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Abstract—The purpose of this work is to characterize the interactions of cyclooctapeptides (CP) containing glutamyl and/or cysteinyl
residues with common heavy-metal ions in order to facilitate the design of cyclopeptides as sensors for metal ions. Isothermal titration
calorimetry studies show that cyclooctapeptides containing glutamyl and/or cysteinyl residues bind these Hg®" and Pb>* over Cd**
and other common metal ions. Differential binding isotherms, in their interactions with Hg**, support a two-binding site model,
whereas pertinent interactions with Pb>" support a 2:1 stoichiometry, suggesting a CP/Pb>*/CP mode of complexation. The cyclo-
octapeptide containing both glutamyl and cysteinyl residues shows a significant binding affinity for Hg>* (K, = 7.6 x 10’ M~"), which
is both enthalpically and entropically driven. The fluorescence of these cyclooctapeptides showed pronounced fluorescence quenching
responses to Hg?* over Pd** and Cd**. Stern—Volmer analyses of the dependence of fluorescence intensity on Hg** and Pb>* are
reported. The observed trends are useful for the design of Hg?" sensors based on fluorophore-tagged cyclooctapeptides.

Published by Elsevier Ltd.

1. Introduction

Optical sensors for the detection of toxic metal ions such
as Hg?", Pb>*, and Cd*" have significant applications in
environmental chemistry and biomedical research,!—
encompassing areas of medical and biochemical analy-
ses and the monitoring of these toxic ions in the environ-
ment. While various types of chemical sensors for these
hazardous metal ions have been reported, many of them
have one or more limitations, which include low sensi-
tivity, poor specificity, slow response, and short shelf
life. Hence, the design and development of a more accu-
rate and rapid identification of these harmful metal ions
is both desirable and worthwhile. In recent years, vari-
ous types of chemical sensors for toxic metal ions have
been reported, ranging from small molecule fluorescent
chemosensors*!° to macrocycles,'''® such as the syn-
thetic crown ethers, azacrowns, calixerenes, and thia-
cyclams.!!"!3 We are especially interested in developing
cyclopeptide-based motifs for selective metal-ion bind-
ing and sensing.'®?° As previously reported, cyclopep-
tides offer various chemical and structural features that
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are favorable for metal-ion chelation and sensing.!® Spe-
cifically, fluorophore-tagged peptide macrocycles are
structurally attractive. They form complexes that are
generally thermodynamically and kinetically more sta-
ble than their acyclic analogs. The peptide macrocyclic
framework can be readily tailored for selective interac-
tion with certain metal ions according to their size.
Cyclopeptides can also adopt stable tertiary structures
to enable strategic positioning of metal coordinating
groups to accommodate the coordination positions of
the metal-ion concerned. Appropriate positioning of se-
lected types of fluorophores in the cyclopeptide struc-
tural scaffold allows for a rapid, convenient, and
highly sensitive signaling of the peptide-metal-ion inter-
action event. Additionally, the size of the cyclic peptide
framework, the type (o, B, v, and N-alkylated) and ste-
reochemistry of the amino acid residues can be readily
altered to tailor complexation of the metal-ion in differ-
ent environments of interest. The chemical stability of
the peptide backbone toward endopeptidases can also
be readily improved by employing amino acid building
blocks with alternating L- and D-stereochemistry. More-
over, the ease in chemical modification of the peptide
backbone or side chain residues offers a variety of
arrangements for the metal coordinating atoms (donor
atoms), both in the peptide backbone and in the side
chains of the cyclopeptide.
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The previous studies by our group have shown that a
model amphiphatic cyclooctapeptide, containing alter-
nating L- and p-amino acid residues, carboxylate func-
tions and an intrinsic fluorophore (Trp), cyclo[D-Glu-
Glu-D-Glu-Glu-D-Leu-Leu-D-Leu-Trp] (CP1) (Fig. 1),
exhibited selective binding and specific fluorescent re-
sponses toward some divalent transmon metal ions
(Hg** > Pb** > Zn** > Cu2+, Cd**) among the sur-
veyed alkah (Li*, Na™, K*, Cs ), alkallne earth (Mg>*,
Ca’*, Ba®"), transmon (Cu , Zn**) and heavy-metal
ions (Cd2+ Pb2+ 2?").19 In continuation of our work
in exploring the cyclopeptlde based motifs for selective
metal-ion binding and sensing, the present study was
undertaken to develop a better understanding of the
interactions of these cyclopeptides with some common
toxic heavy-metal ions such as Hg>*, Pb**, and Cd**
by alternating the glutamyl residues with hydrophobic
residues and substituting two glutamyl residues with
Cys, while retaining Trp as the intrinsic fluorogenic
signal. Cyclo[Glu-D-Leu-Glu-D-Leu-Glu-D-Leu-Glu-
D-Trp] (CP2) and cyclo[Glu-D-Leu-Cys-D-Leu-Glu-
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D-Leu-Cys-D-Trp] (CP3) were prepared for this study.
The metal-ion binding sites bearing carboxylate groups
from glutamyl residues are clustered on one side of the
cyclopeptide ring in CP1. We anticipated that their
interactions with metal ions could be optimized by
spacing them throughout the macrocycle by alternation
with the hydrophobic Leu residue as depicted in CP2.
It has long been acknowledged that selectivity for
complex formation with metal ions depends on many
factors, including the nature of the donor atom that
invokes ligand and metal-ion chelation.?!"?3 As
summarized in the ‘Hard and Soft Acid and Base’ ideas
of Pearson, the ‘soft bases’ effectively complex with ‘soft
acids’ such as the heavy metal ions.>* Accordingly,
sulfur-containing calixarenes have been shown to exhibit
significantly 1mproved molecular recognition for
Hg?*.2526 Thus, CP3 is designed to include the soft base
atom S by substituting two glutamyl residues (contain-
ing metal-ion coordinating carboxylate functionalities
in which the donor oxygen atom is classified as a ‘hard
base’) with cysteinyl residues (containing the thiolate
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Figure 1. The chemical structures of CP1, CP2, and CP3: CP1 contains 4 Glu carboxylate groups spaced adjacent to one another, imparting
amphipathic in the cyclooctapeptide, CP2 contains 4 Glu carboxylate groups spaced further apart by alternating Glu residues with hydrophobic Leu
residues, and CP3 contains 2 Glu carboxylate and 2 Cys thiolate groups spaced further apart by alternating Leu residues. The side chain coordinating

