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Abstract. In asynchronous populations of HeLa cells 
maintained at control or heat shock temperatures, 
HSP70 levels and its subcellular distribution exhibit 
substantial heterogeneity as demonstrated by indirect 
immunofluorescence with HSP70-specific monoclonal 
antibodies. Of particular interest is a subpopulation of 
cells in which the characteristic nuclear accumulation 
and nucleolar association of HSP70 is not detected af- 
ter heat shock treatment. This apparent variation in 
the heat shock response is not observed when syn- 
chronized cells are examined. In this study, we dem- 
onstrate that three monoclonal antibodies to HSP70, in 

particular, do not detect nucleolar-localized HSP70 in 
heat-shocked G2 cells. This is not due to an inability 
of G2 cells to respond to heat shock as measured by 
increased HSP70 mRNA and protein synthesis, or due 
to a lack of accumulation of HSP70 after heat shock 
in G2. Rather the epitopes recognized by the various 
antibodies appear to be inaccessible, perhaps due to 
the association of HSP70 with other proteins. Non- 
denaturing immunoprecipitations with these HSP70- 
specific antibodies suggest that HSP70 may interact 
with other cellular proteins in a cell cycle-dependent 
manner. 

T 
IaE highly conserved response of virtually all cell 
types and organisms to heat and other forms of phys- 
iological stress has been well characterized (reviewed 

in references 8 and 19). The key feature of this response is 
the rapid induction of a select group of proteins, collectively 
called the heat shock or stress-induced proteins. The exact 
number and size of induced proteins varies somewhat de- 
pending on the organism and the particular stress used, with 
the most highly conserved being a family of HSP70-related 
proteins (2, 13). Human cells contain at least four members 
in the 70-kD stress-responsive gene family; although the 
proteins are related by sequence and share a common anti- 
genic determinant, their genes are differentially regulated 
(20, 34, 39). Two members of the human HSP70 gene family 
are: (a) P72, an abundant cellular protein synthesized con- 
stitutively at normal physiological temperatures and only 
slightly induced by heat shock (34, 36) which is reported in 
in vitro experiments to have an ATP-dependent clathrin- 
uncoating activity (6, 30), and (b) HSP70, the major stress- 
induced protein, which is also expressed at physiological 
temperatures in human cells, but in a cell cycle-dependent 
manner (20, 39). In previous publications from our laborato- 
ries HSP70 and P72 have also been referred to as HSP72 and 
P73, respectively. In HeLa cells expression of the HSP70 
protein is restricted to the GJS boundary. Indirect im- 
munofluorescence with HSP70-specific monoclonal anti- 
bodies reveals that the protein becomes concentrated in the 
nucleus of early S phase cells, but is diffusely distributed 
throughout the cytoplasm and nucleus during the remainder 
of the cell cycle (20). The abundance of the constitutively ex- 
pressed P72 in the absence of physiological stress, and the 

cell cycle regulation of HSP70 indicate that these two pro- 
teins participate in normal processes in the unstressed cell. 
Indeed, recent data has implicated a role for these proteins 
in the translocation of polypeptides from their site of synthe- 
sis in the cytoplasm across the membrane of either the en- 
doplasmic reticulum or the mitochondria (7, 9). 

After heat shock, HSP70 accumulates within the nucleus, 
with much of the protein associated with nucleoli (1, 16, 25, 
31, 36, 38). The localization of HSP70 within the region of 
the nucleolus involved in ribosomal assembly is correlated 
with visible, stress-induced alterations in nucleolar architec- 
ture. As the nucleoli recover their normal morphology, there 
is a corresponding exit of HSP70 from the organelle. There- 
fore, HSP70 has been suggested to participate in the repair 
of heat-induced nucleolar damage (18, 24, 25, 36, 38). 

In studying the subeellular distribution of HSP70 in asyn- 
chronous cell populations we have observed variability in the 
nuclear association of HSP70 after heat shock (20, 36). 
Specifically, after heat shock many, but not all of the cells 
exhibit HSP70 within the nucleolus. In this study we demon- 
strate that this apparent variation is a consequence of the cell 
cycle. For example, we find that three HSP70-specific mono- 
clonal antibodies are capable of detecting HSP70 within the 
nucleolus after heat shock treatment of only those cells in 
either G, or S phase. In contrast, G2 cells do not exhibit 
nucleolar staining after heat shock when examined using 
these same monoclonal antibodies. Yet, we show that the 
(32 ceils were fully capable of inducing HSPTO gene expres- 
sion and elevated synthesis of the protein in response to heat 
shock treatment. Therefore, the inability to detect HSP70 
within the nucleoli of the heat shock-treated G2 ceils ap- 
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pears to result from the inaccessibility of certain HSP70 
epitopes, presumably due to association with other macro- 
molecular components. We have identified HSP70-associ- 
ated proteins by nondenaturing immunoprecipitation, and 
have found that these associations change throughout the cell 
cycle. 

Materials and Methods 

Cell Culture and Synchronization 

HeLa cells were grown in DME supplemented with 10% FBS in 75 cm 2 
tissue culture flasks or on glass coverslips. Synchronized populations of 
cells were obtained by mitotic detachment as described previously (20). 
Cells were heat shock-treated by incubation at 430C for 90 min. 

