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Peptidyl-Proline Isomerases (PPlases): Targets for Natural
Products and Natural Product-Inspired Compounds:

Miniperspective

Bryan M. Dunyak™* and Jason E. Gestwicki™¥

TDepartment of Biological Chemistry, University of Michigan Medical School, 1150 W. Medical
Center Drive, Ann Arbor, Michigan 48109, United States

*Department of Pharmaceutical Chemistry, University of California at San Francisco, 675 Nelson
Rising Lane, San Francisco, California 94158, United States

Abstract

Peptidyl-proline isomerases (PPlases) are a chaperone superfamily comprising the FK506-binding
proteins (FKBPs), cyclophilins, and parvulins. PPlases catalyze the cis/trans isomerization of
proline, acting as a regulatory switch during folding, activation, and/or degradation of many
proteins. These “clients” include proteins with key roles in cancer, neurodegeneration, and
psychiatric disorders, suggesting that PPlase inhibitors could be important therapeutics. However,
the active site of PPlases is shallow, solvent-exposed, and well conserved between family
members, making selective inhibitor design challenging. Despite these hurdles, macrocyclic
natural products, including FK506, rapamycin, and cyclosporin, bind PPlases with nanomolar or
better affinity. De novo attempts to derive new classes of inhibitors have been somewhat less
successful, often showcasing the “undruggable” features of PPlases. Interestingly, the most potent
of these next-generation molecules tend to integrate features of the natural products, including
macrocyclization or proline mimicry strategies. Here, we review recent developments and ongoing
challenges in the inhibition of PPlases, with a focus on how natural products might inform the
creation of potent and selective inhibitors.
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INTRODUCTION

Peptidyl-prolyl isomerases (PPlases) are a superfamily of molecular chaperones that play
widespread roles in protein folding and regulation through isomerization of proline
residues.12 Unlike other chaperones,® PPlases do not utilize cofactors, such as ATP, to drive
their activity; rather, they bind their “clients” using a shallow and promiscuous interface that
is thought to favor proline isomerization through conformational selection. As discussed
below, this deceptively simple mechanism is critical to the folding and function of numerous
“clients”. Indeed, genetic studies have shown that PPlases are essential to the function/
folding of proteins important in cancer, neurodegenerative disorders, viral infection, and
psychiatric disorders.*~’

Although the active site of PPlases is shallow and “undruggable”, nature has repeatedly
found ways of creating potent PPlase inhibitors, as exemplified by the macrocycles FK506,
rapamycin, and cyclosporin. These natural products have been key probes for understanding
PPlase function and were even used to identify members of the PPlase family.8 Previous
reviews have summarized the structure and function of PPlases,®10 their roles in
disease,11-14 and the history of natural products as inhibitors.1>-19 Here, we only briefly
discuss these topics before focusing on understanding how natural products have informed
recent developments in the search for selective, potent PPlase inhibitors.

PROLINE ISOMERIZATION IN PROTEIN FOLDING AND FUNCTION

Peptide bonds in proteins are dominated by the trans conformation due to the steric clashes
that occur at the a carbon in the cis orientation. However, proline is different (Figure 1A).
The cyclized side chain of proline samples both the cis and trans conformations, typically in
a ratio of ~20% cis to ~80% trans. Spontaneous isomerization of the Xaa-Pro bond is slow
(on the time scale of milliseconds to seconds), creating a particular challenge to protein
folding because the majority of folding events occur on the microsecond-to-millisecond time
scale.0 Thus, proline isomerization can be rate limiting, requiring PPlases to alleviate the
bottleneck (Figure 1B).2122 Beyond folding, this special feature of proline has been
exploited as a regulatory switch in signal transduction. For example, oncogenic p53 is
activated after binding of the PPlase Pin1, enhancing malignancy in transformed cells.23.24

SUPERFAMILY OF PPlases

PPlases are a superfamily consisting of the immunophilins and parvulins. In turn, the
immunophilin family is further subdivided into the FK506-binding proteins (FKBPs) and
cyclophilins. In humans, there are 18 FKBPs, 24 cyclophilins, and 3 parvulins.2>:26

Each of the PPlases contains at least one PPlase domain. This domain is composed of
antiparallel B-sheets that position a short a-helix. A shallow groove between the a-helix and
B-sheets forms a solvent-exposed active site that binds to the target proline (Figure 2).
Generally, the proline makes contact with an aromatic residue on the floor of the pocket.2”
In the prototypical PPlases FKBP12, cyclophilin A (CypA), and Pin1, this interaction is
facilitated by Trp-59, Phe-113, and Phe-134, respectively. It is not entirely clear how this
contact contributes to the catalytic mechanism, but some studies suggest that the PPlases
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may stabilize a twisted-amide transition state.28:29 In this model, stabilization is conferred
by hydrophobic residues within the pocket alongside crucial hydrogen bonds formed with
the proline backbone and adjacent residues (Figure 3A). In CypA, this interaction is carried
out by Arg-55, which forms hydrogen bonds with the proline carbonyl oxygen in the trans
state and proline amide nitrogen in the cis state.30 These interactions have been studied by
multitemperature crystallography, 31 revealing the dynamical nature of the active site and
supporting the idea that these contacts might favor isomerization. In contrast, less is known
about how members of the FKBP class perform their function. Mutagenesis experiments
have implicated Asp-37 and His-87 in forming the hydrogen bond network between the
pocket and bound client.32 In Pin1, there is an active site Cys-113 that was initially thought
to operate via covalent nucleophilic attack on the client. However, follow-up studies
demonstrated that the cysteine could be mutated to serine (C113S) or aspartate (C113D)
without loss of function, suggesting that hydrogen bonding is more important.33 This model
is further supported by the observation that Cys-113 is replaced by Asp-74 in the related
family member, parvulin-14.34 Beyond this residue, a substantial hydrogen-bonding network
involving His-59 and His-157 helps stabilize interactions with clients in Pin1.34 Thus, all of
the PPlases feature a key, floor residue that is supported by hydrophobic interactions and a
hydrogen-bonding network, although the exact identity of the residues often varies
substantially. The best inhibitors of the PPlase access all of these regions (Figure 3B), which
is a challenge given the extended dimensions of the pocket.

FK506-Binding Proteins

The FKBPs are a subfamily of 18 proteins and they are named for their apparent molecular
mass. The 12 kDa family member, FKBP12 (gene FKBP1A), is composed of just a PPlase
domain. It is widely expressed but especially abundant in skeletal and cardiac muscle, the
central nervous system, peripheral nerves, and blood cells.3%:36 The cellular roles of
FKBP12 are not entirely clear. Despite its abundance, FKBP12~/~ knockout mice exhibit a
relatively mild phenotype, including cardiac muscle defects and some behavioral
changes.37:38 These observations suggest that FKBP12 activity may potentially be partly
redundant with other PPlases.

Other members of the FKBP family have, in addition to at least one PPlase domain, other
modules. These other domains provide additional functions and often serve as scaffolds
between the PPlase clients and other cellular pathways. For example, FKBP51 (gene
FKBP5) and FKBP52 (gene FKBP4) share 70% sequence identify and possess three
domains, two PPlase domains (FK1 and FK2) and a C-terminal tetratricopeptide repeat
(TPR) domain.? The FK1 domain has PPlase activity, and it binds both rapamycin and
FK506 (FKBP51: KpRaPa ~ 3.7 nM, KpFKS06 ~ 104 nM. FKBP52: KpRaPa ~ 4.2 nM,
KpFKS08 ~ 23 nM)39 with similar affinity as FKBP12. The function of the FK2 domain is
still largely unknown. FK2 does not bind FK506 or rapamycin, and it does not have
measurable isomerase activity in vitro. Through their TPR domains, FKBP51 and FKBP52
interact with the unstructured C-terminal tail of heat shock protein 90 (Hsp90), which links
them to steroid hormone receptor maturation.9-42 Interestingly, despite their high homology
to each other, FKBP52 positively regulates the stability of androgen, glucocorticoid, and
progesterone receptors while FKBP51 acts as a negative regulator. Through this activity,
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Cyclophilins

Parvulins

FKBP52 has been implicated as a target in hormone-driven tumors, such as prostate cancer,
colorectal adenocarcinomas, breast cancer, and myelomas.® The functional differences
between FKBP51 and FKBP52 have been isolated to differences in the dynamics of FK1.43
In addition to steroid hormone signaling, FKBP51 and FKBP52 have been shown to interact
with intrinsically disordered proteins, such as tau.** In Alzheimer’s disease models,
FKBP51-Hsp90 is associated with tau retention, while FKBP52-Hsp90 is linked to tau
degradation through the proteasome.*°46 However,

FKBP52 is also associated with promoting tau aggregationt’+48 and inhibitors have shown
promise in tauopathy models.4® FKBP38 (gene FKBPS) has a single PPlase domain, which
is normally inactive. However, this family member also has a TPR domain and a putative
calmodulin-binding motif. Increases in Ca2* trigger a conformational change that recruits
calmodulin and activates the PPlase. In response to intracellular Ca%*, activated FKBP38
then becomes competent for binding to the antiapoptotic protein, Bcl-2. The exact role of
FKBP38 in the regulation of Bcl-2 remains enigmatic, with conflicting results suggesting
that FKBP38 may either promote or inhibit apoptosis.>°

