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Phosphorylation of heat shock protein 27 (HSP27) can modulate actin filament dynamics in response to growth
factors. During heat shock, HSP27 is phosphorylated at the same sites and by the same protein kinase as during
mitogenic stimulation. This suggests that the same function of the protein may be activated during growth factor
stimulation and the stress response. To determine the role of HSP27 phosphorylation in the heat shock response,
several stable Chinese hamster cell lines that constitutively express various levels of the wild-type HSP27 (HU27
cells) or a nonphosphorylatable form of human HSP27 (HU27pm3 cells) were developed. In contrast to HU27 cells,
which showed increased survival after heat shock, HU27pm3 cells showed only slightly enhanced survival. Evidence
is presented that stabilization of microfilaments is a major target of the protective function of HSP27. In the
HU27pm3 cells, the microfilaments were thermosensitized compared with those in the control cells, whereas
wild-type HSP27 caused an increased stability of these structures in HU27 cells. HU27 but not HU27pm3 cells were
highly resistant to cytochalasin D treatment compared with control cells. Moreover, in cells treated with cytocha-
lasin D, wild-type HSP27 but not the phosphorylated form of HSP27 accelerated the reappearance of actin
filaments. The mutations in human HSP27 had no effect on heat shock-induced change in solubility and cellular
localization of the protein, indicating that phosphorylation was not involved in these processes. However, induction
of HSP27 phosphorylation by stressing agents or mitogens caused a reduction in the multimeric size of the wild-type
protein, an effect which was not observed with the mutant protein. We propose that early during stress, phosphor-
ylation-induced conformational changes in the HSP27 oligomers regulate the activity of the protein at the level of
microfilament dynamics, resulting in both enhanced stability and accelerated recovery of the filaments. The level of
protection provided by HSP27 during heat shock may thus represent the contribution of better maintenance of actin

filament integrity to overall cell survival.

Cells respond to environmental stress by the preferential
synthesis and the accumulation of a conserved family of pro-
teins, referred to as heat shock proteins (HSPs), and the ac-
quisition of a dramatically increased capacity to survive subse-
quent hyperthermic stresses (28, 37, 44, 49). A cause-effect
relationship between the accumulation of HSPs and thermo-
tolerance has been established for some of these proteins. For
example, gene transfection studies have shown that overex-
pression of HSP27 in mammalian cells is a sufficient condition
for conferring thermoresistance (29, 35). Analyses of cell lines
which constitutively overexpress various amounts of HSP27 or
transiently express the protein after a selective induction re-
vealed that cellular thermoresistance correlates with the
amount of total HSP27 present at the time of heat shock.
Within minutes of heat treatment, HSP27 is phosphorylated,
shifts from a nonionic detergent-soluble to -insoluble cellular
compartment, and relocalizes from the cytoplasm to within or
around the nucleus (4, 5, 29-31, 35). It has been suggested that
these modifications in HSP27 properties may be part of a
mechanism that is initiated early during stress and activates the
protective function of the protein.

Phosphorylation of HSP27 occurs rapidly following exposure
to various stresses, but also, and most interestingly, it occurs in
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unstressed cells upon stimulation by serum or a variety of
mitogens, cytokines, and inducers of differentiation (for a re-
view, see reference 4). In quiescent cells stimulated by addition
of serum, thrombin, or fibroblast growth factor, HSP27 is phos-
phorylated by a specific p45-54 serine protein kinase (19, 57).
The assumption that HSP27 may exert phosphorylation-acti-
vated functions linked to growth-signaling pathways in un-
stressed cells was strongly supported by recent data which have
shown that p45-54 HSP27 kinase can be activated in vitro by
the p42-44 mitogen-activated protein kinases (19) and have
suggested that HSP27 phosphorylation can regulate microfila-
ment dynamics (36). Overexpression of human HSP27 in ro-
dent cells enhances growth factor-induced F-actin accumula-
tion following mitogenic stimulation of quiescent cells,
whereas overexpression of a nonphosphorylatable HSP27 ex-
erts a dominant negative effect and inhibits this response to
mitogens. Moreover, an elevated level of HSP27 causes an
increased concentration of F-actin at the cell cortex, where
actin polymerization occurs, and an elevated pinocytotic activ-
ity, a property linked to increased actin filament dynamics. In
contrast, cells overexpressing the nonphosphorylatable HSP27
show reduced cortical F-actin concentration and decreased
pinocytosis activity relative to control cells (36). These results,
together with others (9, 41, 42) which showed that HSP27
behaves in vitro as an actin-capping protein, suggested that
HSP27 can function as a regulator of actin polymerization.
The nature of the protective function exerted by HSP27 in
stressed cells is unknown, but several lines of evidence suggest
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that it may be an extension of the normal phosphorylation-
activated function of HSP27 at the level of actin filament.
Phosphorylation of HSP27 during heat shock results from the
activation of the same protein kinase and occurs at the same
serine residues as in the case of mitogen-stimulated quiescent
cells (19, 31, 57), suggesting that the normal function of the
protein in signal transduction to microfilaments is likely to be
activated in stressed cells also. Intriguingly, disruption of the
cytoskeleton and disaggregation of actin fibers are among the
most immediate effects of heat shock in higher eukaryotes (16,
20, 32, 56), and the stability of the actin filaments is considered
an important factor in the survival of cells exposed to hyper-
thermia and other stresses (14, 40). Furthermore, elevated
expression of HSP27 was shown to confer an increased stability
of stress fibers during hyperthermia (35).

To ascertain the role of HSP27 phosphorylation in thermo-
protection, we developed a family of clonal Chinese hamster
CCL39 cell lines that constitutively express wild-type human
HSP27 or equivalent amounts of a nonphosphorylatable mu-
tant form of the protein. The data obtained from analyses of
these cell lines showed that HSP27-mediated protection at the
level of cellular survival and actin filament stabilization upon
stress required activation of the protein by phosphorylation.
We propose that phosphorylation-induced changes in HSP27
oligomeric structure modulate a stabilizing function of HSP27
at the level of actin filaments, resulting in better maintenance
of actin organization and an enhanced survival rate after stress.

MATERIALS AND METHODS

Plasmids and cell lines. Plasmid pRSV-NEO contains the geneticin resistance
gene (17); pKS2711 contains the wild-type human HSP27 gene (18); and
pKSm15, pKSm78, pKSm82, pKSm83, pKSm7882, and pKSm157882 contain a
human HSP27 gene in which the codons for Ser-15, Ser-78, Ser-82, and Ser-83
were converted to Gly codons individually or simultaneously, by site-directed
mutagenesis as previously described (31). Cell lines were developed by trans-
fecting the Chinese hamster CCL39 cell line (American Type Culture Collec-
tion) with 0.5 pg of pRSV-NEO and 35 pg of either an insert-free plasmid,
pKS2711, pKSm157882, pKSm15, pKSm7882, or pKSm83, as previously de-
scribed (29, 35, 36). Positive clones expressing different amounts of the trans-
fected HSP27 were isolated from each group following selection with G418 (400
wng/ml) for 3 weeks. To eliminate possible clonal variability, four to six clones
from each group were pooled to establish CCL39-neo control, HU27, HU27pm3,
and HU27pm1-83 cell lines. In the nomenclature HU27pmx-y, HU27 stands for
human HSP27, pm stands for phosphorylation mutant, x corresponds to the
number of Ser residues converted to Gly, and y identifies the Ser residues
converted. Cell lines were maintained and cell survival was estimated as previ-
ously described (29, 35, 36). Clonal cell lines were used at passage numbers lower
than 25, and pools of clones were used at passage numbers lower than 10.

