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A Conformation of Cyclosporin A in Aqueous 
Environment Revealed by the X-ray Structure of a 

Cyclosporin-Fab Complex 

Daniele Altschuh,* Olivier Vix, Bernard Rees, 
Jean-Claude Thierry 

The conformation of the immunosuppressive drug cyclosporin A (CsA) in a complex with 
a Fab molecule has been established by crystallographic analysis to 2.65 angstrom res- 
olution. This conformation of CsA is similar to that recently observed in the complex with 
the rotamase cyclophilin, its binding protein in vivo, and totally different from its confor- 
mation in an isolated form as determined from x-ray and nuclear magnetic resonance 
analysis. Because the surfaces of CsA interacting with cyclophilin or with the Fab are not 
identical, these results suggest that the conformation of CsA observed in the bound form 
preexists in aqueous solution and is not produced by interaction with the proteins. 

Cyclosporin A (CsA) , an immunosuppres- 
sive drue that acts as an inhibitor of T cell " 

activation ( I ) ,  forms a complex in vivo 
with cyclophilin (CYP) (2), a cis-trans 
isomerase, and can inhibit its activity in 
vitro (3, 4). The molecular mechanisms of 
immunosuppressive activity are not under- 
stood. Furthermore, the relation between 
immunosuppressive activity and inhibition 
of rotamase activity has recently been ques- 
tioned [for review, see (5, 6)]. Knowledge of 
the conformation of the drug that is recog- 
nized bv CYP is central to an understanding 
of its mechanism of action. Two crystalloy 
graphic (7, 8) and two nuclear magnetic 
resonance (NMR) analyses in different apo- 
lar solvents (9) of isolated CsA yielded 
superposable structures, suggesting that CsA 
is a rigid molecule with a distinctive main- 

chain conformation. The conformation of 
CsA in aqueous solution has never been 
studied because of its poor solubility. Two 
NMR studies of CsA in a complex with CYP 
yielded, however, a conformation of CsA 
with a totally rearranged backbone confor- 
mation (1 0, 1 I ) .  The cis peptide bond found 
between residues ~ e L e u ~  and MeLeul@ (Me, 
N-methyl) in free CsA was replaced by a 
trans peptide bond in the conformation of 
CsA in interaction with CYP. 

Is the radical conformational rearrange- 
ment of the whole CsA molecule a result 
of its binding to CYP (12, 13)? Although 
some conformational adaptation may oc- 
cur upon interaction of CsA with an 
antibody combining site, such drastic 
changes are not expected from its free 
conformation in solution. We have estab- 
lished by crystallographic analysis to 2.65 

D. Altschuh, Laboratoire d'lrnrnunoch~rn~e, lnst~tut de A resolution the structure of CsA in a 
B~oloa~e Molecula~re et Cellula~re du CNRS 15 rue com~lex  with the Fab of an antibodv and 
~es&rtes,  67084 Strasbourg, France. analyzed its interaction with the antibody 
0 VIX, B Rees, J -C Th~erry, Laborato~re de Cr~stal- 
lographie, lnstitut de B~olog~e Mol6culalre et Cellula~re combining site. 
du CNRS, 15 rue Descartes, 67084 Strasbourq, The monoclonal antibody to CsA 
France. R4545 11, which was chosen for cr-stallo- 
'To whom correspondence should be addressed graphic analysis of an Fab-CsA complex, 

is an immunoglobulin GI/K, known from 
immunochemical data to strongly recog- 
nize residues 2 through 5 and 11 and 
weakly recognize residues 1 and 9 of CsA 
(14). Messenger RNA sequencing of its 
variable region revealed an unusually long 
H3 loop (1 5). The structure of CsA in the 
Fab R4545 11-CsA complex, derived here 
from our crystallographic analysis, is 
shown in Fig. 1A. The difference electron 
density map clearly shows the shape of the 
CsA cycle as well as the location of side 
chains. The conformation is different from 
that of the isolated form (Fig. lB),  also 
obtained by x-ray diffraction (8). Howev- 
er, the conformation of CsA in interac- 
tion with the antibody closely resembles 
that recently observed, with NMR analy- 
ses, in a complex with CYP (1 0, 11). The 
conformation of isolated CsA (Fig. 1B) 
contains two antiparallel P strands formed 
by residues 11 to 3 and 4 to 7. All four 
nonmethylated main-chain nitrogens are 
involved in internal hydrogen bonds with 
carbonyl groups. In the structure of CsA 
shown in Fig. l A ,  no internal hydrogen 
bonds are formed. Instead, main-chain 
nitrogens and carbonyls are available for 
hydrogen bonding to the protein or to the 
solvent. The internal structure of the cy- 
cle is mainly hydrophobic because most 
main-chain N-methyls, as well as the side 
chain of MeVa15, point to the inside of the 
cycle. 

