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Summary—In many cells, the glucocorticoid receptor undergoes rapid steroid-mediated
translocation from the cytoplasm to the nucleus, and this receptor is an excellent model for
studying the mechanism of targeted protein movement through the cytoplasm. For such
unidirectional movement to occur, the receptor must attach to a retrograde movement system
in a manner that involves the nuclear localization signal. It is improbable that such attachment
occurs via a direct protein—protein interaction between the receptor and the movement system;
rather, one or more linker proteins are likely to be involved. As with other steroid receptors,
the glucocorticoid receptor is associated with several other proteins in a heterocomplex. Two
of these receptor-associated proteins are the heat shock proteins hsp90 and hsp56, and a third
heat shock protein, hsp70, is required for assembly of the receptor heterocomplex. The
hormone binding domain of the steroid receptors determines the interaction with both hsp90
and hsp70. Hsp56 is known to bind to hsp90, but its potential site, or sites, of interaction with
the receptor are undefined. Hsp56 has recently been cloned and demonstrated to be an
immunophilin of the FK506/rapamycin binding class. The immunophilins have peptidyl-prolyl
isomerase activity but their cellular functions are unknown. Herein, we review the literature
on the hsp56 immunophilin component of the receptor heterocomplex and present a rationale
for hsp56 being the protein that determines the direction of receptor movement via a direct

protein—protein interaction with the nuclear localization signal.

INTRODUCTION

The steroid receptors are ligand-regulated
transcription factors that alter expression
from a limited number of genes. Thus, after
their translation in the cytoplasm, these
molecules must move to and subsequently
within the nucleus in a precisely targeted man-
ner. As originally shown by Picard and
Yamamoto [1, 2], nuclear localization is deter-
mined by positively charged nuclear localiz-
ation signals (NLS) located in the receptors.
The protein (or proteins) with which these NLS
interact has not been defined and the mechan-
ism of receptor trafficking is also undefined. It
is known, however, that steroid receptors in
cytosols and in intact cells are associated with
several proteins, three of which are the heat
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shock proteins hsp90, hsp70 and hspS56 (see
Refs [3-5] for review). In a cell-free translation
system, it has been shown that the glucocorti-
coid receptor (GR) becomes associated with
hsp90 at the termination of receptor trans-
lation [6]. It is well established that untrans-
formed glucocorticoid receptors that are
located either entirely within the cytoplasm or
entirely within the nucleus can be recovered
from cells in molybdate-containing cytosols in
their heterocomplex form, and the heterocom-
plex is thought to be the form of the receptor
that undergoes cytoplasmic—nuclear trafficking
in the cell[4, 7]. The functions of the various
proteins in the receptor heterocomplex are
poorly understood. Hsp90 is always present, it
binds directly to the hormone binding domain
of the receptor and it appears to remain tightly
bound to the receptor during trafficking. In-
direct evidence has suggested that hsp70 is
required for the initial association of hsp90
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rabbit reticulocyte lysate was shown to be en-
tirely dependent upon addition of purified
hsp70 [11]. No role for the hsp56 component of
the heterocomplex has been established. In this
review, we briefly summarize the literature on
hsp56, which is now known to be an im-
munophilin of the FK506/rapamycin binding
class, and we explore the possibility that hsp56
may be the protein that interacts directly with
the nuclear localization signals of the steroid
receptors.

Hsp56 UP TO 1992

The EC! antibody

Hsp56 was discovered by Faber and his col-
leagues [12, 13] essentially at the same time that
the steroid receptors were found to be associ-
ated with hsp90.* Nakao et al. [12] partially
purified (10- to 30-fold) the 9S form of the
unliganded progesterone receptor (PR) from
rabbit uterine cytosol in buffers containing
molybdate, which stabilizes the receptor in the
heterocomplex form, and then used this prep-
aration to raise a monoclonal antibody. The
result was the production of the ECl IgG
antibody, which was shown to shift the mi-
gration of rabbit PR on sucrose density gradient
centrifugation [12]. The EC1 monoclonal anti-
body bound to the 8.5S nontransformed PR but
not to smaller forms of the steroid binding
protein [13]. The epitope for the EC! antibody
was located on a 59 kDa rabbit protein that Tai
and Faber [13] proposed was part of the rabbit
PR heterocomplex, in addition to an ~92 kDa
protein that was subsequently identified as
hsp90.

