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The previously determined 3D NMR solution structure of eyclophilin-bound cyclosporin A (CsA) was docked onto the X-ray crystal structure
of cyclophilin. Intermolecular nuclear Overhauser ciects (NOZ) between CsA and cyclophilin were used as constraints in a restrained encrgy
minimization 10 generate a model of the complex which satisfied all the NOE distance constraints. The model shows that the residues 9 10 11 and
1 1o 5 ol the cyclic CsA molccule arc in contact with cyclophilin. Comparing the model of the CsA-cyclophilin complex to the X-ray crystal structure
of a complex of cyclophilin with a substrate for peptidyl-proline cis-trans isomerase activity. i.c. the linear tetrapeptide substrate ac-Ala-Ala-Pro-
Ala-amc (ac. acetyl: ame. amidomethylcoumarin). one notices that the contacting peptide segments in the two ligands are oricnted in opposiie
directions, and that the side chain of MeVal-11 of CsA superposes rather preciscly with the position of the prolyl residue in ac-Ala-Ala-Pro-Ala-amc.

Cyclosporin A; Cyclophilin; Complex formation: NMR structure

1. INTRODUCTION

Cyclosporin A (CsA) is a widely used, effective immu-
nosuppressive drug which has revolutionized the field
of clinical organ transplantation by significantly im-
proving the survival of kidney, liver and heart allografts
[1]. The biological mechanism of CsA action involves
the prevention of T-cell activation in response to anti-
gen recognition, One of the important events in T-cell
activation is the production of lymphokines, including
interleukin-2, CsA blocks the signal transduction path-
way in T-cells and prevents the transcription of inter-
leukin-2. There arc a large number of proteins involved
in the transduction pathway and details of the role
played by CsA arc only now beginning to emerge.

The major intracellular receptor for CsA is the pro-
tein cyclophilin. This proicin has peptidyl-prolyl cis-
trans isomerasc (PPlLase) activity and has been shown
to enhance the rate of refolding of some proteins after
denaturation [2]. Blocking of the cis-rrans isomerasc
activity is, however, not sufficient to induce immuno-
suppression [3). This fits with the obscrvation that the
intracellular concentration of cyclophilin is greater than
the concentration of CsA required for immunosuppres-
sion. It is known that a compicx of CsA bound to cyclo-
philin binds to and inhibits the serine-phosphatase ac-
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tivity of calcineurin, which could play a crucial role in
the signal transduction pathway [4].

There is an intriguing overlap of biological activity
between cyclosporin A and the chemically unrelated
macrolide FK506. Both CsA and FK506 show immu-
nosuppression by blocking the production of inter-
leukin-2. The specific receptor for FK506 is the FK-
binding protein (FKBP). which consists of 107 amino
actds and also shows PPlase activity [5.6]. Furthermore.
the FK506-FKBP complex inhibits the serine-phos-
phatase activity of calcincurin competitively with the
CsA—cyclophilin complex [4].

Considerable cfTorts in many laboratories have been
madc to extract information on the 3D structure of
immunophilins and their ligands in an attempt to im-
prove our ur-'erstanding of the biological aud cicymc-
tic activity. The structure of FKBP has been solved in
solution by NMR [7.8]. and that of the FKBP-FK506
complex by X-ray crysiallography {9]. X-ray crystal
structures of cyclophilin complexed with the tetrapep-
tide PPlasc substrate ac-Ala-Ala-Pro-Ala-amc (ac. ace-
tyl; amc. amidomethylcoumarin) [10] and without sub-
stratc [11) have also been published. Complele sc-
quence-specific NMR assignments for the polypeptide
backbone and for part of the amino acid side chains
have been obtained for free cyclophilin and for cyclo-
philin in the 1:1 complex with CsA. using 2D and 3D
NMR methods [10.12.13]: chemical shiflt differences be-
tween the backbone resonances of the free and the com-
plexed form of the pro:-in (se¢ the Appendix) gave ini-
tial indications on the CsA binding site, which appears
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1o be in the same generzl arca of the protein surface as
the binding site of the tetrapeptide substrate for PPlase
activity of cyclophilin {10.13).

The NMR structure of CsA bound to cyclophilin has
also been determined [14.15], which showed that the
conformation of bound CsA is fundamentally different
from both the NMR structure of free CsA determined
in chloroform [16.17] and the X-ray crystal structure of
CsA [16). An X-ray structurc of CsA bound to cyclo-
philin has not vet been determined: all crystal forms of
the cyclophilin—CsA complex vet obtained have multi-
ple copies of the complex in the asymmetric unit [18].
In this paper we present a model of the CsA- cyclophilin
complex based on the refined X-ray crystal structure of
cvclophilin in the complex with ac-Ala-Ala- Pro-Ala-
amc. the NMR solution structure of CsA bound to
cyclophilin, and a set of intermolecular nuclear Over-
hauser cffects (NOEs) measured in solution. The struc-
ture of this complex is of considerable interest as a
starting point for the design of novel immunosuppres-
sant drugs.

2. MATERIALS AND METHODS

2.1 Assignment of intermolectdar NOEs in the cvclophilin-Cs A com-
plex

The production. of uniformly *N- or ''C-labeled CsA and the
preparation of 1:1 complexes ol these isotope-labeled species with
cvclophilin were descenibed elsewhere [14]. Sequence-specific NMR
assignments were previously obtained for cyclophilin-bound CsA
[14.15] as well as for the polypeptide backbone and part of the side
chain protons of free cyclophilin and cyclophitin in the CsA complex
[10.12.13] (sce also the Appendia). On this basis, intermolecular NOEs
between CsA fabeled with "'C or “*N and unlabeled cyclophilin. or
between unlabeled CsA and "N-labeled cvclophilin were inves-
ligated

The largest numiwr of intermolecular NOEs were collected from a
complex of uniformly 'C-labeled CsA and unlabeled evclophilin,
wsing 3D "'C-vorrelated ['H.'H]-NOESY and 2D ['H.'"H}-NOESY
with a "'Crw,.w,)-double-halt-fill ¢r {11 1], Additional NOEs were
entified in 2D ['H.'H]-NOESY spectra secorded with a '“Niw.)-hall-
filter for the complex of '*N-labeled CsA with unlabeled cyclophilin,
and in a 3D "“Ncorrclated |'H.'H]-NOESY spectrum of uniformly
""N-labeled cyclophilin complexed with unlabeled CsA. These NMR
experiments were recorded at a 'H-frequency of 500 or 600 MHz using
Bruker AMS00 or AMXS00 spectrometers.

