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ABSTRACT.Weearlier discovered a novel 40-kDa protein (hsp40) induced by heat shock and other stresses
in mammalianand avian cells. In this report, we purified the hsp40 in HeLa cells, using modified two-dimen-
sional gel electrophoresis, and determined the amino terminal amino acid sequence of this protein. The hsp40 is
homologous to DnaJ, an Escherichia coli heat-shock protein, as well as to DnaJ-homologous proteins in yeast

such as SCJ1, Sec63/Npll, YDJ1 and SIS1. Indirect immunofluorescence staining using an anti-hsp40 polyclon-
al antibody demonstrated that hsp40 was localized faintly throughout the cell in non-heat-shocked cells and was
accumulated in nuclei and nucleoli in heat-shocked cells. The intracellular localization of hsp40 was very similar
to that of hsp70, suggesting that these two hsps colocalize in heat-shocked HeLa cells.

Whenprokaryotic and eukaryotic cells are exposed to
heat shock or other environmental stresses, they re-
spond by synthesizing a family of proteins, the so-called
stress or heat-shock proteins (hsps) (1, 28, 33). In mam-
malian cells, several hsps with molecular sizes of 110-,
100-, 90-, 78-, 75-, 73-, 72-, 60-, 47-, 32-, 28- and 8-kDa

are knownto be induced by heat shock or environmen-
tal stresses such as ethanol, amino acid analogues,
heavy metals and viral infection (see ref. 38 for review).
Recently, the functions of some hsps have been de-
scribed. For example, hsp90 has been shown to associ-
ate with steroid hormonereceptors or various protein
kinases to regulate their activity and translocation
through interaction with the cytoskeleton (19, 27, 31).
Somemembersof the hsp70 family have been reported
to be involved in the translocation of nascent proteins
from the cytoplasm across the membraneof either the
endoplasmic reticulum or mitochondria (3, 7, 9). Hsp47
is found to be a collagen-binding protein (20). Hsp32
and hsp8 are identified as heme oxygenase and ubiqui-
tin, respectively (34, 5). In addition to these classical
hsps, Ohtsuka et al. have recently found a novel heat-
shock protein, hsp40, which is induced by heat shock,
transient metals and azetidine carboxylic acid in mam-
* To whomcorrespondence should be addressed.

Abbreviations used: hsp, heat-shock protein; SDS-PAGE, sodi-

um dodecyl sulfate-polyacrylamide gel electrophoresis; NEPHGE,
nonequilibrium pH gradient electrophoresis; CBB, Coomassie
brilliant blue; PBS, Dulbecco's phosphate-buffered saline.

malian and avian cells (26).
Here we report the purification of hsp40 in HeLa cells
by modified two-dimensional gel electrophoresis, par-
tial amino acid sequence of the amino terminal of
hsp40, and intracellular localization of hsp40 by indi-
rect immunofluorescence staining using an anti-hsp40
polyclonal antibody.

MATERIALS AND METHODS

Cell culture, heating and metabolic labeling. HeLa cells
were cultured in Dulbecco's modified Eagle's minimal essen-
tial medium (Nissui, Tokyo) supplemented with 10% fetal
calf serum (Hazleton, U.S.A.) and maintained by passaging
twice a week. Cells at subconfluence in 100-mmor 35-mm
dishes (Corning, U.S.A.) were heated by immersing the dishes
sealed with Parafilm into a water bath, the temperature of
which was controlled within ±0. 1 °C (12). For metabolic label-
ing, cells were heated at 45°C for 15 min and incubated at
37°C for 1 h; the culture mediumwas then replaced with meth-
ionine-free culture mediumsupplemented with 10%dialyzed
fetal calf serum, and 1.85 MBq (50juCi) of [35S]methionine
was added to each dish. The cells were further incubated at
37°C for 5 h. Control cells were labeled at 37°C for 5 h. Cells
were then rinsed with Dulbecco's phosphate-buffered saline
(PBS), harvested with a rubber policeman and pelleted by cen-
trifugation. They were lysed by sonication in O'Farrell's lysis
buffer (21) (9.5 M Urea, 2% Nonidet P-40, 5% 2-mercapto-
ethanol, 2% Pharmalyte (pH 3-10)) containing 1 jug/ml of leu-
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peptin, 1 jug/ml of pepstatin and 1 mMphenyl-methylsulfon-
yl fluoride as protease inhibitors. For one-dimensional sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)and immunoblotting, cells were lysed in SDS-sample
buffer (13) and boiled for 5 min. Protein amount was meas-
ured by a Pierce protein assay kit (Pierce, U.S.A.).