atoms and the intrinsic fluorophore Trp are shown in bold.
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coordinating groups where the metal-ion coordinating
sulfur atom is a ‘soft base’) to enhance the metal-ion
bmdmg properties of these acidic cyclopeptides for
Hg*

We report here the thermodynamic parameters, enthal-
py (AH), entropy (AS), and free energy (AG), including
the binding constant (K,), for the 1nteract10ns between
these cyclopeptides and Hg>*, Pb>* or Cd**, by isother-
mal titration mlcrocalorlmetry (ITC). Spemﬁc metal-ion
signaling by the fluorogenic cyclopeptides was assessed
by steady state fluorescence spectroscopy. The fluores-
cence emission spectral changes following the titration
of the cyclopeptide with these metal ions were compared
to evaluate changes upon peptide-metal-ion interac-
tions. Standard Stern—Volmer formalism?’® and the
dependence of fluorescence intensity on quencher con-
centrations are presented. The results of these microca-
lorimetric and spectroscopic studies of complex
formation between these cyclopeptides and heavy-metal
ions show that fluorogenic cyclooctapeptides are struc-
turally attractive for the rational design of chemosensors
for heavy-metal ions.

2. Results and discussion

2.1. Isothermal calorimetric studies

Figure 2 shows a representative ITC curve of CP2 and
CP3 with Hg(ClOy),. As previously reported for CP1,
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these cyclopeptides also exhibit two-binding sites for
Hg>*.'? The b1nd1ng affinity values of these cyclopep-
tides and Hg** complexes are included in Table 1. The
comparison of the binding affinity data of CP1 and
CP2 for Hg** reveals that they exhibit similar binding
constants for Hg>* despite their primary structural dif-
ferences in the locations of carboxylate groups, which
are important metal-ion coordination sites. Although
theg demonstrate a similar binding affinity value for

*, the thermodynamic parameters associated with
the formation of each complex type are distinctively dif-
ferent. For example, the first process assomated with the
formation of CPl and Hg** complex
(Kay =2.2x 10° M) is both enthalpicall ly and entro-
pically favored. In contrast CP2 and Hg"" complexa-
tion (Ky1y = 2.8 % 10 M) is enthalpically driven and
entropically disfavored. The second bmdmg enthalpy
change for the CP1 and Hg”>" interaction is positive.
This equilibrium is driven by the increase in entrO}in
associated with complexation (K@) =6.5x10°M
On the other hand, the corresponding CP2 and Hg
equilibrium is both enthalpically and entroplcally fa-
vored, driving the formatlon of the CP2 and Hg** com-
plex (Kyo) =4.9x 10* M ™).

