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Abstract The Hsp90-associated cis-trans peptidyl-prolyl
isomerase—FK506 binding protein 51 (FKBP51)—was
recently found to co-localize with the microtubule (MT)-
associated protein tau in neurons and physically interact
with tau in brain tissues from humans who died from
Alzheimer’s disease (AD). Tau pathologically aggregates in
neurons, a process that is closely linked with cognitive
deficits in AD. Tau typically functions to stabilize and
bundle MTs. Cellular events like calcium influx destabilize
MTs, disengaging tau. This excess tau should be degraded,
but sometimes it is stabilized and forms higher-order
aggregates, a pathogenic hallmark of tauopathies. FKBP51
was also found to increase in forebrain neurons with age,
further supporting a novel role for FKBP51 in tau
processing. This, combined with compelling evidence that
the prolyl isomerase Pinl regulates tau stability and
phosphorylation dynamics, suggests an emerging role for
isomerization in tau pathogenesis.
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Rationale for Investigating the Chaperone/Tau Interface

In Alzheimer’s disease, cognitive dysfunction and neuronal
loss are critically linked to the intracellular accumulation of
the microtubule-associated protein tau into filamentous
tangles [1-5]. Tau pathology is also found in approximately
15 other neurodegenerative diseases, some caused by
mutations in the tau gene [6]. Genome-wide association
studies show that tau expression is increased in sporadic
Parkinson’s disease (PD) [7].

Abnormal processing and accumulation of tau are
necessary for tangle formation. Recent evidence suggests
that proteins that are able to constrain the structural freedom
of tau are essential for tau processing and participate in its
accumulation [8-22]. Interactions of tau with a specific
family of proteins termed cis-trans peptidyl-prolyl iso-
merases (PPlases) has already revealed the importance of
this protein family to regulate tau phosphorylation cycles
and its overall stability [19, 23, 24]. There are approxi-
mately 30 PPlases in the human proteome that are known,
and each of these may play a role in regulating tau activity
and stability. Our goal is to review that which is already
known about tau and PPlases, as well as describe other
PPlases that may be implicated in tau pathogenesis in the
future.

Cis-Trans Peptidyl-Prolyl Isomerization of Tau

A high percentage of prolines are common to most
intrinsically disordered proteins, and tau is no exception
[25]. Nearly 10% of full-length tau is composed of proline
residues, and more than 20% of the residues between 1151
and Q244 are proline. Most of the known functions of tau
are mediated through MT binding domains distal to this
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proline-rich region. However, many disease-associated
phosphorylation events that seed tau tangle formation occur
at proline-directed serine (S) and threonine (T) residues in
this proline-rich region (Fig. 1). This strongly suggests that
important structural changes in the proline-rich region of
tau are regulating tangle formation. In particular, cis-trans
isomerization around these prolines modulates protein
phosphatase binding and activity at specific S/T sites. It is
well established that peptidyl-prolyl isomerase 1 (Pinl)
regulates tau phosphorylation in concert with protein
phosphatase 2A (PP2A), specifically at T231 and T212
[26]. Recent findings by our group suggest that FKBP51
has a similar activity to Pinl; however, unlike Pinl,
FKBP51 coordinates with Hsp90 to isomerize tau. It also
cooperates with distinct protein phosphatases that may also
be novel participants in tau biology [27]. Thus, prolyl
isomerization of tau is a major activity that regulates tau
function, but this family of proteins is just beginning to be
explored in this capacity.

Pinl and Parvulin

Parvulin was the first PPlase discovered in Escherichia
coli. The human orthologue of parvulin is Pinl. Like other
PPlases, Pinl catalyzes the isomerization of the peptide
bonds between pSer/Thr-Pro in proteins. It has been most
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Fig. 1 PPlases isomerize tau within its proline-rich region to regulate
tau phosphorylation dynamics. The proline-rich region of tau, which
spans amino acids 231 to 255, contains a number of Ser/Thr
phosphorylation sites that have been implicated in disease. Both
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tightly coupled to the regulation of the DNA damage repair
mechanisms and cell cycle transitions; however, Pinl co-
localizes with phosphorylated tau in AD brains and
upregulation of Pinl reduces pathogenic tau species (for
extensive review of the role of Pinl in tau biology see
[23, 24]). Oxidative modifications to Pinl that occur in AD
brain downregulate its function. Pinl belongs to the
Parvullin family of proteins and possesses important post-
phosphorylation regulatory activity. Pinl cooperates with
proline-directed kinases, including CdK5 and GSK3f3, each
of which is implicated in tau pathogenesis by promoting
hyper-phosphorylation. Pinl also cooperates with protein
phosphatases to regulate tau phosphorylation. Thus, Pinl
alters the conformation of tau, allowing other proteins to
dynamically regulate its phosphorylation state. Interesting-
ly, tau that is mutated at residue 301 from proline to
leucine, a mutation that is the most common cause of
human tauopathy, is actually stabilized by Pinl, while wild-
type tau clearance is promoted by Pinl.

