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The Cyclosporin A-binding Immunophilin CyP-40 and the
FK506-binding Immunophilin hsp56 Bind to a Common Site on
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the Untransformed Glucocorticoid Receptor*
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We have recently shown that hsp56, the FK506-bind­
ing immunophilin component of both the heat shock
protein (hsp90'hsp70'hsp56) heterocomplex and the un­
transformed glucocorticoid receptor heterocomplex, is
bound directly to hsp90 (Czar, M.J., Owens-Grillo, J. K.,
Dittmar, K. D., Hutchison, K. A., Zacharek, A. M., Leach,
K. L., Deibel, M. R., and Pratt, W. B. (1994) J. Bioi. Chem.
269, 11155-11161). In this work, we show that both un­
transformed glucocorticoid receptor and hsp90 hetero­
complexes contain CyP-40, a 40-kDa immunophilin of
the cyclosporin A-binding class. CyP-40 is present in
both native glucocorticoid receptor heterocomplexes
and receptor heterocomplexes reconstituted with rabbit
reticulocyte lysate, and the presence of CyP-40 in the
receptor heterocomplex is stabilized by molybdate. Im­
munoadsorption of hsp90 from cell lysate yields coim­
munoadsorption of both hsp56 and CyP.40, showing that
both immunophilins are in native heterocomplex with
hsp90. However, immunoadsorption of hsp56 does not
yield coimmunoadsorption of CyP-40; thus, the two im­
munophilins do not exist in the same heterocomplex
with hsp90. Both purified CyP-40 and hsp56 bind di­
rectly to purified hsp90, and excess CyP-40 blocks the
binding of hsp56, consistent with the presence of a com­
mon immunophilin binding site on hsp90. Our data also
suggest that there are at least two types of unrrans­
formed glucocorticoid receptor-hsp90 heterocomplexes,
one that contains hsp56 and another that contains CyP­
40. The role played by the immunophilins in steroid
receptor action is unknown, but it is clear that the pep­
tidylprolyl isomerase activity of immunophilins is not
required for glucocorticoid receptor-hsp90 heterocom­
plex assembly and proper folding of the hormone bind­
ing domain by the hsp90-associated protein folding sys­
tem of reticulocyte lysate.
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After cell rupture, untransformed steroid receptors are re­
covered in the cytosolic fraction of hormone-free cells in multi­
protein complexes containing both heat shock protein (hsp)!
and immunophilin chaperones (for review see Refs. 1 and 2).
The immunophilins are ubiquitous and conserved proteins that
bind immunosuppressant drugs, such as cyclosporin A, FK506,
and rapamycin (Ref. 3 for review). All members of the immu­
nophilin protein family have peptidylprolyl isomerase activity,
and, like hsp70 and hsp90, they are thought to play major roles
in protein folding and trafficking in the cell.

The first receptor-associated immunophilin was discovered
when an antibody directed against the partially purified, un­
transformed progesterone receptor complex was found to react
with a 59-kDa rabbit protein (4) that was shown to be associ­
ated with all untransformed steroid receptor heterocomplexes
although its function in such complexes is unknown (5). The
human protein, with an apparent Jf; of56,000 (6), was found to
be both a heat shock protein (7) and a member of the FK506­
and rapamycin-binding class of immunophilins (8, 9). Rabbit
(10), human (11), and mouse (12) cDNAs for hsp56 were cloned,
and because the human cDNA encodes an FK506-binding pro­
tein with a predicted molecular mass of 52,000 the protein is
also called FKBP52 (11). Recently, the 50- and 54-kDa compo­
nents of the untransformed chicken progesterone receptor het­
erocomplex (13) were found to have significant sequence iden­
tity with hsp56 (14) and to bind to an FK506 affinity resin (15).
The 50-kDa FK506-binding protein is the avian homolog of
hsp56, but the 54-kDa protein is the homolog of a novel 55-kDa
human FKBP (15).

The immunophilins can be broadly divided into two classes
according to their ability to bind either cyclosporin A (cyclophi­
lins) or FK506 and rapamycin (FKBPs) to their peptidylprolyl
isomerase site. In addition to the FKBPs noted above, a cyclo­
philin has been identified in the estrogen receptor heterocom­
plex. Purification of the bovine estrogen receptor using an
estrogen-derivatized affinity resin yielded copurification of
hsp90 and an ~40-kDa protein (16). When the cDNA for the
40-kDa protein was cloned (17), it was found to be the same as
a 40-kDa cyclosporin A-binding protein that was previously
purified from bovine brain (18) and cloned from a human li­
brary (19). This protein, known as cyclophilin-40 (CyP-40),

1 The abbreviations used are: hsp, heat shock protein; hsp56, hsp70,
and hsp90, the 56-, 70-, and 90-kDa heat shock proteins, respectively;
CyP-40, the 40-kDa cyclosporin A-binding protein; GR, glucocorticoid
receptor; FKBP, FK506 binding protein; PAGE, polyacrylamide gel
electrophoresis; TES, 2-{[2-hydroxy-l, I-bis(hydroxymethyl lethyl]­
aminolethanesulfonic acid.
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contains a C-terminal domain with significant sequence homol­
ogy to an internal region ofhsp56 (17,19). To date, CyP-40 has
not been reported in native hetercomplexes other than that of
the bovine estrogen receptor, although it has been reported in
progesterone receptor heterocomplexes reconstituted under
cell-free conditions with rabbit reticulocyte lysate (20).

