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Hormone-dependent transactivation by several of the steroid hormone receptors is potentiated by the Hsp90-
associated cochaperone FKBP52, although not by the closely related FKBP51. Here we analyze the mechanisms of
potentiation and the functional differences between FKBP51 and FKBP52. While both have peptidyl-prolyl isomer-
ase activity, this is not required for potentiation, as mutations abolishing isomerase activity did not affect poten-
tiation. Genetic selection in Saccharomyces cerevisiae for gain of potentiation activity in a library of randomly
mutated FKBP51 genes identified a single residue at position 119 in the N-terminal FK1 domain as being a critical
difference between these two proteins. In both the yeast model and mammalian cells, the FKBP51 mutation L119P,
which is located in a hairpin loop overhanging the catalytic pocket and introduces the proline found in FKBP52,
conferred significant potentiation activity, whereas the converse P119L mutation in FKBP52 decreased potentiation.
A second residue in this loop, A116, also influences potentiation levels; in fact, the FKBP51-A116V L119P double
mutant potentiated hormone signaling as well as wild-type FKBP52 did. These results suggest that the FK1 domain,
and in particular the loop overhanging the catalytic pocket, is critically involved in receptor interactions and
receptor activity.

Multiple cellular factors influence hormone-dependent acti-
vation of steroid receptors and cellular responses to hormone
exposure. Our interest has focused on molecular chaperones
that assemble with steroid receptors and alter receptor activity.
More than a dozen chaperone and cochaperone proteins have
been identified in steroid receptor complexes (23, 28); some
chaperones are restricted to different stages of receptor assem-
bly, and others compete for common assembly sites in the
receptor complex. In vitro studies have identified five chaper-
ones that are minimally necessary for efficient maturation and
maintenance of the ability of the receptor to bind hormone (9,
11, 17). These are the major heat shock proteins Hsp40,
Hsp70, and Hsp90 plus the cochaperone Hop, which can act as
an adaptor by simultaneously binding both Hsp70 and Hsp90
(3, 30), and the cochaperone p23, which stabilizes the associ-
ation of Hsp90 with receptor (15, 16). Of the multiple other
cochaperones observed in receptor complexes, some have un-
known functions, although others are involved in the proteo-
lytic stability of the receptor and yet others have been shown to
modulate the receptor response to hormone. Most notable of
the latter are two Hsp90 cochaperones in the FK506 binding
protein (FKBP) family of peptidyl-prolyl isomerase (PPIase)
that have been shown to alter hormonal potency (5, 24, 25).
FKBP51 was identified as a cellular factor contributing to
glucocorticoid resistance in cells from New World primates

(24) by inhibiting glucocorticoid receptor (GR) response to
hormone (8). In contrast, FKBP52 was found to enhance GR
response to hormone (25) and to similarly enhance the recep-
tors for androgens (AR) (4) and progesterone (PR) (31). The
physiological importance of FKBP52 actions is highlighted in
mouse gene knockout models. Male mice lacking the gene
Fkbp4 that encodes FKBP52 display several developmental
defects in reproductive tissues consistent with androgen resis-
tance (4, 38), and female knockout mice are infertile due to
failure of embryo implantation in a maternal uterus that is
resistant to progesterone (31, 32, 37).

The molecular mechanism by which either FKBP51 or
FKBP52 alters receptor function has not been clearly defined.
Both proteins consist of three functional domains (reviewed in
reference 28): a C-terminal tetratricopeptide repeat (TPR)
domain that contains the Hsp90 binding site, an N-terminal
PPIase domain characteristic of FKBP family members, and an
interceding FKBP-related domain that lacks PPIase activity.
Three-dimensional crystallographic structures (27, 35) suggest
very similar conformations within domains, although domain-
domain orientations may differ somewhat between the two
proteins. FKBP52 and FKBP51 share approximately 70%
amino acid sequence similarity—greater within individual
functional domains—and have similar enzymatic properties
(21).

In a series of experiments utilizing a Saccharomyces cerevi-
siae model to study FKBP function and steroid signaling (25),
FKBP51 did not on its own inhibit GR function in the absence
of FKBP52; however, FKBP51 reduced the enhancement of
GR function mediated by FKBP52. Additional studies in mam-
malian cells are consistent with an ability of FKBP51 to antag-
onize the actions of FKBP52 (5, 31, 34). FKBP52-dependent
enhancement of receptor function requires binding of FKBP52
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to Hsp90 and is targeted to the receptor ligand binding domain
(25), which is the site for direct binding of Hsp90 in receptor
heterocomplexes. FKBP51 and FKBP52 compete for a com-
mon binding site on Hsp90, and FKBP binding to Hsp90 can
occur independently of the receptor (20). However, FKBP51 is
recovered preferentially in some receptor complexes (1), and
its association is sensitive to hormone binding (6, 29), suggest-
ing that FKBPs somehow detect the nature of the receptor that
is associated with Hsp90.

Observations that FKBP52, but not FKBP51, binds to the
microtubular motor protein dynein have been made (6, 26, 34),
and a model has been proposed in which FKBP52 assists in
directing GR to the nucleus subsequent to hormone binding
(reviewed in reference 22). Based on the highly dynamic inter-
action of FKBP cochaperones with receptor complexes at
physiological temperatures (20) and a recent observation that
FKBP52 directly binds tubulin and inhibits microtubule assem-
bly (2), there are several issues that remain to be resolved in
the receptor transport model. Moreover, the transport model
would appear to be less relevant to AR or PR, whose subcel-
lular distributions differ from GR but whose enhancement by
FKBP52 is similar (4, 31). Finally, genetic approaches in the
yeast model clearly dissociate dynein dependence from
FKBP52-mediated enhancement of receptor function (25).
Nonetheless, FKBP52 interaction with microtubule compo-
nents might be physiologically relevant to mammalian sperm
flagellar function, although in an AR-independent manner
(13).

