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Abstract: The design, synthesis, and structure activity relationships of a series of novel macrocyclic FKBP-12
ligands 1 are reported. The crystal structure of the complex between 7 and human FKBP-12 is reported and some
SAR results are discussed based on this complex.

The immunosuppressive natural product FK506 is an amazing molecule. It has evolved the ability to
promote complex formation between FKBP-12 and the serine/threonine phosphatase calcineurin.! The formation
of this complex inhibits the phosphatase activity of calcineurin and blocks important signal transduction pathways
in a number of cells.2 Examination of the structure of FKS06 reveals a 21-membered macrocyclic ring with
several methyl and methoxy groups plus an allyl group in 1,3 relationships to each other.3 The crystal structure?
of the complex between FK506 and FKBP-12 shows that these structural features are acting as local
conformational locksS and, in concert with binding to FKBP-12, generate a rigid protein-ligand complex that then
inhibits calcineurin. One local conformational feature of FK506 bound to FKBP-12 is the presence of a 180°
dihedral between O1-C25-C24-C23 (PDB entry 1FKF numbering). We wanted to enforce this local
conformational feature in new synthetic FKBP-12 ligands. The constrained macrocyclic ligands 1 (in which C2
and C6 are tied back in a 10 or 11 membered ring) are potentially able to achieve this objective. We now describe
the synthesis of a number of these compounds related to 1, and their ability to inhibit FKBP-12 rotamase activity.
In addition, we report a cocrystal structure of one member of this series with FKBP-12.

FK506 local conformation Constrained FKBP-12 ligand (1) OR;4
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FK506

The synthetic chemistry leading to the formation of compounds of structure 1 proved to be quite
challenging. Meso anhydride 26 was converted in high yield into hydroxy acid 3 upon treatment with 1,4-
butanediol in methylene chloride for 12 h. Several attempts to form the [8.3.1]Jmacrocycle using active ester
approaches did not produce 4 as product. We then investigated Mitsunobu” type approaches; under optimal
conditions (BusP, DEAD, THF, 72 h.) a 25% yield of 4 was obtained. Since SN2 type reactions resulted in the
formation of the desired product we chose to explore other related procedures. Our optimized conditions are the
cyclization of chloro acid 5 (n = 2), prepared from 2 and 4-chlorobutanol, to give 4 in 70% yield upon treatment
with cesium carbonate in acetonitrile8 for 7 days. The related [7.3.1] macrocycle 6 was obtained from 5 (n = 1) in
75% yield under the same conditions. The conversion of 4 into 7 in 60% yield was achieved by hydrogenolysis
of the Cbz group followed by treatment of the resulting amine with the appropriate alpha-ketoacid in the presence
of DCC, HOBT and DMAP in methylene chloride. In a similar manner, 4 was converted into 8, and 6 was
converted into 9 and 10.

Compound 7 inhibits the rotamase®-11 activity of human FKBP-12 with a Kiapp of 8.3 pM. On the basis
of model building experiments there were two families of conformations considered possible for the macrocyclic
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ring in its complex with FKBP-12. In both families the S-carbonyl group (the two ester groups are designated R
or S based on the absolute configuration of the stereogenic atom they are attached to, see 1A) is expected to make
a hydrogen bond to the backbone NH of Ile-56. In one family the two carbonyl groups are roughly parallel and
point in the same direction, whereas in the other they are parallel but point in opposite directions. Functionalization
of the macrocycle to mimic an FK506 local conformation requires knowledge of the direction that each CH bond
vector!2 of the macrocycle points. The direction of these vectors is in turn dependent upon the ring conformation.
Therefore, further elaboration of this system was dependent upon obtaining a cocrystal structure between 7 and
FKBP-12.

A 1.9 A crystal structure was obtained!3 for the complex between 7 and human FKBP-12. Figure 1
shows a "relaxed” stereo view of ligand 7 and the protein residues in close proximity to the ligand. As expected,
this structure showed a hydrogen bond between one of the ester carbonyl groups (the S-carbonyl group) and the
backbone NH of Ile-56, a hydrogen bond between the amide carbonyl and Tyr-82, and the ketone carbonyl filling
the small hydrophobic, electropositive cavity formed by Tyr-26, Phe-36 and Phe-99.4 The high resolution of the
structure allows for determination of the conformation of the macrocyclic ring. The two carbonyl groups are
roughly parallel and point in opposite directions. The observed ring conformation is presumably more stable
because the alternative conformation, having the two carbonyl groups pointing in same direction, would bury the
R-carbonyl group in the protein, without hydrogen bond formation, resulting in a desolvation penalty.

