intermediate state from
which they can be readily activated.
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Chaperone Function of
Hsp90-Associated Proteins

Suchira Bose, Tina Weikl, Hans Bulgl, Johannes Buchner*

The Hsp90 heat shock protein of eukaryotic cells regulates the activity of proteins
involved in signal transduction pathways and may direct intracellular protein folding in
general. Hsp90 performs at least part of its function in a complex with a specific set of
partner proteins that include members of the prolyl isomerase family. The properties of
the major components of the Hsp90 complex were examined through the use of in vitro
protein folding assays. Two of the components, FKBP52 and p23, functioned as mech-
anistically distinct molecular chaperones. These results suggest the existence of a
super-chaperone complex in the cytosol of eukaryotic cells.

The heat shock protein Hsp90 is expressed
at high levels in the cytosol of eukaryotic
cells (1) and functions as a general cytosolic
chaperone under physiological (2, 3) and
heat shock conditions (4) in vitro. Unlike
other heat shock proteins, it seems to per-
form at least part of its activity in complex
with proteins of unknown function (5, 6).
Nine different components of the complex
have been identified, including Hsp90,
Hsp70, p60/Hop (Hsp90/Hsp70 organizing
protein), p48 (Hip), Hdjl, p23, and any
one of the three large immunophilins:
FKBP52 (FK506 binding protein, p59,
Hsp56, HBI), FKBP54, or cyclophilin 40
(Cyp40) (6-8). Most of these proteins were
initially identified in mammals in complex-
es with steroid receptors. They are required
to keep the receptors in a state activatable
by steroids (6, 9). However, it seems that
these complexes have more general func-
tions because they are conserved through-
out eukaryotes (10).
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To analyze the functional properties of
the Hsp90 partner proteins, we studied their
action in in vitro protein folding and un-
folding reactions. As an assay system, the
thermal unfolding and aggregation of ci-
trate synthase (CS) was used (4). The char-
acterization of the unfolding pathway of CS
allows the quantitative analysis of the num-
ber of intermediates formed in the unfold-
ing process and the distribution between
native and aggregated forms of CS (4).

One of the characteristic features of mo-
lecular chaperones is their ability to sup-
press the aggregation of proteins under
stress conditions (I, 11, 12). Thus, we ex-
amined the ability of Hsp90 partner pro-
teins and a number of unrelated proteins to
suppress the thermal aggregation process of
CS. Immunoglobulin G (IgG), lysozyme, or
bovine serum albumin (BSA) (Fig. 1A)
(13, 14), as well as an isolated domain of
Hsp90 (14), did not affect the aggregation
process of CS. However, two components of
the mature Hsp90 complex, FKBP52 and
p23, specifically suppressed the aggregation
of CS in a concentration-dependent man-
ner (Fig. 1, A and B), similar to that for
Hsp90 (4) and small Hsps (sHsps) (13, 15).
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native CS 1:200 into 40 mM Hepes (pH 7.5), equilibrated to 43°C. Light scattering during thermal aggregation of CS (0.15 wM) was monitored (4) in the presence

of (A) increasing concentrations of FKBP52 [(V) 0.15 wM, (¥) 0.3 uM, (0) 0.6 uM, ()
components; (B) in the presence of increasing concentrations of p23 [(@)

0.9 uM, (@)

inthe presence of 3 uM IgG, and (O) in the albsence of additional
0.15uM, (V) 0.75 uM, (¥) 1.5 uM, and (O) 2.25 pM], and (O

) in the absence of additional

components; and (C) in the presence of increasing Hop concentrations [(@) 0.15 wM, (¥) 1.5 uM, (0) 3.0 uM], and (O) in the absence of additional components.

Thus, FKBP52 and p23 were able to recog-
nize and to bind efficiently and selectively to
nonnative protein. In contrast, Hop (Fig.
1C) exerted a slight effect on CS aggregation
only at very high protein concentrations. Of
the three proteins tested, FKBP52 (Fig. 1A)
was most efficient in suppressing aggrega-
tion. A molar ratio of 1:6 CS:FKBP52
caused almost complete suppression of aggre-
gation. For p23 (Fig. 1B), a ratio of 1:8
CS:p23 resulted in half-maximal suppression
of aggregation, and Hop (Fig. 1C) was inef-
ficient, even at a ratio of 1:10 CS:Hop. The
interaction of Hop with nonnative proteins
seemed to be nonspecific because high con-
centrations of IgG (1:44 CS:IgG) also
showed some effect on the aggregation of CS
(compare Fig. 1, A and C).