Similar to the FKBPs, cyclophilins contain at least one PPlase domain and are widely
distributed across tissue types.5 The most abundant cyclophilin, cyclophilin A (gene PPIA),
was named after the discovery of its ability to bind cyclosporin A (Kp ~ 6 nM).52:53 CypD,
a mitochondrial cyclophilin, has been implicated in mitochondrial permeability transition
(MPT) pore opening, allowing for the release of proapoptotic factors into the cytosol.>* It is
thought that CypD binds the adenine nucleotide translocase (ANT) machinery directly.
Under stress conditions, this facilitates a Ca2*-mediated conformational change in ANT,
altering the role of ANT from a nucleotide transporter to an open pore.>® Analogous to
FKBP51/52, Cyp40 contains a TPR domain and interfaces with Hsp90, facilitating complex
formation with the estrogen receptor to modulate steroid hormone receptor maturation and
trafficking.56

The parvulins make up the smallest family of PPlases, consisting of: peptidyl-prolyl cis/
trans isomerase NIMA interacting protein 1 (Pinl), parvulin-14 (Par14), and parvulin-17
(Par17). The parvulins were originally discovered as a novel PPlase family in Escherichia
coli.>" Human parvulins can be subdivided into two groups by substrate specificity. Par14
and Par17, products of alternative transcription initiation of the parvulin gene,® are similar
to the prokaryotic parvulins and exhibit the conserved isomerase and chaperoning activity
characteristic to most PPlases. The exact cellular functions of Par14 and Parl7 are still
cryptic. Par14 has been found in both the cytosol and nucleus, reportedly binding DNA%®
and assisting in rRNA processing for ribosome biogenesis.89 Less is known about Par17,
although it has been shown to promote microtubule assembly5! and it contains a
mitochondrial targeting sequence, where it is implicated in DNA binding.52 Pin1, the third
member of the parvulin family, is unique among all PPlases because it only recognizes
prolines that are adjacent to phosphorylated Ser/Thr residues (i.e., the pS/T-P motif). Pinl
also has an N-terminal WW domain, which shares a similar client profile to the PPlase
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domain. The WW domain does not possess intrinsic isomerase activity, and it is not clear
why it has an overlapping substrate preference. It is thought that the WW domain may help
recruit Pinl to relevant clients, but the hand-off mechanism is unknown. What is clear is that
Pinl plays essential roles in cell division. For example, Pinl regulates the activity of the
phosphatase Cdc25, coordinating it with the cell cycle.®3 Pin1 also stabilizes the regulatory
protein, cyclin D1, preventing its degradation and mediating its nuclear localization through
the conformational switch of pThr286-Pro287.64

MECHANISMS OF BIFUNCTIONAL PPlase LIGANDS

Two of the PPlases, FKBP12 and CypA, were discovered as the molecular targets of the
natural products FK506, cyclosporin, and rapamycin, in a pregenomic example of
pharmacology leading to the discovery of a protein function.52:65-67 Subsequent work
showed that FK506 forms a ternary complex between FKBP12 (and other FKBPs%8) and the
phosphatase, calcineurin. Interestingly, cyclosporin and rapamycin have a conceptually
similar way of binding their targets. Cyclosporin brings together CypA and calcineurin,
while rapamycin facilitates the ternary complex between FKBPs and mTOR.%9 These
molecules are able to bind both targets and are thus naturally “bifunctional””; rapamycin
binds FKBPs with one chemical face and mTOR with another, nonoverlapping motif (Figure
4) to facilitate the formation of a stable ternary complex (Figure 4C). In each case, binding
two proteins at the same time is critical to the natural product’s immunosuppressive activity.
For example, FK506 blocks the dephosphorylation and activation of the transcription factor
NF-AT by using the steric bulk of FKBP12 to limit accessibility to the calcineurin active
site.”9 It would be difficult for a small molecule to do this effectively on its own because of
the shallow, open nature of the phosphatase pocket. Similarly, rapamycin blocks the G1to S
phase transition and prevents proliferation of activated T-cells by using FKBP12 to limit
accessibility of substrates to mTOR.”1-73 Thus, the PPlase (i.e., FKBP12) is not necessarily
the target that drives the biological affect; it is simply “along for the ride”. Over the past 2
decades, this strategy has been exploited in dozens of chemical biology strategies, in which
synthetic, bifunctional molecules, which are based on the natural products, are used to
control protein dimerization, stability, localization, and function.’4-79

ROLES OF PPlases IN DISEASE

More recently, the PPlases themselves have emerged as targets in their own right and for a
wide range of diseases.89 The breadth of diseases linked to PPlases is staggering, likely
because they have so many potential clients. For example, FKBP12 has been shown to
modulate the activity of ryanodine receptor, inositol 1,4,5-triphosphate receptor, TGF-g
receptor 1, and activin type 1 receptor.81:82 Similarly, as mentioned above, FKBP51 and
FKBP52 are critical for maturation and activity of the steroid hormone receptors, such as
androgen receptor (AR) and glucocorticoid receptor (GR),83 FKBP38 is linked to the
antiapoptotic proteins Bcl-2/Bcl-xL matrix metalloproteinase 9 (MMP9),50 FKBP25
regulates casein kinase 11 and nucleolin,* and FKBP13 and FKBP65 control elements of the
secretory pathway for protein trafficking and collagen biosynthesis.85:86 Similarly, the
cyclophilins are involved in collagen remodeling,8” function of the steroid hormone
receptors,°6:88 and activation of numerous transcription factors.>! The cyclophilins also play
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key roles in calcium signaling and homeostasis, through activities on multiple clients.5°:89
CypA binds the SH2 domain of Itk and regulates production of CD4* T},2 cytokines.®
Highly expressed in vascular smooth muscle cells, CypA may be excreted as an extracellular
growth factor as a response to oxidative stress to mediate ERK1/2%1 and CD14792 activation.
Other cyclophilins, such as CypD, have been implicated in Alzheimer’s disease through a
direct interaction with AB.%3 In addition to these roles, cyclophilins have been shown to be
critical host-factors that are co-opted by viruses.13 For example, CypA regulates multiple
steps in the human immunodeficiency virus type 1 (HIV-1) life cycle and is repackaged into
new virion particles during HIV replication and release. During hepatitis C virus (HCV)
infection, CypA and CypB bind the regulator protein NS5A and RNA polymerase NS5B,
which are critical for HCV replication. The breadth of clients showcases how the PPlase
active site must be shallow and malleable to accommodate a range of sequences and
topologies around the central proline. In addition to the challenges this feature creates in
target engagement, it also makes it harder to envision the development of selective, clinical
biomarkers for each PPlase.

After its discovery as a crucial regulator of cell cycle progression, Pinl has since been
shown to be involved in numerous phosphorylation-dependent regulatory mechanisms. Pinl
works in tandem with “proline-directed” kinases and phosphatases, binding and isomerizing
the peptide backbone of the pS/T-P motifs. This activity is especially important in the
context of pS/T-P motifs, as they have been shown to isomerize 8-fold slower than their
nonphosphorylated counterparts (Figure 5).94 For example, Pin1-mediated conformational
changes act as a switch that is required for specific cellular functions, such as activating
some transcription factors, facilitating dephosphorylation or degradation of some clients, and
targeting specific proteins to their subcellular localization.%> Accordingly, Pin1 has been
linked to a particularly widespread set of clients, including transcription factors, oncogenes,
and proteins that form amyloids.% However, what determines a Pin1 “client” has been
called into question.%” Indeed, putative Pinl binding sites have been challenging to
substantiate, such as the unconventional bivalent interaction as seen with protein kinase C%8
or the role in controlling phosphorylated tau function for microtubule assembly and
stabilization.%°

Through the ability to control the folding or function of so many clients, PPlases have been
suggested as potential drug targets for cancer, viral infection, neurodegeneration, and other
diseases. Indeed, Pin1 is one of the most widely overexpressed proteins in all cancers,100
including prostate, brain, breast, ovary, cervical, and melanomas.191 So what are the hurdles
to creating potent, selective, and clinically useful PPlase inhibitors? More importantly, what
are the solutions?

CHALLENGES TO THE DEVELOPMENT OF PPlase INHIBITORS
Shallow Binding Site

The PPlase binding site is shallow, creating problems with generating low molecular mass
inhibitors with sufficient potency. As discussed below, the key may be to incorporate
features of macrocyclic natural products. Indeed, nature has repeatedly used this strategy to
overcome the problem.

J Med Chem. Author manuscript; available in PMC 2017 November 10.
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Similarity between Paralogs

There is structural and sequence similarity between the active sites of the PPlases (see
Figure 3), making it more difficult to generate paralog-selective inhibitors. This conservation
is likely why known inhibitors often bind to multiple members of the PPlase families;192 for
instance, FK506 binds with tight affinity to FKBP12, FKBP38, and FKBP51 (see below). As
we will discuss, recent work has suggested that subtle structural differences between
paralogs might be sufficient to garner selectivity in some cases. However, we suggest that
more structures, likely combined with molecular modeling, are needed to better understand
(and exploit) the differences between members of the PPlase families.

