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Abstract

Isothermal titration calorimetry(ITC) was used to investigate thermodynamic parameters of the cyclosporin A
(CsA)-cyclophilin 18 (hCyp18) association reaction. We have calculated the thermodynamic parameters(enthalpy,
entropy, heat capacity, and free energy of binding) of the CsAyhCyp18 complexation. All but two methods described
in the literature underestimate the affinity tohCyp18 of CsA. We found that the association constant(1.1Ø10 M8 y1

at 10 8C) of CsA to hCyp18 is in close agreement with the reciprocal of the reported inhibitory constant of the
peptidylprolyl cisytrans isomerase activity ofhCyp18. Interpretation of the thermodynamic parameters in buffered
solution of water, 30% glycerol and D O leads to the conclusion that the highly specific binding of CsA tohCyp182

is mainly mediated through hydrogen bonding and to a lesser degree through hydrophobic interaction. Furthermore,
the pH dependence of the association constant was determined and analyzed according to a single proton linkage
model, resulting in a pK value of 5.7 in freehCyp18 and below 4.5 in the CsA complexed form. Titration experimentsa

using different single component buffers possessing different heats of ionization allowed us to estimate that statistically
half a proton is transferred upon CsA binding from the binding interface ofhCyp18 to the buffer at pH 5.5. No
proton transfer was detected at pH 7.5. The thermodynamic results are discussed in relation to the published X-ray
and NMR structure of the free and CsA complexedhCyp18.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Human cyclophilin 18(hCyp18) is the proto-
typic member of the cyclophilin subfamily of
peptidyl prolylcisytrans isomerases(PPIases, E.C.
5.1.8). The ubiquitous 165 amino acid long cyto-
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solic protein is the major cytosolic receptor of the
hydrophobic cyclopeptide cyclosporin A(CsA)
and hence implicated in the CsA-mediated immu-
nosupressionw1x. According to the current under-
standing CsA requires the molecular matchmaker
function of hCyp18 for exerting down regulation
on a distinct set of lymphokine genes involved in
T cell replication w2,3x whereas inhibition of the
prolyl isomerase activity is responsible for the
blockade of the formation of infectious HIV-1
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virus particles from infected cellsw4,5x. In both
cases, however, the formation of the CsAyhCyp18
complex is prerequisite for the CsA effects.
Although great effort has been put in the investi-
gation of this drugyhCyp18 complex, published
association constants show an enormous scattering
from 1.6 nM to 5000 nM depending on the
methods usedw6–16x. It has been suggested that
this wide spread might result from the combination
of slightly different experimental conditions, large
temperature coefficients and high sensitivity to
solvent composition of the association reaction. In
addition, the result often implies that the methods
used to determine the association constant may
not be adequate to assess tight-binding inhibitors.
It has long been realized that the thermodynamics
of the association reaction of CsA and cyclosporin
derivatives with cyclophilins is vital to the analysis
of biological CsA effects. Among the more than
40 gene-encoded cyclophilinshCyp18 is the most
abundant in human cellsw17x. Assuming that the
lower limit of published association constants read-
ily describes the association processhCyp18 would
represent by the law of mass action the major CsA
target in human cells. In contrast, a number of
other cyclophilins would be relevant with respect
to the upper limit of the association constants.
Surprisingly, three-dimensional structures, deter-
mined by X-ray crystallography and nuclear mag-
netic resonance(NMR) spectroscopy gave a clear
picture of complex composition and binding forc-
es. Up to now, 18 structures ofhCyp18 complexed
with CsA and its derivatives are reported in the
Brookhaven Protein Data Bank(for review w12x).
It results that the 1:1 stoichiometry is maintained
throughout the structures by an active site directed
attachment of CsA involving the side chain of the
Trp residue ofhCyp18, 5 intermolecular hydro-121

gen bonds between the drug and the protein, and
a network of water-mediated contactsw18x. The
MeVal residue is particularly critical for CsA11

binding because of its positioning at the proline
position of hCyp18 substrates. One of the most
pressing questions in the CsA field is how reliable
parameters for the association reaction can be
determined. In addition, knowledge of the whole
set of thermodynamic factors that govern cyclo-
philin interactions with cyclosporin derivatives

might lead to improved analyses of the huge
number of distinct biological CsA effects observed
until now w19x.

We have taken an isothermal titration calorime-
try approach to these issues. This method permits
great flexibility in the choice of experimental
conditions for monitoring the titration curves but
has not yet been applied systematically to study
the interaction of cyclophilins.

Association constants(K ), binding enthalpiesa

(DH) and changes in heat capacity(DC ) ofp

binding were determined as a function of pH,
buffer composition, solvent viscosity and solvent
deuterium isotope composition. The results con-
firm that ITC derived association constants closely
match the magnitude of kinetically derived inhi-
bition constants.

2. Experimental procedures

2.1. Materials

All chemicals and column resins were purchased
from Merck and Sigma. D O was from ICN2

Biomedical Inc.

