research papers

Acta Crystallographica Section D
Biological
Crystallography

ISSN 0907-4449

Vandavasi Venugopal,®

Alok K. Datta,® Dhananjay
Bhattacharyya,® Dipak
Dasgupta“* and Rahul Banerjee®*

ACrystallography and Molecular Biology
Division, Saha Institute of Nuclear Physics,
Sector 1, Block AF, Bidhannagar,

Kolkata 700 064, India, Indian Institute of
Chemical Biology, 4 Raja S. C. Mullick Road,
Kolkata 700 032, India, and “Biophysics
Division, Saha Institute of Nuclear Physics,
Sector 1, Block AF, Bidhannagar,

Kolkata 700 064, India

Correspondence e-mail:
dipak.dasgupta@saha.ac.in,
rahul.banerjee@saha.ac.in

© 2009 International Union of Crystallography
Printed in Singapore — all rights reserved

Structure of cyclophilin from Leishmania donovani
bound to cyclosporin at 2.6 A resolution:
correlation between structure and thermodynamic

data

Drug development against Leishmania donovani, the patho-
gen that causes visceral leishmaniasis in humans, is currently
an active area of research given the widespread prevalence
of the disease and the emergence of resistant strains. The
immunosuppressive drug cyclosporin is known to have anti-
parasitic activity against a variety of pathogens. The receptor
for cyclosporin is the protein cyclophilin, which is a ubiquitous
peptidylprolyl isomerase. The crystal structure of cyclophilin
from L. donovani complexed with cyclosporin has been solved
at 2.6 A resolution. The thermodynamic parameters of the
interaction have been determined using spectroscopic and
calorimetric techniques. A detailed effort has been made to
predict the thermodynamic parameters of binding from com-
putations based on the three-dimensional crystal structure.
These results were in good agreement with the corresponding
experimental values. Furthermore, the structural and biophys-
ical results have been discussed in the context of leishmanial
drug resistance and could also set the stage for the design of
potent non-immunosuppressive antileishmanials.

1. Introduction

Leishmania spp. are pathogens that cause a wide spectrum of
diseases referred to as leishmaniasis. The most virulent form of
these is visceral leishmaniasis (VL) or kala-azar arising from
Leishmania donovani, which can be lethal if not correctly
diagnosed and treated in time. Another complication is the
growing resistance (Sundar & Murray, 2005) of the pathogen
to traditional drug regimes and its synergism with HIV. Given
the phenomenon of pathogenic resistance, the epidemiological
status of the disease and the availability of only a few second-
line drugs, it is imperative to continue the search for cheaper
and more effective drug regimes with minimal side effects.
Cyclosporin A (CsA), a cyclic undecapeptide originally
isolated from the fungus Tolypocladium inflatum, exhibits
potent antiparasitic activity to varying degrees against a
variety of protozoa and helminths (Page er al, 1995), in
addition to being immunosuppressive in humans. The receptor
for cyclosporin A is the ubiquitously found protein cyclophilin
(CyP), which primarily functions as a peptidyl-prolyl cis—trans
isomerase (PPlase). CyPs are highly conserved phylogeneti-
cally and have been implicated in a plethora of cellular
functions such as cell signalling, chaperone activity etc. (Wang
& Heitman, 2005). Recent studies have shown the involve-
ment of CyPs in the regulation and maintenance of mito-
chondrial transition pores (Du et al., 2008). In addition, human
cyclophilins have been demonstrated to be functionally asso-
ciated with HIV-1 virions and to regulate HIV-1 infectivity
(Keckesova et al., 2006). The native enzymatic function of
CyPs is inhibited by CsA as there is considerable overlap
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between the active site of the protein and the CsA-binding
pocket. However, the precise mechanism by which CsA exerts
its antiparasitic activity and its variable efficacy against
different organisms remains in need of further elucidation.

Several crystal and NMR structures of CyPs from a variety
of sources have been solved (Ke, 1992; Kallen et al., 1998).
Similar to other CyPs, cyclophilin from L. donovani (LdCyP)
is composed of an eight-stranded B-barrel with two «-helices
located at either end of the barrel (Venugopal et al., 2007). The
native active site of the enzyme and the binding site for CsA
lie on the face of the barrel, with the core of the barrel being
inaccessible to solvent. Both the hydrophobic interior located
inside the barrel and the CsA-binding site show a high degree
of sequential and structural conservation across species, with
variability primarily being present in the loop regions.

CsA binds to human CyP with high affinity (Wear &
Walkinshaw, 2006) and similar experiments indicate compar-
able binding affinities to the parasitic enzyme LdCyP. CsA
cannot be used as an antileishmanial directly, owing to its
immunosuppressive activity in humans, which results from the
binding and inhibition of human calcineurin by the CyP-CsA
binary complex, curtailing further downstream processes.
There is relatively little information available regarding the
status of calcineurin (Cn) in Leishmania. Recently, the
genomes of several protozoa have been sequenced (L. major,
L. infantum, L. braziliensis, Trypanosoma cruzi etc.) and are
currently available in the public domain (GeneDB). Analysis
of these genomes indicates the presence of calcineurin
homologues with about 50% sequence identity with respect to
human calcineurin.

