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Imbalanced protein load within cells is a critical aspect for most diseases of aging. In particular, the accumulation of proteins into
neurotoxic aggregates is a common thread for a host of neurodegenerative diseases. Our previous work demonstrated that age-related
changes to the cellular chaperone repertoire contributes to abnormal buildup of the microtubule-associated protein tau that accumulates
in a group of diseases termed tauopathies, the most common being Alzheimer’s disease. Here, we show that the Hsp90 cochaperone,
FK506-binding protein 51 (FKBP51), which possesses both an Hsp90-interacting tetratricopeptide domain and a peptidyl-prolyl cis-trans
isomerase (PPIase) domain, prevents tau clearance and regulates its phosphorylation status. Regulation of the latter is dependent on the
PPIase activity of FKBP51. FKB51 enhances the association of tau with Hsp90, but the FKBP51/tau interaction is not dependent on Hsp90.
In vitro FKBP51 stabilizes microtubules with tau in a reaction depending on the PPIase activity of FKBP51. Based on these new findings,
we propose that FKBP51 can use the Hsp90 complex to isomerize tau, altering its phosphorylation pattern and stabilizing microtubules.

Introduction
Protein quality control by the chaperone network is essential for cell
survival. In long-lived neurons, this system is critically important to
maintain cellular homeostasis. In the past, the mechanisms contrib-
uting to the decisions made by the cellular chaperone system,
either degradation or folding of a substrate/client, were general-
ized into a single system with very little substrate/client specific-
ity. However, with the discovery of well over 100 gene products
that encode for chaperone proteins in the mammalian genome,
this notion has become much less pervasive. While the chaper-
ones Hsp70 and Hsp90 possess the ATPase function that ulti-
mately leads to protection or destruction of a client, there are a
number of accessory proteins termed cochaperones that can alter
both ATPase activities of these proteins as well as client interac-
tions (Pearl and Prodromou, 2006; Wandinger et al., 2008;
Hessling et al., 2009; Meimaridou et al., 2009).

While a number of studies have suggested that modulating
Hsp90 directly may be clinically relevant for protein misfolding
disorders (Sittler et al., 2001; Auluck et al., 2002; Waza et al., 2005;
Dickey et al., 2007), identifying cochaperones that specifically

affect protein subclasses (i.e., transmembrane receptors or un-
structured proteins) could provide more specific drug targets
with fewer adverse consequences. For example, the Hsp90 co-
chaperone, Aha1, was shown to rescue mutant cystic fibrosis
transmembrane receptor (CFTR) from the degradation pathway,
preserving its levels in a partially active state (Wang et al., 2006),
a desired outcome in cystic fibrosis. We previously found that
knocking down the Hsp90 cochaperone p23, which is known to
regulate Hsp90 ATPase and chaperoning function (Richter et al.,
2004), caused significant decreases in tau levels (Dickey et al.,
2007). This led us to speculate that other Hsp90 cochaperones
might also lead to preservation of abnormal proteins, which in
some instances would be the desired outcome, as with CFTR, or
in other instances, may be an unwanted mechanism leading to
accumulation of unstructured proteins, as with hyperphospho-
rylated tau (phospho-tau). Kraemer et al. (2006) showed that
knockdown of several cochaperones with siRNA could prevent or
accelerate tau pathology in a Caenorhabditis elegans model of
tauopathy. From a genome-wide screen, they identified the or-
tholog of CHIP, an ubiquitin ligase previously linked to tau ac-
cumulation, Hsp70, a major ATPase of the chaperone network,
and FKBP52, a PPIase that can interact directly with Hsp90 and
Hsp70 through a tetratricopeptide repeat (TPR) domain (Radanyi
et al., 1994; Höhfeld et al., 1995; Blatch and Lässle, 1999; Pirkl and
Buchner, 2001; Pirkl et al., 2001). Interestingly, mammals also
carry the FKBP51 gene, which is 70% similar to FKBP52, but is
not present in C. elegans (Richardson et al., 2007). Therefore, we
endeavored to elucidate how these two proteins might impact tau
stability in mammalian systems with the goal of possibly identi-
fying a novel target for therapeutic development.
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Materials and Methods
Tissue samples. Nontransgenic mouse brain tissues were prepared as pre-
viously described (Dickey et al., 2009). Alzheimer’s disease and normal
(control) human brain tissue samples (medial temporal gyrus) were pro-
vided by Dr. Tom Beach (Sun Health, Phoenix, AZ). Postmortem inter-
val was between 2.5 and 3 h, and samples were gender and age matched.