Further work by the Faber lab[14] demon-
strated that the ECl antibody formed immune
complexes with nontransformed rabbit estro-
gen, progestin, androgen, and glucocorticoid
receptors, leading to the proposal that the
59 kDa protein was a component of steroid
receptor heterocomplexes in general. It was
found that immobilized EC1 immunoadsorbed
both 59 kDa and 92 kDa proteins from cytosols
prepared from several tissues. The two proteins
were clearly distinct from one another and EC1

*1t is only fair to note that this work was performed in 1982,
and because of the reluctance of reviewers to seriously
consider the notion that cytosolic steroid receptors could
be associated in a biologically meaningful way with
other proteins, the association was considered to be an
artifact and it was not published until early in 1985.
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reacted directly only with p59. Tai et al [14]
proposed that p59 and the 92 kDa protein were
bound to each other.

Because the EC1 antibody does not react with
rat, chicken or mouse cytosolic protein [12], the
most commonly used systems for molecular
analysis of steroid receptor heterocomplexes,
interest in the p59 did not disseminate rapidly to
other laboratories. Although immunoadsorp-
tion of untransformed GR from L cell cytosol
under low stringency wash conditions had ident-
ified a mouse 55kDa protein composed of
several isomorphs that was coimmunoadsorbed
with the receptor [15], it was only recently, when
a broad spectrum antibody against pS9 became
available, that the two proteins were found to be
the same [16]. Renoir et al. [17], however, found
that ECI1 did recognize a protein in calf and
human MCEF breast cancer cell cytosols that was
associated with PR, ER, AR and GR by sucrose
gradient analysis. The receptor heterocomplexes
could be stabilized by transition metal oxy-
anions (molybdate and tungstate) and by chemi-
cal cross-linking with dimethylpimelimidate.
From the results of both EC1 immunoaffinity
purification and cross-linking experiments,
Renoir e al. [17] proposed that p59 was bound
to hsp90 and that it did not interact directly with
the hormone binding subunit.

The heat shock protein heterocomplex

In 1990, we reported that the EC1 antibody
reacted with the untransformed GR in cytosol
prepared from human IM-9 lymphocytes [18].
Upon analysis by two-dimensional gel electro-
phoresis, the human protein consisted of two
major isomorphs migrating at 56kDa with
minor forms migrating at 54 kDa, and we called
the protein p56. The p56 was found to be of
moderate abundance and, when it was im-
munoadsorbed from cytosol, both hsp90 and
hsp70 as well as a small amount of a 23 kDa
protein were coimmunoadsorbed with it. About
the same time, it was shown that both hsp70 and
a 23 kDa protein were immunoadsorbed with
both PR and GR heterocomplexes from other
systems ( [15, 19-21], see Refs [3-5] for reviews).
This was the first indication, however, that a
heterocomplex containing more than one heat
shock protein existed in cytosols independent of
the presence of steroid receptors [18]. N-termi-
nal sequencing showed that p56 was a unique
human protein {18]. Given that two major com-
ponents of the heterocomplex were heat shock
proteins, Sanchez[22] asked if the rate of
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synthesis of p56 increased in IM-9 cells submit-
ted to heat shock or chemical stress (arsenite).
He found that p56 was itself a heat shock
protein, now calling it Asp56.

The concept that these three heat shock pro-
teins may exist together in a heterocomplex
was confirmed independently by Perdew and
Whitelaw [23] who immunoadsorbed hsp90
from Hepa 1clc7 cytosol with a monoclonal
antibody and found five major proteins of M,
68,000, 63,000, 56,000, 50,000 and 188,000 to
be coimmunoadsorbed. The 68 and 56 kDa
proteins were identified as hsp70 and hsp56,
respectively. The 50kDa protein was sub-
sequently shown by Whitelaw et al. [24] to be
the same 50 kDa phosphoprotein that was re-
ported in the early 1980s to be a component of
the heterocomplex of pp60” with hsp90 (see
Ref. [25] for review).

