresol:thiocre-
sol = 1:1.0:0.1 g) for 1.5 h at �5 �C. After cleavage pro-
cedure, the resin was washed with 150 ml ether and
treated with 10 ml 40% acetic acid/water, 10 ml 20% ace-
tic acid/water and water. The water phase solutions were
diluted about to 5% acetic acid solution and lyophilized.

4.2. Synthesis

4.2.1. Preparation of Ac-Gly-Lys-Phe-Leu-Asp-Asp-Asp-
Leu-Thr-Asp-Asp-Gly-OH (1). The synthesis was per-
formed on Merrifield resin (0.3 g, 0.29 mmol). The yield
was 41% (162 mg). Analytical HPLC tR (retention time):
15.5 min. ESI-MS [M+H+]: 1352.1 (calcd 1351.6,
C57H85N13O25). Amino acid analysis: Asp 4.94 (5), Gly
0.90 (1), Leu 1.90 (2), Lys 0.88 (1), Phe 0.95 (1), and
Thr 0.93 (1). The purity of the peptide was 97% accord-
ing to HPLC.

4.2.2. Preparation of Cl-CH2-CO-Lys-Phe-Leu-Asp-Asp-
Asp-Leu-Thr-Asp-Asp-Cys-Gly-OH (precusor of 2a).
The synthesis was performed on Merrifield resin
(0.42 g, 0.42 mmol) and running with Boc/Bzl strategy.
The last coupling was performed with Fmoc-Lys(Boc)-
OH (3 equiv) by the method described above. For Fmoc
cleavage 2% DBU (1,8-diazabicyclo[5.4.0]undec-7-ene)/
2% piperidine/DMF solution (10 ml) was added to the
peptidyl polymer until 20 min. After the washing proce-
dure (3· DMF), ClAc-OPcp (chloroacetic acid penta-
chlorophenyl ester) (2 ml, 1.2 M, 3 equiv) in DMF was
added. The resin was shaked until 2 h, the negative Kai-
ser test showed the success of coupling. The peptidyl
polymer was washed with 3· DMF, 3· DCM, 3·
MeOH and diethyl ether. The dried resin was cleaved
from resin performed by HF. The yield of the crude lin-
ear peptide was 62% (350 mg).

4.2.3. Cyclization of Cl-CH2-CO-Lys-Phe-Leu-Asp-Asp-
Asp-Leu-Thr-Asp-Asp-Cys-Gly-OH (precusor of 2a).
150 mg crude linear precursor was dissolved in Tris–
HCl (160 ml, 0.97 g Tris + 3.50 ml 1 M HCl; pH 8.1–
8.4) buffer in a stocked system (protecting from air)
and was slowly stirred until 4 days. The water was evap-
orated and the cyclopeptide 2a purified with preparative
HPLC. The yield: 10% (14 mg). Analytical HPLC tR
15.9 min. ESI-MS [M+H+]: 1397.4 (calcd 1395.6,
C58H85N13O25S). Amino acid analysis: Asp 4.94 (5),
Gly 0.92 (1), Leu 1.90 (2), Lys 0.91 (1), Phe 0.95 (1),
and Thr 0.96 (1). The purity of the cyclopeptide 2a
was 95% according to HPLC.

4.2.4. Preparation of Ac-Cys-Phe-Leu-Asp-Asp-Asp-Leu-
Thr-Asp-Asp-Lys(Cl-CH2-CO)-Gly-NH2 (precusor of
2b). The synthesis was perfomed on MBHA resin (0.5 g,
0.49 mmol). The resin-bounded dipeptide [Boc-Lys(F-
moc)-Gly-resin] was treated with 2% DBU/2% piperi-
dine/DMF solution (10 ml) for 20 min to cleave Fmoc
group and washed with 3· DMF. The ClAc-OPcp in
DMF solution (2 ml, 1.2 M, 3 equiv) was added to the
peptidyl resin for 2 h, and the coupling was monitored
byKaiser test. The solid-phase peptide synthesis was con-
tinued with Boc protocol. After the cleavage from the res-
in, the yield of the crude linear peptide was 53% (210 mg).

4.2.5. Cyclization of Ac-Cys-Phe-Leu-Asp-Asp-Asp-Leu-
Thr-Asp-Asp-Lys(Cl-CH2-CO)-Gly-NH2. The condi-
tions of the cyclization were similar as 2a. Cyclopeptide
2b purified with preparative HPLC. The yield: 7%
(13 mg). Analytical HPLC tR: 17.0 min. ESI-MS
[M+H+]: 1438.8 (calcd 1436.6, C60H88N14O25S). Amino
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acid analysis: Asp 4.85 (5), Gly 0.95 (1), Leu 1.89 (2),
Phe 0.96 (1), and Thr 0.94 (1). The purity of the cyclo-
peptide 2b was 94% according to HPLC.

4.2.6. Preparation of linear precursors of the peptides 3a–
3f. The synthesis was performed on MBHA resin (0.5 g,
0.61 mmol/g). After the cleavage of the peptides from
resin, the yield of the crude product was 78% (360 mg)
for 3a, 78% (338 mg) for 3d, 73% (243 mg) for 3e, and
57% (237 mg) for 3f.

