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Structure-Based Design of a 
Cyclophilin-Calcineurin Bridging Ligand 

David G. Alberg and Stuart L. Schreiber*' 
The affinity of a flexible ligand that adopts a specific conformation when bound to its 
receptor should be increased with the approprialte use of conformational restraints. By 
determining the structure of protein-ligand complexes, such restraints can in principle be 
designed into the bound ligand in a rational way. A tricyclic variant (TCsA) of the immu- 
nosuppressant cyclosporin A (CsA), which inhibits the proliferation of T lymphocytes by 
forming a cyclophilin-CsA-calcineurin complex, was designed with the known three-di- 
mensional structure of a cyclophilin-CsA complex. The conformational restraints in TCsA 
appear to be responsible for its greater aff inity for cyclophilin and calcineurin relative to CsA. 

Realizing the full im~act  of structural biol- 
u 

ogy on basic research and medicine will 
require the ability to design high-affinity 
ligands to biological receptors with the use 
of structural information ( I ) .  One approach 
is to constrain the bound conformation of 
inherently flexible ligands by introducing 
structure-guided restraints into the ligand. 
In this way, greater thermodynamic stabil- 
ity of the receptor-ligand complex can be 
anticipated because the conformational en- 
trow is reduced in the formation of the 

L 3 

complex. A particularly challenging prob- 
lem is posed by the immunosuppressive 
agents cyclosporin A (CsA), FK506, and 
rapamycin. These compounds are com- 
prised of two distinct protein-binding sur- 
faces that allow them to bind two proteins 
simultaneously. By enabling these multi- 
meric complexes to form, the immunosup- 
pressants inhibit specific signaling pathways 
that control the cell cycle (2). In the case 
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of CsA, this property is the basis for the 
drug's revolutionary impact on clinical or- 
gan transplantation. Therefore, efforts to 
design novel "bridging" ligands not only 
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29. The patch is defined by residues 226, 230, 2 2, 

and 237 Residue 122 (defined by V122S) $8) 
maps in the DNA binding region of TBP. The Pol 
Il-specific phenotype of V122S may reflect a DNA 
binding defect similar to that observed in other 
TBP derivatives (3). 
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serve to advance our understanding of the 
principles of structure-based ligand design, 
but also may lead to safer and more effective 
immunosuppressive agents. 

It has been noted that the conforma- 
tions of CsA and FK506, when bound to 
cyclophilin A and FK506-binding protein 
12 (FKBP12), respectively, differ markedly 
from their unbound conformations in the 
solid state and in solution (3, 4). Although 
the conformations adopted by these ligands 
while they are simultaneously bound to 
their immunophilin receptors and the pro- 
tein phosphatase calcineurin have not yet 
been determined, residues that are impor- 
tant for calcineurin binding have been 
identified (5-7). We have used this infor- 
mation to prepare nonnatural irnmuno- 
philin ligands that mediate immunophilin- 
ligand-calcineurin complex formation (8). 
We now report on the structure-based de- 

Fig. 1. (A) Stereodiagram of the unbound conform 
of the cyclophilin A-bound conformation of CsA. 

ation of CsA in the solid state. (B) Stereodiagram 
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sign of a tricyclic variant of CsA that 
exhibits enhanced bridging properties. 

The structure of unbound CsA has been 
determined both in the solid state by x-ray 
crystallography (9) and in solution 
(CHCI,) by nuclear magnetic resonance 
(NMR) methods (9-1 1 ) . In both environ- 
ments,'the peptide f o k s  a twisted P sheet 
that is comprised of four intramolecular 
hydrogen bonds and is capped by a type 11' 
p turn at Sar3 and MeLeu4. When CsA is 
bound to cyclophilin A (Fig. 1) (12, 13), 
the backbone of CsA is turned inside-out; 
the intramolecular hvdroeen bonds and all , u 

elements of secondary structure observed in 
the unbound structure are absent. In light 