The connection between residues Me- 
Leuy and ~ e ~ e u "  is best fit by a trans 
peptide bond, as in the conformation of 
CsA in interaction with CYP (10, 1 l ) ,  in 
contrast to the cis peptide bond found in 
isolated CsA (Fig. 1B). Although topolog- 
ically similar overall, the conformations of 
CsA bound to the Fab or to CYP (10, 1 I )  
are not identical. For example, when CsA 
is bound to the Fab, MeBmtl does not fold 
back onto the molecule as when CsA is 
bound to CYP (MeBmt, 3-hydroxy-4- 
methyl-2-methylamino-6-octenoic acid). 
Differences, however, are small compared 
to those of the totally unrelated conforma- 
tions of CsA in complex with the Fab 
(Fig. 1A) and isolated CsA (Fig. IB). 

The antibody is unlikely to distort CsA 
through a rotamase activity that would 
mimic CYP. Indeed, the binding modes of 
the Fab and of CYP are different: CYP is 
known from NMR experiments to recog- 
nize residues 1 through 3 and 9 through 11 
of CsA (1 0, 1 I) .  Crystallographic analysis 
of the Fab-CsA complex clearly. shows 
that residues 9 and 10 and the side chain 
of residue 1 are not involved, whereas 
residues 11 and 2 to 5 and the main chain 
of residue 1 are critical for binding (Fig. 
2). These latter residues are also those 
found from immunochemical data to be 
important for recognition (1 4). 
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Fig. 1. X-ray structures of (A) CsA In the complex with the 1 4 

Fab fragment R454511 (this study) and (B) Isolated CsA (8) 
Orlentations were chosen so that the slde chain of res~due 1 a 'P D 
polnts up and that of residue 11 po~nts down relative to the 
plane defined by the cycles, emphasizing the lack of confor- 
mational s~milarity between the two structures. The CsA part 
of the complex was omitted from the model used to calculate 
the difference electron dens~ty shown In (A) (Fobs - F,,,, 
synthesis, contoured at 1.40). Monoclonal antibody R454511 
to CsA was prepared accord~ng to Quesnlaux et a/. (14). 
Crystals belong to the orthorhombic space group P2,2,2,, 
with a = 52.6 A, b = 70.2 A, and c = 118.4 A w~th one 
molecule of complex per asymmetric unit (28). Nat~ve data 
sets were collected to 2.6 A resolution (on a Xentronics area 
detector at the European Molecular Biology Laboratory, 
Heidelberg, Germany; at the University of California at San 
Diego with N. Xuong's data collection facilities; and on a 
Siemens area detector). The merging factor R,,, to 2.6 A 
resolution is 0.087, including all measurements (63,899 re- 
flections) for 14,219 independent reflections with 220 inten- 
sities less than or equal to zero. The structure was solved by 

B 

molecular replacement with a composite structure, formed 
by the light chain of Fab J539 (29) and the heavy chain of 
Fab KOL (30), as a known model structure (31). This 
molecular replacement solution was first improved by rigid- 5 4@4 :;I 
body refinement of the four basic Fab domains [CORELS 
(32)l. The refinement of the whole structure was conducted 
with a procedure alternating energy minimizations [PROLSQ 
(33) and X-PLOR (34)] and dynamic refinements [GROMOS 7 11 7 
(35)], followed by model building [FRODO (36)]. A polyala- 
nine chain was built gradually into the density attributed to 10 10 
CsA through the use of 3F,,, - 2Fca,, difference maps, until 8 8 

the sequence MeBmtAbuSar (Abu, L-a-aminobutyric acid) 
could be clearly identified and the CsA side chains (Me- 
BmtAbuSarMeLeuValMeLeuAla-D-AlaMeLeuMeLeuMeVal) 

