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Abstract: Using the crystal structure of FKBP-12 a novel class of ligands were designed, prepared and
evaluated. The crystal structure of the complex between § and FKBP-12 is reported.

The design of novel small molecule ligands to bind to proteins based upon knowledge of protein structure
represents an important frontier in bioorganic and medicinal chemistry. A co-crystal structure of a protein-ligand
complex allows one to gain new insights into the molecular recognition of protein-ligand complexes; in addition, it
provides a starting point for design of more potent inhibitors.! FKBP-12 is an abundant protein found in species
ranging from yeast to humans.2 While FKBP-12 has activity as a rotamase enzyme3 its natural function is not
completely clear; however, it has been suggested that it has a role in protein folding and intracellular transport.4
The immunosuppressive natural products FK506 and rapamycin exert their biological activity indirectly through
binding to FKBP-12. It is the resulting protein-ligand complexes that inhibit distinct signal transduction pathways
by binding to calcineurin® and FRAP® respectively. In addition to the role of FKBP-12 as a mediator of
immunosuppression, an ingenious experiment has recently demonstrated that unnatural ligands to FKBP-12 can
be used to regulate gene expression in appropriately genetically engineered cells.” Thus novel molecules that bind
to FKBP-12 have potential as a starting point for the design of biologically useful compounds. We now describe

the design and synthesis of novel FKBP-12 ligands and report a co-crystal structure of one member of this series.
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The design phase of this work used the crystal structure of the FKBP-FK506 complex?® as a starting point.
The ligand (FK506) was removed and the resulting empty active site examined. Ludi,? a suggestive program for
the de novo design of ligands for proteins was then used to suggest complementary fragments for the hydrophobic
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pipecolinic acid binding site of FKBP. Among the many fragments suggested, adamantane appeared to fill this site
well and seemed well suited for further elaboration. Examination of the docked ligand for the formation of
potential hydrogen bonds suggested the removal of a methylene bridge with the introduction of a carbonyl group.
This should allow for a hydrogen bond to the backbone amide NH of Ile-56. Ludi was then used again on this
modified ligand to suggest potential groups to fill the FK506 pyran binding site of FKBP-12. Among the many
suggestions were aromatic groups appended through a linker to the bridgehead position of the new ring system.
Finally, Ludi suggested a hydroxy! group in the meta position of an aromatic ring tethered by a methylene linker.
This hydroxyl group has the potential to make favorable electrostatic contact with Asp-37. Thus, compounds of
the generic structure 1 were de novo designed in an incremental approach using Ludi as a suggestive tool.

The synthesis of the target compounds was straightforward. The known racemic bromoketone 210 was
treated with various nucleophilic reagents :X-R ( X = O-, NHMe or S- ; R = Ar or CHzAr) to give target
compounds 3, presumably through an intermediate bridgehead enone.!! These compounds were evaluated for
their ability to inhibit the rotamase activity!2 of FKBP-12. Table 1 shows the effect of the R group on activity as
rotamase inhibitors (X=0) and Table 2 shows the effect of the X group on rotamase activity (R = CgHs).

0 O
:X-R
Br x-R
2 3
Table 1 Table 2
Ability of Compounds 3 to act as rotamase Ability of Compounds 3 to act as rotamase
inhibitors (X = O) inhibitors (R = C¢Hs)
Entry R Ki app (uM) Entry X Ki app (uM)
1 Ph 116. 1 o} 116.
2 (3-OH)Ph 16.7 2 N(Me) 165.
3 (3-OMe)Ph 92.1 3 S 9.2
4 (2-Me)Ph 120. 4 SO, 48.5
5 (2,6-Me)Ph 461.
6 CHj-Ph 85.8
7 H no inhib.

From the data in Table 1 it appears that small substituents on an aromatic ring can contribute about a factor
of five to biochemical activity. The most potent example (entry 2) contains the meta phenol group suggested by
Ludi. All of the data in Table 1 are consistent with the proposed binding mode (R group in pyran pocket); entries
1-6 show activity, entry 7 with no R group is inactive. Also consistent with the proposed binding mode, entry 5
was expected to be less potent than entry 4 due to steric reasons.
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From the data in Table 2 it is clear that the X substituents can contribute over an order of magnitude to
activity as rotamase inhibitors. The most potent example (entry 3) contains a sulfur atom. The sulfone (entry 4),
was prepared to potentially mimic a twisted amide carbonyl; however, it loses activity relative to the sulfide. This
result was somewhat surprising.