Antibodies, siRNAs, and chemicals. 12E8 (anti-S262/S356 p-tau) was
provided by P. Seubert (Elan Pharmaceuticals,
San Francisco, CA). PHF1 (anti-S396/S404
p-tau) was provided by P. Davies (Albert Ein-
stein College of Medicine, Yeshiva University,
New York, NY). Anti-FKBP51 and anti-
FKBP52 were provided by Drs. David F. Smith
and Marc Cox (Mayo Clinic, Scottsdale, AZ).
JJ3 (anti-p23) was provided by Dr. David O.
Toft (Mayo Clinic, Rochester, MN). Anti-V5
and anti-HA were obtained from Invitrogen.
Anti-Hsp90� was obtained from Stressgen
Biotechnologies. pT231 tau antibody was from
Abcam. pS199-202, pS396, and pS212 antibod-
ies were from Anaspec; anti-GAPDH was ob-
tained from BIODESIGN International. Anti-
tau (total tau) was obtained from Santa Cruz
Biotechnology. Anti-tubulin was obtained from
Sigma-Aldrich. Secondary antibodies were ob-
tained from Southern Biotech. All antibodies
were used at a 1:1000 dilution with the excep-
tion of PHF1, which was used at a dilution of
1:200. All siRNAs were obtained from Qiagen,
and their sequences are listed in Table 1. siRNA
efficiency for protein knockdown was vali-
dated by Western blot (Fig. 1C). Chymotrypsin
was obtained from Sigma-Aldrich.

Plasmids. Flag-Hsp90 was provided by Dr.
Len Neckers (National Institutes of Health,
Rockville, MD). Wild-type (WT) 4R tau and
HA-ubiquitin were provided by Dr. Michael
Hutton (Mayo Clinic, Jacksonville, FL).
FKBP51 and FKBP52 constructs were gener-
ated by our lab. FKBP51 PPIase mutants were
generated by our lab using site-directed mu-
tagenesis (Stratagene).

Cell culture and transfection. HeLa and
HEK293 cells were grown in Opti-Mem plus
10% FBS (Invitrogen) and passaged every 3–5
d based on 90% confluence. IMR32 cells were maintained in Opti-Mem
plus 10% FBS and 2% of 200 mM L-glutamine (Cellgro, Mediatech).

siRNA experiments were performed using human gene-specific vali-
dated and genome-wide siRNAs (Table 1). Final concentration of
siRNAs was 20 nM in Opti-Mem, with 2 �l of siLentFect transfection
reagent (Bio-Rad) used per well. This mixture was incubated in a final
volume of 500 �l for 20 min and then added to 40 –50% confluent HeLa
cells stably overexpressing V5-tagged wild-type human tau (HeLa C3) in
six-well plates for a final in-well volume of 2.5 ml. Seventy-two hours
after transfection, cells were washed with cold PBS and harvested in
M-PER buffer (Pierce) containing 1� protease inhibitor cocktail (Cal-
biochem) and 1 mM phenylmethylsulfonyl fluoride and 1� phospha-
tase inhibitor I and II cocktails (Sigma). siRNA transfection in IMR32
cells were done as described above.

For plasmid transfections, we used Lipofectamine 2000 reagent from
Invitrogen. For most experiments, HeLa cells stably transfected with
V5-tagged 4R human tau were transfected with 3 �g of DNA. Cells were
incubated for 4 h with the Lipofectamine/plasmid mixture in Opti-MEM
media for 4 h, and this was replaced with fresh complete media for an
additional 44 – 48 h. Cells were harvested as described above.

For co-IP of proteins from human brain, tissues from Alzheimer’s
disease patient and normal (control) human were homogenized in
M-PER buffer. The tissue homogenate was centrifuged at 14,000 � g at

4°C. Supernatants were collected. Seven hundred micrograms of col-
lected protein were used for immunoprecipitation with one of the
following antibodies: anti-FKBP51 or anti-IgG. The resulting immuno-
precipitates were analyzed by Western blotting.

For co-IP from cell cultures, HeLa cells stably overexpressing V5-
tagged wild-type human tau, were transfected with 5 �g of each plasmid
and Lipofectamine 2000. After 48 h cells were washed with cold PBS and
harvested in M-PER buffer. The lysates were precleared for 1 h at 4°C
with 25 �l of protein G (Pierce) and 1 �g of anti-rabbit IgG. Lysates were
loaded on to spin columns and the flow through was collected. Lysates
were incubated with 2 �g of antibody for 2–3 h at 4°C with rocking. Then
50 �l of protein G added and rocked at 4°C for overnight. The protein G
beads were pelleted and washed five times with PBS buffer. The precipi-
tates were subjected to Western blot analysis.

Protein purification. pET28 vectors carrying the genes for wild-type
FKBP51, the two mutants FKBP51 W90A and FKBP51 F130A, FKBP52,
and tau were transformed into the Escherichia coli strain BL21 (DE3)
Codon Plus. LB medium containing kanamycin was inoculated with a
respective stationary overnight culture. Cultures were grown at 30°C to
an OD600 of 0.5. Protein expression was induced by addition of 1 mM

isopropyl-�-D-thiogalactopyranoside (IPTG) for 4 h. Cells were har-
vested by centrifugation at 4000 � g for 15 min at 4°C. Pelleted cells were
lysed by a cell disruption system (Basic Z model, Constant Systems) at a
pressure of 1.8 kbar. All proteins were purified via a succession of Ni-

Figure 1. The similar Hsp90 immunophilins, FKBP51 and FKBP52, have divergent effects on tau stability. A, HeLa cells stably
overexpressing V5-tagged wild-type human tau were transiently transfected with indicated siRNAs or scrambled negative control
siRNA (Ctrl) for 48 h and treated with 1 �M Hsp90 inhibitor 17AAG for 24 h and analyzed by Western. P23 siRNA was used as a
positive tau-reducing control. B, Western blot quantification by densitometry from repeated experiments. Levels of tau were
calculated from A after GAPDH normalization�SD. C, Knockdown for each gene was confirmed by Western blot. Ctrl indicates cells
transfected with scrambled negative control.