23 Docking uf CvA agoinst the cxvclophilin surface

A stanting mode! for the LA odopbilin 0oz o' s avas pencrated
using the X-ray crysti . - aciare coordinates of vyviiophilin in the
complex with ac-Ala-Ala- #ro-Ala-ame refined at 2.3 A resolution 23],
and the coordinutes of the CsA conformer with the lowest conforma-
uonsl encrgy {99.6 kealimol) among the 128 I ANTOM-minimized
{23] conformers used 1o represent the solutiow w0 ucture ol’cyclophilin-
hound CsA {34]. Using the interactive graphicos sy dem MidiasPlos 24).
the CsA structure was docked manually ontc b, evelophilin structure.
whereby the stroctures of the twoe components were kept unchanged,
In this proveduere an wnitial st of intermolecular }NOE contucts identi-
£ in the Seteronuchearahicd 'H NAMR spocira was monnored. The
swcepiahility of this starting structure was evatuated by checks Tor
siotations of NOE didtance constraints and short van der Waals con
ety After thn ansta] dexbong the wructuere of the complen was
weziikid Lt udadibviial shoti H-'H distanon boteen ovdlo- phulin

and CvAL and the NMR spevtsa were chocked for she provence of
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corresponding NOESY cross peaks. Finally. 1o obtain the inpwt for
4 rostrained refinement of the docked structure with the molecular
mechanics and graphics package Lasight' Discover [25], all the assigned
intermelecular NOEs were added 10 the intramolecular NOEs and the
dihedral angle constraints that had been used to determine the con-
formation of cyclophilin-bound CsA [14].

The following enerpy minimization procedure was used for the
refincment of the CsA-cyclophilin complex: a shell of cyclophilin
residues containing at least onc atom closer than 9.0 A from the
nearest CsA atom was identified. i.c. the cyvclophilin residues 54-77,
81, 82,92, 97-128, and 147-152. For the arrino acid residues inside
this shell only the Cax atoms were held fixed during the refinement,
with the exception of residues 72-75 and 102-104, which were com-
pictely free 1o move. (For these residues we observed that backbone
proton to backbone proton NOE intensitics in the '*N-correlated
['H.'H)-NOESY spectrum of the complex were different from those
in the free protein.) All cyclophilin atoms outside of this shell were held
fixed. and all atoms of CsA were free 10 move during the refinement.
Both the intramolecular NOE distance constraints in CsA [14] and the
intermolecular NOE constraints were applied in the mimmization with
a harmonic potential at the upper and lower distance limits. The
maximum force in the constraints was limited 10 600 keal/A at a
dcviatig\n of 0.2 A from the limits. The lower limit was uniformly set
to 2.2

3. RESULTS

Fig. 1 shows a 2D {'H.'"H]-NOESY spectrum of a
complex of uniformly "*C-labeled CsA and unlabeled
cyclophilin in H,O solution recorded with a "*C(w,.w.)-
double-half-filt er [19 -21). Previously. the *C(w,,w.)-
doubly-selected subspectrum from a similar experiment
recorded in D,O solution was used to collect the input
data for the computation of the conformation of cyclo-
philin-bound CsA [14]. Here the '“C(w.)-selected /
C(w,)-filtered subspectrum (Fig. 1) was used to ob-
serve NOE cross peaks with @,-frequencies of protons
that are not bound to "C (i.c. all cyclophilin protons
and the amide protons ol CsA) and @--frequencics of
"*C-bound protons. In a D,O solution of the complex,
morce than 70 NOEs were thus observed, involving pro-
tons of the residues 9. 10, 11, 1, 2, 3, 4 and 5 of CsA,
and aliphatic or aromatic protons of cyclophilin. The
spectrum recorded in H,O solution (Fig. 1) coatained
further 11 intermolecular NOEs with tabile amide pro-
tons of cvclophilin. Additional NOEs were observed
with the other NMR experiments mentionced in the pre-
ceding scction, which used either "“N-labeled CsA
bound to unlabeled cyclophilin, or unlabeled CsA
bound to '*N- labeled cyclophilin,