Characterization of Monoclonal Antibodies N6, N/5, 
and N21 

Monoclonal antibodies were produced from mice immunized with purified 
HeLa 72- and 70-kD stress proteins (35) and were characterized by immu- 
noprecipitation analysis as described previously (36). The specificity of 
these antibodies, under denaturing conditions, for HSP70 is shown in 
Fig. 5. 

Indirect lmmunofluorescence 

The intracellular distribution of HSP70 was determined using four different 
HSP70-specific mouse monoclonal antibodies. Cells growing on 12-ram 
glass coverslips were fixed and permeabilized by exposure to absolute meth- 
anol at -20°C for 2 vain. The monoclonal antibodies were diluted as fol- 
lows: C92 (characterized previously in reference 37) 1:100; NI5, 1:200; N6, 
1:400; and N21, 1:500. Fluorescein-conjugated goat anti-mouse antibody 
diluted 1:75 was used to detect the primary antibodies. 

HSP70 mRNA Levels 

HSPT0 mRNA levels were determined by Si-nuclease protection assays (3, 
29, 40). Total cytoplasmic RNA was hybridized to a 3~P-labeled HSPTO 
gene-spoeitic probe and the RNA-DNA hybrids were digested with Sl 
nuelease (Boehringer Mannheim Biochemicals, Indianapolis, IN). The pro- 
tected fragments were analyzed by electrophoresis in 4% polyacrylamide/ 
8 M urea gels. 

HSP70 Synthesis and Accumulation 

Cell cultures maintained at 37°C or subjected to a 90-rain heat shock treat- 
merit at 430C were labeled for 15 min at 37°C with [35S]methionine (50 
t~Ci/ml) in DME lacking methionine. After the labeling period, the medium 
was removed, the cells were washed with PBS, lysed in Laemmli sample 
buffer, and analyzed by one-dimensional SDS-PAGE (15). 

The accumulation of HSP70 was determined by immunoblot analysis 
(5). Unlabeled cell lysates were electrophoretically separated on 12.5% 
SDS-polyacrylamide gels and transferred to nitrocellulose. Nitrocellulose 
filters were probed with the HSPT0-specific monoclonal antibody C92 
(diluted MOO) followed by J25I-labeled goat anti-mouse antibody. 

Nondenaturing lmmunoprecipitations 

The proteins associated with HSPT0 were identified by nondenaturing im- 
munoprecipitation using HSP70-specific monoclonal antibodies. HeLa 
cells were continuously labeled with [35S]methionine (40/~Ci/ml) in DME 
lacking methionine containing 10% FBS and 10% normal DME. Heat 
shock samples were incubated at 43"C for the last hour of the labeling 
period. After labeling, the cells were washed with PBS and lysed in 10 mM 
Tris pH 7.4, 150 mM NaCI, 1% Triton X-100, 1% deoxycholate, 0.1% SDS 
(RIPA buffer). The cell lysates were sonicated, preabsorbed with protein 
A-ngarose, and clarified by centrifugation. The cleared lysates were in- 
cubated with the HSP70-spoeific monoclonal antibodies at 4"C with gentle 
rocking for 1-2 h. Protein A-agarose beads were added and the incubation 
continued for 30 rain. The immunoprecipitates were washed five times with 
RIPA buffer and the precipitated proteins released from the beads by addi- 
tion of SDS gel electrophoresis sample buffer followed by boiling for 5 rain. 
The immunoprecipitates were analyzed by SDS-PAGE on 12.5% gels. 

Results 

Heterogeneity in the Levels and SubceUular 
Distribution of liSP70 in Asynchronous 
Cell Populations 

Immediately after heat shock treatment of mammalian cells, 
HSP70 accumulates in the nucleus, with a portion of the pro- 
tein specifically associated with nucleoli (16, 25, 36). While 
85-90% of the cells in an asynchronous population display 
this characteristic nuclear and nucleolar localization of 
HSP70, there exists a subpopulation of heat-shocked cells 
that exhibits a different pattern of HSP70 staining. This is il- 
lustrated in Fig. 1, in which asynchronous populations of 
HeLa cells growing on glass coverslips were incubated for 
90 min at 43°C. The cells were fixed and HSP70 distribution 
examined using three HSP70-specific monoclonal antibod- 
ies. (C92 is described in reference 38, for specificity of N6 
and N21 see Fig. 5.) 

When monoclonal antibody C92 was used (Fig. 1 A) we 
observed two very different patterns of HSP70 distribution. 
The majority of cells exhibited staining in the nucleus, most 
of which was primarily coincident with nucleoli. A subpopu- 
lation of cells, however, exhibited very little nuclear fluores- 
cence, and no nucleolar staining (Fig. 1 A, arrows). Heat- 
shocked cells stained with antibodies N6 and N21 (Fig. 1 B 
and C, respectively) similarly exhibited two classes of 
HSP70 distribution. The majority of cells showed intense 
HSP70 fluorescence coincident with nucleoli; antibodies N6 
and N21, in contrast to C92, also revealed increased nuclear 
staining of other nonnucleolar structures. Again, in a sub- 
population of the cells (indicated by arrows in Fig. 1) HSP70 
was not detected within the nucleoli, despite a considerable 
amount of nuclear fluorescence. Thus, using three different 
HSP70-specific monoclonal antibodies we consistently ob- 
served heterogeneity with respect to the distribution of 
HSPT0 after heat shock treatment of asynchronous popula- 
tions of cells. 