Table 1. siRNA sequences used in present study

Gene name Common name Target sequence

PTGES3 p23 CAGCTTAGGGAAAGAGAATAA
FKBP4 FKBP52 AGGGATGAGGTCTGATAAGAA
FKBP5 FKBP51 TCGGCTGGCAGTCTCCCTAAA
Nonsilencing control — Proprietary—from Qiagen
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NTA-Sepharose chromatography (equilibrated in 50 mM NaH2PO4, 500
mM NaCl, and 30 mM imidazole, pH 7.5, elution by a step gradient to
300 mM imidazole) and gel filtration chromatography with a Superdex
200 column in 40 mM HEPES, 150 mM KCl, and 5 mM MgCl2, pH 7.5. The
purity of all proteins was verified on a Coomassie Brilliant Blue-stained
SDS-polyacrylamide gel. All FKBP51s were judged to be �95% pure. The
proteins were shock-frozen and stored at �80°C. The concentrations of
purified FKBP51, FKBP51 W90A, and FKBP51 F130A were determined
using the extinction coefficients of 0.732, 0.634, and 0.733 respectively,
for a 1 mg/ml solution in a 1 cm cuvette at 280 nm, calculated according
to Gill and von Hippel (1989).

PPIase activity. PPIase activity toward peptide substrates was mea-
sured by protease-coupled assay (Fischer et al., 1984) using the synthetic
peptide succinyl-Ala-X-Pro-Phe-p-nitroanilide (Bachem), with X being
either Leu or Ile. p-Nitroanilide can only be cleaved off by chymotrypsin
when the X-Pro bond is in the trans configuration. The release of
p-nitroanilide results in an increase in absorbance at 390 nm. The mea-
surements were performed in a Cary 50 Bio UV/Vis spectrophotometer
(Varian) with a thermostated cell holder at a constant temperature of
10°C. To obtain the rate constants the reaction kinetics were fitted to a
monoexponential function using the program Origin 8.0 (OriginLab).
The rate constants were plotted against their respective enzyme concen-
tration, and a linear regression was performed. The activity of the
FKBP51s (kcat/KM) was determined by the slope of the linear regression.
All activity values are means of three independent experiments. The ex-
perimental error is indicated.

Microtubule polymerization in vitro using Xenopus egg extracts. Cyto-
static factor (CSF)-arrested Xenopus egg extracts were prepared accord-
ing to a standard protocol as previously described (Desai et al., 1999) and
supplemented with 20 �M rhodamine-labeled tubulin for visualization of
microtubule structures. Recombinant His6-tagged WT FKBP51 or
F130A mutant FKBP51 proteins were added to the extracts in the con-
centration of 1 �M. Recombinant His6-tagged tau was added at 2.5 �M.
For control, equivalent volumes of buffer were added. Nocodazole (20
�M) was used as negative control, and 20 �M taxol was used as a positive
control. Extracts were incubated on ice for 1.0 h to ensure an even distri-
bution of the added proteins. Microtubule polymerization was studied
according to a published protocol (Budde et al., 2006). In brief, to stim-
ulate microtubule polymerization extracts were supplemented with
5% anhydrous DMSO and incubated for 30 min at room temperature.
Obtained microtubule asters were analyzed by fluorescent micros-

copy. Lengths of polymerized microtubules were measured by using
AxioVision software (Zeiss).

Microtubule pelleting from Xenopus egg extracts was performed as
described by Budde et al. (2006). In brief, extracts supplemented with re-
combinant WT or F130A His6-FKBP51 or buffer alone and incubated as
mentioned above were diluted 1:20 in buffer containing 80 mM K-PIPES, pH
6.8, 1 mM MgCl2, 1 mM EGTA, and 30% glycerol. Polymerized microtubules
in the diluted extracts were precipitated by centrifugation through a 40%
glycerol cushion. The levels of pelleted microtubules were analyzed by West-
ern blotting with monoclonal mouse anti-�-tubulin antibodies (Sigma
T5168, final concentration 2 �g/ml).

Chymotrypsin assay. Recombinant tau and FKBP51 (wild-type and
F130A) were diluted to a concentration of 10 ng/�l in 20 �l of reaction
buffer (20 mM Tris-HCl, 40 mM CaCl2). �-Chymotrypsin (Sigma) was
resuspended in 1 M HCl at a concentration of 1 U/�l. This was then
diluted to 1 �U/�l in reaction buffer. One microliter of this diluted
enzyme or equivalent buffer was added to the protein mixtures indicated
(see Fig. 6), and samples were incubated with gentle shaking at 25°C for
indicated times. An equivalent volume of SDS loading buffer was added
to the tubes, and samples were boiled for 5 min. Samples were analyzed
by standard Western blot.

