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The recently-described p59 protein has been shown 
to be associated with untransformed steroid receptors 
present in rabbit uterus and rat liver cytosols (Tai, P. 
K., Maeda, Y., Nakao, K., Wakim, N. G., Duhring, J. 
L., and Faber, L. E. (1986) Biochemistry 25, 5269- 
5275; Renoir, J.-M., Radanyi, C., Faber, L. E., and 
Baulieu, E.-E. (1990) J. Biol. Chem. 265, 10740- 
10745), while a smaller version of this protein (~56) 
interacts with glucocorticoid receptors in human IM-9 
cell cytosols (Sanchez, E. R., Faber, L. E., Henzel, W. 
J., and Pratt, W. B. (1990) Biochemistry 29, 5145- 
5152). In addition to interacting with glucocorticoid 
receptors, the p56 protein of IM-9 cell cytosol is also 
found as part of a large heteromeric complex that 
contains both the 70-kDa and SO-kDa heat shock pro- 
teins (hsp70 and hsp90, respectively). Given this as- 
sociation of p56 with the two major stress proteins, I 
have speculated that p56 may itself be a heat shock 
protein. In this paper, the effect of heat stress on the 
rate of synthesis of p56 is determined. Intact IM-9 cells 
were exposed to 37 or 43 “C for 4 h, followed by pulse- 
labeling with [3SS]methionine. Analysis of whole cyto- 
solic extracts by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis and autoradiography reveal 
an increased rate of radiolabeling for hsp70, hspS0, 
hsp100, ad hspll0, but no heat-inducible protein of 
smaller relative molecular mass is detected. However, 
immune-purification of p56 from normal and heat- 
stressed cytosols with the EC1 monoclonal antibody 
results in the presence of a 56-kDa protein that ex- 
hibits an increased rate of synthesis in response to heat 
stress. The results of two-dimensional gel Western 
blots employing the EC1 antibody demonstrate that 
this heat-inducible protein is indeed the ECl-reactive 
p56 protein and that the induction effect is not due to 
unequal yields of p56 during immune-purification. 
Heat stress has no effect on the composition of the ~56. 
hsp70. hsp90 complex, except that the complex derived 
from heat shocked-cells contains both the constitutive 
and heat-inducible forms of hsp70. Induction of p56 
also occurs in IM-9 cells subjected to chemical stress 
(sodium arsenite). It is proposed that p56 is a steroid 
receptor-associated heat shock protein which can now 
be termed hsp56. Like hsp90, hsp56 likely serves in 
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some vital cellular role apart from any specific func- 
tion it provides in steroid receptor action. 

It is becoming increasingly apparent that the macromolec- 
ular structure of the untransformed’ state of steroid hormone 
receptors is much more complex than a model which simply 
includes receptor and hsp902 (see Ref. 1 for review). Reports 
from several laboratories have demonstrated that, in addition 
to hsp90, untransformed steroid receptor complexes contain 
a variety of associated proteins. In a protocol employing 
immune-purification under low stringency wash conditions, 
the glucocorticoid receptor complex from mouse L-cell cyto- 
sols was found to contain multiple copies of hsp90 and several 
isomorphs of a 55-kDa protein (2). Similarly, untransformed 
progesterone receptor complexes have been shown to contain 
not only hsp90 but also hsp70 (3, 4). In addition, these 
complexes contain undefined proteins with molecular masses 
of 54, 50, and 23 kDa (5). A more recent report has shown 
that the untransformed state of mouse glucocorticoid receptor 
expressed in stably transfected Chinese hamster ovary cells 
is a complex that contains both hsp90 and hsp70 (6). Inter- 
estingly, in uitro transformation of transfected glucocorticoid 
receptor (6) and progesterone receptor (3) complexes to the 
DNA-binding state results in dissociation of hsp90, as ex- 
pected, but in retention of hsp70, suggesting that even the 
DNA-binding states of these receptors are heteromeric com- 
plexes. 