Orientation of hsp56 in the receptor hetero-
complex

Although it is now clear that hsp56 binds
directly to hsp90, it is an unresolved issue
whether or not the hsp56 in the steroid receptor
heterocomplex comes into direct contact with
the steroid binding protein as well as with
hsp90. In the proposal of Renoir er al.[17],
hsp56 binds to hsp90 but not to the receptor
itself. However, studies of GR—hsp90 cross-link-
ing argue that hsp56 comes into direct contact
with the receptor. In 1988, Rexin et al.[26]
treated both mouse lymphoma cytosol and in-
tact cells with dimethyl suberimidate and then
immunopurified the [*H]dexamethasone mesyl-
ate-labeled GR and resolved the cross-linked
products by SDS-polyacrylamide gel electro-
phoresis. An analysis of the size of the cross-
linked products revealed complexes consistent
with a GR linked to two molecules of a 90 kDa
protein and one molecule of an. ~ 50 kDa pro-
tein and subcombinations thereof (GR + p50,
GR + p90, GR + p50 + p90, GR + 2p90). Sub-
sequently, the ~ 50 kDa protein cross-linked to
the GR was shown to be hsp56 [27]. Both Rexin
et al.[28] and Alexis et al. [29] have used the
cross-linking approach to establish that hsp56 is
present in GR heterocomplexes in intact cells. In
the model of Renoir et al. [17], it would follow
that hsp56 is cross-linked in the heterocomplex
because it is cross-linked to hsp90, which in turn
is cross-linked to the receptor. However, as
Rexin et al. [27] have demonstrated on denatur-
ing gels a cross-linked form of the GR which
contains GR and hsp56 but not hsp90, it seems

quite possible that the receptor and hsp56
may lie proximate to each other in the larger
heterocomplex.

The recovery of small amounts of a
GR-hsp56 cross-linked duplex leads us to con-
sider the possibility of a direct protein—protein
interaction between hsp56 and the receptor. The
question then becomes where is that interaction?
It is quite clear that the hormone binding do-
main of the GR contains the sites of direct
interaction with hsp90 (see Refs [3, 4, 10] for
review), and by itself, the hormone binding
domain is sufficient for formation of the
GR-hsp90 complex, both in the cell and under
cell-free conditions [30]. Schowalter ez al.[31]
have shown that the hormone binding domain
of the PR is necessary for binding of both hsp90
and hsp70[31]. At present, it is not known
whether hsp56 also associates with the hormone
binding domain or whether it may interact
elsewhere on the receptor. Because Rexin
et al [26] have identified a cross-linked
~95kDa product of the nt' mutant GR (nt
GR + ~ 50 kDa), the NH,-terminal half of the
receptor can be ruled out as a required site of
contact. Below, we will consider the proposal
that the NLS is the site for direct interaction of
hsp56 with the receptor. First, however, we
will briefly review the exciting new information
regarding identification of hsp56 as an
immunophilin.

THE YEAR 1992 LEADS TO A MELDING OF THE
FIELDS OF STEROID RECEPTOR AND
IMMUNOPHILIN RESEARCH

Hsp56 is an immunophilin

The immunophilins are proteins that bind
immunosuppressive agents like cyclosporin A,
FK506 and rapamycin in a high-affinity and
specific manner. All of the members of this
family have peptidyl-prolyl cis-trans isomerase
(PPlase) activity in vitro, and it is thought that
the immunophilins, like the hsp70 and hsp90
components of the heterocomplex, play major
fundamental roles in protein folding and
trafficking in the cell (see Refs [32,33] for
reviews). FK 506 binds to the PPlase site on the
immunophilin and inhibits the isomerase ac-
tivity. Several immunophilins in the FKBP
(FK506 Binding Protein) family have been
identified by SDS—polyacrylamide gel electro-
phoresis following affinity chromatography of
mammalian cell extracts over FK506— and
rapamycin—Afligel-10 matrices.
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The initial observation relating to hsp56 was
made when Fretz er al [34] passed human
Jurkat cell extracts over matrices of immobilized
FKS506 or rapamycin and demonstrated that
several proteins could be specifically eluted with
competing soluble drug. Other than the abun-
dant 12 kDa immunophilin (FKBP-12), the ma-
jor species eluted from the affinity matrix was an
~ 60 kDa protein. This 60 kDa protein was then
shown by Yem et al. [35] to possess the NH,-
terminal sequence we had published for human
hsp56 [18], and to possess sequence homologies
to a region near the COOH-terminus of FKBP-
12 and FKBP-13. Tai et al. [36] demonstrated
that the 59 kDa protein isolated from human
IM-9 lymphocyte cytosol with their FK506—
Affigel matrix reacted with the EC1 antibody
against hsp56 and had the same NH,-terminal
sequence as hsp56. In a different approach,
Wiederrecht et al. [37] purified a [*H]dihydro-
FK506 binding activity from human Jurkat
cells, isolating a 51 kDa protein that by se-
quence analysis of peptides suggested strong
similarity or identity with hsp56. Thus, by mid
1992, it was clearly established that hsp56 is an
immunophilin of the FK506/rapamycin binding
class.

