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ABSTRACT: The chaperone Hsp90 is required for the appropriate regulation of numerous key signaling
molecules, including the progesterone receptor (PR). Many important cochaperones bind Hsp90 through
their tetratricopeptide repeat (TPR) domains. Two such proteins, GCUNC45 and FKBP52, assist PR
chaperoning and are thought to interact sequentially with PR-Hsp90 complexes. TPR proteins bind to
the C-terminal MEEVD sequence of Hsp90, but GCUNC45 has been shown also to bind to a novel site
near the N-terminus. We now show that FKBP52 is also able to bind to this site, and that these two
cochaperones act competitively, through Hsp90, to modulate PR activity. The N-terminal site involves
noncontiguous amino acids within or near the ATP binding pocket of Hsp90. TPR interactions at this site
are thus strongly regulated by nucleotide binding and Hsp90 conformation. We propose an expanded
model for client chaperoning in which the coordinated use of TPR recognition sites at both N- and
C-terminal ends of Hsp90 enhances its ability to coordinate interactions with multiple TPR partners.

Hsp901 is intimately connected to numerous cellular
functions through an extended molecular network of co-
chaperones and client proteins (1). Many Hsp90 client
proteins are key signal transduction molecules, and Hsp90
coordinates the actions of a variety of chaperones and
cochaperones to bring these clients to their functional
conformation (2–4). Chaperoning steroid receptors through
the Hsp90 pathway has been studied extensively, and three
main complexes have been described for the chaperoning
of the progesterone receptor (PR) through this pathway (5, 6).
An early complex is initiated by the binding of Hsp40 to
PR followed by incorporation of Hsp70 and Hip. Recruitment
of Hop and Hsp90 generates an intermediate PR complex
that is still unable to bind hormone. Finally, the mature
complex is characterized by the presence of the cochaperone
p23 and one of the large immunophilins, FKBP52, FKBP51,
or Cyp40. The receptor in this complex binds hormone with
high affinity.

The majority of Hsp90 cochaperones in this pathway
interact with Hsp90 through tetratricopepetide repeat (TPR)
motifs (7). This repertoire of TPR cochaperones (GCUNC45,
PP5, FKBP51, FKBP52, Cyp40, and others) is thought to
provide a diversity of Hsp90 complexes needed to chaperone
the wide variety of client proteins, yet in most cases, the
individual roles of TPR cochaperones are not well understood
even though their importance is clear. There is evidence that
the large immunophilins facilitate nuclear import of the
glucocorticoid receptor (GR) (5, 8). FKBP52 has been shown

to enhance GR hormone binding and signaling in a yeast
model (9). FKBP52 gene deletion in mice results in defective
sexual development, caused by deficiencies in the action of
PR and androgen receptors (10–12). The rapid exchange of
immunophilins in client-Hsp90 complexes indicates a
selection process for the most appropriate cochaperone for
a given client at a given stage of its chaperoning (13, 14).
Initial immunoprecipitation experiments showed, however,
that PR-Hsp90 heterocomplexes contain several TPR pro-
teins such as FKBP52, FKBP51, Cyp40, Hop, and possibly
others (15–18). This has been interpreted to reflect an
assortment of PR complexes at different stages of matura-
tion, each complex containing only one type of TPR
cochaperone. The recent identification of a second TPR
binding site in the N-terminus of Hsp90 (19) opened the
possibility of two simultaneous TPR interactions. The
mechanism for this dynamic interchange and the possibil-
ity of simultaneous TPR interactions with Hsp90 are the
subject of this study.

Interactions of Hsp90 with TPR proteins are mediated by
the TPR motifs (20–23). The immunophilins and the TPR
cochaperone Hop compete for binding to the C-terminus
of Hsp90 (24, 25), and a cocrystal structure of the
C-terminal MEEVD of Hsp90 with a TPR domain of Hop
is available (21). Mutagenesis studies have shown that
basic and hydrophobic residues in the TPR groove are
involved in binding to Hsp90 (26, 27). However, se-
quences outside of these motifs significantly impact their
binding as well (27, 28).