Remarkably, CP3 exhibited a thirty fold increase in
binding affinity for Hg>* (K, =7.9% 10’ M), com-
pared to CPl and CP2, while retaining a strong affinit g/
for Hg at a second binding site (Kup)=1.7x10

M'). These interactions are exotherm1c (Fig. 2b) and
show a bis-cyclopeptide and Hg** complex formation,
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Figure 2. ITC data curve of CP2 (a), and CP3 (b), following titration with Hg?". Raw ITC titration data of 1.34 mL of CP2 (0.14 mM) and CP3
(0.15 mM) with 7 and 3 mM Hg(ClO,),, respectively (top panels). Binding isotherms (bottom panels) are derived from the data in the corresponding
top panels following correction for dilution and mixing effects.
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Table 1. Thermodynamic parameters of metal-ion binding to cyclooctapeptides®

Metal ion® Cyclopeptide K, MY AH (kJ mol™") AG (kJ mol™") AS JK 'mol™)
Hg?™© CP1 (22%1.0)x10° -2.0%038 —85%1.0 21+4
6.5+1.7)x10° 6.5+ 1.4 —52%15 38+ 4
CP2 (2.8 £0.4)x10° —112+02 —8.9+0.01 ~7.8+0.8
(4.9 £0.8)x 10* —52+12 —7.2%0.6 6.5+2.6
CP3 (7.85 £ 0.4) x 107 —21.5%0.1 —84+08 —357+£29
(1.7£0.3)x 10° —122+0.1 —6.6+0.5 —124+22
Pb** CP1 (2.0£0.5)x10° 14+04 —73+0.1 29+ 1
CP2 (1.5£0.1)x10° 22+04 —7.1£0.01 31+0.1
CP3 —d — — —
cd* CP1 (1.3£0.2)x 10* 6.6%+22 —57+1.1 40 +7
CP2 (4.3 £0.01) x 10* 42405 —6.4+0.01 353+2
CP3 e — — —

#Values correspond to the mean of three experiments and the standard error.

® Metal perchlorates.

°Hg>" binds to two different binding sites, which exhibit different binding constants and thermodynamic parameters.
9Very small heat changes for this association prevented the calculation of the formation constants.
¢No heat changes, which is indicative of the absence of bimolecular association.

suggesting an S-Hg>*-S mode of coordination. In the
presence of excess Hg?*, a second CP3 and Hg**-bind-
ing equilibrium is evident at a 1:2 CP3/Hg>* stoichiom-
etry. The binding isotherm for Hg** binding to CP3
(Fig. 2b) shows sequential binding where Hg>" binding
at the second site is negligible in the equimolar range,
but occurs in the presence of excess Hg>*. Both these
CP3 and Hg?*-binding equilibria are enthalpically dri-
ven (Table 1).

Figure 3 shows a representative ITC titration curve of
CP2 with Pb(ClOy), at 26 °C. The top panel shows the
total measured heat associated with each titration of
the Pb**, normalized by the molar ratio of Pb**/CP2
in the calorimeter cell. The interaction is endothermic
and shows a 2:1 stoichiometry with Pb*", suggesting a
CP/Pb**/CP sandwich mode of complexation as previ-
ously reported for CP1.'"” This kind of sandwich com-
plexation is consistent with the propensity of Pb*" to
form 1:2 complexes with ligands involving interligand
n-stacking interactions.??> Similar sandwich complexa-
tion has been reported by others for various types of
macrocycle/metal-ion interactions,'”!82! and their pref-
erences are attributed to the polarity and size of the
macrocycle cavity and the charge, size, and coordination
number of the metal ion(s) participating in the complex.

