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Abstract

Isothermal titration calorimetrfITC) was used to investigate thermodynamic parameters of the cyclosporin A
(CsA)-cyclophilin 18 (hCyp18 association reaction. We have calculated the thermodynamic pararfet¢nsipy,
entropy, heat capacity, and free energy of binglingthe CsA/hCyp18 complexation. All but two methods described
in the literature underestimate the affinity &€yp18 of CsA. We found that the association constdnt-10° M~*
at 10°C) of CsA to hCyp18 is in close agreement with the reciprocal of the reported inhibitory constant of the
peptidylprolyl cis/trans isomerase activity 0hCypl18. 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 Gs2ypd8
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 K, value of 5.7 in freéiCyp18 and below 4.5 in the CsA complexed form. Titration experiments
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 interfacé@p18 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 complexgziypl18.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction solic protein is the major cytosolic receptor of the
hydrophobic cyclopeptide cyclosporin ACsA)
Human cyclophilin 18(hCypl18) is the proto-  and hence implicated in the CsA-mediated immu-
typic member of the cyclophilin subfamily of nosupressioril]. According to the current under-
peptidyl prolylcis/trans isomeraseéPPlases, E.C.  gianding CsA requires the molecular matchmaker

5.1.8. The ubiquitous 165 amino acid long cyto- nction of KCyp18 for exerting down regulation
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virus particles from infected cell$4,5]. In both might lead to improved analyses of the huge
cases, however, the formation of the G&&yp18 number of distinct biological CsA effects observed
complex is prerequisite for the CsA effects. until now [19].

Although great effort has been put in the investi-  We have taken an isothermal titration calorime-
gation of this drughCypl8 complex, published try approach to these issues. This method permits
association constants show an enormous scatteringgreat flexibility in the choice of experimental
from 1.6 nM to 5000 nM depending on the conditions for monitoring the titration curves but
methods used6-16. It has been suggested that has not yet been applied systematically to study
this wide spread might result from the combination the interaction of cyclophilins.

of slightly different experimental conditions, large Association constant$k,), binding enthalpies
temperature coefficients and high sensitivity to (AH) and changes in heat capacitAC,) of
solvent composition of the association reaction. In binding were determined as a function of pH,
addition, the result often implies that the methods buffer composition, solvent viscosity and solvent
used to determine the association constant maydeuterium isotope composition. The results con-
not be adequate to assess tight-binding inhibitors. firm that ITC derived association constants closely
It has long been realized that the thermodynamics match the magnitude of kinetically derived inhi-
of the association reaction of CsA and cyclosporin bition constants.

derivatives with cyclophilins is vital to the analysis

of biological CsA effects. Among the more than 2. Experimental procedures

40 gene-encoded cyclophilif&Cypl8 is the most

abundant in human cellgl7]. Assuming that the  2.1. Materials

lower limit of published association constants read-

ily describes the association procé€y/p18 would All chemicals and column resins were purchased
represent by the law of mass action the major CsA from Merck and Sigma. B O was from ICN
target in human cells. In contrast, a number of Biomedical Inc.

other cyclophilins would be relevant with respect

to the upper limit of the association constants. 2.2. Protein expression and purification

Surprisingly, three-dimensional structures, deter-

mined by X-ray crystallography and nuclear mag- A 6 | culture of "Cyp18 expressing. coli strain
netic resonancéNMR) spectroscopy gave a clear M15 harboring the pQE7(:Cyp18 construct was
picture of complex composition and binding forc- grown in 2x YT medium supplemented with ampi-
es. Up to now, 18 structures 6€yp18 complexed  cillin (100 wg/ml) and kanamycin(50 wg/ml) at
with CsA and its derivatives are reported in the 37 °C to an Agye Of 0.6. After inducing the
Brookhaven Protein Data Bar(for review [12]). expression ofCyp18 with 1 mM IPTG, cells were

It results that the 1:1 stoichiometry is maintained incubated for 5 h at 37C. Cells were harvested
throughout the structures by an active site directed by centrifugation at £C for 15 min at 600X g
attachment of CsA involving the side chain of the in a Beckmann J2-HC centrifuge; sedimented cells
Trp?? residue ofiCyp18, 5 intermolecular hydro-  were resuspended and stored-e80 °C. Typically,
gen bonds between the drug and the protein, and35 g of frozen cell paste was thawed and 2
a network of water-mediated contadi$g]. The volumes of cold buffe20 mM tricine pH 8.0
MeVal** residue is particularly critical for CsA  were added. After homogenisation, cells were dis-
binding because of its positioning at the proline rupted by passing them three times through a SLM
position of hCyp18 substrates. One of the most Aminco french press (Buettelborn, Germanyat
pressing questions in the CsA field is how reliable 10 000 psi. After each passage, the lysed cell
parameters for the association reaction can besuspension was collected on ice. All subsequent
determined. In addition, knowledge of the whole steps were carried out at 4C. Cell debris and
set of thermodynamic factors that govern cyclo- membrane parts were removed from the lysate by
philin interactions with cyclosporin derivatives centrifugation for 1 h(100 000X g in a Beckman
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L8 60 M ultracentrifuge. After the pH value of  same amount of DMSO was added to #@yp18