Immunohistochemistry. Horizontal brain sections from 9-month-old
C57BL6 were mounted onto slides and blocked for 60 min at 25°C with
5% normal goat serum in TBST. Mouse anti-FKBP51 and rabbit anti-tau
(1:100) were incubated overnight at 4°C. Slides were washed 5� for 5
min in 1� TBS. Secondary antibodies [AlexaFluor 488 (anti-mouse;
1:1000) and 594 (anti-rabbit; 1:4000)] were diluted in blocking buffer
and incubated with slides for 60 min at 25°C. Slides were washed and
stained with Hoechst at 1:20,000 dilution for 2 min at 25°C, then washed
and coverslipped. Imaging and colocalization scatter analysis were per-
formed with the Zeiss Imager AxioVision.

Results
Distinct activities of FKBP52 and FKBP51 knockdown on
tau stability
We previously showed that siRNA targeting the Hsp90 cochap-
erone p23 caused reductions in tau levels (Dickey et al., 2007).
With this in mind, we wanted to determine whether other Hsp90
cochaperones could elicit a similar response. Based on the work
of Kraemer et al. (2006), which revealed a possible role for

Figure 2. FKBP51 siRNA potently reduces tau levels in relevant cell models. A, HeLa cells stably overexpressing wild-type human tau were transfected with p23, FKBP51, or scrambled negative
control siRNA (Ctrl), and harvested at 0, 6, 24, 48, and 72 h after transfection. Total tau (V5) levels appeared similarly reduced concomitant with p23 or FKBP51 decreases compared to Ctrl.
B, Quantitation of p23 and FKBP51 levels after respective siRNA transfection are shown as a percentage of Ctrl siRNA transfected at each time point. C, Quantitation of total tau levels with FKBP51
siRNA (gray squares) and p23 siRNA (black diamonds) are shown to be similar as a percentage of Ctrl at corresponding each time point in hours (Hrs). D, IMR32 cells were transfected with FKBP51,
p23, or Ctrl siRNA for 72 h, and lysates were analyzed by Western blot for indicated antibodies.
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FKBP51 and FKBP52 in tau biology, we
investigated how depletion of these two pro-
teins affect the stability of tau. HeLa cells sta-
bly transfected with tau were individually
transfected with siRNAs targeting FKBP52,
FKBP51, P23, or a nonsilencing control
(Ctrl). Forty-eight hours after transfection,
cells were treated with the Hsp90 inhibitor,
17-AAG [17-(allylamino)-17-demethoxyg-
eldanamycin], for an additional 24 h.
Cells were harvested and tau levels were
analyzed by Western blot (Fig. 1A).
Knockdown of p23 and FKBP51 caused
dramatic reductions in total tau levels
compared to control or FKBP52 siRNAs,
regardless of treatment with 17-AAG (Fig.
1A,B). In fact, FKBP52 marginally in-
creased tau levels. Hsp90 inhibitor activity
was confirmed by increases in Hsp70 levels
(Zou et al., 1998) and GAPDH was used to
control for protein loading. Knockdown of
the P23, FKBP51, and FKBP52 proteins
were confirmed on separate gels (Fig. 1C).
These data are representative of experi-
ments that have been performed at least in
triplicate.

Effects of FKBP51 on the regulation of
tau levels in cultured cells
As our original goal was to identify addi-
tional cochaperone siRNAs that could
facilitate tau reductions in an effort to
identify novel tau drug targets, we focused
our studies on FKBP51 and p23. We per-
formed a time course study in stably
transfected HeLa cells overexpressing tau,
and found that decreases in tau levels mir-
rored FKBP51 reductions, similar to what
was seen with p23 siRNA (Fig. 2A–C). To
investigate the effects of p23 and FKBP51
siRNA on endogenous tau levels, we used
the IMR32 cholinergic neuroblastoma cell
model. siRNA for both FKBP51 and p23
facilitated reductions in endogenous tau
levels in this neuronal derived cell line
(Fig. 2D). Since deletion of p23 in mice results in embryonic
lethality (Grad et al., 2006), whereas FKBP51 knock-out mice are
viable and healthy at a young age (Cox and Smith, 2006), we
focused our efforts on FKBP51.

FKBP51–tau interactions in the brain
We wanted to investigate the profile of FKBP51 in the brain and
determine whether tau and FKBP51 might interact in vivo. Using
lysates from brain tissue collected at different ages from mice, we
found that FKBP51 levels were not detected until 5.5 month of
age and were increased further at 9 months (Fig. 3A). This sug-
gested that FKBP51 levels increase with age in the brain and may
only begin to affect tau at this point. Using immunofluorescent
histochemistry for endogenous FKBP51 and tau proteins, we
demonstrated a high level of colocalization between these pro-
teins in brain tissue from the 9-month-old mice (Fig. 3B). More-
over, colocalization was prevalently seen in axonal tracts (see
arrows) where there is an abundance of microtubules (Fig. 3B;