GCUNC45 is an Hsp90 cochaperone that has been studied
for its activity in chaperoning myosin (29); however, it also
appears to be involved in PR chaperoning (19). GCUNC45
interacts with the N-terminal domain of Hsp90 in a TPR-
dependent manner (19). A primary function of this Hsp90
N-terminal domain is to bind ATP, which induces interaction
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between the N-terminal domains of the Hsp90 dimer (30).
Therefore, this domain is a major site for conformational
regulation of Hsp90 structure and function. GCUNC45
appears to act upstream of FKBP52 during PR chaperoning
(19). Interestingly, in a purified system containing Hsp90,
Hsp70, Hop, Hsp40, and p23, GCUNC45 inhibits PR
chaperoning. However, FKBP52 reverses this repression and
promotes the progression of the cycle toward the hormone
binding state.

We investigated the molecular mechanism of interplay
between GCUNC45 and FKBP52 and found that, like
GCUNC45, FKBP52 can also bind at the N-terminal domain
of Hsp90. The two cochaperones compete for one another
for this site. We also show that this TPR binding site is near
the ATP binding pocket of Hsp90. Mutational analysis
suggests a spatial positioning of noncontiguous residues in
the ATP binding domain to generate an acidic motif for
binding the TPR domains of GCUNC45 and FKBP52.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. GCUNC45 with a
thrombin cleavage site followed by a six-His tag at its
C-terminus was cloned into the pET-23a vector using NdeI
and NotI restriction sites. The cDNA was transformed into
BL21-CodonPlus (DE3)-RIL cells, and protein production
was induced with 0.5 mM IPTG for 3 h at 30 °C. Cell pellets
were suspended in 20 mL of buffer A (10 mM Tris, 50 mM
KCl, and 2.5% glycerol) supplemented with protease inhibi-
tors [0.1 mM leupeptin, 0.1 mg/mL bacitracin, 77 µg/mL
aprotinin, 1.5 µM pepstatin, and 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride]. After sonication, the cell lysate
was supplemented with 5 mM imidazole and 400 mM KCl
and clarified by ultracentrifugation (100000g) for 45 min.
The supernatant was loaded onto a TALON metal affinity
column (BD Bioscience) equilibrated with buffer A supple-
mented with 5 mM imidazole and 400 mM KCl. Unbound
protein was removed with extensive washing, and GCUNC45
was eluted with buffer A containing 100 mM imidazole.
GCUNC45 was further purified using a UnoQ column (Bio-
Rad), a heparin-Sepharose column where GCUNC45 was
collected in the unbound protein fraction, and, finally, a
Superdex-200 column (Pharmacia).

Human Hsp90� was expressed in SF9 cells and purified
as described previously (31). Hsp70, Ydj1, Hop, and p23
were expressed and purified as described previously (32).

FKBP52 was expressed in Sf9 cells, and FKBP51 and
Cyp40 were expressed in Escherichia coli. The proteins were
purified from cell lysates by gradient elution from columns
of DEAE-cellulose, hydroxyapatite, and UnoQ. The isolated
proteins were stored at -70 °C.

Assembly of the Complex of the Progesterone Receptor
with Purified Proteins. PR expressed in Sf9 cells was
adsorbed onto PR22 antibody-protein A-Sepharose and was
assembled into complexes as described previously (32, 33)
using ∼0.05 µM PR with 1.4 µM hsp70, 0.8 µM Hsp90
dimer, 0.2 µM Ydj-1, 0.08 µM Hop, and 2.6 µM p23 in
reaction buffer [20 mM Tris (pH 7.5), 5 mM MgCl2, 2 mM
dithiothreitol, 0.01% Nonidet P-40, 50 mM KCl, and 5 mM
ATP]. After incubation for 7 min at 37 °C or 30 min at 30
°C, 0.1 µM [3H]progesterone (American Radiolabeled Chemi-
cals, Inc., St. Louis, MO) was added for incubation on ice

for 3 h. The complexes were then washed with reaction
buffer and assessed for bound progesterone and protein
composition.

Site-Directed Mutagenesis. Mutations in the N-terminal
domain of Hsp90� were generated in pET23a-Hsp901–212

using the QuickChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). All mutant clones were confirmed by
DNA sequencing.