It has been shown that a portion of the hsp90 and a portion
of the hsp56 in cytosols exist together in a multiprotein com­
plex independent of the presence of steroid receptors (6, 21-24).
Both cross-linking (25) and purified protein binding studies
(26) have established that hsp56 binds directly to hsp90 in this
multiprotein complex. A 45-kDa yeast protein with N-terminal
homology to mammalian CyP-40 has been isolated in a multi­
protein complex with the yeast homolog of hsp90 (27), and
incubation of a variety of tissue homogenates with a CyP-40/
GST-fusion protein bound to glutathione-agarose resulted in
retention of'hspsu," suggesting that CyP-40 also binds directly
to hsp90. In this work, we show that both native and cell-free
reconstituted GR heterocomplexes contain CyP-40. Like hsp56,
a portion ofthe CyP-40 in cytosol exists in multiprotein, hsp90­
containing heterocomplexes, but the FKBP and the cyclophilin
do not exist simultaneously in the same complex. Purified
CyP-40 binds to purified hsp90 and competes for the binding of
purified hsp56, suggesting that there is a common immunophi­
lin binding site on hsp90. Our data also suggest that there are
at least two types of untransformed steroid receptor heterocom­
plexes, one that contains hsp56 and another that contains
CyP-40.

EXPERIMENTAL PROCEDURES

Materials

Untreated rabbit reticulocyte lysate was from Green Hectares (Ore­
gon, WI). [6,7-3H]triamcinolone acetonide (49.5 Ci/mmol) and 125I_con_
jugated goat anti-mouse and anti-rabbit IgGs were from DuPont NEN.
Iron-supplemented bovine calf serum, powdered Dulbecco's modified
Eagle's medium (high glucose), goat anti-mouse IgG-horseradish per­
oxidase conjugate, monoclonal nonimmune IgG and IgM, and nonim­
mune rabbit serum were from Sigma. Actigel ALD (activated aldehyde
agarose) affinity support for protein immobilization was purchased
from Sterogene Biochemicals (San Gabriel, CAl. Goat anti-mouse IgM,
donkey anti-rabbit IgG-horseradish peroxidase conjugate, and protein
A-agarose were from Pierce. The AC88 monoclonal IgG against hsp90
and the N27F3-4 anti-72-/73-kDa heat shock protein monoclonal IgG
(anti-hsp'Zu) were from StressGen (Victoria, Canada). The BuGR2 IgG
monoclonal antibody used to develop the GR on immunoblots and the
anti-cyclophilin 40 (C-Terminal Peptide) antibody were from Affinity
Bioreagents (Neshanic Station, NJ). The EC1 monoclonal antibody
against hsp56 (28) was kindly provided by Lee Faber (Medical College
of Ohio). The UPJ56 rabbit antiserum against hsp56 has been described
previously (29). Hybridoma cells producing the 8D3 monoclonal anti­
hsp90 IgM (30) were a gift from Gary Perdew (Purdue University), and
hybridoma cells producing FiGR monoclonal IgG against the glucocor­
ticoid receptor (31) were generously provided by Jack Bodwell (Dart­
mouth Medical School). Purified FiGR antibody was used to immuno­
adsorb the GR, and for this purpose it was covalently cross-linked to
agarose using an Immunopure Ag/Ab Immobilization kit from Pierce.
All of the monoclonal antibodies listed above were raised in mice.

Methods

Cytosol Preparation-The WCL2 line of Chinese hamster ovary cells
overexpressing the mouse GR was established by Hirst et al. (32). Cells
were grown in monolayer culture using Dulbecco's modified Eagle's
medium plus 3 fLM methotrexate, 40 fLg/ml proline, and 10% iron­
supplemented calf serum. Cells were harvested by scraping into Earle's
balanced saline, suspended in 1.5 volumes of HE buffer (10 mMHepes,
1 mM EDTA, pH 7.4), and ruptured by dounce homogenization. Cell
homogenates were centrifuged for 1 h at 100,000 x g, and the super­
natant from this centrifugation is referred to as "cytosol."

Immunoadsorption-hsp90 was immunoadsorbed from rabbit reticu­
locyte lysate or WCL2 cytosol with 10 or 20 fLI, respectively, of 8D3
antibody (ascites) prebound to 14 fLl of protein A-agarose. Antibody was
preadsorbed by suspending protein A-agarose pellets in 300 fLl of HE

buffer and 50 fLl of goat anti-mouse IgM for 1 h. Pellets were centri­
fuged, aspirated, and resuspended for 1 h in 300 fLl of HE buffer with 10
fLl of 8D3 (IgM) ascites fluid and then centrifuged and aspirated prior to
immunoprecipitation, The 8D3-preadsorbed protein A-agarose pellet
was rotated with 400 {oL! of rabbit reticulocyte lysate or WCL2 cytosol to
prepare the immune pellet. The immunoadsorbed pellets were washed
three times by suspension in 1 ml of Hepes buffer (10 mMHepes, pH 7.4)
and centrifugation. hsp56 was immunoadsorbed from 200 fLl of rabbit
reticulocyte lysate by incubating for 2 h at 4 °C with 10 fLl of protein
A-agarose preadsorbed with UPJ56 antiserum. After immunoadsorp­
tion, the immune pellet was washed three times by suspension in 1 ml
of HE buffer and centrifugation. The GR heterocomplex was immuno­
adsorbed from 300-fLl aliquots of WCL2 cytosol by rotation for 2 h at
4 "C with 5 fLl of covalently coupled FiGR-agarose. Some samples were
incubated with FiGR-agarose that had been preincubated for 1 h at 4 °C
with 50 fLg of epitope peptide to block the antibody-combining site and
prevent GR immunoadsorption, Immune pellets were washed three
times by suspension in 1 ml of HE buffer containing 20 mM sodium
molybdate (HEM) or in the experiment of Fig. 1 with TEG buffer (10 mM
TES, 50 mx NaCI, 4 mM EDTA, 10% glycerol, pH 7.4). In experiments
where purified hsp56 and CyP-40 were bound to purified hsp90, the
purified hsp90 was immunoadsorbed to a 5-fLl pellet of Actigel ALD
precoupled with 50 ul of 8D3 ascites.