An important observation was made by Tai
et al. [36] who showed that their FK506-Affigel
matrix coisolated hsp90 and hsp70 from IM-9
cell cytosol. This confirmed by a second method
the existence of the heat shock protein hetero-
complex that we had previously identified in the
same cytosol by coimmunoadsorption with the
ECl1 antibody[18] and that Perdew and
Whitelaw [23] had identified in Hepa 1clc7 cyto-
sol by coimmunoadsorption with the 8D3
monoclonal antibody against hsp90. Tai
et al. [36] also showed that the GR was coiso-
lated by the FK 506 affinity matrix when molyb-
date was present to stabilize binding of the
receptor to hsp90.

Cloning of hsp56

In work that was published at the same time
as the FK506 affinity matrix identification of
hsp56, Lebeau et al. [38] used the EC1 antibody
to screen a rabbit liver cDNA library and clone
the rabbit protein. The cloned cDNA coded for
an open reading frame of 458 amino acids
containing a segment between amino acids 41
and 134 of the protein that had 55% amino acid
homology to the PPTase FKBP-12. As noted by
Tai et al. [36], all 10 amino acids in the FK506
binding site of FKBP-12 were conserved in the
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rabbit p59. Screening of the rabbit p59 for
consensus sequences revealed possible phos-
phorylation sites, a putative ATP-binding site,
and a consensus calmodulin-binding site [38].

Peattie et al. [39] cloned the human protein,
which had a calculated M, of 51,810 and called
it hFKBP52. The protein was expressed in
Escherichia coli, purified, and demonstrated to
have PPlase activity inhibited by FKS506.
Northern analysis demonstrated expression in
human heart, brain, placenta, lung, liver, skel-
etal muscle, kidney, pancreas and lymphocytes.
This broad distribution is consistent with the
widely accepted view that the immunophilins
play critical roles in basic cellular functions.

Predicted structure of hsp56

Callebaut ez al. [40] have used sequence align-
ment analysis and hydrophobic cluster analysis
to predict a three domain structure for the
rabbit protein. They have chosen to call the
protein HBI, which stands for “hsp binding
immunophilin”. The first predicted domain
(amino acids 32-138) at the NH,-terminus has
the homology with FKBP-12 noted above, with
a predicted PPlase calalytic site, which includes
the conserved FK506 binding domain. The sec-
ond predicted domain (149-253) has 34% iden-
tity with the first domain, but 8 of 13 amino
acids critical for FK506 binding are not con-
served. The third predicted domain (268-372)
has lost all FKBP homology and is followed by
an 86 amino acid tail to the COOH-terminus
(458), which contains the consensus calmodulin
binding site. The three predicted globular do-
mains are separated by two hydrophilic regions,
with the hinge between domains I and II being
highly acidic.

Terminology

As the reader is by now aware, multiple
laboratories have adopted individual terms re-
ferring to the same protein, including p59 [17],
p56 [18], hsp56 [22], FKBP59 [36], FKBP51 [37],
FKBP52 [39], and HBI [40]. The protein has a
predicted molecular weight from sequence of
~ 52,000 da, and on SDS—polyacrylamide gels,
a range of M, from 51-60 kDa have been re-
ported. As the protein exists in a heteroprotein
complex with hsp90 and hsp70[18, 23, 36] and
as it has itself been reported to be a heat shock
protein [22], it would seem important to retain
its designation as an hsp. As with other hsps
(e.g. hsp90, hsp70) it would seem reasonable
to use a representative M, on denaturing gel
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electrophoresis (e.g. hsp56) rather than the cal-
culated M, for an individual species (e.g. hsp52,
human).