FK-506 Binding Proteins and Immunophilins

The drug FK-506, also known as tacrolimus, is a drug
largely known for its role as an immunosuppressant. FK-
506 inhibits that production of a number of cytokines that
facilitate the adaptive immune response. Much of the

23 255
SLPTPPAREPKKVAVVRTPPKSPS:

oy

GSK3p

O

CDKS Phosphatases

®@ O

255
—SLPTPPAREPKKVAVVRTPPKSPS.

i

CdKS5 and GSK3f phosphorylate tau at proline-directed Ser/Thr sites
and phosphatases can also remove these phosphate motifs. Thus,
PPlases may play a critical part in regulating phosphorylation
dynamics of tau
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immunosuppressive activity of FK-506 is ascribed to its
inhibition of a particular immunophilin, the FK-506 binding
protein 12 (FKBP12) [28]. FKBP12 is a peptidyl-prolyl cis-
trans isomerase that is vital for protein transportation and
folding, particularly in immune cells. Not only is it
abundant in immune cells in the brain, but it is also found
in neuronal cell bodies and neurites. FKBP12 granules have
been found within neurofibrillary tangles in the hippocam-
pal CAL1 subfield, subiculum, entorhinal cortex, and angular
gyrus of AD patients. Through immunoflourescence,
FKBP12 and tau were found concurrently within NFTs.
These results suggest that FKBP12 may be involved in
neuronal cytoskeletal organization and in the metabolism of
tau protein in AD [29]. In fact, treating mice transgenic for
human mutant tau with FK-506, reduced tau pathology and
cognitive deficits [30]. This rescue was largely attributed to
the immunosuppressant activity of FK-506, working
through FKBP12. However, there have been molecules
identified that can inhibit FKBP12 without the immuno-
suppressant activity, similar to FK-506, and these molecules
have demonstrated positive effects in both neuronal health
and calcineurin binding [31, 32].

FKBP52, another member of the FK506-binding protein
family, has largely been linked to steroid hormone receptor
maturation [33, 34]. FKBP52, together with its counterpart
FKBP51, contains tetratricopeptide repeat domains, which
uniquely allows each protein to interact with the two major
chaperone scaffolds, Hsp90 and Hsp70; neither FKBP12
nor Pinl possess this property. This relationship of both
FKBP51 and 52 with steroid hormone receptors and Hsp90
has lead to a number of studies about their role in sexual
development and fertility. However, FKBP52 is also
abundantly found in the brain, and it binds specifically to
tau when it is hyper-phosphorylated [35]. FKBP52 moves
towards neurites and concentrates in terminal axons.
Neurite outgrowth is favored by FKBP52 overexpression
and impaired by FKBP52 knockdown [36]; also selective
ligands can demonstrate neurite effects similar to FKBP52
overexpression [37]. FKBP52 prevents tau from promoting
microtubule assembly in vitro [38]. Thus, activating
FKBP52 may be a novel therapeutic strategy for tauopa-
thies in the future.

FKBP51, which is 70% similar to FKBP52, has a much
less robust role in fertility and sexual development than
FKBP52 [39]. In fact, until recently, the role of FKBP51
was largely unknown. It is now thought that FKBP51 is
very involved with brain function in adulthood, perhaps
antagonizing the effects of FKBP52 that is dominant during
pubescence. Interestingly, genetic variance within the
FKBP51 gene (FKBPS) is associated with the frequency
of depressive episodes [40]. This activity has been linked to
glucocorticoid receptor activity. Thus, an important role for
FKBP51 in the brain is emerging. Recent work suggests

that FKBPS1 can prevent tau clearance and has the ability
to regulate its phosphorylation [19]. FKBP51 knockdown
reduced tau levels, while FKBP52 knockdown preserved
tau in cells. FKBP51 enhanced the association of tau with
the chaperone protein Hsp90, which is critical for tau triage
decisions [19]. FKBP51 also cooperated with tau to
stabilize microtubules. Moreover, FKBP51 PPlase activity
was shown to be essential for most aspects of tau regulation
[19]. FKBP51 also maintained expression levels throughout
the neuronal body, while FKBP52 accumulates specifically
within terminal axons [36]. Neurite outgrowth is favored by
FKBP51 knockdown, but impaired by its overexpression.
Thus, the balance between levels and distribution of
FKBP51 and FKBP52 could be important factors for
neuronal mechanisms.

Other FK-506 binding proteins (FKBPs) exist as well.
For example, FKBP38 is highly expressed in the brain [41]
and has been implicated as necessary for neural tube
development [42]. This protein lacks a tetratricopeptide
repeat domain, similar to FKBP12, and therefore cannot
interact with Hsp90 or Hsp70. Nevertheless, a specific
inhibitor of FKBP38 was found to be neuroprotective
against ischemia. In fact, inhibition of this protein was
actually neurotrophic following ischemia [43]. There are a
total of eight FKBP proteins listed on the Online Mendelian
Inheritance of Man database. Some of these are specific to
distinct organelles and tissue types; however, it is possible
that each of these could affect prolyl isomerization of tau if
proximity could be achieved. This family of relatively
understudied proteins could be essential drug targets for
future development.