A report by Tai et al. (7) has provided evidence that another 
protein with a molecular mass of 59-kDa (p59) is part of 
untransformed steroid receptor complexes. This observation 
was made through the use of a monoclonal antibody (ECl) 
against p59, which shifts untransformed glucocorticoid, pro- 
gesterone, androgen, and estrogen receptor complexes during 
sucrose gradient centrifugation. The association of p59 with 
steroid receptors has recently been confirmed by two other 
laboratories. Renoir et al. (8) used chemical cross-linking 
techniques to demonstrate the presence of p59 in a variety of 
steroid receptor complexes derived from rabbit uterus, while 
Sanchez et al. (9) showed that the EC1 antibody reacts with 
the 9 S glucocorticoid receptor complexes derived from human 
IM-9 cells but not with the 4s monomeric state of the recep- 
tor. In the latter study, the human form of this protein had a 
somewhat smaller molecular mass and was designated ~56. 
These authors also employed a two-dimensional gel analysis 
of proteins associated with “free” p56 (not receptor-bound), 
and it was found that p56 existed in a complex that contained 
both hsp70 and hsp90 along with several unidentified pro- 
teins. Given that p56 is found bound to a complex containing 
the two major stress proteins, I have speculated that p56 may 
itself be a heat shock protein. In this paper, the rate of 
synthesis of p56 is examined in human IM-9 cells exposed to 

1 The term “untransformed” refers to the so-called inactive or non- 
DNA-binding form of steroid hormone receptors, while “transformed” 
refers to receptors that are in the DNA-b&ding state. 

* The abbreviations and trivial names used are: hsp90. hsp70. and 
hsp56, the 90-, 70-, and 56-kDa heat shock proteins; SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Hepes, 4- 
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; TES, 2-{[2-hy- 
droxy-l,l-bis(hydroxymethyl)ethyl]aminolethanesulfonic acid. 
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heat shock and chemical stress. It is demonstrated that [3”S] 
methionine labeled ~56 is not detectable in aliquots of whole 
cytosols derived from control or stressed cells. However, im- 
munoadsorption of p56 with the EC1 monoclonal antibody 
and analysis by one- and two-dimensional gels shows a clear 
increase in the rate of radiolabel incorporation for ~56 protein 
derived from cells subjected to thermal or chemical shock. 
Based on these results, it is proposed that this newly described 
steroid receptor associated protein is a novel low abundance 
heat shock protein which can now be termed hsp56. 

previously described (9). Briefly, proteins from the second dimension 
gels were transferred to Immobilon P membranes and the membranes 
were incubated with the appropriate probe antibodies according to 
the following final concentrations: ECl, 2 rig/ml; anti-hsp70 serum, 
1:5000 (v/v). The membranes were then incubated with neroxidase- 
conjugated goat anti-mouse IgG (Fig. 2) or with a mixture of peroxi- 
dase-conjugated anti-mouse and anti-rabbit IgG (Fig. 3). Each coun- 
ter antibody was used at a 1:lOOO dilution and all incubations of the 
membranes were carried out at 4 “C under gentle rocking. In the 
experiments of Figs. 2 and 3 each blotted membrane was also sub- 
jected to autoradiography under the conditions described above except 
that treatment with the autoradiography enhancer was omitted. 

EXPERIMENTAL PROCEDURES 

Materials 
[3SS]Methionine (“Trans-label”) was obtained from ICN Radi- 

ochemicals. Autoradiography enhancer (“Enlightening”) was ob- 
tained from Du Pont-New England Nuclear. Sodium arsenite, TES, 
Hepes, protein A-Sepharose, nonimmune mouse IgG, horseradish 
peroxidase conjugates of goat anti-mouse and goat anti-rabbit IgG, 
newborn calf serum, and RPM1 1640 powdered media were obtained 
from Sigma. Immobilon P membranes were obtained from Millipore. 
Acrylamide, ultrapure urea, and ampholytes were obtained from 
British Drug House. The EC1 monoclonal antibody against p56 (7) 
was kindly provided by Dr. Lee Faber (Medical College of Ohio). The 
AC88 monoclonal antibody against hsp90 (10) was kindly provided 
by Dr. David 0. Toft (Mayo Clinic). The rabbit antiserum to hsp70 
was kindly provided by Dr. Etorre Apella (National Cancer Institute). 
This antiserum was made against-a C-terminal peptide of human 
hsp70 by Ehrhart et al. (11) and is known to cross-react with hsp90. 

Methods 

Cell Culture and Stress Treatment-Human IM-9 lymphoblasts 
were grown in RPM1 1640 medium containing 10% iron-supple- 
mented newborn calf serum. Maintenance and non-stressed cells lines 
were incubated in a humid 37 “C chamber containing 5% CO*. Heat 
shock treatment of IM-9 cells was achieved by shifting replica flasks 
to a second 5% CO, incubator set at 43 “C. Twical duration of heat 
shock treatment ranged from 3.5 to 4 h. IM-9 cells were also stressed 
by addition of sodium arsenite at a final concentration of 100 FM. 
Both the arsenite-treated and nontreated cells were incubated at 
37 “C for 2 h. 