SubceUular Localization of HSP70 
in Synchronized Cells 

Our previous studies examining the distribution of HSP70 in 
HeLa cells grown at 37°C indicated differential staining pat- 
terns as a function of the cell cycle. During the GI and G2 
phases of the cell cycle HSPT0 is diffusely distributed 
throughout the entire cell, whereas, during S phase HSP70 
becomes concentrated in the nucleus (20). Therefore, we in- 
vestigated whether the heterogeneity in nuclear and nucleo- 
lar staining patterns in heat-stressed cells (shown in Fig. 1) 
might also be cell cycle related. 

HeLa cells grown on glass coverslips were synchronized 
by removal of the serum from the media for 36 h as described 
previously (39). Fresh serum was added to the cells, and 6 h 
later the cells were incubated at 43°C for 90 min, then fixed 
and analyzed for the distribution of HSP70 using the C92 an- 
tibody. In contrast to the variation observed with asynchro- 
nous cells, cells synchronized by serum stimulation exhibit- 
ed a uniform nuclear and nucleolar distribution of HSP70 
after heat shock (Fig. 2). In virtually every cell examined, 
intense nucleolar staining of HSP70 was observed. These 
results indicate that the variation in the nuclear and nucleolar 
distribution of HSP70 in heat-treated cells is most likely de- 
pendent upon the growth state of the cells. The apparent lack 
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Figure L Distribution of HSP70 in asynchronous cells after heat shock, as determined by indirect immunofluorescence using monoclonal 
antibodies C92, N6, and N21. Asynchronously growing HeLa cells on glass coverslips were incubated at 43°C for 90 rain. After heat 
shock the coverslips were fixed and analyzed by indirect immunofluorescence as described in Materials and Methods. (A-C) Fluorescent 
micrographs of ceils stained with C92 (A), N6 (B), and N21 (C). (D-F) The corresponding phase-contrast micrographs. Bar, 10 #m. 

of  nuclear or nucleolar staining in some cells within an asyn- 
chronous population could be due to an inability to induce 
HSP70 synthesis in a particular phase of  the cell cycle, or 
alternatively may reflect cell cycle-dependent changes in the 

availability of the HSP70 epitope recognized by the C92 an- 
tibody. 

To distinguish between these two possibilities we exam- 
ined the expression and the distribution of  HSP70 through- 

Figure 2. Distribution of HSP70 after heat shock 
of  synchronized cells as determined by indirect 
immunofluorescence using monoclonal antibody 
C92. HeLa cells growing on glass coverslips were 
synchronized by serum starvation for 36 h in DME 
lacking serum followed by stimulation with DME 
containing 10% FBS. 6 h poststimulation the cells 
were incubated at 43°C for 90 min. After heat 
shock the coverslips were fixed and analyzed by 
indirect immunofluorescence using monoclonal 
antibody C92 as described in Materials and Meth- 
ods. (A and B) Fluorescent micrographs of two 
different fields of cells. (C and D) the correspond- 
ing phase-contrast micrographs. Bar, 10/~m. 
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Figure 3. Intracellular distribu- 
tion of HSP70 throughout the cell 
cycle before and after heat shock 
treatment of synchronized cells. 
HeLa cells were synchronized by 
mitotic detachment as described 
in Materials and Methods. In G~, 
S, and G2 (10-, 12- and 19-h 
postplating) one coverslip was 
immediately fixed while another 
was further incubated for 90 min 
at 43°C before fixation. The fixed 
cells were then analyzed for the 
distribution of HSP70 by indirect 
immtmoftuorescence using mono- 
clonal antibody C92 as described 
in Materials and Methods. (A-C) 
Fluorescent micrographs of con- 
trol 37°C cells in G~ (A), S (B), 
and G2 (C). (D-F) Correspond- 
ing phase-contrast micrographs. 
(G-l) Fluorescent micrographs 
of cells heat shock treated in ei- 
ther the G~ (G), S (H), or G2 (I) 
phase of the cell cycle. (J-L) Cor- 
responding phase-contrast micro- 
graphs. Bar, 10/~m. 

out the cell cycle, both before and after heat shock treatment. 
A highly synchronous population of HeLa cells was obtained 
by selective mitotic detachment (20). At various times 
throughout the cell cycle the distribution of HSP70, both be- 
fore and after a 90-min 43°C heat shock treatment, was 
monitored by immunoffuorescence using the C92 antibody 
(Fig. 3). Progression through the cell cycle was monitored 
by [3H]thymidine incorporation into TCA-precipitable ma- 
terial (data not shown). In all of the following cell cycle ex- 
periments, the incorporation of pH]thymidine was maximal 
~12 h after plating the mitotic cells, and was 10- to 15-fold 
higher than the incorporation at 4 or 8 h after plating, corre- 
sponding to a mitotic index of >90 %. 