From the perspective of someone investi-
gating the binding and action of FK506, the
term FKBP is useful and differentiates the pro-
tein from those that bind cyclosporin A. How-
ever, within the context of biology in general,
the heat shock phenomenon is widely recog-
nized and the importance of the hsps in basic
cellular functions is widely accepted. Thus, we
suggest that hspS56 or hspS56 immunophilin be
used as generic terms for this protein so that its
relationship to the heat shock response can be
appreciated and, most importantly, so that biol-
ogists working in heat shock will become in-
formed about the work proceeding in the
laboratories focusing on immunosuppression.
The introduction of new appelations like HBI
for “hsp binding immunophilin” seems counter-
productive in the broader context.

Other immunophilins identified

complexes

In addition to hsp90, hsp70 and p23, the
chicken PR heterocomplex contains 50 and
54 kDa proteins that have now been character-
ized as members of the FKBP family [41]. Six
peptide sequences from p50 have 80% identity
with regions of rabbit hsp56, and pSO reacts
with the UPJ56 antibody against hsp56 (David
Smith, personal communication). Seven pep-
tides from p54 have 60% identity with rabbit
hsp56 [41].

The fields of immunophilin and steroid recep-
tor research meet in another recent unexpected
observation. An estrogen-derivatized affinity
resin was reported in 1990 to isolate estrogen
receptor from calf uterine cytosol in association
with hsp90 and ~40 and 22 kDa proteins [42].
Ratajczak et al.[43] have now cloned and se-
quenced the 40 kDa protein. This protein, which
they called estrogen receptor binding cyclo-
philin (ERBC), contains a COOH-terminal do-
main with significant sequence homology to an
internal region of hsp56. A putative calmodulin
binding site is located at the extreme COOH-ter-
minus. This 40 kDa receptor-associated protein
is apparently the same as a 40 kDa cyclosporin
A-binding protein, CyP-40, recently purified
from bovine brain by the Handschumacher
laboratory [44]. Amino acid sequences for six
CyP-40 peptides showed complete identity with
corresponding sequences in the 40 kDa recep-
tor-associated protein [43].

in receptor

SPECULATIONS REGARDING THE FUNCTION OF
hsp56 IN THE STEROID RECEPTOR
HETEROCOMPLEX

Potential functions for hsp56 in steroid hormone
action

The three heat shock proteins present in
steroid receptor heterocomplexes are protein
folding enzymes—hsp70 has well documented
protein folding/unfolding activity (see Ref. [45]
for review), hsp90 has been reported to chaper-
one the folding of certain proteins by preventing
their self-aggregation in vitro [46, 47], and hsp56
is a PPlase. Members of both the FKBP class of
PPlase (hsp56) and the cyclophilin class of
PPlase have now been reported to bind to
hsp90 [48]. This might suggest that, under some
conditions, hsp90 and PPIases act together in a
spatially and temporally coordinated manner as
a protein folding enzyme complex. It does not
seem, however, that the PPlase activity of hsp56
is required for folding events involved in for-
mation of the GR heterocomplex. We have
shown that reticulocyte lysate-mediated assem-
bly of the immunopurified mouse receptor into
a fully competent steroid binding heterocom-
plex with hsp90 is accompanied by association
of the receptor with rabbit hsp56 [16]. However,
FK506 does not affect either native or cell-free
assembly of the GR heterocomplex, demon-
strating that hsp56 PPlase activity is not re-
quired for the assembly process [16].

We have also found that FK 506 treatment of
L929 cells containing the pMMTV-CAT re-
porter plasmid (LMCAT cells) does not induce
CAT gene expression or modify either receptor
translocation or enhancement of gene ex-
pression caused by 1 uM dexamethasone [16].
However, it was subsequently found by Ning
and Sanchez [49] that, when low concentrations
of dexamethasone (10~®*M) were present in
the culture medium, high concentrations
(107%-107° M) of FK 506 or rapamycin potenti-
ated both GR translocation and GR-mediated
CAT gene expression in the LMCAT cells. It
was the impression of Ning and Sanchez [49]
that potentiation of transcriptional activation
was due to increased GR translocation, an effect
that is not seen at high concentrations of dexa-
methasone at which all of the steroid binding
sites on the receptor are occupied. These obser-
vations of Ning and Sanchez [49] could reflect
an ability of FK506 to shift the receptor to a
higher affinity conformation for dexamethasone
binding, and thus, they might not reflect an
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effect of FK506 on the process of receptor
translocation itself. Unfortunately, the effect of
FK 506 or rapamycin on GR affinity for steroid
in the intact cell was not determined. The
FK 506 potentiation of dexamethasone-induced
CAT gene expression does suggest, however,
that hsp56 plays a role somewhere in receptor
function. At the moment, there is no evidence
for an effect of hsp56 on receptor folding and
heterocomplex assembly, but receptor traffick-
ing from the cytoplasm to the nucleus is a
poorly understood process where hsp56 may
play a role.