2.2. Protein expression and purification

A 6 l culture ofhCyp18 expressingE. coli strain
M15 harboring the pQE70yhCyp18 construct was
grown in 2=YT medium supplemented with ampi-
cillin (100 mgyml) and kanamycin(50 mgyml) at
37 8C to an A of 0.6. After inducing the600

expression ofhCyp18 with 1 mM IPTG, cells were
incubated for 5 h at 378C. Cells were harvested
by centrifugation at 48C for 15 min at 6000=g
in a Beckmann J2-HC centrifuge; sedimented cells
were resuspended and stored aty80 8C. Typically,
35 g of frozen cell paste was thawed and 2
volumes of cold buffer(20 mM tricine pH 8.0)
were added. After homogenisation, cells were dis-
rupted by passing them three times through a SLM
Aminco french press (Buettelborn, Germany) at�

10 000 psi. After each passage, the lysed cell
suspension was collected on ice. All subsequent
steps were carried out at 48C. Cell debris and
membrane parts were removed from the lysate by
centrifugation for 1 h(100 000=g in a Beckman
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L8 60 M ultracentrifuge). After the pH value of
the supernatant had been adjusted to 8.0 the
solution was applied to a Fractogel EMD DEAE-�

650(M) (2.5=20 cm) anion exchange column
equilibrated with 20 mM tricine buffer pH 8.0.
The flowtrough was collected and applied to
an affinity column Fractogel TSK AF-Blue�

(1=6 cm). Human Cyp18 containing fractions
were obtained by running a linear gradient from 0
to 3 M KCl in 200 ml of 20 mM tricine buffer
pH 8.0. Enzymatically active fractions were col-
lected and dialyzed two times against 2 l of 10
mM HEPES buffer pH 7.0. Subsequently, the
sample was applied to a Fractogel SO 650(M)� y

3

exchange column, equilibrated with the same buf-
fer. Using a 0–1 M NaCl gradient in 100 ml 10
mM HEPES pH 7.0hCyp18 was eluted from the
column. From a typical preparation, 250 mg of
hCyp18 was obtained. The collected protein was
better than 99% purehCyp18, as judged by SDS-
PAGE and reversed phase HPLC. The same pro-
cedure was used to express and purify the
hCyp18F113A variant. Protein integrity was fur-
ther confirmed by UV-CD spectroscopy, and the
determination of thek yK value related to thecat m

peptidyl prolylcisytrans isomerase activity against
the standard tetrapeptide substratew20x. The active
site concentration was determined exploiting the
increase in fluorescence intensity of the Trp side121

chain upon CsA bindingw6x. Compared to the
spectroscopically determined enzyme concentra-
tion, using the calculated extinction coefficient of
8490 M Øcm at 280 nmw21x, 94% of they1 y1

purified hCyp18 binds to CsA.

2.3. Isothermal titration calorimetry

Isothermal titration calorimetry experiments
were performed using a high precision VP-ITC
titration calorimetric system(Microcal Inc. North-
ampton, MA). Samples ofhCyp18 were dialyzed
exhaustively at 48C against the different buffers
used for the titration experiments(see Section 3).
Cyclosporin A stock solution was prepared in
DMSO and dissolved in the same batch of buffer
which was used for dialyzinghCyp18. Final con-
centrations of CsA were 2–6mM. Titration buffers
had a maximum level of 0.5%(vyv) DMSO. The

same amount of DMSO was added to thehCyp18
sample used for titration to minimize the heat of
dilution. All solutions were degassed under vacu-
um for 8 min with gentle stirring immediately
before use. Because of the low solubility of CsA,
it was used in the sample cell and titrated with
hCyp18 in the injection syringe. The protein con-
centration ofhCyp18 was determined shortly prior
to measurement. ThehCyp18 concentration in the
titration syringe was usually 10-fold higher than
the CsA concentration used. To correct for heat
effects not directly related to the binding reaction,
control experiments were performed by making
identical injections of the titrant into the sample
cell containing buffer only. Control experiments
were made at all temperatures used. The heat due
to the binding reaction between the inhibitor and
the enzyme was obtained as the difference between
the heat of reaction and the heat of dilution. The
titration curves were analyzed using Origin soft-
ware provided with the instrument.

The same procedures were used for the experi-
ments carried out in heavy water. BothhCyp18
and CsA were allowed to exchange in D O at 202

8C for several hours before experiments were
performed.

2.4. Spectroscopic methods

UVyVIS spectroscopic measurements were per-
formed on a Hewlett Packard 8452 diode array
UVyVIS spectrophotometer.

CD spectra were measured on a Jasco J-710
spectrometer. To measure the spectra in the near
ultraviolet and the far ultraviolet region, cells of
10 and 1 mm optical path length were used,
respectively. A single batch of 26mM hCyp18
solution in water was used for all experiments. To
adjust the pH to the desired value in the range of
pH 5 to 8 the protein solution was titrated with
small volumes of diluted HCl and NaOH. Buffer
spectra were numerically subtracted from protein
spectra. The results were converted to residual
ellipticities.