PAGE and immunodetection. For one-dimensional (1-D) sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins were extracted in
SDS sample buffer (62.5 mM Tris-HCI [pH 6.8], 2.3% SDS, 10% glycerol, 5%
B-mercaptoethanol, 0.005% bromophenol blue, 10 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]) and fractionated through 10% polyacrylamide
slab gels as described previously (29, 31). For 1-D isoelectric focusing (IEF)-
PAGE, proteins were extracted in IEF lysis buffer (9.0 M urea, 2% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate [CHAPS], 2% ampho-
lines [75% Bio-lyte 5-7, 25% Bio-lyte 3-10], 5% B-mercaptoethanol, 10 mM NaF,
1 mM PMSF, 1 mM EDTA). IEF was carried out on rod gels as described
previously (31, 57). For 2-D IEF SDS-PAGE, the IEF-gel rods were equilibrated
in the SDS sample buffer for 20 min and then transferred to the top of the
SDS-PAGE gels for the second dimension (29, 31). Gels containing **P-labeled
samples were autoradiographed at —80°C with Dupont Lightning Plus intensi-
fying screens. Unlabelled HSP27 proteins or isoforms were detected immuno-
logically following transfer onto nitrocellulose membranes, and the relative
amounts of HSP27 isoforms were measured by densitometric scanning of the
autoradiograms. For pore exclusion limit electrophoresis on nondenaturing gels,
proteins were extracted at 4°C in PELE sample buffer (20 mM Tris HCI [pH 7.4],
5 mM MgCl,, 0.5% Triton X-100, 10 mM NaF, 1 mM dithiothreitol, 0.2 mM
PMSF, 1 uM leupeptin, 1 pM pepstatin, 10% glycerol), vortexed for 30 s, and
then centrifuged for 15 min at 12,000 X g. Aliquots of the supernatant were
analyzed by pore exclusion limit electrophoresis on nondenaturing gels essen-
tially as described previously (12), except that the polyacrylamide gradient used
was 5 to 17% and electrophoresis was performed on a minigel apparatus (Bio-
Rad). Native gels were run at equilibrium, usually for 16 h at 4°C. To transfer the
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native proteins, the gel was incubated for 20 min at 70°C in Tris-glycine buffer (25
mM Tris, 192 mM glycine [pH 8.3]) containing 0.25% SDS and then electroblot-
ted in standard transfer buffer. Membranes were stained with a solution con-
taining 0.2% Ponceau S in 5% trichloroacetic acid to visualize the protein
markers (Pharmacia). Immunological detection was performed as previously
described with Ha27Ab, a rabbit antiserum that was raised against Chinese
hamster HSP27 and does not recognizes human HSP27 (29); anti-Ha (L2R3), a
rabbit antiserum prepared against the carboxyl-terminal peptide AGKSEQS
GAK of Chinese hamster and mouse HSP27 (this antibody does not react against
human HSP27) (48); Hu27Ab, a rabbit antiserum that was raised against human
HSP27 and does not react against Chinese hamster HSP27 (29); anti-HU71, a
rabbit antiserum prepared against a carboxyl-terminal peptide of the human
inducible HSP70 (50); and anti-HSP70, a rabbit antiserum raised against mouse
HSP70 (43). '*I-labeled goat anti-rabbit immunoglobulin G or horseradish
peroxidase-linked goat anti-rabbit immunoglobulin G, revealed by the ECL
detection system (Amersham), was used to detect the antigen-antibody com-
plexes. Levels of proteins were determined by densitometric scanning of the
autoradiograms. Absolute levels of human HSP27 were evaluated from a cali-
bration curve made with standards containing known amounts of purified human
HSP27.

Chromatographic analysis of HSP27. Cell extracts for size exclusion chroma-
tography were prepared by nonionic-detergent lysis. Immediately following ar-
senite treatments, cells from a 175-cm? dish were scraped into 0.2 ml of TEPT
buffer (10 mM Tris-HCI [pH 7.4], 1 mM EDTA, 10 mM NaF, 0.5% Triton X-100,
1 mM dithiothreitol, 0.2 mM PMSF, 1 uM pepstatin, 1 uM leupeptin). After the
cell mixtures were vortexed, the supernatant was recovered following centrifu-
gation at 12,000 X g for 15 min and then loaded onto a Superose 12 HR 10/30
column (Pharmacia), equilibrated in TEPG buffer (10 mM Tris-HCI [pH 7.4], 1
mM EDTA, 10% glycerol, 10 mM NaF, 0.1 mM PMSF, 1 mM dithiothreitol).
Elution was done at a flow rate of 0.25 ml/min, and 0.5-ml fractions were
analyzed on SDS-PAGE gels and by Western immunoblotting to determine the
relative amount of HSP27 present in each fraction.

Cell fractionation analysis. For cell fractionation analysis, cells from a 25-cm?
dish were lysed in TEPT extraction buffer. The protein extracts were vortexed
and centrifuged at 4°C for 12 min at 12,000 X g. The pellets were resuspended
in 1 volume of TEPT buffer. Equal amounts of supernatant (soluble fraction) and
pellet (insoluble fraction) were analyzed by SDS-PAGE to determine the relative
amount of HSP27 in each fraction or by 1-D IEF to determine the proportion of
the various HSP27 isoforms.

Nondenaturing immunoprecipitation analysis. For nondenaturing immuno-
precipitation analysis, cells from a 25-cm? dish were scraped into 1 ml of TEPT
buffer. Extracts were vortexed and then centrifuged at 12,000 X g for 15 min at
4°C. All the following steps were done at 4°C. Undiluted Hu27Ab (100 wl) or Ha
(L2R3) (50 wl) and 750 wl of 1% low-fat dry milk in TEBS buffer (10 mM
Tris-HCI [pH 7.4], 1 mM EDTA, 10 mM NaF, 150 mM NaCl, 0.1 mM PMSF,
0.1% Triton X-100) were added to 450 pl of supernatant. The resulting mixture
was incubated for 2 h. Protein A-Sepharose (Sigma 50% [vol/vol]) in TEBS
buffer was then added at a concentration of 2 pl/pl of antibody, and the mixture
was incubated for an additional 1 h. Samples were microcentrifuged for 30 s and
washed three times with 1 volume of TEBS buffer. Immunoprecipitates were
resuspended in 80 wl of SDS sample buffer without B-mercaptoethanol but
containing 30 mM N-ethylmaleimide. A 20-ul volume was loaded on 1-D SDS-
PAGE gel for analysis.

Immunofluorescence microscopy. Staining for HSP27 or F-actin for immuno-
fluorescence microscopy was performed essentially as described previously (35,
36). Cells were plated on Lab-Tek polystyrene chamber slides (Life Technologies
Inc.) for HSP27 localization or on fibronectin-coated glass slides for F-actin
analyses. F-actin was detected with fluorescein isothiocyanate-conjugated phal-
loidin (33.3 pg/ml) diluted 1:50 in PBS (10 mM NaH,PO,, 130 mM NacCl, 2.7
mM KCI, 1 mM MgCl, [pH 7.5]). Hu27Ab and anti-Ha (L2R3) were used to
detect human and hamster HSP27, respectively. The antibodies yielded only a
low background staining in cells from heterologous species. HSP27 antigen-
antibody complexes were detected with biotin-labeled anti-rabbit immunoglob-
ulin G diluted 1:50 in phosphate-buffered saline (PBS) and revealed with Texas
Red-conjugated streptavidin diluted 1:50 in PBS (Amersham). Confocal micros-
copy was performed with a Bio-Rad MRC-600 imaging system mounted on a
Nikon Diaphot-TDM, equipped with a 60X objective lens with a 1.4 numerical
aperture.

