seminars in CELL BIOLOGY, Vol 5, 1994 : pp 83-93

Chaperone functions of the heat shock proteins associated

with steroid receptors
William B. Pratt and Michael J. Welsh

Mammalian sterotd receptors exist in hormonefree cells in
a heterocomplex that contains the three heat shock proteins
hsp90, hsp70 and hspd6. Some protein kinases, including
pp60°7 and v-Raf, exist in simalar cytosolic heterocomplexes
contarming hsp890 and a 50 kDa protein of unknown function,
ppS0. The four proteins—hsp 90, hsp70, hsp56 and pp50—
extst fogether in a heterocomplex independent of the presence
of steroid receplors and protein kinases. Both the recepior and
the protein kinase heterocomplexes can be formed by a protein
Jolding-heterocomplex assembly system in reticulocyte lysate
that carries out an hsp 70-dependent attachment of the proteins
to the preformed heat shock protein complex. Association of
receptors with this structure occurs at the termination of receptor
translation and is critical for maintenance of the receptors
in a transcriptionally inactive state in the absence of hormone.
We discuss how this preformed protein folding structure may
be involved in the subsequent targeted lrafficking of steroid
receptors through the cytoplasmic space to the nucleus.

Key words: heat shock proteins/ protein folding/
protein trafficking / steroid receptors

ALMOST 10 YEARS AGO, it was established that the
large form (~98) of steroid receptors that is
recovered in cytosols prepared from hormone-free
cells is actually a heterocomplex containing the
ubiquitous heat shock protein hsp90 in addition to
the steroid binding proteins.’? In a number of
studies performed over the next 5 years, it was
established that this association with hsp90 is a
critical factor for maintenance of the receptors in a
transcriptionally inactive state, with hsp90 binding
tightly to the hormone binding domain (HBD) of
the receptors and binding of stercid to the HBD
somehow promoting dissociation of the receptor from
the heat shock protein.3-6 Indeed, a technique that
has proven useful for answering a variety of questions
in cell biology consists of fusing the HBD of a steroid
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receptor to another protein, thus bringing the
function of structurally different proteins under
hormonal control.” In the absence of hormone, the
HBD maintains the heterologous protein in an
inactive state and steroid treatment reverses this
repression. This ability of the HBD to confer
hormonal control on chimeric proteins reflects its
ability to determine hormone-regulated binding of
the chimera to hsp90.8

The discovery of the receptor-hsp90 complex
permitted direct studies of cytosolic receptors that
have led to the model of steroid receptor transformation
presented in Figure 1. Both under physiological
conditions and in cytosols, binding of hormone to the
receptor heterocomplex promotes the temperature-
dependent dissociation of receptors from hsp90.10-1%
When cytosolic receptors are bound to hsp90 they
are unable to bind to DNA, but dissociation of hsp90
is accompanied by the simultaneous conversion of
the receptor to the DNA-binding state.!!-13 In
cytosols, dissociation of receptors from hsp90 can be
brought about in a nonsteroid-dependent manner by
simply adding salt or increasing cytosolic pH, and
the transition metal anions molybdate, vanadate and
tungstate inhibit dissociation of the receptor-hsp90
complex.! The ability of molybdate to stabilize the
receptor in its heterocomplex form has facilitated cell-
free analysis of heterocomplex composition because,
in the absence of the metal oxyanion, the complex
spontaneously dissociates as it 1s purified.

It has been established that steroid receptors are
bound to hsp90 in intact hormone-free cells,!3:16
and the heterocomplex dissociation model of steroid
receptor transformation is now presented in
biochemistry and cell biology texts essentially as
shown in Figure 1. However, this popular model is
overly simplified because mammalian steroid
receptor heterocomplexes have recently been found
to be multiprotein units that contain at least two other
heat shock proteins in addition to hsp30. The study
of these steroid receptor heterocompiexes and their
cell-free assembly has provided very basic insights
into the chaperone functions of hsp70 and hsp90, and
work published in the last 3 years has led to heuristic
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Figure 1. Dissociation model of glucocorticoid receptor (GR) transformation to the DNA-
binding state. Hsp90 is bound to the hormone binding domains of the steroid receptors and
the presence of hsp90 abrogates DNA-binding activity. The receptor-hsp90 complex is
stabilized by molybdate (indicated by the small globe with the M =), which interacts with an
ATP site on hsp90 and induces a conformational change in the hsp.? Dissociation of the
untransformed receptor-hsp90 complex is induced physiologically by steroid binding. In
cytosols, dissociation can be induced by salt or alkaline pH yielding simultaneous
transformation to the DNA-binding state (indicated by receptor with exposed ‘zinc finger’
on the right). Hormone free receptors can be reconstituted into a heterocomplex with hsp90
by incubating them with rabbit reticulocyte lysate.

models of receptor folding and trafficking that may
have general application to a broad spectrum of
proteins that, like the steroid receptors, undergo
targeted movement through the cytoplasm. In this
review we will summarize the work leading to these
receptor folding and trafficking models.