Reconstitution of GR Heterocomplexes-Reconstitutions were per­
formed essentially as described previously (33, 34). Immunoadsorbed
GR was stripped of associated hsp90 by incubating the immunopellet
for 2 h at 4°C with 0.5 M NaCI followed by two washes with 1 ml of
Hepes buffer. Salt-stripped immune pellets were then incubated for 20
min at 30°C with 100 fLl of rabbit reticulocyte lysate plus 10 fLl of an
A'I'Pvregenerating system (50 mx ATP, 250 roM creatinine phosphate,
20 mM MgCI2, and 100 units/ml creatinine phosphokinase). The mix­
tures were resuspended every 5 min during the incubation. After the
incubation, the pellets were washed two times with 1 ml of HEM, and
replicate washed pellets were assayed for steroid binding activity or
GR-associated proteins. For assay of steroid binding activity, pellets
were incubated with 50 TIM [3HJtriamcinolone acetonide in HEM over­
night on ice, washed twice with HEM buffer, and counted for radioac­
tivity in a scintillation counter. Pellets from duplicate incubations were
analyzed by SDS-PAGE and Western blotting for GR, hsp90, hsp70,
hsp56, and CyP-40.

Gel Electrophoresis and Western Blotting-Immunoadsorbed protein
A-agarose pellets were boiled in SDS sample buffer, and proteins were
resolved on 10% SDS-polyacrylamide gels. Proteins were transferred to
Immobilon-P membranes and probed with 1 fLg/ml BuGR2 antibody for
the GR, 1 fLg/ml AC88 for hsp90, 1 ug/ml N27F3-4 for hsp70, 0.1%
anti-cyclophilin 40 for CyP-40, and either 0.1% UPJ56 or 1 fLg/ml EC1
for hsp56. The immunoblots were then incubated a second time with the
appropriate 125I-conjugated or horseradish peroxidase-conjugated coun­
terantibody to visualize the immunoreactive bands.

Protein Purification-Calf hsp56 was purified essentially as de­
scribed by Yem et al. (8). Briefly, calf thymus cytosol prepared in 50 mM
Tris-HCI, pH 7.5, with a protease inhibitor mixture was passed through
0.5 ml of FK506-Affi-Gel-10 matrix for 2 h at 4°C. After washing the
matrix with 50 ml of 50 mM Tris HCI, pH 7.5, followed by 50 ml of the
Tris buffer containing 0.5 MNaCI, followed by 50 ml of water, the bound
proteins were eluted with 3 ml of 5% acetic acid, and Tris base was
added to bring the pH to 7.5. The eluant was concentrated to 0.3 ml by
filtration through an Amicon YM30 membrane to yield a concentration
of 0.02 fLg of hsp56/fLl. For the experiment of Fig. 6A, hsp56 was
partially purified from rabbit brain by chromatography of cytosol on
DE52. Fractions containing hsp56 and hsp90 were identified by immu­
noblotting, and fractions with hsp56 but free of hsp90 were combined
and contracted to original volume. Rabbit hsp90 was purified from the
brain cytosol by chromatrography of the pooled DE52 fractions on
hydroxylapatite followed by chromatrography over ATP-agarose exactly
as described in Hutchison et al. (35).

The purified human CyP-40 used in this work is a mutant in which
His-141 is replaced by Trp. The preparation of the eDNA and its
expression in E. coli are described alsewhere." The protein was purified
on a cyclosporin A affinity matrix as described by Kieffer et al. (18).
After thorough washing, the protein was eluted with pH 3.0 phosphate
buffer (50 rna) and immediately neutralized with pH 7.8 Tris buffer
(200 mx). The eluates were concentrated by ultrafiltration (Centricon
30) to 2 mg/ml, and the purified CyP-40 was stored at 4 "C.

