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AbstractÐSeveral ¯uoresceinated FKBP12 ligands have been prepared for a high-throughput ¯uorescence polarization assay. Kis
for FKBP12 rotamase inhibition by these ligands range from 1.3 mM to 32 nM, and their design is based on X-ray crystal structures
of FKBP12 complexed with known immunophilin ligands. # 2000 Elsevier Science Ltd. All rights reserved.

FKBP12 is the most prominent member of a growing
family of FK506 binding proteins (FKBPs) that are
known to be involved in many cellular processes as
chaperones and partners in multiprotein complexes.1

Most well known is the ability of FKBP12 to cause
immunosuppression by inhibition of calcineurin and
FRAP (also known as RAFT or mTOR) following
binding of the immunosuppressive drugs FK506 and
rapamycin, respectively.2 However, FKBP12 is also
found in complex with intracellular calcium channels
(RyR and IP3R)3 as well as members of the TGF-b
family of receptors4 where it most likely serves to mod-
ulate signaling. Recently, FKBP12 and related FKBPs
have been associated with recovery from neuronal
injury5 and implicated as targets for neuroregeneration
and neuroprotection.6±8

Screening for compounds that bind to FKBP12 has
primarily depended on a fairly laborious assay that
measures inhibition of the cis-trans peptidyl-prolyl iso-
merase (rotamase) activity of FKBPs.9 In this assay, a
variable existing fraction (usually <50%) of the cis-
isomer of an AA-Pro-containing ¯uorogenic tetra-
peptide is converted to the trans isomer by the FKBP.

The trans isomer, but not the cis, is a substrate for chy-
motrypsin, which releases the ¯uorophore, whose rate
of appearance can be measured in the presence of an
FKBP inhibitor. The assay su�ers from high back-
ground signal due to the tendency of the peptide sub-
strate to be in the energetically more favorable trans
conformation, as well as a severe temperature sensitivity.
As a result, it is not suitable for high-throughput
screening of FKBP-binding compounds.

Recently, a scintillation proximity assay for FKBP12
binding has been described that utilizes radiolabeled
FK506.10 We sought an alternative screen that would
avoid the expensive, hydrophobic ligand, and chose to
develop a ¯uorescence polarization (FP) assay. This
method relies on the decrease of a ¯uorescence signal
generated by a small molecule ¯uorescent FKBP12
ligand bound to the protein measured in the presence of
inhibitor. For this assay, we desired a ligand whose
FKBP12 binding and solubility properties were compa-
tible with reasonable screening concentrations of both
protein and small molecule substrates.

For convenience, we used ¯uorescein as the reporter
¯uorophore since its optical properties are well known
in this context.11 Ligand design was based on pre-
vious non-immunosuppressive FKBP12-binding com-
pounds.12±14 These take advantage of a small accessory
binding site that is connected to the primary pipecolate
binding pocket by a shallow hydrophobic groove to
increase a�nity by linking an aromatic ring to the
pipecolate/proline core via a short ester-alkyl chain
(Fig. 1). Since available SAR suggests that this second-
ary site is quite promiscuous, we decided to design our
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ligands such that the ¯uorescein moiety would be loca-
ted there in the bound complexes.

Synthesis

We initially prepared the proline-containing ligand 5
using monomethoxytrityl (MMT) amino protection as
shown in Scheme 1. Selective tritylation of 3-amino-
propanol 1 and esteri®cation of 3 proceeded smoothly.
Several attempts to carry out the MMT deprotection of
4 and FITC coupling without puri®cation of the free
amine led to low yields. In addition, co-elution of 5 and
FITC in all normal and reverse-phase LC systems
attempted required that the product be puri®ed by
iterative preparative TLC.

Believing that cleaner amino deprotection, with volatile
side-products, would be advantageous in this instance
we used a Boc protecting group in the preparation of
three pipecolic acid-containing ligands. The branched
side chain alcohol 8 was prepared in modest yield from
N-Boc-aminopropanol 6 by Dess±Martin periodinane
oxidation followed by Grignard addition of 3-phenyl-
propyl magnesium bromide to the resulting aldehyde 7
(Scheme 2).15

Three Boc-protected alcohols 9±11 were coupled to
either or both of the pipecolic acid ketoamides 12 and
13 (Scheme 3) with the lowest yields obtained for the
secondary alcohol 11. Removal of Boc from the result-
ing esters 14 proceeded smoothly to give the corre-
sponding amines which were immediately treated with
1 equiv of FITC (an excess was avoided to minimize
the remaining FITC which continued to co-elute with
the desired products). Yields of 15±17 were good-
to-moderate, and re¯ect some product loss in mixed
fractions after silica gel chromatography (1:1:0.01
CH2Cl2:EtOAc:AcOH).16

Rotamase Activities

Inhibition of the rotamase activity of FKBP12 by the
four ¯uorescent ligands was measured as described pre-
viously,9 except that the assay was run at 10 �C instead
of 0 �C. Results are shown in Table 1. The proline-con-
taining substrate 5 showed the least a�nity, in agree-
ment with most, though not all,17 literature studies that
favor the six-membered over the ®ve-membered core
structure. The two pipecolate esters that contain an
unbranched side chain, 15 and 16, were 2±3-fold more
potent than 5. Because the ¯uorescence intensity of
3,4,5-trimethoxyphenylketoamide 16 was signi®cantly
attenuated in comparison with the t-pentylketoamides 5
and 15, possibly due to intramolecular quenching, we
chose to incorporate the alkyl ketone in the ®nal ligand.
Appropriately branched pipecolate esters have, in gen-
eral, shown enhanced a�nity for FKBP12, with the
second branch providing additional hydrophobic inter-
actions with Phe46 and the ketoamide side chain of the
ligand itself.12,14 In accord with these observations,

Figure 1. Schematic representation of binding mode of most non-
immunosuppressive FKBP12 ligands (H-bonds exist between the amide
CO and the Tyr82 OH, and between the ester CO and the Ile56 NH).

Scheme 2.

Scheme 1.

560 G. M. Dubowchik et al. / Bioorg. Med. Chem. Lett. 10 (2000) 559±562



branched ester 17 was >10-fold more active than the
corresponding unbranched ligand 15.

Fluorescence Polarization Measurements

The FKBP12 binding assay was carried out in Costar
black ¯at-bottomed plates in a ®nal volume of 200 mL.
The indicated concentration of FKBP12 was incubated
for 15 min at room temperature with agitation in the
presence of 100 nM of the ¯uorescent ligand in assay
bu�er (25 mM HEPES, 100 mM NaCl, pH 7.4). Fol-
lowing incubation, the plates were read in a BMG
Fluostar Fluorescence Polarization Plate Reader. For

purposes of clarity, the results presented in Figure 2 are
normalized to a percent maximum polarization value
achieved with each of the di�erent ligands.

The best results were achieved with the branched ester
17 (Fig. 3). This ligand produced the strongest FP signal
at an FKBP12 concentration of 0.2 mM, a practical
screening concentration in a high-throughput setting.
Furthermore, its a�nity for FKBP12 was not so strong
that unreasonably high concentrations of competitive
binding substrates, having a�nities in the range expected
for screening hits, were required to displace it. In this
sense, ligand 17 represents a comfortable middle ground,
and it has been successfully used for general screening.
Results of those studies will appear in due course.
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Table 1. FKBP12 binding properties of ¯uorescent ligands

Ligand FKBP12 rotamase Ki (nM) FP IC50 (mM)a

5 1300 1.65
15 482 0.98
16 526 0.41
17 32 0.25

aFKBP12 concentration required to produce a half-maximal FP signal
at a ligand concentration of 100 nM.
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