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Abstract Acute heat stress leads to the glycosylation of a ‘‘prompt’’ stress glycoprotein, P-SG67/64, identified as
calreticulin. In the present study, we used immunoprecipitation to investigate the interactions of P-SG/calreticulin with
other proteins during cellular recovery from heat stress. In heat-stressed CHO and M21 cells, both glycosylated and
unglycosylated P-SGs interact with HSP90, GRP94, GRP78, and the other prompt stress glycoprotein, P-SG50, in an
ATP-independent manner. Specificity of HSP-P-SG interactions was determined by chemical cross-linking with the
homo-bifunctional agent DSP (3,38-dithiobis[succinimidyl propionate]). Characterization of the cross-linked complexes
involving calreticulin and heat shock proteins (HSPs) showed an average mass of 400–600 kDa by gel filtration
chromatography. Overall, the consistent association of glycosylated and unglycosylated calreticulin with P-SG50 and
unglycosylated HSPs suggests that P-SG/calreticulin is an active member of the cast of glycone/aglycone chaperones that
cooperate to achieve cellular recovery from acute heat stress. J. Cell. Biochem. 69:30–43, 1998. r 1998 Wiley-Liss, Inc.
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Environmental stresses, including heat
stress, cause cellular injury and are commonly
associated with increased expression of heat
shock proteins (HSPs) [Gething and Sambrook,
1992; Hendrick and Hartl, 1993]. Heat stress
also induces thermotolerance development
[Henle, 1987; Henle et al., 1990; Hendrick and
Hartl, 1993], linked to elevated levels of HSPs
[Weber, 1992]. In addition to elevated HSP syn-
thesis, thermotolerant cells exhibit a parallel
increase in glycosylation of specific proteins
[Henle et al., 1988, 1993, 1995, 1997].

Two types of heat-induced protein glycosylation
phenomena are associated with the cellular stress
response: (1) the ‘‘classical’’ or ‘‘late’’ response that
is primarily associated with glycosylation of GP50
and GP62 and parallels the expression of thermo-

tolerance and accumulation of HSPs [Henle et al.,
1988, 1994, 1995, 1997], and (2) the ‘‘prompt’’glyco-
sylation response that occurs immediately during
the heat shock and is associated with the selective
glycosylation of ‘‘prompt’’ stress glycoproteins (P-
SGs), P-SG67 and P-SG64 [Jethmalani and Henle,
1994; Henle et al., 1993, 1995, 1997]. GP50 is a
glycosylated variant of the J6 gene product [Henle
et al., 1994], whereas GP62 is a partial homologue
of HSP70 [Jethmalani and Henle, 1997a,b]. Both
P-SG67 and P-SG64 have been identified as calre-
ticulin [Jethmalani et al., 1994; Jethmalani and
Henle, 1994; Henle et al., 1997].

The functional role of P-SG67/64 during heat
stress remains unknown. Recently, subcellular lo-
calization of P-SG67 by differential centrifugation
and imunolocalization showed that P-SG67 was
present in all subcellular fractions in CHO cells,
both before and after stress [Jethmalani et al.,
1997], possibly reflecting a multifunctional role for
calreticulin in normal and heat-injured cells. A
chaperone function for calreticulin has been sup-
ported by numerous reports [Dedhar, 1994; Nigam
et al., 1994; Coppolino et al., 1995; Nauseef et al.,
1995; Wada et al., 1995; Hebert et al., 1995; Meldol-
esi et al., 1996; Wiuff and Houen, 1996; Van Leeu-
wen and Kearse, 1996; Krause and Michalak,
1997], although the function of the glycosylated
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calreticulin in the form of a P-SG remains unclear.
The present study was designed to determine the
interactions of P-SG/calreticulin with other pro-
teins, particularly HSPs; these observations may
support a chaperone function for calreticulin dur-
ing recovery from acute heat stress. Our results
indicate that P-SG/calreticulin specifically associ-
ates with several members of the HSP family and
with the other stress glycoprotein, P-SG50. This
finding supports the concept that P-SG/calreticu-
lin functions in a protein chaperone complex along
with HSPs and stress glycoproteins during cellu-
lar recovery from acute heat stress.