Receptor trafficking

It is well established that movement of par-
ticles occurs in cytoplasm and axoplasm in a
bidirectional manner along microtubule
scaffolds, and it has been suggested that steroid
receptors may move along such systems while in
their heterocomplex state (see Ref. [7] for re-
view). Both hsp90 {50, 51] and hsp56 [52] have
been localized by immunofluorescence to
filamentous cytoplasmic structures distributing
in microtubular fashion in several types of cells,
a distribution that would be consistent with a
role in protein movement.

Shuttling of steroid receptors both into and
out of the nucleus in intact cells has recently
been demonstrated by the laboratories of Mil-
grom [53] and DeFranco [54]. There is evidence
consistent with the proposal that such shuttle
trafficking occurs along microtubule-based
tracts. For example, immunofluorescence
studies utilizing monospecific monocional
antibodies have localized cytoplasmic gluco-
corticoid receptors to fibrillar cytoskeletal struc-
tures [S5, 56] that have been shown to colocalize
with microtubules in human gingival fibro-
blasts [57]. In a more dynamic example, Barsony
et al. [58] have used a recently developed tech-
nique based on microwave fixation to demon-
strate the rapid (occurring within 1-3 min)
calcitriol-initiated movement of vitamin D re-
ceptors from the cytoplasm to the nucleus in
cultured human fibroblasts. The first event was
clumping of receptors, which occurred 15-45s
after hormone addition, followed by alignment
of clumps along cytoplasmic fibrils within
30-45s, which in turn was followed by peri-
nuclear accumulation of clumps within
45-90 s [58]. The fibrils with which the vitamin
D receptors associate, and presumably the
scaffold upon which movement occurs, have
been identified as microtubules [59].

WILLIAM B. PRATT et al.

The concept of a transportosome

The proposal that protein movement may
occur within the cytoplasm while a protein is in
association with hsp90 is not new. A decade
ago, it was proposed that pp60’* is bound to
hsp90 while undergoing trafficking through the
cytoplasm to the plasma membrane (see
Ref. [25] for review). This proposal was based
on labeling studies where it was shown that
pp60" was bound to hsp90 as soon as it was
translated and remained associated with the
heat shock protein until it was localized at the
plasma cell membrane via its NH,-terminal
myristic acid. While it undergoes this journey,
pp60** also appears to be associated with a
50 kDa protein that can be phosphorylated by
pp60~ itself [25] and is clearly an hsp90-associ-
ated protein [24]. We have recently shown that
rabbit reticulocyte lysate can form a complex
of pp60~ with hsp90, hsp70 and pS50 under
the same conditions it forms the GR hetero-
complex [60]. The native and the reconstituted
pp60~* heterocomplex is stabilized by tran-
sition metal oxyanions, such as molybdate,
in the same manner as the GR heterocom-
plex [61]. This is perhaps not surprising, as
molybdate is now known to bind to hsp90 and
to produce a conformational change in the
hsp [62] that stabilizes its interactions with other
proteins.

The heterocomplex story as it has developed
with the GR is in many ways similar to that of
pp60™ For example, we have shown in the
reticulocyte lysate system that the GR becomes
associated with hsp90 at the termination of
receptor translation {6] and it is clear that un-
liganded glucocorticoid receptors that are
located entirely in the cytoplasm of the intact
cell by immunofluorescence (e.g. L cells [63]) are
recovered in cytosol in association with both
hsp90 and hspS6 ([16], see Refs [3,10] for
review). It is also clear that untransformed
mouse GR stably expressed in CHO cells is
located entirely within the nucleus (indeed
throughout all planes of the nucleus[64]) and
that the receptor is recovered in cytosol in
association with both hsp90 [21] and hsp56 [65].
The work of the Gehring[28] and Alexis [29]
labs has made it clear that the GR is associated
with both hsp90 and hsp56 in intact cells. Taken
together, these observations lead us to conclude
that the GR binds to these proteins essentially
concomitantly with receptor translation and
remains associated with them while they
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undergo trafficking through the cytoplasm to
the nucleus and subsequently while they traffic
within the nucleus.