Considerable effort has gone into the design of CsA deri-
vatives that exhibit reduced immunosuppressive activity in
humans, in all probability owing to the low affinity of the
CyP-(CsA derivative) complex for calcineurin. Interestingly,
CsA derivatives obtained by minor chemical modifications to
CsA can discriminate between mammalian and parasitic
calcineurin. For example, the addition of a hydroxyl group to
Mle4 (in CsA) enables binding to calcineurin in Cryptococcus
neoformans with higher affinity and at the same time prevents
interaction with the homologous mammalian protein (Cruz et
al., 2000). Several of these derivatives have been screened
against protozoan parasites in order to evaluate their efficacy
as potential therapeutic agents (Bua et al., 2004, 2008).

Given the importance of the interaction of CsA with CyP,
the present study characterizes in detail the molecular and
structural basis of the CyP-CsA interaction in L. donovani
both in biophysical and structural terms, with special emphasis
on the prediction of thermodynamic parameters (enthalpy,
heat capacity and free energy) of binding based on the crystal
structure of the LdCyP-CsA complex at 2.6 A resolution.

2. Materials and methods
2.1. Expression and purification

Recombinant cyclophilin from L. donovani cloned in vector
pQE32 was overexpressed in Escherichia coli M15 cells as a

Table 1

Summary of diffraction data and crystallographic refinement statistics.
PDB code 3eov

Space group C121

a =69.810, b = 83.125, ¢ = 73.580,
a=y=090,8=103.03
30.00-2.60 (2.69-2.60)

Unit-cell parameters (A, °)

Resolution (A)

No. of unique reflections 12040
Redundancy 411 (5.3)
Rerget (%) 52 (25.1)
Completeness (%) 95.3 (96.5)
Iio(I) 14.1 (2.6)
o cutoff (F) 2.00
No. of reflections (working) 11417
No. of reflections (test) 623
No. of protein atoms 2728
No. of water molecules 76
Rcrysl/Rfrcci (%) 20.7/25.1
R.m.s. deviation from ideal values
Bond lengths (A) 0.008
Bond angles (°) 1.40
Dihedrals (°) 25.1
Impropers (°)_ 0.78
Mean B value (A?) 49.6
B from Wilson plot (Az) 52.4
Ramachandran plot§
Most favoured (%) 77.4
Additional allowed (%) 21.2
Generously allowed (%) 1.5

Residues truncated to Ala Glu22, GIn81

T Ruerge = D 2 1i(hkD) — (I(hKD) /"0 3 Ii(hkl), where Ij(hkl) and (I(hkl))
represent the diffraction-intensity values of the individual measurements and the
corresponding mean values. The summation is over all unique measurements.  § Ry =
>kt 1Fops — Fearel /2t 1 Fops|; Riree 1S Reryse for a 6% cross-validated test data
set. § Ramachandran plot in PROCHECK (Laskowski et al., 1993).

Hise-tagged protein. The protein was purified to homogeneity
using a nickel-nitrilotriacetic acid agarose column as per the
manufacturer’s suggested procedure. The purified LdCyP was
then extensively dialyzed against buffer containing 20 mM Tris
pH 8.5 and 0.02% NaN; for crystallization experiments.
Alternatively, the protein was buffered in 25 mM potassium
phosphate pH 7.5 for spectroscopic and calorimetric work.

2.2. Crystallization and data collection of LdACyP—CsA

Cyclophilin, at about 15 mg ml™" in the buffer mentioned
above containing 5-7%(v/v) ethanol, was incubated with CsA
in a 1:2 ratio for 30 min at room temperature. The solution was
then centrifuged at 15 000g prior to setting up crystallization
using the batch method at 293 K. The 50 pl total solution in
each tube contained 10-12 mg ml™" of the protein complexed
with CsA, 100-150 mM NaCl, 10%(w/v) PEG 4000 and
5% (v/v) ethanol. Crystals appeared within 10d and were
mounted on glass capillaries (utilizing the same mother liquor
as in the crystallization tubes) to collect diffraction data using
a MAR image-plate scanner mounted on an in-house Rigaku
Cu Ko rotating-anode X-ray source. The distance between the
crystal and detector was set to 200 mm, with an oscillation
range of 1°. The data were processed using AUTOMAR in the
Laue symmetry C2/m, with a final Rper,e of 5.2% in the
resolution range 30.0-2.60 A. Data-collection statistics are
summarized in Table 1.
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2.3. Crystal structure solution and refinement