MATERIALS AND METHODS
Cell Lines, Culture Conditions, and Materials

CHO cells were grown asynchronously in Mc-
Coy’s 5A medium, supplemented with 10% fetal
bovine serum (FBS). Rat-1 and M21 cells were
grown in DMEM medium with 10% FBS (Hy-
clone, Logan, UT), as reported elsewhere [Henle
et al., 1997]. Cells were subcultured twice
weekly to maintain cultures in exponential
growth. D-[2-3H]mannose (specific activity, 23
Ci/mmol) and 35S-Trans label (cat. no. 51006,
70% L-methionine, [35S] and ,15% L-cysteine,
[35S]; specific activity, 1,000 Ci/mmol) were pur-
chased from ICN Radiochemicals (Irvine CA);
[a-32P]dCTP was obtained from NEN Research
Products (Boston, MA). For immunoprecipita-
tion and Western blotting, polyclonal rabbit
anti-calreticulin antibody (Affinity BioReagents,
Inc., Neshanic Station, NJ), monoclonal rat anti-
HSP90 and anti-GRP94 antibodies (StressGen
Biotechnologies Corp., Victoria, BC, Canada),
and polyclonal rabbit anti-GP50/J6 antibody
(gift from Dr. S.Y. Wang, SUNY, Albany, NY)
were used. Secondary goat anti-rabbit and anti-
rat antibodies linked to alkaline phosphatase
were obtained from BioRad Laboratories (Her-
cules, CA) and Sigma (St. Louis, MO), respec-
tively. Protein A-sepharose, protein G-sepha-
rose, and Sepharose CL-6B were obtained from
Sigma. Protein concentration was measured as
described elsewhere [Henle et al., 1997; Jeth-
malani and Henle 1997a].

Heat Treatments and Labeling of Proteins

For heat treatments, cells were horizontally sub-
mersed in a precision-controlled (,60.05°), well-
circulated water bath, as described elsewhere
[Henle et al., 1993, 1997]. Cells were labeled with
either 40 µCi/ml of 35S-Trans label or 50 µCi/ml of

D-[2-3H]mannose, as previously described [Jeth-
malani and Henle, 1998]. Control cells were la-
beled for 30 min at 37°C; for ‘‘prompt’’ heat stress-
induced glycosylation, cells were heat shocked for
30 min at 45°C, during which time they were
simultaneously labeled [Henle et al., 1993]. In
pulse-chase experiments (‘‘cold chase’’), cells were
incubated at 37°C in label-free fresh medium for
an additional 0, 2, 6, or 24 h.

Immunoprecipitation Studies

Cellular proteins were solubilized in buffer A,
containing 10 mM Tris, pH 7.4, 150 mM NaCl,
1% Nonidet P-40, 1% sodium deoxycholate, 0.5
mM phenylmethylsulfonyl fluoride (PMSF), 1
µg/ml leupeptin, and 1 µg/ml pepstatin; immu-
noprecipitation was performed as previously
described [Jethmalani and Henle, 1998]. Briefly,
solubilized proteins were preabsorbed with pro-
tein A-agarose or protein G-sepharose beads,
supernatants were incubated overnight at 4°C
with the respective antibodies: anti-GP50, anti-
calreticulin (5 µl each) or anti-HSP90, anti-GRP94
(10 µl each) antibodies [Jethmalani and Henle,
1998]. On the next day, protein A-agarose/protein
G-sepharose beads were added, and samples were
incubated with gentle rotation for another 2 h at
4°C [Jethmalani and Henle, 1998]. Thereafter,
beads were washed, and bound proteins were
eluted under reducing conditions (60 µl of
Laemmli’s buffer) with heating for 10 min at 110°C
[JethmalaniandHenle,1998].Residualbeadswere
pelleted by centrifugation, and clear supernatants
were subjected to SDS polyacrylamide gel electro-
phoresis (SDS-PAGE). Although overnight
incubations may increase nonspecific coprecipi-
tations that could cause an increase in back-
ground, we used these conditions for optimal
immunoprecipitation of glycosylated calreticu-
lin (D-[2-3H]mannose-labeled P-SGs). This same
protocol was followed in all other experiments
so that valid comparisons could be made.

