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Strong and selective binding to a trihistidine peptide has been achieved employing Cu2+−histidine interactions in
aqueous medium (25 mM HEPES buffer, pH 7.0). When the pattern of cupric ions on a complex matched with the
pattern of histidines on the peptide, a strong and selective binding was observed. UV−vis spectroscopic studies
show that the cupric ions coordinate to the histidines of the peptides. Thermodynamic studies reveal that the
binding process is enthalpy driven over the entire range of working temperature (25−40 °C). An enthalpy−entropy
compensation effect was also observed.

Peptide recognition is one of the fields of growing interest
and active research due to its key role in numerous biological
processes, e.g., hormone action, immune response, etc.1

Strong and selective binding of a peptide to a biological target
can lead to a successful drug. Detection of disease marker
peptides has the potential of early diagnosis of the disease.
In addition, recognition of oligopeptides has been used as
an intermediate step toward the recognition of the protein
surface.2 The principles of molecular recognition learned
from these model systems are laying the foundation for
protein surface recognition.2b

Recognition of peptides has attracted considerable attention
in recent years, and several groups have reported moderately
strong and selective binding to peptides3 by designed
molecules in the aqueous phase. Receptors have been
reported for both sequence-selective recognition4 and rec-
ognition of R-helices andâ-sheets of peptides.5 To our
knowledge, these synthetic receptors bind to the target
peptides through one or more noncovalent interactions, e.g.,

hydrogen bonding, electrostatics, van der Waals forces,
hydrophobic interactions, etc. Usually, the binding constants
are comparatively low (<50,000 M-1).

Immobilized metal affinity chromatography (IMAC) has
been used extensively to separate and purify proteins and
peptides.6 IMAC often uses polymer-bound iminodiacetic
acid (IDA) and several other tridentate ligand systems to
chelate the metal ions. When borderline metal ions (e.g.,
Cu2+, Ni2+) are used in IMAC sorbents (in the pH range
4.5-7.5), the absorbents exhibit a preference for nitrogen-
containing functional groups (e.g., the imidazole of histidine).
IMAC distinguishes proteins and peptides on the basis of
the content of histidine residues.7

Recognition based on metal-ligand interactions offers
several advantages over traditional approaches. Hydrogen-
bonding and ion-pair interactions are either very weak or
completely absent in a competitive solvent, e.g., water,
making them unsuitable for recognition study in the aqueous
phase.8 On the contrary, metal-ligand interactions are quite
strong in an aqueous solution. In addition, the strength and
kinetics of metal-ligand interactions can be fine-tuned by
the choice of the metal ion, the ligand positioning on the
metal ions, and the pH of the medium.9 The metal ions have
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well-defined spectroscopic properties and can be used to
obtain structural information about the recognition process.10

Our goal is to design and to synthesize metal complexes
capable of binding strongly to histidine patterns of flexible
peptides in water.11 Herein, we report that a very strong and
selective peptide-ligand interaction can be achieved by
matching thepatternof histidine moieties of a peptide with
a complementary patternof cupric ions on a designed
receptor.

Results and Discussion

Design and Syntheses of the Peptides.To demonstrate
the pattern-matching concept for peptide recognition, we have
designed and synthesized water-soluble peptides with three
histidine moieties at particular distances apart (12-16 Å).
This distance corresponds to the inter-histidine distances (His
1, His 7, and His 12 or 14) on the surface of the protein
carbonic anhydrase (bovine erythrocyte, Protein Data Bank
file name 1G6V.pdb). The peptides were modeled using the
software Spartan (version 5.1, Wavefunction Inc., Irvine,
CA). The Merck molecular mechanics force field was
employed for energy minimization, and then systematic
conformational searches were performed to identify the
lowest energy conformation(s) of the molecules. The struc-
tures of the peptides are shown in Figure 1. The syntheses
of the peptides are depicted in Scheme 1 (for detailed
synthetic procedures, see the Supporting Information).