The calculated thermodynamic parameters of the inter-
action between CP2 and Pb®* are as shown in Table 1.
These data are comparable to those obtained for the
CP1/Pb**/CP1 complexation, which is driven by the in-
crease in entropy associated with this type of 2:1 stoichi-
ometric complexation with Pb>*. Although CP3 shares a
similar binding profile with Pb**, as demonstrated by
CP1 and CP2, its interaction with Pb>* is weakly exo-
thermic (Fig. 3b) and concurrently driven by an increase
in entropy.

The binding isotherm profile for the interaction of CP2
with Cd** is endothermic (Fig. 4a), therefore similar in
its association with Pb**. As previously observed for
CP1/Cd** complexation, this formation constant is

about an order of a magnitude lower for Cd**
(K, =43x10*M™"), compared to that for Pb>*
(1.5x 10° M™Y. In contrast, CP3 exhibited no signifi-
cant bimolecular association with Cd**, as seen by the
lack of heat changes following ITC measurements
(Fig. 4b).

The above analysis of the interactions of CP1 and CP2
with Hg?*, Pb*", and Cd**, shows that their binding
affinities for each metal-ion type are similar, despite
slight differences in the thermodynamic parameters asso-
ciated with their underlying bimolecular interactions.
These results show that changing the arrangement of
the polar glutamyl residues in these cyclooctapeptides
does not change their binding affinities for these metal
ions. Although their associations with Hg" is generally
exothermic, the positive enthalpy for the weaker second
CP1/Hg** association (Table 1) could be attributed to
the hydrophobic interactions between the amphipathic
CP1 macrocyles, which involve the non-polar side chain
residues of Leu and Trp. In spite of this unfavorable en-
thalpy change, this second CP1/Hg*" interaction is dri-
ven by the large entropy increase associated with this
binding process. Conversely, the first CP2/Hg”*-binding
association is entropically disfavored and is driven by
enthalpy (Table 1).

The binding of Pb** to CP1 and to CP2 is essentially
similar within the experimental variations. These inter-
actions are entropically driven albeit the associated
unfavorable enthalpy changes, which may be attributed
to the heats of dehydration of the hydrated cyclopeptide
molecule and of the lead ion in aqueous solution follow-
ing the formation of a stable CP/Pb>*/CP complex. As
previously noted, the peptides consist of polar groups
that readily form hydrogen bonds with water molecules,
whereas metal ions form ion—dipole interactions with
dipolar water molecules. The latter interaction leads to
the formation of hydration spheres around the metal
ion. The positive AS values for the interaction between
these cyclopeptides (CP1 and CP2) and Pb** can be
attributed to the reciprocal increase in the entropy of
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Figure 3. ITC data curve of CP2 (a), and CP3 (b), following titration with Pb>*. Raw ITC titration data of 1.34 mL of CP2 (0.14 mM) and CP3
(0.15 mM) with 3 mM Pb(ClOy),, (top panels). Binding isotherms (bottom panels) are derived from the data in the corresponding top panels
following correction for dilution and mixing effects.
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Figure 4. ITC data curve of CP2 (a), and CP3 (b), following titration with Cd** at 26 °C. Raw ITC titration data of 1.34 mL of CP2 and CP3
(0.15 mM) with 3 mM Cd(ClOy), at 33 injections of 6 uL each (top panels).

solvent molecules as a result of the above mentioned
dehydration. Their corresponding associations with
Cd** are similarly driven by this consequential increase

in entropy due to dehydration, notwithstanding a reduc-
tion in their formation constant, which is approximately
an order of a magnitude lower. The latter could be
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ascribed to the smaller ionic radius of Cd>* which less-
ens the stability of the CP/Cd**/CP complex (assuming
a coordination number of 6, the ionic radii of Pb*" and
Cd?* are 137 and 109 pm, respectively?®).