RESULTS

Phosphorylation is required for full thermoprotection me-
diated by HSP27. Human HSP27 is found in vivo as four major
isoforms corresponding to nonphosphorylated (form A),
monophosphorylated (B), biphosphorylated (C), and triphos-
phorylated (D) HSP27. Two of the three major phosphoryla-
tion sites of human HSP27 have been identified biochemically
as Ser-78 and Ser-82 and shown to be targets of phosphoryla-
tion in vivo (31). The third major phosphorylation site is
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FIG. 1. In vivo phosphorylation of mutant forms of human HSP27. Control
Chinese hamster cell lines (neo) or clones expressing wild type (HU27) or the
mutant forms involving the changes Ser-83 — Gly (HU27pm1-83), Ser-15 — Gly
(HU27pm1-15), Ser-15 and Ser-78 — Gly (HU27pm2-7882), or Ser-15, Ser-78,
and Ser-82 — Gly (HU27pm3) were incubated in the presence of 200 uM
sodium arsenite for 1 h at 37°C to induce maximal phosphorylation of HSP27.
Total-cell proteins were extracted in IEF buffer immediately after treatment and
were fractionated by 1-D IEF-PAGE. Endogenous Chinese hamster and exog-
enous human HSP27 isoforms were detected by Western blot analyses with
specific antisera against hamster and human HSP27, respectively. The relative
amounts of the four human HSP27 isoforms (A, B, C, and D), as well as the three
Chinese hamster HSP27 isoforms (a, b, and c) in each cell line were determined
by densitometric scanning of the autoradiograms. The results are presented as
the percentage of each isoform relative to the total amount of the protein. Solid
bars, human HSP27; open bars, Chinese hamster HSP27.

thought to be Ser-15 on the basis of sequence homology with
the mouse protein and the presence of a conserved HSP27
kinase recognition sequence motif RXXS at this site (15, 31).
To confirm that human HSP27 is phosphorylated at Ser-15 in
vivo, Chinese hamster cell lines expressing either the wild-type
human HSP27 or various forms of human HSP27 with Ser-15
and/or Ser-78 and Ser-82 replaced with Gly (see below for the
development of the cell lines) were treated with sodium arsen-
ite to induce maximal phosphorylation of HSP27. The phos-
phorylation of each mutant HSP27 protein was analyzed and
compared with the phosphorylation of wild-type human
HSP27, a control mutant with a Ser-83 — Gly mutation, and
the endogenous Chinese hamster protein. As expected, the
wild-type human HSP27 and the control mutant were ex-
pressed as three major phosphorylated isoforms (B, C, and D)
in arsenite-treated Chinese hamster cells, whereas the endog-
enous Chinese hamster HSP27 was present as two major phos-
phorylated isoforms, b and ¢ (Fig. 1). Chinese hamster HSP27,
like mouse HSP27, lacks Ser-78 (human sequence) and has
only two phosphorylation sites (15, 34). HSP27 with both
Ser-78 and Ser-82 replaced by Gly was phosphorylated at a
much lower rate than the wild-type protein and produced only
the monophosphorylated isoform B. The Ser-15 — Gly re-
placement alone caused no major reduction in the phosphor-
ylation rate. However, this protein mutant accumulated as
mono- and biphosphorylated HSP27 and no triphosphorylated
protein could be detected. As expected, the triple mutant pro-
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FIG. 2. Phosphorylation is required for HSP27-mediated thermoprotection.
Families of Chinese hamster cell lines that express different levels of the human
HSP27 (HU27 cells) or the nonphosphorylatable human HSP27 (HU27pm3
cells) were developed. (A) The various clonal cell lines were heat shocked for 4
h at 44°C and plated at appropriate concentrations to determine their capacity to
form colonies at 37°C; this was compared with the thermoresistance of control
cells expressing the neo gene only. The results are expressed as the fold increase
in survival of the cell lines relative to similarly heat-shocked control neo cells as
a function of the HSP27 concentration in the cells. The error bars represent the
standard deviation in seven distinct experiments in which survival of HU27 clone
6 cells and HU27pm3 clone V cells was evaluated. Symbols: ll, HU27 clones; A,
HU27pm1-83 clones; O, HU27pm3 clones. (B) Control untransfected CCL39
(M), neo cells (clone 3) (@), HU27 cells (clone 6) (A), and HU27pm3 cells (clone
V) (V) were heat shocked at 44°C for the indicated periods, and cell survival was
determined by measuring colony formation. (C) Clones containing equivalent
amounts of wild-type or mutant human HSP27 were pooled separately to elim-
inate possible clonal variabilities. Cultures of pools were exposed to 44°C for 4 h
and then plated at appropriate densities for colony formation at 37°C (Con, neo
cells). (D) Western blot evaluation of the levels of HSP70, HSP68, and Chinese
hamster and human HSP27 in the various cell lines used in panel C. Lanes: 1, neo
cells; 2, HU27 cells; 3, HU27pm1-83 cells; 4, HU27pm3 cells.

tein with mutations at Ser-15, Ser-78, and Ser-82 was not phos-
phorylated significantly.

To determine the role of phosphorylation in the thermopro-
tective function of HSP27, families of clonal Chinese hamster
CCL309 cell lines that express different levels of wild-type hu-
man HSP27 or equivalent amounts of the nonphosphorylatable
triple-mutant HSP27 were developed. Control cell lines ex-
pressing the Ser-83 — Gly mutant HSP27 or the marker gene
neo only were also produced. Each individual cell line (6 to 10
lines per family) was heat shocked for 3.5 h (data not shown)
or 4 h (Fig. 2A) at 44°C and then plated at the appropriate
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concentration at 37°C to determine survival from the percent-
age of cells capable of forming colonies. Duplicate cultures
were prepared for each of the various cell lines to monitor
human HSP27 concentration by Western blot analysis. The
thermoresistance of cells overexpressing either the wild-type
human HSP27 or the control mutant HSP27 increased propor-
tionally to the amount of expressed human HSP27. After heat
shock, the survival of clones expressing 6 ng of wild-type hu-
man protein per pg of total protein was increased by about
1,000-fold relative to neo cells or untransfected cells. Such
increase in thermoresistance should be compared with the
3,000-fold increase in survival obtained with untransfected
CCL39 cells after treatments that induce the full spectrum of
heat shock proteins and an increase of about 10 ng of endog-
enous HSP27 per pg of total protein (data not shown). In
contrast, clones overexpressing the nonphosphorylatable form
of HSP27 were only slightly protected, even at the highest
concentration of the protein. The relative survival was in-
creased only ~sevenfold at a level of 6 ng of the nonphos-
phorylatable HSP27 per pg of total protein and did not in-
crease further even in cells expressing 9 ng of mutant HSP27
per pg. The thermoresistance of two clonal cell lines express-
ing the same levels (~3.5 ng/pg) of the wild-type and nonphos-
phorylatable human proteins, respectively, was further ana-
lyzed and compared with that of neo and untransfected cells.
As shown in Fig. 2B, incubation at 44°C for increasing periods
caused a gradual decrease in the survival of all cell lines.
Wild-type HSP27, but not the nonphosphorylatable HSP27,
caused a reduction in the rate of cell killing. The effect became
significant after 1.5 h of treatment.

Cellular thermoresistance in pools made with clonal cells
from each family that expressed between 3 and 4 ng of exog-
enous HSP27 was also evaluated. The survival of HU27,
HU27pm3, and HU27pm1-83 cells was compared with that of
a pool of clones expressing the marker gene only. As observed
in individual clones, the substitution of the three phosphory-
latable serines rendered HSP27 much less efficient in protect-
ing the cells. In contrast, the substitution at Ser-83 did not
affect the efficiency of HSP27 as a thermoprotective molecule
(Fig. 2C).