Lack of Clinical Benchmarks

There is little clinical data available on PPlase inhibitors. The widely used drugs, FK506,
cyclosporin, and rapamycin, certainly bind to members of the PPlase family, yet they
manifest their immunosuppressive activity through other pathways. Other “pure” PPlase
inhibitors have been explored in peripheral neuropathy trials, but there is uncertainty as to
which PPlase (if any) might have been involved (see below). In some ways, this is a
“catch-22” problem that will only be resolved by selective, potent inhibitors. However,
additional clinical studies that measure the levels or contribution of specific PPlases in
disease, such as has been done most extensively with Pinl in cancer, would certainly inspire
and inform continued preclinical development of inhibitors.

Lack of Target Validation in Disease

In the previous sections, the observations that link PPlases to cancer, neurodegenerative
disease, peripheral neuropathy, and viral infection were briefly mentioned. However, we feel
that more could be done to validate these proteins as promising drug targets. With modern
CRISPR methods, it seems feasible and important to replace PPlases with hyperactive or
activity-dead mutants to specifically ask whether isomerase activity is required. PPlase
proteins often have scaffolding function, owing to their multidomain nature. In some cases,
the isomerase activity per se may not be relevant to the biological activity. For example,
treatment with FK506 does not block the function of FKBP51 in GR maturation because
FKBP51’s PPlase domain appears to play an ancillary or complex role in that process.103.104
In neurodegenerative disease, low Pinl expression has been correlated to increased neuronal
vulnerability and enhanced degeneration of neurons and neurofibrillary tangle formation
during AD-like pathologies.1% Pin1 is often sequestered into paired helical filaments (PHF)
of hyperphosphorylated tau,16 while soluble Pin1 is deactivated by oxidative stress at its
catalytic cysteine.107 Thus, activating, not inhibiting, Pin1 might be the best approach for
neurodegenerative diseases.100 More genetic studies may clarify how much activity, either
above or below normal, might be needed to achieve a therapeutic effect. Another benefit of
additional genetic studies on PPlases will likely be that we better understand the overlap and
redundancies between paralogs. Like in the kinase field, it seems possible that the best
clinical approach might include some aspect of “polypharmacology”; in other words,
simultaneous inhibition of multiple PPlases that share disease-relevant clients.

J Med Chem. Author manuscript; available in PMC 2017 November 10.
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In the next sections, we discuss recent successes in the synthesis of PPlase inhibitors. We
also go into additional detail on the remaining challenges for each of the major classes of
PPlases. We then conclude with some projections for where the field might go next.

INHIBITORS OF FKBPs

Much of what we know about the active site and inhibition of FKBPs comes from
pioneering studies using FK506. FK506 (1) binds FKBP12 with an affinity of ~0.4 nM, with
the key contacts made in a wide region of the molecule that includes the cyclohexylethenyl
group through the pipecolate a-ketoamide and into the pyranose ring (Figure 6). This region
makes contact with FKBP12 in a broad pocket that includes Trp-59, Phe-113, and Phe-134,

where the pipecolate appears to mimic the proline that is present in most native
clients.108.109

Using this information, Armistead et al. and Holt et al. developed the early synthetic (e.g.,
non-natural product) FKBP12 inhibitors, in which the pipecolate core of FK506 is retained
but the pyranose ring is replaced by various cyclic alkanes and substituted alkyl substituents
to improve rigidity (Figure 6).110.111 The best of these molecules contained a tertpentyl
substitution off the a-ketoamide, resulting in 2, which retained a significant portion of the
affinity for FKBP12 (K ~ 660 nM). Subsequent derivatization of the pipecolic ester to
represent the cyclohexylethenyl group afforded the phenylpropyl ester 3 (Kj ~ 110 nM) and
trimethoxyphenylpropyl ester 4 (K; = 12 nM). Finally, stereospecific substitution at the
carbinol center produced 5 and 6 (Kj ~ 7 nM and 300 nM, respectively). Crystal structures
confirmed that the compounds adopt a binding pose similar to FK506, largely driven by the
pipecolyl ring interaction with Trp-59. The cyclohexylethenyl chain, replaced by the
phenethyl fragments in the synthetic molecules, sits in the same hydrophobic groove,
engaging in hydrophobic interactions with Ile-56 and Tyr-82. The most significant deviation
from the FK506 pose occurs in the pyranose replacement, where a hydrogen bond with
Asp-37 is lost. Nonetheless, native salt bridges are maintained and the fer#-pentyl group
makes productive van der Waals contacts. Consistent with their design, these compounds
lack immunosuppressant activity because they can no longer bind calcineurin.

Additional optimization of this core scaffold by ARIAD Gene Therapeutics ultimately
resulted in 7112 (Figure 7A), also known as SLF, or synthetic ligand for FKBP. SLF was
designed to retain most of the affinity of 5 (Kj ~ 20 nM) while also including a pendent
carboxylate that could be used to add additional functionalities that point away from the
FKBP surface (Figure 7B,C). In this way, SLF became a “go-to” molecule for creating
chemical inducers of dimerization (CIDs).”4113 Typical CIDs were assembled by coupling
SLF either to itself (8)112 or to molecules with high affinity for promising drug targets, such
as amyloids (9)114 or HIV protease (10; Figure 8).11% Thus, the CIDs would act as artificial
versions of rapamycin or FK506, bringing the bulk of FKBPs to targets. CIDs also retained
some of the interesting pharmacology of the natural products. For example, they
accumulated in tissues with high FKBP12 expression, especially cells that express both
protein partners.116 CIDs have also been developed to alter protein stability, as has been
done by linking thalidomide (11) to induce FKBP12 degradation.11’

J Med Chem. Author manuscript; available in PMC 2017 November 10.
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While the CIDs are a powerful platform for chemical biology, they largely use PPlases as
steric bulk, much like the natural products. To revisit the creation of dedicated PPlase
inhibitors, a group at Guilford Pharmaceuticals developed improved ligands, such as 12
(GPI-1046), and assayed them for neurotrophic activity (Figure 9).118 One goal of that work
was to reduce molecular mass and improve ligand efficiency and cellular potency. While 12
only had an apparent K; = 7.5 nM, neurite outgrowth was promoted down to 1 pM, with
half-maximal stimulation at 58 pM. The less stable ester was replaced with a thioester or a
ketone to produce 13 (K ~ 11.0 nM, neurite outgrowth ECsg < 0.01 nM, ECyin < 0.03
pM)119 and 14 (equipotent to GPI-1046).120 Intrigued by the reason for the large disconnect
between binding affinity and cellular potency, Fischer and colleagues found that only modest
isomerase inhibition was required to achieve potency in peripheral nerve injury models such
that potency can be 100- to 1000-fold greater than apparent affinity.121 This relationship
between isomerase activity and neuronal function is promising, as it suggests that even
modest disruption of PPlase activity might produce robust outcomes.

It is not yet clear which FKBP family member, if any, is the relevant target for neurotrophic
activity, and there remains significant controversy. Hippocampal cultures from FKBP127/~
mice treated with FK506 displayed enhanced neurite outgrowth, suggesting other FKBP
family members, such as FKBP52, are involved.122 More recently, selective inhibitors of
FKBP38 (see below) have also demonstrated efficacy in neurotrophic models so that paralog
might also be a candidate. However, it remains unclear which PPlase is the best target. As
mentioned above, it seems that additional target verification studies in vivo are needed.

To this point in the review, we have discussed inhibitors of FKBPs that were derived from
FK506 as the starting point. Attempts at finding new scaffolds have been less successful. For
example, a screen of secondary metabolites yielded cycloheximide as a modest inhibitor of
FKBP12 activity (K = 3.4 uM; Figure 10). Modification of the core scaffold produced the
equipotent A-ethylethanoate derivative 15 (ME-CHX). Critically, the A-ethylethanoate
substitution decreased cytotoxicity by 150-fold, a known issue with cycloheximide-mediated
inhibition of ribosomal translation elongation.123 Compounds 12, 15 and an analog with
improved metabolic stability, 16, were screened against a panel of purified FKBPs.
Surprisingly, they demonstrated at least 6-fold selectivity for FKBP38.121 Inhibition of
FKBP38 is known to suppress its proapoptotic functions in neuroblastoma cells, so the
neurotrophic activity of 12, 15, and 16 might originate, in part, from FKBP38 inhibition.124
Recently, this work has been expanded to test the cycloheximide scaffold and its derivatives
as novel antibacterial agents.12

This relative selectivity for FKBP38, while still somewhat modest, is surprising because
selectivity for individual members of the FKBP family has been considered a major
challenge. Hausch and colleagues designed a series of compounds based on 7, which is
approximately 100- to 500-fold more potent for FKBP12 than FKBP51 or FKBP52,
providing a promising avenue toward this goal.3%126 Initially, this group generated a small
series of compounds in which the pipecolate core, cyclohexylethenyl motif, and pyranose
ring region were systematically varied. No significant potency was gained, supporting the
idea that the binding pocket is highly conserved. An alignment of FKBP12 with the
structures of FKBP51 (Figure 11) and FKBP52 showed that the 40s and 80s loops were the
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only regions with significant deviation, likely giving rise to the selectivity for FKBP12. In
addition, the authors noted that FKBP51 had a Leu at position 119 in the 80s loop, while
FKBP52 had a Pro. The crystal structure of 7 in complex with FKBP51 was analogous to
that of similar ligands bound to FKBP12, with the exception of the fertpentyl group in the
pyranose region, which was rotated 180° to engage the 80s loop. With the observation that
this region of the binding pocket is expanded in FKBP51, the authors focused on the fert-
pentyl substituent. Replacement of the fert-butyl with a cyclohexyl moiety mimicking
FK506 (17*) increased potency 2-fold versus 7. Synthesis of a-keto acids for coupling to
the pipecolate core provided final compounds as a mixture of diastereomers (denoted *).
Replacement of the phenoxyacetic acid with phenoxyethylmorpholine further improved
potency by 2-fold and afforded a submicromolar inhibitor of FKBP52 (18*). To determine
the effect of stereochemistry, 19 and 20 were purified and found to be equipotent (Figure
11). Thus, stereochemistry does not seem to alter the binding preference of the pyranose
group, possibly due to flexibility of the 80s loop. Despite the relatively weak affinities, this
study was one of the first reported SAR analyses to explore paralog selectivity.