Does the PPIase activity of FKBP52 play a role in receptor
enhancement, perhaps by altering receptor conformation and
function through isomerization of receptor prolines? Despite the
fact that FKBP51 and FKBP52 have similar enzymatic activities
toward model peptide substrates (21), which would seem at odds
with their distinct effects on receptor activity, three lines of ex-
perimental evidence support a role for FKBP52 PPIase (25).
First, deletion of the PPIase domain eliminates FKBP52’s ability
to enhance receptor function. Next, the drug FK506, which binds
the PPIase active site and inhibits enzymatic activity, inhibits
FKBP52-dependent potentiation of receptor function in yeast.
Third, a double point mutation in the PPIase domain that is
known to reduce PPIase activity also inhibits FKBP52-dependent
potentiation. That the PPIase domain is important seems clear.
On the other hand, two considerations potentially limit the cer-
titude of current evidence supporting the need for enzymatic
activity. First, FK506 is a relatively large molecule and a signifi-
cant portion of the drug is excluded from the PPIase pocket (33);
this excluded portion could sterically hinder interactions involving
the PPIase domain independent of enzymatic activity. Second, an
independent mutagenic study (12) of a related FKBP family
member showed that several point mutations of enzymatically
critical residues within the PPIase pocket failed to disrupt binding
of the FKBP to its partner, whereas a double mutation at the
corresponding residues targeted in FKBP52 did disrupt binding.
Therefore, further analysis of the FKBP52 PPIase role in receptor
enhancement is warranted.

To complement approaches employing directed mutagenesis
of FKBP52 to disrupt function, we randomly mutagenized
FKBP51 in hopes of generating gain-of-function mutants that
would convert FKBP51 from an inhibitor to an activator of
receptor. The characterization of such mutants could provide

alternative evidence of the mechanism by which FKBP52 acts
and help to understand the relevant sequence differences that
distinguish the opposing actions of FKBP52 and FKBP51.

MATERIALS AND METHODS

Yeast hormone induction assays, methods, plasmids, and strains. The yeast
hormone induction assay protocol, Saccharomyces cerevisiae strain W303a, and
the plasmids (pUC�ss-26X [reporter], pG/N795 [GR expression], and FKBP51,
FKBP52 and FKBP51/52 chimera expression plasmids) have been previously
described (25). Human AR and the mutant AR-P723S were cloned, respectively,
into p424GPD and p424TEF (19). Mutations were introduced by site-directed
mutagenesis (QuikChange II XL; Stratagene, San Diego, CA) into the wild-type
human FKBP51 or FKBP52 gene cloned into p423GPD. Potentiation by these
mutant FKBPs was measured in strain W303a transformed with the pUC�ss-26X
reporter plasmid and a GR or AR expression plasmid. Dihydrotestosterone
(DHT) (15 nM) was used in the AR hormone induction assays, and deoxycor-
ticosterone (DOC) (10 nM) was used in the GR assays.

Selection for FKBP51 potentiation mutants and analysis. The mutant
FKBP51 library was made using error-prone PCR (GeneMorphII; Stratagene,
CA) using the manufacturer’s recommended conditions for high-frequency mu-
tagenesis (5 ng target DNA per reaction). The template used was p425GPD-
hFKBP51, and the primer binding sites were approximately 100 bases outside of
the gene borders. The PCR product (400 ng, purified by agarose gel electro-
phoresis) and p424GPD vector (200 ng, linearized with EcoRI and SalI) were
cotransformed into the selection strain YNK435 (MATa ura3-52 lys2-801 ade2-
101 trp1-�63 his3-�200 leu2-�1 pdr5::GT3Z his3::GT3H; gift of Natasha Kralli,
Scripps Institute) containing the plasmid p425TEF-AR-P723S. FKBP51 poten-
tiation mutants were selected on plates containing synthetic complete medium
lacking tryptophan, leucine, and histidine (SC-WLH) supplemented with 10 nM
DHT and 5 mM 3-amino-1,2,4-triazole. The concentrations of each were ad-
justed to maximize the growth differential between YNK435 strains expressing
either FKBP51 or FKBP52. The colonies appearing after about 1 week of
incubation at 30°C were purified on SC-WL plates. The mutant phenotype
(potentiation of hormone signaling) was confirmed by assaying hormone-depen-
dent expression of the �-galactosidase reporter in the selection strain. Isolates
that showed increases in both hormone-dependent growth and �-galactosidase
expression were confirmed by transferring the mutated FKBP51 gene into a
clean genetic background. This was done by extracting the mutated FKBP51
gene using PCR amplification (LA Taq polymerase; Takara Shiga, Japan) from
yeast lysates (Whole Cell Yeast PCR kit; MP Biochemicals, Irvine, CA). The
same promoter/terminator primer pair used to construct the original mutant
FKBP51 library was used in this PCR. The PCR product, purified by agarose gel
electrophoresis, was cotransformed with the p424GPD vector (linearized with
EcoRI and SalI) into strain W303a expressing AR-P723S and containing a
plasmid-encoded hormone-responsive �-galactosidase gene (pUC�ss-26X).
Transformants were assayed for potentiation of hormone signaling as described
above. Those mutated FKBP51 genes that retained the potentiation properties in
this clean genetic background were then sequenced, and interesting mutations
were put in individually and in combination into the FKBP51 gene by site-
directed mutagenesis.

Hormone-induced gene expression in mouse cells. Immortalized mouse em-
bryonic fibroblasts (MEF) derived from FKBP52 knockout mice (31) were cul-
tured in 5% CO2 in minimum essential medium (Eagle) with Earle’s balanced
salts supplemented with 10% charcoal-stripped fetal bovine serum. Cells were
cultured in 12-well plates until they were 80% confluent, and then they were
transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. The transfection mix contained the following
(per well): 25 ng of a constitutive �-galactosidase-expressing plasmid (for trans-
fection normalization); 200 ng of the pCI-neo plasmid (Promega, Madison, WI)
expressing human AR; 300 ng of pCI-neo expressing FKBP51, -52, or variants;
and 500 ng of a plasmid expressing firefly luciferase reporter driven by the
androgen-dependent probasin promoter. Twenty-four hours after transfection,
the growth medium was replaced with medium containing 30 pM DHT. Approx-
imately 16 h later, the cells were lysed in 200 �l M-PER mammalian protein
extraction reagent (Pierce, Rockford, IL) as recommended by the manufacturer.
Luciferase expression was assayed by adding 100 �l of cell lysate to 100 �l of
luciferase assay reagent (Promega, Madison, WI). �-Galactosidase expression
was assayed by adding 10 �l of lysate to 100 �l of Gal Screen reagent (Tropix,
Bedford, MA). The 96-well plates were incubated at room temperature until
maximum luminescence developed (about 5 min for the luciferase assay and 2 h
for the �-galactosidase assay), and then the luminescence was measured. The
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normalized level of reporter expression (luciferase RLU/�-galactosidase RLU
[RLU is relative light units]) reported is the average (� standard deviation [SD])
of at least three separate samples.