f3’S/Methionine Labeling and Cytosol Preparation-Immediately 
following stress treatment, the medium was removed and replaced 
with methionine-free medium containing 2% dialyzed calf serum and 
[YS]methionine at a final concentration of 5 &i/ml. In the case of 
heat shock experiments, labeling was performed at the appropriate 
temperature for 45 min. Sodium arsenite-treated and control cells 
were labeled at 37 “C for 45 min. All subsequent steps were carried 
out on ice (O-4 “C). Cells were washed 3 times by pelleting and 
resuspension in Hanks’ buffered saline, followed by resuspension in 
1.5 pellet volumes of 10 mM Hepes, 1 mM EDTA, pH 7.4. After 
swelling, the cells were ruptured by Dounce homogenization and 
centrifuged at 100,000 X g for 1 h. The supernatant fluid (“cytosol”) 
was then either used immediatelv or frozen at -80 ‘C. 

Zmmunoodsotption-Aliquots(50-100 ~1) of IM-9 cell cytosol were 
diluted 1:l with TEG buffer (10 mM TES. 1 mM EDTA. 50 mM NaCl. 
10% (w/v) glycerol, pH 7.6) ‘and antibodies were added according to 
the followi& final concentrations: 50 rg/ml for each of nonimmune 
mouse IeG. ECl. and AC88: 5% (v/v) of anti-hsn70 serum. Each 
mixture was incubated for 2 h on ice; followed by the addition of 125 
~1 of a 20% solution (v/v) of protein A-Sepharose. After rotation for 
2 h at 4 ‘C, the Sepharose pellets were washed 4 times by resuspension 
in l-ml aliquots of TEG buffer. The immunoadsorbed material was 
then eluted with 2 X SDS sample buffer containing P-mercaptoetha- 
no1 for analysis by SDS-PAGE, or with O’Farrell’s lysis buffer for 
analysis by two-dimensional PAGE. 

Gel Electrophoresis, Autoradiography, and Zmmunoblotting-SDS- 
polyacrylamide gel electrophoresis was carried out in 7-14% slabs 
according to the method of Laemmli (12) with minor modifications. 
Gels destined for autoradiography were impregnated with enhancer 
prior to drying. Exposure of the dried gels to film was done at -80 “C 
in x-ray film cassettes each of which was lined with two intensifying 
screens of identical make and age. Isoelectric focusing was performed 
according to the procedure of O’Farrell(l3) employing ampholines of 
pH range 4-8. Two-dimensional gel Western blots were performed as 

RESULTS AND DISCUSSION 

Our observation (9) that the p56 protein in IM-9 cell 
cytosols is part of a large complex containing the two major 
heat shock proteins (hsp70 and hsp90) has been corroborated 
by another laboratory.3 In this case, a monoclonal antibody 
against hsp90 was used to immunoadsorb mouse Hepa cell 
cytosol. Among the five proteins other than hsp90 that were 
immune-specifically adsorbed, two have been identified. They 
are hsp70 and a ~56 protein which reacts with the EC1 
antibody. Thus, our work and that of Perdew strongly suggest 
that ~56, hsp70, and hsp90 exist in cytosols as a heteromeric 
complex. However, given the vast stoichiometric excess of 
both hsp70 and hsp90 to ~56 (9), it is likely that only a 
fraction of the two heat shock proteins take part in this 
complex. Nonetheless, this curious association of p56 to both 
hsp70 and hsp90 has led to the speculation that ~56 may itself 
be a heat shock protein. One fact that has further fueled this 
notion is that the ~56 protein appears to be evolutionarily 
conserved. Comparison of our N-terminal amino acid se- 
quence for the human ~56 protein (9) with sequences inde- 
pendently obtained by David Toft (Mayo Medical School) 
and Michel Renoir (INSERM, Paris)4 has demonstrated 83% 
homology between the human and rabbit forms of this protein. 
As heat shock proteins are among the most highly conserved 
proteins in all of biology (14), it seemed reasonable to ask if 
~56 is a heat shock protein. 