Similar to the cells synchronized by serum deprivation, the 
population synchronized by mitotic detachment appeared ho- 
mogeneous with respect to both HSP70 levels and its intra- 
cellular localization. The change in the levels and distribu- 

tion of HSP70 throughout the cell cycle in unstressed cells 
has been described previously (20), and is shown here (Fig. 
3, A-C) for comparison to the heat-shocked samples (Fig. 
3, G-l).  10 h after plating, the population had progressed to 
late Gt. The unstressed cells (Fig. 3 A) showed low levels 
of HSP70 diffusely distributed throughout the entire cell. Af- 
ter heat shock, the cells in Gj (Fig. 3 G) exhibited intense 
nucleolar staining; HSP70 is also detected within other areas 
of the nucleus. A similar pattern of HSP70 distribution was 
observed in serum-deprived cells that were heat shock 
treated 6 h after serum stimulation (Fig. 2). As the cells en- 
tered S phase (12 h after plating) there was an increased ac- 
cumulation of HSP70 in the nuclei of unstressed cells (Fig. 
3 B), consistent with increased synthesis of the protein in S 
phase cells (20). After heat shock, the S phase cells (Fig. 3 
H) exhibited HSP70 in the nucleoli similar to that observed 
for Gt cells. By 19 h after plating, DNA synthesis was 
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completed and the cells had entered G2. At this point in the 
cell cycle HSP70 was diffusely distributed throughout the 
cell before the heat shock (Fig. 3 C). The relative level of 
staining in G2 cells was somewhat less than that observed in 
either G~ or S phase cells. In addition, the localization of 
HSP70 in the G2 cells after heat shock treatment was differ- 
ent than that in other phases of the cell cycle when using the 
C92 antibody (Fig. 3 I) .  Specifically, there appeared to be 
only a slight increase in the amount of HSP70 staining after 
heat shock treatment, as compared with that seen in either 
Gt or S phase cells after heat shock. In addition, little or no 
nucleolar accumulation of HSP70 was evident in the heat- 
treated G2 cells, even though the nucleoli were clearly visi- 
ble by phase-contrast microscopy (Fig. 3 L). These results 
indicate that the variation observed in the distribution of 
HSP70 in an asynchronous population of cells after heat 
shock reflects the position within the cell cycle that each cell 
is in at the time of heat shock treatment. Specifically, the C92 
antibody reveals nucleolar staining of HSP70 in cells heat 
shock treated while in the G~ or S phases of the cell cycle, 
but not in those cells heat treated during G2. 

Does the Cell Cycle Influence the 
Heat  Shock  Response? 

To determine the basis of this apparent lack of nucleolar 
staining in heat-shocked G2 cells, we examined HSP70 
mRNA levels and protein synthesis after heat shock treat- 
ment throughout the cell cycle. HeLa cells were syn- 
chronized by mitotic detachment and total cytoplasmic RNA 
was isolated before and after a 90-min, 43°C heat shock 
administered during Gt (4 h after plating), early S phase 
(12 h), late S/G2 (19 h), G2 (21 h), and G2/M (23 h). Equiva- 
lent amounts of RNA (5 tzg) from each sample were annealed 
to a 32p-end-labeled HSP70 gene-specific template and di- 
gested with S~ nuclease. The protected fragments of 150 
nucleotides, detected by electrophoresis in polyacrylamide/ 
urea gels, correspond to the Y-untranslated region of the 
HSP70 mRNA (29). After heat shock, HSP70 mRNA levels 
were induced 10- to 20-fold at all points throughout the cell 
cycle (Fig. 4 A). In this particular experiment the level of 
HSP70 mRNA after heat shock was slightly lower at the 19- 
and 21-h timepoints. However, this minor variation was not 
significant enough to account for the lack of response as seen 
by immunofluorescence. 

We next examined whether the levels of HSP70 synthesis 
after heat shock varied during the cell cycle. Synchronized 
HeLa cells were pulse-labeled with [35S]methionine at 37°C 
for 15 min, either before or after a 90-min, 43°C heat shock 
treatment administered at either 4, 12, 19, 21, or 23 h after 
plating mitotic cells. Equal numbers of pulse-labeled cells 
were then analyzed by SDS-PAGE and the proteins visual- 
ized by fluorography. Fig. 4 B demonstrates that the in- 
creased synthesis of HSP70 after heat shock was approxi- 
mately the same at all points in the cell cycle. Also note the 
S phase-specific expression of the protein (at 12 h) in the un- 
stressed cells as previously described (20). 

To this point we had demonstrated that HSP70 mRNA lev- 
els and the overall patterns of stress protein synthesis ap- 
peared similar at all points within the cell cycle after heat 
shock. Nevertheless, after heat shock the immunofluorescent 
patterns of HSP70 in cells within the G2 phase of the cell 
cycle appeared markedly different from that of the cells 