The heat shock protein (hsp90-hsp70-hsp56)
complex

The constitutive form of hsp70 was first demonstrated
to be a component of the chicken progesterone
receptor heterocomplex!” and it has subsequently
been identified in native mammalian progesterone
(PR),!8 glucocorticoid (GR)'? and estrogen (ER)®
receptor heterocomplexes. Native GR  hetero-
complexes isolated from some cytosols (e.g. L cell,
HeLa)!%:20 do not contain hsp70 but steroid receptor
heterocomplexes reconstituted under cell-free
conditions with reticulocyte lysate always contain
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hsp70.21.22 The hsp70 proteins (constitutive and
stress-induced) are involved in protein folding-
unfolding reactions, they are important for protein
translocation across membranes of organelles, and
they are thought to catalyze protein assembly (for
review, see ref 23). Like hsp90, hsp70 binds to the
hormone binding domain of steroid receptors,3-8
but, in contrast to hsp90, hsp70 is not removed on
receptor transformation!#19 and its presence does
not affect receptor DNA binding activity.!8

The third receptor-associated heat shock protein
hsp56 was discovered when a monoclonal antibody
(EC1) prepared against crudely purified, molybdate-
stabilized, untransformed rabbit PR was found to
react with a ~39kDa rabbit protein that was a
component of progestin, estrogen, androgen and
glucocorticoid receptor heterocomplexes.?* This
EC1 antibody immunoadsorbed a ~ 56 kDa protein
of unique sequence from human lymphocyte
cytosol?d and its translation rate was found to
increase with stress.?® The literature on hsp56 has
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recently been reviewed in detail.?” Hsp56 was
discovered to be an immunophilin when a protein
that bound to FK506- and rapamycin-Affi-Gel-10
matrices was found to have the same NHjy-terminal
sequence as hsp56.%8.2% Immunophilins are proteins
that bind immunosuppressive drugs like cyclosporin
A, FK506, and rapamycin (for review, see ref 30),
and they all have peptidylproly! isomerase (PPlase)
activity that is inhibited by the immunosuppressive
agents which bind directly to the PPIase site. The
rabbit’! and human3? cDNAs for hsp56 have been
clened and the human protein produced in Escherichia
coli was shown to have PPlase activity inhibited by
FK506.32

Other proteins that are recovered in native steroid
receptor complexes include a unique, highly acidic
23kDa protein of unknown function,? and two
proteins of 50kDa and 54 kDa, which have been
recovered with the immunoadsorbed untransformed
chicken PR.!* Partial amino acid sequencing
showed 80% identity of pb0 and 60% identity of p54
with regions of rabbit hsp56%% and both proteins
were shown to bind to immobilized FK506.3% The
results of immunoadsorption and Western blotting
experiments suggest that p50 is the avian homolog
of mammalian hsp56 and that p54 is the avian
homolog of a new mammalian immunophilin distinct
from hsp56.3¢

In what may turn out to be an observation of
broad significance in developing an understanding
of how many proteins are folded in the cytoplasm,
it was found that the three heat shock proteins,
hsp90, hsp70 and hsp56, exist together in a cytosolic
complex independent of the presence of steroid
receptors. This was first shown by immunoadsorbing
hsp56 from human lymphocyte cytosol and
demonstrating co-immunoadsorption of hsp90 and
hsp70.% Similarly, immunoadsorption of mouse
hepatocyte cytosol with a monoclonal antibody
against hsp90 yielded co-immunoadsorption of hsp70,
hsp56 and a 50kDa protein that was shown to be
the same as the pp50 component of the pp60v-7-
hsp90 heterocomplex.®>:36 More recently, it has
been found that purification of hsp56 from human
cytosol by affinity chromatography on an FK506-
coupled matrix yields co-isolation of hsp90 and
hsp70,% thus confirming the existence of the hsp
complex by another method. Co-immunoadsorption
experiments have also revealed the presence of a
~60kDa ‘stress-related’ protein in the hsp
heterocomplex.?” This protein is seen only in
transient association with steroid receptor complexes
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as an apparent intermediate formed during cell-free
heterocomplex assembly by the protein folding
system in reticulocyte lysate?! (to be described
below).