By definition heat shock proteins are proteins that have an 
increased rate of synthesis in response to stress. The nature 
of the stress can take many forms, such as chemical poisoning 
and heavy metal toxicity, but the most commonly used form 
is heat shock. Accordingly, I have taken human IM-9 cells 
and split them into two groups. One group was cultured at 
normal temperatures (37 “C), while the other was incubated 
at 43 “C for 4 h. Each group was then pulse-labeled with [35S] 
methionine and cytosols were prepared. When equal amounts 
of normal and stressed cytosols are subjected to SDS-PAGE 
and autoradiography, the results seen in lanes l-4 of Fig. 1 
are obtained. In this case, only the major known heat shock 
proteins are identifiable on the basis of their higher levels of 
[35S]methionine incorporation. These are hspll0, hsp100, 
hsp90, and hsp70. However, if these cytosols are immunoad- 
sorbed with antibodies directed against ~56, hsp70, and hsp90, 
along with the appropriate immune control (nonimmune 
mIgG), the results see in lanes 5-12 of this figure are obtained. 
As expected, use of the AC88 anti-hsp90 antibody results in 
the immune-specific presence of hsp90 and a clear demon- 
stration of its response to heat stress (compare lanes 9 and 
10). Similar conclusions can be drawn when an antiserum to 
hsp70 is employed (lanes 11 and 12), except that this anti- 
serum, in addition to hsp70, also immune-specifically adsorbs 
hsp90, hsp100, and possibly hspll0. The anti-hsp70 serum 
was made to a C-terminal peptide of human hsp70 which is 

3 G. H. Perdew, submitted for publication. 
4 D. Toft and M. Renoir, personal communications. 
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FIG. 1. Heat shock treatment of IM-9 cells results in in- 
creased rates of synthesis for the major heat shock proteins 
and ~56. IM-9 cells were cultured at 37 and 43 “C for 4 h and pulse- 
labeled with [%]methionine. Cytosols were prepared and analyzed 
by SDS-PAGE and autoradiography. Lanes l-4, aliquots of whole 
cytosols based on equal total protein (PROTEIN) or equal total 
radioactivity (CPM). Lanes 5-12, 50-d aliquots of cytosol immu- 
noadsorbed with nonimmune antibody (mZgG), EC1 antibody against 
~56 (iiD56). AC66 antibodv against hso90 (iihso90). or antiserum 
against hsp70 (bhsp70) which-also reacts s&kc& with hsp90. 
Arrozu indicates heat-induced form of ~56. 
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FIG. 2. Two-dimensional gel Western blots of hsp56 in- 
duced by heat shock and chemical stress. Aliquots (160 ~1) of 
“‘S-labeled cvtosols from normal (37 ‘. -A). heat-shocked (43 “) and 
arsenite-treated (+A) cells were immunoadsbrbed with equai amounts 
of EC1 antibody against ~56. After washing, the immunoadsorbed 
material was eluted and analyzed by two-dimensional gel Western 
blotting using the EC1 antibody as probe (Hot). Autoradiography 
was then performed for each blot (3”S) under identical exposure 
conditions and times. 

known to contain sequence homology with C terminus of 
hsp90 (11). Not surprisingly, this antiserum has been shown 
to cross-react with hsp90 (11). Thus the immune-specific 
presence of hsp90 seen in lanes 11 and 12 was not unexpected. 
On the other hand, the reasons for the co-immunoadsorption 
of hsplO0 with the anti-hsp70 serum remain unclear. More 
interesting, however, is the fact that use of the EC1 antibody 
to immunoadsorb control and heat shocked cytosols has re- 
sulted in the immune-specific presence of a labeled 56-kDa 
protein (compare lanes 6 and 8) that is clearly synthesized at 
a higher rate in response to stress (compare lanes 7 and 8). 

To identify unambigously this “heat shock” protein as the 
ECl-reactive p56 protein and to eliminate the possibility that 
this result was actually due to unequal yields of ~56 during 
immunoadsorption, the experiments of Fig. 2 were performed. 
In this case, p56 protein was again immunoadsorbed from 
cytosols made from normal and stressed cells pulse-labeled 

with [35S]methionine. This was followed by two-dimensional 
gel Western-blots in which EC1 was used as the probe anti- 
body. Panel A and C of Fig. 2 show the relative amounts of 
~56 obtained from normal and heat-shocked cells as detected 
by the EC1 antibody. Clearly the immunoadsorption proce- 
dure has resulted in roughly equal amounts of ~56 protein 
from both control (panel A) and heat shocked (panel C) 
cytosols. Each of these blots was subjected to autoradiography, 
taking care that the exposure conditions and times were 
identical. In this case, the results of the autoradiography show 
an approximate order of magnitude increase in radiolabel 
incorporation for the heat-shocked form of ~56 (panel D) 
over the unshocked form (panel B). When IM-9 cells are 
subjected to chemical stress, the results seen in panels F-H 
of Fig. 2 are obtained. In this experiment, IM-9 cells were 
treated with sodium arsenite for 2 h at 37 “C, while control 
cells were left untreated. As was the case for heat shock 
treatment, immunoadsorption of stressed and unstressed cy- 
tosols with EC1 antibody resulted in similar yields of ~56 
protein (panels E and G) but in an increased rate of synthesis 
for ~56 derived from arsenite-treated cells (panel H) over 
control cells (panel F). 