The crystal structure solution in space group C2 was
obtained by molecular replacement (AMoRe from the CCP4
program suite) using native cyclophilin (LdCyP; PDB code
2haq; Venugopal et al., 2007) as the search model. Two
molecules were found in the asymmetric unit, giving a corre-
lation coefficient and R factor of 67.4 and 37.5%, respectively.
Attempts to place a third molecule in the asymmetric unit met
with failure as no further change was recorded in the corre-
lation coefficient and R factor. Prior to refinement, a 20 cutoff
was applied to remove 62 weak reflections that could possibly
be liable to error. A total of 623 reflections (5.2%) were
randomly flagged from the entire resolution range (30.0-
2.60 A) to calculate Ry.. (Briinger, 1992). A few cycles of
rigid-body refinement were carried out in CNS (Briinger et al.,
1998) prior to the calculation of an electron-density map
(2F, — F.). The quality of the map showed unambiguous
electron density for CsA and almost all of the protein side
chains without any discontinuities. Manual model building was
performed using the program O (Jones et al., 1991). Several
iterations of model building and refinement (CNS) improved
the electron-density significantly, enabling CsA to be
modelled into the electron density. R and Ry at this stage of
refinement were 28.5% and 31.5%, respectively. Subsequently,
water molecules were identified and individual B factors were
refined. The refinement was terminated after a last round of
fitting performed on an OMIT map. The final model, with an R
and Ry of 20.7% and 25.1%, respectively, consisted of 2558
protein atoms, 170 atoms of CsA and 76 water molecules in the
asymmetric unit. The coordinates were deposited in the
Protein Data Bank (PDB code 3eov) after validation using
PROCHECK (Laskowski et al., 1993). There were no residues
present in the disallowed region of the Ramachandran plot
and the r.m.s. deviations in bond lengths and bond angles were
0.008 A and 1.4°, respectively. The refinement and structure-
validation statistics are summarized in Table 1.

2.4. Spectroscopic measurements

All fluorescence spectra were measured on a Perkin—Elmer
LS 55 luminescence spectrophotometer at constant tempera-
ture using a quartz cell of 1 cm path length. The excitation
wavelength was 295 nm for the selective excitation of the lone
tryptophan residue in LdCyP. Emission spectra were recorded
in the range 310-450 nm. Both the excitation and the emission
bandwidths were set to 10 nm.

2.4.1. Quantitative analysis of binding. A fixed concentra-
tion (3-4 uM) of LACyP in 25 mM potassium phosphate buffer
pH 7.5 was titrated with increasing concentrations of CsA at
298 K. Prior to experiments, 100 uM CsA stock solution was
prepared in the same buffer containing 20% alcohol. The final
concentration of ethanol did not exceed 2% in the experi-
ments. The results of fluorometric titrations were analyzed and
the dissociation constant (K,) was determined using a non-
linear curve-fitting algorithm as reported elsewhere (Aich et
al., 1992; Chakrabarti et al., 2001). The binding stoichiometry
corresponds to the intersection of the two straight lines (fitted

by least squares) in the plot of the normalized increase in
fluorescence versus the ratio of input concentrations of the
ligand and protein.

2.4.2. Fluorescence quenching. Quenching studies of
LdCyP in unligated and ligated forms were performed using
acrylamide, a tryptophan-specific neutral quencher, at 298 K.
Analysis of the fluorescence quenching was performed using
the classical Stern—Volmer equation, F,/F =1 + K,,[Q], where
F and F, are the fluorescence intensities in the presence and
absence of acrylamide, respectively, [Q] is the molar concen-
tration of acrylamide and K, is the collisional quenching
constant (M ").

2.5. Isothermal titration calorimetry

Isothermal titration calorimetric experiments were per-
formed using a high-precision VP-ITC system (Microcal Inc.,
Northampton, Massachusetts, USA) in order to determine the
stoichiometry, dissociation constant and thermodynamic para-
meters of the association between LdCyP and CsA. Samples
of LdCyP purified from a single batch were extensively
dialyzed against phosphate buffer pH 7.5 at 277 K. CsA stock
solution was prepared in ethanol and dissolved in the dialysis
buffer to give a final concentration of 6 pM with 1% (v/v)
ethanol. The same amount of ethanol was added to the LdCyP
sample in order to minimize the heat of dilution. CsA was
taken in the sample cell owing to its very low solubility and
was titrated with LdCyP in the injection syringe. Appropriate
control experiments were performed without CsA in the
sample cell to estimate the heat of dilution. The binding
enthalpy for the CsA solution was corrected by subtracting the
heat of dilution obtained from control experiments. The
resulting corrected binding isotherm was fitted by a nonlinear
least-squares analysis to a single-class binding-site model using
the software (Origin) provided by Microcal.

2.6. Structure-based theoretical evaluation of
thermodynamic parameters

2.6.1. Calculation of solvent-accessible surface area. The
solvent-accessible surface areas (SAAs) were computed in
accordance with the algorithm of Lee & Richards (1971) with
a solvent probe of radius 1.40 A.The assigned radii of the non-
H atoms were nitrogen, 1.75 A; oxygen, 1.60 A; sulfur, 2.0 A;
methyl carbon, 2.0 A; carbonyl carbon, 1.85 A; all other C
atoms, 1.92 A. The coordinates for the LdCyP-CsA complex
were obtained from PDB entry 3eov.

2.6.2. Calculation of desolvation free energy. The desol-
vation free energy AGy (1) was estimated based on the free
energy of transfer (of reactants and products) from an
aqueous medium to a reference medium. Based on the simple
atomic solvation parameter (ASP) model (Vajda et al., 1994),
the free energy of transfer was

transfer — ZGiAAi7 (1)

where AA; denotes the change in solvent-accessible surface
area of the ith atomic group and o; is the corresponding ASP
(Eisenberg & McLachlan, 1986). The ASP values used for the

AG, = AG
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Table 2
Contacts between LdCyp active-site residues and CsA within 3.8 A in the
crystal structure.