As noted above, the interactions between the soft base
donor containing cyclopeptide, CP3, and Hg>" are sig-
nificantly stronger than those exhibited by CP1 and
CP2. The enthalpy and entropy changes for the stepwise
CP3/Hg?* complex formation equilibria (Table 1) sup-
port an enthalpy favored association, as previously re-
ported for simple cyclodextrin hosts and their
molecular guests.?? The stepwise CP3/Hg>" associations
correspond with CP3/Hg?" ratios of 2:1 and 1:2
(Fig. 2b). The latter CP3(Hg”"), species dominates at
higher molar ratios of Hg?*/CP3, as seen in the ITC-
binding isotherm (Fig. 2b). Most sulfur bound mercury
species commonly exhibit two- or four-coordinated
complexes. The above bis-cyclopeptide and Hg?* com-
plex formation (CP3/Hg®* 2:1) most likely involve two
sulfur donor atoms in which the cysteinyl thiols from
two molecules of CP3, sustain a linear S-Hg**-S com-
plex. This S-Hg?"-S mode of coordination effectively
constitutes the high-binding association, which differen-
tiates the CP3/Hg?" associations from the CP1/Hg>*
and CP2/Hg>" species. Corresponding, this S—-Hg**-S
coordination renders a second receptive binding site
on the cyclopeptide involving the amide and carboxylate
functionalities. Hence, with increasing amounts of Hg>*,
a second binding equilibrium takes place, which could
be ascribed to the formation of the CP3(Hg>"), species.
Although the above explanation is in agreement with the
tendency of Hg?" to form linear complexes with ‘soft
base’ donor atoms, it is speculative until they are suc-
cessfully validated with structurally characterized
(CP3),Hg>" and CP3(Hg”"), data.

The binding isotherm for the interaction of Pb>* with
CP3 is shown in Figure 3b. The heat change for this
(CP3),Pb>" association is significantly smaller com-
pared to the corresponding bimolecular interactions
involving CP1 and CP2. Since the heat of this associa-
tion isotherm is too small to calculate the corresponding
thermodynamic parameters with certainty, we could not
obtain the formation constant for this bis-complexation.
This phenomenon may indicate that the binding affinity
of the CP3/Pb>* complex is considerably weaker than
that of the CP1/Pb>" and CP2/Pb*" systems. The two
cysteinyl residues in CP3 could weaken the formation
of a stable CP/Pb>*/CP sandwich complex and conse-
quently diminish the heat of association. Remarkably,
CP3 showed no binding isotherm when titrated with
Cd**, in contrast to CP1 and CP2 (Table 1), substanti-
ating the impact of replacing two glutamyl with cys-
teinyl residues on the cyclooctapeptides.

2.2. Steady state fluorescence spectroscopy

The fluorescence spectra of CP2 and CP3 are character-
istic of the emission spectrum of the indole group of
tryptophan. These fluorophore-tagged cyclooctapep-
tides absorb near 280 nm and emit near 350 nm (Figs.
5a and 6a). Their emission shifts to longer wavelengths
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Figure 5. (a) Fluorescence emission spectrum of 10 uM CP3 in the
absence and presence of increasing concentrations of Hg>* (2.5, 5, 7.5,
10, 20, 40, 60, 110 uM), and (b) Fluorescence quenching of 10 uM
CP1-3 (Zem = 350 nm) in the presence of increasing concentrations of
Hg2+. Measured at 25 °C with 4., = 281 nm.

(red shift) relative to the emission of indole at 340 nm
suggest that the indole group of these cyclooctapeptides
are solvent exposed. They showed pronounced fluores-
cence quenching responses to Hg?" and Pb*". This fol-
lows the general characteristics of diamagnetic ‘heavy’
ions such as Hg?" and Pb**, which typically form com-
plexes resulting in distinct fluorescence quenching. As
previously observed for CP1,' the ‘light’ diamagnetic
transition metal ion, Cd*>", which generally forms fluo-
rescent complexes, did not elicit any changes in CP2
and CP3 fluorescence. This may be ascribed to the
weaker binding between these cyclopeptides and Cd**
(Table 1).

Quenching of CP2 fluorescence by increasing concentra-
tions of Hg>" follows a similar hyperbolic shape as
shown by CP1, which is typical of the simple binding
of a small molecule to its ligand (Fig. 5b).'° The steep-
ness of the hyperbolic curve increases for the corre-
sponding quenching of CP3 fluorescence by Hg”*.
This is indicative of larger fluorescence quenching of
the indole fluorophore at lower concentrations of
Hg?*. Consequently, CP3 signals the presence of Hg**
more efficiently than CP1 and CP2. Figure 6b shows
quenching of CP1-3 by increasing concentrations of
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Figure 6. (a) Fluorescence emission spectrum of 10 pM CP3 in the
absence and presence of increasing concentrations of Pb>* (10, 20, 30,
40, 50, 60, 80, 100, 150 uM), and (b) Fluorescence quenching of 10 uM
CP1-3 (Zem = 350 nm) in the presence of increasing concentrations of
Pb>*. Measured at 25 °C with /e = 281 nm.