Gel electrophoresis. One-dimensional SDS-PAGE was

performed by Laemmli's method (13) on a slab gel with a 10%
acrylamide concentration. Two-dimensional (2D) gel electro-

phoresis using nonequilibrium pH gradient electrophoresis
(NEPHGE) as the first dimension was performed by
O'Farrell's methods (22) at 400 V for 3.5 h. The second dimen-
sion was done by Laemmli's method (SDS-PAGE). Approxi-
mately equal amounts of protein were applied to the first-
dimension gels. After electrophoresis, the gels were stained
with Coomassie brilliant blue R-250 (CBB) and photo-
graphed. For fluorography, the stained gels were soaked in 1
Msodium salicylate and shaken for 20min, dried under a
vacuum, and exposed to X-ray film (Kodak, X-Omat AR 5) at
-80°C.

Purification ofhsp40 and amino acid sequencing. Weat-
tempted to purify hsp40 by modified 2D gel electrophoresis be-

cause its purification by conventional column chromatogra-
phy was difficult. HeLa cells were heated at 45°C for 15 min
and recovered for 16h; they were then lysed in O'Farrell's
lysis buffer. The first-dimensional electrophoresis was per-
formed using a slab gel instead of a rod gel. The position of
hsp40 was determined with colored pi markers (Oriental
Yeast, Osaka). The portion of hsp40 was cut out and applied
to the second dimension. Consequently, the hsp40 was de-
tected as a band. We call this method Slab-NEPHGE/SDS-
PAGE2D gel electrophoresis. It allowed us to apply 30-40
times the amount of proteins to the first-dimension gel as com-
pared with ordinary 2D gel electrophoresis. Details of this
method will be published separately. The purified hsp40 was
blotted electrophoretically onto a PVDFmembrane (BIO-
RAD, U.S.A.) in a CAPS(cyclohexylaminopropane sulfonic
acid) buffer (17), and sequenced directly by means of an auto-
mated gas-phase sequencer (Applied Biosystems, Model
470A).

Preparation ofanti-hsp40 antibody. A band of hsp40 was
cut from the Slab-NEPHGE/SDS-PAGE 2D gel, and hsp40
was eluted electrophoretically by Amicon Centrilutor (Ami-
con, U.S.A.). Typically, 10-20jug of purified hsp40 was ob-
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Fig. 1. Two-dimensional gel analysis of proteins in control (A and B) and heat-shocked (C and D) HeLa cells. A and B, Cells were grown at
37°C and labeled with [35Sjmethionine for 5 h. C and D, Cells were heated at 45°C for 15 min then incubated at 37°C for 6 h and labeled with
[35S]methionine for the last 5 h. Cell lysate in O'FarrelPs lysis buffer was analyzed by NEPHGE/SDS-PAGE2D gel electrophoresis. Protein
amounts applied to the first dimension were approximately 300 n% for both gels. Gels were stained with CBB(A and C) and processed for fluorog-
raphy (B and D). a, hsp70 (p72, inducible form); b, hsp47; c, hsp40.
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Fig. 2. Amino acid sequence of amino terminal of humanhsp40 and comparison with amino acid sequence ofE. coli DnaJ (2, 23), M. tubercul-
osis (M. tb.) DnaJ (14), yeast SCJ1 (4), yeast Sec63/Npll (32), yeast YDJ1 (6) and yeast SIS1 (16). Residues (one-letter code) shown in boxes are
identical for hsp40 and other DnaJ-homologous proteins. Amino acid sequence of hsp40 was determined in three independent experiments, and
the same results were obtained. Homologybetween hsp40 and DnaJ was identified by computer search of the protein sequence data base
(NBRF/PIR). Dashes are introduced to optimize alignments. X denotes unidentified amino acid.
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Fig. 3. Detection of hsp40 by one-dimensional SDS-PAGEand immunoblot analysis of proteins in control and heat-shocked HeLa cells with
anti-hsp40 and anti-hsp70 antibodies. Lanes 2, 6, 8 and 10, control cells; lanes 3, 7, 9 and ll, cells were heated at 45°C for 15 min then incubated
at 37°C for 16 h; lane 4, fluorography of control cells labeled with [35S]methionine for 5 h at 37°C; lane 5, fluorography of cells heated at 45°C
for 15 min, then incubated at 37°C for 6 h and labeled with [35S]methionine for the last 5 h. Lane 1, molecular weight markers (in kilodaltons,
Pharmacia, Sweden); lanes 2 and 3, gels stained with CBB; lanes 6 and 7, probed with pre-immune serum (1/1000 dilution); lanes 8 and 9, probed
with anti-hsp40 antibody (1/1000 dilution); lanes 10 and 1 1, probed with anti-hsp70 antibody (1/400 dilution). This antibody recognizes both
hsp70 (p72, inducible form, lower band) and hsc70 (p73, constitutive form, upper band). Arrowheads indicate hsp40.
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tained from one Slab-NEPHGE/SDS-PAGE 2D gel. The puri-
fied hsp40 (approximately 70 jug) was mixed with an equal vol-
ume of Freund's complete adjuvant (Difco, U.S.A.) and in-
jected subcutaneously into one rabbit. Twoweeks later, addi-
tional hsp40 (25 jug in Freund's complete adjuvant) was in-
jected again. Two weeks after the second injection, 25 fig of
hsp40 in Freund's incomplete adjuvant was injected. Serum
(25 ml) was collected one and two weeks after the last injec-
tion.