the supernatant had been adjusted to 8.0 thesample used for titration to minimize the heat of
solution was applied to a Fractoel EMD DEAE- dilution. All solutions were degassed under vacu-
650(M) (2.5%X20 cm) anion exchange column um for 8 min with gentle stirring immediately
equilibrated with 20 mM tricine buffer pH 8.0. before use. Because of the low solubility of CsA,
The flowtrough was collected and applied to it was used in the sample cell and titrated with
an affinity column Fractog&l TSK AF-Blue AhCypl8 in the injection syringe. The protein con-
(1xX6 cm). Human Cypl8 containing fractions centration ofa:Cyp18 was determined shortly prior
were obtained by running a linear gradient from 0 to measurement. TheCypl8 concentration in the
to 3 M KCI in 200 ml of 20 mM tricine buffer  titration syringe was usually 10-fold higher than
pH 8.0. Enzymatically active fractions were col- the CsA concentration used. To correct for heat
lected and dialyzed two times against 2 | of 10 effects not directly related to the binding reaction,
mM HEPES buffer pH 7.0. Subsequently, the control experiments were performed by making
sample was applied to a Fractogel SO 6490 identical injections of the titrant into the sample
exchange column, equilibrated with the same buf- cell containing buffer only. Control experiments
fer. Using a 0—1 M NacCl gradient in 100 ml 10 were made at all temperatures used. The heat due
mM HEPES pH 7.0rCyp18 was eluted from the to the binding reaction between the inhibitor and
column. From a typical preparation, 250 mg of the enzyme was obtained as the difference between
hCypl8 was obtained. The collected protein was the heat of reaction and the heat of dilution. The
better than 99% puréCyp18, as judged by SDS- titration curves were analyzed using Origin soft-
PAGE and reversed phase HPLC. The same pro-ware provided with the instrument.

cedure was used to express and purify the The same procedures were used for the experi-
hCypl8F113A variant. Protein integrity was fur- ments carried out in heavy water. BoldCypl8
ther confirmed by UV-CD spectroscopy, and the and CsA were allowed to exchange ip D O at 20
determination of thék../K, value related to the °C for several hours before experiments were
peptidyl prolylcis/trans isomerase activity against performed.

the standard tetrapeptide substrgté]. The active

site concentration was determined exploiting the 2.4 Spectroscopic methods

increase in fluorescence intensity of the*ffp  side
chain upon CsA binding[6]. Compared to the
spectroscopically determined enzyme concentra-
tion, using the calculated extinction coefficient of
8490 M~*-cm! at 280 nm[21], 94% of the
purified 2Cyp18 binds to CsA.

UV /VIS spectroscopic measurements were per-
formed on a Hewlett Packard 8452 diode array
UV /VIS 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 26M hCypl8
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 HCI and NaOH. Buffer
spectra were numerically subtracted from protein
spectra. The results were converted to residual
ellipticities.

2.3. Isothermal titration calorimetry

Isothermal titration calorimetry experiments
were performed using a high precision VP-ITC
titration calorimetric systeniMicrocal Inc. North-
ampton, MA). Samples ofiCyp18 were dialyzed
exhaustively at £C against the different buffers
used for the titration experimenfsee Section B
Cyclosporin A stock solution was prepared in
DMSO and dissolved in the same batch of buffer 2 5 Thermodynamic parameter prediction method
which was used for dialyzingCyp18. Final con-
centrations of CsA were 2—6M. Titration buffers Structure-based calculations were performed
had a maximum level of 0.5%v/v) DMSO. The using an empirical parametrizations based on
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changes in polar and apolar surface aj22,23. Time (min)
The change in Accessible Surface Ar@sASA) 50 100
was calculated with the program Grag]. The . : . - .
water probe used for calculation had a radius of
1.4 A. Coordinates of the structure @fCyp18 004 X Mmr
complexed with CsA were obtained from the ””” !
Brookhaven Protein Data BanlPDB file identi-
fier: 1CWA). From these data, the changes in polar
and apolar solvent-accessible surface area were 0,1+ .
calculated. The polar and apolar contributions to
the total change in accessible surface were then
used to calculate the change in heat capadity,