higher magnification shown in Fig. 3C). While these data were
suggestive of a tau/FKBP51 interaction, we wanted to determine
whether these proteins were complexed in human brain tissue.
To determine this, we coimmunoprecipitated FKBP51 from both
Alzheimer’s disease (AD) and control medial temporal gyrus tis-
sue (n � 2 AD and 2 normal). We found that FKBP51 indeed
could interact with tau from both AD patients and control cases
(Fig. 3D), further suggesting a functionally relevant relationship
between FKBP51 and tau. We then investigated whether FKBP51
would preferentially interact with phosphorylated tau species.
We increased the number of samples per group (4 for AD and 4
for normal) and again coimmunoprecipitated FKBP51. After gel
electrophoresis, immunoblotting showed increased association
of pS396 and pS199-S202 tau species with FKBP51 in AD tissue
(supplemental Fig. S1, available at www.jneurosci.org as sup-
plemental material). These findings compelled us to further
investigate the mechanism by which FKBP51 was regulating
tau biology.

Figure 3. FKBP51 increases with age and associates with tau from normal and AD brain. A, Brain lysates from mice harvested at
indicated age (in months) were analyzed for FKBP51 levels by Western blot. Detectable levels of FKBP51 were first seen in
5.5-month-old mice and were markedly apparent at 9 months. B, Immunofluorescent staining of FKBP51 (green) and total tau
(red) in brain tissue from 9-month-old mice shows very strong colocalization of these two proteins within neuronal axon processes
(arrows). C, Higher magnification (100�) of neuronal cells from hippocampus CA1 region of mouse brain, immunostained with
FKBP51 antibody (green), tau antibody (red), and nuclei (blue). Merged image shows colocalization of these two proteins. Scale
bars, 5 �m. D, Brain tissue lysates from Alzheimer’s disease (AD 1 and 2) and age-matched normal (Ctrl 1 and 2) brain tissue lysates
were immunoprecipitated with mouse anti-FKBP51 or nonspecific mouse IgG antibodies. Brain lysates (Inputs) and immunopre-
cipitates were analyzed by Western blot for total tau (Santa Cruz Biotechnology), pS396/S404 tau, FKBP51, and GAPDH antibodies.
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Interaction of FKBP51 with tau
While we had demonstrated that FKBP51 siRNA could reduce
tau levels, we wanted to determine whether the reciprocal effect
was achieved via FKBP51 overexpression. Indeed, we found that
FKBP51 overexpression increased phospho-tau and total tau lev-
els (by 80%) in HeLa cells stably expressing normal human tau,
while FKBP52 overexpression had no affect (Fig. 4A). These ex-
periments were repeated multiple times, and Student’s t test of
these replicates demonstrated that FKBP51 significantly in-
creased total tau levels ( p � 0.0104).

We speculated that FKBP51 might be preserving tau by im-
pairing its ubiquitination. Stable tau transfectants overexpressing
FKBP51 showed reductions in tau ubiquitination following tau
immunoprecipitation, while Hsp90 overexpression had no im-
pact (Fig. 4B). We then investigated what effect overexpression
or knockdown of FKBP51 might have on the interaction of tau
with other Hsp90 cochaperones that comprise a mature Hsp90
complex. Surprisingly, we found that FKBP51 overexpression de-
creased the endogenous association of another Hsp90 profolding
cochaperone, Aha1, with tau despite increasing Hsp90 binding
(Fig. 4C). Endogenous p23 binding to tau however was not de-
tected. Conversely, knockdown of FKBP51 with siRNA increased

the association of endogenous Aha1 with tau despite decreasing
the number of Hsp90 tau complexes. Moreover, endogenous p23
binding to tau was only detectable when FKBP51 was knocked
down (Fig. 4C). We then investigated what impact tau phosphor-
ylation would have on its interaction with FKBP51. Interestingly,
overexpression of FKBP51 in stable tau transfectants enhanced
the association of tau with Hsp90, suggesting a complex assembly
that could be facilitated by upregulation of FKBP51 (Fig. 4D).
Moreover, treatment with the phosphatase inhibitor okadaic
acid for 30 min enhanced the association of FKBP51. Hsp90
binding to tau was also enhanced slightly due to hyperphos-
phorylation. FKBP51 overexpression also altered the distribu-
tion of tau in the presence of okadaic acid, indicating further
that FKBP51 might be directly regulating tau phosphoryla-
tion. As we began to investigate this, it became increasingly
likely that the cis-trans peptidyl prolyl-isomerase (PPIase) ac-
tivity of FKBP51 might be playing a major role in tau biology
at the chaperone interface.