Protein Binding Assays. GCUNC-45, FKBP52, and Hop
were covalently linked to Sepharose 4B as described previ-
ously (19). BSA was immobilized as a control. To test the
binding of Hsp90 and its fragments to these cochaperones,
15 µL of resin and 10 µg of protein were used in a final
reaction volume of 200 µL of incubation buffer [10 mM Tris,
100 mM KCl, 0.02% NP40, 2.5% glycerol, and 2 mM DTT
(pH 7.5)]. Samples were incubated for 40 min at 30 °C or
15 min at 37 °C and washed four times with 1 mL of buffer.
Bound proteins were extracted with sample buffer, resolved
by SDS-PAGE, and stained with Coomassie Blue. For pull-
down experiments with the Hsp90 N-terminal domain, 10
µL of nickel resin was used to immobilize 2 µg of His-tagged
Hsp901–212, washed with incubation buffer without DTT, and
incubated with 10 µg of GCUNC45, FKBP52, or Hop.
Alternatively, Hsp90 was bound to antibody H9010 on
protein A-Sepharose.

Quantification of Protein LeVels. Arbitrary densitometric
values (pixel AU) for the indicated electrophoretic bands of
protein were obtained by using NIH image 1.62. For
evaluation of the binding of Hsp90 fragments [1–212 and
616-C-terminus (Ct)] to GCUNC45 and FKBP52, AU
values were converted to micromolar equivalent by normal-
izing them against 1 µg samples of fragments run on the same
gel. To obtain the values of the free N- and C-terminal domain
of Hsp90, the amount of bound fragment was subtracted
from the initial amount added to the sample. The Scatchard
plots were linear and lead to the following constants:
GCUNC45-Hsp90.1–212, Kd ) 11 µM; GCUNC45-
Hsp90.616-Ct, Kd ) 4 µM; FKBP52-Hsp90.1–212, Kd

) 21 µM; FKBP52-Hsp90.6–616, Kd ) 4 µM.

RESULTS

FKBP52 Displaces GCUNC45 Bound to Hsp90 but Not
That Bound to PR. We have previously reported that
GCUNC45 interacts directly with Hsp90 and also with PR
and that FKBP52 displaces GCUNC45 from the PR-Hsp90
complex (19). This competitive action of FKBP52 on
GCUNC45 binding could focus on the interaction with PR,
Hsp90, or both. These possibilities were tested in binding
assays in which immobilized Hsp90 or PR (purified or in
chaperone complexes) was used to test for the binding of
GCUNC45 in the presence of increasing concentrations of
FKBP52 (Figure 1A). These data show that FKBP52 does
not compete with GCUNC45 binding to purified PR [Figure
1A (2)]. However, FKBP52 competes with GCUNC45
bound to purified Hsp90 [Figure 1A (9)]. This competition
is concentration-dependent, and a 5-fold molar excess of the
immunophilin blocks 50–60% of GCUNC45 binding. These
findings were confirmed in reverse, using immobilized
GCUNC45 to pull down Hsp90 in the presence of increasing
amounts of FKBP52 (Figure 1B). The presence of FKBP52
at an 30-fold excess is needed to prevent Hsp90 from binding
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to GCUNC45. FKBP52 most effectively competes for
GCUNC45 binding to Hsp90 that is bound to PR in the five-
protein chaperoning system [Figure 1A (b)]. The displace-
ment potency of FKBP52 for GCUNC45 in the PR-chaperone
complex indicates that FKBP52 has a much higher affinity
for Hsp90 when in the context of the PR complex.

We compared the requirements for the binding of FKBP52
and GCUNC45 to PR complexes (Figure 1C). As previously
shown (19), GCUNC45 binds readily to immobilized PR
alone, but no FKBP52 binding to PR was detected by staining
or by Western blotting (compare lanes 4 and 5 in Figure
1C). These results were unchanged by the presence of Hsp40,
Hsp70, Hop, or p23 in the binding assay (4P, lanes 6 and

7). The binding of FKBP52 to PR complexes was only
observed when Hsp90 was present along with the other
chaperone proteins, and this condition also enhanced the
binding of GCUNC45 (5P, lanes 9 and 10). Thus, the modes
of interaction of the two TPR proteins with PR clearly differ.
GCUNC45 can bind PR at relatively early steps of matura-
tion. FKBP52 binding is totally dependent upon the presence
of Hsp90 and indeed favors a particular conformation of
Hsp90 that exists in later more mature PR complexes.