In the case of 3b and 3c, the synthesis was performed in
Merrifield resin (0.5 g, 0.98 mmol/g). After the cleavage
from resin, the yield of the crude linear peptide was 34%
(228 mg) for 3b and 29% (208 mg) for 3c.

4.2.7. Cyclization of disulfide bridge containing peptides.
4.2.7.1. General method. The linear peptides were dis-

solved in Tris–HCl (1 l, 6.05 g Tris + 21.9 ml 1 M HCl;
pH 8.1–8.4) buffer. The concentration was 0.07 mg/l.
The solution was stirred until 3 days in an opened flask.
The oxidation achieved by entered compressed air, and
monitored by HPLC.
4.2.7.1.1. Peptide 3a. The yield: 25% (17.5 mg).

Analytical HPLC tR: 15.7 min. ESI-MS [M+H+]:
1497.9 (calcd 1497.6, C61H91N15O25S2). Amino acid
analysis: Asp 4.90 (5), Gly 0.96 (1), Leu 1.92 (2), Phe
0.96 (1), and Thr 0.94 (1). The purity of the cyclopeptide
was 96% according to HPLC.
4.2.7.1.2. Peptide 3b.The yield: 19% (13.0 mg). Ana-

lytical HPLC tR: 18.0 min. ESI-MS [M+H+]: 1370.6
(calcd 1370.5, C55H78N12O25S2). Amino acid analysis:
Asp 4.93 (5), Gly 0.95 (1), Leu 1.92 (2), Phe 0.95 (1),
and Thr 0.95 (1). The purity of the cyclopeptide was
94% according to HPLC.
4.2.7.1.3. Peptide 3c. The yield: 22% (15.4 mg).

Analytical HPLC tR: 14.9 min. ESI-MS [M+H+]:
1456.7 (calcd 1457.5, C58H83N13O27S2). Amino acid
analysis: Asp 4.93 (5), Gly 1.01 (1), Leu 2.02 (2), Phe
0.88 (1), and Thr 0.99 (1). The purity of the cyclopeptide
was 93% according to HPLC.
4.2.7.1.4. Peptide 3d.The yield: 23% (16.1 mg). Ana-

lytical HPLC tR: 16.7 min. ESI-MS [M+H+]: 1410.0
(calcd 1409.6, C59H91N15O21S2). Amino acid analysis:
Ala 2.00 (2), Asp 2.75 (3), Gly 0.90 (1), Leu 1.74 (2),
Phe 0.88 (1), and Thr 0.82 (1). The purity of the cyclo-
peptide was 98% according to HPLC.
4.2.7.1.5. Peptide 3e.The yield: 26% (18.2 mg). Ana-

lytical HPLC tR: 16.7 min. ESI-MS [M+H+]: 1366.3
(calcd 1365.6, C58H91N15O19S2). Amino acid analysis:
Ala 2.88 (3), Asp 1.82 (2), Gly 0.96 (1), Leu 1.90 (2),
Phe 0.88 (1), and Thr 0.90 (1). The purity of the cyclo-
peptide was 97% according to HPLC.
4.2.7.1.6. Peptide 3f. 70 The yield: 20% (14.0 mg).

Analytical HPLC tR: 18.1 min. ESI-MS [M+H+]:
1369.9 (calcd 1369.5, C55H79N13O24S2). Amino acid
analysis: Asp 4.88 (5), Gly 0.90 (1), Leu 1.89 (2), Phe
0.91 (1), and Thr 0.90 (1). The purity of the cyclopeptide
was 93% according to HPLC.

4.2.8. Preparation of cyclic peptide 4 by solid-phase
cyclization. The synthesis was performed on MBHA
resin (0.1 g, 0.098 mmol), where Lys side chain was

protected by Fmoc group. After the cleavage of the Boc
protecting group from Gly, the resin was washed with
3· DMF. The solution of succinic anhydride (88.4 mg,
0.88 mmol) and DIEA (N,N-diisopropylethylamine)
(151 ll, 0.88 mmol) in DMF was added to the peptidyl
resin for 30 min, and the coupling was followed by the
Kaiser test. The resin was washed with 3· DMF, 3·
DCM, 3· DMF and treated with 2% DBU 2% piperi-
dine in DMF solution (10 ml) for 3 + 17 min. (Fmoc
cleavage). The resin was suspended in DMF and cycli-
zation was carried out with solution of DIC (168 ll,
0.88 mmol) and HOBt (119 mg, 0.88 mmol) in 3 ml
DMF and the mixture was stirred for 3 days. The cou-
pling reagents were refreshed daily. After the cleavage
from the resin, the yield of the cyclopeptide 4 was
8% (10 mg). Analytical HPLC conditions: Vydac
150 · 4.6 mm column (C-18, 5 lm, WP), gradient: 5%
B until 5 min followed by 5%–65% eluent B over
45 min. Flow rate was 1.2 ml/min. Retention time:
10.3 min. FAB-MS: 1259 (calcd 1257.5,
C51H79N13O24). The purity of the cyclopeptide was
92% according to HPLC.
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