LdCyp CsA Distance (A)

Arg78 CZ Mlel0 O 34

Arg78 NH1 Mlel0 O 3.3 (hydrogen bond)
Arg78 NH2 Mlel0 O 2.8 (hydrogen bond)
Phe83 CE2 Mlel0 O 3.7

Phe83 CZ Mle9 C 3.6

Phe83 CZ Mle9 O 33

Phe83 CZ Mvall CG2 3.7

GIn86 CD Mvall CG1 35

GIn86 OE1 Mvall CG1 33

GIn86 NE2 Bmtl O 3.3 (hydrogen bond)
Gly95 O Aba2 CA 3.6

Gly95 O Aba2 C 34

Gly95 O Sar3 N 3.1

Gly95 O Sar3 CN 2.8

Alal23 CA Mvall O 3.6

Alal23 CB Mvall CG1 3.8

Alal23 CB Mvall O 3.6

Asnl124 N Mvall O 3.5 (hydrogen bond)
Asnl24 C Aba2 N 35

Asn124 O Bmtl CA 2.9

Asn124 O Bmtl CB 32

Asnl24 O Bmtl CD1 34

Asn124 O Bmtl C 31

Asnl24 O Aba2 N 2.6 (hydrogen bond)
Asn124 O Aba2 CA 3.7

Asn124 O Aba2 CB 3.7

Alal25 CA Bmtl CE 3.7

GIn133 CB Aba2 CG 3.7

GIn133 CD Aba2 CG 31

GIn133 OE1 Aba2 CG 33

GIn133 NE2 Aba2 CG 2.9

Phel35 CD2 Mvall CG1 35

Trp143 CE2 Mle9 O 3.7

Trpl43 CD1 Mle9 O 3.7

Trpl43 NE1 Mle9 O 2.8 (hydrogen bond)
Trpl43 CZ2 Mle9 CB 35

Trpl43 CZ2 Mle9 CD1 3.6

His148 CE1 Mvall CN 3.6

His148 CE1 Mvall O 3.6

His148 NE2 Mvall CN 34

Figure 1

Crystal structure of the LdCyP-CsA complex at 2.6 A resolution. CsA is
shown in stick representation and the electron density around CsA
(shown as a mesh) is contoured at the 2.00 level from a 2F, — F, map.
This figure was generated using PyMOL (DeLano, 2002).

various atomic groups were (in kcal mol™" A2 lcal =
4186 J)0c=305+1.2;0n0=—0.90=£25;00-=—150£7.3;
on = —38.5 & 4.5. In the case of Aéd, 0o- and oy were not
fed into expression (1) and all atoms were assigned the atomic
solvation parameters of either o« = 30.5 &= 1.2 or o0 = —0.90
+ 2.5 keal mol ™! A™2. The transfer free energy then reduced
to

AGy = (30.5 £ 1.2)AA o0 — (0.9 +2.5)AA, 0, (2)

where ~ indicates that the protonation/deprotonation effects
of ionizable side chains have been neglected.

2.6.3. Calculation of electrostatic interaction energy. The
electrostatic interaction energy AEY was calculated using
CHARMM v.30b1 (Brooks et al., 1983) with the CHARMM-19
force field (polar H atoms). In the case of the unnatural amino
acids in CsA {Mle: N-methylleucine; Mva: N-methylvaline;
Sar: sarcosine; Aba: aminobutyric acid; Bmt: N-methyl-(4R)-
4-[(E)-2-butenyl]-4,N-dimethyl-L-threonine; Dal: p-alanine}
the partial charges for atoms corresponding to their closest
natural counterparts (Ala for Aba; Ser for Bmt) were taken
from CHARMM-19. The extra side-chain atoms were assigned
Mulliken charges calculated by the B3LYP/6-31G(d,p)
method (Hertwig & Koch, 1997) using the GAUSSIANO3
software, which were found to be in good agreement with the
partial charges of similar atom types (apolar) from the
CHARM-19 force field. The ‘methylated amide group’ was
treated as a special case. The Mulliken charges were calculated
for Ala-Ala-Ala and Ala-MeAla-Ala fragments. The Mulliken
charges were observed to be —0.54 and —0.44 for the N atom
in the protonated and methylated states, respectively. Hence, a
value of +0.1 was added to the partial charge of the amide N
atom (—0.35 as found in CHARMM-19) to obtain a value of
—0.25 for use in calculations involving the methylated amide.
The attached methyl group was assigned a value of +0.15 to
maintain overall neutrality of the amino acid. The interaction
energy was calculated with a distance-dependent dielectric
coefficient & = 4r and a nonbonded distance cutoff of 17 A.
Prior to the calculation, the crystal structure of the complex
(LdCyP-CsA) was energy-minimized to convergence by 100
steps of steepest-descent minimization followed by 10 000
steps of conjugate-gradient minimization.

2.6.4. Calculation of side-chain entropy. The conforma-
tional side-chain entropy for the protein amino-acid residues
were calculated from the Pickett & Sternberg (1993) absolute
scale of side-chain entropies, in which side-chain rotamer
libraries are converted to entropies by the classical expression

S.=—RY_p;In(p)), (3)

where p; denotes the probability of the ith rotamer and R is
the universal gas constant. Following the convention of Weng
et al. (1997), the side-chain entropy S. (from the Pickett &
Sternberg scale) was considered to be AS, if the change (AA,)
in the total solvent-accessible surface area of the side chain is
more than 60% of the standard side-chain surface area Af.
The standard side-chain surface area A{ for every amino acid
was calculated as the solvent-accessible area of the side chain
in a fully extended conformation located in a Gly-Xaa-Gly
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peptide fragment. In the case that AA, was less than 60% of
the standard side-chain surface area Ay then the entropy loss
was scaled according to AS, = aS., where @ = AAJ/(0.6A}).