In addition to monitoring the level of the human proteins,
we investigated all the cell lines and pools of cell lines used
in this study to ensure that expression of endogenous heat
shock proteins was not affected by the presence of the exoge-
nous HSP27. Western blot analyses with antibodies specific
for the Chinese hamster HSP27, HSP70, and the inducible
HSP70 (HSP68) revealed no alteration in the expression of
these proteins in any of the clonal cell lines (data not shown)
or pools of these cells (Fig. 2D). Moreover, endogenous
Chinese hamster HSP27, as well as the inducible HSP70, ac-
cumulates in these cells in response to heat shock to the
same extent as in untransfected cells (data not shown). In
addition, we examined the effect in several cell lines of express-
ing high levels of the nonphosphorylatable human protein on
the phosphorylation of the endogenous HSP27 in response to
heat shock or arsenite. As illustrated in Fig. 1 for one repre-
sentative clone of each family, the endogenous HSP27 was
phosphorylated to the same level in HU27pm3 cells as in
HU27 cells after treatment with sodium arsenite for 1 h. The
transfected proteins also had no effect on the uninduced level
of phosphorylation of the endogenous proteins. This was con-
firmed in an extensive analysis with several cell lines expressing
different levels of the wild-type or mutant HSP27 (data not
shown). The results indicated that expression of the human
proteins did not generate a detectable stress response in the
host cells.
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Phosphorylation of HSP27 modulates the microfilament re-
sponse to heat shock and the protection from cytochalasin
D-induced disruption of actin filaments, growth inhibition,
and cell killing. We previously showed that a selective induc-
tion of Chinese hamster HSP27 in mouse NIH 3T3 cells caused
an increased stability of F-actin structures during heat shock
(35). A similar protective role at the level of actin filaments was
suggested for the HSP27 homolog aB-crystallin (21). To de-
termine the role of HSP27 phosphorylation in this protection,
we investigated the effect of heat shock on the integrity of actin
filaments in a representative clonal cell line of HU27pm3 cells
(clone V, 3.7 ng/pg) compared with HU27 cells (clone 6, 3.4
ng/ng) and control neo cells (clone 3). In the three cell types,
heat shock caused a rapid disruption of the fine structure of the
actin filaments at the cell cortex and of the actin fibers in the
cytoplasm. This resulted in a loss of membrane protrusions and
retraction of the cells from the substratum. Notable differences
in the severity of the effects were, however, observed between
the cell lines.

In HU27pm3 cells, which expressed the nonphosphorylat-
able form of HSP27, both the cortical and fiber structures of
F-actin were totally disorganized, leaving only a punctate cy-
toplasmic staining which often concentrated under the cell
membrane. As a result of these alterations, the cells became
rounded, possibly because of a contraction of the remaining
F-actin and a reduced adherence to substratum (Fig. 3F). In
comparison, a net protection of the cytoskeleton was observed
in HU27 cells overexpressing the wild-type human HSP27 (Fig.
3E). In these cells, the effect of heat shock was still quite
severe; however, a large proportion of the cells kept long,
extended filament cables and membrane protrusions contain-
ing fine actin fibers. Levels of damage intermediate between
those of HU27 and HU27pm3 cells were seen in the control
neo cells. In contrast to HU27pm3 cells, some filament cables
were still visible in neo cells after heat shock but in a lesser
amount and in fewer cells than in HU27 cells. Also, heated neo
cells remained more spread on the substratum than did
HU27pm3 cells but showed fewer membrane protrusions and
submembranous actin filaments than HU27 cells.

The apparent higher and reduced stability of actin filaments
during heat shock in cells overexpressing HSP27 and mutant
HSP27, respectively, may be related to the proposed phos-
phorylation-activated function of the protein at the level of
F-actin dynamics. It was shown that accumulation of F-actin in
quiescent Chinese hamster fibroblasts stimulated by mitogens
is enhanced in cells overexpressing HSP27 and inhibited in
cells expressing the nonphosphorylatable protein (36). A sim-
ilar function activated in exponentially growing cells subjected
to stressing conditions may help preserve filament integrity. To
address this possibility more directly, we investigated the effect
of cytochalasin D on the microfilaments of clones from control,
HU27, and HU27pm3 cells. Cytochalasin D is known to be a
highly specific inhibitor of actin polymerization. Inhibition oc-
curs mainly because cytochalasin D binds with high affinity to
the fast-growing ends of actin filaments, thereby preventing
addition of monomers (27, 46). As expected, inhibiting actin
polymerization by a 1-h exposure to 0.5 wM cytochalasin D
caused major disturbances in the F-actin staining patterns and
a reduction in the size and number of the actin fibers in all
three cell types (Fig. 4A to F). However, a net difference was
observed in the effect of the drug on control and HU27pm3
cells compared with HU27 cells. Examination of some 300
individual cells from each cell type indicated that 45% of the
HU?27 cells retained short and thin but still discernible actin
fibers after the treatment, as compared with 20% in both the
control and the mutant cell lines (reference 35 and data not
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FIG. 3. Phosphorylation is required for HSP27-mediated protection of cell shape and microfilament integrity during heat shock. neo (clone 3) (A and D), HU27
(clone 6) (B and E) and HU27pm3 (clone V) (C and F) cells were plated on fibronectin-coated glass slides, allowed to attach for 16 h, and then left untreated (A to
C) or heat shocked for 30 min at 44°C (D to F). Immediately after this, F-actin was stained with fluorescein isothiocyanate-conjugated phalloidin and the microfilaments
were visualized by confocal microscopy. The confocal aperture was adjusted to obtain maximum resolution of F-actin and kept constant for all specimen analysis. Bar,

10 pm.

shown). In both control and HU27pm3 cells, most of the F-
actin remaining after the treatment was found in small granu-
lar structures, yielding an irregular punctate staining (Fig. 4D
and F). In the most severely affected cells, F-actin was found
further aggregated, forming typical heavily stained actin
patches (e.g., Fig. 4F). As a likely consequence of this disor-
ganization of F-actin, the cells retracted from the substratum
and became more rounded. In contrast, the punctate F-actin
staining was seldom seen in similarly treated HU27 cells (Fig.
4E). A higher proportion of these cells retained a flat mor-
phology and extended membrane structures, suggesting an
overall maintenance of the cortical microfilament organiza-
tion. An even more striking difference between control,
HU27pm3, and HU27 cells was observed during the recovery
period after removal of the drug (Fig. 4G to I). Control neo
cells totally recovered their pretreatment level of F-actin and
regained normal cell morphology by 1 h in the absence of the
drug (Fig. 4G). HU27 cells recovered faster. After an identical
recovery period, a much more intense F-actin staining was
observed in these cells than in neo cells; the level of staining
even surpassed that seen before the treatment (Fig. 4H). Re-
markably, recovery of HU27pm3 cells was very similar to that
of control cells, suggesting again that the nonphosphorylatable
protein was not active (Fig. 4I).

To determine whether HSP27-mediated stabilization of ac-
tin could provide a significant advantage at the whole-cell
survival level during stress and account for the increased ther-
moresistance of HSP27-overexpressing cells, we assessed the
effect of the phosphorylatable and the nonphosphorylatable
HSP27 on improving the growth and survival of cells subjected
to chronic exposure to cytochalasin D. In the absence of cy-
tochalasin D, wild-type and nonphosphorylatable HSP27 had
no significant effect on growth rates (Fig. 5A). The three cell
lines grew with a doubling time of approximately 15 h. HSP27

provided a clear protection in the presence of 0.5 uM cytocha-
lasin D. Under these conditions, growth of the neo and
HU27pm3 cells was almost totally inhibited, whereas the dou-
bling time of HU27 cells was at about 21 h (Fig. 5B). A similar
protective effect of HSP27 was observed at the level of colony
formation. At all concentrations tested, a marked reduction in
toxicity was observed in HU27 cells, whereas HU27pm3 cells
were as sensitive as control neo cells (Fig. 5C). Notably, the
plating efficiency of HU27 cells in the presence of 0.1 uM
cytochalasin D was reproducibly increased compared with that
of untreated cells. At this low nontoxic concentration, cytocha-
lasin D may promote cell attachment and colony formation by
stimulating the function of HSP27 at the level of actin filament
dynamics. Consistent with this hypothesis, cytochalasin D
treatment caused a small but reproducible increase in the
phosphorylated b and c isoforms of HSP27 (Fig. 5D).