For cyclophilin, complete sequence-specific NMR as-
signments are available for the polypeptide backbone
[10.12.13] (see Appendix). but assignments have so far
been clucidated only for a limited selection of amino
acid side chains. Therefore. 2ithough all intermolecular
NOESY cross peaks could be attributed to interactions
with speatied individual CsA protons, the correspond-
ing cyclophilin protons could be identified only for part
ol the imtermolecular NOESY ¢ross peaks. In the pres-
entation of Table I three categories of NOE distane
censtraints have been distinguished. A first group in-
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cludes 16 NOEs that were unambiguously assigned
using the known ‘H chemical shifts of cyclophilin-
bound CsA [14] and of CsA-bound cyclophilin. For the
latter the backbone assignments [10,12] are listed in the
Appendix, and assignments for the # protons of Ala-101
and Ala-103, and for the é- and g-protons of Trp-121
were obtained from ['"H,'H]-TOCSY spectra. These 16
NOEs were used for the initial docking of CsA onto
cyclophilin. A second group comprising the four NOEs
4, 10, 12 and 20 (Table 1) were identified on the same
basis during re-cxamination of the spectra after the ini-
tial docking. The third group contains 12 NOEs of indi-
vidually assigned CsA protons with the o-proton of
Ala-103 and side-chain protons of Arg-55, lle-57, Leu-
122 and His-126 in cyclophilin. These cyclophilin reso-
nances had not been assigned to individual protons
using the spectral data alone. Once a model of the com-
plex was available from the initial docking (sec below),
assignments were derived [rom reference to this molecu-
lar structure. In particular. since the aH resonance of
Ala-103 is ncarly degencrate with those of Ala-101 and
Asn-102 (see Appendix) the assignment of the NOE 8
(Table I) was only accepted after an inspection of the
initial model showed that the other likely assignments
could be excluded because of the long distances to #CH,
of MeBmt-1. The d-methyl group of Ile-57 is the only
methyl group (besides yCid; vi 1le-57, which was al-
rcady assigned to NOE 20) in close proximity of &°CH,
of MeLeu-9 in TsA (NOQE 21 in Table 1). The NOE with
y'CH,; of Val-5 (NOEI14 in Table I) could be assigned
to an eNH group of Arg from the unique '*N chemical
shift, but only the inspection of the structure ol the
complex showed that the Arg spin system in position 55
is involved in the NOE. ['H,'H]-TOCSY connectivitics
had shown that the NOEs 23, 24, 26. 27, 31 and 32 ali
involved the same isopropyl group of cyclophilin, and
inspection of the model then implied that it had 1o be
Lcu-122, Finally, the two strong NOEs 6 and 28 and the
wecak NOE 3 with a non-exchanging proton in the aro-
matic frequency range were assigned to His-126 because
this was the only aromatic group in close proximity to
the CsA protons in question,

For the initial docking. interactively monitored rigid-
body movements of the CsA structure relative to cyclo-
phitin were guided by the 16 intermolecular NOE con-
tacts 1, 2,5, 7,9, 15, 13, 15-19, 22, 25, 29 and 30 in
Table 1. In the resulting initial model. a possible binding
groove was identified. consisting on one side of the
hydrophobic residues Phe-60, Met-61, Phe-113, Trp-
121 and Leu-122, and on the other side of polar confines
formed by the polypeptide backbone segment -Met'"-
Ala-Asn-Ala-Gly'"™-, and the side chains of Arg-55 and
Gln-63. The 16 intermolecular NQLEs cain be classitied
into five classes linking, respectively, Bmi-1 of CsA with
the segment 101 to 103 of evclophiling yCH, of Abu-2
with the residues Ala-101 and Ala-103. the N-methyl
group of MeLceu-4 with the methyl group af Ala-103,
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Fig. 1. Spectral regions (= —1 to i1 ppm. @,= -1 10 3.4 ppm and
5.810 6.9 ppm) ofa '"H,'"H]-NOESY spectrum of the comples formed
by unlabeled cyclophilin and uniformly “'C-labeled CsA recorded with
a MClew,.,)-double-half-iit er. The "Cien)-selected-""Cla, )-filtered
subspectrum is shown (mixing «uine 30 ms, proton frequency S00 MHz.
measuring tivse 180 b, complex concentration 2 »M o ofiert 9L 7 O
710% DO, iemperature 23°C, pH 6.0). All NOEs in the spectral
regions shown that have been used for the structure refinement (see
text) are identified by numbers which represent the code for the entrics
in Table L

MeLeu-9 and MeLeu-10 with the Trp-121 indole ring.
and both y-methyl groups of McVal-11 with the methyl
group of Ala-101. Due to the wide distribution of the
NOE contacts over the binding site of cyclophilin (Fig.
2A.B) the experimental intermolecular contacts deter-
mined a unique orientation of CsA relative to the cyclo-
philin molecule. A check of this starting model for shost
HYH contaets, using the same atoimic radin for the
atom types as indiste e geometry caleulations with 1he
program DISMAN {27 showed that all intermolecular
contiets could be fulfilled within an upper limit of 5.0
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Table |

Intermolecutar. NOE distance constraints uscd for the modeling of the cyclophilin-CsA complex
NOE: CsA 3 (ppm) Cyclophylin & (ppm) Intensity” Limit (A"  Distancc (AY
1 McBmi-l aH 682 Ala-101 ACH, 1.21 w 6.0 3.68
2 McBm:-1 aH (X' Asn-102 NH 7.69 m 50 4.68
3 McBmi-1 aH 682 His-126 ¢H® 7.62% w 7.4 567
e McBmi-t FH 105 Asn-102 NH 7.69 w 5.0 3.82
s McBmt-1 8CH, 113 Asn-102 NH 7.69 m 6.0 5.2
6 MicBmt-1 6CH, .M His-126 eH* 7.62° s 7.4 4.80°
7 MeBmt-1 7CH. 1.62 Ala-103 SCH, 1.35 s 6.0 6.01
e MeBmi-1 7CH, 162 Ala-103 aH 4.67 s 5.0 5.0
S Abu-2 yCH, 0.65 Ala-101 BCH, 1.2 s 6.0 3.57
10  Abu-2 yCH, 0.68 Asn-102 NH 7.69 m 6.0 5.14
1 Abu-2 yCH, 0.68 Ala-103 SCH, 1.35 m 7.0 5.62
12*  Abu-2NH 6.42 Asn-102 NH 7.69 w 6.0 5.76
13 Mcleu4 NCH, ol Ala-103 ACH, 1.35 s 6.0 3.77
(14  vals y'CH, 095 Arg-55 eNH 8.17 m 6.0 3.02
15 Meleu-9 NCH, b Trp-121 £NH 10.90 s 5.0 4.23
16 McLeu-9 NCH, 2 Trp-121 6H 7.01 5 50 4.1
t7.18  MeLeu9 SH -01Y1.17 Trp-121 eNH 10.84 m.m 5.0, 5.0 2,76, 2.92
19 McLeu-9 6'CH, 032 Trp-121 eNH 10.84 m 6.0 5.05
20+ Meleu-9 5°CH, 0.53 1le-57 yCH, 1.33 s 6.0 4.18
@) Meclen9 5CH, 0.54 11e-57 5CH, L2 m 70 4.85
» MclLcu-9 5CH, 0.54 Trp-121 eNH 10.84 w 6.0 6.00
(3424 Meleu-10 aH 6.00 Leu-122 88" CH, 0.55/0.96 m.m 6.0. 6.0 4.90. 3.86
hi} MeLeu-10 5CH, 112 Trp-121 eNH 10.84 m 6.0 5.21
(36427) MeVal-11 NCH, 2.74 Leu-122 5Y5° CH, 0.55/0.96 5.8 6.0, 6.0 4.21,3.22
(38)  McVal-11 NCH, 273 His-126 gH® 7.62* s 1.40° 4.41°
» McVal-1: »'CH, 0.46 Ala-101 §CH, 1.2 $ 6.0 4.43
30 MeVal-11 °CH, -0.69 Ala-101 5CH, 1.21 m 7.0 7.00
(31432) McVal-l1 ¥'CH, -0.69 Leu-122 6% CH, 0.55/0.96 5.5 6.0. 6.0 3.32,5.36