GCUNC45 and FKBP52 Bind to Both the C-Terminal and
the N-Terminal Domains of Hsp90. Since the major site of
GCUNC45 versus FKBP52 competition in PR chaperoning
appeared to be through Hsp90, we focused on dissecting the
mechanism of this competition. FKBP51, FKBP52, Cyp40,
Hop, and the TPR protein phosphatase PP5 bind competi-
tively to the C-terminal domain of Hsp90 through their TPR
domains (24, 25, 28), mediated by contacts with the
C-terminal MEEVD sequence of Hsp90 (20–23, 34). We
have shown that Hsp90 has a second TPR binding site in
the N-terminal domain that recognizes GCUNC45, but not
Hop (19).

We tested whether purified FKBP52 could bind the
N-terminal fragment of Hsp90 (Figure 2A). The N-terminal
domain of Hsp90 (Hsp901–212) binds to both GCUNC45 and
FKBP52. The experiment in Figure 2B confirmed these data
and compared the binding of FKBP52, GCUNC45, and Hop
to the Hsp90 N-terminal and C-terminal domains, and to
wild-type Hsp90. In this case, the cochaperones were
immobilized and used to bind soluble Hsp90. Although, as
shown by others, FKBP52 binds to the C-terminal domain,
it also binds substantially to Hsp901–212 (Figure 2B, lanes
4–6). GCUNC45 binds the Hsp90 N-terminal binding site,
but it can also bind to the Hsp90 C-terminal domain (Figure
2B, lanes 1–3) as reported previously for the related
Caenorhabditis elegans protein UNC-45 (19). Hop, however,
binds only to wild-type Hsp90 and to the C-terminal domain
(Figure 2B, lanes 7–9). Further analysis of these interactions
showed that the cochaperones bind more strongly to the
C-terminal domain of Hsp90 (616-Ct) which binds FKBP52
and GCUNC45 with very similar affinities (Kd) of 4 µM
(Figure 2C). However, the affinity of GCUNC45 for
Hsp901–212 is 2 times greater than that for FKBP52, 11 and
21 µM, respectively (Figure 2D).

We next asked whether GCUNC45 and FKBP52 compete
for binding to the N-terminal fragment Hsp901–212. The
experiment summarized in Figure 3A clearly demonstrates
that GCUNC45 displaces FKBP52 from Hsp901–212 in a
concentration-dependent manner. This interaction requires
the TPR domain of GCUNC45 as shown by comparison of
Hsp901–212 binding by the N-terminal TPR domain and the
C-terminal domain of GCUNC45 (Figure 3B). To determine
whether the mechanism of interaction of GCUNC45 and
FKBP52 with the N-terminal domain of Hsp90 shares
characteristics with the classical binding to the Hsp90
C-terminus, we tested the effect of the synthetic peptide
MEEVD used previously in competition experiments as an
effective and specific competitor of interaction of C. elegans
UNC45 with Hsp90 (35). The MEEVD peptide inhibited the
binding of GCUNC45 [Figure 3C (9)] and FKBP52 [Figure
3C ([)] to the N-terminus of Hsp90. Furthermore, the
C-terminal domain of Hsp90 (616-Ct) also competes off
Hsp901–212 from GCUNC45 (Figure 3D) and FKBP52 (not

FIGURE 1: (A) FKBP52 competes with binding of GCUNC45 to
Hsp90, but not that to PR. The effects of FKBP52 on GCUNC45
binding to purified PR (2), purified Hsp90 (9), or Hsp90 in
PR-chaperone complexes (b) were tested using 0.5 µM GCUNC45
and increasing amounts of FKBP52, as indicated. The complexes
immobilized on antibody resin were isolated, and GCUNC45
binding was assessed by densitometry scans of SDS-PAGE gels
stained with Coomassie Blue. (B) GCUNC45 covalently im-
mobilized to Sepharose beads was incubated with 0.5 µM Hsp90
in the presence of an increasing amount of FKBP52. GCUNC45
complexes were isolated and assessed for bound Hsp90. (C)
Incorporation of FKBP52 into the PR complex is Hsp90-dependent.
Immobilized PR was incubated with FKBP52 or GCUNC45 alone
or in the presence of additional proteins as indicated: lane 1, loading
control of all seven proteins (p23 not shown); lane 2, resin control
plus the seven proteins; lane 3, PR alone; lane 4, PR with FKBP52;
lane 5, PR with GCUNC45 (UNC45); lanes 6 and 7, PR with four
proteins (no Hsp90) with FKBP52 or GCUNC45 as indicated; lane
8, PR with the five-protein chaperoning system; and lanes 9 and
10, PR with the five-protein system and FKBP52 or GCUNC45 as
indicated. In the top panel, protein complexes were separated by
SDS-PAGE and stained with Coomassie Blue. The the bottom
panel, one-tenth of each sample was resolved on a separate gel,
transferred, and blotted for FKBP52.
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shown). These results indicate that the same TPR domains
of FKBP52 and GCUNC45 are used to bind not only the
C-terminal domain but also the N-terminal domain of
Hsp90.