Fig. 2. (A) Local struc- 
ture of CsA residues 6 
to 9 in the unbound 
conformation. (B) Local 
structure of CsA resi- 
dues 6 to 9 in the cyclo- 
philin A-bound confor- 
mation. The arrows in- 
dicate the relative ori- 
entations of the CU-N 
and CU-C bonds of 
residues ~-Ala~ and 
D-AI~', respectively. (C) 
Heterocycle 1 superim- 
posed on CsA (cyclo- 
philin A-bound) resi- 
dues ~-Ala~-~-Ala~.  Me, 
methyl group. 

of these findings, it is evident why early 
efforts to prepare cyclophilin A ligands on 
the basis of the unbound conformation of 
CsA met with little success (14-1 6). 

To avoid structural alterations of CsA 
that would interfere with binding, we chose 
to alter a segment that is not in contact with 
cyclophilin (1 7-1 9) and that can be modi- 
fied without significant loss of immunosup- 
pressive activity (20, 21) [that is, it can still 
bind to calcineurin (22)l. The L-Ala7-D- 
Ala8 dipeptide segment fulfills these criteria. 
Figure 2 shows the local structure of CsA 
residues 6 to 9 in their free and cvclo~hilin , . 
A-bound conformations. The relative ori- 
entations of the Ca-N and Ca€ bonds of 

C02H COCl - 
1 .  Cbz-CI. 
Na~co3, H20 
2. PT~O*,  (CHP)n. '%Hc cbzNdO 

~.Glutamic ackl Lo pyridine 
2 3 4 

TFA, H 2 N , , , & y  
MeOH - thioanisol 

yields based - 
H 1% i on 0-Cys-9 H 70% 

79% 
H 

1. FmocMeLeu-OH. WBrop,88% 
2. Diemylamine, CH,CN ~ .Me~eu-Me~eu .Me~ar -~eBmt -~bu-~ar -~ku  (lo), 
3. Fmoc-Val-OH, BOP.CI, 93% WBrop, DIEA. CH2CI2 * 
4. Mylamine,  CH3CN 

- BOGY 
95% 

5. Boc-MeLeu-OH, PyBrop, 904h 
6, aq. NaOH 9 H ' 

./Me ./Me 

11 H CSA (TCSA) 

Fig. 3. Synthesis of TCsA. Cbz, carbobenzyloxy; pTsOH, ptoluene sulfonic acid; DMF, dimethyl- 
formamide; EtOAc, ethyl acetate; TFA, trifluoroacetic acid; Fmoc, fluorenylmethyloxycarbonyl; Boc, 
tert-butoxycarbonyl; DIEA, diisopropylethylamine; DMAP, dimethylaminopyridine; PyBrop, bromo- 
tris-pyrrolidine-phosphonium hexafluorophosphate; Bmt, butenyl-methyl-threonine; BOP, benzotri- 
azol-l-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate; BOPCI, N,N-bis(2-oxo-3-ox- 
azolidinyl)phosphonic chloride; Bu, butyl group; and Me, methyl group. 

residues L-Ala7 and D-Ala8, respectively, in 
the free and bound conformations are differ- 
ent. We desired a rigid template that would 
fix an amine substituent and a carboxyl 
moiety in the same relative orientations as 
found for these bonds in the bound CsA 
conformation. To facilitate the design pro- 
cess, we used the structural database search- 
ing program CAVEAT (23) to identify a 
rigid core structure (from the Cambridge 
structural database) to support these func- 
tional groups. The molecules identified by 
CAVEAT suggested that the bicyclic het- 
erocycle 1 would provide an excellent frame- 
work for the amino and carbojirl groups 
(24). Superimposition of the amino and 
carboxyl moieties of 1 with the Ca-N bond 
of ~ - A l a ~  and the C d  bond of D-Ala8, 
respectively, gives a root-mean-square devi- 
ation of 0.13 A [within the errors inherent 
in the bound CsA structure (12, 13) (Fig. 
2)l. 