3. Results
3.1. Crystal structure of the LdACyP—CsA complex

The crystal structure of the LdACyP-CsA complex contained
two molecules in the asymmetric unit with an r.m.s. deviation
of 0.2 A between them. The relative position of CsA with
respect to CyP and their contacts with the protein were
identical in both polypeptide chains. With the exception of
Phel35 (x3), the torsion angles of the residues constituting the
binding pocket were also in agreement.
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Figure 2

The r.m.s. deviation between ligated and unligated CyPs is
04 A, thereby indicating negligible changes in the overall
secondary and tertiary structure of the protein upon binding
to the ligand. The residues constituting the binding pocket are
Arg78, Phe83, GIn86, Gly95, Alal23, Asn124, Alal25, GIn133,
Phel35, Trp143 and His148. Most of these residues are either
located in the p-sheet constituting one face of the barrel
(Arg78, GIn86 and Phel35), in B-turns interconnecting the
individual strands (Phe83, Alal23 and GIn133) or in loops
(Gly95, Asnl124, Alal25 and His148). Trp143, accommodated
on the single turn of a 3;y-helix, is essential for the CyP-CsA
interaction (Fig. 1). E. coli CyP, which has phenylalanine at
the position corresponding to Trp143 in LdCyP, has negligible
affinity for CsA and is also resistant to the drug (Fejzo et al.,
1994). It is probable that the essential role of Trp143 arises as a
consequence of its formation of a hydrogen bond (NEL1) to the
carbonyl O atom of Mle9 in CsA, in addition to extensive van
der Waals contacts. A total of five hydrogen bonds were
observed between CsA and LdCyP (Table 2) out of a total of
40 contacts within 3.8 A. Of the 11 residues in CsA, only six
(Bmtl, Aba2, Sar3, Mle9, Mlel0 and Mvall) come into con-
tact with the protein. All binding-site residues and interactions
are completely conserved in human (PDB code 2rma) and
T. cruzi (PDB code 1xq7) CyP-CsA complexes.

As previously reported, native LdCyP is surrounded by a
hydration shell composed of 114 solvent water molecules. At
2.6 A resolution and with a substantially modified crystal-
lization solution in the case of the LdCyP-CsA complex
(containing 5-7% ethanol), 76 water molecules were identified
in the asymmetric unit, with approximately 40 waters in the
hydration shell of each chain. Of these, 46 water molecules (23
per chain) were conserved with respect to the native protein.

1.4
~11
A
13 o ¥
%
o
w 1.2 4 p-giv -
../ET.' .I;‘
1.1 o
| e —
0 10 20 30 40 50
[Aerylamide] (mM)

(c)

(a) Fluorescence enhancement of LdCyp upon complexation with CsA. Fluorescence spectra of native LdCyP (1) and LdCyP saturated with CsA (2). (b)
Analysis of binding and stoichiometry for the association of LdCyp and CsA in 25 mM phosphate buffer pH 7.5. The normalized increase in the
fluorescence of LdCyp is plotted against the molar concentration of CsA and the data points are fitted to a nonlinear curve. The inset panel illustrates the
method of determining the binding stoichiometry. The abscissa value corresponding to the intersection of the two straight lines gives 1.12 for the binding
stoichiometry. (¢) Stern—Volmer plots for the acrylamide quenching of native LdCyp (squares) and LdCyp complexed with CsA (circles) at 298 K

(Rex = 295 nm, Ay = 340 nm).
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All such conserved waters make two or more hydrogen bonds
to protein atoms in both native and complexed LdCyP. Seven
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Figure 3

(a) Thermogram of the binding of LdCyP and CsA at 298 K in potassium
phosphate buffer pH 7.5. The observed binding enthalpy was not
corrected for the enthalpy of ionization as the buffer used (25 mM
phosphate pH 7.5) has a very low ionization enthalpy (AH;onization =
1 kcal mol ™). (b) Plot of TAS (triangles), AH (squares) and AG (filled
circles) versus temperature. The slope of the plot AH versus T gives AC,,

of these waters making four or more conserved hydrogen
bonds form a stabilizing network by bridging loops L2-L3
(HOH 11, 20 and 34 in the native protein), L2-L4 (HOH 21
and 14), L1-L2 (HOH 3) and L3-L3 (HOH 7). This could be
of structural significance as loops L2 (residues 88-118), L3
(123-133) and L4 (138-149) accommodate the active-site
residues Gly95, Alal23, Asnl124, Alal25, GIn133 and His148.
HOH 11 (native protein) and the corresponding conserved
waters (HOH 5 in chain A and HOH 22 in chain B) from the
LdCyP-CsA complex make a maximum number of ten and six
contacts with polar protein atoms, respectively. Two waters,
HOH 7 and HOH 11, make direct contacts with the active-site
residues GIn133 and Asnl24, respectively. Two water mole-
cules were found to be displaced from the active site of LdCyP
upon complexation with CsA (HOH 70 and HOH 85 both
make contacts with Asn124). However, at this resolution no
waters that were in simultaneous contact with protein and
drug could be found.