: The numbers correspond to those used in Fig. | to identify the locativns of the corresponding NOESY cross peaks. Three groups of NOEs are
distinguished (see text): The 16 NOEs identified by numbers only were assigned based on sequence-specific resonance assignments in CsA and
cyclophilin, and were used for the initial docking. those identified by numbers with an asterisk were assigned later-on on the same basis, and those
identificd by numbers in parentheses were assigned bascd on sequence-specific resonance assignments in CsA and inspection of the molecular model
obuained from the initial docking of CsA onto ¢velophilin (see text for details).

*s. strong: mL medium: w, weak,

* These iwo columns list the upper distance limits derived from the observed NOEs (s = 4.0 A, m = 5.0 A, w = 5.0 Ayand the corresponding distances
in the structure of the complex. respectively (psendoatom corrections [26] were added to constraints involving methyl groups (1.0 A per methyl
group) and imidazole sing protons (2.4 A),

* Based on the characteristic chemical shift {26] the imidazole ring resonance al 7.62 ppm was tentatively assigied 1o the g proton. For the structure
calculation, howcver, the NOE distance constrzints 3. 6 and 28 were referred 1o the center of the imidazole ring. using an approprialtc pscudoatom
correction {see * above),

A. Among all the van der Waals contacts there was only
onc violation greater than 0.2 A, ic. 0.36 A. An addi-
tional short contact between the hydroxyl group of
MeBmt-1 in CsA and the carbonyl oxygen of Asn-102
incyclophilin was accepted at this stage because it could
be an indication of possible hydrogen bond formation.

Restrained energy minimization of the structure of
the complex using DISCOVER [25] resulted in a4 molec-
ular model (Figs. 2 and 3) that satisfied all intra- and
inter-motecular NOE constraints (Tablc 1) and con-
tained no unacceplably large van der Waals violations.
2000 iterations of energy minimization reduced the con-

_’
Foe 2 Intermolecular imicractions in the cvclopkilin-CaA comphn obtained as the result of restraineg cacrgy minimization. visualized with space
Sthop mokicular madls. (A Bimding wic of oA on the oyciophilin suriace. Cyclophilin s shown in light dlue. eacept that thos residucs with
wgnificant backhonce chemical dft sanations between fror and CsA -bound cyclophiin (Appendispare yellow. and stom groups invalved in assigned
wermaleeular NOE contects (Table 10 are groen. Chermacad «hift differences for NH greater than 6.1 ppm. for 2H greater thun 0.05 ppm and fos
TR presser than 0.5 ppen were convdoned 1o be wpnifican 18] (B) Seme @ (A) creept that brown color indicatcs al) thow roiducs witk
wdstzwdorslas conlacts briween boavy atoms of Iree tzs 35 AL 10 CeA Suund 1o cyclophilin. Cadl is colored aceonding b the atom types; whi® |
bivedroges, gres. cusboy: bhac agrepen. ol osvgen. In the onentation wed. Tep-121 b in the tower lefl exdge of the sellow ares i (A} and the

bty groove swme eettically through the conter of e moloonle. The color dbustrations wore frepaned wstis ie program Midas Plus (23],
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Eig. J. (A Stereo view ol thi h:nnd:n
hyckbone atoens and $he heavy atoms

all hm Wy aloms ame show |.I Tn auldition., intermeleeular 't|ulrﬂg-.n

hanus are indicated by dashod Imes angd the hysfrogen stoms mwlted 1 these hydrogen bonds are also shown. (By Comnpirizon of the propesed

locution of Tl l_md:l and the experimentally determinesd (23] keation of ag-Ala-Ala-Pre-Ala<ime {yellow] ia the conplex with cydapailia

light-blue}. The atem coomdinotes were 1eken from the present wark and from: the erysal wructore determinabion j22), respeetively, sud 1he o

complenes weee supesimpused for minimiel RMSD o the backbone beavy atoms of reddoes 1-165 ol evclopiiling In (AL selevied roddue of

eychephitin ond C=A ase identified with the sequeses ool o "B tha residues 2and 3 of ac-Ala-Als-Poo-Alt-anme nowd the spatially conespend-

ing residues MeValk 11 and MeBmi-1 of Cua gre idcutiticd by nimbers postionesd swar the @ carbon atoms. The solor Tlustritions were prepared
with the program Midys Plus [24).

straints energy Trom an initil value of 152 keaVmol Lo
5.9 kealimpl, and the finni wppar timit vialations con-
verped 10 0.002 A on average. wilh 2 maximal devialion
af 00117 A. AH dihedral ungle constraints were sacistied
lo within balier than 1°. The changes in pesilions ol Lhe
atoms af evetophilin that were allowed to move during

Tahle 1]

Intermalerular huvdrogen bands implicied by the presently described
mad] ob the ¢yelophilin-CsA complex {sce alwo Fig. 3A)