It is important to note that each of the three heat
shock proteins in the hsp heterocomplex is a
chaperone protein. In that hsp56 has peptidylprolyl
isomerase activity, it is by definition a protein folding
enzyme. Hsp70 has well characterized protein
unfoldase activity?® and hsp90 has been shown to
promote protein folding by binding to and
suppressing the aggregation of proteins in vitro. 38
The existence of these three heat shock proteins in
the same multiprotein complex suggests that they
may function together in a temporally and spatially
organized manner.

GR folding and heterocomplex assembly

It is important to note that steroid receptors are not
in a free binding equilibrium with hsp90, and simply
mixing purified hsp80 with purified steroid receptor
does not produce a complex. It seems that after hsp90
has dissociated from the glucocorticoid receptor, the
hormone binding domain undergoes a rapid change
in its folding state such that the determinants for its
tight binding to hsp90 are no longer exposed. This
folding change is indicated in Figure 1 by the
invagination in the HBD of the hsp90-free form
of the receptor. In the case of the unliganded
glucocorticoid receptor, the consequence of hsp90
dissociation is to eliminate the high affinity steroid
binding site. If the untransformed receptor is already
bound with steroid, then the steroid remains bound
when hsp90 dissociates and it is transformed to the
DNA-binding state, but if the GR is hormone-free
when hsp90 dissociation occurs, then the steroid
binding conformation is eliminated. This
requirement for the receptor to be bound to hsp90
for it to have a steroid binding site was shown
first for the GR3%%0 and it pertains for dioxin*!
and mineralocorticoid*? receptors as well. The
progesterone receptor also requires hsp90 to form
a steroid binding site, however loss of steroid binding
activity after hsp90 dissociation from the hormone-
free receptor is very temperature-dependent. At 0°C,
the hsp90-free progesterone receptor remains in a
steroid binding configuration, whereas incubation
of the hsp90-free receptor at 30°C is accompanied
by rapid loss of steroid binding activity that is
reconstituted when hsp90 is reassociated with the
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receptor by incubating it with the protein folding
system of reticulocyte lysate.*3

The first evidence for formation of a steroid
receptor-hsp90 complex under cell-free conditions
was obtained in an ¢n vifro translation system. It was
shown that GR translated in rabbit reticulocyte lysate
was 95, was co-immunocadsorbed with hsp90, and
it behaved like untransformed receptor in that it
was in a steroid-binding conformation and without
DNA binding activity.*% The GR-hsp90 complex
formed in reticulocyte lysate appeared to be
exceptionally stable at 30°C, a temperature at which
the complex in other cytosols spontaneously and
rapidly falls apart. It is now clear that the receptor-
hsp90 complexes formed in reticulocyte lysate are
disassembled at 30°C as in cytosols but they are also
rapidly reassembled into heterocomplex form.

The dynamic nature of heterocomplex assembly
in rabbit reticulocyte lysate was first appreciated
when Smith et a/*® showed that incubation of
immunoadsorbed, hsp90-free chicken progesterone
receptor with reticulocyte lysate resulted in binding
of rabbit hsp90 and hsp70 to the avian receptor. The
HBD of the receptor was required for heterocomplex
formation and the process was both temperature-
and ATP-dependent.?!:*® Heterocomplexes were

i S”'DU'”G with KCI Reticulocyte Iysatc
RS 1
(ATP, Mg** K*)

formed if the receptors were unliganded but not if the
steroid binding site was occupied by progesterone.
Similarly, Scherrer ef a/* incubated immunopurified,
hsp90-free L cell GR with reticulocyte lysate and
reconstituted the GR-hsp80 complex.