Hormone binding measurements in mouse cells. The 52KO MEF cell line was
grown and transfected as described above in the hormone induction assay. Cells
were seeded in six-well plates and cotransfected with the following constitutive
expression plasmids: AR plasmid or empty vector (1 �g DNA/well), an FKBP
plasmid expressing either wild-type or mutant FKBP (0.5 �g/well), and �-galac-
tosidase plasmid (25 ng/well) for transfection control. Three replicate wells at
each hormone concentration contained AR plasmid, and one well at each hor-
mone concentration contained empty vector to determine nonspecific hormone
binding. After 2 days, medium was removed and replaced with fresh medium
containing [3H]DHT (110 Ci/mmol; NEN, Waltham, MA) at final concentrations
from 0 to 10 nM DHT. After 90 min, medium was removed, cells were washed
twice in phosphate-buffered saline, and cells were lysed with a commercial lysis
reagent (M-PER; Pierce, Rockford, IL). �-Galactosidase activity was measured
in an aliquot of each cell lysate, and radioactivity in the remaining lysate was
measured by liquid scintillation counting. Radioactive counts were normalized to
the corresponding �-galactosidase activity in each sample. Specific hormone
binding at each concentration of DHT was determined by subtracting radioac-
tivity in the nonspecific sample (empty vector) from each of the three replicates
containing AR and averaging the resulting values. The maximum specific binding
density and dissociation constant (KD) were calculated using Prism software
(GraphPad Software, San Diego, CA).

Western immunoblots. To confirm equivalent expression of each FKBP form,
Western immunoblots were performed on extracts from cells used in the induc-
tion assays. Yeast extracts were prepared either with glass beads as previously
described (25) or with Y-PER yeast protein extraction reagent (Pierce, Rock-
ford, IL) as recommended by the manufacturer. Mammalian cell lysates were
prepared with M-PER as described above. The following mouse monoclonal
antibodies were used: anti-FKBP51 FF1 (epitope in FK1 domain), Hi51b
(epitope in TPR domain), and anti-FKBP52 Hi52d (epitope in FK1 domain). To
confirm sample loading, antibody against L3 ribosomal protein (yeast lysates)
and antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(mammalian cell extracts) were used.

Protease-coupled PPIase assay. Proteins were expressed in the Escherichia coli
strain BL21. Protein purification and PPIase assays were performed as described
earlier (21). PPIase assays were performed using a protease-coupled assay. In
brief, various concentrations of the purified PPIase were combined with the
synthetic peptide substrate N-succinyl–Ala–Ile–Pro–Phe–p-nitroanilide (50 �M
final concentration) in 40 mM HEPES, pH 7.5, supplemented with 1 mg/ml
chymotrypsin. The fraction of peptide containing a cis-proline peptide bond is
cleaved by protease in a slow reaction that allows determination of the rate of
proline isomerization and catalytic efficiency.

RESULTS

Role of PPIase activity in potentiation of hormone signaling.
In our initial characterization of potentiation by FKBP52 (25),
we presented evidence that supported a role for PPIase activity
in receptor potentiation. FK506, which binds in the PPIase
pocket, inhibited potentiation. Likewise, a double point muta-
tion of FKBP52 involving amino acids Phe-67 and Asp-68
(FD67DV) inhibited both PPIase activity and receptor poten-
tiation. We thus suggested that an X-Pro peptide bond in the
receptor was isomerized by FKBP52 to enhance hormonal
signaling. However, there are reports that FK506 can inhibit
FKBP function not only by inhibiting PPIase activity but also
by sterically blocking productive contacts with a binding part-
ner (12). Additionally, mutation of Phe-67 and Asp-68, which
are highly conserved among PPIases in the FKBP family, could
potentially alter PPIase domain conformation and surface in-
teraction with a nonsubstrate partner.

To further examine the role of FKBP52 PPIase in potenti-
ation, we have now tested the effects of additional point mu-
tations in conserved residues that are generally important for
enzymatic activity (Fig. 1). Unlike residues Phe-67 and Asp-68,
which are positioned around the mouth of the PPIase pocket,

amino acids Tyr-57, Trp-90, and Phe-130 are located within the
hydrophobic PPIase pocket (Fig. 1A). As seen with corre-
sponding mutations in other FKBP family members (reviewed
in reference 10), we confirmed that individual mutation of
these amino acids greatly impairs PPIase activity (Fig. 1B). To
determine the effects of mutation on receptor potentiation, we
first used a yeast model (Fig. 1C). Yeast strains were stably
transformed with three plasmids: one expressing the steroid
hormone receptor, a second containing a �-galactosidase re-
porter gene transcribed from a hormone-inducible promoter,
and a third expressing wild-type or mutant FKBP. As we pre-
viously reported (25), the FD67DV double mutation abolishes
FKBP52-dependent potentiation of GR (Fig. 1C, left panel)
and partially reduces AR potentiation (Fig. 1C, right panel). In
contrast, the Y57A, F67Y, W90L, and F130Y mutations have
no effect on FKBP52 potentiation of either GR or AR signal-
ing. None of the mutations significantly altered the steady-state
levels of expressed proteins as measured by Western blot anal-
ysis of yeast extracts.

To confirm these results in a more relevant mammalian
model, we examined mutants in a mouse embryonic fibroblast
cell line derived from FKBP52 knockout mice (31). This im-
mortalized 52KO MEF cell line was transiently transfected
with four plasmids: an AR expression plasmid, a plasmid con-
taining a firefly luciferase gene transcribed from the AR-re-
sponsive probasin promoter, a constitutive �-galactosidase-ex-
pressing plasmid (for normalizing transfection efficiency), and
a plasmid expressing FKBP. The level of hormone-induced
reporter expression was measured in the presence of various
FKBP variants (Fig. 1D). As in the yeast model, FKBP51 had
a minimal effect on signaling, while FKBP52 stimulated AR
transactivation of the reporter gene more than fivefold. The
three PPIase-deficient mutants—F67Y, W90L, and F130Y—
all potentiated AR transactivation. These results establish that
PPIase activity per se is not required for potentiation. By
analogy to other well-characterized FKBPs, perhaps FK506
sterically interferes with recognition of an FKBP52 binding
partner; similarly, the FD67DV double mutant, in which sur-
face residues along the lip of the PPIase pocket are altered,
might fail to interact with a binding partner.