2.5. Thermodynamic parameter prediction method

Structure-based calculations were performed
using an empirical parametrizations based on



354 J. Fanghanel, G. Fischer / Biophysical Chemistry 100 (2003) 351–366¨

Fig. 1. Typical calorimetric titration of CsA binding tohCyp18
at 25 8C in 25 mM phosphate buffer pH 7.5 containing 0.5%
DMSO. Each peak(top panel) represents the injection of 4ml
of a 66mM hCyp18 solution into a solution of 2.2mM CsA.
The heats were determined by integration of the injection peaks
and correction for mixing heats determined in a different exper-
iment. The resulting titration curve(lower panel) was fitted to
a single binding site model by non-linear least-squares analysis.
The obtained thermodynamic parameters for this association
process were as follows:DHsy1.431Ø10 "80 kcalØmol4 y1

and K s9.292Ø10 "0.1Ø10 M, with a binding stoichiometry7 7
a

of 1.003"0.005. The error of each parameter represents the
error of fitting.

changes in polar and apolar surface areaw22,23x.
The change in Accessible Surface Area(DASA)
was calculated with the program Graspw24x. The
water probe used for calculation had a radius of
1.4 A. Coordinates of the structure ofhCyp18˚
complexed with CsA were obtained from the
Brookhaven Protein Data Bank(PDB file identi-
fier: 1CWA). From these data, the changes in polar
and apolar solvent-accessible surface area were
calculated. The polar and apolar contributions to
the total change in accessible surface were then
used to calculate the change in heat capacityDCp

for the binding process, according to

DC saØDASA qbØDASA (1)p calc nonpol pol

Where a is 0.45 calØK Ømol ØA and b isy1 y1 y2˚
y0.26 calØK Ømol ØA w22x.y1 y1 y2˚

3. Results

3.1. Temperature dependence of CsAyhCyp18
interaction

A prerequisite for a precise calorimetric deter-
mination of the binding enthalpy is a good signal
to noise ratio, and, therefore, high sample concen-
trations would be required. On the other hand,
only low concentrations of the interacting partners
can prevent a too steep transition of the titration
curve if tightly binding inhibitors are being ana-
lyzed. Simultaneous determination of binding
enthalpies and association constants require, there-
fore, the lowest possible concentration of reactants
capable of producing a sufficient amount of heat
to obtain a good signal to noise ratio. In our case,
CsA solutions in the range from 2 to 6mM resulted
in a titration curve which allowed us to determine
the binding enthalpy and the binding constant with
high accuracy. A typical titration curve is given in
Fig. 1. Multiple measurements ofDH andK ofITC a

the CsAyhCyp18 interaction at 298 K using dif-
ferent concentrations and protein samples resulted
in DHsy14.7"0.3 kcalØmol and a K ofy1

a

(0.88"0.3)Ø10 M . For all titrations, the cal-y8 y1

culated stoichiometry of binding was between 0.96
and 1.02, indicating a 1:1 binding stoichiometry.
Control experiments performed by titrating a
50 mM CsA solution into 5mM hCyp18, resulted

in the same binding stoichiometry(data not
shown). To determine the change in heat capacity
associated with the binding process, complete ITC
experiments were performed at five different tem-
peratures ranging from 278 to 306 K. The results
are presented in Fig. 2 and summarized in Table
1. The binding reactions were carried out in 25
mM phosphate buffer at pH 7.5. Phosphate buffer
was used because it is known to have only a small
enthalpy of ionization(DH s1 kcalØmol )y1

Ionization
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Fig. 2. Enthalpy(DH , open circles), entropy(TDS , filled triangles) and free energy(DG , filled circles) from association of0
ITC ITC

CsA with hCyp18 as a function of temperature. All measurements were performed at pH 7.5 in 25 mM phosphate buffer containing
0.5% DMSO. Error bars are calculated from least square fit analysis of the heat of binding using the 1:1 binding model provided
by the VP-ITC manufacturer. The drawn lines represent the linear regression of the data.

in conjunction with only a slight pK change witha

rising temperature(DpK ydTsy0.0028 K ).y1
a

Therefore, the observed binding enthalpyDHITC

was not corrected for possible protonationydepro-
tonation effects upon binding.DH and TDSITC ITC

strongly depend on temperature, whileDG is0

almost insensitive to the change of temperature as
shown in Fig. 2. A plot ofDH vs. temperatureITC

shows a linear relationship, and from the slope the
change in heat capacity upon binding wasDC sp

y435.8"7 calØmol ØK . A plot of DH vs.y1 y1
ITC

TDS values for the binding of CsA at different
temperatures shows a slope near unity(data not
shown) that is common for binding processes like
antibodyyantigen recognition w25,26x, proteiny
ligand interactionw27–30x, and has been described
as enthalpyyentropy compensation. Measured
binding enthalpies over the examined temperature
range are exothermic withDH syITC 258C( )

14.7"0.3 kcalØmol . Down to a temperature ofy1

289 K the complex formation is entropically unfa-
vourable and entirely driven by the exothermic
binding enthalpy. Thermodynamic parameters for
ligand-protein interaction can be related to changes

in solvent accessible surface area upon binding.
From the crystal structure we calculated the
expected changes in heat capacity(using
DASA sy357.3 A andDASA sy660.62

polar apolar
˚

A ) as described in Section 2. The calculated heat2˚
capacity change of the binding process according
to Eq.(1) is significantly less negative(DC sp calc

y211 calØmol ØK ) than the experimentallyy1 y1

determined change in heat capacity(Table 2).