GR heterocomplex assembly by reticulocyte lysate
is illustrated in Figure 2.% Hormone-free GR
heterocomplexes are immunoadsorbed to a pellet of
protein A-Sepharose and the associated proteins are
stripped off by incubating with salt and washing with
buffer. Uniquely, hsp70 is not stripped off the GR
with salt;!? however, we routinely immunoadsorb
native L cell heterocomplexes which do not contain
hsp70. The native heterocomplex in the immunopellet
has steroid binding activity but the salt-stripped
immunopellet has no steroid binding activity.
Incubation of the stripped immunopellet with
reticulocyte lysate reconstitutes a heterocomplex
containing hsp56* and p23 (P. Housley, personal
communication) as well as hsp90 and hsp70.22:#0
The newly-assembled mouse GR-rabbit hsp
heterocomplex has now regained high affinity steroid
binding activity and has been converted from a
DNA-binding form back to a non-DNA-binding
form.* Thus, the reticulocyte lysate protein folding-
heterocomplex assembly system has completely
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Figure 2. Cell-free assembly of the GR heterocomplex with heat shock proteins, Receptor
heterocomplexes are immunoadsorbed to a pellet of protein A-Sepharose with a monoclonal
antibody (Ab) and receptor-associated proteins are stripped off with 0.5 M KCI. Depending
on the cell type, hsp70 may or may not be present in the native heterocomplex. After several
washes, the pellet containing the immunopurified receptor is incubated with rabbit reticulocyte
lysate at 30°C in the presence of an ATP-generating system and 100 mM KCIl. The
immunopellet is then washed several times with a buffer containing 20 mM molybdate to
stabilize the heterocomplex. The proteins in the reconstituted heterocomplex are resolved
by denaturing gel electrophoresis and identified by immunoblotting with specific antibodies.
Control samples with nonimmune IgG (NI) are always run in parallel with immune samples
(I) to demonstrate that the proteins in the heterocomplex are present in a manner that is

specific for the receptor. (From ref 47.)
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reversed receptor transformation. A direct
relationship exists between the amount of hsp90 that
is bound to receptors in the immunopellet and the
number of specific glucocorticoid binding sites
formed by the reticulocyte lysate,?? and generation
of steroid binding activity is blocked by peptides that
block hsp90 reassociation with the receptor.*?

Unraveling the mechanism of heterocomplex
assembly

Some of the requirements for lysate-directed
heterocomplex assembly have been defined. Formation
of a steroid receptor complex with hsp90 requires
ATP/Mg?+* and a monovalent cation.?:22 The
step(s) requiring monovalent cation is unclear but
it is highly selective in that K+, Rb* and NHy*
permit heterocomplex assembly while Na* and
Lit do not.?2 The same monovalent cation
selectivity pertains with chaperonin-mediated protein
folding reactions®® and for the protein unfoldase
activity of hsp70.3! Hsp70 is always present in
steroid receptor-hsp90 complexes assembled in
reticulocyte lysate,?1:22:40.46 and Smith et a/?! have
shown that pretreatment of lysate with a monoclonal
antibody against hsp70 inhibits formation of a
progesterone receptor-hsp90 complex, suggesting
that hsp70-mediated protein unfoldase activity might

be required to bind hsp90 to receptors. This notion
has been proven in a system where reticulocyte lysate
was passed through an ATP-agarose matrix that
removed hsp70 and inactivated heterocomplex
assembly. Addition of purified hsp70 to this hsp70-
depleted lysate restored its ability to form a GR-hsp90
complex and reactivate the receptor to the steroid
binding form (K.A. Hutchison, K.D. Dittmar, M. J.
Czar, W.B. Pratt, submitted manuscript).

The meodel in Figure 3 summarizes our current
understanding of the protein folding-heterocomplex
assembly system. In step 1, a folded form of the
GR without steroid binding activity binds to the
preformed heat shock protein heterocomplex. For
convenience, only two proteins are presented in the
complex shown in the figure. Hsp56 is part of the
final receptor heterocomplex and, like hsp90, it is
present in an hsp70-dependent manner but this
probably reflects the fact that hsp56 is bound to hsp90
and rides it in piggyback fashion into the complex.
It is unlikely that the PPIase activity of hsp56 is
required for assembly of the receptor heterocomplex
because assembly is not affected by the PPlase
inhibitor FK506.48 Another protein that is not
presented is the 60 kDa stress-related protein which
has been identified as a transient component of the
progesterone heterocomplex formed in reticulocyte
lysate and is probably one of the lysate factors required
for complex assembly.?
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Figure 3. Model of GR heterocomplex assembly. Details of the model are described in the