HSP27 relocalization following heat shock is not mediated
by phosphorylation. Representative clones expressing the wild-
type or the nonphosphorylatable human HSP27 and a control
neo cell line were used to assess the importance of phosphor-
ylation on the heat-induced intracellular translocation of the
protein (Fig. 6). Cultures were heat shocked at 44°C, processed
immediately for endogenous and human HSP27 immunolabel-
ling, and analyzed by immunofluorescence confocal micros-
copy. As shown previously (36), Chinese hamster HSP27 in
unstressed cells has a general cytoplasmic distribution with an
enhanced concentration in motile membrane protrusions such
as ruffles and lamellipodia (Fig. 6A). A 20-min treatment
which was sufficient to induce strong phosphorylation of
HSP27 (see Fig. 7C) caused no change in the distribution of
the protein (data not shown). After 1.5 h at 44°C, motile
HSP27-containing structures such as ruffles were no longer
observed and the endogenous protein became concentrated in
perinuclear structures (Fig. 6D). By confocal microscopy, we
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FIG. 4. Phosphorylation of HSP27 modulates the response of microfilaments to cytochalasin D treatments. neo (clone 3) (A, D and G), HU27 (clone 6) (B, E and
H) and Hu27pm3 (clone V) (C, F and I cells were plated on fibronectin-coated glass slides, allowed to attach for 16 h, and then left untreated (A to C) or incubated
in the presence of 0.5 pM cytochalasin D for 1 h (D to I). Immediately after cytochalasin D treatment (D to F) or 1 h after removal of the drug (G to I), the cells were
processed for F-actin staining with fluorescein isothiocyanate-conjugated phalloidin. The confocal aperture was adjusted to obtain maximum resolution of total F-actin
and kept constant during all specimen analysis. Confocal pseudo-color images were used to quantitatively illustrate F-actin levels in the cells. The color bar shows the

correspondence between fluorescence intensity and color. Scale bar, 10 pm.

never observed a nuclear relocalization of HSP27 after heat
shock in CCL39 cells. This suggested that the nuclear relocal-
ization of HSP27 previously observed in other cell lines (4, 5,
35) may be cell type specific. Similar analyses performed with
HU27 and HU27pm3 cells indicated that the wild-type and
mutant human proteins localized in a manner identical to the
endogenous protein in both control and heat-shocked cells
(Fig. 6B to D and F). Moreover, overexpression of the foreign
proteins had no detectable effect on the distribution of the
endogenous protein before and after heat shock (data not
shown). In addition to showing that the mutant protein local-
ized normally in the cells, these observations indicated that
phosphorylation is not essential to trigger the relocalization of
HSP27.

HSP27 insolubilization following heat shock is not mediated
by phosphorylation. Heat shock is also known to induce a
partial insolubilization of HSP27, causing a shift of the protein
from a nonionic detergent soluble fraction to an insoluble
fraction (4, 5). We next examined the role of phosphorylation
on this process. In cells maintained at 37°C, more than 95% of
either the endogenous, the wild-type human, or the nonphos-

phorylatable HSP27 was recovered in the soluble fraction (Fig.
7A and B). The three protein species were insolubilized at the
same rate at elevated temperatures. After 20 min at 44°C,
between 30 and 40% of the wild-type HSP27 and the triple-
mutant human HSP27, as well as the endogenous Chinese
hamster HSP27, were insoluble; after 2 h, 80% were insoluble.
Additional evidence that phosphorylation had no effect on the
rate of insolubilization of the proteins was obtained by com-
paring the phosphorylation levels of the Chinese hamster
HSP27 in the Triton-soluble and Triton-insoluble fractions.
Again, no strict correlation between the phosphorylation and
insolubilization was observed (Fig. 7C). In contrast to insolu-
bilization, which increased continuously during the first 2 h of
heat shock, phosphorylation of HSP27 in both the soluble and
insoluble fractions was already at maximal value after 15 to 20
min of heat treatment and was maintained at this level for up
to 1 h. Phosphorylation decreased during incubation for peri-
ods longer than 1 h at 44°C, whereas insolubilization was main-
tained at high level. Furthermore, there was no systematic
enrichment of phosphorylated species in either the soluble or
insoluble fractions at any time during this period.
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FIG. 5. HSP27 but not mutant HSP27 expression protects against cytocha-
lasin D-induced growth inhibition and cell killing. Pools of control neo (OJ),
HU27 (@), and HU27pm3 (<) clones were plated at appropriate densities and
incubated in the presence of cytochalasin D. (A and B) Cell growth in the
absence (A) or the presence (B) of 0.5 pM cytochalasin D was measured by
counting the cells at intervals during the first 7 days. (C) Relative survival of cells
incubated in the presence of different concentrations of cytochalasin D was
determined by counting the number of colonies after 10 days. (D) Effect of
cytochalasin D on the incorporation of 32P into Chinese hamster HSP27 isoforms
b and c. neo cells were incubated for 2 h in the presence of 3>PO,>~ and then left
untreated (CON), incubated for 1 h with 0.5 wM cytochalasin D (CYTO), or heat
shocked for 20 min at 44°C (HS). Proteins were extracted and analyzed by 2-D
PAGE. Only the portion of the autoradiograms including HSP27 isoforms b and
c is shown.

Intriguingly, even though the Chinese hamster HSP27 was
insolubilized at the same rate as the human proteins in the
transfected cells, we found that Chinese hamster HSP27 in-
solubilized at a higher rate in control cells than in either trans-
fected-cell type (Fig. 7B). In control untransfected CCL39
cells, 60% of the Chinese hamster HSP27 proteins were insol-
uble after 20 min of heat treatment compared with 30% in
human HSP27-expressing cells. These results implied that
some phosphorylation-independent properties of human
HSP27 contributed to protection of the endogenous HSP27
from insolubilization. One possibility is that the in vitro chap-
eronin function of HSP27 is phosphorylation independent (22,
39). Another possibility is that the human protein is intrinsi-
cally more heat resistant than the hamster protein. HSP27, like
the homologous lenticular a-crystallin proteins, is known to
form oligomeric structures both in vivo and in vitro (4, 5, 8).
Under these conditions, mixed oligomers of human and ham-
ster HSP27 might be expected to be more resistant than ho-
motypic oligomers of hamster HSP27 to thermal denaturation
and thus to heat-induced insolubilization.