[=]

pcal/sec

for the binding process, according to 02 . , . . .
ACp calc=a*AASA nonport b-AASA pol (D E 0_- p
o © '2— “
Where a is 0.45 calK~*-mol~*-A~? and b is .é, 4] ]
—0.26 calK ~*-mol~%-A~2 [22]. e o ]
2 4 4
3. Results g 87 ]
w® 107 ]
3.1. Temperature dependence of CsA/hCypl8 £ 24 .
interaction 14 ]
-16 : : : : —
A prerequisite for a precise calorimetric deter- o:o ofs 1:0 1:5 2:0 25
mination of the binding enthalpy is a good signal Molar Ratio

to noise ratio, and, therefore, high sample concen-

trations would be required. On the other hand, Fig. 1. Typical calorimetric titration of CsA binding #Cyp18
only low concentrations of the interacting partners at 25°C in 25 mM phosphate buffer pH 7.5 containing 0.5%
can prevent a too steep transition of the titration DMSO. Each peaktop panel represents the injection of 4l

_— o A ; _of a 66 M hCypl8 solution into a solution of 2.2M CsA.
curve if tightly binding inhibitors are being ana The heats were determined by integration of the injection peaks

lyzed. _SlmUItaneous_ Qeterm|nat|on of .bmd'ng and correction for mixing heats determined in a different exper-
enthalpies and association constants require, thereiment. The resulting titration curvéower pane) was fitted to

fore, the lowest possible concentration of reactants a single binding site model by non-linear least-squares analysis.
capable of producing a sufficient amount of heat The obtained thermodynamic parameters for this association

. . . . process were as followsAH= —1.432:10°+80 kcatmol~*
to obtain a good signal to noise ratio. In our case, and K.—9.292107+0.1-10° M, with a binding stoichiometry

_CSA $0|Uf[i0n5 in the range from 2 to.6M resulted_ of 1.003+0.005. The error of each parameter represents the
in a titration curve which allowed us to determine error of fitting.

the binding enthalpy and the binding constant with

high accuracy. A typical titration curve is given in in the same binding stoichiometrydata not
Fig. 1. Multiple measurements &fH,;- and K, of shown. To determine the change in heat capacity
the CsA/hCypl8 interaction at 298 K using dif- associated with the binding process, complete ITC
ferent concentrations and protein samples resultedexperiments were performed at five different tem-
in AH=—-14.7+0.3 kcalmol~! and a K, of peratures ranging from 278 to 306 K. The results
(0.884+0.3):10°® M1, For all titrations, the cal- are presented in Fig. 2 and summarized in Table
culated stoichiometry of binding was between 0.96 1. The binding reactions were carried out in 25
and 1.02, indicating a 1:1 binding stoichiometry. mM phosphate buffer at pH 7.5. Phosphate buffer
Control experiments performed by titrating a was used because it is known to have only a small
50 wM CsA solution into 5uM hCyp18, resulted  enthalpy of ionizatiof AH gnization=1 kcakmol=1)
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Fig. 2. Enthalpy(AH ¢, open circley, entropy(TAS ¢, filled triangles and free energyAG®, filled circles) from association of

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 K, change with
rising temperature(ApK,/dT'=—0.0028 K1).
Therefore, the observed binding enthaly ¢
was not corrected for possible protonatidepro-
tonation effects upon binding\H,rc and TAS ¢ A2?) as described in Section 2. The calculated heat
strongly depend on temperature, whileG° is capacity change of the binding process according
almost insensitive to the change of temperature asto Eq.(1) is significantly less negativeAC, .=
shown in Fig. 2. A plot ofAH;c vs. temperature ~ —211 calmol~'-K~1) than the experimentally
shows a linear relationship, and from the slope the determined change in heat capadifable 2.

change in heat capacity upon binding was,=
—435.8+7 catmol~1-K~1 A plot of AH;;c Vs.
TAS values for the binding of CsA at different
temperatures shows a slope near uritata not
shown that is common for binding processes like
antibody/antigen recognition [25,26, proteiry ITC experiments were performed twice at each
ligand interactio27—-3(, and has been described pH value in the range from pH 5.0 to 8.2. For
as enthalpyentropy compensation. Measured these experiments a triple buffer was used that
binding enthalpies over the examined temperature allowed for constant buffering conditions and ionic
range are exothermic WithAHtc os5c=— strength throughout the investigated pH rahgd.
14.74+0.3 kcatmol~t. Down to a temperature of The data derived from these calorimetric titrations
289 K the complex formation is entropically unfa- are shown in Table 3. These data were fitted to a

in solvent accessible surface area upon binding.
From the crystal structure we calculated the
expected changes in heat capacitgusing
AASA ;o= —357.3 & andAASA .= —660.6