Heterocycle 7,  a protected derivative of 
1, was prepared in a manner analogous to a 
route developed by Bartlett and co-workers 
for the C6 epimer of 7 (Fig. 3) (25). Thus, 
the oxazolidinone 2 (26), which is derived 
from L-glutamic acid, was converted to alde- 
hyde 4 (2 7). Condensation of this aldehyde 
with D-cysteine methyl ester provided the 
desired heterocycle 7 in 70% yield for the 
two steps, as well as a small amount of 
epimer 6 .  The stereochemistry of 7 was 
assigned through its two-dimensional nucle- 
ar Overhauser enhancement spectroscopy 
(2D-NOESY) NMR spectrum (28). Cleav- 
age of the carbobenzyloxy (Cbz) group in 7 
and successive peptide coupling steps yielded 
9, which was condensed with hexapeptide 
10 to give the linear peptide 11 in 95% 
yield. The COOH- and NH,-termini of 11 
were deprotected with trifluoroacetic acid 
(TFA) and the product was made cyclic. 
The conformationally biased target that'we 
term tricyclic CsA (TCsA), in 41% yield, 
was the product of this reaction. 

The TCsA molecule was designed to de- 
stabilize the ground-state conformation of 
CsA that is observed in organic solvents. 
Therefore, it is noteworthy that the NMR 
spectrum of TCsA (CHCl,) is quite compli- 
cated, which indicates that the.molecule ex- 
ists in multiple, slowly interconvertirigcon- 
formations in solution. This observation is in 
contrast to the relatively simple spectrum 
observed for CsA (CHC13), where essentially 
only one conformation is populated (9), and 
it suggests that TCsA and CsA have different 
conformational properties. 

We compared the cyclophilin A binding 
affinity of TCsA to that of CsA by detemiin- 
ing each compound's ability to inhibit the 
rotamase activity of cyclophilin A (29). The 
affinity of TCsA [inhibition constant (K,) = 
2 2 0.5 nM] for cyclophilin A is three times 
that of CsA for cyclophilin A (K, = 6 f 0.5 
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nM) (30, 31). Because the L-Ala7-D-Alas 
fragment of CsA makes no direct contact 
with cyclophilin A, it is reasonable to expect 
that the bicyclic fragment of TCsA also does 
not contact the protein. This expectation 
suggests that the greater binding affinity of 
TCsA is due to the conformational proper- 
ties of TCsA induced by the bicyclic frag- 
ment, rather than the result of favorable 
direct contacts between the protein and the 
bicyclic fragment. 

Although we were less certain that the 
L-Ala7-D-Alas region (of CsA) of the cyclo- 
phdin A X s A  complex does not contact cal- 
cineurin, the binding data suggest that this 
speculation has merit. The afikity of cyclo- 
philin A-TCsA for calcineurin [Ki = 78 + 14 
nM; inhibition of phosphatase activity (32)] is 
approximately two to three times that of 
cyclophilin A-CsA for calcineurin (Ki = 198 
+ 16 nM) (33). In addition, TCsA is twice as 
potent an inhibitor of the T cell receptor 
signaling pathway, as judged by its ability to 
inhibit the induction in a cellular assay of 
P-galactosidase activity regulated by the nu- 
clear factor of activated T cells (NFAT) 
150% inhibition concentration (IC,,) for 
TCsA = 2 nM; IC5, for CsA = 4 nM] 
(34, 35). [NFAT activity appears to be 
dependent on the calcineurin-mediated 
dephosphorylation of the cytoplasmic 
component of NFAT (36-38) .I 

The collective inhibitory data from bio- 
chemical and cellular assays reveal a system- 
atic enhancement in the cyclophilin A- and 
calcineurin-binding properties of TCsA rel- 
ative to those of CsA. The enhancement is 
small (two- to threefold) but statistically 
meaningful. The basis for the enhancement 
is most likely the reduced entropic cost of 
binding resulting from the designed confor- 

REFERENCES AND NOTES 

1. I. D. Kuntz, Science 257, 1078 (1992). 
2. S. L. Schreiber, Cell70, 365 (1992). 
3. K. Wiithrich et a/., Science 254, 953 (1 991). 
4. W. L. Jorgensen, ibid., p. 954. 
5. L. D. Zydowsky etal., Protein Sci. 1, 1092 (1992). 
6. D. Yang, M. K. Rosen, S. L. Schreiber, J. Am. 