text. {From ref 47.)
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After formation of the initial complex (indicated
in brackets), we propose that hsp70 mediates an
unfolding of the receptor HBD (step 2) and that
hsp90 stabilizes this unfolded state (step 3). The
receptor is now in a conformation that binds steroid.
At this point, hsp70 can leave the complex (step 4)
and, so long as molybdate is present to stabilize the
binding of hsp90 to the HBD, the receptor remains
in the high affinity steroid binding conformation.
The mechanism of hsp70 exit from the complex is
not well understood but it appears to be promoted
by ATP. In that the native untransformed GR
recovered from L cells 1s bound to hsp90 but not
hsp70, it is likely that a similar cycling of hsp70
out of the complex occurs in intact cells. If the
immunoadsorbed GR-hsp90 complex is suspended
in buffer containing salt but no molybdate, hsp90
dissociates and the HBD immediately converts
back to the non-steroid-binding conformation. The
receptor can then be recycled again through the
entire heterocomplex assembly process.

General speculations on the role of the hsp
complex in protein folding

There are two general mechanisms by which receptor
heterocomplex assembly could occur. One is via an
ordered sequence of reactions in which soluble
components are added to the receptor and the second
is by attachment of the receptor to a preformed hsp
heterocomplex that acts as a protein folding machine.
We favor the latter mechanism for two reasons.
First we have found that a crudely purified hsp
complex from reticulocyte lysate has a low level of
heterocomplex assembly activity.%? Also, hsp90 that
has been immunoadsorbed from reticulocyte lysate
with a monoclonal IgM antibody will refold the GR
to a steroid binding conformation, implying that
all the factors required for receptor heterocomplex
assembly are bound to hsp90. If the immunoadsorbed
hsp complex is washed, receptor heterocomplex
assembly activity is lost, indicating that one or
more of the assembly factors are loosely associated
components. This notion that several proteins are
preassociated in a protein folding unit where they
act in a cooperative fashion appears in models
describing protein folding within the endoplasmic
reticulum and mitochondria, as well as with the
cytoplasmic protein folding process outlined in
Figure 3.
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Obviously, a protein folding structure involving
highly abundant heat shock proteins has not evolved
solely to fold steroid receptors. Thus, it is reasonable
to predict that reticulocyte lysate may have a general
ability to form heterocomplexes with a variety of
proteins. Another protein that forms native complexcs
with hsp90Q is the oncogenic tyrosine kinase pp60v**,
The cytosolic form of pp60¥** is recovered from
cells in a tight complex with hsp90 that also contains
a 30kDa phosphoprotein of unknown function,
pp50 (for review, see ref 53). As mentioned above,
pp50 is a component of the heat shock protein
heterocomplex. 3¢ It has been shown that reticulocyte
lysate forms a pp60v=-hsp90-pp50 heterocomplex
in the same manner as it forms steroid receptor
complexes.’* Like the steroid receptor hetero-
complexes, the pp60¥* heterocomplex is stabilized
by molybdate.”® Investigators have focused on
hsp90 binding to steroid receptors and to pp60v~"
because in both cases the binding is of high affinity.
However, weaker complexes can be detected between
hsp90 and some other protein kinases. For example,
the serine/threonine kinase v-Raf, which is a protein
kinase implicated in normal mitogenic signal
transduction, exists in a native heterocomplex with
hsp30} and pp30 and this complex can be
reconstituted by reticulocyte lysate.¥ Hsp70 has the
promiscuous ability to bind to a wide variety of
proteins of very different structure,’” and hsp70
is a component of both ppb60¥V-*"* and Raf hetero-
complexes assembled by the reticulocyte lysate
system. A general prediction that evolves from
the study of steroid receptor and protein kinase
heterocomplexes is that hsp70 may direct the binding
of hsp90 to a great many proteins while they undergo
normal folding in the cytoplasm.

Do the chaperone proteins play a role in
receptor trafficking?

Transcription factors, such as the steroid receptors,
must move through the cytoplasm to the nucleus and
subsequently within the nucleus in a precisely
targeted manner under the control of nuclear
localization signals. The shuttling of receptors
into and out of nuclei has been directly demonstrated
in elegant studies of Guiochon-Mantel e al?®
and Chandran and DeFranco®® using transient
heterokaryons. The mechanism of this receptor
trafficking is unknown. Indeed, the mechanisms by
which proteins in general move throughout the
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cytoplasm from their sites of translation to sites of
action in the nucleus or at the inside of the plasma
membrane are unknown. It has been a general
notion that both protein chaperones and
immunophilins are involved in protein trafficking,
but details of their possible involvement have not
been worked out.