3.2. pH dependence the

interaction

of CsA/hCypl8

vourable and entirely driven by the exothermic
binding enthalpy. Thermodynamic parameters for

model of single proton linkage involving the
change in &, of ionizable groups upon binding.

ligand-protein interaction can be related to changes Because CsA is devoid of ionizable groups it is



9g¢e

Table 1
Comparison of the temperature dependence of the thermodynamic parameters for the binding of:Cgp1® determined by isothermal titration calorimetry in

T

buffers of different compositions. The error of each parameter represents the error of fitting é’"

o
T (K) AG® (kcakmol~?) Ks1078 (M~Y) AH ¢ (kcalmol~—?1) TASrc (kcal-mol~?1) §
25 mM phosphate buffer pH 7.5 in,H O @
278.5 —10.3+0.1 1.1+0.3 —5.71£0.02 4.5 2
285.3 —10.5+0.05 1.0£0.2 —8.9+0.02 15 g
293.0 —-10.7+£0.1 0.970.1 —12.1+0.03 -1.4 N
298.0 —10.9+0.03 0.88+0.1 —14.740.03 -3.8 =
306.0 —10.7+0.06 0.46+0.04 —17.8+0.03 -7.0 3
25 mM phosphate buffer pH 7.5 in,H -©30% glycerol §
280.7 -10.2+0.1 0.9+0.05 —11.64+0.03 -13 =
288.0 —10.6+0.1 1.2+0.1 —14.5+0.05 -3.8 %
293.2 —10.6+0.1 0.86+0.1 —16.0+0.06 —-5.4 ]
298.0 —10.54+0.2 0.61+0.06 —18.6+0.09 -7.8 §
303.0 —10.2+0.1 0.25+0.03 —-21.2+0.2 -11.0 =

S
25 mM phosphate buffer pD 7.5 in,D O =
280.7 —-10.7+£0.1 2.1+05 —6.21+0.04 45 S
283.5 ~11.0+0.1 2.740.6 —7.740.04 3.3 =
287.9 —11.0+£0.1 2.1+0.3 —9.61+0.04 14 “w
293.2 —-11.240.1 2.3+0.3 —11.6+0.04 -0.3 T
298.0 —11.1+0.2 15+0.5 -14.8+0.1 —-3.6 g

303.0 —11.0+0.1 0.79+0.09 —17.1+0.08 —-6.2
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Table 2 _ _ 3.3. AH ;¢ as a function of AH,,,iusion
Comparison of the experimentally determined data and struc-

ture-based calculations of the change in heat capacity upon

CsA/ACyp18 complex formation The pH dependence oK,,s suggested that

protons are transferred from the CS&Cypl8

AASA o -1017.9 ® complex to buffer ions at constant pH value. By
iﬁgﬁnonpmw —ggg-goﬁ using several single component buffers with dif-
AC, c::'af 011 eatmol- K -1 ferent enthglples of ionizatiofAH onization ONE
AC, mossured —435.8+7 cabmol--K -1 can determine the amount of protons transferred
during the binding process using E®) [33].
A[—IITC = AI{Binding"' n°AHlonization (3)

hCypl8 where the K, change has to occur. Eq. ) o

(2) represents the model used for analyzing the Where AHrc is the observed binding enthalpy
experimental data(pk.,), and (pK ) ; refer to the during the experlmemz;H.omZa_tion is the |on|z§t|on
pK, value of hCypl8 ionizable groups in the €nthalpy of buffer,AHginging is the buffer inde-
inhibitor bound and unbound stat&, the associ- Pendent binding enthalpy, and gives the net
ation constant of the deprononated complex and number of protons transferred durmg _the binding
K., represents the association constant measured?rocess. It should be noted thats positive when

in the ITC experiment. Best-fit parameters to this Protons are transferred to the binding complex,
model are K,=1.310° M~1, (pK.,)=5.7 and and vice versa. Fig. 5 shows the observed binding

(pK,),<4.5. The K ,value of an ionizable group enthalpy for the CsAnCyp18 formation measured

involved in the binding process was determined to I different buffers at pH 5.5 and pH 7.5 at 10.

be 5.7 in the free statépk,), and below 4.5 for The slopes of the solid lines indicate a release of
the bound statépK.),, A precise determination of ~°ne-half of ? protoE $t5pH 5.5 and virtually no
(pK,), Was not possible becaua€ypl8 tends to proton transter at pH 7.5.

denature at low pH values. .
4. Influence of viscous cosolvents and heavy

1+ 10PKap—pH water
Kops—=K 3 1+ 10PKar—pH (2)