One additional piece of structure-activity data concerns the role of the ketone group. Sodium borohydride
reduction of the ketone in compound S resulted in a significant loss of rotamase inhibition activity (261 uM).
Thus, the ketone plays an important role in stabilizing the complex. This is consistent with it forming a hydrogen
bond to the protein with a geometry that the alcohol cannot obtain. All of the above structure-activity data is
consistent with the proposed binding model.

At this stage our goal was to obtain a crystal structure of the complex between one of these compounds
and FKBP-12. To assist in this objective we prepared derivatives 4 and 5 of the sulfide that had water solubilizing
groups on them. These compounds were evaluated as rotamase inhibitors and were found to have Ki app of 27.5
and 7.9 UM respectively. Compound 5 was chosen as the prime candidate for obtaining a co-crystal structure. For
comparison, compound 6, a racemic, simplified FK506 derivative was reported!3 to have a Ki app of 7 uM
against FKBP-12.
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A24A crystal structure was obtained for the complex of 5 and a mutant (P9Q, R13F, K17V, R18F) of
FKBP-12 designed to promote crystallizability.!4 As expected, the specific activity of the mutant enzyme was
identical to that of the wild type FKBP since the mutations were engineered to be distant from the active site.
Figure | shows a "relaxed” stereo view of ligand 5 and the protein residues in close contact to the ligand. The
major forces holding the complex together were, as expected, hydrophobic contact plus a hydrogen bond from the
ketone carbonyl group. The pyridine ring makes van der Waals contact with the hydrophobic pocket that was
filled by the pyran ring of FK506. The crystal structure did however reveal some surprises. First, while the
fragmented adamantane ring occupied the pipecolinic binding site and the carbonyl group formed a hydrogen bond
to Ile-56 it had achieved this with the enantiomeric bicyclic ring system. During modeling experiments methylene
bridge B was removed; however, the observed bound conformer had methylene bridge A removed. Since 5 was
prepared as a racemate the protein chose to selectively bind the enantiomer with broken bridge A over that with
broken bridge B. Second, the sulfur atom was found to fill the same space (a small hydrophobic, electropositive
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cavity formed by three aromatic e-hydrogens, one each from Tyr-26, Phe-36 and Phe-99) that the ketone carbonyl
of FK506 fills.8 In FK506 derivatives, it has been shown that modifications to the ketone carbonyl results in
decreased affinity of the ligand for FKBP.13.15 This allows one to propose an important role for the sulfur atom.
The binding mode of the observed enantiomer allows for the simultaneous filling of that cavity with the sulfur
atom and hydrogen bond formation to the backbone NH of Ile-56 with good geometry. The observed position of
the sulfur atom now provides an explanation for the five fold difference in activity between a sulfide and a sulfone
(Table 2, Entries 3 vs. 4). In the observed bound conformation there is not sufficient room for a sulfone;

therefore, a different higher energy binding mode must result.

Figure 1: "Relaxed" stereo view of inhibitor § bound to FKBP-12. The bicyclic ring system makes VDW
contact with the hydrophobic residues V55, 156, W59, F46, Y82 and F99. The carbony! group makes an H-bond
to the backbone NH of 1-56. The sulfur atom fills a small hydrophobic, electropositive cavity formed by Y26, F36
and F99. The pyridine ring makes VDW contact with H87, 190, 191,Y82 and F99.

Prior to the crystallographic experiment, the possibility of the enantiomer of the modeled compound
binding to FKBP-12 was considered a possibility. On the basis of qualitative and quantitative analysis of
molecular dynamics simulations using Discover!6 and the CFF91 force field,!7 this possibility was considered
unlikely. In a retrospective analysis it was observed that molecular dynamics simulations in aqueous solution
using CFF91, CVFF, and AMBER, as implemented in Discover, were not capable of reproducing the crystal
structure of the complex. However, molecular dynamics simulations in aqueous solution using CHARMm?22!3
were able to reproduce the observed crystal structure.

We consider the development of quantitative computational methods to distinguish between different
enantiomers bound to a protein (diastereomeric complexes), and between different bound conformations of the
same ligand to be a very important issue. These situations are somewhat simplified since one does not need to
explicitly consider the energetics of either the protein alone or the ligand alone in aqueous solution, just the
energetics of the complex. We are presently addressing this and related issues.1?
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A novel class of ligands for FKBP-12 have been described and the crystal structure of the complex of 5
has been solved. The bound complex contains the enantiomer of the designed compound. This result clearly
demonstrates the significance of obtaining co-crystal structures as a prelude to further model based design.20
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