There was no adenosine 5’-triphosphate
(ATP) dependence observed for either
FKBP52 and p23 (16). Thus, these proteins
seem to belong to the class of ATP-inde-
pendent chaperones such as sHsps (13),
DnaJ (17), SecB (18), calnexin (19), and
Hsp90 (20).

Having established that FKBP52, a mem-
ber of the large immunophilin family of
prolyl isomerases (21, 22), functioned as a
molecular chaperone, we examined whether
the prolyl isomerase activity of FKBP was the
basis for its chaperone activity using immu-
nosuppressive agents such as FK506 or rapa-
mycin to inhibit its catalytic activity (21—
23). The prolyl isomerase activity of FKBP52
was completely inhibited by rapamycin, both
at 25°C and at 43°C (Fig 2A). However,
FKBP52 was able to suppress the aggregation
of CS with equal efficiency, both in the
presence and absence of rapamycin (Fig.
2B), suggesting that the chaperone activity is
independent of its prolyl isomerase activity.
On the basis of sequence and hydrophobic
cluster analysis, it has been proposed that
FKBP52 can be divided into three domains
(24), with the NH,-terminal domain being
responsible for the protein’s prolyl isomerase
activity (25). Thus, the chaperone activity of
FKBP52 may be located in the other two

domains.
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Fig. 2. The chaperone activity of FKBP52 is independent of its PPlase activity. (A) PPlase activity was
measured in a coupled assay with chymotrypsin at 10°C (29) in the presence of () 0.9 uM FKBP52, (O)
0.9 uM FKBP52 incubated at 43°C for 30 min with rapamycin (50 wg/ml), (¥) 0.9 uM FKBP52 incubated
at room temperature for 30 min with rapamycin (50 wg/ml), and (@) in the absence of additional
components. The data were fitted to first-order rate equations with the use of Sigma Plot, and the
apparent rate constants are shown in the inset. (B) Light scattering during the time course of thermal
unfolding of CS (0.15 wM) in the presence of (V) 0.9 M FKBP52, and (¥) 0.9 uM FKBP52 incubated at
room temperature for 30 min with rapamycin (50 wg/ml); (O) in the absence of additional components,

and (@) with rapamycin (50 wg/ml).
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Whereas the thermal aggregation assay
gave an indication of the general chaper-
one function of each protein, analysis of
the unfolding pathway of CS provides ad-
ditional information about the underlying
6 DECEMBER 1996
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Fig. 3. Mechanism of chaperone action by Hsp90 part-
ner proteins. (A) The effect of the partner proteins on the
inactivation of CS activity at 43°C was measured (4). CS
(0.15 wM) was incubated at 43°C in the presence of (V)
0.9 uM FKBP52, (O) 0.3 pM p23, (@) 3 uM Hop, and
(V) 6.6 uM IgG. The solid lines represent single expo-
nential functions with apparent rate constants as
shown in the inset. (B) Analysis of the intermediates on
the CS unfolding pathway was monitored in the pres-
ence of the isolated Hsp90 partner proteins. CS (0.15
wM) was incubated at 43°C in the presence of the
various components, as indicated in (A). At the time
points shown, reactivation of inactive CS molecules
was initiated by the addition of oxaloacetic acid (OAA) (1
mM final concentration) and a shift to more permissive
temperatures (25°C). After 60 min of incubation at
25°C, the activity of the reactivated samples was de-
termined. The amounts of intermediates were calculat-
ed by subtracting the percentage of native species at
the time of reactivation from the total amount of active
species determined after the end of the reactivation
/ e process. The error in all cases was <5%.

molecular mechanism (4). Hsp90 has been
shown to slow the inactivation process of
CS, which suggests that Hsp90 interacts
transiently with the unfolding protein (4).
On the other hand, sHsps, although able