Induction of HSP27 phosphorylation is accompanied by a
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change in its oligomeric organization. To examine the putative
association of the human and Chinese hamster proteins, quan-
titative nondenaturing immunoprecipitations followed by im-
munodetections were performed in HU27, HU27pm3, and neo
clonal cell lines with specific antibodies against human or Chi-
nese hamster HSP27 (Fig. 8). Both antibodies were highly
specific: no Chinese hamster HSP27 was detected with the
anti-Ha (L2R3) antibody after immunoprecipitation of ex-
tracts from neo cells, containing only Chinese hamster HSP27,
with Hu27AB or immunoprecipitation of extracts from HeLa
cells, containing only human HSP27, with anti-Ha (L2R3) or
Hu27Ab (Fig. 8, lanes 1 to 3). In unstressed HU27 and
HU27pm3 cells, Hu27Ab was as efficient as anti-Ha (L2R3) in
precipitating the endogenous Chinese hamster HSP27 (lanes 5,
7, 9, and 11), and the amount precipitated was equal to the
amount obtained following immunoprecipitation of Chinese
hamster HSP27 in neo cells with anti-Ha (L2R3) (compare
lane 4 with lanes 5 and 7). This suggested that the endogenous
Chinese hamster HSP27 was entirely associated with human
HSP27 in HU27 and HU27pm3 cells. The same analysis was
repeated in cells in which HSP27 phosphorylation was induced
by incubation with sodium arsenite. Sodium arsenite was cho-
sen in this experiment because it induces strong phosphoryla-
tion yet causes minimal insolubilization of HSP27 compared
with heat shock. Hu27Ab was much less efficient at immuno-
precipitation of the endogenous Chinese hamster HSP27 in
stressed cells than in unstressed cells. Arsenite treatment
caused a 75 and 60% reduction in the amount of Chinese
hamster proteins immunoprecipitated by Hu27Ab in stressed
HU27 and HU27pm3 cells, respectively (lanes 6 and 8),
whereas it had no effect on the amount of human HSP27
immunoprecipitated by Hu27Ab (lanes 13 to 16) or on the
amount of Chinese hamster protein precipitated by anti-Ha
(L2R3) (lanes 9 to 12). These results indicated that phosphor-
ylation reduced the heterologous association of the proteins,
implying that phosphorylation caused some modifications in
the structure of the HSP27 oligomers.

The oligomeric status of HSP27 was investigated more di-
rectly by estimating its apparent native molecular weight by
pore exclusion limit electrophoresis. In control untransfected
Chinese hamster cells, the HSP27 oligomeric structure was
highly dynamic and the protein exhibited different molecular
weights depending on the experimental conditions (Fig. 9). In
unstressed exponentially growing cells, all HSP27 was detected
in two major forms of 200 and 250 kDa (Fig. 9, lanes 1, 4, and
9). Phosphorylation of the protein induced by incubation of the
cells with sodium arsenite caused a drastic reduction in the size
of the structures. The 200- and 250-kDa complexes totally
disappeared and were replaced by a 125-kDa structure (lanes
2, 8, and 12). After heat shock, most HSP27 became insoluble
and thus could not be analyzed; however, the HSP27 particles
that remained soluble were also reduced in size to about 150
kDa (lane 3). A modification in the size of the HSP27 struc-
tures was also observed during exit of the cell cycle upon serum
deprivation and during restimulation of the cells by addition of
serum or thrombin, which are full mitogens in these cells and
induce the phosphorylation of HSP27 (11, 57). Serum depri-
vation led to an enlargement of some of the HSP27 species to
~600 kDa (lane 5). Within 15 min after mitogenic stimulation,
the 600-kDa species dissociated and new discrete bands ap-
peared at 150 and 125 kDa (lanes 6 and 7).

A redistribution of HSP27 oligomers to lower-molecular-
weight species was thus observed following all treatments that
induce HSP27 phosphorylation. Moreover, the diminution in
the size of HSP27 complexes appeared to be proportional to
the degree of HSP27 phosphorylation. Maximal phosphoryla-
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FIG. 6. Intracellular localization of HSP27 and mutant HSP27 in control and heat-shocked cells. Cells were plated on Lab-Tek polystyrene chamber slides and
grown for 16 h. Indirect confocal immunofluorescence microscopy with species-specific anti-HSP27 antibodies was performed to visualize the intracellular distribution
of Chinese hamster HSP27 in neo cells (clone 3) (A and D), human HSP27 in HU27 cells (clone 6) (B and E), and mutant human HSP27 in HU27pm3 cells (clone
V) (C and F) before (A to C) and after (D to F) heat shock at 44°C for 1.5 h. The pictures represent thin optical sections (confocal microscopy) made at different levels
in the cells: (A to C) sections near the cell cortex at the apical face of the cells; (D to F) sections near the center of the cells to illustrate the localization of HSP27

in perinuclear structures following heat shock. Bar, 10 pm.

tion of HSP27, as obtained after arsenite treatment, yielded a
single major band in the range of 125 kDa, whereas discrete
intermediate species (200 to 150 kDa) were obtained following
heat shock or mitogenic stimulation, which induces intermedi-
ate levels of phosphorylation. Treatments with cytochalasin D,
which induced only a slight increase in HSP27 phosphorylation
(Fig. 5D), produced a partial but reproducible and dose-de-
pendent shift toward a species of 200 kDa (Fig. 9, lanes 10 and
11). Human HSP27 in HelLa cells behaved essentially as the
Chinese hamster protein. It was present as a major complex of
ca. 250 kDa that was reduced to 125 kDa after treatment with
arsenite (lanes 13 and 14). After cytochalasin D treatment, a
faint band became visible at 150 kDa (lanes 15 and 16).

Migration by pore exclusion limit electrophoresis was done
until equilibrium and is not expected to be dependent on
phosphorylation-induced changes in the charge of the proteins.
To ascertain that HSP27 was migrating at equilibrium and that
the position of HSP27 in the gels was strictly dependent on the
size of the protein complexes, we performed several control
experiments in which the time of migration (8 to 48 h) and the
gradient of acrylamide (5 to 17% and 4 to 24%) were varied.
Essentially the same results were obtained under all conditions
(data not shown). Furthermore, HSP27 complexes were also
analyzed on a size exclusion Superose 12 column (Fig. 10). Size
exclusion chromatography yielded estimates of apparent mo-
lecular weight higher than those predicted from pore exclusion
limit electrophoresis; nevertheless, the results were qualita-
tively similar. From a uniform apparent molecular mass of
some 800 kDa, the Chinese hamster HSP27 particles were
distributed in three peaks at about 800, 400, and 100 kDa after
phosphorylation induced by arsenite treatments (Fig. 10).

To ascertain that the changes in the HSP27 oligomeric struc-
ture occurred as a consequence of phosphorylation rather than
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FIG. 7. Heat shock-induced insolubilization of wild-type and mutant HSP27.
At various times during continuous treatment at 44°C, cells were lysed in hypo-
tonic buffer containing 0.5% Triton X-100. (A and B) Kinetics of insolubilization.
Total proteins from equal portions of the soluble and insoluble fractions were
run on 1-D SDS-PAGE gels, and the proportion of HSP27 in each fraction was
evaluated on immunoblots with species-specific antisera against the human (A)
or Chinese hamster (B) HSP27. Symbols: ll, CCL39 cells; ®, HU27 (clone 6)
cells; 1, HU27pm3 (clone V) cells. (C) Distribution of the HSP27 isoforms in the
Triton-soluble and the Triton-insoluble fractions. Equal portions of the soluble
(s) and insoluble (i) fractions obtained from control untransfected CCL39 clonal
cells were analyzed by IEF-PAGE. Chinese hamster HSP27 isoforms A, B, and
C were detected immunologically with a specific antibody against hamster
HSP27.
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FIG. 8. Coimmunoprecipitation of endogenous Chinese hamster HSP27 and
exogenous human HSP27 (wild type and mutant) in CCL39 transfected cells.
Nondenaturing immunoprecipitation analysis was performed in control and ar-
senite-treated (200 wM, 1 h) neo (clone 3) (N), HU27 (clone 6) (W), and
HU27pm3 (clone V) (M) cell lines with either anti-Chinese hamster HSP27 (ha)
or anti-human HSP27 (hu) antibodies. Equal amounts of immunoprecipitates
were run on SDS-PAGE gels under nonreducing conditions, and endogenous
Chinese hamster HSP27 (lanes 1 to 12) or exogenous human HSP27 (lanes 13 to
16) present in each immunoprecipitate were immunologically detected with the
anti-Chinese hamster HSP27 or anti-human HSP27 antibodies, respectively.
Appropriate control samples of neo (clone 3) (N) and HeLa (H) cells were tested
to verify the specificity of the antibodies (lanes 1 to 3). The relative amounts of
Chinese hamster HSP27 immunoprecipitated under the various conditions as
determined by densitometry are 0, 0, 0, 1, 1.1, 0.3, 0.8, 0.3, 0.9, 0.9, 0.7, and 0.8
in lanes 1 to 12, respectively. The relative amounts of human HSP27 in lane 14
versus lane 13 and in lane 16 versus lane 15 are 0.95 and 1.2, respectively. The
smear at the top of the gels corresponds to unreduced high-molecular-weight
immunoglobulin G.