The Binding of GCUNC45 and FKBP52 in the N-Terminal
Domain InVolVes the ATP Binding Site. On the basis of these
results, we hypothesized that a motif similar to MEEVD
might exist in the N-terminal domain of Hsp90 to allow the
binding of GCUNC45 and FKBP52. Analysis of the Hsp90
sequence showed that the N-terminus of Hsp90 contains an
internal EEVE sequence that is conserved in Hsp90R and
-� of all vertebrates but not in yeast or bacteria. However,
removal of the first 24 amino acids that contain this sequence
did not alter the cochaperone binding (not shown).

Additional clues about the binding of GCUNC45 were
obtained by studying its relationship to the binding of ATP.
GCUNC45 inhibits activation of the ATPase activity of
Hsp90 by the cochaperone Aha1 (19). This suggested that
GCUNC45 may interfere with the binding of ATP to Hsp90.
We assessed the binding of Hsp90 to ATP in the presence
or absence of GCUNC45. As shown in Figure 4A, the ability
of the preformed GCUNC45-Hsp90 complex to bind an
ATP affinity resin is significantly diminished compared to
that of Hsp90 alone (compare lanes 1 and 3). Furthermore,
occupying the Hsp90 nucleotide binding site with ADP,
ATPγS, or the inhibitor geldanamycin (GA) severely weak-
ened the interaction of Hsp90 with GCUNC45 resin (Figure

4B). Identical results were obtained with the N-terminal ATP
binding domain Hsp901–212. FKBP52 binding to this fragment
was similarly affected by geldanamycin (Figure 4C). These
data strongly suggest that residues of the N-terminus of
Hsp90 involved in the binding of nucleotides are also
important for binding GCUNC45 and FKBP52.

Three amino acid substitutions in the ATP binding pocket
of Hsp90 that cause a loss of ATP binding or hydrolysis
have been reported (36–38). We introduced these same
mutations into the Hsp901–212 fragment of human Hsp90�
(N46A, D88A, and E42A) and tested their effects on binding
to GCUNC45 and FKBP52 resins. Far-UV CD and size
exclusion chromatography analysis showed no detectable
alteration of secondary structure or gel filtration behavior
due to these point mutations (not shown). The level of
binding of Hsp90 mutant E42A or N46A to GCUNC45 and
FKBP52 was reduced to 20% of that of wild-type Hsp901–212

(Figure 5A, lanes 2 and 3 and lanes 6 and 7, respectively),
and Hsp90 D88A showed no binding activity for either
cochaperone (lanes 4 and 8). Thus, cochaperone binding in
this domain of Hsp90 appears to be intimately tied to residues
that are also involved in ATP binding and hydrolysis.

The N-terminal domain of Hsp90 is composed of nine
helices and eight antiparallel �-strands that form an R + �
structure (39–41) (Figure 5B). The helical face contains a
deep pocket for binding ATP, bordered on one side by the