Cyclophilins

The final family of peptidyl-prolyl isomerases that we will
address here is also the largest family of these enzymes; the
cyclophilins. The first cyclophilin, cyclophilin A, identified
was also the original PPlase enzyme identified, as it was a
cytosolic binder of the immunosuppressant cyclosporine A
[44—47]. Other multiple cyclophilin family members have
since been identified. The known and related genes are
listed in Table 1. While these proteins have yet to
demonstrate a regulatory function for tau, it is highly likely
that at least some will influence its isomerization. Cyclo-
philin A (PPIA), B (PPIB), and D (PPID) are all abundant
in the brain making these the most likely to regulate tau
structure.

PPIA has primarily been studied in the context of HIV
and other viral factors (reviewed in [48, 49]). It has also
been shown to enhance the stress response in a yeast model
[50]. Though it has been shown to exist in extremely high
levels in the brain, no characterization directly involving tau
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Table 1 Cyclophilins and related proteins

Gene Protein Normalized (approximation) Hybridization intensity Reference
of gene expression profile in human brain [68, 69]
PPIF Cyclophilin F/Cyp3 500 [62]
PPID Cyclophilin D/Cyp40 1,000 [54-58, 70]
PPIE Cyclophilin E/Cyp33 100 [71]
PPIA Cyclophilin A 6,000 [50, 51, 53]
PPIH Cyclophilin H 100
PPIC Cyclophilin C 75
PPIB Cyclophilin B 1,000 [59-61]
PPIG Cyclophilin G 100 [63]
PPIL1 CYPL1 200 [64]
PPIL2 CYP60 50 [72]
PPIL3 CYPJ 300 [65]
PPIL4 NA 100 [66]
COASI1 KIAA1245 7 [67]
COAS2 PPIAL4A 77?7 [67]
PPIAL4B 7? [67]
PPIAL4C 7? [67]
PPIAL4D 7? [67]
PPIAL4E 7? [67]
PPIALAF 77 [67]
PPIALAG 77 [67]

NA not applicable

Those marked with (???) indicate no gene expression profile has been conducted

has been performed. PPIA has been shown to regulate a tau
phosphatase, calcineurin (reviewed in [49]). A study showed
that even though calcineurin activity was decreased in AD,
calcineurin levels as well as PPIA levels were no different
between AD and normal tissue [51]. Inhibitors of PPIA have
been generated [52]. Also, PPIA was found to bind dynein
motor complexes and is involved in axonal transport [53].

PPID, one of the cyclophilins abundant in the brain, has
been linked to axonal degeneration; this action was
demonstrated to occur through internal destabilization
rather than external tau-related mechanisms [54]. However,
PPID has a TPR domain, linking it to Hsp70 and Hsp90
[55, 56]. Moreover PPID regulates Hsp90 ATPase activity
(reviewed in [49, 57, 58]). Thus, manipulations of PPID
could likely lead to alterations in tau, but these changes
could be through regulation of Hsp90 ATPase activity,
rather than tau isomerization. Nevertheless, PPID is an
interesting candidate from this family that warrants further
characterization.

PPIB was found to bind DnaK from E. coli, the
equivalent of mammalian Hsp70 [59]. Thus, PPIB may be
a potential target for chaperone manipulation leading to
changes in tau stability. PPIB is also involved in multiple
steps leading to synaptic vesicle release, specifically the
isomerization of integral membrane proteins such as
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synapsin [60, 61]. The prevalence of PPIB in neuronal
function again suggests the possibility of a tau interaction,
thus making it a potential drug target.

PPIF is strictly mitochondrial [62]. Thus, it is not likely
to regulate tau interactions. CYPL1 was identified from
fetal brain samples suggesting a role in neuronal develop-
ment [63]. CYP60 was identified to not be a genetic factor
in AD. CYPJ was also identified from human fetal brain
[64]. PPIL4 was also characterized from human fetal brain;
however, it lacks a “classical” cyclophilin isomerase motif
[65]. COASI is found in all cells but at very low levels;
however, the highest signal for COAS], as assessed by RT-
PCR, came from amygdala [66]. COAS2, PPIAL4A, or
PPlase A-like 4A, were each detectable in most tissues with
the highest levels in the brain [67]. Thus, the cyclophilin
family represents a robust pool of new candidates that may
regulate tau biology.

Conclusions

Identifying new molecular targets that can remove or repair
abnormal tau is essential for developing the next generation
of therapeutics for AD, PD, and other tauopathies. PPlases are
a unique family of targets in that these enzymes can
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dramatically alter the conformation of proteins without the
consumption of energy. Over the past decade, Pinl has been
shown to regulate tau in multiple ways, and strategies to
regulate Pin1 activity are in development. We have shown that
the Hsp90 co-chaperone FKBP51 may be such a target.
FKBP51 co-localizes with tau in neurons and associates with
tau from human AD brain. We have defined a novel role for
FKBP51 in human neurodegenerative disease that was, in
fact, the first description of any functional role for the PPlase
activity of FKBP51 in neurobiology. These studies underscore
the potentially vast pool of therapeutic candidates for
tauopathies that exist within the prolyl isomerase family.
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