The idea that hsp90 could in some way be involved
in protein trafficking has evolved from the
observation that pp60v~*" binds to hsp90 and pp50
at the termination of its translation and it remains
associated with the proteins while it undergoes
trafficking through the cytoplasm to plasma
membrane. Whether the role of hsp90 is simply
to stabilize pp60v-"" until it becomes membrane-
bound or whether hsp90 actually functions as a
component of the trafficking process is unknown.
Steroid receptors also bind to hsp90 at the
termination of their translation,?® but their
trafficking is in the retrograde direction toward
the nucleus (Figure 4). Several observations have led
to the speculation that the hsp complex may act as
a transport particle (a transportosome) to which the
receptors remain bound while they move through
the cytoplasm.® In this respect it is important to
note that both hsp90 and hsp36 have been identified
in steroid receptor heterocomplexes isolated from
hormone-free cells where the receptors are
cytoplasmic as well as from cells where the receptors
are nuclear.®® The mouse GR in hormone-free L
cells, for example, is predominantly localized in the
cytoplasm by indirect immunofluorescence®! and is
associated with both hsp 90 and hsp56,% whereas
the mouse receptor overexpressed in CHO cells is
localized in the nucleus!? and it is also associated
with hsp90 and hsp56.9% As the same proteins are
associated with receptors in both compartrents, it
is logical to conclude that the receptors must have
traveled from their cytoplasmic sites of translation
to the nucleus while attached to both of these
members of the heat shock protein complex, with
the complex itself perhaps acting as a transportosome
as illustrated in Figure 5. Indeed, the GR expressed
in CHO cells has been shown by confocal microscopy
to be localized in all planes of the nucleus and at the
center of the nucleus as well as at its periphery.5?
Thus, it seems possible that receptors may also move
within the interior of the nucleus while associated
with hsp90 and hsp56.

It is important to ask what kind of movement
system could be responsible for the transport of
hsp90-bound proteins, such as the steroid receptors,
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Figure 4. Bidirectional movement of hsp90-bound
proteins. Both pp60¥~™ and the GR bind to hsp90 at or
near the termination of their translation and remain
bound to hsp90 while they move to their sites of action
at the plasma membrane or in the nucleus, respectively.
Systems exist for transport of vesicles along microtubules
in both directions (i.e. in an anterograde direction away
from the nucleus and in a retrograde direction toward
the nucleus). It is proposed here that proteins also travel
along such pathways while they are attached to a common
transport particle as illustrated by the transporiosome in
Figure 5. The direction of movement would be
determined by targeting signals inherent to the
transported protein, such as the nuclear localization
signals of steroid receptors. (From ref 60.)

Figure 5. The steroid receptor (SR} In association with
the heat shock protein heterocomplex as it may function
as a transporiosome for protein movement in the intact cell.

(Modified from ref 60.)

pp60v"* and v-Raf, through the cytoplasm. We
have indicated in the diagram of Figure 4 that such
movement might occur along cytoskeletal pathways,
Both microtubule- and microfilament-based systems
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for bidirectional cytoplasmic transport of organelles
have been described®® and it is possible that receptor
heterocomplexes traffic along such systems. Consistent
with this notion, there is evidence for association of
both steroid receptors and hsp90 with the cytoskeleton.
The GR in human gingival fibroblasts has been
localized to cytoplasmic microtubules, %% and hsp90
has been shown to colocalize with microtubules
in a variety of cell types.58:67 In a related system,
Barsony et a/ % have used a rapid microwave fixation
technique to observe a calcitriol-dependent shift
of vitamin I receptors from the cell periphery into
the nucleus of serum-deprived cultured human
fibroblasts. They described a fascinating response
in which there is first a clumping of receptors at the
cell periphery with 15-43 s, followed by alignment
of clumps along fibrils within 30-45 s, perinuclear
accumulation of clumps within 45-90s, and
intranuclear accumulation of receptors within 1-3 min.
The vitamin D receptors have now been shown to
move through the cytoplasm along tubulin-containing
filaments,®® consistent with the general notion of a
microtubule-based system for protein movement.

Does hsp56 mediate the direction of receptor
trafficking?