Pb>*. CP2 exhibited a similar fluorescence response to
increasing concentrations of Pb>" as shown by CP1. In
contrast, the steepness of the slope decreases for the cor-
responding fluorescence response by CP3. Additionally,
a limited <80% quenching by Pb>* at saturating concen-
trations is measured for CP1-3 as opposed to the >97%
. . . 2+
quenching at saturating concentrations of Hg™".

In order to understand the molecular interactions be-
tween these cyclopeptides and heavy-metal ions that re-
sult in fluorescence quenching, the data were analyzed
using the Stern—Volmer formalism.?’* Figure 7 shows
the comparative Stern-Volmer plots for Hg®* and
Pb>" quenching of CP1-3. The Stern—Volmer plots for
CP1 and CP2 quenching by Hg** show an upward cur-
vature, which is indicative of both complex formation
(static quenching) and collisional (dynamic) quenching
(Fig. 7a). Similar plots for quenching of these cyclopep-
tides by Pb>* (Fig. 7b) show a downward curvature to-
ward the x-axis. As previously reported for CP1, upon
Pb**-binding CP2 may adopt a conformation in which
the fluorophore, Trp, is shielded from further quenching
by these ions.!® It is useful to note that the CP/Pb>*/CP
sandwich mode of complexation, as implicated from the
ITC data (Section 2.1), could likely result in the shield-
ing of the hydrophobic Trp flourophore by interligand
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Figure 7. Stern—Volmer plot for Hg*" (a), and Pb** (b) quenching of
10 uM CP1-3. (a) Exponential transformation of Hg®>" quenching of
CP1 and CP2 yielded the least square regression lines,
»=0.026x + 0.090, and y = 0.016x — 0.030, respectively, with coeffi-
cients of determination, * > 0.99. Line of best fit analysis of Hg*"
quenching of CP3 yielded the linear regression line, y = 0.2135x + 1,
where * > 0.99. (b) Log transformation of Pb>* quenching of CP1 and
CP2 yielded the least square regression lines, y = 2.31x — 0.81, and
y=220x —0.79, respectively, with coefficients of determination,
#*>0.97. Line of best fit analysis of Pb®* quenching of CP3 yielded
the linear regression line, y = 0.0155x + 1, where r* > 0.99.

interactions. This shielding effect could account for the
limited 80% quenching by Pb** at saturating concentra-
tions (Fig. 6b). The presence of these two indole fluoro-
phore populations, in which one class is not accessible to
the quencher, constitutes the deviation from linearity to-
ward the x-axis in the Stern—Volmer plots.

Contrasting data were obtained for the quenching of
CP3 by Hg?* and Pb**. In this case, Stern—Volmer
intensities plots are linear (Fig. 7). This is indicative of
a single class of fluorophore molecules in the sample that
are equally accessible to the quencher. Therefore, F,/F is
linearly dependent upon the quencher concentration,?’?
and only one type of quenching occurs. Fluorescence
quenching is described by the Stern—Volmer equation,

Fo/F =1+ kqto[0] = 1 + Ksy[Q)]

where F, and F are the fluorescence intensities in the ab-
sence and presence of quencher, respectively; kq is the
bimolecular quenching constant; t, is the lifetime of
the fluorophore in the absence of quencher, Q is the
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concentration of the quencher, and Ksy is the Stern—
Volmer constant, where Kgy = kqt,. The Stern—Volmer
plot (Fig. 7a) shows a value of Kgy =2.14x10° M,
which is too large to be due to collisional quenching.
Assuming that an average unquenched lifetime of Trp
is 3.1 ns,%’® the value of the bimolecular quenching con-
stant by Hg*", kg, is 6.9 x 10> M~' s™!, over a 1000-fold
larger than the diffusion limited rate of
1.2x 10" M~'s7!.27¢ Hence, the fluorescence quench-
ing of CP3 by Hg”" can be attributed to specific-binding
associations as corroborated by the above described
ITC data. Likewise, bimolecular quenching by Pb**,
kqis 5.0x 10> M~' 57", can be ascribed to their binding
associations (Fig. 7b). Fluorescence lifetime measure-
ments, to be conducted in the near future, will conclu-
sively determine the respective contributions of static
and dynamic quenching and further our understanding
of the underlying photochemical and photophysical
processes.