9 

built into density. The mean value of the Bfactors is 16.3 A2 
for CsA residues as compared to 9.9 A2 for Fab residues. The current 2.65 A with a a(/)// greater than 2. The refined coordinates will be 
crystallographic R factor is 0.185 for 11,236 reflections between 8 and deposited in the Brookhaven Protein Data Bank. 

Fig. 2. Stereo view of the interaction between CsA and the combining site of the monoclonal Fab 
fragment R454511. Cyclosporin A is shown in black lines and the antibody residues interacting with 
CsA in white lines. Antibody residues within 4.0 A of CsA residues were selected in the drawing. 

The  conformation of isolated CsA 
might arise from the conditions used in 
crystallographic studies and NMR studies in 
aprotic solvents, which do not favor the 
formation of hydrogen bonds with the envi- 
ronment. Aprotic solvents are known to 
influence peptide conformation. For exam- 
ple, circular dichroism studies have shown 
that trifluoroethanol increases the helical 
population of peptides (16, 17). We ob- 

served here a structure with a higher 
hydrogen-bonding potential than that in 
the isolated form. The  striking structural 
similarity between CsA in complex with 
CYP and with the Fab suggests that this 
conformation of CsA exists in  hydrophilic 
environments. The  binding of CsA to 
CYP would then require only minor con- 
formational adjustments, if any, and not 
the radical transformation from the struc- 

ture shown in Fig. 1B to that in  Fig. 1A. 
The binding protein for FK506 (FKBP), 

another immunosuppressive drug, is also a 
rotamase (18, 19) but structurally unrelated 
to cyclophilin (20). Here also a cis amide 
bond of the isolated FK506 is trans in the 
complex with FKBP (2 1). However, NMR 
analvsis of FK506 in CDC1, reveals the 
existence of both cis and trans rotamers 
(22), so preferential binding of the trans 
rotamer present in solution cannot be ex- 
cluded (23). Our observations support the 
hypothesis that immunosuppressive drugs 
are not substrates of their respective bind- 
ing proteins (24) but solely inhibitors of the 
rotamase activity. 

A mechanism for the isomerization of 
peptide substrates has been proposed on the 
basis of the crystallographic structures of a 
tetrapeptide-CYP (20) complex and FK506- 
FKBP (21) complex, and the CsA binding 
site on CYP has been shown to be coincident 
with the substrate binding site (20). Howev- 
er. it has not been established so far that the 
isomerases induce a conformational change of 
the immunosuppressants. Knowledge of a so- 
lution structure of CsA is of particular signif- 
icance for understanding its mechanism of 
action and designing more potent immuno- 
suppressive drugs. 
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Competition for Overlapping Sites in the 
Regulatory Region of the Drosophila Gene Kruppel 

Michael Hoch, Nicole Gerwin, Heike Taubert, Herbert Jackle 
A 730-base pair element regulates expression of the Drosophila gap gene Kruppel (Kr) 
in response to the fly anterior morphogen bicoid (bcd). Two hormone receptor-like pro- 
teins, encoded by the genes knirps (kni) and tailless (tll), bind specifically to the element. 
In vitro, kni protein competes with the homeodomain-containing bcd protein in binding to 
a 16-base pair target sequence. In vivo experiments suggest that both kni and tll act as 
competitive repressors of bcd-mediated activation of Kr. These results suggest a mech- 
anism by which developmental genes can be regulated in response to an activating 
morphogen gradient antagonized by repressors. 