FIGURE 2: Both GCUNC45 (UNC) and FKBP52 bind to the N-terminal domain of Hsp90. (A) The His-tagged Hsp90 N-terminal fragment
(1–212) (0.5 µg) was bound to the Hsp90 specific antibody H90.10-protein A-Sepharose (lanes 1–3) or to a nickel resin (lanes 4–6) and
used in pull-down experiments to test for the binding of (0.5 µg) GCUNC45 (lanes 2 and 5) or FKBP52 (lanes 3 and 6). Bound proteins
were detected by Western blotting using antibodies against GCUNC45 and FKBP52. (B) GCUNC45, FKBP52, Hop, or the BSA control
was chemically immobilized on Sepharose-4B resin and used to pull down 0.5 µM wild-type Hsp90 (lanes 1, 4, 7, and 10), the Hsp90
N-terminal fragment (1–212) (lanes 2, 5, 8, and 11), or the Hsp90 C-terminal domain (616-Ct) (lanes 3, 6, 9, and 12). Bound complexes
were separated by SDS-PAGE and stained with Coomassie Blue. Lanes 13-15 show one-tenth of the protein amounts used in the reactions.
(C and D) Chemically immobilized GCUNC45 or FKBP52 was used in pull-down experiments to test the binding of increasing amounts
of Hsp90 N-terminal fragment 1–212 (C) or C-terminal fragment 616-Ct (D). The protein complexes were isolated and resolved by
SDS-PAGE, and Coomassie-stained bands were quantified by densitometry using NIH image 1.6. The plots of arbitrary units (AU) of
bound Hsp90 fragments are shown. To estimate affinity constants for each fragment, Scatchard analysis was performed as described in
Experimental Procedures.
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longest helix, helix 2. This helix contains residues E42 and
N46, and D88 is nearby in �-strand S3 at the base of the
pocket.

Even though binding of GCUNC45 to Hsp901–212 requires
the TPR motifs (19) and the MEEVD peptide competes very
efficiently with this interaction (Figure 3A,B), the sequence
of Hsp901–212 lacks any sequence resembling EEVD that
involves residue E42, N46, or D88. Therefore, we considered
the possibility that residues E42, N46, and D88 are part of
a spatial positioning of amino acids with some resemblance
to the EEVD motif. Neighboring residues D49, D52, and
L51 of helix 2 are suitably positioned to complete a potential
conformational entity recognizable by the concave surface
of the TPR superhelical groove (Figure 5B).To test this
hypothesis, these residues, in addition to neighboring ones,
were mutated in Hsp901–212. As shown in Figure 5C, residues
D49, L51, and D52 of helix 2 are all important for the
binding of GCUNC45 and FKBP52. Mutant D49A (lane 3)
shows a dramatic loss of binding, and binding is barely
detected with mutants L51S and D52A (lanes 4 and 5). On
the other hand, there was little change with mutant D66A
(lane 6) near the end of helix 2 or E70A (lane 7), L71S, and
K72A (not shown) that are part of the loop following helix
2. Also, V87S (lane 9), adjacent to the critical D88 in
�-strand S3, and D75R (lane 8) of �-strand S2 showed little
effect. Our findings support a spatial positioning of residues
E42, N46, D49, D52, L51, and D88 in and around the ATP
binding pocket of Hsp90 to generate a conformational

FIGURE 3: GCUNC45 and FKBP52 compete with one another for the N-terminal domain of Hsp90, and these interactions are blocked by
the C-terminal domain of Hsp90. (A) The His-tagged Hsp90 N-terminal domain (1–212) was bound to nickel resin and used to pull down
FKBP52 (0.5 µM) with various amounts of GCUNC45. Bound complexes were separated by SDS-PAGE and stained with Coomassie
Blue. Proteins were quantified using IP LabGel software and expressed in pixels (AU). (B) Binding of GCUNC45 to the N-terminus of
Hsp90 is TPR-dependent. Two micrograms of the His-tagged Hsp90 N-terminal domain (1–212) was bound to nickel resin and used to pull
down the N-terminal domain (1–284) of GCUNC45 (5 µg) containing the TPR motifs (UNC284, lane 2), the C-terminal domain of GCUNC45
fused to MBP (10 µg) (UNC616-Ct, lane 3), or 10 µg of MBP alone (lane 4). Lane 1 shows Hsp90.1–212 bound to the nickel resin with
no protein added. Lanes 5–7 show the nonspecific binding (resin alone) of UNC284, UNC616-Ct, and MBP, respectively. Lanes 8–10
show one-fifth of the loads. (C) His-tagged Hsp901–212 (2 µg) was immobilized on nickel resin and used to pull down 0.5 µM GCUNC45
(9) or FKBP52 ([) without or with increasing concentrations of MEEVD peptide or the reversed peptide DVEEM. (D) The C-terminal
domain of Hsp90 (616-Ct) competes with the N-terminal domain of Hsp90 (1–212) for binding to GCUNC45. Immobilized GCUNC45
was used to pull down Hsp901–212 (0.5 µM) in the presence of increasing amounts of the C-terminal domain of Hsp90 (616-Ct).