Immunoblotting and indirect immunofluorescence stain-
ing. The method of immunoblotting was used to examine
the specificity of an anti-hsp40 antibody. The proteins of cell
lysate in SDS sample buffer were separated by SDS-PAGE
and transferred to a nitrocellulose membrane by the method
of Towbin et al. (36). The membrane was then treated with
5% skim milk in TBS (50mM Tris-HCl, pH8.0, 154mM
NaCl) to inhibit nonspecific binding of first and second anti-
bodies. The anti-hsp40 serum at a 1/1,000 dilution or rabbit

anti-hsp70 serum (No. 4 rabbit as described in Refs. 12 and
24) at 1/400 dilution was used as the first antibody, and horse-
radish peroxidase-conjugated goat anti-rabbit IgG (Zymed,
U.S.A.) at a 1/1,000 dilution as the second antibody.
For the analysis of the intracellular localization of hsp40
and hsp70, HeLa cells were grown on glass coverslips. After
various treatments, cells were washed with cold PBS, and
fixed in 100% methanol at -20°C for 10 min. The cells were
treated with 10% normal goat serum in PBS to inhibit nonspe-
cific binding. Then they were processed for immunofluores-
cence staining using rabbit anti-hsp40 serum (1/100 dilution)
or rabbit anti-hsp70 serum (12, 24, 1/80 dilution) as the first
antibody, and FITC-conjugated goat anti-rabbit IgG (H+L)
(Zymed) as the second antibody (1/60 dilution). The cells on
each coverslip were photographed through a Fluorophoto mi-
croscope (Nikon, Tokyo). Exposure time was exactly the same
for every photographin one series of experiments.

Bk

Fig. 4. Intracellular localization ofhsp40 in HeLa cells. Cells growing at 37°C (A, B, D and E) or heated at 42°C for 2 h (C and F) were fixed
and processed for immunofluorescence staining. A, B and C, phase contrast micrographs; D, E and F, fluorescence micrographs of each corre-
sponding field. D and F, cells stained with an anti-hsp40 antibody (1/100 dilution); E, cells stained with a pre-immune serum (1/100 dilution). Ex-
posure time was 1.5 sec for A, B and C and 30 sec for D, E and F. Note the brightly stained globular structures in F that correspond to the phase-
dense nucleoli in C.