Genetic selection for FKBP51 gain-of-potentiation muta-
tions. A possible explanation for the functional differences
between the FKBPs is that FKBP51 lacks one or more residues
present in FKBP52 that are critical for productive interaction
with a binding partner. Here we have used yeast genetics to
identify such residues by selecting for gain-of-function muta-
tions in FKBP51 that enable it to potentiate hormone signaling
in a manner similar to that of FKBP52.

In the yeast strain used for this selection (YNK435; see
Materials and Methods for details), the HIS3 gene, which is
required for histidine biosynthesis, is transcribed from a weak
promoter having an adjacent upstream hormone response el-
ement (Fig. 2). To inhibit growth due to leaky expression of the
HIS3 construct in the absence of hormone, the His3p inhibitor
3-amino-1,2,4-triazole was added to the growth medium. In
strain derivatives stably expressing AR, growth in medium
lacking histidine was dependent upon the ligand dihydrotes-
tosterone, and growth dramatically increased when FKBP52
was coexpressed. To further enhance this conditional, hor-
mone-dependent growth, our selection strain expresses AR
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with the P723S point mutation, originally identified in an in-
dividual with complete androgen insensitivity syndrome (7),
which is hyperdependent on FKBP52 for hormone-induced
activity (4). In medium supplemented with DHT, little growth
was observed in yeast strains expressing FKBP51, while strains
expressing FKBP52 displayed robust growth (Fig. 2A).

To generate FKBP51 gain-of-function mutants that support
DHT-dependent yeast growth, we reasoned that multiple mu-
tations in FKBP51 might be necessary, so random mutagenesis
was done under conditions expected to produce three to five
mutations per PCR product (Fig. 2B). Cells transformed with
the mutant FKBP51 libraries were plated on the selective
growth medium and incubated until distinct colonies appeared.
As an independent marker for AR activity, the selection strain
also contains a second plasmid carrying a hormone-responsive
�-galactosidase reporter gene; thus, the FKBP51 mutant phe-
notype was independently confirmed and quantified by mea-
suring DHT-induced �-galactosidase activity. To confirm that
mutations in FKBP51 (rather than inadvertent genomic muta-
tions) caused the mutant phenotype, the mutant FKBP51 gene
was transferred into a different yeast strain containing a dif-
ferent hormone-inducible �-galactosidase reporter and AR-
P723S. If hormone response was enhanced by the mutant
FKBP51, the mutant gene was rescued by colony PCR and
sequenced.

We isolated numerous independently derived mutants with
the expectation that key mutations would repeatedly arise. A
total of 25 gain-of-function mutants were isolated from eight
independent libraries; of these, 11 had mutations in one of
three residues located within a 6-amino-acid stretch in the FK1
domain: A116V/T, L119P, and S124P (Fig. 3). With the excep-
tion of one A116T mutation, each was isolated multiple times
from independent libraries. The three residues at positions
116, 119, and 124 are all located in a loop that extends over the
PPIase pocket (Fig. 4B and C). The amino acid sequences of
FKBP51 and FKBP52 diverge only at positions 119 and 124 in
this loop (Fig. 4D, arrows). Interestingly, the selected FKBP51
mutations at position 119 or 124 all introduced proline resi-
dues, as found in FKBP52 and other FKBP family members.

Characterization of the mutants. To confirm the roles of
amino acids in positions 119 and 124, corresponding point
mutations were made in wild-type FKBP51, and converse mu-
tations were generated in FKBP52. Initially, the FKBP mu-

FIG. 1. PPIase activity is not required for potentiation by FKBP52.
(A) As derived from an X-ray crystallographic structure of FKBP52 (35),
the portion of the FK1 domain that highlights amino acids targeted by
site-directed mutagenesis is depicted. For reference, this view is looking
down into the PPIase pocket; the overhanging loop discussed later is in
the upper right corner. (B) PPIase activity was determined for wild-type
(WT) FKBP51 (51), FKBP52, and three FKBP52 point mutants using the
protease-coupled assay described in Materials and Methods. The data are
averages (plus SDs [error bars]) of four independent experiments.
(C) Yeast strains were transformed with a hormone receptor expression
plasmid, a reporter plasmid, and plasmids expressing the indicated
FKBP52 variant. Reporter gene expression was induced by the addition of
DOC (GR) or DHT (AR), and the differential rate of reporter gene
induction was measured over a 40-min time interval starting 75 min
postinduction (details in reference 25). The level of reporter expression

was normalized to signaling levels of the strains expressing wild-type
(WT) FKBP52. In all of the yeast induction assays, each bar is the
average expression rate (plus SD [error bar]) of three independent
cultures of a representative transformant. To confirm protein levels,
extracts prepared from these strains were analyzed by Western analysis
for expression of exogenous FKBP52 and, as a loading control, endog-
enous ribosomal subunit L3. 51, FKBP51. (D) 52KO MEF cells were
cotransfected with plasmids encoding AR, a hormone-responsive lu-
ciferase reporter gene, the indicated FKBP, and �-galactosidase for
transfection normalization. After treatment with either vehicle (�) or
DHT (�) for 24 h, cell lysates were prepared and assayed for luciferase
and �-galactosidase activities. Each bar represents the average re-
porter expression (luciferase activity/�-galactosidase activity) (plus SD
[error bar]) of three replicates. Cell extracts were further analyzed by
Western blotting for expression of exogenous FKBP52 and, as a load-
ing control, endogenous GAPDH.
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tants were analyzed for potentiation in yeast expressing either
wild-type GR or AR (Fig. 5A). In this model system, the
residue at position 119 is critical for potentiation: the L119P
mutation in FKBP51 enabled it to potentiate signaling three-
to fivefold, while the converse P119L mutation in FKBP52
decreased signaling to about half the level of wild-type
FKBP52. Importantly, the effects of FKBP mutants on recep-
tor activity seen in the yeast model are replicated in mamma-
lian cells. In 52KO MEF cells expressing wild-type AR (Fig.
5B), reporter gene expression was stimulated 15-fold in the
presence of FKBP52 compared to basal expression in the pres-
ence of wild-type FKBP51; potentiation activity was gained by
the mutant FKBP51-L119P and diminished in the converse
mutant FKBP52-P119L. As seen in previous studies, FKBP
forms accumulated to similar levels and did not affect the
steady-state level of receptor protein (Fig. 5B, Western immu-
nostained panels). A similar analysis was performed with GR
in 52KO MEF cells (results not shown), but GR differs from
AR in that FKBP51 actively represses GR function in mam-
malian cells (5, 8, 34). Nonetheless, mutant FKBPs had inter-
mediate effects on GR activity between the attenuation ob-
served with FKBP51 and the potentiation observed with
FKBP52.