FIGURE 4: Occupying the N-terminal ATP binding pocket of Hsp90
reduces its level of binding to GCUNC45 and FKBP52. (A) Hsp90
was incubated without (lanes 1 and 2) or with GCUNC45 (UNC)
(lanes 3 and 4) for 15 min at 37 °C. The mixture was then added
to ATP resin for an additional 15 min without (lanes 1 and 3) or
with 1 mM ATPγS (lanes 2 and 4). (B) Hsp90 was incubated alone
(lane 1) or with 5 mM ADP (lane 2), 1 mM ATPγS (lane 3), or 10
µM geldanamycin (lane 4). The mixture was then added to
GCUNC45 resin and further incubated for 15 min at 37 °C. Lane
5 shows one-tenth of the Hsp90 used in the reaction. (C) N-Terminal
Hsp90 (1–212) alone, with DMSO (1%), or with geldanamycin
(GA, 10 µM) was incubated with GCUNC45 resin or FKBP52 resin
for 15 min at 37 °C. The amount of bound Hsp90 (1–212) is shown.
Standards (std) are indicated.
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structure required for binding TPR cochaperones to the
N-terminal domain.

DISCUSSION

Hsp90 is an essential chaperone connected with a wide
range of cellular functions (1–5). These functions depend
ontheinteractionofHsp90withanumberofcochaperones(5–7).
The largest class of Hsp90 cochaperones includes those that
interact with Hsp90 through their TPR domains. Members
of this class differ greatly in their activities and functions
(5). Most TPR cochaperones that have been studied have
been shown to interact with the C-terminal domain of Hsp90,
and the binding of GCUNC45 to a region in the Hsp90
N-terminal domain appeared to be an exception (19).

In this study, we show that the immunophilin FKBP52
can also bind to the Hsp90 N-terminal domain. FKBP52 can

effectively compete with GCUNC45 for Hsp90 binding, and
this competition is even more effective when Hsp90 is in
PR complexes. Furthermore, the binding of these PR-
associated cochaperones is intimately tied to structural
features and regulation of Hsp90’s N-terminal ATP binding
pocket. Nucleotides and geldanamycin reduce the affinity
of Hsp90 for GCUNC45 and FKBP52. Finally, mutation
studies reveal a previously unrecognized TPR binding site
involving discontinuous residues from helix 2 and �-strand
S3 of the N-terminal domain of Hsp90. As discussed below,
a second TPR binding site in this domain of Hsp90 helps to
explain how Hsp90 efficiently utilizes its repertoire of TPR
cochaperones to coordinate the chaperoning of steroid
receptors and perhaps other client proteins.

The binding of TPR proteins to the Hsp90 C-terminal
peptide MEEVD has been structurally characterized, and the
original “two-carboxylate” clamp mechanism proposed for
the TPR2a domain of Hop has been confirmed in subsequent
structures with several cochaperones (21, 34, 42). In these
interactions, basic residues of the TPR domain form elec-
trostatic interactions with the terminal aspartate of the peptide
(21). The affinity and specificity of interaction are enhanced
by additional contacts involving charged and hydrophobic
residues within and upstream of the MEEVD sequence. We
now know that the TPR site in the N-terminal domain clearly
differs from that at the C-terminus in that it is not anchored
by a linear amino acid sequence with a terminal aspartate.
Instead, the N-terminal site involves residues E42, N46, D49,
D52, L51, and D88 within or near the ATP binding pocket
of Hsp90. As with the C-terminal site, however, acidic and
hydrophobic residues seem to be similarly important in the
binding. However, the N-terminal site does not bind Hop
and is likely to be selective for a subgroup of TPR
cochaperones. Preliminary studies indicate that Cyp40 is also
able to bind to the N-terminal site, but other TPR cochap-
erones have not been tested.