From molecular modeling, the distance among the imi-
dazole groups of the histidines was estimated to increase by
approximately 4 Å when the peptide length increased by a
glycine unit. The inter-histidine distances changed from∼12
Å for t•H to ∼16-18 Å for t•GH. The peptidet•GGH
was designed to probe the role of flexibility in the recognition
process (the inter-histidine distance fort•GGH was esti-
mated to vary from∼18 to∼23 Å). Introduction of another
glycine unit resulted in decreased solubility (in 25 mM
HEPES buffer at pH 7.0), and the peptidet•GGGH was
unsuitable for our studies. The peptidet•AH has the
hydrophobic methyl group whilet•QH has the hydrophilic
amide moiety in the side chain. These two peptides were
used to study the effect of hydrophobicity on the recognition
process. Replacement of alanine oft•AH with a phenyl-
alanine (t•FH) caused a further increase in hydrophobicity
and made the peptide insoluble in aqueous buffer (pH 7.0).
The peptidet•aH (estimated inter-histidine distance∼12-
14 Å) was synthesized to study the effect of an additional
functional group (COOH) of the peptide on the recognition
process. The monohistidine peptidesm•H and m•aH
served as the controls for recognition studies.

Design and Syntheses of Metal Complexes.The metal
ion was selected on the basis of two criteria: (a) formation
of a M‚His complex is favored over that of a M‚OH at pH

7.0; (b) the kinetics of binding is fast. A comparative study
on various transition-metal ions (Co2+, Cu2+, Cd2+, Hg2+,
Ni2+, Zn2+) indicated that Cu2+ was the optimum. IDA was
chosen as the ligand to chelate the cupric ions. IDA has
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Figure 1. Structures of the histidine-containing peptides used in the binding
studies.
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strong affinity for Cu2+ (K ≈ 1012 M-1),12 and the resultant
complex has been widely used in protein purification by
IMAC. Literature reports indicate that the complex will not
be demetalated even at high peptide concentrations.13

Five Cu2+ complexes (R1, R2, R3, R4, andR5, Figure
2) were designed and synthesized for our studies. The inter-
Cu2+ distances were estimated by molecular modeling
employing the software Spartan. The complexes were energy
minimized in the gas phase (with a Merck molecular
mechanic force field) followed by systematic conformational
searches to locate the lowest energy conformation(s). The
distances among the Cu2+ ions were estimated to be∼12 Å
for R2, ∼16 Å for R3, and∼14-18 Å for R4 andR5. The
complexR1 with one Cu2+ ion was used as a control.

The syntheses of these metal complexes have been
reported previously.2b Elemental analysis indicated that the
complexes had the correct number of cupric ions. This was
confirmed by determination of Cu2+ by UV-vis spectros-

copy employing EDTA (for the detailed procedure, see the
Supporting Information). The complexes were found to be
stable in aqueous solution (25 mM HEPES buffer, pH 7.0,
25 °C) in air for more than a month.

Binding Studies by Isothermal Titration Microcalo-
rimetry (ITC). When substances bind, heat is either gener-
ated or absorbed. Measurement of this heat by ITC allows
the accurate determination of the binding constant (Kst),
reaction stoichiometry (n), and enthalpy change (∆H). The
method has been used to study small-molecule interactions
(including metal-ligand interactions),14 protein-ligand in-
teractions,15 protein-protein interactions, and other inter-
actions.16

In a typical ITC experiment, a solution of metal complex
(0.1-0.5 mM) in the ITC cell was titrated with a peptide
(0.80-5.0 mM) solution. The heat of dilution of the peptide
was then separately determined by injection of a solution of
the appropriate peptide in buffer. The raw titration data were
corrected for the heat of dilution of the peptide and processed
(by nonlinear regression) using the software provided by the
manufacturer (Bindworks 3.0) to get the binding parameters.
The “independent set of multiple binding sites” model was
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Scheme 1. Synthesis of the Histidine-Containing Peptides

Figure 2. Structures of the metal complexes used in the recognition studies.
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used for data analysis. The other binding models did not fit
the binding data well and led to large errors.

Optimization of Binding Interactions. Experimental
conditions were optimized to achieve the strongest Cu2+-histi-
dine interactions. The monohistidine peptidem•H and
copper complexR1 were used to study the effect of variation
in pH, buffer concentration, and buffer type on binding
affinity.