through other modifications induced in cells by these agents,
pore exclusion limit electrophoresis analyses were done with
extracts of Chinese hamster cells expressing the wild-type or
the nonphosphorylatable human HSP27. After fractionation,
the extracts were probed with both Hu27Ab and anti-Ha
(L2R3) antibodies. In both unstressed and stressed or stimu-
lated cells, wild-type human HSP27 and endogenous Chinese
hamster HSP27 behaved similarly to each other and to HSP27
from untransfected cells (Fig. 11). The two proteins comi-
grated under all conditions as species of identical molecular
weights, in agreement with their ability to be coimmunopre-
cipitated. Furthermore, as was found with pure Chinese ham-
ster HSP27 particles, the heterologous structures were also
reduced in size after stress or stimulation. These results ex-
plained the reduced efficiency of coimmunoprecipitation found
under such conditions, since, assuming a random association of
the proteins in the oligomers, a reduced size is expected to
increase the probability of formation of homotypic particles. It
is notable that the pattern of distribution of the structures was
more diffuse in cells expressing both human and Chinese ham-
ster HSP27 than in CCL39 or HeLa cells. This can be ex-
plained by the formation of random heterotypic structures
containing different numbers of human and Chinese hamster
HSP27 which differ in molecular mass by ~2 kDa.

The redistribution of human HSP27 oligomers to lower-
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FIG. 9. Phosphorylation-induced changes in the oligomeric size of HSP27
structures in Chinese hamster CCL39 or human HeLa cells. Protein extracts
were prepared from control exponentially growing cells left untreated (con, ex)
or exposed to heat shock (20 min at 44°C) (hs), arsenite (200 uM for 1 h) (ars),
or cytochalasin D (0.5 pM [lanes 10 and 15] or 2.5 uM [lanes 11 and 16] for 1 h)
(cyto) or from quiescent cells before (qu) or after stimulation with serum (10%
for 15 min) (se) or thrombin (1 U/ml for 15 min) (th). After fractionation by pore
exclusion limit electrophoresis on nondenaturing polyacrylamide gels, HSP27
was detected with species-specific antisera against Chinese hamster (lanes 1 to
12) or human (lanes 13 to 16) HSP27. The numbers on the left indicate the
positions of the molecular mass markers (thyroglobulin, 669 kDa; ferritin, 440
kDa; catalase, 232 kDa; lactate dehydrogenase, 140 kDaj; albumin, 67 kDa). The
arrows indicate the apparent molecular weights of the major HSP27 species.

molecular-weight species was strongly inhibited in cells ex-
pressing the mutant protein. Interestingly, however, most of
the endogenous Chinese hamster HSP27 species in those cells,
although initially associated with the human protein (as evi-
denced by their coimmunoprecipitation and comigration in the
gels), shifted to lower-molecular-weight species when phos-
phorylation was induced. These results implied that the HSP27
particles are highly dynamic: phosphorylated Chinese hamster
proteins released from the larger structures rapidly reoli-
gomerize into smaller structures, whereas the nonphosphory-
lated human proteins appear to reassociate spontaneously into
larger particles. No monomeric or dimeric intermediates were
ever detected.

DISCUSSION

A direct correlation was found between the cell thermosen-
sitivity and the level of the protein in stable Chinese hamster
clones constitutively expressing the human HSP27. The levels
of expression of total HSP27 (Chinese hamster and human)
expressed in the transfected clones used in this study were well
below the level of HSP27 found after heat shock of these cells,
meaning that HSP27 exerts a protective function at physiolog-
ically relevant concentrations. Intriguingly, cells expressing
equivalent and even larger amounts of nonphosphorylatable
HSP27 were only slightly protected compared with control
cells. We conclude that phosphorylation of HSP27, which oc-
curs during the first minutes of heat shock, is essential for
activating most of the protective function of HSP27.
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FIG. 10. Superose 12 chromatography of HSP27 from control and arsenite-
treated CCL39 neo cells. Cell extracts were prepared by nonionic-detergent lysis
and fractionated on a Superose 12 sizing column. Fractions were analyzed on
SDS-PAGE gels, and HSP27 was immunologically detected following electro-
blotting. The relative amount of Chinese hamster HSP27 present in each fraction
was determined by densitometric scanning of the autoradiograms and is ex-
pressed above the autoradiogram as the percentage of total HSP27 per fraction.
Symbols: [, control untreated CCL39 neo cells; @, arsenite-treated CCL39-neo
cells; T, total unfractionated sample. Molecular mass markers: thyroglobulin, 670
kDa; gamma globulin, 155 kDa; ovalbumin, 44 kDa.

An evaluation of several independent parameters confirmed
that the protein structure was not severely altered by the Ser —
Gly substitutions and that the lack of phosphorylation alone
was responsible for the diminished function. We found that, in
the numerous clonal cell lines evaluated, the mutated proteins
were expressed at levels equivalent to those of the wild-type
proteins, suggesting that the two types of proteins had equal
stabilities. This was also indicated by the identical solubilities
of the two proteins. We also found that the mutant proteins
had a general cytoplasmic distribution and enhanced expres-
sion in membrane protrusions identical to the wild-type pro-
teins. Most importantly, the mutant HSP27 retained the ability
to interact with itself or with the endogenous Chinese hamster
protein and to form oligomeric structures of a size similar to
wild-type human HSP27. Furthermore, we found no evidence
that the expression of the proteins (wild type or mutant) was
inducing a stress response in the recipient cells. This was eval-
uated carefully for all clonal cell lines, either individually or in
pools, by monitoring the levels of two other heat shock pro-
teins, HSP68 and HSP70, both before and after heat shock and
by measuring the phosphorylation response of the endogenous
HSP27. In all cell lines, endogenous HSP27, HSP6S, and
HSP70 were expressed at normal levels both before (Fig. 2D)
and after (data not shown) heat shock, and phosphorylation of
endogenous HSP27, which is highly sensitive to stress, was not
modified. Nevertheless, a small stress response generated by
the presence of the mutant protein cannot be totally excluded
and may explain the small increase in thermal resistance ob-
served in cells expressing the nonphosphorylatable protein. An
alternative explanation is that HSP27 also has a phosphoryla-
tion-independent function. At the physiological concentrations
of the proteins investigated here, this function must play a
minor role in the overall resistance provided by wild-type
HSP27.
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FIG. 11. Induced changes in the supramolecular structure of HSP27 are
dependent on phosphorylation. Cells overexpressing either the wild-type human
HSP27 (W, w) or the nonphosphorylatable human HSP27 (M, m) were lysed in
nonionic-detergent buffer immediately after treatment with phosphorylation in-
ducers. Cell extracts were analyzed by pore exclusion limit electrophoresis. (A)
Cells were left untreated (Con), heat shocked (44°C for 20 min) (HS), or treated
with arsenite (200 pM for 1 h) (Ars), and HSP27 species were detected, following
denaturation and electroblotting, with specific antisera against Chinese hamster
HSP27 (HA) or human HSP27 (HU). For heat-shocked extracts, twice as much
material has been put on the gel to correct for the loss caused by heat-induced
insolubilization of the protein. (B) Exponentially growing cells were left un-
treated (ex), arsenite treated (ars), serum starved for 24 h (qu), or serum starved
for 24 h and then stimulated for 15 min with 10% fetal calf serum (se) or 1 U of
thrombin per ml (th). Human HSP27 was detected with Hu27Ab.