3.2. pH dependence of the CsAyhCyp18
interaction

ITC experiments were performed twice at each
pH value in the range from pH 5.0 to 8.2. For
these experiments a triple buffer was used that
allowed for constant buffering conditions and ionic
strength throughout the investigated pH rangew31x.
The data derived from these calorimetric titrations
are shown in Table 3. These data were fitted to a
model of single proton linkage involving the
change in pK of ionizable groups upon binding.a

Because CsA is devoid of ionizable groups it is
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Table 1
Comparison of the temperature dependence of the thermodynamic parameters for the binding of CsA tohCyp18 determined by isothermal titration calorimetry in
buffers of different compositions. The error of each parameter represents the error of fitting

T (K) DG (kcalØmol )0 y1 K Ø10 (M )y8 y1
a DH (kcalØmol )y1

ITC TDS (kcalØmol )y1
ITC

25 mM phosphate buffer pH 7.5 in H O2

278.5 y10.3"0.1 1.1"0.3 y5.7"0.02 4.5
285.3 y10.5"0.05 1.0"0.2 y8.9"0.02 1.5
293.0 y10.7"0.1 0.97"0.1 y12.1"0.03 y1.4
298.0 y10.9"0.03 0.88"0.1 y14.7"0.03 y3.8
306.0 y10.7"0.06 0.46"0.04 y17.8"0.03 y7.0

25 mM phosphate buffer pH 7.5 in H Oq30% glycerol2

280.7 y10.2"0.1 0.9"0.05 y11.6"0.03 y1.3
288.0 y10.6"0.1 1.2"0.1 y14.5"0.05 y3.8
293.2 y10.6"0.1 0.86"0.1 y16.0"0.06 y5.4
298.0 y10.5"0.2 0.61"0.06 y18.6"0.09 y7.8
303.0 y10.2"0.1 0.25"0.03 y21.2"0.2 y11.0

25 mM phosphate buffer pD 7.5 in D O2

280.7 y10.7"0.1 2.1"0.5 y6.2"0.04 4.5
283.5 y11.0"0.1 2.7"0.6 y7.7"0.04 3.3
287.9 y11.0"0.1 2.1"0.3 y9.6"0.04 1.4
293.2 y11.2"0.1 2.3"0.3 y11.6"0.04 y0.3
298.0 y11.1"0.2 1.5"0.5 y14.8"0.1 y3.6
303.0 y11.0"0.1 0.79"0.09 y17.1"0.08 y6.2
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Table 2
Comparison of the experimentally determined data and struc-
ture-based calculations of the change in heat capacity upon
CsAyhCyp18 complex formation

DASAtotal y1017.9 A2˚
DASAnonpolar y660.6 A2˚
DASApolar y357.3 A2˚
DCp calc y211 calØmol ØKy1 y1

DCp measured y435.8"7 calØmol ØKy1 y1

Table 3
Thermodynamic binding parameter obtained from two inde-
pendent measurements of CsA binding tohCyp18 in triple buf-
fer over the pH range from 5.0 to 8.2

PH K Ø10 (M )y8 y1
a

5.0 0.17 0.15
5.5 0.53 0.57
6.0 0.93 0.8
6.5 0.93 1.1
7.0 1.1 0.92
7.5 1.41 1.23
8.2 1.4 1.6

hCyp18 where the pK change has to occur. Eq.a

(2) represents the model used for analyzing the
experimental data,(pK ) and (pK ) refer to thea b a f

pK value of hCyp18 ionizable groups in thea

inhibitor bound and unbound state,K the associ-a

ation constant of the deprononated complex and
K represents the association constant measuredobs

in the ITC experiment. Best-fit parameters to this
model are K s1.3Ø10 M , (pK )s5.7 and8 y1

a a f

(pK ) -4.5. The pK value of an ionizable groupa b a

involved in the binding process was determined to
be 5.7 in the free state(pK ) and below 4.5 fora f

the bound state(pK ) . A precise determination ofa b

(pK ) was not possible becausehCyp18 tends toa b

denature at low pH values.

pK( ypHa)b1q10
K sK Ø (2)obs a pK( ypHa)f1q10

Fig. 3 shows the plot of logK vs. pH. Theobs

binding process shows a pH dependence similar
to the data obtained by titration experiments detect-
ing the enhancement of the tryptophan fluores-121

cence ofhCyp18 upon CsA bindingw32x. In the
acidic range, the association constant decreases
approximately by factor nine from 1.4Ø10 M to8 y1

1.6Ø10 M . The measuredDH values are not7 y1
ITC

shown since interpretation in terms of proton
linkage are difficult due to the different enthalpic
contribution that arises from the exchange of
protons with the various buffer components at
different pH values. To rule out the possibility that
pH-induced structural changes caused the observed
pH dependence of the association constant, we
measured near and far UV-CD spectra forhCyp18
over the pH range which was used for the titration
experiments. CD spectra do not change over the
pH range from 5.0 to 8.0(Fig. 4).

3.3. DH as a function of DHITC Ionization

The pH dependence ofK suggested thatobs

protons are transferred from the CsAyhCyp18
complex to buffer ions at constant pH value. By
using several single component buffers with dif-
ferent enthalpies of ionization(DH ) oneIonization

can determine the amount of protons transferred
during the binding process using Eq.(3) w33x.

DH sDH qnØDH (3)ITC Binding Ionization

where DH is the observed binding enthalpyITC

during the experiment,DH is the ionizationIonization

enthalpy of buffer,DH is the buffer inde-Binding

pendent binding enthalpy, andn gives the net
number of protons transferred during the binding
process. It should be noted thatn is positive when
protons are transferred to the binding complex,
and vice versa. Fig. 5 shows the observed binding
enthalpy for the CsAyhCyp18 formation measured
in different buffers at pH 5.5 and pH 7.5 at 108C.
The slopes of the solid lines indicate a release of
one-half of a proton at pH 5.5 and virtually no
proton transfer at pH 7.5.