Figure 4. HSPTO mRNA levels, protein synthesis, and HSP70 ac- 
cumulation before and after heat shock treatment at various points 
in the cell cycle. HeLa cells were synchronized by mitotic detach- 
ment as described in Materials and Methods. At the indicated hour 
after plating (in each case presented at the top of the panel), the cells 
were either directly harvested (control) or heat shock treated at 
43°C for 90 min and then harvested. These samples were then used 
to probe the relative content of either HSP70 mRNA (A) or protein 
(C). In parallel the cells, at the indicated hours after plating, were 
analyzed by pulse-labeling with [35S]methionine for 15 min at 
37°C either before (control) or after a 90-min, 43°C heat shock 
treatment (B). (A) Cytoplasmic RNA was prepared and 5 #g from 
each sample was hybridized to a 32P-labeled HSP70 gene-specific 
probe and digested with Sj nuclease. The nuclease-resistant frag- 
ments were analyzed by electrophoresis on a 4% polyacrylamide/ 
8 M urea gel. (B) Protein synthesis was analyzed by pulse-labeling 
cells with 50/~Ci/ml [35S]methionine for 15 min at 37°C. Equal 
numbers of cells were analyzed by SDS-PAGE on a 12.5% poly- 
acrylamide gel. Shown is a fluorograph of the gel with the positions 
of the HSP70 and P72 proteins indicated on the right. (C) HSP70 
accumulation in heat-shocked cells was determined by Western 
blotting. Lysates from equal numbers of heat-shocked cells were 
fractionated by SDS-PAGE and the proteins transferred to nitrocel- 
lulose. The filter was then probed with monoclonal antibody C92 
followed by t25I-labeled goat anti-mouse antibody. The autoradio- 
graph of the filter is shown. 
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Figure 5. Specificity of monoclonal antibodies N6, N15, and N21 
for HSP70. HeLa cells growing on 10-cm plastic dishes were la- 
beled with 10 #Ci/ml [3SS]methionine for 1 h at 37°C (control), 
or were incubated for 90 min at 43°C and then labeled at 37°C for 
1 h (heat shock). The labeled cells were solubilized in Laemmli 
sample buffer, boiled 10 min, and used in immunoprecipitation 
studies with monoclonal antibodies N6, N15, and N21 as previously 
described (37). The control and heat shock cell lysates and the 
resultant immunoprecipitates were analyzed by two-dimensional 
gel electrophoresis (pH 5-7 isoelectric focussing in the first dimen- 
sion, followed by 12.5% SDS-PAGE in the second dimension). (A 
and B) Control and heat shock cell lysates, respectively. (C and D) 
Control and heat shock immunoprecipitates using N6. (E and F) 
Control and heat shock immunoprecipates using N15. (G and H) 
Control and heat shock immunoprecipitates using N21. Downward 
pointing arrow in A and B indicates P72, while the upward pointing 
arrow indicates the highly stress-inducible HSP70 protein. 

within either GI or S phase. We therefore examined the ab- 
solute levels of HSP70 protein after heat shock by immuno- 
blotting. Mitotically synchronized HeLa  cells were given a 
90-min, 43°C heat shock treatment at either 8, 12, 21, or 
23 h after plating. After heat treatment the cells were lysed 
in Laemmli sample buffer and equal numbers of ceils were 
fractionated by SDS-PAGE. After transferring the proteins to 
nitrocellulose, the filter was probed with C92 followed by 
12q-labeled goat anti-mouse IgG. The amount of HSP70 
that accumulated after heat shock was nearly identical in 
cells from all phases of the cell cycle (Fig. 4 C). Thus, we 
conclude that G2 cells respond to heat shock with increased 
expression of HSP70 similar to that found for the Gt and S 
phase cells, and that the inability to detect HSP70 by im- 
munofluorescence using the C92 antibody is not due to the 
absence of the HSP70 protein. 

Cell Cycle-dependent Variation in the Accessibility of  
HSP70 Epitopes 

Based on the results of the previous section, we suspected 
that the observed lack of immunofluorescence in the heat- 
shocked (32 cells was due to an inability of the C92 anti- 
body to bind its epitope. To address this possibility, we 
repeated the cell cycle experiments using other HSP70- 
specific monoclonal antibodies. The specificity of each anti- 
body was first demonstrated by two-dimensional gel analysis 
of immunoprecipitates from [35S]methionine-labeled lysates 
of asynchronous control and heat-shocked HeLa cells. As 
shown in Fig. 5, the monoclonal antibodies N6, N15, and 
N21 immunoprecipitated only HSP70, the highly inducible 
member of the 70-kD stress protein family. 

These HSP70-specific monoclonal antibodies were then 
used to assess the distribution of HSP70 after heat shock at 
various points throughout the cell cycle similar to that de- 
scribed earlier using the C92 antibody. HeLa cells were syn- 
chronized by mitotic detachment and the harvested mitotic 
cells were plated on glass coverslips. At various times 
throughout the cell cycle, the coverslips were transferred to 
43°C for 90 min. The cells were then fixed and stained with 
each of the four monoclonal antibodies (C92, N6, N15, N21). 
These results are presented in Fig. 6. Each vertical column 
represents a progression through the cell cycle with a single 
monoclonal antibody, whereas each horizontal row depicts 
the timepoint examined. Since all the coverslips in this ex- 
periment were generated from the same pool of mitotic cells, 
the results with the four different antibodies can be directly 
compared at each timepoint. 

In late G~ cells (10-h postplating, Fig. 6, row 1), the dis- 
tribution of HSP70 after heat shock appeared very similar 
using the four different antibodies. Accumulation of HSPT0 
in the nucleus and its association with phase-dense nucleoli 
was observed. However, there were some minor differences 
with respect to the nonnucleolar, nuclear distribution of 
the protein. For instance, antibodies N21 and N15 revealed 

Figure 6. IntraceUular localization of HSP70 in heat-shocked cells throughout the cell cycle as determined by indirect immunofluorescence 
using monoclonal antibodies C92, N6, N21, and N15. HeLa cells were synchronized by mitotic detachment as described in Materials and 
Methods. At various times throughout the cell cycle, four coverslips were incubated at 43°C for 90 min and then fixed and processed for 
immunofluorescence as described in Materials and Methods. The timepoints shown are: row 1, late Gt (10-h postplating); row 2, early 
S phase (12-h); row 3, late S/G2 (19-h); row 4, G2 (20-h); row 5, G2 (21-h); row 6, G2/M (22-h). Each vertical column represents the stain- 
ing pattern as determined by incubation with C92, N6, N21, and NI5, left to right, respectively. Bar, 10 #m. 