2 K. Hoffmann and R. E. Handschumacher, submitted for publication.
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FIl:. I. CyP .40 is a c o m p o nen t of the native mouse GR h eterocomplex. A. G H wa s im m unoadso rhed from aliquot." of WCL 2 cytoso l t200
ILl ) with FiG H-agarose in th e presence or abse nce of competing e pito pe peptide . Th e im m uno pe lle ts we re wa s hed three t imes with I m l of bu ffe r.
a nd t he prot e ins were resolved by S DS -PAGE foll owed by Wes tern blotting. Lanes 1 a nd 2 . irnmunopell ets p re pa red in th e presen ce 11(11'" I , or
a bsence ila ti l' 2 ) of com pe t ing FiGH e pitope pept ide a nd wa sh ed with H E buffe r ; lane B, immunopell et pr ep ared in th e a bsen ce of com pe t ing "pitop"
pept ide a nd wa sh ed with H E buffer con tai n ing 20 mxi molybd ate : lanes <I a nd .S. imm u no pe lle ts pr ep a red in th e pr esen ce tlanr ' / 1or a hsen ce ll",,..
.S) of com pet ing e pitope peptide a nd wa shed with T EG buffer: lan e 6 . immunopel let pr ep ared in t he a bse nce of compe ti ng e pitope pep t id« an d
wa s he d with TEG bu ffer con ta ining 20 m ~1 molyb dat e. H. GH wa s irurn unoadsorbed from a liq uo ts t500 II I l of L ce ll cytos ol as above. La ne I . .\0 ILl
of wh ole cytosol; la nes 2 a nd .'i. immu no pe llets pr epared in t he presence tla ne 2 ) or a bse nce ilnne B) of com pe t ing epitope peptide .

HESULTS

OR lleterocomplex Contains So me CyP-40 - To determin e
whe ther Cy P-40 is presen t in native GR heterocornpl exes . re­
cepto rs were im rn u noa dso rbed from WCL2 cytosol a nd both t he
GR a nd coim rn u nou dsorbed pro teins we re assayed hy Western
blotting. As s hown in Fig . IA. GR heterocornpl exes that a re
im munoa dso rbc d a nd wa shed in buffer wit ho ut sa lt contai n
CyP-40 tlanc 2 >' We hav e noted pr eviou sly (26) that. in contrast
to hspHO. hsp 56 is a rela tively loosely associa te d com pon ent of
the GR heterocornplex . Cy P-40 a ppears to be a less s ta ble
compone n t of th e GR hete rocornpl ex th an hsp 56. As sho wn in
lan e S of Fig. IA . most of th e CyP-40 was elim ina ted wh en th e
immunopell et was wash ed wi th a com mon immune complex
la vage buffer conta in ing 50 mxt NaC I. but th e pr esen ce of
molybdate in the wa sh in g buffer inhibited the loss of CyP-40
tlane (i >. It is clearly t he sa lt that ca uses the di ssocia ti on by the
TE G la va ge buffer, because CyP-40 dissociates if we sim ply add
50 mxt Na CI to the HE buffer used to wash the immune pell ets
in lan es I '1(da ta not s hown). Fig. IB shows that Cy P-40 is a lso
pr esen t in t he na ti ve GR hetcrocornpl ex immunoadsorb ed from
mou se L cell cytoso l.

Un liganded rec epto rs th a t ha ve been stripped free of hsp 90
are reassocia ted with hsp 90 wh en im mu nope llet -bou nd GR is
incubated with ra bbit reticul ocyt e lysa te (33) . Formation of the
GR-hs p90 com plex in retic ulocyte lysate is due to a n ATP/
M g ~ ' -de pende nt a nd K ' -de pe nde nt (34) pr ot ein fold in g mech ­
a n ism th at requires hsp70 (35). Wh en t he GR-hs p90 complex is
formed by reti cul ocyte lysate. hsp 56 is a lso pr esent in the
newl y formed heterocomplex (351. As s hown in Fig . 2, whe n the
im mu noa dsor bed GR tlane 2) is s t r ipped of recep tor -a ssocia ted
prot eins tlane :n a nd incubated with re t icul ocyte lysate tlane
5 ), t he mou se receptor ente rs a heterocornpl ex (or heterocorn­
plex es ) contai ni ng some ra bbit CyP-40 in a ddi t ion to hsp 90 a nd
hsp56. Thi s complex is fun ct ion al in th e se ns e th a t t he GR has
been returned to the s teroid binding confo rmat ion (com pa re
lan es B a nd 5 in the bar graph in Fig. 2).

CyP-40 Is a Component of th e hsp Heterocomplex-«To deter­
mine wh ether CyP-40 is a com pon ent of the hsp heterocornplex ,
hsp HO was immunoadsorbed from ra bbit reti cul ocyte lysate
Wig. 3A) a nd WCL 2 cytoso l (F ig. 38) with th e 803 monoclon al
a nti body , a nd th e imm u noco mplexes were assayed for associ­
ated pr oteins . As shown in Fig. 3, im rnu noadso rpt ion of hsp 90
is acco mpa n ied by coim rnu noadso rpt ion of CyP-40 as well as
hsp70 a nd hsp56. By cu tt ing out a nd counting the , ~ r, I-co u nte r
a ntibody -la be led bands fro m 803 immunoad sorption s , s uch as

10'1(;. 2. Rabbit r eticulocyte ly sate m ediate s r e constitut.inn or
GR complexe s wi th both CyP -40 and h sp56. e; H was immunourl­
sorbe d to 10% FiG H-aga rose fro m repl icate al iq uo ts of WC L2 ce ll cy­
tosol in th e pr esen ce (non im rnu ne ) or a bse nce (im m u ne: of th e "pitop,­
peptide . a nd th e im mu no pell e ts were s t ripped of hsp!JO. hs p56 . and
Cy P-40 with 0 .5 ~ I NaC!. Th e sa lt-s t ri pped im rn unope lh-ts we re incu ­
bated with rabbit reticul ocyte lysate a nd a n AT " -generat ing sys te m.
Recepto r , hsp 90. hsp70. hsp56. a nd Cy P-40 were assaye d in each sa m­
ple by S DS- PAG E a nd Weste rn blott in g. Du plica te p,·lIe ts were inc u ­
bated with 50 n ~1 I' H It ri a mcinolon e ace to n ide to det erm in e s te roid
binding ac tivi ty (bar gra ph l. La ne f . untreated non immunc pell et ; 11II1f'