The receptor trafficking model being tested
in our laboratory has been detailed else-
where [4, 7]. The essential feature is that hsp90
and hsp56, probably together with other pro-
teins, such as p23, become associated with ster-
oid receptors by a mechanism that requires the
protein unfoldase activity of hsp70[11]. The
heat shock protein heterocomplex (with or with-
out the continued presence of hsp70) would then
act as a transport complex for the receptor.
Thus, we propose that, in the cytoplasm (as
shown for other cellular compartments) protein
transport and protein folding are linked pro-
cesses [4, 7. We have coined the word trans-
portosome to refer to this protein transport
complex.

Do many proteins form trafficking complexes
with hsp90?

The notion is that steroid and dioxin recep-
tors and pp60”*“ and some other oncogenic
avian protein tyrosine kinases bind to the hsp90
component of the transportosome with unusu-
ally high avidity, and that other proteins may
form comparatively weak native trafficking
complexes with hsp90 that have missed detec-
tion by conventional biochemical and immuno-
logical approaches. As a model protein to test
this notion, we chose c-Raf, a serine/threonine
kinase that undergoes trafficking to the plasma
membrane where it is under tight control by
growth factor receptors. We found that Raf
forms a native complex with both hsp90 and
p50 in transfected cells and that, like the GR
heterocomplex, this complex is formed by the
reticulocyte lysate protein folding system [65].
The complex of hsp90 with Raf is weaker than
that with pp60™ or steroid receptors, but it is
formed in the same way and is also stabilized by
molybdate.

The concept that hsp90 may be bound to
many proteins undergoing trafficking reflects an
important change in the thinking about recep-
tor-heat shock protein complexes. It is estab-
lished that members of the hsp70 family bind
cotranslationally with a wide variety of pro-
teins [66]. Both the promiscuous ability of hsp70
to bind to many newly translated proteins with
very different structures and the requirement of
hsp70 for formation of steroid receptor—-hsp90
complexes are consistent with the notion that
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hsp90 may be complexed, albeit more weakly,
with multiple proteins and perhaps play a role
in their trafficking within the cell.

If hsp90 must be bound to the GR while it is
transported through the cytoplasm to the nu-
cleus, then the glucocorticoid-mediated trans-
formation event that permits GR translocation
to the nucleus cannot result in dissociation of
the receptor from hsp90. For the past several
years, we have assumed that, upon transform-
ation, the GR dissociates from hsp90 and other
proteins in the heterocomplex. We have as-
sumed this because the transformed receptor is
no longer in the 9S form (and hsp90 is not
coimmunoadsorbed with receptor) in cytosols
prepared from cells that were exposed to steroid
(see Ref. [67] for review). Also, a similar appar-
ent glucocorticoid-mediated dissociation of GR
from hsp90 occurs under cell-free conditions in
cytosols [68-70]. Although we have assumed
that the receptor dissociates from hsp90, the
steroid-transformed GR may still be in a weak
complex with hsp90 that does not survive our
traditional gradient centrifugation and coim-
munoadsorption detection methods. In other
words, when the receptor is transformed, it may
be converted from the high affinity complex that
is unique to the untransformed steroid receptors
and pp60**" to a weaker interaction, such as the
complex that has been detected by modified
methods with Raf[65] and is perhaps typical of
hsp90 interaction with multiple other proteins.

Does hsp56 determine the direction of receptor
movement?

After transformation by steroid, the GR
moves rapidly to the nucleus under the direction
of the NLS[1]. If, as we think, the receptor
remains associated with the heat shock protein
complex, a protein in the complex may deter-
mine the direction of movement by attaching
the transport particle to the microtubule/dynein
system that determines movement in the retro-
grade direction toward the nucleus. The attach-
ment of the receptor to the movement system
may require more than one protein in the
heterocomplex, but one protein in this attach-
ment system must interact directly with the
NLS. On the basis of analysis of primary struc-
ture and known protein—protein interactions in
the heat shock protein heterocomplex, we
suggest that hsp56 is the NLS-binding protein.