Expanding on this work, synthetic derivation was abandoned in favor of a “bump-hole”127
approach previously employed to engineer highly specific ligands for mutant FKBP12F36V
variants (21, Shld1).75:128 Ethyl substitution in the a carbon position of the a-keto amide
results in over 1000-fold selectivity versus FKBP12WT and subnanomolar affinity for the
mutant, FKBP12F36V (Figure 12). Adapting 21 to FKBP51F67V and FKBP52F67V  the
pendent ethyl was substituted in favor of a slightly bulkier vinyl group and the pipecolate
core was replaced by 4,5-dehydropipecolate (22).129.130 While testing derivatives of 22
against mutant FKBP51 and FKBP52, it was discovered that some complementary ligands
(23, 24) still had modest affinity for FKBP51WT. From analysis of the crystal structure, the
a carbon allyl substitution induces a conformational rearrangement of the active site, with
Phe-67 rotating down to contact Lys-58 and Lys-60. This induced fit conformation occurs to
a lesser extent in FKBP52, as the bulky Thr-58, Trp-60, and Val-129 are relatively occluded
from full rotation. A small series of compounds was designed with increased bulk at the a
carbon position. Cyclohexenyl derivatives 25 and 26 bound FKBP51 in the low hanomolar
range in the same binding mode as the weaker derivatives. Reduction to the cyclohexyl
resulted in a further increase in potency to single digit nanomolar with over 10 000-fold
selectivity for FKBP51 over FKBP52. Significantly, these are the first ligands to be highly
selective for FKBP51 without appreciable FKBP12 binding. Additionally, induced fit
ligands are approximately 20-fold higher affinity than the natural ligand FK506 (Kj ~ 93
nM). Consistent with the known mechanism of FKBP51, inhibition by 28 blocked FKBP51-
mediated attenuation of the GR negative feedback loop, resulting in a decrease of secreted
corticosterone in an animal model. This work presents a promising therapeutic strategy for
new antidepressants in patients with hyperactive stress hormone secretion networks or
hyperinducing FKBP51 gene variants.131 Follow-up studies with these compounds further
validated the FKBP51 dependence in various pathologies. For example, in a melanoma
model, abnormal activation of the transcription factor NF-xB is modulated by FKBP51
activation of IKK. Inhibition by 27 and 28 prevented IKK degradation and blocked NF-xB
nuclear translocation.132 By use of inflammation and neuropathic pain models, 28 was
shown to be effective at reducing hypersensitivity resulting from glucocorticoid receptor
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signaling/activation and subsequent FKBP51 up-regulation. Significantly, FKBP51 blockade
did not prevent acute pain responses and may be an effective strategy for novel analgesics to
treat longlasting pain.133

Optimization of this scaffold was subsequently performed to address the low ligand-
efficiency and poor physicochemical properties that limit CNS penetration of the previous
series (Figure 13).134 Because the core pipecolate possessing the cyclohexyl ring had good
activity, a series of aminoamides were appended off of the pipecolic acid. Replacement of
the ester moiety resulted in a large reduction of molecular weight while retaining modest
potency and selectivity for FKBP51 (29). Derivation in this position highlighted a geminal
dimethylamide (30) with a substantial increase in potency, and this chemical functionality
was further explored. A series of carbocycles was also prepared, affording the high affinity
analog 31. This compound was only slightly less potent than 28, with 20-fold selectivity
against FKBP12 and no appreciable binding to FKBP52. Notably, the molecular weight of
31 was dramatically reduced, with improvements in ligand efficiency and CNS-related
physicochemical properties.

INHIBITORS OF CYCLOPHILINS

To date, most of the inhibitors of cyclophilins are based on the natural product cyclosporin A
(32, CsA, Figure 14) using semisynthetic approaches.13> NIM811 (33), originally developed
by Sandoz, was discovered as a biosynthetic derivative of 32 containing an isoleucine
substitution at position 4.138 Addition of the isoleucine group in this position is sufficient to
block binding to calcineurin and prevent immunosuppression. In a model of HIV infectivity,
33 was found to be ~5-fold more effective than 33, with favorable pharmacokinetics in
animals. Similarly, 33 was found to be effective in models of HCV infection, demonstrating
5-fold increased activity over 32 and equipotent across genotypes. Compound 33 was
recently found effective in a phase 2 clinical trial in patients given interferon combination
therapy but ultimately discontinued due to weaker antiviral activity when compared to
alisporivir.137 Alisporivir (34) is a nonimmunosuppressive 32 derivative that is
semisynthetically modified with an A-methylalanine substitution at position 3 and A-
ethylvaline replacement at position 4.138 Alisporivir potently inhibits HCV replication and
was shown to be effective in patients co-infected by HIV and HCV.139 Like 33,
coadministration of alisporivir with interferon and/or ribavirin is often required for
maximum effectiveness. At the time of this writing, multiple clinical trials of alisporivir are
ongoing. In addition, SCY-635 (35) has been developed as a novel cyclosporin thioether
with a favorable pharmacodynamics profile. Preclinical testing showed 35 to potently inhibit
HCYV replication in vitro. It is also orally bioavailable and partitions into hepatocytes upon
administration. Like other cyclosporins, 35 is synergistic with other antivirals, including
ribavirin and interferon.140 In an effort to better understand the role of extracellular
cyclophilins, derivatives of CsA have been developed to be cell-membrane-impermeable.141
One example, MM284 (36), was derivatized by modification of the MeBmt residue with a
carboxy benzimidazole.142 This compound retained high Cyp inhibition, yet lacked
immunosuppressive activity. In models of inflammation, extracellular 36 was effective at
blocking Cyp-mediated leukocyte chemotaxis. Further, this action was shown to be selective
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for CD147 and treatment of 36 had no effect on CD147~/~ mice, highlighting a role for the
Cyp-CD147 interaction in inflammation.

More recently, small molecule inhibitors of the cyclophilins have been developed as an
alternative to the synthetic challenges of 32. Another goal of those studies is to create
paralog-selective inhibitors because cyclosporin itself has a Kp between 2 and 10 nM for
most members of the family. As mentioned above, CypD is an especially promising target,
as this PPlase plays roles in calcium signaling. To find specific CypD inhibitors, a small
library was synthesized based on a quinoxaline scaffold (Figure 15).143 Three compounds
from this series had moderate activity in biochemical assays. Compounds 37 and 38 were
equipotent for CypA and CypD with K; values of ~3 1M, while 39 preferentially bound
CypD over 10-fold tighter than CypA (2 M vs 21 xM). In a mitochondrial swelling model,
39 was the most potent and it was able to block pore opening at 100 4M. While preliminary,
this work suggests that the quinaxaline scaffold might be a reasonable starting point for
more potent and selective inhibitors. Toward that goal, Valasani et al. used the available
structure—activity relationships to build a three-dimensional pharmacophore model of the
CypD active site. Then, a test set of thiazolo[3,2-]pyrmidine and sulfonamide derivatives
was docked into the refined CypD structure.144 The highest scoring ligand (40) was
synthesized and found to bind to CypD with Kp = 149 nM.145 Similar to the quinoxaline-
based inhibitors, 40 was able to prevent CaZ*-dependent mitochondrial swelling in a dose-
dependent fashion.

An alternative scaffold based on aryl 1-indanyl ketones,46 also reported to target Pinl
(Figure 16),147 has been shown to differentiate between CypA and CypB. Compounds 41
and 42 primarily inhibit CypA, with 5- to 10-fold less activity for CypD. However, these
compounds have similar affinity for CypA and Pinl. Other analogs, such as 43 and 44, did
not enhance selectivity. For example, 43 had CypA Kj ~ 1.2 4M and CypB K; = 2.1 (/M.
Although it had weak potency, compound 45 was the only compound to show a preference
for CypB (CypB Kj = 63 M and CypA Kj = no inhibition). Taken together, this study
highlights the challenges in developing selective inhibitors of the cyclophilins.