Initial immunoprecipitation experiments showed that
PR-Hsp90 heterocomplexes contain several TPR proteins
such as FKBP52, FKBP51, Cyp40, Hop, and possibly
others (15–18). This has been interpreted to reflect an
assortment of PR complexes at different stages of maturation,
each complex containing only one type of TPR cochaperone.
The identification of a second TPR binding site provides the
possibility of two simultaneous TPR-dependent interactions.
Many TPR cochaperones not only interact with Hsp90 but
also have an additional domain that can interact with the
client. With such a variety of client proteins and cochaper-
ones, this interaction may occur more successfully with two
binding sites on Hsp90 (Figure 6). The dynamic exchange
of the TPR proteins (shown as P1 and P2) could result from
a direct competition for the N- or C-terminal sites, and it is

FIGURE 5: Point mutations in and around the Hsp90 N-terminal ATP
binding pocket affect the binding of GCUNC45 (UNC) and
FKBP52. (A) Two micromoles of purified N-terminal Hsp90
(1–212) (wild type or mutants) was incubated with GCUNC45 or
FKBP52 resin, or BSA resin used as control. Bound proteins were
resolved by SDS-PAGE and stained with Coomassie Blue. (B)
Structure of the N-terminal domain of Hsp90� (41). Mutated amino
acids are colored red (acidic) and magenta (hydrophobic). (C)
Purified mutant proteins were tested for GCUNC45 and FKBP52
binding as in panel A. BSA resin was used as a control. Loads
show one-tenth of the proteins used in the reaction.

FIGURE 6: Schematic model depicting two TPR proteins (P1 and
P2) interacting exclusively or simultaneously with the Hsp90-PR
complex. Nucleotides regulate these interactions, and GA blocks
the N-terminal TPR binding site. Other chaperones have been
omitted for the sake of simplicity.
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also possible that the proteins could be exchanged through
allosteric conformational modifications transmitted from one
site to the other. In addition, entry of cochaperones into the
Hsp90 complex would also be strongly influenced by the
client or cochaperones as evidenced by the fact that FKBP52
binds much more effectively to Hsp90 in PR complexes than
to Hsp90 alone (Figure 1).

The dual use of the ATP binding site for TPR cochaperone
binding has additional regulatory implications. Hsp90 is
known to have multiple conformational states that are
determined, primarily, by a cycle of binding and hydrolysis
of ATP (1–5). Hsp90 is thought to enter client complexes
without bound nucleotide. ATP binding then induces dra-
matic conformational changes resulting in dimer interaction
within the N-terminal domains and a reduced exposure of
hydrophobic surfaces (30, 43). Additional conformational
changes are presumed to occur upon the hydrolysis of ATP
and the release of ADP. In this context, one can speculate
that the binding of a cochaperone to the N-terminal site of
Hsp90 would prevent ATP binding and progression of the
chaperone complex to the next step, perhaps with the purpose
of allowing time for additional event(s) to occur. The
cochaperone interaction may be displaced by another co-
chaperone or weakened by conformational changes that allow
ATP binding. Later, when ATP is bound, TPR cochaperones
might interact with Hsp90 only at the C-terminus. Thus,
cochaperone interactions at the N-terminal site would be
limited to specific phases of the Hsp90 chaperoning cycle.
Indeed, in the chaperoning of PR, Hsp90 enters the PR
complex through the bridging protein Hop, which binds both
Hsp90 and Hsp70 (bound to PR). In this intermediate
complex, the C-terminal TPR site is blocked by Hop, leaving
the site in the N-terminal domain available (without ATP).
Progression to a mature PR conformation involves the
binding of ATP, p23, and immunophilins, and the loss of
Hop. In our model, the TPR cochaperone interactions would
be relegated to the N-terminal site during the intermediate
stages (except for Hop binding), and to the C-terminal site
at later stages.

These findings may also impact our understanding of the
pharmacological actions of inhibitors targeting Hsp90’s
N-terminal ATP binding pocket such as geldanamycin and
ATP derivatives. To date, the negative effects of these
pharmacological agents on Hsp90 function have been
interpreted mainly through inhibition of Hsp90 ATPase
activity, whereas they are likely also to alter cochaperone
interactions.

In conclusion, this study defines a novel site for TPR
cochaperone interaction at the N-terminal ATP binding
domain of Hsp90. This site has the potential to be regulated
upon structural changes in Hsp90 throughout its ATP-driven
chaperoning cycle. The presence of two Hsp90 sites for TPR
protein interaction provides additional flexibility in position-
ing this class of cochaperones to more effectively regulate
client chaperoning by Hsp90.
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