Figure 1 "Relaxed" stereo view of ligand 7 and the protein residues in close contact to the ligand.

On the basis of the experimentally determined macrocycle conformation of bound 7 and a model built
conformation of the related 8 we felt our original hypothesis of using a [7.3.1] or [8.3.1] macrocycle as a
conformational lock was reasonable. Since synthetic intermediate 2 is a meso compound, treatment with chiral
chloroalcohols (or diols), followed by macrocyclization leads to a mixture of diastereomers. Based on these
synthetic and stereochemical considerations we decided to focus our attention on a three carbon linker (i.e., 1
where X = CHj). Key intermediate 13 was prepared from 11 (NaOCH,Ph, THF) via 12 (1. BH3-THF; 2.
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NaB03-4H,014). Coupling of 13 with 2, as described for the preparation of 4 and 6, provided the late stage
intermediate 14 as an inseparable mixture of diastereomeric meso compounds. Controlled hydrogenation of 14
led either to selective removal of the Cbz group or removal of both the Cbz group and the benzyl ether. Thus, 14
was converted into 15-20 by standard transformations.

Table 1 shows the ability of these compounds to act as inhibitors of human FKBP-12 rotamase activity.?
Comparison of compounds 7 and 9 shows that there is a negligible difference in activity between the [8.3.1] and
[7.3.1] ring systems. Compound 8 with a trimethoxyphenyl group!5 as a mimic of the FK506 pyran group
shows the most potent rotamase inhibition (277 nM). Compound 10 with the carvone derived!6 group CD1 has
activity equivalent to 9 with a dimethylethyl group.1?

cl ClI Cl OBn ¢l OH
—_— — + 2
OBn
11 12 13

Table 1. Ability of compounds to inhibit the rotamase? activity of human FKBP-12.

Comgnd X R Ki,app (uM)
CH2CH3 CMegEt 8.3
8 CH2CH?, (3,4,5-OMe)Ph 0.28
9 CHp CMesEt 10.0
10 CH?2 CD1 8.1
15 CHCH720Bn (3,4,5-OMe)Ph 1.2
16 CHCH20TBS  (3,4,5-OMe)Ph 1.5
17 CHCH0H CcD2 NI
18 CHCH20Bn CD2 NI
19 CHCH20Bn CD3 NI
20 CHCH20H CD3 >50.

NI = no inhibition

21

In the absence of the structure of calcineurin (CaN), we began to explore the FKBP-12 binding of new
compounds containing simplified CaN effector domains by modification of the X and R groups of 1A.
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Compounds 15 and 16 with a trimethoxyphenyl R group and hydrophobic X groups retain the ability to bind to
FKBP-12. Compounds containing elaborated carvone derived groups and simple X groups (17-20) lost their
affinity for FKBP-12. None of the compounds in Table 1 are inhibitors of calcineurin,!8-19

One important SAR feature is that 10 shows a 50-fold reduction in activity compared to 21 (Kiapp = 210
nM).16 Insight into this difference in binding affinity was achieved by superimposing the cocrystal structure of 7
on the cocrystal structure of 21.16 This superpositioning showed that the R-carbony! of 7 and the isopropyl group
of 21 are close in space (2.2 A for =O - Me and 2.9 A for =O - CH); thus if both moieties were within the same
molecule either the R-carbonyl group or the CD1 group would have to assume an alternative bound geometry.
The lack of inhibitory activity of 17-20 is consistent with this analysis. This information suggests that further
improvement within the carvone derived series would require the removal of the R-ester group.

The recently solved structure2? of the complex between FK506, FKBP-12, calcineurin A, and calcineurin
B now allows us to re-evaluate this design. When the structure of the FK506-FKBP12-CaNA-CaNB complex20b
was superimposed on the structure between 7 and FKBP-12, several features become apparent. The macrocyclic
framework indeed has potential as a conformational lock to introduce groups into the hydrophobic pocket formed
by Trp-352 and Phe-356 of CaNA and Met-119 of CaNB (the site where the allyl group of FK506 binds). To
make interactions with Trp-352 of CaNA, in a manner similar to FK506, a novel R group in 1A would need to be
designed. The presence of the R-ester group could possibly be detrimental to calcineurin binding.

We have described a new class of FKBP-12 ligands. The SAR and structural data reported in this paper,
in conjunction with the calcineurin structure, provides a new starting point for the rational design of novel
"molecular glue" inhibitors of calcineurin.

Acknowledgement: We wish to thank the fermentation team at Agouron Pharmaceuticals for production of E.
coli expressing recombinant FKBP-12.
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