We looked at several properties of HSP27 that are known to
be modified by heat shock and thus could be mediated by
phosphorylation and be involved in modulating the function of
HSP27. Several studies have reported that heat shock causes
insolubilization and relocalization of mammalian HSP27 to or
around the nucleus (for a review, see reference 4). The func-
tional significance of these effects remained unclear. In this
study, we found no difference in the kinetics of translocation or
insolubilization of the nonphosphorylatable versus the wild-
type HSP27. Moreover, no systematic enrichment of phosphor-
ylated species in either the soluble or insoluble fractions was
detected after continuous heat shock in control cells. It thus
appears unlikely that these modifications in HSP27 properties
are mediated by phosphorylation. Since phosphorylation was
required for full activation of HSP27 protective functions but
was dispensable for insolubilization and relocalization of the
protein, these changing properties of HSP27 may not be in-
volved or at least are not sufficient in thermoprotection. It is
conceivable that the insolubilization and translocation of
HSP27 during heat shock simply reflect the protein denaturing
effect of heat. A large number of other proteins are similarly
insolubilized and associate with nuclear structures during heat
shock (13, 23, 24, 33, 45, 54).

In contrast, we obtained evidence that all the inducers of
HSP27 phosphorylation that we investigated induced major
changes in the oligomeric structure of the protein. All mem-
bers of the small heat shock protein/a-crystallin family so far
examined, including those from yeast, chicken, Drosophila, and
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human cells, have been found to form oligomeric structures
that display native molecular masses on sizing columns be-
tween 300 and >1,000 kDa (3-8, 10, 47, 51, 53). Depending on
the fractionation procedure used, HSP27 from unstressed ex-
ponentially growing Chinese hamster cells was found to behave
as a protein of ~800 kDa on a Superose 12 column, which is in
agreement with previous analyses by similar sizing techniques,
or as a doublet of ~250 and 200 kDa on native polyacrylamide
gels. The reason for the difference in size obtained by the two
fractionation techniques has not been investigated in detail
and remains unclear. More studies are required to determine
the actual size of HSP27 in situ. Nevertheless, it is likely that
the changes observed in both cases after phosphorylation re-
flect a real change in the structures or the stability of the
HSP27 oligomers. By both fractionation procedures, we found
that phosphorylation causes a dramatic decrease in the size of
the oligomers. The higher resolving properties of electro-
phoresis revealed, at intermediate phosphorylation levels, a
ladder-like distribution of oligomers with size differing by 25 to
50 kDa in the 125- to 250-kDa range. When HSP27 was max-
imally phosphorylated, a unique species of approximately 125
kDa was found to accumulate.

As has been proposed for the a-crystallin oligomer, HSP27
may be organized in a multilayer structure composed of a
central stable core of some 125 kDa (four to six subunits),
corresponding to the smallest oligomer that we detected, to
which additional HSP27 molecules (monomers or dimers to
accommodate the 25- to 50-kDa difference observed between
the various species) are bound with a strength that is modu-
lated by phosphorylation. As phosphorylation is increased,
some subunits are released and probably promptly reassociate
in the core structure, since we could not observe particles
smaller than 125 kDa.

Mitogenic stimulation and stress induce the same HSP27
kinase, the phosphorylation of HSP27 at the same sites (19,
31), and similar phosphorylation-dependent modifications in
the oligomeric structure of the protein. It is thus likely that the
role of HSP27 in stress protection is related to its function
during mitogenic stimulation. In quiescent fibroblasts stimu-
lated by addition of mitogens, HSP27 enhances accumulation
of F-actin, whereas the nonphosphorylatable HSP27 inhibits
the initial accumulation of filaments (36). Similarly, we found
in the present work that the presence of elevated levels of
HSP27 modifies the kinetics of reaccumulation of actin fila-
ments in cells recovering from severe disruption of the micro-
filaments after cytochalasin D treatments. Accumulation of
F-actin during the recovery period was enhanced in the pres-
ence of the phosphorylatable HSP27, whereas mutant HSP27
produced no such enhancement. As a possible consequence of
these contrasting phosphorylation-dependent effects of HSP27
on actin dynamics, cells expressing wild-type HSP27 were
found to be highly resistant to cytochalasin D treatments,
whereas cells expressing the nonphosphorylatable HSP27 ap-
peared to be as sensitive as the control cells. Recent in vitro
observations also supported a role of phosphorylation in mod-
ulating the activities of HSP27 at the actin level. Benndorf et
al. (9) confirmed the observations of Miron et al. (41, 42) that
HSP27 can inhibit actin polymerization in vitro and found that
this inhibiting activity was highly reduced by phosphorylation.
From these results and those reported in the present study, it
is conceivable that in vivo, unphosphorylated HSP27 similarly
binds to the barbed ends of microfilaments, limiting the rate of
actin polymerization. Upon mitogenic stimulation, heat shock,
and other toxic treatments, changes in the quaternary structure
of the protein, induced by local phosphorylation of cortical
HSP27, may reduce the binding affinity of HSP27, resulting in
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a higher rate of actin monomer addition. Because HSP27 is not
the only protein involved in the control of actin polymerization
(1, 2, 52, 55), a higher concentration of HSP27 in cells would
increase the proportion of HSP27 relative to other actin-cap-
ping proteins, enhancing the polymerization rate in response
to inducers of HSP27 phosphorylation. As a result, the rate of
F-actin disruption would be reduced in HSP27-overexpressing
cells during stress and the rate of accumulation of F-actin
would be enhanced during mitogenic stimulation. In contrast,
the presence of large amounts of the nonphosphorylatable
HSP27 would increase the life time of HSP27 at the barbed
end and reduce the polymerization rate of actin. This would
render actin filaments more sensitive to stress-induced destruc-
tion and less responsive to mitogenic stimulation. Stabilization
of microfilaments may thus be an important contributing factor
to HSP27-mediated stress resistance. Since the action of heat
shock on microfilaments constitutes only one of the multiple
alterations that may disrupt cellular homeostasis and cause cell
death, the level of protection afforded by HSP27 probably
represents the contribution of microfilament stabilization to
overall survival.

While our manuscript was being finalized for submission, a
number of papers were published suggesting, in agreement
with the results presented in this paper, a modulation of the
structure and function of HSP27 by phosphorylation. Mehlen
and Arrigo (38) suggested a correlation between changes in the
oligomeric structure of HSP27 and phosphorylation induced by
serum. Similarly, Kato et al. (25) found a reduction in the size
of HSP27 species measured on sucrose gradients upon phos-
phorylation by heat shock or exposures to a variety of agents.
Finally, as mentioned above, Benndorf et al. (9) found that the
phosphorylation and oligomeric status of HSP27 influenced its
ability to block actin polymerization in vitro. However, Knauf
et al. (26) reported that overexpression of a phosphorylation
mutant of mouse HSP27 (hsp25) was as efficient as the wild-
type protein in protecting cells from heat shock-induced cell
death in a transient-transfection system and that in vitro phos-
phorylation of recombinant HSP27 has no effect on its oligo-
meric structure. The reason for the almost complete disagree-
ment between this and results from other laboratories is
unclear.
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