I n  vertebrates, hormone receptors are tran- 
scription factors involved in developmental 
processes, cell differentiation, and morpho- 
genetic events (1). They respond to extra- 
cellular ligands, including steroid hor- 
mones, vitamin D, or retinoic acid (1). In 
addition to having the common structure of 
the DNA-binding domain characterized by 
a pair of Cys-containing zinc fingers (2), 
these transcription factors share a varying 
degree of sequence similarity in the 
COOH-terminal ligand-binding domain 
(1). On the basis of sequence similarity, 
eight Drosophila genes have been grouped as 
putative members of this superfamily of 
nuclear hormone receptors (3). Two of 
them, tll (4) and kni (5, 6), are gap genes, 
which are the first genes in the segmenta- 
tion gene hierarchy to be expressed in 
Drosophila embryonic development (7). 
Consistent with their mutant phenotypes, 
kni and tll are exuressed in suatiallv restrict- 
ed domains along the anterior-posterior axis 
of the blastoderm embryo, specifying ab- 
dominal segments (4) and terminal pattern 
elements (6), respectively. Genetic analysis 
suggests that both genes act as negative 
regulators of a third gap gene, KT (8, 9), 
which is reauired for the formation of tho- 
rax and anterior abdominal segments (7, 
10). We show that kni and tll proteins 
interact with multiple specific sites within 
the 730-bp regulatory region (KT 730) of 
the KT gene (I I). This previously charac- 
terized Kr 730 element is controlled by the 
morphogenetic bcd protein (BCD) gradient 
(12) and is sufficient to direct correctly 
localized activation of a reuorter gene in the 

c7 

central domain of Kr gene expression in 
earlv blastoderm embwos (1 I). , , ,  

Using bacterially expressed kni protein 
(KNI) and the DNA binding region of tll 
protein [TLL(18 1-5 17)], we found, with in 
vitro footprinting (1 3), a single strong KNI 
binding site and seven TLL (18 1-5 17) bind- 
ing sites on the KT 730 element (Figs. 1 and 

Max-Planck-lnstitut fur Biophysikalische Chemie, 
Abteilung Molekulare Entwicklungsbiologie, Am Fass- 
berg, 3400 Gottingen, Federal Republic of Germany. 

2). Palindromic or tandemly repeated se- 
quences, such as those observed with differ- 
ent vertebrate hormone receptors (1 4), 
were not observed in the KNI and 
TLL(18 1-5 17) consensus sequences (1 5). 

The binding sites of TLL and the KNI 
binding site overlap with previously detect- 
ed binding sites of the homeodomain bcd 
protein (BCD) (I I); KNI binds to one 
region and TLL binds to all regions protect- 
ed by BCD (Figs. 1 and 2). We analyzed the 
single BCD site overlapped by a KNI bind- 
ing site, a 16-bp sequence: 5'-ACTGAAC- 
TAAATCCGG-3'. KNI and BCD com- 
peted for binding to the 16-bp sequence in 
vitro. Increasing amounts of BCD compet- 
ed for the binding of KNI. Conversely, 
when increasing amounts of KNI were add- 
ed to a constant amount of BCD, BCD was 
replaced by KNI binding (15). These ex- 
periments demonstrate that each of the two 
proteins can bind but that their binding is 
mutually exclusive. 

To examine a possible functional inter- 
action of KNI and BCD with the 16-bp 
element in vivo, we transfected tissue cul- 
ture cells (16) with reporter gene constructs 
containing the bacterial chloramphenicol 
acetyltransferase (CAT) gene under the 
control of the 16-bp element (1 7). No 
effect on the basal level of CAT gene 
expression was observed when plasmid 
DNA that contained kni was co-trans- 
fected. In contrast, plasmid DNA that con- 
tained bcd caused a dosage-dependent in- 
crease in CAT expression (Fig. 3A), indi- 
cating that the 16-bp element mediated 
BCD-dependent activation of gene expres- 
sion. When KNI was introduced along with 
BCD (Fig. 3B), BCD-dependent CAT gene 
activation was suppressed in a manner re- 
sponsive to the dosage of KNI. KNI did not 
make the reporter gene inactivable (Fig. 
3C), but instead increased the amount of 
BCD necessary for activation. No repres- 
sion was observed when the DNA-binding 
domain of KNI was mutated such that the 
first Cys in the second zinc finger was 
replaced by a Leu residue. 
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