. The discrepancies between the measured and
_Fig. 3 shows the plot of lo&oss vs. pH. The  cajculated heat capacity changes of the €sA
binding process shows a pH dependence similar ,Cyp18 interaction lead us to the assumption that
to the data obtained by titration experiments detect- water molecules might play an important role in
ing the enhancement of the tryptoph&n  fluores- the thermodynamics of this binding process. Such
cence ofhCyp18 upon CsA bindind32]. In the  effects of ordered water molecules in the binding

acidic range, the associ_ation constant decreasesnterface of proteiriligand complexes have been
approximately by factor nine from 1.40° M~* to

1.6:10° M. The measuredH,;c values are not  Table 3
shown since interpretation in terms of proton Thermodynamic binding parameter obtained from two inde-
linkage are difficult due to the different enthalpic Pendent measurements of CsA bindingi@yp18 in triple buf-
- . . fer over the pH range from 5.0 to 8.2
contribution that arises from the exchange of
protons with the various buffer components at py K108 (M)
different pH values. To rule out the possibility that

pH-induced structural changes caused the observed, ¢ g:ég 8:;3
pH dependence of the association constant, wegg 0.93 08
measured near and far UV-CD spectra i@yp18 6.5 0.93 1.1
over the pH range which was used for the titration 7.0 11 0.92
; 7. 1.41 1.23
experiments. CD spectra do not change over the82 14 16

pH range from 5.0 to 8.0QFig. 4).
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Fig. 3. pH dependence of tHeCyp18/CsA association constalK,,) measured in buffer containing 25 mM sodium acetate, 25
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
[Eq. (2)] as described in the text.

described for other interactions as summarized and 30%(v/v) glycerol in the temperature range
from Holdgate et al.[34]. Solvent perturbation from 280 to 303 K. The results are summarized in
experiments are useful tools to investigate the role Table 1. Fig. 6 shows the temperature dependence
of water molecules in the binding interface of of the AHc in D,O and 30%(v/v) glycerol in
proteiryligand complexeg27,35,38. To elucidate ~ comparison with the data obtained in H O. As one
the influence of water on the thermodynamics of can see from the different slopes of the linear
CsA/hCypl18 complex formation, we performed regression lines, the change in heat capacity of the
isothermal titration calorimetry experiments in buf- binding reaction carried out in heavy water is
fered solutions of H O(pH 7.5, D,O (pD 7.5

significantly lower than in buffered H O solutions

2000

-4000

[®] deg cm? dmol”!

-6000

-8000
200

210 220 230 240 250 260 270 280 290 300 310 320

A (nm)

Fig. 4. CD-spectra ohCypl8 at different pH valueéfrom 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.
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Fig. 5. Calorimetry-measured enthalpy as a function of buffer ionization enthalpy at ptdl6ésgd circley and 7.5(open circles.

Four different buffers over a wide range of ionization enthalpy were ($edacodylate buffedH,qp,ai0n= —0.56 kcaimol™2; 2,
acetate bufferAH,qnizaion=0.07 kcaimol™%; 3, MES buffer AH \onizaior=3.73 kcaimol™! and 4, bistris buffeAH onizatior6.75
calmol™1). According to Eq.(3), the slope of the linear regression yields the number of protons released by the buffer upon
binding (n=—0.5 and—8.6:10"2 at pH 5.5 and at pH 7.5, respectively

(AACy (1,0.0,0,=52.3 catmol™*-K~%). In con- hCyp18 complex formation over a wide range of
trast, the slope of the linear regression of the experimental conditions. Neither temperature nor
binding enthalpy(AH,+c) in 30% (v/v) glycerol buffer composition gave rise to an extraordinary
is almost the same as in Wal&YAC,, (1,0 ciyceroy = sensitivity of the magnitude of the association

—9.4 catmol~*-K~1), yet, the binding enthalpy  constant to experimental conditions. The value of
itself is significantly more negative in the glycerol K, =1.1-10° M~* (at 10 °C as estimated from
solution  (AAHirc  (0cycery (25 °0=3-9 the regression line oAG in Fig. 2) changes just
kcalmol~*). The decreased binding enthalpy does by factor two in the temperature range of 5 to
not lead to an increased association constant of33°C, and only minor changes occurred in the pH
the complex because of the compensating effectrange from 6.5 to 8.2. Thek,, value of
of the binding ialntropy(TAAS,Tc_ (H20-Glycerob_ (0.88+0.3):10°F M~ at 25°C found in this study
@5 °c)=4 kcakmol™). The most striking result is g considerably larger than the respective value of
that the binding constant increases in heavy waterg 2.108 M-1 found in HEPESsaline buffer[11].
by more than a factor of H;thl over the entire qer 4l conditionsCypl8 binds CsA to a 1:1
temperature range examin¢diable . On_e must stoichiometry ruling out the existence of additional
point out th_at _the error for 'ghe determlnanon of low affinity binding sites as could be found for
such high binding constants is relatively large, but linear peptided37]
:iven?ﬁcs:mthe differences measured seem to be Other methods used for determining binding
9 ’ constants of the CsfCypl8 complex can be
5. Discussion divided into four groups; (1) enzymatically
derived inhibition constant&; [6—10,38 (2) asso-
We used isothermal titration calorimetry to ciation constants measured by fluorescent CsA
determine thermodynamic parameters of the £sA derivative displacement titratior{d5] (3) associ-
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Fig. 6. Enthalpies of binding of CsA in H Qclosed circley, D,O (open triangles and 30% glycerolopen circle$ as a function