Our model is summarized in Fig. 1. Nuclear
localization signals are composed of concen-
trations of positively charged amino acids (see
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COOH

Fig. 1. Model of the heat shock protein complex bound to the GR. Only the COOH-terminal half of the
GR is presented, with three domains indicated as follows: DNA binding domain (hatch marks), nuclear
localization signal (closed), HBD domain (stippled). As described in the text, hsp90 binds as a dimer to
the HBD domain. Formation of the receptor heterocomplex requires hsp70[8, 9, 11], which is known to
bind to the HBD of PR [31] and ER [30]. Hsp70 is not recovered with GR that are cytoplasmic [21, 27, 29},
and it may dissociate when the heterocomplex is completely formed [11]. Hsp56 is shown with two contact
sites in the complex—a direct interaction with hsp90{14, 17, 18] and a postulated interaction of its highly
negatively charged first hinge region with the nuclear localization signal of the receptor. In this case, we
have presented the NL1 of the rat GR [1]. The numbers in the blowup section of this postulated direct
GR-hsp56 binding site identify the NH,-terminal and COOH-terminal amino acids in the hinge region
of rabbit hsp56 [40] and the rat GR NLI [1].

Ref. [71] for review) and in the primary
sequence for the NL1 of the rat GR[1] shown
in Fig. 1, 6 out of 8 consecutive amino acids
are positively charged. This predicts a protein—
protein interaction through a domain in the
NLS-binding protein that is highly acidic.
As mentioned above, the short hinge segment
between the first and second globular domains
predicted by Callebaut er al. [40] is highly
acidic. This hinge segment (Glu-Asp-Leu-Thr-
Asp-Asp-Glu-Asp) of rabbit hsp56 shown in
Fig. 1 contains 6 out of 8 amino acids that are
negatively charged [40], and this segment is
retained with two conservative replacements
(Glu-Asp-Leu-Thr-Glu-Glu-Glu-Asp) between
amino acids 140-147 in human hsp56
(hFKBP52) [39].

This model in which hsp56 interacts both with
the receptor and hsp90 could explain an obser-
vation made with the estrogen receptor (ER)
that is inconsistent with observations made with
the GR and the PR. Chambraud et al. [72] have
reported that both the hormone binding domain
(HBD) of the ER and a segment at the COOH-
terminal extremity of the DNA binding domain,
which corresponds to the NLS [2], are required
for detection of the 9S form of the ER. Neither

the HBD alone nor the NLS alone was sufficient
for recovery of transfected mutant ERs as
9S {72). This differs from the GR, where it is
clear that the HBD without the NLS forms a
stable complex with hsp90 [30]. The results with
the ER have led to a widely accepted model
proposing that hsp90 itself must interact directly
with both the HBD and the NLS regions of
steroid receptors [73]. We have used the
modified technique we employed to detect the
Raf-hsp90 complex to demonstrate both native
and cell-free reconstituted complexes of hsp90
with the HE14 segment of the human ER, which
contains only the HBD [30]. Thus, the HBD of
the ER is sufficient for a weak complex with
hsp90 but the complex does not survive detec-
tion using the gradient centrifugation technique.
It is easy to see how these observations are
explained by the model of Fig. 1. Although
hsp90 itself may form a relatively weak complex
with the ER HBD, in the receptor heterocom-
plex hsp90 is bound to hsp56, which in turn
contacts the NLS. Neither hsp interaction with
the receptor might be sufficient to yield a de-
tectible 9S complex for the wild-type ER, but
the two together would yield a 9S complex, as
observed by Chambraud et al. [72).
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There is, as yet, no direct evidence that hsp56
forms a protein—protein contact with the NLS.
It is interesting to note, however, that hsp56 has
been found in association with steroid receptors,
all of which must proceed in a retrograde direc-
tion to the nucleus and localize there in a
manner that is dependent upon the presence of
the NLS[1, 2]. In the case of pp60** and Raf,
the direction of trafficking is towards their sites
of action at the inside of the plasma membrane,
and their heterocomplex form contains p50 but
not hsp56 [65]. It is interesting that pS50 is not
present in the GR heterocomplex [24]. Finally, it
is worth noting that two proteins that specifi-
cally bind the large T antigen NLS have been
purified and shown to promote nuclear import
in a permeabilized cell system [74]. No sequence
information is yet available, but the proteins
migrate on denaturing gels at 56 and 54 kDa.
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