2. u nt reated immune pell e t ; lane S ; sa lt-st ri pped immune pell et ; 11II1f' ·1.
s t r ipped nonimmune pell e t in cubated with reticul ocyte lysate ; low' S.
s t ri pped immu ne pell et incuhated with reticul ocyt e lysate .

that of Fig. 3A, as well as from a liq uots of wh ole lysate resolved
on the sa me immunoblots , we ca n es ti ma te tha t 10 -1 5'7< of th e
total Cy P-40 in lysa te is bound to hsp 90. Howeve r. a s the
Cy P-40 is likely dissocia t ing from the com plex during its iso la ­
t ion . t hi s estimate may be low .

CyP-40 Is i ll Different Heterocom plexes from hsp ':;{i - AI­
th ou gh we have referred to th e hsp heterocomplex as if it were
a sing le mul t iprotein un it , th ere may he mult ipl e complexes .
a nd the tw o im m unop hilins may not exis t to~et h er in th e sa me
com plex . Th us , we ask ed wh ether com plexes that contai n
hsp 56 a lso contai n Cy P-40. In th e ex pe ri me nt of F i ~ . 4. hsp 56
wa s irnmu noadso rbed from reti culocyt e lysa te with the UI'.156
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Flc;. :l. CyP -40 is c o im m u n o udso r bed w ith h sp90. hs p90 was
immu noa dso rbed from a liq uu ts (400 Ill ) of ra hhit reticulocyte lysa te (A )

or WCL 2 cytoso l ( ll) with the D:l monoclonal antibody or nonimmune
mouse 11{l\1. After wa sh ing th e immunopellets, th e protein s were re­
solved by S DS-I'AG E a nd Western hlott inu wit h AC88 for hsp 90. a nti ­
hsp 72/n for hsp 70. a nt i-Cy P-40 . or a nti hody ngnins t hsp 56. Th e rabbit
hsp fi6 (clark band abocc the I!:"G hea vy chai n in lan e 2 of pan el A ) wa s
pr obed wit h the EC I a nti body. an d th e ha mste r hsp fi6 in panel II wa s
resolved hy twn -d imen sinnnl gel analysi s of repl ica te imrnu nopellets
pr ior to pr ob ing wi th the UP.lfi6 a ntiserum . Lane J. noni mmune pellet ;
/ 011 1' 2. immu ne pell et.

hSp90

hsp70

hsp56

Cyp-40

hsp90

hsp70

hsp56

Cyp-40

hSp90
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Cyp-40

Flc; . 5 . Cy P- 40 lin d h s p5H II n ~ in diffe r e nt c;n herer-ocomplux e s .
Aliquots (200 Ill ) of WCL 2 cyto sol were immunondsorbe d with · I'.!ii/)
antiserum or pr eimmune se ru m. An aliquot of ea ch immunoadsorption
su perna ta nt wa s retained for West ern blouirur, an d th.. rem a ind er was
irnrnunoadsorbed with FiG H-II!:"a rose to isola te th e G H lu-terocornplex.
Lane J. preimmune irnmunopel let : law' 2 . P.lfi/) immuno pe llet : /11I11' .1.
50 III of pr eimmune s u pe rna ta nt ; /11I11' ·1. l 1'.lfi6 su pornu tn nt : law' .s.

1'.156 s u perna ta nt immunoad snrbed with FiGH in ti ll' presen ce of
competi ng epito pe pept ide ; la ne (; . ·P./fili su pe rnntn nt immu noad­
sorbed with FiGH wit hout peptide. To hlot hsp fili. wh ich ru ns wit h the
heavy ch ain of th e immunou dso rbing a ntibody. three different develop .
ment procedures were used . / A W 'S J lind 2 were probed with th e EC 1
monoclona l a nt ibody, wh ich doc s not rea ct wit h t he ra hhi t 1'./ fi6 henvy
chai n. La nes 3 a nd ·1 were probed with UP./fi6 lind developed wit h
hor sera dis h peroxidase-conju gut ed counte ra nti hody. / Al lI " S oS lind (j

were probed with 1'.156 and devel oped with ' · ' l·conj uj(a tl·d !:"oa t an ti ­
rabbit counternntihody . whi ch docs not reuct with the FiC;H monoclona l
a ntibody he avy cha in.

hsp70

hsp56

Cyp·40

Flc;. 4. Cy P_oW is not in the s lime hsp90 h eturocomplex a s
h spfi6. Aliquots of rn hhi t ret icul ocyt e lysate (200 1l1) were immunoad ­
sorbed to protein A-agarose with 2.5% 1'.156 a ntise ru m or with pre­
immune rn hhit se ru m. Th e immunopelle ts were wa sh ed in HE bu ffer
a nd resolved by S DS-I'AGE followed by West e rn blott ing. Lan e J. 10 III
of wh ole lysate; lan e 2. pr eimmu ne pell et ; lan e 3 . immu ne pell e t.

antiserum . yielding coadsorption of hs p90 bu t not CyP-40 (com­
pare lan es 2 a nd :1). indicati ng tha t t he two immunophilins
exis t in different heterocomplexes with hsp 90. The reverse
exper imen t ca nnot be don e because the a n t ibody agai nst

yP-40 ca n only be used for Western blott ing. As we ha ve noted
befor e (26 ). th e hsp 56'h sp90 com plex from reticul ocyte lysate
contai ns little if a ny hsp 70 (Fi g. 4 ). Th is s ta nds in cont rast to
IM-9 lym phoblas ts (6 ) a nd some ot her cells wh ere considerable
hsp70 is coimmunoadsorbed with hsp56.