of temperature. All solutions contained 25-mM phosphate buffepB) 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,the true binding constant. The remaining difference
surface plasmon resonance technique€ypl8 between ITC-derived association constants and
Trp*?! fluorescence enhancemd®t11,14,16 and enzyme inhibition experiments might be attributed
(4) ligand mobility shift Sephadex LH-20 column to differences in the experimental conditions like
assay[13]. Comparing the binding constants esti- the high #Cyp18 concentrations used in the ITC
mated by different methods it is evident that the approach(up to 100,.M; 100 000 fold higher than
inhibition constants are much smallgn the range used in assays determining inhibition constants
of 1.6 to 17 nM than the constants derived from that might couple the association reaction to pro-
tryptophan fluorescence enhancement titrations tein oligomerization[40]. Additional support for
and surface plasmon resonance measurementshe hypothesis that ITC experiments provide the
(K4 app from 30 to 205 nM. Such a dichotomy  true association constants was provided by the ITC
between inhibition and dissociation constant was analysis of thé:Cyp18F113A variant. The reported
observed earlier for thebovine cyclophilin18 K; value of 190 nM[10] was even higher than the
(bCyp18 and discussed as to arise from differenc- calculatedK, value of 85 nM(at 10 °C) deter-

es in the CsA binding site and the catalytic pocket mined by ITC (data not showh Taken together,

of bCypl18[9]. It is unclear whether the methods there is no evidence for a CsA binding site
are differently sensitive to the various aspects of different from the catalytic pocket dfCyp18.

the complex formation including oligomerization Therefore, the cause of low affinity-related con-
of the constituents of the association reaction stants may also lie in the experimental procedures
[18,39,40. Nevertheless, the ITC-derived associa- themselves. The thermodynamic survey of the
tion constants we report here correlate well with highly specific CsA(hCypl8 interaction presented
the lower limit of the inhibition constants reported, shows that the complex formation is enthalpically
indicating that the kinetic approach to determine driven with AH;c=—14.7+0.3 kcatmol™! at
the affinity of CsA tohCypl8 apparently reflects 25 °C. The binding is associated with an unfavor-
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able entropy offAS;;c= —3.8 kcatmol~*. Fig. 2 AC,. As already mentioned, CsA binding does not
shows the temperature dependence of all thermo-seem to change the conformation /&€ypl18 in a
dynamic parameters for the CgACypl18 interac-  very dramatic manngr9]. Interestingly, the NMR
tion. As described for many other protéligand structure [50] revealed that two fragments of
interactions[25—-30, we observed a strong linear hCyp18 (residues 68—72 and residues 101-)104
temperature dependence ©®AS,rc and AHr¢. As reduce their flexibility upon CsA binding. Taken
pointed out by Ha et al[41] this is a direct these conformational and protein dynamic effects
consequence of a largkC, value, since(0AH/ together a more negativkC, than calculated from
0T),=AC, and (a(TAS)/oT),=AC,+AS, and  the change in solvent accessible surface area seems
then if [AC,I»AS|, the changes iMH and TAS reasonable. Holdgate et &84] proposed that these
with temperature will be roughly the same effects can be described quantitatively if one takes
(=AC,) and compensate each other. Therefore, water molecules into consideration which are
AG itself is almost unaffected over the temperature sequestered in the binding interface upon complex
range investigated. As described in Section 2 the formation. They proposed tha&tC, is lowered by
measured temperature independent change in heagapproximately 4831 catmol™2-K~! for each
capacity(AC,) can be correlated to the change of trapped water molecule in the binding interface.
solvent exposed surface area. According to @&d. Since the CsAhnCypl8 interaction is mediated by
a negativeAC, arises if non-polar solvent acces- five water molecules the correctedlC, ., value
sible surface area is reduced upon binding andis —4514 155 catmol~*-K~* which is in closer
hence indicates that hydrophobic interactions con- agreement with the experimentally obtained value.
tribute to the CsAhCyp18 interaction. From this CsA is a very hydrophobic compound and the
structure-based calculationsAC,  cqc= —211 binding pocket of:Cyp18 is described as a hydro-
calmol~*-K~! resulted that is at variance phobic crevice[18] one might, therefore, expect
with the experimentally determined value of that the hydrophobic effect is the driving force
—435.8+7 calmol *K~% Other authors responsible for the tight interaction. Contrarily, the
describe a similar overestimation &t", using this reaction is entirely enthalpically driven and no
relation [34,42—4%. One reason pointed out by favorable contributions to the free energy are made
these authors is that conformational changes of theby the entropic term. Similar observations have
reactants prior to binding lead to differences in been made by other authof®5,26,45,51 and
solvent accessible surface area compared to thewere interpreted as both effects being important
area calculated from the complex structure. In our for the stability of the comple§s2] or that because
case, the structure of the complexed and uncom- of the lack of an entropic contribution to the free
plexed form ofACypl18 has been solveld 8,44. energy of binding the role of the hydrophobic
Judging from the crystal structurggCypl8 seems  effect was neglected45]. It can be argued that
to be a rather rigid protein. Due to the low the increased order of sequestered water molecules
solubility of CsA, no structure in agueous solution lead to stiffer internal modes of vibration which
is available. NMR-spectroscopiel7] and kinetic generates a negative contribution not onlyAto,,
investigations[48] showed that multiple confor- but also to7AS. This could explain whyTAS is
mations of CsA exist and that tight binding to unfavorable for the association of two hydrophobic
hCypl8 occurs only if all CsA bonds are irns interaction partners as in the Cg#Cypl8 com-
conformation. In addition to the effects arising plex. To address the role of water in the binding
from the miscalculation of the solvent accessible interface in more detail we performed titration
surface area of different CsA conformations, Lad- experiments in buffer solutions with reduced water
bury et al.[42] suggested that upon protéligand activity and in heavy water.