The Journal of Cell Biology, Volume 108, 1989 418 



Milarski et al. Cell Cycle-dependent HSPTO Interactions 419 



trated with antibodies C92, N6, and N15 (Fig. 6, columns 1, 
2, and 4). 

As DNA synthesis subsided and the cells entered (32 (19 
and 20 h postplating, Fig. 6, rows 3 and 4) the four antibodies 
revealed distinct patterns of staining. Similar to the results 
described earlier, the C92 antibody revealed little detectable 
HSP70 associated with nucleoli after heat shock treatment 
of the G2 cells (Fig. 6, column 1). In contrast, antibodies 
N6, N21, and N15 (Fig. 6. columns 2, 3, and 4, respectively) 
were able to detect HSP70 within the nucleoli of the heat- 
shocked 132 cells. As the cells progressed through G2 (21- 
and 22-h postplating, Fig. 6, rows 5 and 6) the nucleolar 
localization of HSP70 could again be detected by the C92 
antibody (column 1). This disappearance and reappearance 
of the nucleolar staining of HSP70 was also observed with 
the N6 and N21 antibodies (Fig. 6, columns 2 and 3). At 21-h 
postplating (Fig. 6, row 5), the N6 antibody showed dimin- 
ished overall fluorescence, with much of the staining re- 
stricted to nonnucleolar regions of the nucleus. The N21 an- 
tibody still revealed intense staining in areas of the nucleus, 
but these did not correspond to nucleoli. The nucleoli them- 
selves appeared as dark regions in which HSP70 staining 
was excluded (Fig. 6, arrowheads). 

Throughout the timecourse of the cell cycle, as well as in 
asynchronous heat-shocked HeLa cells, we observed mini- 
mal variation in the patterns of HSP70 staining when anti- 
body N15 was used. In contrast, the ability to detect HSP70 
within the nucleoli after heat shock using antibodies C92, 
N6, and N21 varied throughout the cell cycle. 

Figure 7. Nondenaturing immunoprecipitations from control and 
heat-shocked cell lysates of S phase and G2 cells. HeLa cells were 
synchronized by mitotic detachment as described in Materials and 
Methods. The synchronized cells were labeled with [35S]methio- 
nine at 37°C for a total of 6 h before harvesting in S phase or G2. 
In parallel, cells labeled at 37°C for 4.5 h were incubated, still in 
the presence of radiolabel, at 43°C for 1.5 h. The labeled cell ly- 
sates were prepared for nondenaturing immunoprecipitation and in- 
cubated with monoclonal antibody C92 as described in Materials 
and Methods. The immunoprecipitated proteins were analyzed by 
SDS-PAGE. Shown is a fluorograph of the gel. The estimated mo- 
lecular weights of precipitated proteins are indicated to the left. NS, 
proteins irnmunoprecipitated with a nonspecific antiserum. 

more background nuclear staining than C92. As the cells 
progressed into S phase (12-h postplating, Fig. 6, row 2) the 
distribution of HSP70 after heat shock appeared similar to 
that observed for the heat-treated G~ cells. However, as was 
shown in Fig. 3 H, cells heat shocked in early S phase ex- 
hibited a considerable amount of HSP70 in association with 
other nonnucleolar components, a result which is best illus- 

Analysis of Proteins Associated with HSP70 by 
Nondenaturing lmmunoprecipitation 
When using the C92, N6, and N21 antibodies, the variability 
in immunostaining after heat shock at different points during 
the cell cycle was suggestive that the antigenic sites of HSP70 
recognized by the antibodies were obscured; perhaps by cell 
cycle-specific interactions with other components. To ad- 
dress this possibility, we sought to identify proteins that may 
interact with HSP70 at different points in the cell cycle. HeLa 
cells were synchronized by mitotic detachment, and 6 h be- 
fore harvesting the cells were labeled at 37°C with psS]me- 
thionine. In parallel, cells labeled at 37°C for 4.5 h were 
transferred to 43°C, still in the presence of label, for 90 min. 
Control and heat-shocked cells were then harvested in either 
G~ (8-h postplating), S (13-h), or 132 (21-h), and the cell ly- 
sates used in nondenaturing immunoprecipitations with the 
C92 antibody as described in Materials and Methods. Cellu- 
lar proteins immunoprecipitated using HSP70-specific anti- 
bodies were analyzed by SDS-PAGE (Fig. 7). 

When a nonspecific antiserum was used few, if any, pro- 
teins were found precipitated (Fig. 7, NS). However, when 
the C92 antibody was used, immunoprecipitations per- 
formed with lysates from control or heat-shocked cells 
resulted in the coprecipitation of a number of other proteins 
in addition to HSP70 (Fig. 7). Some of the coprecipitating 
proteins were present in both the control and heat shock sam- 
pies at all points in the cell cycle. For example, IM2, p43, and 
p72 were apparent in all of the immunoprecipitations. Analy- 
sis of these samples by two-dimensional gel electrophoresis 
revealed that the 72-kD protein present in the immunopre- 
cipitates comigrated precisely with P72, the constitutive 
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member of the 70-kD stress protein family (data not shown). 
Under more severe (e.g., boiling in SDS sample buffer) con- 
ditions that disrupt protein-protein interactions, the C92 an- 
tibody does not immunoprecipitate P72 (38). Therefore, the 
presence of P72 in the immunoprecipitations performed un- 
der nondenaturing conditions suggests that HSP70 and P72 
may interact with one another; a result consistent with previ- 
ous studies showing these proteins to copurify over several 
steps of ion exchange and affinity chromatography (35). 