Fig. 4. Complexes between FKBP52 or p23 and
nonnative CS. Complex formation between chap-
erone and CS after incubation for 5 min at 43°C
was observed by cross-linking with glutaralde-
hyde (80) and subsequent immunoblotting with
antibody to CS. The immunoblot was developed
with ECL (Amersham).

to suppress aggregation effectively, appear
to have little effect on the kinetics of
inactivation (15) because they bind non-
native protein more stably and may re-
quire cooperation with other chaperones
for release (15). An analysis of the inac-
tivation of CS in the presence of the
different Hsp90 partner proteins (Fig. 3A)
showed that only p23 slowed the inacti-
vation process, even at substoichiometric
ratios. In contrast, FKBP52 and Hop
showed little or no effect on the kinetics
of the inactivation process. To further dis-
sect the function of the individual partner
proteins in protein folding, we examined
the reactivation process of CS after ther-
mal unfolding and quantitated the inter-
action of the partner proteins with unfold-
ing intermediates of CS (Fig. 3B). In the
presence of FKBP52, the amount of reac-
tivatable intermediates of CS was in-
creased during the first 5 min of the inac-
tivation process to 60% compared with
18% in the absence of chaperone. FKBP52
maintained the amount of folding-compe-
tent intermediates at about 20% even af-
ter 15 min of inactivation when in the
absence of chaperone all protein was irre-
versibly aggregated (Fig. 3B). An interac-
tion of Hop with unfolding intermediates
was observed only at high concentrations
of Hop during the early phase of inactiva-
tion (Fig. 3B). Furthermore, the decrease
in the amount of refoldable intermediates
followed the same pattern as that of the
control protein IgG. Thus, the interaction
of Hop with nonnative proteins seemed to
be nonspecific. These results correlate
with the finding that Hop’s function is

primarily to mediate the association of
Hsp90 and Hsp70 during the maturation
of steroid receptors and kinases (7). In the
presence of p23, the amount of folding-
competent intermediates increased to just
over 20% and remained at about 20%
even after 15 min of inactivation (Fig.
3B). This result agreed well with the find-
ing that p23 slowed inactivation (compare
Fig. 3, A and B). Thus, p23 most likely
binds transiently to early unfolding CS
intermediates, in a manner similar to that
for Hsp90 (4). However, p23 is more ef-
fective than Hsp90 in this process. In
addition to the kinetic data, association
between the chaperones FKBP52 or p23
and unfolding CS was directly demon-
strated by cross-linking and subsequent
immunoblotting with antibody to CS (Fig.
4). In the presence of p23, CS was complete-
ly shifted into a complex, whereas FKBP52
formed a complex with only a part of the
unfolding protein (Fig. 4). No complex was
observed with Hop. Thus, fundamental dif-
ferences in the chaperone mechanism of the
Hsp90 partner proteins exist, which suggest
that FKBP52 and p23 have unique roles in
assisting protein folding.

The large immunophilins have been
shown to be catalysts only of prolyl isomer-
ization (21, 22). Now we show that, in
addition, FKBP52 serves to chaperone pro-
tein folding and unfolding reactions by ac-
cumulating folding intermediates. This ac-
tivity for large immunophilins has also been
independently demonstrated for Cyp40, an-
other immunophilin found in mature
Hsp90 complexes (26). Thus, the large im-
munophilins in general may have acquired
additional domains responsible for the
chaperone function.

Although the prolyl isomerase activity
of the immunophilins had already suggested
their participation in the assisted folding
process, the function of p23 has remained
unknown until now (5, 6). Because it is
more potent than Hsp90 in stabilizing non-
native proteins, p23 seems to be one of the
major players in the cytosolic super-chaper-
one machinery.

Taken together, our results suggest
functional roles for the components of the
Hsp90 chaperone complex. All the pro-
teins associated with Hsp90, except for
Hop, interact selectively and productively
with nonnative proteins. However, their
mode of action seems to be different, sug-
gesting specific tasks in the complex. Giv-
en the abundance of this super-chaperone
complex (12) and the lack of a cytosolic
GroE equivalent in eukaryotes, the Hsp90
complex, in cooperation with the Hsp70
system, seems to be the major factor di-
recting protein folding in the cytosol of
eukaryotic cells.
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