Chemical Cross-Linking With DSP and
ATP-Dependence of the Protein Interactions

Cells were labeled with 35S-Trans label and
lysed in buffer B, which contained 0.5% Noni-
det P-40, 0.2% digitonin, and 0.23 mM PMSF in
phosphate buffered saline (PBS, pH 8.0; lysis
buffer) in the presence or absence of the cross-
linker dithiobis (succinimidyl propionate; DSP;
Pierce, Rockford, IL), as described elsewhere
[Jethmalani and Henle, 1998]. The cross-link-
ing reactions were terminated by the addi-
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tion of 50 mM glycine [Jethmalani and Henle,
1998]. Thereafter, supernatant fractions were
precleared, and immunoprecipitation was per-
formed, as described above. In a separate experi-
mental series, we characterized the effects of
permanently unfolded proteins on interactions
between P-SG/calreticulin and other stress pro-
teins via immunoprecipitation of P-SG/calreticu-
lin in the presence of reduced carboxymethyl-
ated a-lactalbumin (RCMLA; Sigma; 10 µM, 30
min). The ATP dependence of protein interac-
tions was examined in another experimental
series. In this series, bound proteins were eluted
from beads after immunoprecipitation with
buffer A, which contained 2.5 mM ATP, 2.5 mM
MgCl2, and 0.5 mM CaCl2 for 30 min at 4°C
[Jethmalani and Henle, 1998]. In parallel ex-
periments, 5 U of apyrase (Sigma) were added
to solubilized protein lysates to deplete endog-
enousATP [Jethmalani and Henle, 1998]. Beads
were pelleted and washed twice with buffer A,
and bound proteins were eluted with Laemmli’s
buffer, as described above.

Gel Filtration Chromatography

Protein complexes formed within intact cells
among P-SG, P-SG50, and HSPs were character-
ized further by gel filtration chromatography
[Jethmalani and Henle, 1998]. Both CHO and
M21 cells were labeled with 40 µCi/ml of 35S-
Trans label and were washed five times. Pro-
teins were solubilized with 1% Nonidet P-40 in
buffer C (50 mM Tris, pH 7.4, 100 mM NaCl, 5%
glycerol, 0.5 mM phenylmethylsulfonyl fluo-
ride, 1 µg/ml leupeptin, and 1 µg/ml pepstatin)
for 1 h at 4°C. Samples were then diluted with
buffer C to reduce Nonidet P-40 concentration
to 0.1% and centrifuged at 13,000g for 15 min.
The resulting supernatant (1 ml) was loaded
onto a Sepharose CL-6B column (30 3 1 cm),
and proteins were eluted with buffer C contain-
ing 0.1% Nonidet P-40, as described elsewhere
[Jethmalani and Henle, 1998]. Each fraction
collected was assayed for radioactivity and ana-
lyzed by SDS-PAGE. Fraction 10 demonstrated
the simultaneous presence of P-SG/calreticu-
lin, P-SG50, and various HSPs, suggesting the
isolation of the intact chaperone complex in this
fraction.

Electrophoresis, Electroblotting,
and Western Blotting

SDS-PAGE and electroblotting of proteins to
PVDF membranes was performed, as described

elsewhere [Henle et al., 1997; Jethmalani and
Henle, 1997a]. Membranes were exposed to Ko-
dak X-Omat films and subjected to Western
blotting [Henle et al., 1997; Jethmalani and
Henle, 1997a]. The Amplified alkaline phospha-
tase detection kit (Bio-Rad, Richmond, CA) was
used to visualize the antigen–antibody complex
[Jethmalani and Henle, 1997a].