Atoars involved in e hydrogen bond

s, ~ Cyclaphilin LA™
Medmi-i y OH Aun-102 OO 183
MMeBmt-L CO Gln-¢3 eMNH 308
Meleud CO Trp-121 £NH 146
Meleu- i CO Arp-55 U Lod
Mc\';ﬂ-ll [&1] His- 126 gNL .01

“The distmes fron v heavy aom of the du-m.u group e the aeceeplar
wlonn In given.
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the refnement were rather small. and sizeable displace-
ments oegureed mnly in some long external side chains
far away lrom CsA: the EMS change for all these aioms
was 0,64 A. The larsest individual displacements were
found near residue Asn-102, where Uwe buckbone car-
bonyl oxygen was foreed 12 move by abour 1.57 A 1o
gccommedate the MeBmi-1 bydroxyd grovnp. Smaaller,
yal sigmificant displacements were observed tor Lhe
backbone atoms of the madues Asn-71 o Gly-73. Re-
et the swrting and Bnal conformations of e

docked CsAL an all heavy-atom BMS fit of 0.9 A was

found. The largest aton displacements between the Lwe
conformations wene observed at Meleu4, and ace
probahly cansed hy the reguirement that the M-micthyl
group of his residue must satisfy o strong intermo-
leenlar WOE 10 Ala-103 SCH .

T test the stabiliey af the resulling molesular com-
plex, Turthey energy refincmients weve perfarmed with-
oul any NMR constraints. In a first energy minimiza-
tion of the gomplex perlormed in vacuo, the non-con-
tacting CsA residues 6-% were bent by about 1 10 2 A
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toward the cvclophilin surfuce, while the other residues
-remained viose 10 their original positions. This clearly
indicated that the cyclopl.llin-bound CsA conformation
is unstable in vacuo. Therefore, a second energy refine-
ment was performed, again without NMR coastraints
Butwith a 15 A thick shell of water around the CsA and
the neighbouring residues of cyclophilin. After 2000 it-
crations of energy refinement with these conditions. the
CsA mwolecule had moved anly very slightly away from
its starting position. The average movement of the
backbone atoms of CsA was only 0.26 A, the average
change for all atoms 0.37 A, and the changes for the
moving cyclophilin atoms were equally small.

4. DISCUSSION

The refined model of CsA docked onto cyclophilin
was used to define a binding site, whereby cyclophilin
residues having onc or more heavy atoms within 3.8 A
of a heavy atom of CsA were regarded as part of the
contact surfuce. With this criterion. thirtcen contact res-
idues were found. i.c. Arp-55, Phe-60, Mect-61, Gln- 63,
Gly-72. Ala-101. Asn-102, Ala-103, Glo-111. Phe- 113,
Trp-121, Lew-122 and His-126, Using the sume crite-
rion, one finds cleven contuct residues in the previously
described erystal structure of the cyclophilin complex
with ac-Ala-Ala-Pro-Ala-ume [22). i.c. Arg-55, Ile- 57,
Phe-60, GIn-63, Alu-101, Asn-102, Glo-1H1. Phe- 113,
Leu-122, His-126 and Arg-148. The fact that there are
nine identical contact residues in the two complexcs
clearly shows that the binding site for CsA overlaps with
the PPlase active sie.

The thirteen residues in contact with the docked CsA
wolecule (Fig. 2B) arc part of an active-site groove
which rests on three of the antiparallel strands of the
cight-stranded 8 barrel. involving residucs Phe-60, Met-
6! and GIn-63, Phe-113 and Gln-111, and Arg-355, re-
spectively. Three other groups ol residues, i.e. Trp- 121,
Lew-122 and His-126, Ala-101, Asn-102 and Ala-103,
and Gly-72 arc located in thrce scparate loop regions
which protrude from the surtace of the barrel by some
1010 15 A (Fig. 2). With regard to future. similar appli-
cutions of the NMR technique it is intcresting to note
that the contact arca of cyclophilin is well within the
surface region made up of residues with sizeable chem-
ical shifl differences of Lhe buckbone atoms between free
and CsA-bound cyclophilin (Figs. 2A.B), and that
chemical shift effects are seen well beyond the direct
contact area. '

The docking ol CsA (o cyclophilin is reminiscent of
@ ouin going part-way into a slot-machine; only one rim
of the circular CsA molecule, formed by the residues 9.
19, 11,1, 2 and 3. sticks in the slot {FFig. 2C). The iso-
propyl group of Val-5 on the surface ol the complex
makes close contact with Arg-33 (see also Table 1). The
complementarity of the fit into the active site groove is
very pood, with an estimaled cyclophilin ¢contact sutface
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arca of 320 A® [28). This is somewhat Jarger than the
contact surface arca of 230 A* between cyclophilin and
ac-Ala-Ala-Pro-Ala-ame measured in the crystal struc-
ture [22]. The close contacts with CsA ‘valve some 26
atoms {rom the 13-residue binding sitc of . yclophilin.
The side chain of McVal-11 fits snugly into the deep
‘proline-binding pocker’ formed by Phe-60, Mei-61.
Phe-113 and Leu-122 [22), The McBmt-1 and McLeu-9
sidc chains form good hydrophobic contacts with two
of the protruding active site loops, and Abu-2 guards
the entrance to an unfilled ¢left which is a likely location
for an cxtended protcin substrate {22). The present
model of the cyclophilin-CsA complex is well in line
with a structure-activity hypothesis based on observa-
tions with a varicty of CsA derivatives. which high-
lighted the importance of the residucs 11, 1.2 and 3 for
cyclophilin binding [29].