4. Influence of viscous cosolvents and heavy
water

The discrepancies between the measured and
calculated heat capacity changes of the CsAy
hCyp18 interaction lead us to the assumption that
water molecules might play an important role in
the thermodynamics of this binding process. Such
effects of ordered water molecules in the binding
interface of proteinyligand complexes have been
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Fig. 3. pH dependence of thehCyp18yCsA association constant(K ) measured in buffer containing 25 mM sodium acetate, 25obs

mM MES, 25 mM Tris, 150 mM sodium chloride and 0.5% DMSO. The dashed line is the best fit to a one proton linkage model
wEq. (2)x as described in the text.

Fig. 4. CD-spectra ofhCyp18 at different pH values(from pH 5 to 8), recorded in the far and near UV range. 10 scans in the
range of 200 to 260 nm and 260 to 320 nm were averaged for each pH value. The resulting spectra were normalized to molar
ellipticities.

described for other interactions as summarized
from Holdgate et al.w34x. Solvent perturbation
experiments are useful tools to investigate the role
of water molecules in the binding interface of
proteinyligand complexesw27,35,36x. To elucidate
the influence of water on the thermodynamics of
CsAyhCyp18 complex formation, we performed
isothermal titration calorimetry experiments in buf-
fered solutions of H O(pH 7.5), D O (pD 7.5)2 2

and 30%(vyv) glycerol in the temperature range
from 280 to 303 K. The results are summarized in
Table 1. Fig. 6 shows the temperature dependence
of the DH in D O and 30%(vyv) glycerol inITC 2

comparison with the data obtained in H O. As one2

can see from the different slopes of the linear
regression lines, the change in heat capacity of the
binding reaction carried out in heavy water is
significantly lower than in buffered H O solutions2
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Fig. 5. Calorimetry-measured enthalpy as a function of buffer ionization enthalpy at pH 5.5(closed circles) and 7.5(open circles).
Four different buffers over a wide range of ionization enthalpy were used(1, cacodylate bufferDH sy0.56 kcalØmol ; 2,y1

Ionization

acetate bufferDH s0.07 kcalØmol ; 3, MES bufferDH s3.73 kcalØmol and 4, bistris bufferDH s6.75y1 y1
Ionization Ionization Ionization

calØmol ). According to Eq.(3), the slope of the linear regression yields the number of protons released by the buffer upony1

binding (nsy0.5 andy8.6Ø10 at pH 5.5 and at pH 7.5, respectively).y3

(DDC s52.3 calØmol ØK ). In con-y1 y1
p H( O-D O2 )2

trast, the slope of the linear regression of the
binding enthalpy(DH ) in 30% (vyv) glycerolITC

is almost the same as in water(DDC sp H( O-Glycerol)2

y9.4 calØmol ØK ), yet, the binding enthalpyy1 y1

itself is significantly more negative in the glycerol
solution (DDH s3.9ITC H 25 8C( ( )O-Glycerol)2

kcalØmol ). The decreased binding enthalpy doesy1

not lead to an increased association constant of
the complex because of the compensating effect
of the binding entropy (TDDSITC H( O-Glycerol)2

s4 kcalØmol ). The most striking result isy1
25 8C( )

that the binding constant increases in heavy water
by more than a factor of two over the entire
temperature range examined(Table 1). One must
point out that the error for the determination of
such high binding constants is relatively large, but
even so the differences measured seem to be
significant.

5. Discussion

We used isothermal titration calorimetry to
determine thermodynamic parameters of the CsAy

hCyp18 complex formation over a wide range of
experimental conditions. Neither temperature nor
buffer composition gave rise to an extraordinary
sensitivity of the magnitude of the association
constant to experimental conditions. The value of
K s1.1Ø10 M (at 10 8C as estimated from8 y1

obs

the regression line ofDG in Fig. 2) changes just
by factor two in the temperature range of 5 to
33 8C, and only minor changes occurred in the pH
range from 6.5 to 8.2. TheK value ofobs

(0.88"0.3)Ø10 M at 258C found in this study8 y1

is considerably larger than the respective value of
0.2Ø10 M found in HEPESysaline bufferw11x.8 y1

Under all conditions,hCyp18 binds CsA to a 1:1
stoichiometry ruling out the existence of additional
low affinity binding sites as could be found for
linear peptidesw37x.