Indirect Immunofluorescence Staining

The intracellular distribution of P-SG64 and
HSP70 was determined by using specific anti-
bodies, as described elsewhere [Jethmalani et
al., 1997]. The subcellular distribution of HSP70
is well characterized in the literature both be-
fore and after heat stress and was included as a
positive control [Lindquist and Craig, 1988;
Welch et al., 1991; Welch, 1992; Hattori et al.,
1993]. M21 cells were grown on glass coverslips
(22 3 22 mm) in 35-mm culture dishes. Cells
were subjected to ‘‘prompt’’ heat stress (45°C,
30 min) but without radiolabeling [Jethmalani
et al., 1997]. After rinsing with cold PBS, cells
were permeabilized, fixed in cold methanol, and
incubated with 10% normal goat serum in PBS
for 1 h at room temperature to inhibit nonspe-
cific antibody binding [Jethmalani et al., 1997].
For immunofluorescence staining, cells were
incubated for 1 h at 37°C with the first antibody
mixture, consisting of rabbit anti-calreticulin
polyclonal antibody and anti-HSP70 antibody
in 10% goat serum. Cells were washed exten-
sively and incubated further for 1 h at 37°C
with a second antibody mixture of fluorosceine
isothiocyanate (FITC)-conjugated and rhoda-
mine-conjugated antibodies [Jethmalani et al.,
1997]. Isotypic controls were used for each pri-
mary antibody. Cells were washed extensively,
and coverslips were mounted with anti-fade
medium (Oncor, Gaithesberg, MD). Fluores-
cence was analyzed by a confocal argon-ion
laser scanning microscope (LSM 300, Zeiss)
with excitation wavelengths of 488 nm and 520
nm. Photomicrographs were taken with a con-
ventional fluorescence microscope (Olympus
Model BH-2, Tokyo, Japan) equipped with an
automatic exposure device.

RESULTS AND DISCUSSION
Interactions of P-SGs With Classical HSPs

Figure 1 shows the association of 35S-labeled
and D-[2-3H]mannose-labeled (glycosylated)
P-SG/calreticulin with other labeled proteins,
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including members of the HSP families. The
autoradiogram of 35S-labeled proteins in Figure
1A represents parallel experiments with three
cell lines, CHO, Rat-1, and M21, and yielded
qualitatively similar results. Immunoprecipita-
tion with anti-calreticulin antibody, followed by
elution of bound proteins under reducing condi-
tions (Fig. 1A), showed that calreticulin specifi-
cally associates with a number of newly synthe-
sized proteins with molecular masses of 94, 78,
and 50 kDa that were further identified by
Western blotting as GRP94, GRP78, and GP50,
respectively (see Fig. 2B). Figure 1A also shows
that the molecular weight of the P-SGs ranged

from 58 to 67 kDa, which is consistent with the
presence of variably glycosylated forms of calre-
ticulin [Jethmalani and Henle, 1994]. Interac-
tions between calreticulin and stress proteins
were characterized further in subsequent copre-
cipitation and cross-linking experiments (Figs.
2, 3).

The 35S-labeled 50-kDa protein, operation-
ally labeled as P-SG50, also showed increased
glycosylation during ‘‘prompt’’ heat stress [Jeth-
malani et al., 1997] and is probably identical to
GP50. GP50 is the most abundant stress glyco-
protein in CHO cells but not in rat lines Rat-1
and M21 [Henle et al., 1997]. The equivalence

Fig. 1. Associations of newly synthesized proteins with P-SG/
calreticulin. Cells were heat stressed at 45°C, labeled with
either [35S]-Trans label or D-[2-3H]mannose, and proteins were
solubilized (see Materials and Methods). Immunoprecipitation
was performed with anti-calreticulin antibody. Bound proteins
were eluted, separated by SDS-PAGE, and electroblotted to
PVDF membranes. The autoradiograms indicate the standard
molecular weight markers on the left side. On the right side, the

positions of major coprecipitating proteins are indicated by their
molecular mass in kilodaltons. P-SGs collectively refer to non-
glycosylated calreticulin and the glycosylated P-SG67/P-SG64.
A: 35S-labeled proteins eluted under reducing conditions. B:
Interactions of glycosylated P-SG/calreticulin with other glyco-
proteins. D-[2-3H]mannose-labeled cells were used in experi-
ments shown in B. C, control unstressed cells; PR, ‘‘prompt’’
heat-stressed cells.
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of P-SG50 and GP50 is supported by immuno-
precipitation experiments with anti-GP50 anti-
body that show consistent coprecipitation of the
various forms of P-SG/calreticulin (Fig. 2). The
,110-kDa protein that coprecipitates with

GRP94 (Fig. 2A, especially lanes 5–8) may be
HSP110 [Lee-Yoon et al., 1995], although this
remains to be established. The identity of an-
other protein with a molecular mass of ,120
kDa remains unknown.