Computational modeling has proven to be particularly effective in the discovery of high
affinity cyclophilin ligands, likely due to the availability of numerous, high-resolution
crystal structures. In one approach, virtual screening was performed using a crystal structure
of CypA in complex with 32 (PDB code 1CWA).148 On the basis of the binding interactions
of 32, a pharmacophore model was designed and screened for in the ACD-3D database. A
subset of compounds was selected and docked against CypA, identifying a common
diarylurea scaffold amenable to synthetic optimization (representative hit 46; Figure 17).
ICgq values of hit compounds were experimentally determined, with 46 inhibiting CypA
isomerase activity at ~300 nM. After a brief SAR analysis, bulky electronegative groups in
the phenylurea para-position were found to be well-tolerated (e.g., 47), improving the ICsgg
up to 20-fold (14 nM). A similar derivative based on a benzylurea scaffold with the benzyl
phenyl ether moiety replaced by an ethyl acetate group was crystallized with CypD,
confirming the computational model (Figure 17).149 The urea core forms productive
hydrogen bonds with the side chains of GIn-105 and Asn-144, critical interactions observed
in the virtual screen. Optimization of this scaffold to improve solubility further validated this
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binding orientation and demonstrated a high affinity 2-arylpyrrolidine substitution with high
affinity (48).1%0 In an alternative approach, a purely de novo drug design strategy was
attempted using an iterative ligand building method (LigBuilder 2.0).151 The central urea
linker from 46 was chosen as a seed and oriented into the CypA binding pocket. Procedural
generation and optimization were then performed to build the ligand on either side of the
linker. Of the top scoring molecules generated, 38% shared a common scaffold, which was
then selected for follow-up (49; Figure 18). Resynthesis of 49 and evaluation in a CypA
isomerase assay in vitro demonstrated inhibition with an 1Csq of 32 nM, which was slightly
more potent than 32 (ICsq ~ 41 nM). Surprisingly, almost any replacement of the 94
fluorene ring resulted in a dramatic loss of potency. For example, a naphthyl substitution
decreased activity in the isomerase assay to over 10 £M. In contrast, the 2,6-
dihydroxyphenyl ring was amenable to substitution with the 2,6-dichloro (50) and 2-
chloro-6-fluoro (51) substitutions substantially increasing potency to 2.6 nM and 1.5 nM,
respectively. In general, halogens and electronwithdrawing groups were necessary for
binding, while electron-donating substituents resulted in a loss of activity. One interesting
observation was that large asymmetric substitutions on the phenyl ring were well tolerated,
such as the benzyl ether (52, ICsq ~ 12 nM). Docking studies suggest that this series of
compounds likely reach across the substrate recognition site in CypA (see Figure 3). The

9 H-fluorene interacts with a pocket neighboring the proline-binding site, with the acylurea
linker acting as a bridge and making backbone hydrogen bonds to Ala-103. In the proline
pocket, the phenyl ring favorably stacks above Phe-113, positioning ring substitutions to
engage with a hydrophobic cleft above His-126. Similar to 46 and 47, solubility is a likely
concern with this scaffold. Additional SAR improvements can likely be made in the 94-
fluorene pocket and through investigation into the favorable binding of the benzyl ether
substitution, hopefully improving the physicochemical properties of this series. Continued
structural and SAR studies of these scaffolds are necessary, with these compounds
representing a promising lead for future small molecule cyclophilin therapeutics.

INHIBITORS OF PARVULINS

Due to the role of Pinl in numerous human diseases including cancer and
neurodegeneration, finding high affinity, cell permeable inhibitors has been an ongoing
pursuit. 152 Discovered as the first Pin1 inhibitor, juglone (53, Figure 19) functions by
covalent modification of Cys-113 in the active site.153 Juglone is produced by the black
walnut tree, and its inhibition of Pinl activity has been suggested to contribute to the toxicity
of black walnuts. However, the exact binding interaction of 53 is unclear and this compound
has proven to have other cellular targets, likely acting nonspecifically.1>* To date, no
inhibitors are known to mimic this mode of inhibition. Interestingly, 53 does not inhibit the
FKBPs or cyclophilins, whereas Pinl has not been shown to have any appreciable affinity
for the natural products, rapamycin, FK506, or cyclosporin (1, 32). This observation is
perhaps surprising, due to the similarity between active sites across the PPlases. However,
Pinl is unique among the PPlases because it binds to phosphopeptides through a positively
charged surface. Thus, Pinl inhibitors must navigate this feature of the pocket by including
highly electronegative substituents. The challenge is that these same features often reduce
membrane permeability. Other natural product derivatives (Figure 19) have been shown to
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inhibit Pin1 while also engaging the phosphate-binding region, providing an alternative
approach toward novel scaffolds. Screening a panel of phosphate-binding proteins, 54
demonstrated selectivity for Pinl and was inactive against the other proteins. Compound 54
is the synthetic corticosteroid prodrug dexamethasone-21-phosphate and modestly inhibits
Pin1 activity (Kp = 2.2 £M).1%5 By NMR and X-ray crystallography, 54 was shown to bind
across the proline pocket to the cationic groove formed by Lys-63, Arg-68, and Arg-69.
Using a similar screening strategy, the vitamin A derivative all-trans-retinoic acid (55) was
found to be a submicromolar inhibitor of Pinl (Kp = 0.8uM) and bound similarly to 54,156
The cyclohexene ring is anchored into the proline binding pocket with the alkene chain
extending the carboxylic acid into the cationic phosphate-binding region. Treatment with 55
suppresses proliferation of mouse embryonic fribroblasts and leads to Pin1 degradation but
has no effect in Pinl knockout cells or those harboring inactivating mutations in the binding
site. In a model of acute promyelocytic leukemia (APL), 55 facilitates degradation of the
fusion oncoprotein promyelocytic leukemia-retinoic acid receptor a (PML-RAR-a) and was
shown to be due to the inhibition of the stabilizing effect of Pinl. This was further
demonstrated in a breast cancer model where Pinl is highly expressed and possesses pro-
oncogenic activity. Inhibition of Pinl by 55 limited tumorigenicity of MDA-MBA-231 cells
injected into mice in a dose-dependent manner. Inhibitors based on these natural products
may be a promising starting point for future therapeutics similar to the evolution of FKBP12
ligands.

Because of the challenges with the Pin1 site, early inhibitors were primarily based on
peptides. Although these molecules have not been useful as probes in cells or animals, they
have illustrated the features of the pocket. In one approach, a cellulose membrane-bound
combinatorial library of 5-mer N-acetylated peptides incorporating unnatural amino acids
surrounding a phosphothreonine residue was screened against the PPlase domain of Pinl
and bound hits were detected by Western blot. The strongest hit contained a pipecolate core
not unlike those found to strongly inhibit FKBPs. Optimization of the peptide resulted in 56
(Ac-Phe-D-Thr(PO3H5)-Pip-Nal-GIn-NH,; Figure 20), which had a Kj ~ 18 nM. Switching
the phosphothreonine residue to the L-isomer (*) resulted in a 30-fold loss in activity (Kj ~
550 nM), and removing the phosphate group ablated the interaction. Addition of the WW
domain in the full-length protein did not alter binding preference.1® This result is important
because it suggests that the WW domain does not act as a sink for the compounds.
Crystallization of the L- and D-peptide versions of 56 yielded surprising results, with nearly
identical conformations of the sterecisomers. In both structures, the electronegative
phosphate group was anchored into the phosphate recognition pocket, contacting Lys-63 and
Arg-69. The pipecolic core rested in the proline-binding pocket, making hydrophobic
contacts with Leu-122, Met-130, and Phe-134. The naphthylalanine side chain extends up
and stacks on a hydrophobic shelf formed by Leu-122 and the top of the Met-130 side
chain.158 On the basis of these structures, the reasons for the large difference in binding
affinity are not obvious. Strikingly, the Pinl active site bound to these peptides adopted a
conformation that is reminiscent of FKBP when bound to rapamycin, with both pipecolic
rings in nearly identical orientations. However, rapamycin has no measurable affinity for
Pin1, so the affinity of the peptides for Pinl must originate through the phosphate-binding
surface.
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The Pei group employed an alternative strategy based on cyclic peptides.%9 Cyclic peptides
have the advantage of being relatively resistant to proteolytic degradation. Also, they are
conformationally rigid, which can increase affinity for the target and enhance membrane
permeability,160.161 which is likely how cyclosporin retains good pharmacokinetic properties
despite its high molecular mass. The Pei group’s library consisted of the tripeptide core
containing an electronegative amino acid (DpThr, D-pSer, Glu, D-Asp) and an isomerizable
hydrophobic (Pro, D-Pro, L-Pip, L-A-methyl-Ala, L-A~methyl-Leu, L-N-Methyl-Phe) and a
general hydrophobic, aromatic, or positively charged residue. Flanking residues of the
tripeptide consisted of amino acids resistant to proteolysis, and then the ring was cyclized
with anywhere between zero to three D-Ala residues (Figure 21). These compounds were
screened on-resin for binding to Pinl, and from this screen, 51 peptides were isolated. Hit
compounds overwhelmingly comprised D-pThr-Pip-Xaa in the tripeptide core, with a
hydrophobic residue in the third position. There was no preference for cyclic ring size or
flanking residues to the core tripeptide, suggesting that the binding site is fully occupied by
the core. Four peptides with the D-pThr-Pip motif were chosen for resynthesis. Importantly,
these peptides were cleaved from resin and purified to measure affinity in solution. As
expected, the D-pThr-Pip-Nal tripeptide was again the most potent, with flanking residues
having minimal effect. The analogous D-pSer-Pro-Nal tripeptide core was significantly less
potent by nearly 20-fold, and the glutamate-L- A-methyl-Phe bioisostere did not bind. To
increase the likelihood of membrane permeability, an octaarginine sequence was then
appended to the cyclic peptides via a disulfide bond that is reduced in the cytosol (Figure
21). Consistent with Pinl inhibition, cells treated with 57 (1 M) underwent cell cycle arrest
and the stability of negatively regulated Pinl clients was increased. More recently, the
cyclo(FPRRRRQ (with @ = L-napthylalanine) motif and its bicyclic versions have been
developed as cell-penetrating peptides that efficiently escape the endosome and deliver small
peptides to the cytosol.162 This bicyclic peptide approach was applied to the previously
described cyclic peptides targeting Pinl, resulting in the development of 58, which bound
Pinl with Kp ~ 72 nM (Figure 22). Treatment of HeLa cells with this peptide resulted in
inhibited cell growth and increased stability of Pinl clients. Subsequent library generation
and medicinal chemistry optimization resulted in a nonphosphorylated derivative, replacing
residues from the N-terminal with D-Fpa-Fpa and Phe, respectively (Figure 22, green
residues, Kp = 120 nM).162 This compound was active in cell-based assays, and future
structural studies will hopefully elucidate the important binding interactions independent of
the phosphate-binding site.