Other methods used for determining binding
constants of the CsAyhCyp18 complex can be
divided into four groups; (1) enzymatically
derived inhibition constantsK w6–10,38x (2) asso-i

ciation constants measured by fluorescent CsA
derivative displacement titrationsw15x (3) associ-
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Fig. 6. Enthalpies of binding of CsA in H O(closed circles), D O (open triangles) and 30% glycerol(open circles) as a function2 2

of temperature. All solutions contained 25-mM phosphate buffer pH(pD) 7.5 and 0.5% DMSO. The solid lines represent the result
of the linear regression of the experimental data. Error bars are calculated from least square fit analysis of the heat of binding using
the 1:1 binding model provided by the VP-ITC manufacturer.

ation constants obtained from direct measurements,
surface plasmon resonance techniques,hCyp18
Trp fluorescence enhancementw9,11,14,16x and121

(4) ligand mobility shift Sephadex LH-20 column
assayw13x. Comparing the binding constants esti-
mated by different methods it is evident that the
inhibition constants are much smaller(in the range
of 1.6 to 17 nM) than the constants derived from
tryptophan fluorescence enhancement titrations
and surface plasmon resonance measurements
(K from 30 to 205 nM). Such a dichotomyd app

between inhibition and dissociation constant was
observed earlier for thebovine cyclophilin18
(bCyp18) and discussed as to arise from differenc-
es in the CsA binding site and the catalytic pocket
of bCyp18 w9x. It is unclear whether the methods
are differently sensitive to the various aspects of
the complex formation including oligomerization
of the constituents of the association reaction
w18,39,40x. Nevertheless, the ITC-derived associa-
tion constants we report here correlate well with
the lower limit of the inhibition constants reported,
indicating that the kinetic approach to determine
the affinity of CsA tohCyp18 apparently reflects

the true binding constant. The remaining difference
between ITC-derived association constants and
enzyme inhibition experiments might be attributed
to differences in the experimental conditions like
the high hCyp18 concentrations used in the ITC
approach(up to 100mM; 100 000 fold higher than
used in assays determining inhibition constants)
that might couple the association reaction to pro-
tein oligomerizationw40x. Additional support for
the hypothesis that ITC experiments provide the
true association constants was provided by the ITC
analysis of thehCyp18F113A variant. The reported
K value of 190 nMw10x was even higher than thei

calculatedK value of 85 nM (at 10 8C) deter-d

mined by ITC (data not shown). Taken together,
there is no evidence for a CsA binding site
different from the catalytic pocket ofhCyp18.

Therefore, the cause of low affinity-related con-
stants may also lie in the experimental procedures
themselves. The thermodynamic survey of the
highly specific CsAyhCyp18 interaction presented
shows that the complex formation is enthalpically
driven with DH sy14.7"0.3 kcalØmol aty1

ITC

25 8C. The binding is associated with an unfavor-
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able entropy ofTDS sy3.8 kcalØmol . Fig. 2y1
ITC

shows the temperature dependence of all thermo-
dynamic parameters for the CsAyhCyp18 interac-
tion. As described for many other proteinyligand
interactionsw25–30x, we observed a strong linear
temperature dependence ofTDS andDH . AsITC ITC

pointed out by Ha et al.w41x this is a direct
consequence of a largeDC value, since( DHy≠p

T) sDC and ( (TDS)y T) sDC qDS, and≠ ≠ ≠p p p p

then if NDC N»NDSN, the changes inDH and TDSp

with temperature will be roughly the same
(sDC ) and compensate each other. Therefore,p

DG itself is almost unaffected over the temperature
range investigated. As described in Section 2 the
measured temperature independent change in heat
capacity(DC ) can be correlated to the change ofp

solvent exposed surface area. According to Eq.(1)
a negativeDC arises if non-polar solvent acces-p

sible surface area is reduced upon binding and
hence indicates that hydrophobic interactions con-
tribute to the CsAyhCyp18 interaction. From this
structure-based calculationsDC sy211p calc

calØmol ØK resulted that is at variancey1 y1

with the experimentally determined value of
y435.8"7 calØmol ØK . Other authorsy1 y1

describe a similar overestimation ofDC using thisp

relation w34,42–45x. One reason pointed out by
these authors is that conformational changes of the
reactants prior to binding lead to differences in
solvent accessible surface area compared to the
area calculated from the complex structure. In our
case, the structure of the complexed and uncom-
plexed form ofhCyp18 has been solvedw18,46x.
Judging from the crystal structures,hCyp18 seems
to be a rather rigid protein. Due to the low
solubility of CsA, no structure in aqueous solution
is available. NMR-spectroscopicw47x and kinetic
investigationsw48x showed that multiple confor-
mations of CsA exist and that tight binding to
hCyp18 occurs only if all CsA bonds are intrans
conformation. In addition to the effects arising
from the miscalculation of the solvent accessible
surface area of different CsA conformations, Lad-
bury et al.w42x suggested that upon proteinyligand
interaction dynamic fluctuations of the interfacial
side-chains, solvent exposed backbone elements
and their associated hydration sites are severely
restricted and can thus lead to a more negative

DC . As already mentioned, CsA binding does notp

seem to change the conformation ofhCyp18 in a
very dramatic mannerw49x. Interestingly, the NMR
structure w50x revealed that two fragments of
hCyp18 (residues 68–72 and residues 101–104)
reduce their flexibility upon CsA binding. Taken
these conformational and protein dynamic effects
together a more negativeDC than calculated fromp

the change in solvent accessible surface area seems
reasonable. Holdgate et al.w34x proposed that these
effects can be described quantitatively if one takes
water molecules into consideration which are
sequestered in the binding interface upon complex
formation. They proposed thatDC is lowered byp

approximately 48"31 calØmol ØK for eachy1 y1

trapped water molecule in the binding interface.
Since the CsAyhCyp18 interaction is mediated by
five water molecules the correctedDC valuep calc