(1) Effect of pH. The peptides have two potential sites
for metal coordination: theR-amino group (pKa ) 9.2) and
the imidazole moiety (pKa ) 6.8) of the histidine residue.
The difference in pKa values of these two binding sites was
used to achieve selective Cu2+-imidazole interactions. Cal-
culations showed that, at pH 7.0, theR-amino group
remained protonated (> 99%) while the imidazole nitrogen
atom was mostly (62%) unprotonated. The pH of the medium
controls the donating power of the lone pair of electrons by
the imidazole group to Cu2+ and directly affects binding
capability.17 To study the pH effect, binding experiments
were carried out in the pH range 6.0-8.0 in 25 mM HEPES
buffer (Supporting Information). The binding constants were
also determined by UV-vis spectrometry (Supporting In-
formation). The binding constants determined by the two
methods were closely matched.

At pH 6.0 the binding affinity (Kst ) 2,900( 600 M-1)
was a minimum because of protonation (86%) of the
imidazole ε-nitrogen atom (pH< pKa).17 When pH was
increased to 7.0, the extent of unprotonated imidazole
increased and the binding affinity also increased (Kst ) 4,500
( 800 M-1). At higher pH (8.0) the affinity decreased (Kst

) 3,400 ( 1200 M-1). This decrease in binding constant
with increasing pH (beyond 7.0) can be attributed to the
change in the overall charge of the complex as a result of
coordination of hydroxide ions. At pH 8.0, the net charge
of the complex [Cu(IDA)(OH)-] is -1,7b which reduces the
affinity of the complex to accept the lone pair from the
imidazole group. Similar binding behavior has been reported
for the Sepharose-immobilized IDA-Cu2+ complex.17a Lit-
erature reports indicate that multinuclear species containing
bridgingoxygenatomsarenotformedundertheseconditions.7b,18

(2) Effect of Buffer Type. Three buffers (HEPES, MOPS,
CHES, 25 mM each) were used to study the effect of buffer
type on the binding affinity. The changes in binding
parameters for different buffers were not significant (Sup-
porting Information). The HEPES buffer was chosen for our
study not only for its good buffering capacity over the
required pH range but also for its poor metal ion complexing
ability.19

(3) Effect of Buffer Concentration. ITC experiments
were carried out with HEPES buffer at different buffer

concentrations (25-100 mM). The binding affinity was not
significantly affected by the buffer concentration (Supporting
Information). For the studies reported here, 25 mM HEPES
buffer was used.

ITC Results. The control complexR1 bound weakly to
the monohistidine peptidesm•H andm•aH and to all of
the trihistidine peptides (exceptt•QH). The stoichiometry
indicated that each histidine moiety was binding to one cupric
ion. The binding parameters are shown in Table 1 (for studies
with complexR1, the overall affinities are reported for the
trishistidine peptides). The hydrophilic peptidet•QH showed
moderate affinity for the control complexR1. The entropy
loss for this interaction was found to be low. We do not
have any explanations yet for this observation.

The two control monohistidine peptidesm•H andm•aH
had low binding affinity for all metal complexes tested. For
some systems (e.g.,m•H‚R3 andm•H‚R5), the binding
constants were so low that they could not be determined
reliably by ITC. For these systems, only estimates of the
binding constants (<1000) have been reported. With the
monohistidine containing a free carboxylic acid (m•aH),
only complexesR1 and R2 showed the expected stoichi-
ometry of binding. The other Cu2+ complexes possibly form
oligomeric species by coordinating to both imidazole and
carboxylate groups ofm•aH. No precipitates were observed
after the ITC titrations for these systems. The possibility of
the formation of oligomeric species was not investigated
further as this does not change the conclusions reached from
these studies.