PPIase activity of WT FKBP51 and mutants
PPIase activity had previously been established as an enzymatic
function that could regulate tau phosphorylation. This has been

Figure 4. FKBP51 stabilizes tau. A, HeLa cells stably overexpressing V5-tagged wild-type human tau were transiently transfected with FKBP51, FKBP52, or a vector control DNA harvested after
48 h. Western blot shows that FKBP51-transfected cells increase total tau (V5) and phospho-tau (pS212) compared to vector-containing cells. B, HeLa cells stably overexpressing V5-tagged
wild-type human tau were transiently transfected with FKBP51, Flag Hsp90, and/or HA-ubiquitin. Co-IP with V5 antibody revealed that FKBP51 overexpression reduces ubiquitination of tau
independent of Hsp90. C, HeLa cells stably overexpressing V5-tagged wild-type human tau were transiently transfected with FKBP51 plasmid or FKBP51 siRNA and tau was coimmunoprecipitated
from these lysates after 48 h (for overexpression) or 72 h (for siRNA). Binding of endogenous Aha1 and P23, two well characterized Hsp90 cochaperones, was assessed. The association of Aha1 with
tau was reduced or increased when FKBP51 was overexpressed or knocked down, respectively. P23 only associated with tau when FKBP51 was knocked down. Hsp90 binding to tau was increased
by FKBP51 overexpression, and reduced slightly by FKBP51 knockdown. D, HeLa cells stably overexpressing V5-tagged wild-type human tau were transiently transfected with FKBP51 or empty
vector for 48 h and treated with 100 nM okadaic acid (OA; �) or vehicle (�) for 30 min. Co-IP of these lysates with V5 antibody shows increased FKBP51 and Hsp90 binding to tau with OA treatment.
Total tau levels were measured with anti-V5.
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elegantly presented for Pin1 in a series of
studies from the Lu laboratory (Liou et al.,
2003; Pastorino et al., 2006; Lim et al.,
2008). However, Pin1 and FKBP51 differ
in that FKBP51 possesses a TPR domain
and thus can interact directly with Hsp90,
whereas Pin1 does not. Moreover, a func-
tion for this PPIase activity of FKBP51 has
yet to be established. To investigate
whether FKBP51 PPIase activity specifi-
cally could affect tau biology, we generated
PPIase-deficient mutants based on similar
mutations previously described for
FKBP52 (Riggs et al., 2007) and assayed
them for PPIase activity. Using site-
directed mutagenesis we replaced W90 or
F130 with alanine. The proteins were ex-
pressed in E. coli and purified to �95%
homogeneity for both mutants and wild-
type FKBP51 (Fig. 5A). PPIase activity was
measured for each protein using succinyl-
Ala-Leu-Pro-Phe-pNA (Leu) and succinyl-
Ala-Ile-Pro-Phe-pNA (Ile) as substrates.
The F130A mutant was essentially deter-
mined to be enzymatically dead, with
�99% reduction in isomerase activity,
whereas the W90A mutant maintained
some activity (�25% activity for one sub-
strate and �40% for the other) (Fig. 5B).
With the enzymatically dead enzyme vari-
ant, we were then able to determine the
direct impact of FKBP51’s PPIase activity
on tau phosphorylation.

Effects of FKBP51 PPIase mutants
on tau
We tested whether tau could be isomer-
ized by FKBP51. We incubated purified
tau with �-chymotrypsin, which can cleave
90% of peptides in the trans-conformation,
but �10% when the same peptide is in the
cis-conformation. This enabled us to di-
rectly test whether FKBP51 was able to
isomerize tau. Indeed we found that wild-
type FKBP51 abrogated tau degradation by
chymotrypsin, while the dead F130A mu-
tant did not (Fig. 6A). We then wanted to
investigate whether FKBP51 mutants could
still bind to tau despite enzyme deficiency.
Indeed we found that all three FKBP51 vari-
ants were capable of binding to tau in vitro
(Fig. 6B). Moreover, this demonstrated that
FKBP51 could bind to tau independently,
similar to what was previously demon-
strated with CHIP (Grelle et al., 2006). We then evaluated the effects
of the PPIase-deficient mutants on tau. We transfected WT and both
mutant forms of FKBP51 into stable tau transfectants, and then per-
formed Western analysis with various phospho-tau antibodies. This
revealed that the mutants further increased phospho tau compared
to WT FKBP51. In particular, tau phosphorylated at S396/S404,
T231, and S212 was dramatically elevated relative to wild-type (Fig.
6C,D). Most intriguing was our finding that wild-type FKBP51 pro-
duced no detectable levels of pS262/S356 tau, whereas the PPIase-

deficient mutants did cause production of pS262/S356 tau (Fig. 6C).
These data demonstrated unequivocally that FKBP51’s PPIase activ-
ity was critically involved in tau processing.

FKBP51 facilitates microtubule formation
Recently Chambraud et al. (2007) showed that FKBP52 and
FKBP51 slowed microtubule polymerization using a microtubule
assembly assay reconstituted with recombinant proteins in vitro;
however, FKBP52 had a much more potent effect. Now in light of

Figure 5. Characterization of PPIase-deficient FKBP51 mutant proteins. A, Coomassie Blue staining of recombinant WT, W90A,
and F130A FKBP51 purified by Ni-NTA affinity and gel filtration chromatography. B, Column diagram depicting the catalytic
efficiency of WT, W90A, and F130A FKBP51 as determined with a protease-coupled enzyme assay. Absolute values are shown.

