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The immunosuppressive drug cyclosporin A (CsA,
Sandimmun, 1)! elicits most of its cellular effects
through allosteric regulation of calcineurin (CaN), a
Ca?*/calmodulin-dependent Ser/Thr phosphatase. To
this effect, cyclosporin first binds to its soluble intra-
cellular receptor protein cyclophilin (CyP), and subse-
quently the resulting complex interacts with calcineurin
and inhibits its phosphatase activity.? Among the
various identified isoforms of CyP interacting with 1,
cyclophilin A (CyP-A) and possibly cyclophilin B (CyP-
B) are thought to be the intracellular target of cy-
closporin A mediating immunosuppression.® The “CyP-
A binding domain” of the latter has recently been
determined based on detailed X-ray crystallographic
analysis of the CsA/human recombinant CyP-A com-
plex.* Residues MeBmt-1, Abu-2, Sar-3, MeLeu-9, Me-
Leu-10, and MeVal-11 of CsA are in contact with
cyclophilin, whereas residues MeLeu-4, Val-5, MeLeu-
6, Ala-7, and D-Ala-8 compose the “effector domain”
thought to interact with CaN.

Although various studies aimed at cyclosporin deriva-
tives with enhanced receptor affinity over CsA through
derivation of the “binding domain” are well-docu-
mented,’~7 only two compounds with higher affinity to
CyP-A via modification of the “effector domain” were
reported.?? In this paper we disclose our own results
obtained along these lines while probing the interaction
of the CyP-A/CsA complex with CaN.1¢

On the basis of subtle modifications of the side chain
of amino acid 4 of 1, we could demonstrate that CaN
has a very “tight-binding” pocket for the side chain of
amino acid 4 of CsA.1® While pursuing our efforts to
find a compound with increased immunosuppressive
activity as compared to that of 1, we conceived and
synthesized derivatives 2a and 2b in which CsA’s gem-
dimethyl moiety of MeLeu-4 is replaced by a sec-butyl
one (Figure 1).

For the preparation of 2 from its precursor protected
decapeptide H-Val-MeLeu-Ala-pD-Ala-MeLeu-MeLeu-
MeVal-MeBmt(Ac)-Abu-Sar-OMe, 10,11 2-amino-N-(tert-
butoxycarbonyl)-N-methyl-4-methylhexanoic acid (9)
was needed. The synthesis of vinyl bromide 5, the key
intermediate to amino acid 9, starting from acetami-
domalonate and employing a biocatalytic kinetic resolu-
tion, was reported with 29% overall yield.!2 As depicted
in Scheme 1, the very same compound 5 was efficiently
obtained from chiral auxiliary 8 in 65% and >98%
chemical and optical yield, respectively. Following Pd°-
catalyzed coupling with vinyltributyltin and subsequent
hydrogenation of the resulting diene 6, the fully pro-

* Author to whom inquiries concerning the crystallographic analysis
should be addressed.
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Figure 1. Structure of cyclosporin A, 1, Me[(4S)-MelnorLeu-
4 cyclosporin, 2a, Me[(4R,4S)-MelnorLeu-4 cyclosporin, 2b.

tected amino acid 7 was obtained as a 1:1 diastereomeric
mixture at position 4. Methylation of the urethane
nitrogen gave 8 along with 6% of the 2-epimer,!? which
without further separation was hydrolyzed to give a
diastereomeric mixture of methyl 2-amino-N-(tert-bu-
toxycarbonyl)-N-methyl-4-methylhexanocates (9). The
remainder of the synthesis was accomplished via the
established four-stage procedurel? involving coupling of
the above amino acid with 10, full deprotection of the
resulting undecapeptide 11, ring closure, and deacety-
lation to afford four diastereomeric cyclosporin deriva-
tives 2. The two minor (7.2%) diastereomers obtained
by the incorporation of the (2R,4S5)-9 and (2R ,4R)-9 were
easily separated chromatographically, but this was not
the case for the diastereomers whose backbone had the
natural (S) configuration. Indeed, besides the 1:1
mixture (2b) of the (2'S,4'S) and (2’S,4'R) diastereomers,
only one could be isolated pure (2a) for which the
absolute configuration of the chiral carbon of the side
chain remained unknown.4

Compounds 2a and 2b were evaluated for their
binding affinity to CyP-Al% as well as for their immu-
nosuppressive activity in the mouse mixed lymphocyte
reaction (MLR-M) and the interleukin-2 reporter gene
assay (IL2_-RG)!6 (Table 1).