The mutations at residue 124, whether alone or in combination
with mutations at residue 119, had little effect on GR or wild-type
AR activity in both yeast and MEF cells (Fig. 5A and B). Al-
though the mutation at position 124 does not alter hormone
signaling by wild-type receptors, we found that the FKBP51-
S124P mutation does enhance signaling by the hyperresponsive
AR-P723S (data not shown), which could explain its isolation by
genetic selection in yeast expressing AR-P723S. Consistent with
the lack of correlation between PPIase activity and potentiation,
the combined L119P S124P mutation actually reduces PPIase
activity approximately 40% (data not shown) while enhancing
receptor activity four- to fivefold over wild-type FKBP51. None of
the FKBP mutations significantly alters the level of FKBP protein
or coexpressed receptor protein as judged by Western immuno-
staining of MEF lysates (Fig. 5B).

Previous reports have shown that the presence of FKBP51 or
FKBP52 in steroid receptor complexes can alter receptor hor-
mone binding affinity (5, 8, 25, 31). An FKBP52-mediated in-
crease in receptor hormone binding affinity can explain, at least in
part, potentiation of hormone-dependent gene transactivation. In
Fig. 5C, we present hormone binding curves generated from in-
tact 52KO MEF cells coexpressing AR and one of the wild-type
or mutant FKBP forms. AR hormone binding affinity was in-
creased approximately fivefold in cells expressing exogenous
FKBP52 (KD � 1.7 � 0.2 nM) compared to cells expressing

FIG. 2. Selection scheme for FKBP51 potentiation mutants. (A)
Yeast strains containing a hormone-inducible HIS3 gene and expressing
AR plus either FKBP51 or FKBP52 were grown on selection medium
containing a growth-limiting concentration of DHT, as described in Ma-
terials and Methods. Yeast grows well only in the presence of FKBP52,
which potentiates AR activity. (B) Libraries of random FKBP51 mutants
were independently generated by error-prone PCR using primers (hori-
zontal arrows) binding upstream in the vector yeast GAPDH promoter
(PGPD) or downstream in the transcriptional terminator (Term). Mutant
libraries were cotransformed with a gapped, linearized vector such that
homologous recombination between the common promoter and termina-
tor regions on these fragments (about 100 nucleotides each) reconstitutes
a TRP1-marked FKBP51 expression plasmid. The parental strain harbors
a LEU2-marked AR-P723S expression plasmid and integrated HIS3

and lacZ reporter genes driven by hormone-responsive promoter ele-
ment (HRE). Transformants were plated on selective medium supple-
mented with 3-amino-1,2,4-triazole and DHT. To confirm that growth
was dependent on mutant FKBP51, colony PCR was used to synthesize
the FKBP51 gene from yeast lysate, and the PCR product was cotrans-
formed with a gapped vector (as in the initial strain construction) into
an independent parental strain expressing AR-P723S and containing a
lacZ reporter plasmid. From secondary strains exhibiting the gain-of-
function phenotype, the FKBP51 gene was sequenced to identify rel-
evant mutations.
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FKBP51 (KD � 9.3 � 0.8 nM). FKBP51-L119P increased AR
hormone binding affinity (KD � 3.7 � 0.9 nM) compared to
wild-type FKBP51, and FKBP52-P119L modestly decreased af-
finity (KD � 2.2 � 0.4 nM) compared to wild-type FKBP52; both
changes correlate well with the effects of mutant proteins on
AR-dependent gene activation (Fig. 5B). The calculated maxi-
mum specific binding density values in all cases were statistically
equivalent, which is consistent with equivalent AR protein levels
in various MEF extracts (Fig. 5B).

Both FKBPs have alanine in position 116. In yeast and MEF
cells, the A116V mutation in wild-type FKBP51 only modestly

increased AR signaling (Fig. 6). This level of potentiation is
insufficient to be readily detected in our genetic screen. On the
other hand, A116V in combination with L119P displays recep-
tor potentiation fully equivalent to FKBP52. The A116V mu-
tation was selected when either the template used for random
mutagenesis already contained P119 (Fig. 3, mutants F1, G1,
H1, and G2), or the A116V and L119P mutations were
simultaneously introduced (mutant B2). A116V mutation of
FKBP52 does not significantly increase its ability to potentiate
AR, suggesting that FKBP52 is already optimized for this func-
tion.

FIG. 3. FKBP51 potentiating mutants isolated in the selection. The top diagram represents the domain arrangement of FKBP51 in a linear
manner with amino acid numbering at the domain boundaries. Isolated mutants are aligned below. Each mutant is identified by the library from
which it was isolated (libraries A to H) and an isolate number. The libraries were produced using one of three different plasmid templates in
error-prone PCR: the wild-type FKBP51 gene (libraries A to E), the FKBP51 (L119P) gene (libraries G and H), or a chimeric gene containing
FKBP52-FK1 attached to FKBP51-FK2 and -TPR domains (library F). Mutations of particular interest are shown in black boxes.
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Mapping other relevant differences between FKBP51 and
FKBP52. These results indicate that P119 of FKBP52 plays a
critical role in the ability to potentiate GR or AR signaling;
however, an L119P mutation does not fully convey to FKBP51
the level of receptor potentiation observed with FKBP52. This
raises questions about other amino acid differences that relate
to receptor potentiation ability. Since genetic selection for
FKBP51 gain-of-function mutants did not clearly identify rel-
evant amino acid differences other than those in the FK1 loop,
we used a domain swap approach to map protein regions that
influence potentiation (Fig. 7). We first constructed a series of
chimeras between FK1 and the FK2-TPR domains, as dia-
grammed at the top of Fig. 7A. One set of chimeras contained
the wild-type FK1 domain (WT), and the other set contained
an FK1 with the indicated point mutation. In yeast, the FK1
domain appears to be the sole difference with respect to po-

tentiation of AR (Fig. 7A, left panel). A chimera containing
the FKBP52 FK1 domain and FKPB51 FK2-TPR domains
(WT-52/51, bar 5) resulted in levels of potentiation equivalent
to that observed with intact FKBP52 (bar 7), and the converse
chimera containing FKBP51 FK1 and FKBP52 FK2-TPR
(WT-51/52, bar 3) showed no potentiation, similar to intact
FKBP51 (bar 1). In contrast to yeast results, residues outside
the FK1 domain are required for full potentiation in 52KO
MEF cells (Fig. 7A, right panel). The 51/52-WT (bar 3) and
52/51-WT chimeras (bar 5) both had intermediate levels of
potentiation between FKBP51 and FKBP52.