3.2. Fluorescence spectroscopic analysis of the association

The emission intensity of LdCyP increases upon addition of
CsA as a result of formation of the complex. Concomitant with
the increase in quantum yield, there is a blue shift of 5 nm of
the emission peak (Fig. 2). The quenching constant for acryl-
amide accessibility to the single tryptophan (Trp143) residue
also decreases from 7.4 to 6.4 M~ upon complex formation.
Increases in the quantum yield and the blue shift of the
emission peak originate from alteration of the tertiary struc-
ture of the protein as a consequence of drug association.
Similarly, the reduction in the Stern—Volmer constant indi-
cates a reduction in the accessibility of the tryptophan residue
to the neutral quencher. However, an insignificant change
was observed in the tertiary structure of LdCyP upon drug
binding, as seen in the crystal structure of the LdCyP-CsA
complex. This apparent anomaly can be explained by the
three-dimensional location of the lone fluorophore, Trp143,
which lies exposed with a solvent-accessible area of 124.20 A?
in the binding pocket of free LdCyP. Upon binding to CsA,
the solvent molecules around the fluorophore are displaced by
CsA, increasing the hydrophobicity in the environment
surrounding this residue, with a reduction in the solvent-
accessible area to 79.20 A% As a consequence, there is a
decrease in the solvent accessibility of Trp143.

Fluorescence titration was employed to evaluate the
dissociation constant (Kg) for the LdCyP-CsA complex, which
was found to be 63 nM (Fig. 2). Comparable values in the
nanomolar range for the dissociation constant have been
reported for the interaction between human CyP and CsA
(Wear & Walkinshaw, 2006; Fanghanel & Fischer, 2003).

3.3. Thermodynamic parameters for LACyP—CsA binding

The association of LdCyP and CsA has been characterized
by ITC at different temperatures in order to determine the
thermodynamic parameters of binding. Fig. 3(a) shows a
representative titration curve that fits well to a ‘single binding-
site’ model. The calculated stoichiometry of binding in all the
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titrations had values between 0.94 and 1.1, in agreement with
the value obtained from fluorescence titration. A titration at
298 K resulted in AH, TAS and AG of —15.4, —4.7 and
—10.6 kcal mol ', respectively. The dissociation constant (K)
value of 15.15nM at 298 K also agrees fairly well with the
value obtained from fluorescence titration. The results show
that the LACyP-CsA interaction is primarily enthalpy-driven.
Fig. 3(b) shows plots of AH, TAS and AG against T.
AG remains constant throughout the experimental range of
temperatures, supporting enthalpy—entropy compensation for
the system. There is a linear dependence of AH and AS on
temperature. The slope for the plot of variation of AH with
temperature gives the value of change in heat capacity, AC,
(AC, = —468 £ 30 cal K~ mol™") for the association. The
large negative value of AC, could be a consequence of the
segregation of a considerable expanse of nonpolar surface
area from solvent upon complexation owing to the predomi-
nance of hydrophobic interactions between the protein and
drug. The thermodynamic parameters determined experi-
mentally for the association of LdCyP and CsA are in good
agreement with the values reported previously for CsA and
human CyP (Wear & Walkinshaw, 2006; Fanghanel & Fischer,
2003).

3.4. Structure based prediction of thermodynamic
parameters

3.4.1. Heat-capacity change AC,. A significant body of
literature exists correlating changes in heat capacity (AC,)
with the physical interactions involved in protein-ligand and
protein—protein association based on high-resolution crystal
structures. One of the most prominent observations refers
to large changes in heat capacity arising from hydrophobic
interactions. As is well known, hydrophobic interactions
consist of two components: (i) desolvation of nonpolar protein
atoms and (ii) their subsequent packing within proteins (or
protein complexes) sequestered from the surrounding
aqueous environment. Thus, the hydrophobic contribution to
AC, can effectively be estimated based on the burial of
nonpolar solvent-accessible area upon folding or complexa-
tion. Several empirical formulations have been proposed
calculated from the aqueous dissolution of model hydrophobic
compounds. Solvent-accessible areas (SAAs) calculated for
native (LdCyP) and complex (LdCyP-CsA) crystal structures
show a total area (ASAA) of —1006 A (—432 A? from
LdCyP and —574 A? from CsA) to be buried in the LdCyP-
CsA interface upon complexation, of which ASAA,, ;501 and
ASAA | r are —681 and —325 Az, respectively. One formu-
lation which includes both nonpolar and polar atoms (esti-
mated for hydrogen bonds) gives

AC, =045AA —0.26AA

nonpolar polar (4)
(Murphy & Freire, 1992). The predicted AC,, given by the
above formula turns out to be —215 cal K~! mol™}, which is
significantly less negative than the experimentally determined

value of —468 %+ 30 cal K~ mol™".