Strong and selective binding was achieved by employing
the metal complexR4. With the distance-matched peptide
t•GH, complexR4 demonstrated a strong binding affinity
(Kst ) 1.19× 106 M-1). This appears to be due to relatively
low loss of entropy upon binding. A shorter peptide (t•H,
Kst ) 104,400( 22,800 M-1) or a longer peptide (t•GGH,
Kst ) 243,600( 24,500 M-1) was found to decrease the
binding constant. Higher losses of entropy offset the enthalpy
gains for these interactions. A hydrophobic side chain on
peptidet•AH had a devastating effect on the affinity for
the metal complexes, again due to unfavorable entropy
changes. Introduction of a hydrophilic side chain on peptide
t•QH also led to large entropy losses and consequently
decreased the affinity for the metal complexes. For all of
these systems tested, if the metal-ion-free ligands were used,
no measurable bindings were detected by ITC under the same
experimental conditions.

The stoichiometry was found to be less than unity when
the distances were not matched. This possibly indicates the
formation of oligomeric species among the peptide and the
metal complexes. Some peptides (t•H and/or t•GH)
formed precipitates with some complexes (e.g., complexR3
and/or R5). This is probably because of formation of
insoluble oligomeric species. No further investigations were
made on these systems. The binding constants are sum-
marized in Table 1 and are graphically illustrated in Figure
3.
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Binding Studies with UV-Vis Spectrometry. UV-vis
spectrophotometry has been extensively used to study
peptide-receptor24 and porphyrin-nucleotide interactions.20

Peptide-metal chelation has also been studied by UV-vis
spectrometry.21 For our studies, the system with highest

affinity (t•GH.R4) was studied in detail by UV-vis
spectrometry.

The electronic spectrum ofR4 contains a broad band in
the visible region with a maximum of 728 nm. Upon addition
of t•GH to the solution, this maximum is blue-shifted
(Supporting Information). This is a consequence of ligand
field transition of the Cu2+ ions upon coordination with the
nitrogen atom of the imidazole.22 In addition, a visual
observation of a darker blue solution was indicative of a
greater number of nitrogen donors contributing to the ligand
field after addition oft•GH. The changes in the absorption
maximum were plotted as a function of the molar concentra-
tion ratio of the peptide to Cu2+ complex (i.e.,t•GH:R4,
Supporting Information) to generate the binding isotherm.
The shift in the absorption maximum increased with increas-
ing molar ratio oft•GH to complexR4, and an approximate
plateau was observed at a 1:1 molar ratio with an absorption
maximum of 673 nm.
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K.; Schugar, H. J.J. Am. Chem. Soc. 1981, 103, 1686-1691.

Table 1. Binding Constants, Enthalpy, Entropy, and Stoichiometry of Binding for the Metal Complexes with the Histidine Peptides (25 mM HEPES
Buffer, pH 7.0, 25°C)a

R1 R2 R3 R4 R5

m•H n 1.12( 0.11 3.89( 0.06 2.63( 0.21
Kst (4.5( 0.82) (9.5( 1.1) (1.7( 0.17)
-∆H 11.6( 0.80 6.9( 0.21 <1 18.4( 2.5 <1
-∆G 5.0 5.4 4.4
-T∆S 6.6 1.5 14.0

t•H n 0.31( 0.01 0.92( 0.01 0.80( 0.02
Kst (56.0( 11.8) (104.6( 32.9) (104.4( 22.8)
-∆H 22.1( 1.5 25.8( 0.92 PPT 30.0( 1.5 PPT
-∆G 6.5 6.8 6.8
-T∆S 15.7 18.9 23.2

t•GH n 0.44( 0.06 0.92( 0.01 1.02( 0.006 0.50( 0.06
Kst (23.5( 2.0) (32.6( 3.7) (1190.0( 130.0) (346.00( 53.0)
-∆H 23.8( 0.52 30.2( 0.7 PPT 20.82( 0.21 28.32( 0.62
-∆G 6.0 6.1 8.3 7.55
-T∆S 17.8 24.1 12.6 20.77

t•GGH n 0.36( 0.03 1.25( 0.03 0.53( 0.01 0.68( 0.003
Kst (17.0( 3.0) (50.3( 7.6) (200.0( 45.0) (243.6( 24.5)
-∆H 32.61( 3.0 21.9( 0.91 25.80( 1.0 28.0( 0.4 PPT
-∆G 5.77 6.4 7.22 7.3
-T∆S 26.84 15.4 18.58 20.72