We next examined chimeras containing an L119P or P119L
mutation to determine whether the amino acid at position 119
exclusively confers the functional difference between FK1 do-
mains. In both yeast and MEF cell systems, introducing the
L119P mutation into the FKBP51/52 chimera (L119P-51/52,

FIG. 4. Locations of the FKBP51 A116V, S119P, and S124P mutations in the proline-rich loop. (A) Crystal structures of FKBP51 (left) and
FKBP52 (right) are aligned; the respective FK1 domains are located at the top of either structure. (B and C) In an overlay of FK1 domains, amino
acids at positions 116, 119, and 124 are highlighted in green (FKBP52) or dark blue (FKBP51). All three amino acid positions are within a loop
overhanging the PPIase pocket. (D) Segments of amino acid sequences from various FKBP family members are aligned. Amino acids in boldface
type are conserved in most of the FKBPs. Amino acids within the overhanging loop of FKBP51 and FKBP52 are indicated by the shaded box. Note
that the only differences between FKBP51 and FKBP52 within the loop region are at positions 119 and 124 (arrows). Gaps introduced to maximize
alignment are indicated by dashes.
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bar 4 in either panel of Fig. 4A) brought potentiation up to
wild-type FKBP52 levels. The converse chimera P119L-52/51
(bar 6 in both panels) largely abolished potentiation in both
systems. Activity differences in chimeric proteins cannot be
attributed to differences in FKBP protein levels in yeast or
MEF (Fig. 7A, lower panels). These results indicate that the
FK1 domain—and more particularly the amino acid at position
119—is critical for potentiation and largely distinguishes
FKBP52 and FKBP51 activities measured in these cellular
assays.

As noted above (Fig. 7A, right panel), sequences outside the
FK1 domain appear to contribute to potentiation in 52KO
MEF cells. Additional chimeras were generated to map these
extraneous features to either the FK2 or TPR domain (Fig.
7B). The chimera containing the FK1 and FK2 domains of
FKBP52 and the TPR of FKBP51 (52/52/51, bar 4) has activity
approximately equal to that of intact FKBP52, suggesting that

FIG. 5. Functional analysis of amino acids at positions 119 and 124.
(A) Hormone-dependent reporter gene activity was measured in yeast
strains expressing wild-type GR (top) or AR (bottom) plus the indicated
FKBP. Protein expression levels were monitored by Western immuno-
staining for the introduced FKBP and the endogenous ribosomal subunit
L3. WT, wild type. (B) FKBP activities were similarly measured in trans-
fected 52KO MEF cells expressing wild-type AR and a hormone-depen-
dent luciferase reporter. Protein expression levels were monitored by
Western immunostaining for the introduced FKBP, AR, and endogenous
GAPDH. (C) Hormone binding by AR was measured in intact 52KO
MEF cells cotransfected with plasmids expressing the indicated FKBP
form, �-galactosidase as a transfection control, and either AR (total hor-
mone binding) or empty vector (nonspecific binding). Intact cells were
incubated with [3H]DHT at the concentrations shown and extracted into
aliquots for liquid scintillation counting or measurement of �-galactosi-

dase activity. Bound radioactivity (dpm � decays per minute) was
normalized to �-galactosidase (�-gal.) activity in each sample. Each
data point represents the average specifically bound dpm (total dpm �
nonspecific dpm) for three replicate samples.

FIG. 6. Functional analysis of FKBP A116V mutations. AR signal-
ing and FKBP expression was assayed in yeast (A) or in 52KO MEF
(B) background. WT, wild type.
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the FK domain region of FKBP52 is sufficient for full poten-
tiation and that TPR domain differences are not functionally
relevant to potentiation. On the other hand, the chimera com-
bining the FK1 and TPR domains of FKBP52 with the FK2
domain of FKBP51 (52/51/52, bar 3) has somewhat greater
activity than the chimera containing only the FK1 domain of

FKBP52 (52/51/51, bar 2), so unique interactions between FK2
and TPR domains, as suggested by FKBP52 and FKBP51 crys-
tal structures, might influence FK1-mediated potentiation. Ac-
tivity differences in chimeric proteins cannot be attributed to
different levels of protein expression (Fig. 7B, lower right
panel).

DISCUSSION

FKBP52 can potentiate hormone-dependent transcriptional
activity of steroid receptors. Whereas the physiological impor-
tance of FKBP52 function in mammalian male and female
reproductive development has been demonstrated, the mech-
anistic basis for receptor potentiation is poorly understood. It
is necessary for FKBP52 to bind Hsp90 as a means to assemble
with receptor complexes, and the N-terminal PPIase domain of
FKBP52, termed FK1, is necessary. Previous findings were that
FK506, which binds the PPIase pocket, and combined mu-
tagenesis of two amino acids in FK1 abrogate receptor poten-
tiation by FKBP52 (25). FK506 is known to inhibit PPIase
activity, and the double mutation in FK1 also inhibits PPIase
activity, leading to our prior conclusion that PPIase activity is
likely important for receptor potentiation. Here, however, we
show through directed mutagenesis of additional amino acids
critical for PPIase activity that enzymatic activity of FK1 is not
required for receptor potentiation (Fig. 1). Nonetheless, we
provide additional evidence for the critical importance of FK1
for potentiation of receptor activity.