The extensive conformational differences between
free and bound CsA [14.15.16.30] can be characterized
as a transition from a structure with a maximal number
of intramolecular hydrogen bonds to one that favours
intermolecular hydrogen bonding with the environ-
ment. Thus, whilc in the crystal structure of CsA all four
amide protons are involved in intramolecular hydrogen
bonds, three of the tour N-H groups in bound CsA
point out into the selvent and the fourth, Abu-2, forms
an intramolecular hydrogen bond with the hydroxyl
group of McBmit-1. which acts also us a hydrogen bond
donor 1o the carbonyl oxygen of Asn-102 of cyclophilin.
Since no hyvdrogen bond constraints were applied in the
docking procedure, the formation of the mtenunolecular
hydrogen bonds in the model was a result of the exper-
imental intermoleculur NOE constraints; the carbonyl
oxypens of reagi - L% 10 and 11 and the hydroxyl
group of MeBmt-1 in the binding face of CsA are all
involved in intermolecular hydrogen bonds (Table 11).
The propensitics of free and cyclophilin-bound CsA for
hydrogen bond lormittion 1o a water environment were
calculated [31]. and the cyclophilin-bound conlorma-
tion was found to havc about 40% greater hyvdrogen
bonding capacity thun tlic hydrophobic form.

When comparing the hinding modes of ac-~1:-Ala-
Pro-Ala-ame in the crysiul structure and of CsA in the
presently deseribed moleculiar model, one observes that
the directions of the polypeptide chains in contact winh
cyclophilin arc opposite to cach other (Fig. 3B). None-
theless. a hest fit superposition of the cyclophilin back-
bone atoms in the two complcxes shows that the pattern
of hydrogen bonds and intermolecular contacts in the
vicinity of the susceptible amide bond of the werapep-
tide substrate are conserved in the CsA complex. The
only major difference is that although the ame group of
ac-Ala-Ala-Pro-Al-amc is well separated {rom Trp-
121, this residuc forms van der Waals and hydrogen
bonding intcractions with CsA. The hydrogen bond
from Ala-2 NH to the carbonyl oxygen of Asn-102
observed in the erystal structure (which was also postu-
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ated as part of a recognition motif [22]) is mimicked by
the hydrogen bond between the MeBmt-1 side-chain
hydroxyl group aund the carbonyl oxveen of Asn-102 in
the model of the CsA complex (Table ). Arg-55 of
cyclophllm is also involved as o kydrogen bond donor
in both structures, i.c. to Melcu-10 C=0 in CsA and
to Pro-3 C=0 in the lincar peptide. As mentioned
above, the isopropyl group of MeVal-11 in CsA and the
proline ring of the linear tetrapeptide fit into the same
hydrophobic binding pocket formed by residucs Phe-60,
Met-61, Phe-113 and Lew-122, The MeVal-1§ C-Ca
bond of CsA and the ciy umide bond between Ala-2 and
Pro-3 of the tetrapeptide occupy corrgsponding posi-
tions in the two complexes. Overall, these observations
show that the prescntly described model of the CsA-
cyclophilin interaction does not support the previously
postulated binding mode of CsA [6]. according to which
the hydroxyl group and the ¥ carbon of the MeBmt-1
side chain would mimic the positioning of the carbonyl
oxygen and the amide nitrogen of an activated Xaa-Pvo
peptide bond.

Studies with mutant cyclophilins show that the high
affinity binding in the CsA-cyclophilin system is medi-
ated by interactions with residues that are not directly
related to the site of enzymatic activity. In particular the
Trp-12Y=Phe and Trp-121—=Ala mutants of cyclo-
philin have been tested for CsA binding [32) and were
found to be 75-fold and 200-fold less sensitive to CsA.
respectively, which is consistent with our docking
madel. The concomitant drop in PPlase activity for
these mutants is 2-fold and 13-fold, respectively, Cyclo-
philin from £. coli binds CsA weakly (1Cg; = 3000 nh),
but a Phe-121—-Trp mutant of the £. coff protein was
found to have 23-fold cnhanced susceptibility to CsA
inhibition [32]). A comparison of hinding sit¢ residucs in
the E. coli protein with those determined (rom our struc-
tural studies supgests that the mutations Gin-72—Gly
and Arg-101—Ala in the £. cofi protein should further
cnhance CsA binding.

The work described here provides an example of how
the complementary techniques of NMR spectroscopy,
X-ray crystallography and computer-supported molec-
ular modeling can be used in the drug design field. The
results obtained provide insight into how CsA binds o
cyclophilin and suggest novel experiments with modi-
ficd CsA and mutant cyclophilins (o0 modulate the
strength of the interaction. and can thus support the
design of new immunosuppressive drugs with modified
pharmacological profiles.
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APPENDIX

In previous papers we documented the NMR daia
used to obtain sequence-specific 'H- and '*N-resonance
assignments for the polypeptide backbone in free [12)
and CsA-bound [10] cyclophilin. Together with the
NMR assignments for cyclophilin-bound CsA [14].
these resonance assigments provided the basis for the
spectral analysis of the intermolecular NOEs in the cy-
clophilin-CsA complex, and therefore the chemical
shifts arc presented in Table Al In the table those resi-
dues are underlined for which the chemical shift differ-
ences between CsA-bound cyclophilin and free cyclo-
philin exceed any one of the following limits: 0.5 ppm
for '*N, 0.1 ppm for NH. 0.05 ppm for C*H.