If yP-40 is in a different hsp90 hete rocomplex tha n hsp 56.
th en th ere may be two classes of u ntransformed GR-hsp90
heterocornpl exes as well . one con ta in ing th e FKBP hsp56 a nd
another contain ing th e cyclophi lin Cy P-40 . Th is possibility was
tested in th e expe rime nt of Fig. 5. In thi s expe rimen t W L2
cytoso l wa s immunoa dsorbed with s ufficient 1'.156 a nti se rum
to rem ove a ll of th e hsp fl6 (com pa re pr eirnmu ne s upern a ta nt in
lan e l! with 1'.156 sup ' rn a ta nt in lan e 4 ). As expecte d. some
GR but no Cy P-40 is coimm unoadsorbed wit h the hsp 56 ilane
2 ). When th e now hsp 56 -free supe rna ta nt from 1'.156 immu ­
noad sorption tlane 4 ) was imrnu noad sorbed with th e BuGR
antibody ag a inst th e GR. hsp90 and Cy P-40 were coa dsorbed
tlane 6 ). These observation s are consi s tent with th e not ion th at
there a re a t lea st tw o differen t GR hete rocomplexes , dep end ing
up on the immunophilin that is bound. GR in the 1'.156 imrnu ­
nop ell et condition of lan e 2 binds ste roid (9,400 cpm r' Hl t ria m-

cinolon e aceto nide Vers us 146.700 cpm for t he condition of
lane 6 ).

Cy P-40 Competes for Bind ing of hspS(; to I I. ~ p ~)() - B e c a u s e

Cy P-40 a nd hsp 56 s ha re a region of hom ology ( IH) an d a re
pr esent in independent heterocomplexes with hsp HO. it is pos­
sible th at they s ha re the sa m' bind ing s ite on hsp90. To dete r­
mine if Cy p·40 ca n compete for th e binding of hsp 56 . we per­
formed th e expe r ime nt shown in Fig. 6A . Beca use only a very
limited qu an ti ty of h ighl y purified h um a n hsp 56 Wil l' a va ila ble
to us . we used a DE52 fra ct ion of rabbit brain cytoso l as a
source of hsp56 for work ing out th e com petition assay condi­
tions . As sho wn in lane I . t hi s hs p56 pre pa ra t ion does not
contai n hsp90. bu t it does contain a s ma ll amount of CyP-40
th a t ca n be seen on the blot but is not visible in th e photogrnph.
Wh en the hsp56 is incubated with purified rabbit br ain hsp90
tha t was pr eimmunoad sor bed to D3-Act igel pell ets . hsp56 is
bound tlane 5 ) in a ma nn er that is specific for th e presence of
hsp90 (com pa re la nes 4 and 5 ). When purified human (;y l'- 40 is
added to th e incu bation. the binding of rabbit hsp56 to hsp90 is
inhib ited ilanes 6 and Z). It is im portant to note th at 0. 1',7,

onide t 1'-40 is requ ired to kee p th e purified 'y l' -40 from
aggregating under th e condition s of th e expe rime nt . a nd th e
det ergent is pre. ent in a ll sa mples .

To demonst ra te th a t no ot he r prote ins a re required for
Cy p-40 a nd hsp56 bindi ng to hsp90. we performed th e expe ri ­
men t s hown in Fig. 6/3 with human yl' -40 . calf hsp56. a nd
rabbit hsp90. a ll puri fied to near homogen eity . Cyp·40 (com­
pare lanes 2 and :n binds dir ect ly to hsp90. a nd an excess of
Cy p-40 compe te s for th e bind ing ofhsp56 (com pa re lan es -/ a nd
5 ). a n observa tion th at is con si stent with th e tw o immunophi ­
lin s bind ing to th e sa me s ite on hs p90. Beca use of th e very
lim it ed a mount of pu rified hsp56 av ail abl e. we were not a ble to
tes t wheth er exce ss hsp56 would compete for bind ing of Cy p­
40. Th e bind ing of hsp56 and Cy P-40 to hs p90 is not a ffecte d by
th e presence of I J.l~ 1 FK506 or cyclosporin A t datn not s hown L

The lm m unophitin« and Receptor Fold i IlR-Becau: e th e im­
mu nophilins ha ve a pept idylprolyl isom erase s ite. th ey a re
th ough t to be involved in prote in folding in th e cell 131. We ha ve
previously sho wn that in hibit ion of prolyl iso me ra se ac tivi ty