is y451"155 calØmol ØK which is in closery1 y1

agreement with the experimentally obtained value.
CsA is a very hydrophobic compound and the
binding pocket ofhCyp18 is described as a hydro-
phobic crevicew18x one might, therefore, expect
that the hydrophobic effect is the driving force
responsible for the tight interaction. Contrarily, the
reaction is entirely enthalpically driven and no
favorable contributions to the free energy are made
by the entropic term. Similar observations have
been made by other authorsw25,26,45,51x and
were interpreted as both effects being important
for the stability of the complexw52x or that because
of the lack of an entropic contribution to the free
energy of binding the role of the hydrophobic
effect was neglectedw45x. It can be argued that
the increased order of sequestered water molecules
lead to stiffer internal modes of vibration which
generates a negative contribution not only toDCp

but also toTDS. This could explain whyTDS is
unfavorable for the association of two hydrophobic
interaction partners as in the CsAyhCyp18 com-
plex. To address the role of water in the binding
interface in more detail we performed titration
experiments in buffer solutions with reduced water
activity and in heavy water.

The addition of 30% glycerol decreases the
CsAyhCyp18 complex stability by approximately
y0.4 kcalØmol (DDG sy0.4y1 0

H( O-Glycerol 25 8C)( )2

kcalØmol ). Glycerol was chosen because it doesy1
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not change the ionic strength and the macroscopic
dielectric constant of the buffer solutionw53x. High
concentrations of glycerol have been reported to
promote the destabilization of a complex if water
is required in the binding interface. The decrease
in free energy of binding is mainly due to the
dramatic decrease in binding entropyTDDSITC

s4 kcalØmol . Besides loweringy1
H( O-Glycerol 25 8C)( )2

the water activity in solution high glycerol concen-
trations also increase the viscosity of the solvent,
this affects the entropic term of proteinyligand
interactions. The most important contribution to
the binding entropy arises from solvent reorgani-
zation,DS , from the reduction in conformationalsolv

degrees of freedom in the protein and the inhibitor,
DS and from the reduction in rotationalytrans-conf

lational degrees of freedom,DS :rt

DSsDS qDS qDS . (4)conf solv rt

The solvent-related entropy is approximately
equal to DC Øln(Ty385). The translationalyrota-p

tional entropy for an 1:1 binding stoichiometry is
approximately y8 cal K Ømol w54x. Sincey1 y1

DS is only slightly affected by glycerolsolv

(DDC sy9.4 calØmol ØK ) andy1 y1
p H( O-Glycerol)2

the reduction in rotationalytranslational degrees of
freedom should not be changed, differences inDS
are mainly due to a change arising from the
reduced conformational degrees of freedom
(DDS s11 calØK Ømol ). This isy1 y1

conf H( O-Glycerol)2

consistent with experimental evidence that glycerol
increases the rigidity and the conformational het-
erogeneity of proteins as well as thermal backbone
fluctuationsw55–57x. The large decrease in binding
entropy is partially compensated by a decrease in
binding enthalpy DDH s3.9ITC H( O-Glycerol 25 8C)( )2

kcalØmol . Using published transfer dataw58x ofy1

model compounds from water to glycerol, Durr et¨
al. w35x calculated a mean enthalpy of transfer of
hydrophobic side chains from water to glycerol as
0.96"0.47 calØmol Ø A at 25 8C. Using thisy1 y2˚
approximation and the calculated change in non-
polar solvent accessible surface upon complex
formation we can estimate a change in binding
enthalpy of only 0.3–0.9 kcalØmol . This isy1

somewhat on the small side and obviously there
must be other sources of the enthalpic stabilization
induced by glycerol. Durr et al.w35x argued that¨

glycerol decreases the specific volume and the
adiabatic compressibility of proteins and might,
therefore, increase the favorable enthalpic interac-
tion in folded proteins. The same effect can con-
tribute to the binding enthalpy of the CsAyhCyp18
interaction in glycerol. If water is a specific partic-
ipant in the formation of the CsAyhCyp18 com-
plex, an increase in the apparent association
constant should be observed in D O. The stronger2

binding should manifest itself in a more favorable
binding enthalpy in D Ow59x. Such an isotope2

effect was in fact observed. In heavy water, the
free energy of binding is significantly more nega-
tive throughout the entire temperature range
(Table 1) yielding association constants approxi-
mately two-fold of those in light water. Beside this
direct effect, D O can also lead to tighter hydrogen2

bonds by substituting exchangeable protons in the
protein and the inhibitor. Both effects might con-
tribute to the quite large increase in binding affin-
ity. The stronger interaction in D O at higher2

temperatures(T)297 K) is due to the increased
binding enthalpy, whereas at lower temperatures
the higher binding entropy leads to stronger bind-
ing. As a thermodynamic parameter which con-
nects DH and DS, the differences of the
temperature independent heat capacity change in
D O and H O are causing these effects(DDC2 2 p

s52.3 calØmol ØK ). Conelly et al.y1 y1
H( O-D O2 )2

w60x described the thermodynamic analysis of the
FK506yhFKBP12 and rapamycinyhFKBP12 asso-
ciation in heavy water. FKBP12 is the prototypic
member of the FKBP subfamily of PPIases. They
observed, in contrast to the CsAyhCyp18 interac-
tion, that the binding enthalpy in D O is less2

negative over the range of temperature examined.
The change in heat capacity for the rapamyciny
hFKBP12 interaction was less negative in D O2