FKBP51, which despite its many similarities to FKBP52 does
not potentiate receptor activity, was randomly mutated, and a
yeast genetic screen was devised to identify FKBP51 mutants
that gain potentiation activity (Fig. 2). The major class of
gain-of-function mutations identified by the genetic screen
(summarized in Fig. 3) localized to a surface loop of FK1 that
overhangs the PPIase active site (Fig. 4). Strikingly, intercon-
version of a single amino acid within this loop—Pro119 in
FKBP52 and Leu119 in FKBP51—can largely confer potenti-
ation activity to FKBP51 or ablate potentiation by FKBP52 in
either the yeast model or in mouse cells (Fig. 5 and 6). A
second loop mutation at nearby position 124 (S124P) was iden-
tified in the yeast screen as conferring some potentiation ac-
tivity to FKBP51, but this activity was evident only vis-à-vis the
AR-P723S point mutant, not with wild-type AR or GR (Fig. 5).
Further implicating the loop as important for potentiation
activity, two point mutations of amino acid 116 (A116V or
A116T) were isolated that elevated potentiation by the gain-
of-function FKBP51 L119P mutant to the level normally ob-
served with wild-type FKBP52 (Fig. 6). Since FKBP51 and
FKBP52 both naturally contain alanine in loop position 116,
we tested whether an FKBP52-A116V mutation would have
potentiation activity exceeding that of wild-type FKBP52 (Fig.
6); as only a small increase in potentiation was observed, we
conclude that FKBP52 potentiation activity is already optimal.

The FKBP51 gain-of-function mutant results highlight the
importance of the PPIase loop, in particular amino acid posi-
tion 119, in FKBP-dependent potentiation of AR and GR
activities. FKBP51-L119P activity can be optimized by combin-
ing with a novel mutation at position 116 or combining the
mutant FK1-L119P domain with the FK2 and TPR domains of
FKBP52 (Fig. 7), demonstrating that FKBP52-unique se-

FIG. 7. Functional analysis of FKBP chimeras. (A) As diagrammed
at the top of the figure, chimeric proteins were generated by exchang-
ing FK1 domains between FKBP51 (51) (shaded) and FKBP52 (52)
(white). One set of chimeras contained converse point mutations at
position 119 (indicated by asterisk in diagram), and another set lacked
the mutation. The activities and expression levels of the FKBP con-
structs were assayed in yeast (left-hand panels) or in 52KO MEF
(right-hand panels) containing wild-type AR and an appropriate hor-
mone-dependent reporter. Each pair of bars shows reporter activity in
the presence of FKBP lacking a mutation at 119 (WT; black bars) or
containing the indicated point mutation (L119P or P119L; white bars).
(B) A similar analysis was performed using chimeras involving swaps
among the FK2 and TPR domains, as indicated by the diagram at the
top of the panel. The activities and expression levels of FKBP con-
structs were assayed in 52KO MEF expressing wild-type AR and a
hormone-dependent luciferase reporter. Chimeras were detected in
cell extracts by Western immunostaining with monoclonal antibodies
specific for either the FKBP51 TPR domain (Hi51b) or FKBP52 FK1
domain (Hi52d).
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quences outside the FK1 domain—probably in FK2—normally
contribute to potentiation capacity.

PPIase loop interactions. To gain some insight into the
nature of potential interactions by FKBP52 FK1, we refer to
observations of protein-protein interactions involving single-
domain FKBP PPIases. Several FKBP-protein interactions
have been shown to be independent of PPIase enzymatic ac-
tivity yet still involve residues in or near the PPIase active
pocket. FKBP12 and FKBP13 form FK506-dependent com-
plexes with calcineurin (18), which inhibits calcineurin activity
and forms the basis for FK506-mediated immunosuppression.
Calcineurin binding involves an exposed region of FK506 and
FKBP residues outside the PPIase pocket. Furthermore,
FKBP12 and FKBP12.6 interactions with ryanodine receptor
(36) and FKBP12 binding to the transforming growth factor �
(TGF-�) receptor (14) do not require PPIase activity, yet in
each of these cases FK506 inhibits protein interaction.

The cocrystallographic structure of FKBP12 in complex with
the TGF-� receptor (Fig. 8A) illustrates features that could be
analogous to FKBP52 interactions with the steroid receptor.
FKBP12 (yellow chain) binds the C-terminal domain of the
TGF-� receptor (blue chain) through FKBP loop amino acids
(gray region) as well as FKBP residues surrounding the PPIase
pocket. Note that FKBP12 aspartic acid 37 (red), which cor-
responds to D68 in the FK1 domain of FKBP52, lies along the
PPIase pocket and participates in interactions with the TGF-�
receptor. By analogy, alteration of this amino acid and the
adjacent phenylalanine in the FD67DV mutant of FKBP52,
aside from impairing enzymatic activity, might disrupt FK1
interactions with the receptor and explain why we observe loss
of GR potentiation (25) (Fig. 1C). In the loop region, mutation
of FKBP12 amino acids 89 and 90 (equivalent to positions 120
and 121 in FKBP52, as shown in Fig. 4D) was shown to disrupt
binding of FKBP12 to the TGF-� receptor. Tryptophan and
phenylalanine side chains from the TGF-� receptor (Fig. 8A,
blue and purple) are seen to interact with FKBP12-P88 (or-
ange), which corresponds to FKBP52-P119. The phenylalanine
side chain (purple) actually projects into a hydrophobic notch
formed along the top of the loop.

A close comparison of the corresponding loops in FKBP52
and FKBP51 (Fig. 8B) reveals a striking structural difference
due to the respective amino acids at position 119. Similar to
P88 in the loop of FKBP12, P119 of FKBP52 projects outward
to form a notch along the exposed loop surface (Fig. 8B, top).
In contrast, L119 in FKBP51 projects inward, occluding the
notch (Fig. 8B, bottom). It is reasonable to speculate that
FKBP52, in a manner analogous to FKBP12 and TGF-� re-
ceptor interaction, forms a functionally important contact via
the FK1 hydrophobic notch with another component in the
steroid receptor complex. FKBP51 would lack this contact due
to the altered loop conformation imposed by substitution of
leucine for proline at position 119.