t•AH n 0.31( 0.01 1.06( 0.01 0.52( 0.01 0.61( 0.04 0.46( 0.04
Kst (3.52( 0.90) (15.4( 1.3) (82.9( 10.5) (5.1( 1.0) (14.10( 2.80)
-∆H 26.75( 3.73 29.6( 0.82 23.21( 0.93 51.5( 6.8 33.67( 4.53
-∆G 4.83 5.7 6.70 5.0 5.65
-T∆S 21.92 23.8 16.51 46.3 28.02

t•QH n 0.37( 0.005 0.61( 0.02 0.42( 0.01 0.47( 0.03
Kst (72.3( 11.3) (77.0( 15.7) (42.60( 5.40) (41.12( 7.5)
-∆H 15.05( 0.62 32.71( 2.13 27.22( 1.25 71.0( 6.7 PPT
-∆G 6.62 6.7 6.31 6.3
-T∆S 8.43 26.1 20.91 64.7

m•aH n 0.97( 0.04 3.05( 0.22 0.42( 0.03 0.88( 0.01 0.35( 0.01
Kst (1.70( 0.15) (1.38( 0.12) (7.20( 1.80) (4.50( 0.90) (5.10( 0.90)
-∆H 6.42( 0.46 6.81( 0.64 3.69( 0.62 12.42( 0.90 14.09( 3.52
-∆G 4.40 4.28 5.25 4.98 5.05
-T∆S 2.02 2.53 7.44 9.04

t•aH n 0.39( 0.02 0.83( 0.009 0.50( 0.01 0.42( 0.005
Kst (29.8( 8.60) (62.6( 9.4) (15.81( 2.42) (204.80( 25.80)
-∆H 9.98( 0.70 17.22( 0.30 20.66( 0.71 nf 24.36( 0.32
-∆G 6.10 6.54 5.72 7.24
-T∆S 3.88 10.68 14.94 17.12

a Binding constants are reported in thousands (×103). ∆H, ∆G, andT∆S are in kcal mol-1. nf ) raw data did not fit to the binding models because of
an irregular pattern. PPT) precipitation occurred.

Figure 3. Binding constants of the model peptides with the metal
complexes (25 mM HEPES buffer, pH 7.0, 25°C).
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It has been reported that the coordination of a second
imidazole to the Cu2+ center is characterized by a further
larger blue shift (absorption maximum 628 nm).23 Further
addition oft•GH (up to 1.7 equiv of complexR4) did not
produce any appreciable change. These UV-vis titration
studies suggested that the peptidet•GH and complexR4
bind in a 1:1 fashion. The presence of an isobestic point
(510 nm) also indicated the formation of a 1:1 complex
betweent•GH and R4. Analysis of the titration curve24

corroborated the binding constant measured by ITC. Solu-
tion-phase EPR studies (9.44 GHz, 25°C) on the complex
t•GH.R4 (g ) 2.26, data not shown) showed that the imino
nitrogen atom of IDA was bound to the cupric ions and only
one histidine was binding to each cupric ion.2b

Thermodynamic Studies.Although complexR4 showed
the highest affinity for the distance-matched peptidet•GH
at 25 °C, this system was found to be unsuited for
thermodynamic studies by ITC. At lower temperatures (T
< 20°C), the solubility ofR4 was very low in HEPES buffer
(pH 7.0). When the temperature was increased to 30°C or
higher, ITC studies indicated that the stoichiometry of
binding ofR4 with t•GH was substantially different from
1 (0.58 at 30°C). Both R4 and t•GH are fairly flexible;
when the temperature is increased, they probably form
oligomeric species. Because of these problems, thermody-
namic studies are described in detail here for the binding of
the complexR2 with its distance-matched trihistidine peptide
t•GH.

The thermal stability of thet•H, R2, and t•H‚R2
complexes were first studied by temperature-controlled UV-
vis spectrophotometry (the absorbance at 330 nm was
followed). Neither of the species under investigation showed
any appreciable change in absorbance up to 60°C. A
temperature range of 25-40 °C was selected for thermody-
namic studies with ITC. The results are shown in Table 2.