Fig. 2. Coprecipitation of P-SG/calreticulin with specific HSPs.
Cells were labeled with [35S]-Trans label as in Figure 1, and
proteins were analyzed by SDS-PAGE. Proteins were electroblot-
ted to a PVDF membrane that was exposed to film. The table at
the bottom of the figure indicates the specific antibodies (either
GP50 or GRP94) used for immunoprecipitation of the different
samples. A: The autoradiogram indicating the SDS-PAGE pat-
tern of the electroblotted 35S-labeled proteins. B: Western blot-
ting identifying specific coprecipitating proteins. In these experi-

ments, the respective portions of the membrane were cut, and
Western blotting was performed using GRP94 (top), calreticulin
(middle), and GP50 (bottom) antibodies. Molecular weight mark-
ers are shown on the left side; the molecular masses of HSPs and
P-SG50 are shown on the right side together with the location of
the P-SGs (nonglycosylated calreticulin and the glycosylated
P-SG67/P-SG64). C, control unstressed cells at 37°C; PR,
‘‘prompt’’ heat-stressed cells.
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Figure 1B shows interactions of D-[2-3H]man-
nose-labeled (glycosylated) P-SG67/64/calreticu-
lin with other glycoproteins, including GRP94,
GRP78, and P-SG50 in CHO cells. The presence
of interacting glycoproteins with P-SG/calreticu-
lin was more noticeable in control cells (Fig. 1B,
lane C) than in ‘‘prompt’’ heat-stressed cells. A
major reason for this observation is the pro-
found reduction in protein synthesis, accompa-
nied by selective glycosylation of P-SG67 that
occurs during ‘‘prompt’’ heat stress [Henle et
al., 1993]. The identity of the coprecipitating
proteins with molecular masses of ,110 and
120 kDa in control CHO cells has not been
established. The results, however, support a
significant interaction of variably glycosylated
P-SGs with other glycoproteins.

Coprecipitation of P-SGs With Specific HSPs

The coprecipitation of GRP94, GRP78, and
P-SG50 with the ‘‘prompt’’ stress glycoprotein
calreticulin shown in Figure 1 may be specific
or nonspecific. If specific, immunoprecipitation
with antibodies toward specific stress proteins
should also coprecipitate calreticulin. Figure
2Ashows results of immunoprecipitation experi-
ments with antibodies to GP50/P-SG50 (lanes
1–4) and GRP94 (lanes 5–8) obtained in paral-
lel with CHO and M21 cells. Both antibodies
accomplished the coprecipitation of calreticulin
among other proteins, suggesting that the calre-
ticulin–HSP interactions are specific. It is inter-
esting to note that immunoprecipitation with
anti-GRP94 antibodies also showed coprecipita-

Figure 2. (Continued.)
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tion of a 70-kDa protein, HSP70, especially in
control M21 cells (Fig. 2A, lane 5). Interactions
among HSP70, GRP94, and GP50 in thermotol-
erant cells also have been reported [Jethmalani
and Henle, 1998]. Specific coprecipitating stress
proteins in these experiments were further iden-
tified by Western blotting (Fig. 2B) as HSP94,
P-SGs, and P-SG50, an observation that is con-
sistent with that of previous reports [Henle et
al., 1994; Jethmalani and Henle, 1994; Jeth-
malani and Henle, 1998]. The amount of GRP94

that coprecipitated with GP50 antibodies (Fig.
2A,B) was lower in M21 cells than in CHO cells,
probably reflecting lower cellular concentra-
tions of GP50 in M21 versus CHO cells [Henle
et al., 1997]. The presence of multiple bands of
P-SGs in the immunoprecipitate obtained with
GRP94 antibodies (Fig. 2B, lanes 5–8) is consis-
tent with variably glycosylated forms of calre-
ticulin that associate with GP50 and GRP94.
These results, therefore, further support the
observations shown in Figure 1.