Comparison of the immunoprecipitated proteins from con- 
trol and heat-shocked cells, within the same point of the cell 
cycle, revealed that heat shock treatment did not significantly 
alter the pattern of coprecipitated proteins. In some experi- 
ments a few additional proteins were immunoprecipitated af- 
ter the heat shock treatment. However, the overall pattern of 
proteins was very similar in control and heat-shocked cells, 
indicating that HSP70 may interact with some of the same 
proteins in stressed and unstressed cells. 

While the patterns of coprecipitated proteins differed little 
when control and heat-shocked cells were compared, exami- 
nation of immunoprecipitations performed at different points 
in the cell cycle revealed some differences. Specifically, pro- 
teins with molecular masses of,x,120, 51, 38, and 30 kD were 
selectively enriched in the immunoprecipitates from S phase 
cells. Likewise, proteins of • 34 and 27 kD appeared to be 
enriched in the immunoprecipitates from G2 cells (Fig. 7). 
We did not detect any Gt-specific proteins in the im- 
munoprecipitations (data not shown). The changes in the pat- 
terns of coprecipitated proteins in S phase or (32 cells indi- 
cate that different proteins may be in contact with HSP70 at 
different points in the cell cycle. Therefore, we suggest that 
the inability of certain monoclonal antibodies to detect 
HSP70 at specific points in the cell cycle may be due to cell 
cycle-specific interactions with other proteins, thereby mask- 
ing the antigenic sites recognized by the antibodies. 

Discussion 

In the present study we have demonstrated that the ability of 
certain monoclonal antibodies to detect HSP70 within the 
nucleus and nucleolus of heat-shocked cells is a cell cy- 
cle-specific phenomenon. The cell cycle-dependent accessi- 
bility of HSP70 epitopes is suggestive of HSP70 interactions 
with other cellular components during the course of the cell 
cycle. Indeed, we have shown that HSP70-specific monoclo- 
hal antibodies will, under nondenaturing conditions, immu- 
noprecipitate other cellular proteins distinct from HSP70, 
and that some of these proteins apparently associate with 
HSP70 within specific phases of the cell cycle. 

Despite the vast literature characterizing the stress re- 
sponse in many different systems, the function of the stress 
proteins remains unknown. The 70-kD heat shock proteins 
have been reported to associate with many different cellular 
components, including the cytoskeleton, microtubules, the 
nuclear scaffold, hnRNA, and a cell surface glycoprotein 
(12, 14, 17, 32, 33). Whether these reported associations are 
relevant or whether they may simply reflect the abundance 
and the effusive distribution of the proteins in the cell is still 
unclear. However, the use of well-characterized, specific im- 
munological reagents rather than biochemical fractionation 
techniques should provide clarification. The diversity of the 

results may actually reflect the ability of the 70-kD stress 
proteins to perform similar biochemical functions in many 
areas of the cell. Recent studies in yeast have also implicated 
the 70-kD stress proteins in the translocation of polypeptides 
across the membranes of the endoplasmic reticulum and mi- 
tochondria (7, 9). 

Studies on the intracellular localization of HSP70, by both 
biochemical fractionation and by indirect immunofluores- 
cence with HSP70-specific antibodies, have demonstrated 
that HSP70 is distributed throughout the cytoplasm and nu- 
cleus in unstressed cells (1, 31, 36). After heat shock treat- 
ment, HSP70 redistributes becoming concentrated in the nu- 
cleus and specifically associated with nucleoli (1, 16, 25, 31, 
36, 38). To understand why some cells in an asynchronous 
population do not exhibit nucleolar staining and why this ap- 
parent heterogeneity is not observed when synchronized 
cells are examined, we used a collection of monoclonal anti- 
bodies to study the localization of HSP70 by indirect im- 
munofluorescence in synchronized cells heat shocked at vari- 
ous points in the cell cycle. The antibodies appear to fall into 
two classes with regard to their ability to detect HSP70 
within the nucleolus; those whose epitopes remained acces- 
sible throughout the cell cycle, and those that were unable 
to bind their epitope at a specific point in the cell cycle. 
Monoclonal antibody N15, an example of the first class, dis- 
played little heterogeneity in nucleolar staining in asynchro- 
nous populations of heat-shocked cells. Consistently, N15 
was able to detect nucleolar-localized HSP70 after heat shock 
throughout all points of the cell cycle examined. In contrast, 
when antibodies C92, N6, and N21 were used, nucleolar 
staining was not detected when cells in (32 were heat shocked. 
Since we have demonstrated by immunoblotting and by im- 
munofluorescence with N15 that a portion of the HSP70 pro- 
tein is present within the nucleolus in the G2 heat-shocked 
cells, we conclude that the lack of detection of nucleolar- 
distributed HSP70 by C92, N6, and N21 in (32 ceils indi- 
cates that the epitopes recognized by these antibodies period- 
ically become inaccessible, perhaps due to interactions with 
other components. Furthermore, the timing of epitope inac- 
cessibility varies slightly (19-h postplating for C92 vs. 21-h 
for N6 and N21) indicating that the presumed interactions 
may be very dynamic. 