interaction dynamic fluctuations of the interfacial The addition of 30% glycerol decreases the
side-chains, solvent exposed backbone elementsCsA/hCypl8 complex stability by approximately
and their associated hydration sites are severely —0.4 kcatmol™* (AAG® 41,0 ciycerop 25°cy= — 0.4
restricted and can thus lead to a more negative kcakmol=?). Glycerol was chosen because it does
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not change the ionic strength and the macroscopic glycerol decreases the specific volume and the

dielectric constant of the buffer solutid3]. 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 entroAAS ¢
(H:0-Glyceron 25°c, =4 kcakmol~*. Besides lowering
the water activity in solution high glycerol concen-
trations also increase the viscosity of the solvent,
this affects the entropic term of proteilgand
interactions. The most important contribution to
the binding entropy arises from solvent reorgani-
zation,AS..,, from the reduction in conformational
degrees of freedom in the protein and the inhibitor,
ASons @and from the reduction in rotationatans-
lational degrees of freedomS,,:

AS= AS(:onf"' AS solvT AS re (4)

The solvent-related entropy is approximately
equal to AC,:In(7/385). The translationglrota-
tional entropy for an 1:1 binding stoichiometry is
approximately —8 cal K 1-mol~? [54]. Since
ASs,w is only slightly affected by glycerol
(AAC,  (10-clycer= —9-4 catmol~*-K~1) and
the reduction in rotationgtranslational degrees of
freedom should not be changed, differenceda
are mainly due to a change arising from the
reduced conformational degrees of freedom
(AAScont (Ho-ciyceroy =11 catK ~*-mol~1). This is
consistent with experimental evidence that glycerol

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 C$ACyp18
interaction in glycerol. If water is a specific partic-
ipant in the formation of the CsfCypl8 com-
plex, an increase in the apparent association
constant should be observed i D O. The stronger
binding should manifest itself in a more favorable
binding enthalpy in D O[59]. Such an isotope
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, B O can also lead to tighter hydrogen
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 higher
temperature7> 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 AH and AS, the differences of the
temperature independent heat capacity change in
D,O and H O are causing these effe¢tS8AC,
(H:0.D,0)=52.3 calmol~*K~1). Conelly et al.
[60] described the thermodynamic analysis of the
FK506/hFKBP12 and rapamycjthFKBP12 asso-