80



Stress-Inducible 40-kDa Protein in HeLa Cells

RESULTS

Induction of hsp40. Wepreviously reported that
hsp40, as well as other hsps (e.g., hspllO, hsp90, hsp70
and hsp47), was clearly induced by heat shock, sodium
arsenite and azetidine carboxylic acid in HeLacells, as
demonstrated by NEPHGE/SDS-PAGE2D gel electro-
phoresis (26). As shown in Figure 1, the hsp40 was
barely detectable in non-heat-shocked control HeLa
cells (Figs. 1A and IB). However, it was detectable
when the X-ray film was overexposed (data not shown),
indicating that hsp40 is expressed constitutively at a
very low level (26). In contrast, hsp40 was drastically in-
duced by heat shock at 45°C for 15 min, and detected
by Coomassie blue staining 6 h after the heat shock, aswell as by metabolic labeling with [35S]methionine
(Figs. 1C and ID). Hsp70 (p72, inducible form) and
hsp47 were also induced under these experimental condi-

tions (Figs. 1C and ID).
Partial amino acid sequence of human hsp40. We
have attempted to purify hsp40 by conventional column
chromatography, but have not been successful thus far.
In order to determine the partial amino acid sequence
of hsp40, we sought to purify it by modified 2D gel elec-
trophoresis (Slab-NEPHGE/SDS-PAGE), as described
under MATERIALSANDMETHODS.The purified
hsp40 was blotted onto a PVDFmembraneand se-
quenced directly by a protein sequencer. The amino ter-
minal of humanhsp40 is homologous to the E. coli
heat-shock protein DnaJ (2, 23); 24 of the 48 amino
acid residues are identical (50% identity) (Fig. 2). Also,
the hsp40 is homologous to M. tuberculosis DnaJ (14)
(54% identity), yeast SCJ1 (4) (44% identity), yeast

Sec63/Npll (32) (42% identity), yeast YDJ1 (6) (54%
identity) and yeast SIS1 (16) (44% identity). These

DnaJ-related proteins are known to be highly homolo-
B

Fig. 5. Intracellular localization ofhsp40 in HeLa cells. A and D, cells heated at 45°C for 15 min and incubated at 37°C for 16 h; B and E, cells
heated at 45°C for 15 min and incubated at 37°C for 16 h, then heated again at 43°C for 30 mini; C and F, cells treated in the same mamner as in
B and E. A, B and C, phase contrast micrographs; D, E and F, fluorescence micrographs of each corresponding field. D and E, cells stained with
an anti-hsp40 antibody (1/100 dilution); F, cells stained with a pre-immune serum (1/100 dilution). Exposure time was 1.5 sec for A, B and C and
30sec forD, E andF.
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gous amongone another in the amino terminal region.
The bacterial DnaJ, as well as mammalian hsp40, is a
basic protein with a molecular size of approximately 40-
kDa. These results strongly suggest that hsp40 is a mam-
malian homologue of bacterial DnaJ protein. It is
known that eukaryotic hsp90, hsp70 and hsp60 are ho-
mologous to bacterial heat-shock proteins HtpG, Dnak
and GroEL, respectively (1 1). To our knowledge, this is
the first report of a mammalianhomologueto a bacte-
rial DnaJ heat-shock protein.
Specificity ofanti-hsp40 antibody. Weprepared an
anti-hsp40 antibody by immunizing a rabbit with elec-
trophoretically purified human hsp40, as described
under MATERIALSANDMETHODS.We could not
observe an increase of hsp40 in heat-shocked cells by
one-dimensional SDS-PAGEgel stained with Coomas-
sie blue (Fig. 3, lanes 2 and 3). In contrast, when cells
were labeled with [35S]methionine, a clear induction of
hsp40 by heat shock was demonstrated by fluorography