If the transportosome model presented in Figure 5
is correct, then a protein (or proteins) in the
complex must account both for association of the
transportosome with the movement system and for
recognition of the nuclear localization signal (NLS}

determining the direction of receptor movement. The
immunophilin component (hsp56) of the receptor
heterocomplex has some properties that suggest
it could be involved in determining the directionality
of trafficking. Hsp56 has been localized by
immunofluorescence to filamentous cytoplasmic
structures in several cell types.’C Its localization
is compared with the localization of tubulin in
rat endothelial cells in the immunofluorescence
photographs shown in Figure 6. As shown in the
figure, a considerable portion of the hsp56 in the cell
is found in the nucleus but the cytoplasmic hsp36
colocalizes with microtubules. This pattern of hsp56
localization in the cell is consistent with a role in
nuclear protein trafficking.

We noted recently that pp60¥- and v-Raf, both
of which traffic predominantly toward the cell
membrane (Figure 4), are recovered from cells in
heterocomplexes containing hsp90 and pp50, but not
hsp56, whereas steroid receptor heterocomplexes,
which traffic in the opposite direction to the nucleus,
contain hsp90 and hsph6, but not pp50. This led to
the notion that hsp56 and pp50 may be involved in
attachment of the protein trafficking complexes to
retrograde and anterograde movement systems
respectively.?® Particles have been shown to move in
a retrograde direction through the cytoplasm along
microtubules in a process that is driven by tubulin-
associated dynein motors (see ref 71 for dynein
review). It is of potential interest, therefore, that
immunoadsorption of hsp56 from several cell cytosols
has been found to yield co-immunoadsorption of both
intermediate and heavy chains of dynein, suggesting

Figure 6. Comparison of immunofluorescence produced by an anti-hsp56 antibody (A) and
an anti-tubulin antibody (B) in the same rat endothelial cell.
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that hsp56 may interact either directly or through
another bridging protein with the dynein motor
(J.K. Owens-Grillo, A.W. Yem, K.L. Leach, M.R.
Deibel, W.B. Pratt, submitted manuscript),

It has been difficult to conceive how nuclear
localization signals determine the direction of protein
movement. These signals are characterized only as
clusters of positively charged amino acids,? and an
NLS-recognition protein would require a negative
charge cluster to bind the signal. Some component
of the transportosome must come into direct contact
with the nuclear localization signal of the steroid
receptor for the model of Figure 5 to be correct. As
we have noted in a recent review of hsp56, it may
not be entirely fortuitous that hsp56 has a conserved
anionic sequence {with 6 out of 8 consecutive amino
acids being negatively charged) linking its first two
predicted domains.?” Thus, hsp56 not only binds
to hsp90 in an equilibrium manner, but it has the
additional potential for binding directly to the receptor
NLS. By binding to this second site, the affinity of
hsp56 for the steroid receptor-hsp90 complex would
be increased and one can then envisage how the NLS
could determine dynein-mediated movement of the
receptor through the cytoplasm to the nucleus.

In that all of the steroid receptors contain nuclear
localization signals, one can readily ask why all of
the receptors are not immediately carried to the
nucleus. We have looked at the ability of an antibody
directed against the NL.1 nuclear localization signal
of the GR to interact with 3-galactosidase-GR fusion
proteins, and we find that when hsp90 is tightly
bound to the GR HBD, the NL1 site is blocked.?
Thus, in many cells the GR is cytoplasmic until it
is bound by steroid. Binding of steroid reduces the
affinity of the GR for hsp90, and, either through
a conformational change or unmasking, access of
the NLS-recognition protein (hsp56?) to NLI1 is
permitted. Thus, in many cells there is hormone-
dependent translocation of the GR from the
cytoplasm to the nucleus.’3:7¢

Conclusion

The study of receptor-associated proteins has
provided a role for two of these proteins, hsp70 and
hsp90, in chaperoning the folding of the hormone
binding domain of the steroid receptors. Hsp70 and
hsp90 appear to act together as part of a preformed
heat shock protein complex that may act as a protein
folding unit to which both steroid receptors and some
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protein kinases become attached in an
hsp70-dependent manner. Hsp70 can then leave the
heterocomplex, with the notion being that the
heterocomplex can then act as a transport particle
to which the proteins remain attached while they
undergo trafficking through the cytoplasm. Thus,
in the cytoplasm, the processes of protein folding and
protein trafficking may be linked functions of the
same hsp-containing structure.
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