Immunophilin Binding to hsp90 20483

A
hsp90

hsp56

Cyp-40

B

2 3 4 5 6 7

234 5

GR

hsp90

e.;- 20
00
0::'" 15w >C
1--en :::1. 100eoz ... 5:::)~
00.
al,2. 0

hsp56
IN LYSATE

2 3 4 5 6

- - ~ - --

2 3 4 5 6

hsp90

hsp56

Cyp-40

FIG. 6. CyP-4 0 com petit io n o f hsp 56 b in d in g to h sp90. A, CyP-40
competes for bindi ng of partiall y purified ra bbit bra in hsp56 to purified
hsp9 0. Rabbi t brain cytosol was chromatogr aphed on a column of DE52,
and fractions containi ng hsp56 were pooled as describ ed under "Met h­
ods ." Aliqu ots (25 ul ) of purified rabbit hsp90 (l mg/ml ) were irnrnuno­
adsorbe d to 5-J.ll pellets of Actigel preco upled with 8D3 a ntibody . Pellet s
were washed twice with 1 ml of Hepes, pH 7.35 , and sus pended in
Hepes plus 50 mxt KCl a nd 0. 1% Nonid et P-40 in a final volume of 100
J.ll including 20 J.ll of DE52-purified hsp 56 a nd 20 or 40 J.lg of purified
huma n CyP-40 as noted. Incuba tions wer e rota ted for 1 h at 4 °C a nd
washed twice with 1 ml of Hepes, a nd prot eins wer e resolved by SDS­
PAGE an d Western blot t in g. Lan e 1, 2 J.ll of DE52-purified hsp 56; lan e
2, 4 J.lg of purified CyP-40; lan e 3, 2 J.lg of hsp90; lane 4, Actigel-8D3
pellet with out hsp9 0 incubated wit h hsp 56; lane 5, Actigel-8D3 pellet
wit h hsp 90 incuba te d wit h hsp56; lanes 6 and 7, hsp90-bound Actigel­
8D3 pellet s incuba te d with hsp56 in the presenc e of 20 J.lg (lane 6 ) or 40
J.lg (lane 7) of purified CyP-4 0. B, purified human CyP-40 competes for
binding of purified ca lf hs p56 to rab bit hsp 90. Aliqu ots of purified hsp90
were imm un oad sorb ed to 8D3-preco upled Actigel pellets, and wash ed
pellets were sus pended in Hepes plu s 25 mM KCl and 0.02% Non idet
P-40 <0.1% Nonidet P-40 in th e incuba tions of lanes 2 an d 3) in a final
volume of 50 J.ll including 0.4 J.lg of purified ca lfhsp56 plus or min us 20
J.lg purified human CyP-40. Incuba tions wer e rotated 1 h a t 4 °C, and
pellet- associated proteins wer e resolved by Western blotting. Lane 1,
0.1 J.lg of purified calf hsp56 ; lan e 2 Actigel-8D3 pellet without hsp90
plus 20 J.lg of CyP-40; lane 3, Actigel-8D3 pellet with hsp90 plus 20 J.lg
of CyP-40; lan e 4 , 8D3 pellet with hsp 90 plu s hsp56; lane 5, 8D3 pellet
with hsp90 plu s hsp56 plu s 20 J.lg of purified CyP-40.

with FK506 does not affect th e abili ty of reticulocyte lysate to
form a receptor heterocomplex with hsp90 and fold the hor­
mone binding domain of the GR into a high affinity steroid
binding conformation (36). It is ent ire ly possible, however, th at
an y requirement for peptidylprolyl isomerase activity in GR
foldin g could be performed by a cyclophilin when the activity of
FKBPs is blocked by FK506. Th e experiment of Fig . 7 argues
st rongly for the conclu sion that hsp56 is not required to return
the GR to the ste roid-binding conformation. In this experiment,
reticulocyte lysate was preadsorbed with UPJ56 to eliminate
hsp56. As shown in lan e 4, GR incubated with hsp56-depleted
lysate is bound to hsp90 and is reactivated to the ste roid
binding state as well as GR incubated with whole lysate (lane
2). Addition of 1 JoLM cyclosporin A to th e hsp56-depleted lysate
has no effect on receptor folding (lan e 5); nor does the addition
of both cyclosporin A an d FK506 to whole lysate (lan e 6 ).

DISCUSSION

CyP-40 , which was first foun d to copurify wit h the native
bovine estrogen receptor-hsp90 complex (16, 17), has now been
identified in progesteron e rece ptor heterocomplexes reconsti-

FIG. 7. Eviden ce that prol ylisomerase acti vi ty of immunophi­
lins is not required for r econstitution of GR heterocomplexes
with h sp90. GR im munoad sorb ed to 10% FiGR-agarose was sa lt­
st ripped of asso cia ted protein s, a nd the immune pellets wer e incubated
with eit he r whole rabbit reticulocyte lysate or lysate that was preab­
sorbed with a protein A-agarose-preimmune serum pellet or pread­
sorbed with a protein A-agarose-UPJ56 pellet to deplete hsp56. All
sa mples conta ine d an ATP -gen er a ting system, a nd recepto r and hsp90
in each sa mple wer e resolved by SDS·PAGE a nd Western blottin g. One
half of eac h pellet was inc ubated wit h [3Hltriamcinolone ace ton ide to
det erm ine ste roid bind ing activity (bar graph ). Lan e 1, stripped recep­
tor; lane 2 , stripped receptor plus whole lysa te; lane 3, stripped recep tor
plu s lysate extrac te d wit h preimmu ne serum; lane 4, stripped receptor
plu s UPJ56-extracted lysate; lan e 5, stri pped receptor plus UPJ56­
extracted lysa te an d 1 J.l~ 1 cyclosporin A; lane 6, stri pped receptor plu s
whole lysate and both cyclosporin A an d FK506 at 1 J.lM. The Western
blot under the graph shows the hsp56 in 5 J.ll of whole lysate (lane 2 ),
preimm un e extra cte d lysate (lane 3), an d UPJ 56-extracted lysate
(lane 4 ).