Motivated by the binding interaction between CypA and the nonribosomal peptide 32,
Duncan et al. used a phage panning technique to develop cyclic peptides that bind Pinl
without the requirement of the charged phosphate group.164 The phage library contained 1.2
x 109 heptamers flanked by terminal cysteine residues, which should form disulfide bonds
and cyclize on the oxidizing surface of the phage. After multiple rounds of selection, a
common core of Tyr-Pro-Glu-Val was identified. By use of this sequence, a representative
peptide was chosen (59, CRYPEVEIC) due to its good solubility and rapid cyclization
(Figure 23). In an assay for Pinl inhibition, 59 was able to inhibit isomerase activity at 0.52
UM, whereas the linear peptide 60 inhibited at nearly 100-fold higher concentration (44 1M).
NMR titration experiments with 59 revealed chemical shift perturbations throughout the
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active site, with significant peak broadening of residues Cys-113 and Ser-154. In contrast,
residues in the basic pocket, such as Lys-63 and Arg-68, were not affected, suggesting that
they do not interact with the glutamic acids. NMR was also used to explore the effects of
cyclization on the conformation of the peptide. The low RMSD that was obtained in the total
structural ensemble from the 1H-IH NOESY NMR experiment suggested a constrained ring
system that is tightly folded, likely providing the high binding affinity of even the
nonphosphorylated peptide. Future studies will be required to further understand the
interaction of Pinl with 59 and potential ways that this starting point may be leveraged in
drug discovery efforts. This scaffold is particularly interesting because it does not seem to
rely on interactions with the phosphate-binding cleft for tight affinity.

Pfizer initiated a program to discover small molecule Pinl inhibitors. Guided by the Pinl
crystal structure, FKBP ligands were modeled in the active site and inhibitors designed
(Figure 24). The first compound, 61, was found to be a low micromolar inhibitor (K ~ 1.7
M), which was promising for a de novo lead.16% Attempts to optimize the charge by
replacing the phosphate with a sulfate (62) resulted in a significant drop in potency (9.5 xM).
Reinstalling the phosphate and appending a propylbenzene to the carbinol center improved
potency to 0.8 £M and inhibited cell cycle progression of CA46 cells at 15 1M (63).
However, these compounds were not ligand efficient, so the scaffold was abandoned.
Instead, a combinatorial library of 200 molecules was screened for examples that would
interact in place of the pipecolyl ester using the phenylalaninol phosphate as the minimum
binding epitope. This screen identified two actives, the biarylamides 64a and 65a, which
inhibited Pinl at 100 nM and 179 nM, respectively. Cocrystallization of 65¢ (Figure 25)
revealed a new binding pose, with the compound rotated to allow the phenyl group to dock
into the hydrophobic proline pocket and placing the benzothiophene on the hydrophobic
shelf formed by Leu-122 and Met-130. Analysis of this new interaction in the binding
pocket revealed a small cavity at the meta-phenyl position and a set of analogs were
designed to place a small hydrophobic group in this position. Any small substitution at this
position resulted in a significant boost in binding affinity, with the 3-fluoro substitution
improving potency by 10- to 30-fold. However, these compounds were inactive in whole cell
assays, likely due to the poor permeability of the phosphate group. Subsequent derivatization
of the benzothiophene 65a and 65b to replace the phosphate group with either a primary
alcohol or carboxylic acid inactivated the compound. However, the carboxylic acid
replacement in 64a did retain some activity (Kj ~ 28 M), and this compound was the
subject of a limited SAR series.166

Fluorine substitution at the 3-phenyl position improved potency 2-fold, and a modest
extension of the linker to the carboxylic acid added another 2-fold improvement (Figure 26).
However, this increase was limited to the smaller hydrophobic substitutions on the phenyl
ring, whereas the affinity of larger 3-trifluoromethyl and 3-chloro groups was not improved.
The larger groups likely push the phenyl ring slightly out of the pocket; thus linker extension
of the carboxylic acid moves this group far into the basic groove of the phosphate
recognition pocket. In addition to modifications of the phenyl ring system, phosphate
bioisosteres, such as tetrazoles, acylaminothiazoles, and acylsulfonamides, were tried in
replacement of the carboxylic acid. Unfortunately, only the tetrazole retained the same
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activity as the carboxylate. To further examine the effect of linker lengths, a series of
compounds with extensions between the amido carbon and phenyl ring were synthesized
(66-68, Figure 27). Extending the phenyl ring deeper into the prolyl pocket resulted in a
marginal increase of potency (18 M, 0.89 1M, and 1.87 1M, respectively), likely due to
rigidifying the linker. Replacing the saturated alkane to the more rigid alkene afforded the
largest gain in binding affinity (~20-fold), but adding an unsaturation was detrimental (2-
fold reduction compared to the single alkene).

While many of the derivatives of 64a afforded enhanced binding affinity and Pinl inhibition
even down to the nanomolar range (67), these compounds were still inactive in cell-based
assays. An analysis of the pharmacokinetic properties of 67 and its analogs demonstrated
acceptable cell permeability and a favorable ADME profile, suggesting that the lack of
cellular activity is likely due to other factors, such as limited potency (binding to Pinl
without interruption of isomerase activity), failure to compete with native clients, or off-
target binding. Although disappointing, this work provided some of the first membrane
permeable, low molecular mass inhibitors of Pinl. Working off this scaffold, it was
hypothesized that a larger aromatic ring system in place of the phenyl group could be used to
retain binding in the proline pocket while also making additional hydrogen bonds with
Cys-113 and Ser-154.167 These residues are important for the catalytic isomerase activity of
Pinl but might only be reached by a larger ring system extending out of the proline pocket.

Consistent with this idea, a series of benzimidazole derivatives was found to potently inhibit
Pin1, with the fluoro derivatives 69¢ and 70c binding at 80 nM and 76 nM, respectively
(Figure 28). Similar to other structure—activity relationships, hydrophobic halogen
substitutions (69a,c and 70a,c) at the 3-position were significantly more potent than methyls
(69b and 70b). The crystal structure of 69c in complex with Pinl resolved a hydrogen bond
network spanning the entire Pinl active site (Figure 28). In this structure, the benzimidazole
bridges both Cys-113 and Ser-154, donating a hydrogen bond to Ser-154 and receiving a
hydrogen bond from Cys-113, which likely facilitates the increased potency of 69c¢ versus
the 3-fluorophenyl derivatives (Figure 27). Unfortunately, none of these compounds had
cellular activity, despite the improved binding affinity for Pinl. It was hypothesized that
export by P-glycoprotein efflux pumps may be responsible. Further, the amidyl carboxylate
moiety was implicated in recognition by P-glycoprotein, so a series was synthesized in
which the amides were replaced by dihydrothiazoles (Figure 29). These molecules retained
potency for Pinl and demonstrated surprising good antiproliferative activity in cancer cells.
The naphthyl dihydrothiazole 71, which mimics 69c, lost potency for Pinl by over 10-fold
but still had antiproliferative activity in HT29 colorectal cells. Optimization of the naphthyl
substituent afforded the 9-methylfluorene (72), which improved in vitro potency to 320 nM
and was able to inhibit cell cycle progression at 4.2 4M. An additional scaffold was prepared
containing a 2,6-dichlorophenethyl substitution on the dihydrothiazole ring (73). This
compound further enhanced potency against Pinl isomerase activity, but it was
approximately equipotent in the viability assays. Increasing the rigidity of the alkane chain
between the 2,6-dichlorophenyl and dihydrothiazole core (74) resulted in a 3-fold loss in
Pinl inhibition but improved antiproliferative activity to 1.9 M (~2-fold). The
dihydrothiazoles represent a novel class of cell permeable PPlase inhibitors. Further
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optimization of the interactions between 72—74 and peripheral residues of the Pinl binding
site may be a possible strategy.