Chem. Soc. 11 5, 81 9 (1993). 
7. M. K. Rosen, D. Yang, P. K. Martin, S. L. 

Schreiber, ibid., p. 821. 
8. M. B. Andrus and S. L. Schreiber, unpublished 

results. 
9. H. R. Loosli etal., Helv Chim. Acta 68, 682 (1985). 

10. H. Kessler, M. Kock, T. Wein, M. Gehrke, ibid. 73, 
181 8 (1 990). 

11. An NMR study suggests that a water-soluble CsA 
derivative exists in a number of slowly intercon- 
verting conformations in aqueous solution (17), 
and at least seven CsA conformations are popu- 
lated in dimethyl sulfoxide (8). 

12. C. Weber et a/., Biochemistry30, 6563 (1991) 
13. S. W. Fesik et a/., ibid., p. 6574. 
14. R. Wenger, Transplant. Proc. 18 (suppl. 5), 213 

(1985). 
15. S. L. Schreiber, N. J. Anthony, B. D. Dorsey, R. C. 

Hawley, Tetrahedron Lett. 29, 6577 (1 988). 
16: J. D. Aebi, D. Guillaume, B. E. Dunlap, D. H. Rich, 

J. Med. Chem. 31, 1805 (1 988). 
17. Y. Theriault et al.. Nature 361. 88 (1993). . ~ ,  
18. G. Pflijgl, ibid., p: 91. 
19. C. Spitzfaden et a/., FEBS Lett. 300, 291 (1992). 
20. N. H. Sigal et al., J. Exp. Med 173, 619 (1991). 
21. A. A. Patchett et a/., J. Antibiot. 45, 94 (1 992). 
22. J. Liu et a/., Biochemistry 31, 3896 (1992). 
23. P. A. Bartlett, G. T. Shea, S. J. Telfer, S. Water- 

man, in Molecular Recognition: Chemical and 
Biological Problems, S. M. Roberts, Ed. (Royal 
Society of Chemistry, London, 1989), pp. 182- 
196; P. A. Bartlett et al., in Chemistry at the 
Frontiers of Medicine (Proceedings of the Robert 
A. Welch Foundation Conference on Chemical 
Research XXXV, 1992), pp. 45-68. 