ofSDS-PAGE gel (Fig. 3, lanes 4 and 5). It was also de-
tected in heat-shocked cells by immunoblotting with an
anti-hsp40 antibody (Fig. 3, lanes 8 and 9) that was
highly specific for hsp40. Of course, no apparent signal
was observed with a pre-immune serum (Fig. 3, lanes 6
and 7). The human hsp40 did not react with anti-SCJl
antibody (4, a kind gift of Dr. P. Silver of Princeton) as
determined by immunoblotting. As positive control,
the same samples were probed with an anti-hsp70 anti-
body (Fig. 3, lanes 10 and 1 1). This antibody recognized
both hsc70 (p73, constitutive form) and hsp70 (p72, in-
ducible form), and an approximately five fold increase
in the amount of hsp70 (p72) was observed in heat-
shocked cells as compared with control cells.
Intracellular localization of hsp40 in HeLa cells.
The intracellular distribution of hsp40 was investigated
by indirect immunofluorescence staining. In non-heat-
shocked control cells, diffuse and very faint staining of
the cytoplasm and faint staining of nucleoli were ob-
&
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Fig. 6. Effect of cycloheximide on the translocation of hsp40 in HeLacells. Cells were heated at 45°C for 15 min and incubated at 37°C for 16
h, then heated again at 43°C for 30 min in the absence (A and C) or presence (B and D) of cycloheximide (20 //g/ml). Cycloheximide was added to
the culture dish 10 min before the second heating. A and B, phase contrast micrographs; C and D, fluorescence micrographs of each correspond-
ing field. Cells were stained with anti-hsp40 antibody (1/100 dilution). Exposure times were 1.5 sec for A and B and 30 sec for C and D.
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served (Figs. 4A and 4D). The faint staining of nucleoli,
however, occurred with a pre-immune serum (Figs. 4B
and 4E), indicating that faint staining of nucleoli with
an anti-hsp40 was nonspecific. In contrast, when cells
were heated at 42°C for 2 h, large and small globular
structures in the nuclei, which corresponded to phase-
dense nucleoli, were brightly stained (Figs. 4C and 4F).
This indicates that hsp40 was induced during 42°C heat-
ing and translocated in the nuclei and nucleoli. How-
ever, the fluorescence signal was relatively weak. Since
hsp40 was barely detectable in non-heat-shocked cells
(Fig. 1 and Fig. 3), cells were heated at 45°C for 15 min
and recovered at 37°C for 16 h in order to increase the
amount of hsp40 in cells. The hsp40 was distributed
throughout these cells (Figs. 5A and 5D). Whenthe
cells were heated again at 43°C for 30 min, the nuclei
and especially the nucleoli were brightly stained (Figs.
5B and 5E). The pre-immune serum again showed very

faint nucleoli staining in heat-shocked cells (Figs. 5C
and 5F) which was similar to that in non-heat-shocked
control cells (Figs. 4B and 4E). When cycloheximide
(20 jug/ml) was added 10 min before the second heating
at 43°C for 30 min, the rapid accumulation of hsp40 in
nuclei and nucleoli in pre-heat-shocked cells was not in-
hibited (Fig. 6). This means that de novo synthesis of
proteins is not necessary for the accumulation of hsp40
in the nuclei and nucleoli, and that heat shockper se in-
duced the translocation of pre-existing hsp40 from cyto-
plasm into the nuclei.

Weand other groups have previously reported that
hsp70 in mammaliancells translocates from the cyto-
plasm into the nuclei, and especially into the nucleoli,
by heat shock (25, 29, 37). Here, we reexamined the in-
tracellular localization of hsp70 in HeLa cells using an
anti-hsp70 antibody. As shown in Figure 3, both hsc70
(p73) and hsp70 (p72) were synthesized constitutively in
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Fig. 7. Intracellular localization of hsp70 in HeLa cells. A and D, non-heat-shocked control cells; B and E, cells heated at 42°C for 2 h; C and
F, cells heated at 43°C for 30 min. A, B and C, phase contrast micrographs; D, E and F, fluorescence micrographs of each corresponding field.
After heating, cells were fixed and processed for immunofluorescence staining with an anti-hsp70 antibody (1/80 dilution). Exposure time was
1.5 sec for A, B and C and 20 sec for D, E and F. No appreciable fluorescent signal was observed with the pre-immune serum (12, 25, data not
shown).
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control cells, and the anti-hsp70 antibody recognized
both hsc70 and hsp70. In non-heat-shocked control
cells, hsc70/hsp70 were localized diffusely in cytoplasm
(Figs. 7A and 7D). Whencells were heated at 42°C for
2 h or at 43°C for 30 min, hsc70/hsp70 translocates rap-
idly from the cytoplasm into nuclei and nucleoli (Figs.
7B, 7E, 7C and 7E). The localization of hsc70/hsp70
was very similar to that of hsp40 in heat-shocked cells.
These results suggest that hsp40 colocalizes with hsc70
and/or hsp70 in heat-shocked HeLa cells.