3. Conclusion

The purpose of this work was to characterize the inter-
actions of CP1-3 with Hg?", Pb**, and Cd*" in order
to facilitate the design of cyclopeptides as sensors for
heavy-metal ions. The ITC and fluorescence data re-
vealed that complex formation is not significantly af-
fected by the location of the carboxylate groups in the
cyclooctapeptide. The underlying bimolecular formation
constants between cyclooctapeptides CP1 and CP2 with
Hg**, Pb>*, or Cd*" are similar. This result shows that
changing the arrangement of glutamyl residues in these
cyclooctapeptides does not change their binding affini-
ties for these metal ions. However, the side chain thio-
late functions have a significant impact on the complex
formation process of CP3, resulting in an increase in
both binding affinity and specificity for Hg>*.

The macrocyclic octapeptide is an attractive structural
scaffold which can be used as a framework for strategi-
cally positioning a great variety of donor atoms that are
available from the repertoire of side chains from various
types of amino acids. The results from this study show a
significant difference in the Hg”>* binding ability and
specificity upon the replacement of two Glu residues
with two Cys residues in the cyclooctapeptide frame-
work. In effect, the oxygen donor atoms (‘hard bases’)
of Glu are replaced by the sulfur donor atoms (‘soft
bases’) of Cys. Consequently, cyclooctapeptide CP3 ex-
hibit significantly improved molecular recognition for
Hg** as previously reported for sulfur-containing calix-
arenes.”>2¢ Accordingly, superior binding affinity and
specificity for the toxic Hg=" could be expected from
replacing all of the four Glu residues of CP2 with Cys
residues. The replacement of donor atoms in the coordi-
nating side chains with other coordinating groups such
as the imidazole functionality of His, guanidinium
group of Arg, phenolate of Tyr, sulfonic acid of cysteic
acid, or phosphonic acids of phosphonotyrosine should
contribute to a better understanding of the coordination
geometry of cyclooctapeptide—metal-ion complexes, and
accordingly, the design of better cyclopeptide complex-

ing macrocycles with high metal ion selectivity. Under-
standing the coordination geometry of these complexes
will also facilitate the design and positioning of the fluo-
rophore in the cyclopeptide structural framework for
maximal signal transduction, an essential feature of an
effective chemosensor. In this study, the indole group
of Trp, a naturally occurring amino acid, was conve-
niently employed as the sensing signal. Although the
fluorescence spectral properties of Trp is well docu-
mented,?’" it will not serve as an ideal reporting fluoro-
phore for Hg** because its fluorescence is quenched in
the presence of this heavy-metal ion. In future studies,
we propose to substitute Trp with other fluorophores,
which have been shown to exhibit fluorescence turn-on
properties® in the presence of Hg?", such as derivatives
of fluorescein,® mercaptopurine,*! anthracene,? and 8-
hydroxyquinoline®? that could be covalently attached
to the cyclooctapeptide scaffold via the g-amino group
of a Lys residue.

In this study, the interactions of cyclooctapeptides CP1-
3 with Hg”*, Pb>", and Cd** were conducted by ITC.
The range of binding constants which can be directl
measured with ITC is between 10> and ~10° M~
Hence, it is noteworthy that in evaluating cyclopeptides
that exhibit tighter binding affinities for metal ions
(K, > 10° M), their binding constants could be mea-
sured by displacement isothermal titration calorimetry
as reported by Sigurskjold.’* This method was effec-
tively used for analyzing the binding energetics of
HIV-1 protease inhibitors.>?

In summary, this paper describes the metal-ion binding
preferences of CP1-3, their associated thermodynamic
parameters, and the modulation of their fluorescence
by Hg®*, Pb**, and Cd**. The observed interactions
and the related photophysical/photochemical responses
will be useful for the rational design of cyclopeptides
with strategic metalophilic coordination sites and intrin-
sic fluorophores that will show complexation-induced
signals for sensing Hg*".