tuted by reticulocyte lysate (20) and in both native (Fig. 1) and
reconstituted (Fig. 2) GR heterocomplexes . CyP-40 is also
pre sent in native GR heterocompl exes immunoadsorbed from L
cell cytosol (Fig. 1B); thus, th e as socia tion is not unique to th e
overexpressed receptor. Th e stoichiometry of CyP-40 with re­
spect to th e ste roid receptor in th ese complexes is unknown.
Molybdate stabilizes the presence of hsp56 in steroid receptor
heterocomplexes (26) and it st abilizes the presence of p50 in
pp60s rc (36) and Raf (23) hete rocomplexes with hsp9 0. Given
the likelihood that hsp56 and CyP-40 may bind in the same
manner to a common site on hsp90, it is perhaps not sur pri sing
that molybdate inhibit s salt -mediated dissociation of CyP-40
from th e GR heterocomplex (Fig. 1). Molybdate is thought to
bind directly to th e hsp90 component of th ese heterocomplexes
(37), and th e metal oxya nion has been shown to induce a
conformationa l change in purified hsp90 (38) that may account
for its stabilizing effect.

A por tion of the hsp56 is kn own to exist in a na tive cyto solic
heterocomplex with hsp90 ind epend ent of th e association of
hsp90 with steroid receptors or pro tein kinases. Thi s has been
shown by copurification of the two proteins with antibodies
directed against eithe r hsp56 (6) or hsp90 (21) and by copuri­
fication ofhsp90 with hsp56 on an FK506 affinity matrix (9). In
that purified hsp56 and purified hsp90 bind to each other (26),
the association of th e two hsps reflect s a direct protein-protein
interact ion. Because passage of cytosol through a matrix wit h
immobilized CyP-40 yie lds coretention of hsp90,2 a dir ect in­
teraction between the cyclophilin and hsp90 is also likely. The
coimm unoadsorption ofCyP-40 with the 8D3 monoclonal anti­
body against hsp90 shown in Fig . 3 confirms th e presence of
CyP-40 in native cytosolic hsp heterocomplexes.

While this work was in progress, Jo hn son an d Toft (24)
reported that immunoa dsorption of rabbit reticulocyte lysate
with the EC1 monoclon al a nt ibody aga ins t hs p56 did not yie ld
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coimmunoadsorption of CyP-40, suggesting that the immu­
nophilins exist in different complexes with hsp90. The experi­
ment of Fig. 4 supports the conclusion that the two immunophi­
lins are in different native heterocomplexes with hsp90, and
the data of Fig. 5 are consistent with the conclusion that there
are different GR-hsp90 heterocomplexes depending upon the
immunophilin that is bound to hsp90.

The existence of a direct protein-protein interaction between
CyP-40 and hsp90 is demonstrated by the complex formation
with the purified proteins in Fig. 6B. The fact that purified
CyP-40 competes for the binding of hsp56 to hsp90 (Fig. 6, A
and B), is consistent with the existence of a common immu­
nophilin binding site on hsp90. The C-terminal150 amino acids
of CyP-40 share 30.7% identify with an internal region ofhsp56
(19). This region of homology contains three repetitive se­
quence motifs of 34 amino acids called tetratricopeptide repeat
domains or TPR domains (17), and it is known that the TPR
domains ofhsp56 are required for its binding to hsp90 (39). The
N-terminal and C-terminal halves of CyP-40 have been ex­
pressed independently, and the hsp90 binding site was local­
ized to the C-terminal half containing the TPR domains." TPR
domains are thought to be involved in protein-protein interac­
tions (40-42), and it is likely that they are responsible for
immunophilin binding to hsp90.

The role of hsp56 and CyP-40 in steroid receptor function is
unknown. It has been suggested that the immunophilins are
required for proper receptor folding and heterocomplex assem­
bly with hsp90 (9, 10, 17, 24). The data of Fig. 7 suggest that
this is not the case. It is possible that, when hsp56 is removed
from reticulocyte lysate, any role it plays in receptor folding
and heterocomplex assembly with hsp90 is subsumed by
CyP-40 and/or other immunophilins. However, the failure of
high concentrations of FK506 and cyclosporin A to affect GR
folding to the high affinity steroid-binding state and receptor
association with hsp90 (Fig. 7) argues strongly against any
requirement for a cyclosporin A or FK506-inhibited peptidyl­
prolyl isomerase activity in the process. It is possible that an
unknown third class of isomerase exists in reticulocyte lysate
that could substitute for the activity of the cyclosporin A- and
FK506-binding classes of isomerase.

It has also been suggested that hsp56 may play a role in
nuclear localization of the steroid receptors (43), and the great
majority of hsp56 in the cell is located in the nucleus where it
is found by confocal imaging to colocalize in the same nonran­
dom, mottled pattern as the GR (44). Curiously, both the GR
and hsp56 are excluded from nucleoli (44), but CyP-40 is local­
ized to nucleoli by indirect immunofluorescence," a localization
that makes any potential role for CyP-40 in steroid receptor
function even more cryptic.
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