DISCUSSION

Wehere have determined the partial amino acid se-
quence of the amino terminal of a stress-inducible 40-
kDa protein (hsp40) and have shown the intracellular lo-
calization of hsp40 in HeLa cells. The hsp40 has homol-
ogy to the bacterial heat shock protein DnaJ and to the
DnaJ-related proteins in yeast such as SCJ1, Sec63/
Npll, YDJ1 and SIS1 (Fig. 2). Both bacterial DnaJ pro-
tein and mammalian hsp40 are basic proteins with ap-
parent molecular sizes of 40-kDa (2, 23, 26). These re-
sults strongly suggest that hsp40 is a mammalianhomo-
logue of bacterial DnaJ protein. Eukaryotic hsp90,
hsp70 and hsp60 are known to be homologous to bacte-
rial heat-shock proteins HtpG, DnaK and GroEL, re-
spectively (see ref. ll for review). To our knowledge,
this is the first report of a mammalianhomologue of a
bacterial DnaJ protein. Weare now in the process of
cloning hsp40 CDNAin HeLa cells.
It has been shown that bacterial DnaJ protein as well
as another heat-shock protein, DnaK (hsp70 homo-
logue), acts together in the dissociation of a protein
complex involved in replication of bacteriophage /t (1 1 ,
40), and in monomerization of Rep A dimer necessary
for the replication of PI plasmid in the in vitro system
(39). Also, it has been reported that bacterial heat-

shock proteins such as DnaK, DnaJ and GrpE play a
role in vivo in renaturation of heat-denatured bacterio-
phage X repressor protein (10) and that DnaKprotein
alone can reactivate heat-inactivated RNApolymerase
in an ATPhydrolysis-dependent manner (35). How-
ever, no direct evidence for the association of DnaK
and DnaJ has been demonstrated so far. In eukaryotic
cells, it has been proposed that hsp70 family members
have a "molecular chaperoning activity" in the translo-
cation of nascent protein from the cytoplasm across the
membraneof either the endoplasmicreticulum or mito-
chondria (3, 7, 9). This implies that hsp70 has an affin-
ity for unfolded proteins. It is also proposed that hsp70
associates with partially denatured (unfolded) proteins
induced by heat shock and repairs (folds) them in the
nuclei, which have very heat-sensitive structures, then
dissociates from repaired proteins using the energy of
ATPand returns to cytoplasm (15, 30).

Wehave demonstrated in the present study that
hsp40 translocates rapidly from the cytoplasm to the nu-
clei, and especially to the nucleoli, upon brief heat
shock in HeLa cells (Figs. 4 and 5). This is very similar
to the localization of hsc70 (p73)/hsp70 (p72) (Fig. 7).
These results suggest that hsp40 colocalizes with hsp70,
and that they act together to repair heat-denatured pro-
teins in heat-shocked nuclei and nucleoli by analogy
with the function of bacterial DnaK and DnaJ proteins.
Although hsp70 is knownto have a nucleolar localiza-
tion sequence (8, 18), the molecular mechanisms of
translocation of hsp70 from cytoplasm to nuclei and nu-
cleoli are not known at present. Also, it remains to be
elucidated whether hsp40 translocates into nuclei and
nucleoli together with hsp70 or not, and whether hsp40
has a nuclear or nucleolar localization sequence.

Recently, four yeast homologues of bacterial DnaJ
protein have been identified: SCJ1 (4); Sec63/Npll (32);
YDJ1 (6); and SIS1 (16). It has been reported that yeast
SCJ1 protein is localized in the mitochondrial fraction
(4), YDJ1 protein is concentrated in a perinuclear ring
as well as in the cytoplasm (6), and that SIS1 protein is
found throughout the cells but is concentrated in the nu-
cleus (4). The authors of these studies, however, have
not examined the localization of these proteins in heat-
shocked yeast. It is suggested that SCJ1 and Sec63 pro-
teins are involved in protein import into mitochondria
and the endoplasmic reticulum, respectively (4, 32). The
functions ofYDJ1and SIS1 are not known. In our pre-
liminary experiments, most of the hsp40 was localized
both in the microsome and cytosol fractions in pre-
heat-shocked HeLa cells, as determined by the cell frac-
tionation method. By analogy with the function of
SCJ1 and Sec63, it is possible that mammalian hsp40
plays a role in protein import into subcellular organelles
across the membranein non-heat-shocked normal cells.
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