24. An epimer of 1 has been reported as a p turn 
mimic [U. Nagai and K. Sato, Tetrahedron Lett. 
26, 647 (1 985)l. 

25. M. Lipton, T. Guo, P. A. Bartlett, personal commu- 
nication 

26. J. M. Scholtz and P. A. Bartlett, Synthesis, 542 
(1 989) 

J. E. Baldwin and E. Lee, Tetrahedron 42, 6551 
(1 986). 
In the 2D-NOESY spectrum of 7 ,  a nuclear Over- 
hauser enhancement was observed between the 
protons at C-8a and C-6, which establishes their 
cis relation and defines the absolute stereochem- 
istry at C-8a to be R. 
G. Fischer, B. Wittmann-Liebold, K. Lang, T. 
Kiefhaber, F. X.  Schmid, Nature337, 476 (1989); 
N. Takahashi, T. Hayano, M. Suzuki, ibid., p. 
473. 
lnhibitory constants were calculated from data 
obtained from two to three measurements at 10 
different concentrations. Determination of K, val- 
ues for rotamase inhibition was carried out as 
described [B. E. Bierer et a/., Proc. Natl. Acad. 
Scl  U.S.A. 87, 9231 (1 990)l. 
The binding of TCsA to cyclophilin A is better than 
that of all of the roughly 100 CsA analogs report- 
ed, with the exception of [(Boc)DabI8-CsA (4 = 
2.4 nM), whose reported affinity for cyclophilin is 
comparable to that of TCsA [J. L. Kofron, P. 
Kuzmic, V. Kishore, E. Colon-Bonilla, D. H. Rich, 
Blochemistry 30, 61 27 (1 991)l. 
A. S. Manalan and C. B. Klee, Proc. Natl. Acad. 
Sci. U.S.A. 80, 4291 (1 983). 
lnhibitory constants were calculated from seven 
(TCsA) and four (CsA) measurements with the 
equation reported in (22). The reported values 
are an average of these measurements and their 
standard deviation. 
S. Fiering, J. P. Northrop, G. P. Nolan, G. R. 
Crabtree, L. A. Herzenberg, Genes Dev. 4, 1823 
(1 990). 
lnhibitory constants were calculated from data 
obtained at seven different concentrations (four to 
seven measurements at each concentration). 
W. F. Flanagan, B. Corthesy, R. J. Bram, G. R. 
Crabtree, Nature 352, 803 (1991). 
S. L. Schreiber and G. R. Crabtree, Immunol. 
Today 13, 136 (1 992). 
P. G. McCaffrey, B. A. Perrino, T. R. Soderling, A. 
Rao, J. Biol. Chem. 268, 3747 (1993) 
We thank P. J. Belshaw for synthesizing MeBmt, 
an amino acid used in the synthesis of the 
hexapeptide 10. Supported by a grant from the 
National Institute of General Medical Sciences 
(GM-38627) and a postdoctoral fellowship from 
NIH (D.G.A.). 

14 June 1993; accepted 18 August 1993 

- - - 
mational restraints (conformation entropy). 
Thus, the results demonstrate the feasibility 

An Antiviral Soluble Form of the LDL Receptor 
of using structural information to improve Induced by Interferon 
the already high affinity interactions provid- 
ed by a natural system. The degree of en- 
hancement, however, is a reminder of the 
enormous complexity of receptor-ligand 
interactions in the solution phase. For 
example, it is a significant challenge to 
correctly anticipate the differential effect 
of the molecular restraint in TCsA on the 
entropy of solvation or desolvation of the 
ligand versus that of the receptor-ligand 
complex (solvation entropy). 

The structure-based studies described 
herein resulted in the preparation of a single 
target molecule. The TCsA compound is a 
structural variant of CsA with signaling in- 
hibitory properties greater than those of 
CsA. These studies suggest that the analysis 
of a ligand bound to its receptor can provide 
valuable information for the rational design 
of new ligands. This capability augurs well 
for the structure-based design of new cellular 
probes and therapeutic agents. 
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Menachem Rubinstein? 

Interferons, which induce several intracellular antiviral proteins, also induce an extracellular 
soluble protein that inhibits vesicular stomatitis virus (VSV) infection. This 28-kilodalton 
soluble protein was purified to homogeneity and identified by protein sequencing as the 
ligand-binding domain of the human 160-kilodalton low density lipoprotein?&eptor (LDLR): 
The existence of an antiviral soluble LDLR was confirmed by immunoaffinity chromatog- 
raphy with monoclonal antibody to LDLR. This soluble receptor mediates most of the 
interferon-triggered antiviral activity against VSV, apparently by interfering with virus as- 
sembly or budding, and not by inhibiting virus attachment to cells. 

kterferons (IFNs) are virus- and mitogen- the Mx proteins, 2',5'-oligoadenylatc syn- 
induced cytokines that function by several thetase, protein kinase (P68), and the 
mechanisms to induce resistance against RNA binding protein 9-27 ( 1 4 ) .  Many 
many types of viral infections. IFNs induce other IFN-induced proteins have been de- 
several proteins, some of which have a tected (5), but their role in establishing the 
known role in mediating the antiviral state. antiviral state is either indirect or unclear. 
Among the antiviral proteins induced are The majority of IFN-induced proteins are 
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