The experiments of Figs. 1 and 2 clearly demonstrate that 
the ECl-reactive ~56 protein will increase its rate of synthesis 
in response to stress. Thus, by the standard criteria, ~56 
becomes another member in the family of heat shock proteins 
and it is proposed that it now be referred to as hsp56. If hsp56 
is indeed a heat shock protein then one must wonder why it 
has gone undiscovered to this point. The most likely expla- 
nation is suggested by the results seen in Fig. 1. In this 
experiment, IM-9 cells were pulse-labeled for 45 min, yet an 
[35S]methionine-labeled 56-kDa protein could not be detected 
in aliquots of either control or heat shocked cytosols. As pulse 
labeling is the routine for investigations in the field of cellular 
heat shock responses, and as we have previously determined 
that the ~56 protein is of relatively low cellular abundance 
(9), it is probable these two events have combined to cause 
hsp56 to be overlooked as a heat shock protein. 

To determine what effect, if any, heat stress has on the 
maintenance or composition of the hsp56. hsp70. hsp90 com- 
plex, the experiment of Fig. 3 was performed. As in the 
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FIG. 3. Effect of heat shock on the hsp56*hsp70Shsp90 com- 
plex. Aliquots (100 ~1) of %labeled cytosols from control (37 ‘) or 
heat-shocked (43 “) cells were immunoadsorbed with equal amounts 
of nonimmune mIgG or EC1 antibodies. After washing, the immu- 
noadsorbates were analyzed by two-dimensional gel Western blotting 
(Hot) in which both the EC1 antibody against p56 and the anti- 
hsp70 serum against hsp70 and hsp90 were employed as probes. Each 
blot was then subjected to autoradiography (%). 
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previous figures, IM-9 cells were once again subjected to heat 
shock and pulse-labeled with [35S]methionine. The ~56 com- 
plex was then immunoadsorbed with EC1 antibody and ana- 
lyzed by two-dimensional gel Western blotting in which both 
the EC1 antibody and the anti-hsp70 serum (which detects 
both hsp70 and hsp90) were used as probes. The results of 
the Western blotting clearly show that heat stress has little 
effect on the composition of the ~56 complex, except that the 
complex derived from heat-shocked cells now contains in- 
creased amounts of heat-inducible hsp70, as well as the con- 
stitutively expressed hsc70 (compare panels C and E). Com- 
parison of the autoradiograms made from these blots (panels 
D and F) shows a marked increase in the rate of radiolabel 
incorporation in response to heat stress for hsp56 as well as 
hsp70 and hsp90. In contrast, the rate of heat shock induction 
for hsc70 is quite low as expected for this protein (15), and 
there is no discernable induction in the rates of synthesis of 
both (Y- and P-tubulin, which are present in these autoradi- 
ograms only as a result of nonspecific adsorption (panel B). 

Since N-terminal sequencing of hsp56 has not demon- 
strated sequence homology to known proteins (9), it is likely 
that hsp56 represents a novel heat shock protein and its role 
in the stress response should be of considerable interest to 
cell biologists. At the moment, little is known about the 
function of hsp56 in either steroid receptor action or the heat 
shock response. There are, however, three features of this 
protein that may provide clues to its cellular function: 1) it is 
of low abundance in cellular extracts; 2) it is constitutively 
expressed, and 3) it is found in oligomeric protein complexes 
(7-9). A recently discovered heat shock protein, hsp60, is a 
mitochondrial protein that has been implicated in the folding 
of proteins and in the assembly of complexes following protein 
import into the mitochondria (16,17). Although the published 
sequence of hsp60 (17) does not demonstrate any relatedness 
to the N terminus of hsp56, comparisons of their known 
features reveal some interesting similarities. Like hsp56, 
hsp60 is also of low cellular abundance, is constitutively 
expressed in nonstressed cells, and it is found as part of a 
large heteromeric complex (18,19). Hsp60 and the structurally 
related groEL heat shock protein of Escherichia coli have been 
classified as “chaperonins” based on their involvement by 
unknown mechanisms in the assembly of oligomeric protein 
complexes (20). It is thought that the ability of hsp60 to 
assemble protein complexes is in part due to the protein 
folding activity of hsp60, which in turn is known to require 
ATP hydrolysis (21). The presence of hsp56 in untransformed 
steroid receptor complexes (7-9), and the fact that conversion 
of steroid receptors to the DNA-binding state requires subunit 
dissociation (22, 23), suggest the possibility that hsp56 may 

be involved in either assembly or disassembly of these com- 
plexes. 
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