increases the rigidity and the conformational het- ciation in heavy water. FKBP12 is the prototypic
erogeneity of proteins as well as thermal backbone member of the FKBP subfamily of PPlases. They
fluctuations[55—57. The large decrease in binding observed, in contrast to the C$ACyp18 interac-
entropy is partially compensated by a decrease intion, that the binding enthalpy in D O is less
binding enthalpy AAH\rc  t,0-clyceron 25°c)=3-9 negative over the range of temperature examined.
kcalmol~?*. Using published transfer dat&8] of The change in heat capacity for the rapamycin
model compounds from water to glycerol, Durr et ZFKBP12 interaction was less negative in, D O
al. [35] calculated a mean enthalpy of transfer of and not changed in the FK50BFKBP12 system.
hydrophobic side chains from water to glycerol as In contrast to our results, they attribute the change
0.96+0.47 calmol=*- A~2 at 25 °C. Using this in binding enthalpy solely to the described nega-
approximation and the calculated change in non- tive transfer enthalpy of non-polar compounds
polar solvent accessible surface upon complex from H,O to D,O. These transfer effects which
formation we can estimate a change in binding also occur in the CsACypl8 interaction in our
enthalpy of only 0.3-0.9 kcahol™*. This is case seem to be overcompensated at higher tem-
somewhat on the small side and obviously there peratures by the favorable enthalpic contribution
must be other sources of the enthalpic stabilization of stronger hydrogen bonds in,D O. This indicates
induced by glycerol. Durr et all35] argued that  that the mode of interaction in CgACyp18 and
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FK506/hFKBP12 is different. Kinetic investiga-
tions illuminating the enzymatic mechanism of
accelerating the peptidylprolylis/trans isomeris-
ation by h"FKBP12 andhCypl8 lead to the same
conclusion (for review [61]). Our results show
that water plays an important role in the tight
interaction of CsA andiCyp18. To fully under-
stand the thermodynamics of the C8#&ypl8
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 oMAH+- and AS,rc and can, there-
fore, lead to misinterpretation of the thermo-
dynamic data, the binding energetics of CsA to
hCypl8 were characterized as a function of pH
and buffer ionization enthalpy. Analyzing our data
according to Eq(2) we determined &pK,): value
for the unbound:Cyp18 of 5.7, the(pk,), value
for the complexkCypl8 could not be obtained
due to decreased protein stability at low pH. The
significant shift of the &, value from 5.7 to below
4.5 during CsA binding is possibly due to the
increased hydrophobic character of the binding
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therefore,n in Eq. (3) and Eq.(5) becomes zero.
Assuming thatAH’ does not change in the pH
range we used, we may say the#’ has the same
value aAH,.c at pH 7.5. Using this and transform-
ing Eq. (6) to:

AH protonatior= (AH ITC( pH 55 AH ITC( pH 7)3/”
- A[_Ilonization (7)

one can now estimate the net enthalpic contribution
of deprotonation at pH 5.5. The deprotonation of
a side chain in the CsM&Cyp18 binding interface
liberates  approximately 4.3  keatol™*.
(AHp,otonatior= —4.3 kcatmol™1). The heats of
protonation for carboxyl,e-amino, phenolic and
imidazole groups in proteins are 6;10.5, —10
and —6.6 kcatmol™%, respectively[64]. Since
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 it
is localized in the binding pocket diCyp18 in a
distance of approximately 3.3 A to the MeVal
side chain of CsA. NMR-spectroscopic pH-titration
experiments of the CsfCyp18 complex in solu-

titration experiments support this interpretation
[32,64. Since the change in thekp value upon
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 enthalpieéFig. 5). The slope
of the regression line is-0.5 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 g, value we calculated. No

in pK, from 6.3 to below 4.5 during CsA binding
[62]. 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
histidineg*?® at low pH is mainly responsible for
the decreased affinity of CsA taCyp18. Consis-
tent with this assumption mutational analysis by
Zydowsky et al.[10] of the Histidiné?® side chain
hCypl8 variant showed a dramatically reduced

proton release is observed at pH 7.5, ensuring thatenzymatic activity (less than 1% and reduced

the side chain is fully deprotonated at this pH.
There are two terms contributing to the enthalpy
of binding (AHginging), Which areAH p,oionationand

CsA binding affinity.
Interestingly, the enzymatic parametéts; and
kea/ Ky for the hCypl8 catalyzedcis to trans

an enthalpic term that does not depend on the isomerisation of the model substrate Suc-Ala-Phe-

protonation eventAH’) Eqg. (5) [63].

AI'IBindingz AH'+n+AH protonation (5)
From Eq.(3) and Eq.(5),
A[—IITC =AH'+n- (AHProtonati0n+ AH Ionizati0)1 (6)

At pH 7.5 no proton exchange is detectable;

Pro-Phe-pNA[65] show a comparable pH depend-
ence as the association constant for CsA binding.
The Ky, value for an enzyme following a Michae-
lis—Menten kinetic includes the association con-
stant for substrate bindingk,) as well as the
value, therefore, a decrease i, results in a
decrease in the association const&ptThis indi-
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cates that the association constant of the substrate
molecule shows a similar pH dependence as the

J. Fanghanel, G. Fischer / Biophysical Chemistry 100 (2003) 351-366

tight binding inhibitor CsA. The calculatedkp
for the pH dependence df../K,, value is 5.8,
very close to the K, value we obtained for
hCypl8 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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