Given the fact that AC, is constant in the experimental
range of temperatures, the enthalpy and the entropy changes
can be expressed as linear functions of the heat-capacity
change,

AH® = AH* + AC(T — T)), ®)

AS® = AS* + AC,In(T/T}), (6)

where AH* is the enthalpy change evaluated at an arbitrary
temperature 7, and AS* is the entropy change at a different
temperature 7. If the net change in enthalpy is considered to
arise primarily from hydrophobic interactions and hydrogen
bonds, AH = AHyydrophobic + AHp bonds then the hydrophobic
component can be estimated from the model proposed by
Baldwin (1986) based on the enthalpy of transfer of liquid
hydrocarbons into water using an equation similar to (5), such
that

AHyyarophie = AC (T —295 K),

p.nonpolar

where AH* =0 and T, = 295 K.

Thus, for the LACyP-CsA complex AHpyarophobic at 298 K
turns out to be —0.8 kcal mol . Since the measured AH at
298 K is —15.43 kcal mol™', it follows that the primary
enthalpic stabilization at 298 K must arise from hydrogen
bonds between LdCyP and CsA, five of which were identified
in the complex crystal structure.

3.4.2. Binding free energy. The free energy of binding
A Gy, remains at a fairly constant value of —10.60 kcal mol ™!
at all temperatures (from 288 to 308 K) owing to ‘enthalpy-
entropy’ compensation. The methodology proposed by Weng
et al. (1997) has been used to analyze AG in terms of its
energetic and entropic components. The free-energy change
(AG) between two states (Gpoung and Gie) can be postulated
to be

AG = (Gpouna — Giree) = AE+ AGy — TAS, + AG

others
(7a)

where AE, AGy and TAS, represent the energy change, the
desolvation free energy and the conformational entropy,
respectively. AGypers includes all other free-energy contri-
butions arising from vibrations, rotations, translations and
protonation/deprotonation effects and was found to have a
constant value of 11.2 kcal mol™" for protein—protein com-
plexes. The assumption of comparable packing densities
around interfacial regions for interacting molecules in the free
and bound forms leads to the cancellation of van der Waals
energy terms and their negligible contribution to AE.
Furthermore, given the ostensibly constrained main-chain
geometry of the drug (which is a cyclic peptide) and the
significantly low r.m.s.d. (0.40 A for C* atoms) between native
and complexed cyclophilin, it is highly probable that in such a
rigid-body interaction the conformational energy of either
molecule remains unaltered upon binding. Thus, AE reduces
to the electrostatic energy terms (AEL) and the change in
conformational entropy arises from the interfacial side-chain
atoms alone. With these considerations, (7a) is modified to
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AG = AES' + AGy — TAS +112.  (7b)

side-chains

The electrostatic interaction energy AEY from the crystal
structure of the LdCyP-CsA complex as calculated using
CHARMM led to a value of —7.10 kcal mol™". The desolva-
tion free energies AG4 and AGd were computed from the
complex crystal structure (see §2) utilizing the ASP (atomic
solvation parameter) model, where ~ in the expression
signifies that only neutral side chains were considered in the
calculation. AG4 and Af}d were found to be —20.4 and
—19.8 kcal mol ™', respectively. Weng and coworkers have
proposed an empirical expression to estimate AE;}I based on
changes in solvent-accessible area for polar and nonpolar
atoms upon complexation,

AES = (16.6 £1.4)AA — (144 £2.5AA,,. (8

nonpolar

which gave a value of —7.09 kcalmol™" (AAuonpolar =
—680.6 Az, AApgar = —291.7 Az). Thus, the good agreement
between AGy (—20.4 kcal mol ™) and AG, (—19.8 kcal mol™")
on one hand and AEY (=7.10kcalmol™) and AEY
(=7.09 kcal mol ™) on the other confirmed the relatively
negligible contribution of protonation/deprotonation effects
involving ionizable side chains to the free-energy change.
Freire and coworkers (Murphy & Freire, 1992; Xie & Freire,
1994) have given a free-energy expression based on the
calorimetric observation of protein unfolding (at 298 K),

polar» (9)

where the c in A(N?’C“ indicates that the above relation is based
on calorimetric measurements, * indicates the non-inclusion
of conformational entropy and ~ indicates the removal of
protonation/deprotonation effects by performing the experi-
ment with a suitable choice of buffer. Thus,

AG =49.6AA —19.1A4

nonpolar

AG — AGF = —TAS +AG (10)

side-chain others»

where AG can be obtained from the experimentally deter-
mined binding free energy AG suitably corrected for the
removal of protonation/deprotonation effects by adding
[(E5' — ES) + (AGy — AGy)]. The side-chain entropy term
TASgge-chain €Stimated by appropriate substitutions in (10)
turns out to be TASgde-chain = —4.60 kcal mol™, which is in
good agreement with the experimentally derived value of
—4.80 kcal mol™'. The side-chain entropy 7TASside-chain fOT
LdCyP can be obtained using the empirical entropy scale
of Pickett & Sternberg (1993), which gives a value of
—3.55 kcal mol ™. Thus, it follows that the entropic contribu-
tion of CsA should be in the region of —1 kcal mol™". Six
residues of CsA (Mle9, Mlel0, Mvall, Bmtl, Aba2 and Sar3)
primarily interact with the receptor protein. A survey of 30
(NMR and X-ray) structures of cyclosporin A in cyclophilin—
cyclosporin complexes indicated conformational variability in
only two side chains (Bmtl and Aba2), in contrast to Mle and
Mva which consistently exhibited unique torsion angles (x1).
Both Bmt (x; = —50° and —25°) and Aba (x; = —60° and
—30°) exhibited two rotamers each. Estimation of entropy
utilizing the classical definition S, = —R) _;p;In(p;) assuming
equally probable conformers (two for Bmt, two for Aba) leads

to a value of —0.82 kcal mol™" at 298 K. Inclusion of Mle
(g, g, 1) and Mva (g*, g7, ©) in the calculation appears to
systematically overestimate the entropic contribution of CsA
to the binding free energy AG. Thus, on summing all the
structure-based components contributing to the free-energy
change, (7b) yields AG = —11.33 kcal mol™!, which is in
reasonable agreement with the experimentally measured
value of —10.60 kcal mol .