and not changed in the FK506yhFKBP12 system.
In contrast to our results, they attribute the change
in binding enthalpy solely to the described nega-
tive transfer enthalpy of non-polar compounds
from H O to D O. These transfer effects which2 2

also occur in the CsAyhCyp18 interaction in our
case seem to be overcompensated at higher tem-
peratures by the favorable enthalpic contribution
of stronger hydrogen bonds in D O. This indicates2

that the mode of interaction in CsAyhCyp18 and
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FK506yhFKBP12 is different. Kinetic investiga-
tions illuminating the enzymatic mechanism of
accelerating the peptidylprolylcisytrans isomeris-
ation by hFKBP12 andhCyp18 lead to the same
conclusion (for review w61x). Our results show
that water plays an important role in the tight
interaction of CsA andhCyp18. To fully under-
stand the thermodynamics of the CsAyhCyp18
complex formation it is necessary to take the
contribution of water molecules in the binding
interface into consideration.

Since protonation and deprotonation events in
the binding interface upon binding have a consid-
erable effect onDH and DS and can, there-ITC ITC

fore, lead to misinterpretation of the thermo-
dynamic data, the binding energetics of CsA to
hCyp18 were characterized as a function of pH
and buffer ionization enthalpy. Analyzing our data
according to Eq.(2) we determined a(pK ) valuea f

for the unboundhCyp18 of 5.7, the(pK ) valuea b

for the complexhCyp18 could not be obtained
due to decreased protein stability at low pH. The
significant shift of the pK value from 5.7 to belowa

4.5 during CsA binding is possibly due to the
increased hydrophobic character of the binding
pocket. Fluorescence and NMR spectroscopic pH
titration experiments support this interpretation
w32,62x. Since the change in the pK value upona

CsA binding must result in deprotonation of a side
chain in the binding interface we performed ITC
experiments at pH 5.5 and 7.5 in buffers with
different ionization enthalpies(Fig. 5). The slope
of the regression line isy0.5 at pH 5.5 and close
to zero at pH 7.5 indicating that protons are
released from the protein upon binding of CsA if
the pH is close to the pK value we calculated. Noa

proton release is observed at pH 7.5, ensuring that
the side chain is fully deprotonated at this pH.
There are two terms contributing to the enthalpy
of binding (DH ), which areDH andBinding Protonation

an enthalpic term that does not depend on the
protonation event(DH9) Eq. (5) w63x.

DH sDH9qnØDH (5)Binding Protonation

From Eq.(3) and Eq.(5),

DH sDH9qnØ(DH qDH ) (6)ITC Protonation Ionization

At pH 7.5 no proton exchange is detectable;

therefore,n in Eq. (3) and Eq.(5) becomes zero.
Assuming thatDH9 does not change in the pH
range we used, we may say thatDH9 has the same
value aDH at pH 7.5. Using this and transform-ITC

ing Eq. (6) to:

DH s(DH yDH )ynProtonation ITC pH 5.5 ITC pH 7.5( ) ( )

yDH (7)Ionization

one can now estimate the net enthalpic contribution
of deprotonation at pH 5.5. The deprotonation of
a side chain in the CsAyhCyp18 binding interface
liberates approximately 4.3 kcalØmol .y1

(DH sy4.3 kcalØmol ). The heats ofy1
Protonation

protonation for carboxyl,́ -amino, phenolic and
imidazole groups in proteins are 0,y10.5, y10
and y6.6 kcalØmol , respectivelyw64x. Sincey1

there is no tyrosine residue in the binding pocket
of hCyp18, the side chain deprotonated upon CsA
binding at pH 5.5 is most likely a histidine.
Histidine would be the best candidate, since it126

is localized in the binding pocket ofhCyp18 in a
distance of approximately 3.3 A to the MeVal11˚
side chain of CsA. NMR-spectroscopic pH-titration
experiments of the CsAyhCyp18 complex in solu-
tion showed that this side chain undergoes a shift
in pK from 6.3 to below 4.5 during CsA bindinga

w62x. From our experiments we cannot exclude
that other ionizable side chain provide additional
contributions to the observed pH dependency of
the CsA binding. It seems that the protonation of
histidine at low pH is mainly responsible for126

the decreased affinity of CsA tohCyp18. Consis-
tent with this assumption mutational analysis by
Zydowsky et al.w10x of the Histidine side chain126

hCyp18 variant showed a dramatically reduced
enzymatic activity (less than 1%) and reduced
CsA binding affinity.

Interestingly, the enzymatic parametersk andcat

k yK for the hCyp18 catalyzedcis to transcat M

isomerisation of the model substrate Suc-Ala-Phe-
Pro-Phe-pNAw65x show a comparable pH depend-
ence as the association constant for CsA binding.
The K value for an enzyme following a Michae-M

lis–Menten kinetic includes the association con-
stant for substrate binding(K ) as well as theks cat

value, therefore, a decrease ink results in acat

decrease in the association constantK . This indi-s
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cates that the association constant of the substrate
molecule shows a similar pH dependence as the
tight binding inhibitor CsA. The calculated pKa

for the pH dependence ofk yK value is 5.8,cat M

very close to the pK value we obtained fora

hCyp18 in the free state, indicating that the same
ionizable group might play an important role in
CsA binding and in enzymatic catalysis.
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