Figure 6. FKBP51 PPIase activity is a critical mediator of tau dephosphorylation. A, Recombinant wild type 4R0N tau was
incubated with WT or PPIase-dead (F130A) FKBP51 for 5 min in the presence of �-chymotrypsin or buffer for indicated times.
Western blot analysis showed that WT FKBP51 abrogated chymotrypsin-mediated tau degradation, while F130A FKBP51 did not.
B, Indicated purified recombinant proteins were incubated for 30 min with agitation at 37C and co-IPed with rabbit polyclonal tau
(Santa Cruz Biotechnology) antibody or nonspecific rabbit IgG for 1 h at room temperature. Protein alone is indicated as inputs.
Total tau was probed for using mouse monoclonal Tau12. C, HeLa cells stably overexpressing V5-tagged wild-type human tau were
transiently transfected with vector (�), WT, W90A, or F130A FKBP51 for 48 h. D, Quantitation of Western blot from C shows
increases in indicated phospho-tau species following transfection with mutant FKBP51 relative to wild-type FKBP51. Error bars
(SD) show variability from replicate experiments.
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our findings suggesting that the role of FKBP51 on microtubule
dynamics might be quite different based on its repertoire of in-
teraction partners such as tau (Fig. 4), we turned to a more phys-
iological system to measure microtubule kinetics in the presence
of FKBP51, the Xenopus oocyte extract system (Desai et al., 1999;
Wang et al., 2008). This system endogenously contains many of
the known interaction partners for FKBP51 (data not shown),
allowing us to determine whether FKBP51 might have distinct
effects on microtubule assembly when associated with these part-
ners. We supplemented the oocyte extracts with rhodamine-
labeled tubulin and either wild-type FKBP51, mutant FKBP51, or
FKBP52 recombinant proteins. As controls, we also supple-
mented the extracts with nocodazole or taxol. Fluorescent imag-
ing of these extracts revealed that wild-type FKBP51 promoted
microtubule polymerization relative to extracts treated with
buffer only (Fig. 7A; supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Conversely, neither
mutant F130A FKBP51 nor FKBP52 stimulated microtubule for-
mation. Quantification of the radii of these microtubule clusters
(n is shown in Fig. 7B) showed that microtubule length in the
presence of wild-type FKBP51 was greater than microtubule
length in extracts treated with buffer only, F130A FKBP51, or
FKBP52 (Fig. 7B). Nocodazole treatment disrupted endogenous

microtubule formation, while taxol treatment produced densely
packed microtubule bundles that were immeasurable due to
their structure. A replicate experiment was then performed to
biochemically assess tubulin migration through a 40% glycerol
cushion in the presence of either wild-type or mutant FKBP51.
Western blot for tubulin following cushioning revealed a signif-
icant increase in the amount of tubulin polymerization in the
presence of WT FKBP51 relative to buffer, but not in the presence
of the F130A mutant (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). We then evaluated the
effects of FKBP51 on microtubule structure when these extracts
were also supplemented with recombinant tau. In the presence of
tau alone, long networks of microtubules were apparent (Fig.
7C). Interestingly, however, when FKBP51 was also added, these
networks became even more complex and arboreal, suggesting
that FKBP51 can use tau to modulate microtubule dynamics.
Quantification of these microtubule asters was not possible given
the dramatic effects of tau and the tau/FKBP51 combination on
microtubule network formation. Therefore, FKBP51, which can
regulate tau phosphorylation via the chaperone complex, is also
able to stabilize microtubules. This provides a new function for
FKBP51 that has not previously been reported.

Discussion
In these studies, we were interested in following up on a previous
finding showing that knockdown of the obligate Hsp90 cochap-
erone p23, which is essential for Hsp90 ATPase function, reduced
tau levels in cells (Dickey et al., 2007). We speculated that if we
disrupted the activity of Hsp90 by either inhibiting its ATPase
activity with compounds, as previously shown (Dickey et al.,
2007), or reducing levels of cochaperones that typically stimulate
Hsp90 refolding activity, we could force tau to be degraded.

We surveyed the literature for the most well defined profold-
ing Hsp90 cochaperones that might be linked to tau, and selected
FKBP52, FKBP51, and P23 as our primary candidates (Stepanova
et al., 1996; Blatch and Lässle, 1999; Mayer et al., 2002). All three
of these proteins contain TPR domains that allow them to asso-
ciate with Hsp90 and Hsp70. In addition, both FKBP51 and
FKBP52 also possess PPIase activity, which facilitates cis-trans
isomerization around a prolyl-peptide bond (Pirkl and Buchner,
2001). Interestingly, despite the similarities between these two
immunophilins, we found that knockdown of FKBP51 dramati-
cally reduced tau levels while knockdown of FKBP52 did not.
This notion of distinct cochaperones affecting Hsp90 function
differentially was further confirmed by our results in Figure 4C
showing that removing FKBP51 from the cell actually enhances
the association of other profolding cochaperones, Aha1 and P23,
with tau. Therefore, perhaps immunophilins, such as FKBP52
and FKBP51, contextually regulate the dynamics of the Hsp90
complex specifically based on the type of client that is bound. It
suggests that there are many distinct Hsp90 complexes residing
within cells that can be modulated by both the type of client that
is bound and the interacting repertoire of cochaperones.