4. Discussion

The fluorescence and ITC data confirm the tight binding (K4
in the nanomolar range) of CsA to its receptor LdCyP.
However, there is a large divergence between the predicted
(—215 cal K~' mol™ ") and measured (—468 = 30 cal K™ mol ")
values of AC, These differences between predicted and
calorimetric values can occur when conformational changes in
reactants accompany the binding process or if there are
solvent molecules involved in the interactions at the binding
interface (Morton & Ladbury, 1996). Furthermore, contribu-
tions from multiple protonation events can have significant
effects on AC, which are not accounted for in the AC,
computed from static structural information. It is notable that
a similar calculation performed on CsA and human CyP gave
a comparable value of —211cal K~' mol™"' (Fanghanel &
Fischer, 2003), which also deviates substantially from the
experimentally determined AC,, of —435.8 4= 70 cal K" mol™".
The involvement of solvent water molecules in the binding
interface of human CyP-CsA has been proposed to explain
this discrepancy. Five interfacial water molecules have been
identified in the crystal structure of the human CyP-CsA
complex solved at 2.1 A resolution (Mikol et al., 1993). Two of
these five highly ordered water molecules make simultaneous
hydrogen bonds to both the protein and drug, whereas the
other three make hydrogen bonds via other water molecules.
The thermodynamic effect of placing water molecules in the
binding interface is currently not well understood. The con-
tribution of such solvent waters to AC, seems to vary over a
wide range from —17.0 to —106.0 cal mol~' K™ per water
(Holdgate et al., 1997). However, an average value of —48 +
31 cal mol ™' K™! per water has been used to account for the
discrepancy in the human complex. Recently, another estimate
assigned —57 4 21 cal mol " K~ per sequestered water at the
CyP-CsA interface (Stegmann et al., 2009). At the reported
resolution, no water molecules were observed in the interface
of the LdCyP-CsA complex. However, this does not rule
out the identification of such solvent molecules at a more
favourable resolution.

Given the good agreement between the measured change in
free energy (AGey, = —10.60 kcal mol™!) and a predicted
value based on structure-based calculations (AG =
—11.30 kcal mol™ '), it appears highly probable that the basic
assumptions made during structure-based calculations are
indeed valid. These would include (i) the enthalpic stabiliza-
tion primarily being a consequence of intermolecular
hydrogen bonds; (ii) ‘rigid-body association’ between drug
and protein (also borne out by structural comparison between
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native and complexed cyclophilin) such that the change in
energy AFE arising from conformational alteration during
binding is negligible; (iii) cancellation of van der Waals energy
terms owing to comparable atomic density surrounding
interfacial residues before and after complexation; (iv) an
entropy change that arises from side-chain conformations
alone for both protein and drug and (v) a negligible contri-
bution of protonation/deprotonation effects to the overall
free-energy change.

Owing to the presence of unnatural amino acids and the
availability of only a limited number of NMR and crystal
structures of cyclosporin (in complex with cyclophilin), it is
difficult to correctly assess the conformational space accessible
to the interfacial side chains. It is highly probable (as per the
calculation estimating AS for LACyP) that the contribution of
CsA to AS is of the order of —1.0 kcal mol ™. Inclusion of all
side chains found in the LdCyP-CsA interface appears to
systematically overestimate AS owing to CsA. It could be
possible that free CsA in an aqueous environment is already in
a conformational state very similar to the bound form of the
molecule. Although CsA has been shown to exhibit multiple
conformations in nonpolar solvents, its conformation in the
‘CyP-bound’ form has been suggested to pre-exist in aqueous
solutions (Altschuh et al., 1992).

All atomic interactions between LdCyP and CsA are
completely conserved in human and other trypanosomatid
CyP-CsA complexes. It is certain that the relative insensitivity
of L. donovani to the drug does not arise by virtue of the
inability of parasitic cyclophilin to bind to the drug. Although
Cn from L. donovani has not been characterized, its existence
and similarity to the Cns from the genomes of other tryp-
anosomatids is highly probable. In addition, phosphatase
activity of a calcineurin-like protein has been detected in
L. donovani (Banerjee et al., 1999). Modelled CyP-CsA-Cn
ternary complexes for L. infantum, L. major, L. braziliensis
and T. cruzi (data not shown; based on a human template,
PDB code 1m63) show conservation of the key residues that
mediate the interaction between CsA and Cn in human by
specific hydrogen bonds or hydrophobic contacts. However,
significant variability is also observed in the parasitic CyP-Cn
interface with respect to that in human. Owing to the varia-
bility in the CyP-Cn interface, a wide range of affinities
between CyP-CsA and Cn can be expected, leading to
differential sensitivity of the parasites to CsA.
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