The association constant decreased progressively with
increasing temperature from 25 to 40°C. This decrease may
be due to greater entropic losses at higher temperatures. The
stoichiometry (n) was found to remain constant for the entire
experimental temperature range. A relatively constant stoi-
chiometry suggested that the interaction mode between
peptidet•H and complexR2 did not change with temper-
ature.

The thermodynamic parameters for these interactions are
summarized in Table 2 and plotted against temperature in

the Supporting Information. The binding is driven strongly
by the enthalpy component; i.e., the binding enthalpy is
negative and contributes favorably to the binding energy.
For the entire range of working temperature, the binding
entropy is negative and contributes unfavorably. The negative
∆G values remained almost independent of temperature.

The change in heat capacity was determined by plotting
the enthalpy change (∆H) at different temperatures and fitting
a straight line through these data points (Figure 4). The heat
capacity change (∆Cp) determined from the slope of this
straight line was-0.29 kcal mol-1.

The change in heat capacity (∆Cp) is one of the most
valuable thermodynamic parameters for detecting structural
changes of interacting molecules, especially for peptides and
proteins. Several authors25 have reported that the exposure
of nonpolar surface areas to water results in a positive
increase in the∆Cp value whereas the opposite (i.e., the
burial of nonpolar surface areas from water) results in a
negative value of∆Cp. ∆Cp values in the range of-0.1 to
-1.0 kcal mol-1 K-1 have been reported for many protein-
ligand,26 antigen-antibody,27 peptide-protein,28 and pep-
tide-antibody29 interactions.

Enthalpy-entropy compensation is associated with solvent
reorganization accompanying receptor-ligand interactions.30

A plot of ∆H vs T∆S is shown in Figure 5. The straight line
fitted through these points has a slope of 0.8. Although the
data points are slightly scattered, they however demonstrate
the enthalpy-entropy compensation effect. The complete
compensation is indicated by a slope of unity. In our study
the slope is less than unity, which suggests that the free
energy of binding is more sensitive to changes in entropy.30
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Table 2. Binding Constants, Stoichiometry, Enthalpy, Entropy, and
Free Energy Change of Peptidet•H and Cu2+ ComplexR2 at Different
Temperatures (25 mM HEPES buffer, pH 7.0)a

temp,
K n

Kst,×103 M-1
∆H,

kcal mol-1
∆G,

kcal mol-1
T∆S,

kcal mol-1

298 0.92( 0.01 104.6( 32.2 -25.92( 0.52 -6.84 -18.08
303 0.92( 0.01 80.3( 18.9 -27.33( 0.54 -6.79 -20.54
308 1.03( 0.02 62.7( 6.8 -28.94( 0.17 -6.76 -22.18
313 0.95( 0.03 49.5( 6.8 -30.15( 1.12 -6.72 -23.43

a Binding constants are reported in thousand (×103). Figure 4. Effect of temperature on the enthalpy change for the peptide
t•H and Cu2+ complexR2 (25 mM HEPES buffer, pH 7.0).
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Conclusions

We have demonstrated that a histidine-containing peptide
(t•GH) can be bound strongly and selectively by using
complementary polyvalent metal-ligand interactions (com-
plexR4). Comparison of binding constants reported in Table
1 indicates that complexR4 favorst•GH compared to other
peptides differing by only one amino acid unit (selectivity
230:1 with t•AH , 30:1 with t•QH), a shorter peptide
(selectivity 10:1 witht•H), or a longer peptide (selectivity
5:1 for t•GGH). These findings can be applied for designing
transition-metal complexes for recognition of more complex
systems (e.g., proteins).

Experimental Section

Equipment. Calorimetric studies were performed with an
isothermal titration calorimeter (ITC-4200, Calorimetry Sciences
Corp., Provo, UT) linked to a PC for data acquisition and analysis.
In addition to the internal temperature controller an external water
bath was used to maintain the desired temperature ((0.01 °C). A
continuous stream of dry nitrogen was used to prevent moisture
condensation in the unit. Absorption spectra were recorded using
an Ultrascope 4000 (Pharmacia Biotech) UV-vis spectrophotom-
eter. Quartz cuvettes of 10 mm path length were used for all routine
studies. The temperature effect on UV-vis spectra was studied
using a Beckmann-60 unit fitted with a constant-temperature
accessory. Quartz cuvettes with a path length of 5 mm were
employed for this study. An analytical balance (Analytical plus,
Ohaus AP 250D) was used for weighing the samples (accuracy
0.1 mg).