For cyclophilin-bound CsA. chemical shifts of the

Table Al

"H and "*N backbone chemical shifts of free and CsA-bound cyclo-
philin.» **
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backbone resonances were also reported by Neri et al.
{13}, who used slightly ditferent measuring conditions,
i.c. congentration of the complex 1.3 mM, solvent 59
mM phospate buffer containing 100 mM NaCl and §
mM dithiothreitol, pH 6.5; 7. 20°C. Furthennore, the
*N chemical shifts were referenced to H'*NO,, which
causes a systematic difference of -0.5 ppm rclative to the
values in Table Al. Nonctheless, the two sets of chemi-
cal shifts are overall in good agreement: All "*N shifts
coincide within + 1.0 ppm. except for Asp-27, Phe-36,
Gly-50. Phe-112 and Phe-129, where the differences are
in the range 1.0-1.5 ppm. All 'H shift differences are
smaller than 0.05 ppm, except that there is 2n outstand-
ingly large difference of 0.63 ppm for C*H of Glu-140,
and that for the amide protons of Asp-27, Gly-65, Thr-
68. His-70. Asn-71, Ser-77. Glu-81. Lys-82 and Val-128

Table Al (continued)

'H and "N backbone chemical shifts of free and CsA-bound cyclo-
philin_* **

Residue S(evelophitiny - (ppm)  dteyelophilin-CsA)} (ppm) Residue dleyclophiliny  (ppm)  Steyelophilin-CsA) (ppm)
N NH aH "N NH aH "N NH xH N NH aH
Met-1 Thr-41 i08.4 8.00 4.28 108.5 8.01 4.27
Val-2 4.19 4.15 Gly-42 108.3 760 347386 1083 760 346.1.87
Asn-3 126.7 8.09 s12 X ) 8.70 5.12 Glu-43 118.6 8.03 4.12 118.6 8.03 4.12
Pro-4 4.80 4.78 Lys-44 118.3 9.12 4.37 118.3 9.13 4.28
Thr-5 115.0 R.79 57 115.1 8.78 370 Gly-45 105.5 795 3.55430 1055 796 3.544.29
Val-6 120.3 8.76 5.32 1207 K74 5.30 Fhe-d46 1136 6.4 4.62 113.7 6.44 4.60
Phe-7 1191 8.98 5.8¢ 119.3 8.98 588 Gily-347 104.5 774 254435 1045 772 254435
Phe-8 1169 9.57 5.30 117.0 9.57 5.28 Tyr-d48 1iso 693 4120 11319 6.89 4.19
Asp-9 1241 9.29 .52 124 ] 9.2% 5.82 Lvs-49 1249 %.50 156 1249 %.50 .57
lie 10 124.3 9,06 518 1243 2.6 5.15 Gly-50 178 9530 3068439 1179 9.52 30843
Ala-11 1324 9.63 5.15 1324 9.63 sS4 Ser-S1 116.3 8.4 4.64 116.6 8.43 4.62
Val-12 184 8.90 4.52 118.3 B.96 4.53 Cys-52 1151 $.90 5.89 1150 4.90 5.90
Asp-i3 1309 9.¥7 4.31 130.9 9.87 4.31 Phe-533 123.0 ¥.72 4.85 123.6 §.70 4.85
Gly-14 101.7 ¥.57 341421 1017 857 341419 His-54 120.1 7.64 44 1197 7.54 470
Giu 15 §23.2 .07 4841232 %06 ix2 Arp-35 123.0 7.06 5000 1242 6.92 507
Pro-16 117 lie-56 1264 918 160 1270 912 4S8
Leu-i7 125.9 Y.2 4.7 126.0 9.20 4.68 lie-57 127.9 8.73 320 1272 %.50 5.25
Gly-18 102.3 772 395420 1023 7.26 194425 Pro-s8 FE ERY]
Arp-19 121.2 §8.37 5.62 121.2 8.37 5.61 Gly-59 978 Y794 {159 9.78  3K3408
Val-20 1268 939 460 1268 939 45K Phe-60 8.19 509 119.1 811 "
Ser-21 1203 8.80 5.51 1203 879 >.51 Met-61 811 s3 1104 7.88 5.
Phe-22 119.9 9.53 523 HOXY 9.52 S.20 Cys-62 490 1134 .35 4.80
Ghu-23 1231 §.76 4.73 123 8.75 4.70 Gln-63 5.36 127.5 514
Leu-24 1225 8.22 470 12258 8.20 4.66 Gly-64 T 110.8
Phe-25 4.0 B84 Y 1247 K59 5.00 Gly-65 1059 935 105.0
Ala-26 128.9 K.47 176 129.0 847 L5 Asp-66 1239 497 428 1241 3.24
Asp-27 114.2 9.08 424 114.2 908 4.23 Phe-67 116.0 .65 101 He?2 4.59
Lys-28 1IR.0 7.56 4.57 118.0 7.56 4.56 Thy-6X 1089 7.3 404 1089 4.6}
Vilk-2y 1145 8.39 444 1147 %8 142 Arp-6Y 1220 ROy 1 1220 4.4l
Pro-30 1h-70 1l 0H.05 .o
f.vs-31 1238 10.6¥ 1.01 1239 171 4.00 Asn-7l 1123 7.51 1123
I‘ilr-‘x'.’ 1240 10,3 4.0 1240 1029 97 Gily- 72 1S .08 3, 18482 1111 966 135446
Alp-33 1256 9.3 403 1288 925 4 Thi-73 120 794 349 1M THN
Gl 34 172 %400 451 173 N4 4.51 Gilv-74 (ARE N72 258 1139 X.7N KR
Awn-18 A6 BRI 403 115.6 716 404 Gily-7% LY X2 10X ¥ S07
PPhe- 6 117 % 70l an 17y 704 312 Las-70 s L 449 (R GOt 400
Arg it 121 0 X UG Y 10 NY7 1 Ser- 7 TER s S 1145 T A fi
NI IEUN 87 07 9 570 307 Ue-78 AN N 417 111 N SN 3l
Leu- 39 120.7 K20 4 120K %22 374 Tar-9 1208 N 0T 4.60 1209 X7 4.60
Serdi 119.2 794 134 Ha 2 T 438 N 106 3 T