Looking more specifically at the relationship of FKBP51 with
tau, we found that FKBP51 was not expressed at detectable levels
in the mouse brain until 5.5 months. Moreover, we found endog-
enous FKBP51 associated with tau from both normal and AD
human brain tissues. These data suggest an interesting relation-
ship between tau and FKBP51, a protein that has not been as-
signed a clear biochemical role in the mammalian brain until
now. FKBP51 overexpression preserves tau in cells and protects it
from ubiquitination, perhaps by twisting tau in such a way as to
prevent access to ubiquitin ligases. We also show that phosphor-

Figure 7. PPIase activity is essential for FKBP51 to facilitate microtubule formation and
tau-mediated microtubule polymerization is enhanced by FKBP51. In vitro microtubule assem-
bly assays were performed using Xenopus oocyte extracts supplemented with rhodamine-
labeled tubulin. A, Panels show tubulin structures in sample buffer only or supplemented with
1 �M recombinant WT FKBP51, 1 �M F130A FKBP51, 1 �M FKBP52, nocodazole, or taxol.
B, Microtubule (MT) lengths were measured for each condition (n �number of asters measured per
condition) using AxioVision software from Zeiss, and values are indicated in micrometers � SD.
***p � 0.001. C, Panels show tubulin structures in sample buffer only or supplemented with
2.5 �M tau alone or 2.5 �M tau plus 1 �M FKBP51. Tau alone caused dramatic morphologic
changes to microtubules, which were accentuated in the presence of FKBP51.
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ylation of tau drives the association of
FKBP51 with tau, suggesting that as tau
falls from the microtubules, it is recog-
nized by the chaperone machinery and
primed for dephosphorylation (Fig. 8).
Therefore, we hypothesized that this
could indicate a mechanism of energetic
conservation that neurons have adopted,
whereby recycling of tau is much less de-
manding than producing de novo tau for
every plastic event in the brain.

With this in mind, we investigated the
role of the PPIase activity in regulating
tau biology. Certainly, it was previously
shown that the PPIase, Pin1, has potent
activity toward tau, leading to tau dephos-
phorylation in cooperation with protein
phosphatases. It was also shown recently
that a disease-causing tau mutant was
processed very differently by Pin1 relative
to wild-type tau (Lim et al., 2008). Thus,
the notion that FKBP51 PPIase activity
could be affecting tau processing and ac-
cumulation would not be unexpected. In-
deed FKBP51 PPIase-deficient mutants
led to pronounced increases in several im-
portant phospho-tau epitopes. These in-
cluded pT231, pS262/S356, and pS212.
The pT231 site is an essential priming site
for GSK3�-mediated phosphorylation
and is also linked to the isomerase activity
of Pin1 (Lin et al., 2007). Phosphorylation
at this site alters the ability of Pin1 to pro-
cess tau correctly (Lim et al., 2008). The
pS262/S356 site, which can be mediated
by MARK2/PAR1 and CaMKII�, stimu-
lates the ordered release of tau from mi-
crotubules, and is also resistant to CHIP-
mediated ubiquitination. Thus, PPIase deficiency of FKBP51
increases the amount of this particular species as well as other
phospho-tau species, perhaps making it resistant to degradation
(Fig. 8). The pS212 site is phosphorylated by Akt, and we recently
demonstrated that Akt and MARK2/PAR1 may coordinate
with each other to regulate tau phosphorylation and degrada-
tion (Dickey et al., 2008). In context with our results from the
microtubule assays in Figure 7, these data suggest that FKBP51
facilitates microtubule stabilization by facilitating the dephos-
phorylation of tau. Indeed, when considering the recent dis-
covery that FKBP52 actually destabilizes microtubules
(Chambraud et al., 2007), this complimentary data may pro-
vide a dichotic relationship for these two similar proteins at
the microtubule scaffold.

In summary, we propose that the Hsp90 complex may serve as
a harbor for multiple proteins to interface. While a number of
other Hsp90 cochaperones could use this interface to regulate tau
in novel ways, we have focused our efforts on the Hsp90 cochap-
erone FKBP51. We show that the PPIase activity of FKBP51 crit-
ically balances tau phosphorylation state, leading to microtubule
stabilization. Thus, FKBP51 spares tau from degradation by reg-
ulating its phosphorylation within the Hsp90 complex, and per-
haps leads to its recycling along the axonal tracts to avoid
derivation of new tau (Fig. 8). We also suggest that inhibitors
targeting FKBP51 PPIase activity would likely have adverse con-

sequences, leading to tau hyperphosphorylation. Instead, a suc-
cessful therapeutic approach might be disrupting the FKBP51/
Hsp90 interface, attenuating the interaction all together and
allowing prodegradation cochaperones like CHIP to facilitate tau
removal. However, as an increasing number of Hsp90 cochaper-
ones are being shown to interact directly with tau, it poses an
interesting possibility; that increasing levels of tau can facilitate
an imbalance in the cell, such that tau may sequester critical co-
chaperones from their normal functions, leading to deleterious con-
sequences for the cell. By continuing to identify the mechanisms
involved in the regulation of this protein and perhaps other disease-
related proteins that may inadvertently possess a chaperone-binding
signature, we can continue to develop our understanding of the
pathogenesis of neurodegenerative diseases.
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