Using a different, NMR-based screening approach, a group at Vernalis discovered small
fragments as ligands for Pin1 (Figure 30).168 They used inhibitors 56 and 65a to saturate the
binding site, followed by screening of approximately 1200 fragments in displacement
assays. From the screen, the most potent active was an indole-2-carboxylic acid (75) with an
ICs0 ~ 16 M. The crystal structure of 75 bound to Pinl showed that the indole contacts the
bottom of the proline-binding site. In addition, a key hydrogen bond was made between the
indole nitrogen and Cys-113, positioning the carboxylic acid into the phosphate recognition
pocket. Starting from 75, an SAR campaign tested substitutions around the phenyl ring and
the effects of heteroatom replacements. The nitrile benzimidazole 76 was found to be the
most potent, with 1IC5q = 10 ¢M. This compound was similar to those found by the Pfizer
group (69a—c, 70a—c) and bound in a similar orientation. Because no significant gain in
potency was afforded, the original hit was expanded to 77, which allowed for further
modification of the scaffold. Specifically, the intent was to engage with the Pinl
hydrophobic shelf formed by Leu-122 and Met-130. Although 77 was less potent than 75, its
superior ligand efficiency suggested that this approach may be fruitful. Focusing on
substitutions of the a carbon in the carboxylic acid, an ethyl substitution was made (78) to
test whether binding was preserved (Figure 31). Indeed, 78 bound with an ICsg = 78 1M, a
10-fold improvement over the parent compound 77. Interestingly, replacement of the ethyl
group with a benzothiophene derivative (79) was almost identical to that of the Pfizer
group’s 70a—c, although arrived at by a distinct approach. Compound 79 had an ICgq of 0.83
LM in the PPlase assay (but bound to Pinl with a Kp ~ 10 ¢M by SPR), so it was not as
potent as 70a—c. This observation suggests that the lack of substitution on the benzimidazole
ring may be important. Lastly, the most potent compound in the series was 80 with ICgq »
0.025 M, which was designed to interact with the hydrophobic shelf adjacent to the active
site. Unfortunately, none of the compounds in this series were able to inhibit cell cycle
progression in PC3 prostate cancer cells. It was thought that the benzimidazole may be too
polar and not sufficiently membrane permeable. To reduce the polar surface area, analog 81
was synthesized with the goal of increasing membrane permeability. This compound was
approximately 100-fold weaker with 1C5q ~ 2.6 £M, but it inhibited cell cycle progression in
the PC3 model at 12.5 M. Importantly, it also prevented cyclin D1 expression, which would
be expected for Pinl inhibition. To further modify this scaffold, Nakagawa et al. focused on
the region of the molecule that resides in the proline-binding pocket.169 After a limited SAR
series, 82 was found to be the most potent inhibitor (IC5¢ ~ 3.0 M) and contains an
aliphatic azocane substituent. This group imparts some conformational flexibility and
reduces aromatic planarity common to most other Pin1 scaffolds. Critically, the ring size
was shown to be crucial for orientating the carboxylic acid into the phosphate-binding site.

Due to the relative lack of cellular activity from their first screen, the Vernalis group
performed a second fragment screen of 900 compounds (Figure 32). These fragments were
tested for the ability to inhibit Pinl isomerase activity on a model substrate.1’0 Compounds
were screened at 40 mM, leading to 40 initial actives. In a follow-up NMR screen, only 2 of
the 37 novel hits were genuine binders (83 and 84), and the nearest neighbor 85 had 1Csg ~
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180 M. Optimization of this imidazole fragment led to a series of compounds that were
substituted at the 3-position (86; Figure 33), a site shown previously to be effective in
engaging the proline pocket. This fragment had ICsg ~ 20 M, while replacement of the 3-
chloro for a 3-fluoro as well as conversion of the methylimidazole to a carboxylic acid (87)
further enhanced potency (0.32 wM). Unfortunately, these compounds also lacked cellular
activity. Subsequent modification at the 3 position resulted in a series of amide substituted 3-
chlorophenylimidazole inhibitors with modest affinity for Pinl (88, ICsq ~ 2.0 £/M) that
were cell penetrant and able to inhibit cell division and Pin1-mediated cyclin D1 expression
at low micromolar levels. Furthermore, these compounds had a unique binding mode in
Pin1, flanking Lys-63 and Arg-69 in the phosphate recognition pocket. It is worth noting that
these fragments do not engage the hydrophobic shelf, as seen with other potent Pinl
inhibitors (64-74). Additional modifications, perhaps from the phenyl ring, may allow for
dramatic improvements based on previous structural insights.

CONCLUSION

PPlases are challenging drug targets. Their active sites are shallow, hydrophobic, and often
degenerate between family members. In this way, inhibition of the PPlase active site has
many of the same challenges as other protein—protein interaction sites.1”1-173 Despite these
complications, the natural products FK506, rapamycin, and cyclosporin bind PPlases with
tight affinity and, in some cases, with some paralog specificity. Indeed, analogs of the
natural products, including everolimus and pimecrolimus, have been approved for immune
and oncology indications and have been explored in aging models.1”3 However, there have
not been any approvals for molecules that exert biological activity through inhibition of a
PPlase. One of the major hurdles has been pharmacokinetics and membrane permeability.
The natural products use the special properties of macrocycles, such as intramolecular
hydrogen bonds and cellular partitioning,169:174 to engender “druglike” properties into a
large scaffold that might normally be considered too large. The macrocycles are, therefore,
able to cover more “real estate” and access the important sites on the PPlase: the proline
pocket, hydrophobic shelf, and the hydrogen-bonding network. Thus, one problem with
smaller molecules might be the disconnect between their low molecular mass and the far-
flung features of the active site. For similar reasons, the field of protein—protein interactions
has long realized that macrocycles provide a privileged scaffold for building inhibitors.17>
More specifically, it has become clear that there are multiple categories of protein—protein
interactions, which are defined based on the buried surface area and the affinity of the
interaction.176-178 Those contacts that are limited to small surfaces (<200 A2) and high
affinity (<200 nM) have been found to be suitable for inhibition by molecules that largely
conform to Lipinski’s rules. Successful inhibitors of these interactions often bind directly to
the site of the protein—protein interaction and orthosterically compete for the native partner.
In contrast, protein—protein interactions that cover larger areas (>200 A2) and with weaker
affinity (>200 nM) have been less amenable to inhibition by molecules less than 500 Da.
Rather, these contacts are often best approached with either macrocycles or allosteric
inhibitors that bind a distal site and cause conformational changes in the active site.1”® The
interactions between PPlases and their clients are more similar to the broad, weak
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interactions of the latter category. Therefore, macrocycles or allosteric inhibitors might
provide a more viable path forward.

One of the major questions in the field of PPlase inhibitors has been whether it is possible to
create paralog-selective molecules. Developments in the past 3 years have provided renewed
enthusiasm, and we anticipate that continued exploration of these scaffolds will further
improve paralog selectivity. However, an alternative to these molecules may be to create
compounds that inhibit PPlases by targeting their other domains. It is becoming increasingly
clear that other domains in PPlases contribute to their functions. Molecules that bind these
regions might avoid the degenerate, shallow features of the PPlase domains to generate
selectivity. Regardless of which strategy is ultimately successful, molecules that selectively
inhibit individual PPlase paralogs will serve important roles as chemical probes (or tool
molecules), even if they are not therapeutics. For example, selective inhibitors might isolate
the intertwined biological roles of related PPlases, such as FKBP12, FKBP51, and
FKBP52.180 Sych tools are important because genetic deletion often results in compensation
and obscures the roles of the paralog. In contrast, chemical probes allow temporal control
and selective disruption of individual functions, such as isomerase activity. Thus, chemical
probes could be used to identify the clients that are most reliant on individual paralogs.
Selectivity will also benefit clinical progression. For example, the roles of certain PPlases in
disease (e.g., FKBP51 in neuropathic pain or depression) are not yet clear, and a
combination of selective molecules and genetic methods (e.g., CRISPR) could finally
validate these targets.

The unique and singular roles of Pinl in regulating the function of phosphorylated clients
have prioritized this PPlase in recent drug discovery efforts. Yet Pinl has proven to be one of
the most difficult PPlases to inhibit. The basic nature of the active site has presented distinct
challenges absent in the other PPlases. Of the strategies reported to date, those small
molecules evolved from carboxylic acid fragments seem to be most effective in mediating
cell cycle arrest and destabilization of Pinl clients, likely because they balance Pinl binding
affinity with the need for membrane permeability. However, this complication in inhibitor
design may ultimately prove beneficial by enhancing the possibility of paralog specificity.
An underexplored strategy might exploit the Cys-113 in Pinl to create covalent, irreversible
inhibitors. This residue has been shown to be reactive and is modified by the natural product
juglone. Furthermore, the potential involvement of Cys-113 in the catalytic mechanism
means that covalent modification would be expected to directly inactivate Pinl. In addition,
interactions with the cysteine could be slowly reversible, because Pinl inhibitors would not
necessarily have to continually occupy the binding pocket. Even if such molecules were not
advanced as therapeutics, they might serve as chemical probes.