Using the various monoclonal antibodies we have demon- 
strated that several proteins coprecipitate with HSP70 under 
the nondenaturing conditions used here. These proteins ei- 
ther share a common epitope with HSP70, or they are 
precipitated through an association with HSP70. Since the 
HSP70 antibodies used here have been shown to precipitate 
only HSP70 from total cell lysates under denaturing condi- 
tions (Fig. 5; reference 38) we conclude that the proteins 
coprecipitating most likely are specific components with 
which HSP70 interacts. 

Furthermore, these interactions can be divided into two 
classes: more dynamic interactions that appear to change at 
certain points in the cell cycle, and more static interactions 
that remain constant throughout the entire cell cycle. HSP70 
itself is also cell cycle regulated, being expressed only in S 
phase in HeLa cells (20). In addition, some of the proteins 
that are precipitated in association with HSP70 may them- 
selves be cell cycle-regulated proteins. For example, copre- 
cipitation of p38 and p30, which were enriched in the immu- 
noprecipitates from S phase cells, was only observed if the 
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cells were labeled at the GdS boundary. Cells labeled at 
any other point of the cell cycle did not show an association 
of p30 and p38 with HSP70 (data not shown). The interac- 
tion of HSP70 with p38 and p30 also appeared short-lived. 
When synchronized cells were pulse-labeled for 1 h at the 
GdS boundary, then chased in the absence of label, no p30 
or p38 was observed to coprecipitate with HSP70 indicating 
that either the interaction of HSP70 with p38 and p30 is tran- 
sient or the proteins themselves have short half-lives. 
Identification of these cell cycle-regulated proteins~aodd 
help us to understand the function of HSP70, with respect 
to its expression and distribution in the nucleus during S 
phase. 

In contrast to p30 and p38, a number of other proteins were 
found in apparent association with HSP70 at all points dur- 
ing the cell cycle. We have identified the 72-kD protein pres- 
ent in all of the immunoprecipitations as P72, the constitu- 
tive member of the HSP70 family. Since the antibodies used 
do not precipitate P72 under conditions that disrupt pro- 
tein-protein interactions, these results indicate that P72 and 
HSP70 may interact with one another, or with similar pro- 
teins, and may function together in the cell. The two proteins 
are highly related structurally, both bind ATP and are ex- 
temely difficult to separate chromatographically (35). In ad- 
dition, the recent demonstration that P72 and HSP70 show 
the same intracellular distribution after heat shock treatment 
supports the idea that they may function similarly in the cell 
(37). 

When comparing the proteins associated with HSPT0 be- 
fore and after heat shock treatment we found few changes in 
the pattern of coprecipitated proteins. This could be ex- 
plained, in part, by the nature of the experimental protocols 
used. For example, by indirect immunofluorescence analyses 
a dramatic redistribution of HSPT0 from the cytoplasm to the 
nucleus and nucleolus is observed after heat shock (36). In 
the immunoprecipitation studies, in which the cells were 
solubilized in nonionic detergents, some of the nuclei and 
nucleoli may have been removed from the lysate during 
clarification. Thus, the immunoprecipitations may only have 
revealed a subset of HSP70-substrate interactions. Also, the 
labeling conditions and the time of harvest may have 
influenced the ability to detect new associations that occur 
after heat shock treatment. What is noteworthy, however, is 
the fact that most of the proteins found associated with 
HSP70 before heat shock treatment remained associated 
with the protein after heat shock. One interpretation of these 
results is that the function of HSP70 in response to stress may 
just be an extension of its role in the unstressed cell. Models 
have been proposed in which the physical interaction of 
HSP70 with other proteins or protein complexes is involved 
in their repair after heat shock (18, 24). Our results suggest 
that HSP70 is interacting with some of these same substrates 
in the unstressed cell. Consequently, this may explain the 
finding that in thermotolerant cells the presence of the stress 
proteins allows for the accelerated return to normal function- 
ing of cellular components and processes known to be dis- 
rupted by the heat shock treatment (21, 37). 

Proteins that interact with other members of the HSP70 
family have been identified. For example, GRP78, related to 
HSPT0 both immunologically and by sequence homology, is 
a luminal protein of the endoplasmic reticulum (22, 34). 
GRP78 binds to immunoglobulin heavy chains and ira- 

properly glycosylated or misfolded proteins in the endoplas- 
mic reticulum (4, 10, 11, 22, 28). The apparent Escherichia 
coli homologue of HSP70, the dnaK protein, is involved in 
the replication of bacteriophage lambda, and has recently 
been shown to participate in the replication of oriC (41, 27). 
dnaK interacts directly with both lambda P, a phage-encoded 
replication protein, and grpE another E. coIi heat shock pro- 
tein (41, 42). Finally, in mammalian cells both the constitu- 
tive P72 and the heat-inducible HSP70 have been reported 
to bind clathrin and to facilitate the uncoating of clathrin- 
coated vesicles in vitro (6, 30). The same proteins have also 
been demonstrated in complexes with the product of the cel- 
lular oncogene, p53 (26). A common feature of all these in- 
teractions, and also of that between HSP70 and nucleoli, is 
that they appear dependent upon ATP (6, 18, 22, 30, 41). 
Thus, the 70-kD family of stress proteins appear to be in- 
volved in ATP-dependent interactions with a number of dif- 
ferent cellular components; and therefore are likely to be 
involved in a variety of different cellular processes. Iden- 
tification of some of the cellular proteins that HSP70 inter- 
acts with in human cells should provide new information 
concerning its role in various cellular processes. 
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