Isothermal Titration Calorimetry. Calorimetric measurements
were conducted in aqueous solution (25 mM HEPES buffer, pH
7.0). Peptide samples (0.80-5.0 mM) were routinely centrifuged
prior to the titration and were examined for precipitates, if any,
after the titration. All solutions were thoroughly degassed by stirring
(15 min) under reduced pressure before use. The ITC cell was filled
with the Cu2+ complex solution, and the peptide solution was loaded
into the syringe. For all experiments, freshly prepared peptide and
Cu2+ complex solutions were used. An equilibration period of 30-
45 min was used before the experiment was started.

A typical titration consisted of injecting 5µL of ligand solution
(42 aliquots) into the cell with an interval of 5.0 min to ensure that
the titration peak returned to the baseline prior to the next injection.
To achieve a homogeneous mixing in the cell, the stirrer speed
was kept constant at 300 rpm. The heats of dilution were determined

under identical conditions by injecting the appropriate peptide
solution into the ITC cell containing only the sample buffer. For
every experiment, the heat of dilution of the peptide was determined
and subtracted from the sample titration data before processing.
The temperature-dependent binding studies were conducted after
the instrument had been equilibrated overnight at the required
temperature.

The titration data were analyzed using the software provided by
the manufacturer (Bind Works 3.0). The corrected binding isotherms
were fitted using least-squares regression to obtain the association
constant (Kst), the number of peptide molecules bound to per Cu2+

complex (stoichiometry,n), and the enthalpy change associated with
the interaction (∆H). The independent binding model (a single set
of identical sites) was used. Attempted fits using either nonequiva-
lent or cooperative binding models resulted in poor curve fitting.
All parameter uncertainties were evaluated at the 95% confidence
level and reported as standard deviations calculated as half the
difference between derived upper and lower limits.

OnceKst was obtained directly from the curve fitting, the free
energy change for binding (∆G) was calculated from the following
relationship:

whereR ) universal gas constant (1.987 cal mol-1 K-1) andT )
absolute temperature. The entropy change (∆S) was calculated from
the equation

The change in heat capacity at constant pressure (∆Cp) was
calculated from

UV-Vis Spectrometry.Solutions of peptide (0.2 mM) and Cu2+

complexes (0.5 mM) were prepared in 25 mM HEPES buffer (pH
7.0). For routine analysis at room temperature, the absorption spectra
were recorded in the 200-800 nm range against the blank (HEPES
buffer). UV absorption titration profiles were recorded by adding
aliquots of peptide to the cell containing a known initial concentra-
tion of Cu2+ complex. To adjust working solutions to a fixed mole
ratio (peptide/Cu2+ complex), appropriate volumes of prepared
solutions were mixed. All measurements were made after sample
equilibration for at least 15 min.

Acknowledgment. We thank Prof. M. Lakshman (City
College of CUNY, New York) for helping with EPR and
temperature-controlled UV-vis experiments. This work was
supported by an NSF-CAREER award (Grant CHE-
9896083), an NGMS-AREA grant (NIH, 1R15 59594-01),
and a COBRE award from NCRR (NIH, Grant 1P20
RR15566-01). The microcalorimeter was purchased through
an NSF EPSCoR award to North Dakota.

Supporting Information Available: Experimental details for
the synthesis of the peptides, UV-vis spectral data for optimization
of pH for the binding constant determinations, procedure for Cu2+

estimation with EDTA titration, ITC data for optimization of
binding interactions (effect of pH, buffer type, and buffer concen-
tration), UV-vis titration of peptidet•GH and Cu2+ complexR4,
and plots of the data reported in Table 2. This material is available
free of charge via the Internet at http://pubs.acs.org.

IC0108742

Figure 5. Enthalpy-entropy compensation plot for the interaction of
peptide t•H and Cu2+ complex R2 (25 mM HEPES buffer, pH 7.0,
temperature 25-40 °C).
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