The analysis of the above results clearly indicated
that 2a had reproducible affinity 4 times higher for
CyP-A than the parent compound 1. The corresponding
immunosuppressive activity was 2—3 times lower, which
is in line with the fact that CaN has a very tight binding
pocket for MeLeu-4 of CsA.10

In view of these findings it was undertaken to
co-crystallize 2a with CyP-A in order to determine the
3D arrangement of the complex by X-ray crystal-
lography at 1.86 A resolution. This allowed the attribu-
tion of the absolute stereochemistry of Cy as (S) of the
introduced amino acid side chain at position 4 but it
did not give any insight into conformational effects
which led to the 4-fold increase in binding (Figure 2).
Indeed, a comparison of the cyclosporin peptide back-
bone between bound CsA 1 and bound 2a gave a root-
mean-square (rms) difference of 0.09 A for C, N, and
C-a atoms with no significant variations as a function
of the residue number. In addition, the rms difference
between bound 2a and bound CsA for all non-hydrogen
atoms of the six residues interacting with CyP-A is 0.10

Consequently, the conformation of 2a in the 2a/
CyP-A complex can be considered as identical to that
of CsA in the CsA/CyP-A complex (estimated error on
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¢ (a) n-BulLi (1.05 equiv), THF, —78 °C, then bromoallyl bromide (1.3 equiv); (b) (i) 1 N HCI (excess), MeOH, (ii) di-fert-butyl carbonate
(1.1 equiv), dioxane; (c) vinyltributyltin (1.01 equiv), Pd(PPh3s)s (5 mol %), toluene, A; (d) Pd/C, Ha, MeOH; (e) Mel (8 equiv), Agz0 (4
equiv), DMF, 40 °C; (f) LiOH (1.1 equiv), THF/H:0, 3/1; (g) 10 (0.9 equiv), (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium PF6 (2

equiv), DMAP (2 equiv), CHzClg; (h) (i) LiOH (1.05 equiv), THF/Hz0, 3/1, (ii) CFsCOOH (excess), 0

MeOH, room temperature.
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Figure 2. Stereoview of the superposition of CyP-A-bound CsA 1 (gray) onto CyP-A-bound 2a (black) obtained by making a

least-squares fit for all atoms of 1.

the coordinates is 0.18 A). Moreover, the conformation
of the CyP-A binding site for 2a as well as the network
of interactions between CyP-A and 2a can be regarded
as identical to that of the CyP-A/CsA complex.# In
analogy to the structure of the CsA/CyP-A complex, the
newly introduced side chain at position 4 is not in
contact with the protein. The rms difference for all
cyclophilin atoms within 4 A of 2a and 1 is 0.15 A.

The lack of significant conformational variations
concerning both the CyP-A binding site and the cy-
closporin backbone in 2a and CsA 1 as well as the
similarity of the ligand/receptor interactions clearly
indicates that the in vitro obtained biological results
cannot be explained by differences in the 3D architec-
tures. Indeed, the analysis of a cyclosporin derivative
having marginal affinity for CyP-A but still 30% of the
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Table 1. In Vitro Biological Activities of the Compounds®

CyP-A MLR M IL2 RG
compound (rel ICs0) (rel ICs0) (rel ICs0)
CsA (1) 9.0 (1) 20 (1) 5.0(1)
2a (S) 2.3 (0.25) 45(2.3) 17 (3.4)
2b (R) 16.0(1.8) 46 (2.3) 14 (2.8)

2 Numbers indicate ICsy values in nM. The relative ICs; value
is the ratio ICsy compound/ICso CsA. Experiments were tripli-
cated. The mean standard deviation for the binding experiments
is £0.5 nM.

immunosuppressive activity of CsA led to the assump-
tion that conformer equilibria in aqueous solution
govern binding.!” Accordingly, the improved affinity of
2a for cyclophilin most probably reflects a more favor-
able ratio between binding conformer population and
nonbinding one present in water.!® Thus, an effect on
the distribution of this multiconformer equilibrium was
obtained through substitution of the amino acid 4 in 1.

It thus appears that the introduced minor modifica-
tion of the effector domain -Me(4-Me)norLeu instead of
MeLeu- not only affected the inhibition of calcineurin
as expected but also binding to CyP-A via stabilization
of the bound conformation. Therefore, the conforma-
tional versatility of cyclosporin in solution, for which
only empirical data is available,%~22 should be one of
the multiple factors to be taken into consideration when
designing improved immunosuppressants.
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