What is next for PPlase inhibitors? One lesson is that chemical series, exemplified by 7 and
56, that start from peptides or natural products lend themselves to relatively rapid evolution
of affinity. In other words, scaffolds that have incorporated features of FK506, rapamycin,
and cyclosporin, such as the proline isosteres in 57 and cyclization in 59, tend to produce
tight affinity, even early in the medicinal chemistry campaign. While synthetic inhibitors
have shown surprising efficacy and some selectivity, an overview of the field suggests to us
that the natural products can still teach us about PPlase inhibition. Moreover, recent work
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has shown that the PPlases have a wide array of clients, suggesting that they evolved to have
malleable, broad, and promiscuous active sites. Therefore, compounds with nontraditional
mechanisms, such as covalent inhibitors and those that take advantage of induced fit, may
provide a way to garner high affinity with relatively low molecular weight. Thus, we favor a
mindset in which PPlases inhibitors are subject to the same development “guidelines” as
inhibitors of protein—protein interactions.
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ABBREVIATIONS USED

ANT adenine nucleotide translocase
APL acute promyelocytic leukemia
AR androgen receptor

CypA cyclophilin A

FKBP FK506-binding protein

GR glucocorticoid receptor

MMP9 matrix metallopeptidase 9

MPT mitochondrial permeability transition
mTOR mammalian target of rapamycin
NF-AT nuclear factor of activated T cell

PML-RAR-@ncoprotein promyelocytic leukemia-retinoic acid receptor a
PPlase peptidyl-proline isomerase

rmsd root-mean-square error

TGF-B8 transforming growth factor g

TPR tetratricopeptide repeat domain
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Figure 1.

Proline samples discrete cis and trans conformations, which isomerize on the time scale of
milliseconds to seconds: (A) depiction of the proline conformations, with the backbone cis
and trans orientations highlighted as an orange dotted line; (B) average time scales of
processes important in protein folding, illustrating that uncatalyzed proline isomerization
can often be a rate-limiting step.
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FKBP12

Figure 2.
Ribbon diagrams of the PPlase domains of FKBP12, CypA, and Pinl. The client binding

pockets are depicted as a mesh cavity (produced in PyMol). PDB ascension codes are 1FKB,
1BCK, 1PIN, respectively. Note that the overall folds are similar, featuring a surface created
by g sheets and a short helix.
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Cyclosporine Pin1 D-Peptide

Figure 3.
PPlases have a shallow, broad active site. (A) Surface representation of the PPlase domains

from FKBP12, CypA, and Pinl. The active site is shaded in gray, with critical residues
shown. (B) High-affinity ligands for each PPlase are shown bound. Surface charges are as
follows: blue is positive; red is negative.
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FKBP12
Binding Domain

mTOR
(FRB Domain)

mTOR
Binding Domain FKBP12

Rapamycin

Figure 4.
Bifunctional binding mode of the natural product rapamycin. (A) Rapamycin forms a ternary

complex with FKBP12 and the FRB domain of mTOR. The regions for binding FKBP (red)
and mTOR (blue) are shown. (B) The pipecolyl a-ketoamide of rapamycin anchors it into
the proline-binding pocket while leaving the triene exposed for interactions with mTOR. (C)
Crystal structure of the FKBP12-rapamycin—-mTOR ternary complex, showing the
rapamycin-mediated organization of the proteins (PDB code 1FAP).
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Proline-directed
Phosphatases
e.g.Cdc14

Proline-directed
Kinases
e.g. Cdk2
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\\\ PinT /

Pinl is required for conformational switching of phosphoserine-proline. Increased steric
bulk and transient backbone interactions of the phosphate group dramatically slow the rate
of intrinsic isomerization when compared to the unphosphorylated dipeptide. Pinl
selectively recognizes the negative charge adjacent to the proline and removes the
isomerization bottleneck. The cis and trans conformations are illustrated as an orange dotted
line.
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1, FK506

Figure 6.
Design of first high affinity, synthetic ligands for FKBP12. The FKBP12 binding motif of

the natural product FK506, 1, is highlighted in red.
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A)

Figure 7.
Synthetic ligand for FKBP (7, SLF) binds with high affinity. (A) Chemical structure of SLF.

(B) Binding of SLF to FKBP52 represented as an electrostatic surface (PDB code 4LAY).
(C) Alternative stereoscopic representation of SLF binding to FKBP52 with the X-ray
diffraction electron density map shown in yellow. Critical residues surrounding the proline-
binding pocket are highlighted in green.

J Med Chem. Author manuscript; available in PMC 2017 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dunyak and Gestwicki

Figure 8.
Representative SLF-based chemical inducers of dimerization (CIDs).
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Figure 9.
Nonimmunosuppressive FKBP12 ligands.
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K;Values of FKBP Ligands (nM)

12 15 16

FKBP12 306+26 1180+49 >10000
FKBP38 48.0+3.5 14.1+0.8 85%24
FKBP51 447+32 958+70 >10000
>10000

FBKP52 936+ 108 1690 + 95.5

Figure 10.
Cyclohexamide derivatives potently inhibit FKBP38.
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Figure 11.

Q)
ey
HO -
O\ o\
(%O\:/\/@O/ %O\/\/@O/

19 20
D) K;Values of FKBP Ligands (uM)
7 17* 18* 19 20
FKBP12 0.17+£0.05 0.06 +0.004 0.06 +0.004 0.13+0.03 0.343 +0.09
FKBP51 836+098 4.20+0.11 202+0.14 58+06 3.9+06
FKBP52 105+15 213+021 0.89+0.06 42+0.3 3.5+06

Structure—activity relationship of FKBP ligands modified in the pyranose region. (A) Crystal
structure of FKBP51 bound to SLF. The 40s loop (maroon) and 80s loop (pale green) are
highlighted as regions that deviate from FKBP12. (B) Crystal structure of FKBP12 after
alignment, with an overlay of SLF from (A). The 80s loop (dark green) is in closer
proximity to the active site than in FKBP51/52. (C) Derivatives of the pyranose region to
alter binding to the 80s loop and their (D) affinity to FKBPs.
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Figure 12.

Ligands designed to bind to the mutant FKBP51F67V had reduced affinity for FKBP51WT. It
was found that FKBP51 could undergo induced fit upon binding, resulting in the discovery

of high-affinity, selective inhibitors.
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Figure 13.
Optimization of specific FKBP51 inhibitors. Replacement of the ester moiety with

geminally substituted amides retained affinity and selectivity for FKBP51.
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Figure 14.
Cyclosporin A (32, CsA) and representative derivatives. Modifications to the CsA scaffold

were designed to prevent calcineurin binding by disrupting residues important for that
interaction or block membrane permeability as in 36 (red).

J Med Chem. Author manuscript; available in PMC 2017 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Dunyak and Gestwicki

Ry

Y
Ri= = N o N .
% 37 > 2}stw/ }L'“N’_’?

Figure 15.
Synthetic ligands designed to be selective for CypD.
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Figure 16.
Indanyl ketones designed for selective binding to cyclophilin paralogs. ICgq values in
micromolar.
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Figure 17.
Results of the computational design of CypA ligands based on a diarylurea pharmacophore.

A crystal structure of this scaffold forms critical hydrogen bonds with GIn-105 and Asn-144
(dotted yellow line, PDB code 4XNC).
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Figure 18.
Expanding the urea pharmacophore produced low nanomolar CypA inhibitors.
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Figure 19.

Juglone is a natural product that covalently modifies Pinl.
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Figure 20.
Representative pipecolic acid-based phosphopeptide inhibitor of Pinl.
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Peptide Kp (uM) Q_\%N Q

cyclo(D-Ala-Sar-D-pThr-Pip-Nal-Tyr-Gln) 0,047 + 0.0022 f - O NH
cyclo(D-Ala-Gly-D-pThr-Pip-Nal-Orn-GIn)  0.048 + 0.004 HO\;‘O j/\/\/N

cyclo(D-Ala-lle-D-pSer-Pro-Nal-Orn-GlIn) 0.92 +0.06 )‘\ \g/\/
cyclo(D-Ala-GIn-Glu-Mpa-Nal-Tyr-Gln) No Binding I\/\/

y

Figure 21.
Cyclic peptide Pinl inhibitors were modified by the appendage of a membrane permeable

octaarginine sequence using a disulfide linker. Reduction in the cytosol releases the free
inhibitor.
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Figure 22.
Pinl cyclic peptides were modified to yield cell-active bicyclic derivatives.
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Figure 23.
High-affinity Pinl inhibitors discovered using phage panning. Importantly, these molecules

lack the electronegative groups that have hindered membrane permeability and cellular
activity of other scaffolds.
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Figure 24.
Small molecule Pinl inhibitors based on pipecolic acid. Note the resemblance to FKBP

inhibitors, such as SLF.
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Figure 25.
Biarylamides potently bind Pinl. Cocrystallization with 65c (PDB code 3IKG) revealed a

new binding orientation with the phenyl ring oriented in the proline-binding pocket.
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Figure 26.
Derivatives of 64a were explored to investigate binding in the proline pocket.
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Figure 27.
Extensions of the phenyl ring were designed to increase rigidity and stabilize binding in the

proline pocket.
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Figure 28.
A series of benzimidazoles mimic the linker length extension and potently inhibit Pinl. The

most potent derivative, 63c, binds to Pinl in a similar orientation as 59c. (PDB code 4TYO).
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Dihydrothiazole derivatives of the benzimidazole inhibitors were synthesized to avoid P-
glycoprotein efflux. Compounds had high-affinity for Pinl and prevented cell cycle

progression in cells. All IC5q values are in micromolar.
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Figure 30.
Early fragment evolution of Pinl inhibitors.
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Figure 31.
Pinl fragments designed to engage the hydrophobic shelf adjacent to the proline pocket.
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Figure 32.
Second-generation fragments for Pinl.
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Figure 33.
Pinl fragments expanded into the phosphate-binding pocket exhibit a new mode of binding

that flanks Lys-63 and Arg-69 (PDB code 2XPB).
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