Mechanism for FKBP52-mediated potentiation of steroid
receptor activity. We propose that the FKBP52 FK1 domain,
via the notch formed by P119 in the overhanging loop, forms a
specific contact with the receptor ligand binding domain
(LBD) in the context of Hsp90 heterocomplexes and that this
contact potentiates receptor response to hormone. Several
lines of evidence factor into this model. First, although
FKBP52 binds Hsp90 directly and this binding is required for
potentiation, we do not believe the relevant FK1 contact for
potentiation is with Hsp90 itself. The reason is that FKBP52
selectively potentiates the activities of AR, GR, and PR with-
out altering the activity of estrogen receptor (25, 31) or
mineralocorticoid receptor (unpublished observations). An
FKBP52-induced change in Hsp90 function would seem likely
to affect all Hsp90-bound steroid receptors in a similar man-
ner. Furthermore, we have previously shown with chimeric
steroid receptors (25) that FKBP52-dependent potentiation
localizes to the receptor LBD. The purpose, we presume, of
Hsp90 binding by FKBP52 is to properly localize and orient the
FK1 domain for productive interaction with the receptor LBD.
We have been unable to detect direct interaction between
FKBP52 and steroid receptor in the absence of Hsp90, but
others have reported such an interaction (26). FK1 interaction
with the LBD is likely weak except as mediated by Hsp90.

Related to the roles of Hsp90 binding and FK1 interactions,
we considered whether FKBP12, which shares a proline equiv-
alent to P119 in the overhanging loop and other structural
similarities to FKBP52-FK1, might functionally substitute for
FK1. FKBP12, like FKBP52 that lacks Hsp90 binding, does not
potentiate receptor activity, perhaps because FKBP12 is not
recruited to the receptor complex through an association with
Hsp90. To test this possibility, we generated a chimeric protein
in which FKBP12 was situated in frame with FK2 and TPR
domains of FKBP52, but the chimera failed to potentiate re-
ceptor activity in yeast assays (results not shown). FKBP12
shares only 50% amino acid identity with FKBP52-FK1, so
there likely are distinct amino acids in FKBP52-FK1 that par-
ticipate in productive interactions with the receptor.

How does FK1 interaction with the LBD enhance receptor
sensitivity to hormone? FKBP52 is known to increase the hor-
mone binding affinity of GR (5, 25) and PR (31), and in Fig. 5C
we demonstrate a similar FKBP52-mediated increase in AR
hormone binding affinity. There is a fivefold increase in AR
affinity for DHT in the presence of FKBP52 compared to
FKBP51. Furthermore, the gain-of-function mutant FKBP51-
L119P stimulates a two- to threefold increase in DHT binding

FIG. 8. FK loop interactions. (A) The region of interaction be-
tween FKBP12 (yellow chain) and the cytoplasmic domain of the
TGF-� receptor (cyan chain) is depicted from a solved cocrystallo-
graphic structure (Protein Data Bank entry 1B6C; 14). The loop over-
hanging the PPIase pocket of FKBP12 (gray segment) contains P88
(orange side chain), which corresponds to P119 of FKBP52. Also
highlighted in FKBP12 is D37 (red segment), which corresponds to
D68 in FKBP52. Highlighted in the TGF-� receptor are F243 (purple
side chain) and W242 (dark blue side chain) that interact with P88 of
FKBP12. (B) Space-filling depictions are shown for the FK1 overhang-
ing loop of FKBP52 containing P119 (orange side chain) and of
FKBP51 containing L119 (blue-green side chain).
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affinity compared to wild-type FKBP51; this increase in hor-
mone binding affinity corresponds well with FKBP51-L119P-
mediated potentiation of reporter gene expression in AR
transactivation assays (Fig. 5B). Since PPIase is not critical for
receptor potentiation (Fig. 1), proline isomerization of the
receptor LBD is unlikely to account for an increase in hor-
mone binding affinity. As an alternative, perhaps FK1 in-
teraction stabilizes a dynamic LBD conformational state that
otherwise is transiently favorable for hormone binding. Unfor-
tunately, little is precisely known about the LBD conforma-
tional state(s) of steroid receptors prior to hormone binding.
Another possibility we have considered entails alternative ori-
entations by which the LBD might interact with Hsp90. Cur-
rently, there is no direct evidence that Hsp90 binds to any
particular client in more than one manner, but such a possi-
bility would not be surprising if one considers the vast array of
structurally distinct client proteins—steroid receptors, serine/
threonine kinases, tyrosine kinases, etc.—that are bound by
Hsp90. Given the diversity of structures recognized by Hsp90,
we propose that any single client, e.g., the androgen receptor,
might be bound by Hsp90 in either of two, or perhaps more,
orientations. If Hsp90-associated FKBP52 forms a secondary
contact with the receptor LBD, this contact may select an
orientation that is more favorable for hormone binding.

Implications. If the FK1 domain of FKBP52 directly con-
tacts the receptor LBD, we anticipate that the LBD site of
interaction would be unique and specific to receptors respon-
sive to FKBP52. We are currently pursuing directed genetic
approaches with the AR LBD to help with identification of this
putative interaction site. One would predict that receptor mu-
tations in or near this FK1 interaction site could occlude FK1
interaction and potentiation, thus generating a receptor that is
constitutively nonresponsive to FKBP52. Alternatively, recep-
tor mutation could favor an LBD conformation or orientation
vis-à-vis Hsp90 that mimics FKBP52-induced potentiation and
thus produces a receptor that constitutively responds to hor-
mone in a potentiated manner. Our identification of an
FKBP51 gain-of-function point mutant underscores the oppor-
tunity for spontaneous FKBP mutation to influence hormonal
responsiveness of tissues. For example, a single base change
generating an L119P mutation of FKBP51, whose expression is
highly induced by androgens, progestins, or glucocorticoids
(reviewed in reference 28), could produce positive feedback
that renders tissues hyperresponsive to hormone. Likewise, an
inactivating mutation of FKBP52 could constrain tissue re-
sponsiveness to a limiting amount of hormone.

In summary, here we have shown that a single amino acid
residue at position 119 within the PPIase loop plays a signifi-
cant role in determining the functional consequence of FKBPs
in steroid receptor complexes. Since the PPIase loop is often
involved in protein interactions by FKBP family members,
proline 119 in FKBP52 appears to specify a contact site that is
functionally critical for steroid receptor interaction and poten-
tiation. FKBP51 fails to potentiate receptor activity largely due
to the presence of leucine at position 119. The identification of
this critical residue is an important step toward understanding
the mechanism of FKBP52-mediated potentiation of steroid
signaling.
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