4. Experimental
4.1. Materials and methods

All chemicals were obtained from commercial suppliers
and used without further purification. Fmoc-Glu(a-O-
Allyl)-PAL-PEG-PS resin, Fmoc-L- and p-amino acids,
and peptide coupling reagents were purchased from
Novagen, EMD Chemicals Inc., CA. Reversed-phase
HPLC columns (Vydac 214TP54 and 214TPS510,
300 A, 5 um) were purchased from Chrom Tech, Inc.
CP3 was obtained from SynBioSci Corporation, CA.
All other chemicals were purchased from Aldrich Chem-
ical Company.

4.2. Preparation of CP1 and CP2
CP2 was prepared by solid phase peptide synthesis by

using the orthogonal protecting group strategy.>®
Fmoc-Glu(a-O-Allyl)-PAL-PEG-PS ~ resin  (1.25g,
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0.2 mmol) was loaded onto a column on the automated
peptide synthesizer (Pioneer Peptide Synthesizer) and
the linear synthesis was conducted as previously re-
ported.'® The crude peptide was purified by HPLC on
a reversed phase C-4 or C-18 column to give the peptide
as a white fluffy product following lyophilization. The
mobile phase was 0.025 M triethylammonium acetate
(A), and CH5CN (B), delivered by the Rainin Dynamax
300 HPLC systems with UV monitoring at 214 nm.
Conditions were 5% B to 30% B over 45 min with a flow
rate of 5 mL/min. RP-HPLC for CP1 (¢, = 32 min) and
CP2 (¢, = 27 min). The purified peptides were character-
ized by matrix-assisted laser desorption and ionization
mass spectrometry (Applied Biosystems MALDI-TOF-
MS) at the Mass Spectrometry Facility, Louisiana State
University. MALDI-MS of CP1 gave [M+H]"/1044
(calculated 1043), [M+Na]*/1066 (calculated 1065) and
[M+K]"/1082 (calculated 1082), and CP2 [M+H]"/
1041 (calculated 1043), and [M+2Na]/1085 (calculated
1087).

4.3. Isothermal titration calorimetry

Microcalorimetric titrations of peptides with metal ions
were conducted by isothermal titration microcalorime-
try (ITC) using a Microcal VP-ITC Instrument. Experi-
ments were carried out at 30 °C in water for CP1 and
CP2 (pH 7), and in 10% acetonitrile at 26 °C for CP3.
The peptide concentration ranged from 0.13 to
0.15 mM (1.34 mL sample cell), while the metal-ion con-
centrations varied from 3 to 10 mM in the syringe.
Automated titrations were conducted until saturation,
up to a ligand/peptide mole ratio of about 3 to 9. Heats
of dilution and mixing for each experiment were
measured by titrating the metal-ion solution into water
or 10% acetonitrile. The effective heat of each peptide—
metal-ion interaction was corrected for dilution and
mixing effects. These heats of bimolecular interactions
were obtained by integrating the peak following each
injection of metal ion. The measurement of this heat
change associated with each binding isotherm, a curve
that represents the degree of saturation in terms of
metal-ion to peptide mole ratio, allows an estimation
of binding constants (Kg), reaction stoichiometry (),
enthalpy (A H) and entropy (AS), thereby providing a
complete thermodynamic profile of the molecular inter-
action. The ITC data were analyzed by ITC Nonlinear
Curve Fitting Functions for one or two-binding sites
using the Microcal Origin 7.0 software (Microcal
Sofware, Inc.). The line of best fit is the calculated curve
using the best-fit parameters and it is used to determine
the molar enthalpy change for binding, AH®, and the
corresponding binding constant, K,.>” The molar free
energy of binding, AG®, and the molar entropy change,
AS°, were derived from the fundamental equations of
thermodynamics, AG° = —RT In K, = AH® — T(AS®).

4.4. Steady state fluorescence spectroscopy

Fluorescence spectroscopy measurements were carried
out on a CARY Eclipse Spectrofluorometer, equipped
with a thermostated cell holder. The fluorescence spectra
were recorded using 1 x 107> M peptide solutions in a

1 cm quartz cell, which was maintained at 25 °C. The
excitation wavelength was 281 nm and fluorescence
emission at 350 nm was used in quenching studies. The
dependence of fluorescence intensity on quencher con-
centrations was analyzed by the Stern—Volmer equation:
F,/F = 1+Kgy[Q], where F, and F are the fluorescence
intensities in the absence and presence of the quencher,
Kgy is the Stern—Volmer constant, and [Q] is the concen-
tration of the quencher.?’2
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