IRMA6 UK Tl TR2. 4060
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Tabk Al (vontinued)
‘H and N backbonce chamical shifts of foee and CsA-bound ayclo-
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Table Al tcontinucd)
‘H and N hackbone chemicai shifts of free and CsA-bound evelo-

phiﬁﬂ.'.-. philin.‘.“
Resdue sievclophilink (ppm)  Stovclophilin-CsA) (ppm) Residue Sieyvclophiling  (ppm)  Sicvelophilin-CsAY (ppm)
N NH aH "N NH aH N NH aH N NH aH
Glu-s1 1236 9.06 His-126  119.6 1.59 475 1203 7.6 4.30
Lyw-R2 1S 7.81 55 IS 782 .56 Val-127 1239 8.50 423 124N 837 a2
Phe-S3 116.3 9.17 393 1163 918 492 Val-128 1330 9.51 415 1329 9.39 398
Glu-$1 1195 9.2 77T 1193 9.9 376 Phe-129 1178 $.14 $3% 1178 8.13 5.19
Asp-85 1SS 862 42 11SS s6d 4.23 Gly-130 1107 732 298315 1103 7.3% 310
Glu-x6 1317 948 AT 137 9.5 L Lys-131 1152 $.38 532 1150 $.33 5.16
Asn-§7 1063 7.07 113 1069 7.07 410 Val-132 1240 9.04 189 1240 9.02 3.86
Pho-5% 1129 8.38 593 1128 8.33 S94 Lys-133 1317 9. 4% 443 1317 9.46 4.41
lie-89 199 832 64 1199 832 364 Glu-133 1184 7.56 454 1184 7.56 4.57
Leu-90 117.1 8.76 44 1171 778 1.45 Gly-135 1079 868 398478 1079 8.68 3.98
Lys-91 18y 508 163 1189 807 4,60 Mct-136 1225 887 44 1226 $.86 4.44
His-9? 1225 1072 433 13 1057 431 Aso-137 1144 893 146 1144 8.93 4.42
Thr-93 110.1 7.3 a0 104 728 399 lle-138 124.2 7.60 37 124.2 7.66 373
Ghy-94 1072 750 360436 1073 7.56 1.60 Val-139 1219 727 384 122.0 7.29 1.82
Pro-95 Glu-140 1172 .31 4.08 7.z 8.30 4.04
Gh-96 192 928 3AMAST 1107 936 135457 Ala-141 1210 7.82 4.05 121.1 7.53 4.06
Ha97? 1313 6.79 112 213 6.80 101 Ma-142 1176 829 398 1176 .32 397
Leu98  12X7 790 397 1299 7.84 350 Glu-143 1163 78 372 il64 7.90 i
Ser-99 118.6 8.31 530 1194 7.94 5.16 Arg-144 1145 7.04 389 1149 7.05 3.92
M--100 12390 x.87 FIRT S JeX §.32 5.50 Phe-145 1153 7.63 480 1152 7.63
Als-101  126.0 8.03 438 1269 .25 170 Gly-146  104.6 754 3.62.4.60 1049 7.59  3.59.4.60
Asn-102 132 814 15 e 7.69 Ser-147 1100 .22 4.62 1099 §.22
Ala-103 1233 $.80 177 1212 9.9 4.67 Arg-148 120.3 8.93 a6
Gh-It4 1192 828 371360 1077 8§23 370460 Asn-149 1114 7.88 4385 1114 7.87 4.86
Pro- 105 an 132 Gly-150 1102 306 393410 1'0.7 807 3.944.15
Asn-106 1190 .59 101 1190 ®.59 396 1ys-154 1199 7.55 440 119.8 7.54 4.41
Thr-107 1102 1020 145 102 [TTI 345 Thr-152 116.7 8.86 S.53 168 B.H6 5.56
Asn- 108 120.6 7.39 121 12607 7.44 3.0 Ser-155 1170 9.44 4.45 117.3 9.48 44?2
Gh-1% 1107 949 363459 1108 917 357462 Lys-1S4 1192 7.55 455 1192 7.55 4.52
Ser 110 1H7.0 RI% 478 1179 K78 ‘ Lys-155 1218 R.R2 4.31 1218 843 4.2%
Gln-111 1241 .41 516 107 w44 lhe-156 1342 4.6! 5.09 1341 9.6i) 5.07
Ph-t12 1= K AIN 568 11%.2 K16 6.03 Thr-157 172 4.26 52K 172 9.24 3.2%
Phe-i13 j16d 4 N3 se6 115y g NS S x4 fe-15% 1217 K60 EICX I ] I 8.59 4.20
He- 114 T8 S 12 i 1180 Y03 39k Ala-1539 1325 .90 ERR 132.5 .90 a1
I .\‘.;i 14 138 8 Y6 378 124K g 5n 384 Asp-160 iii.s KK d.90 s LR J.87
The-t16 1187 X 4< 23 &k gos 11K ool 16 562 354 1161 5.62 4,54
Al 117 12 R iy 1270 T 13K Gh-le2 1040 686 1SS3490 1030 0.%6 152
Lastly 1y %7 L% 120 570 150 Gin-163 1210 Y.y 5.06 121.0 9.08 5.04
T-11% T 251 1182 73K 141 Leu-164 1259 %03 4.64 125.9 ¥ hd 4.00
Glu-120 EK ENE 1347 907 s Gly- 165 1259 K18 4,17 1254 514 415
Tp12i .27 466 1iw3 7.33 _
Leu-122 702 42 1207 107 4.3
Ap-123 162 si7 1223 761 S0
Gly-123 9.56 295345 11).) Y59 29RIGN
Pasilh 7 412 147 760

“The concentration wis 2 mM for the aclophilin CuA comples and 4 mM tor the free protein, solvent: 90% F O,

1o mM KH.PO, pH 6.0, £ 25°C. The 7N and "H chemical dufts were relerenced 1o trimethybily Ipropionace
**Thow chomscal shifts are underinad which differ brtaeen frec and CuA-bound cvelophilin by 0.5 ppm for N
P for C7H The rewdue name s undethned wheneser at least one of the shifts ditferences eacerds theswe ot

and the €7 protons of GIV-50. Lys-76. He-89. GIv-93,
Ala- 103 Gh- 103, Asp- 106, He-113 Glou-130 and Giy-

00

107 1.0, 10 mM KOOCCD ..

Csndium sabt CFSP).
-3 ppm for NHand <0003

150 the chermical shift differences are in the range 0.05
O 015 ppm,