Fig. 3. Specificity and ATP-dependence of the protein interac-
tions. A: Cells were metabolically labeled with [35S]-Trans label
and lysed in the presence (1) or absence (-) of the cross-linker
DSP (see Materials and Methods). Proteins were immunoprecipi-
tated with anti-calreticulin antibodies and analyzed by SDS-
PAGE. B: Effect of ATP on the interaction of P-SG/calreticulin
with other proteins. Immunoprecipitation was performed by

using the anti-calreticulin antibody in the presence of either ATP
that was added after immunoprecipitation to elute bound pro-
teins or apyrase (5 U) that was added to deplete endogenous
ATP. 1Ab, immunoprecipitation using anti-calreticulin anti-
body; Apy, addition of apyrase; ATP, elution of bound proteins
with ATP after immunoprecipitation.
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Chemical Cross-Linking With DSP

Low-affinity proteins can be difficult to detect
by immunoprecipitation techniques. However,
such low-affinity binding can be easily studied
when proteins are effectively trapped through
the use of the homobifunctional cross-linker,
DSP, which can be cleaved under reducing con-
ditions. In our experiments using both CHO
and M21 cells, immunoprecipitation with the
anti-calreticulin antibody after protein cross-
linking with DSP consistently resulted in the
coprecipitation of proteins with molecular
masses of 94, 90, 78, and 50 kDa (Fig. 3A, lanes
2, 4, 6, and 8). These proteins were identified as
GRP94, GRP78, HSP90, and P-SG50 based on
the Western blotting shown in Figure 2B. Al-
though similar proteins coprecipitated in the
presence and absence of DSP, the binding of
specific proteins (molecular masses of 94, 90,
78, and 50 kDa) to P-SG/calreticulin in the
presence of DSP was clearly evident against a
lower background. This result implies that bind-

ing of calreticulin to these proteins is highly
specific and that low-affinity binding perhaps
plays a minor role in the formation of these
intermolecular associations.

ATP Dependence of Protein Interactions

Protein interactions with stress proteins are
often ATP dependent; this is true, for example,
for the interaction of GP50 and HSPs in thermo-
tolerant cells [Jethmalani and Henle, 1998]. To
determine whether protein interactions involv-
ing P-SGs were similarly ATP dependent, we
designed a series of experiments in which exog-
enousATP was provided after immunoprecipita-
tion for the potential release of proteins from
immune complexes (Fig. 3B). Conversely, apy-
rase was added to replicate samples to block
endogenous ATP use. The immunoprecipitation
profiles were unaffected by the addition of ei-
ther apyrase or exogenous ATP (Fig. 3B). This
result indicates that interactions between
P-SG67/64 and associated stress proteins are

Figure 3. (Continued.)
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ATP independent. This result is also in agree-
ment with those of previous reports of calreticu-
lin-protein interactions [Otteken and Moss,
1996] but differ from the ATP-dependent inter-
actions that exist between GP50 and HSPs in
thermotolerant cells [Jethmalani and Henle,
1998].

Kinetics of Associations Between P-SGs and HSPs

The half-life of P-SG67/64/calreticulin is in
excess of 24 h [Jethmalani et al., 1997]. The
time dependence of P-SG interactions with other
stress proteins was studied in kinetic experi-
ments in which immunoprecipitation of calre-
ticulin was carried out after a ‘‘cold’’ chase of 0,
2, 6, and 24 h after metabolic labeling (Fig. 4).
In spite of a slow turnover of certain constitu-
ent proteins, as shown by a gradual reduction
in their labeling intensity (see 6-h and 24-h
lanes for M21 cells and 24-h lane for CHO
cells), our results, overall, showed no signifi-
cant alterations in the immunoprecipitation pro-
files, which indicates that interactions between
P-SGs and other stress proteins are stable,
persisting up to 24 h.

In other experiments, we also examined how
addition of a permanently unfolded protein,
RCMLA, affected the interaction of P-SG67/64
with other stress proteins. Immunoprecipita-
tion with calreticulin antibodies in the presence
of RCMLA slightly increased (,20%) coprecipi-
tation of the 50-, 94-, and 110-kDa proteins
with P-SGs in heat-stressed CHO and M21
cells but did not change the qualitative pattern
of associated proteins (data not shown). This
observation shows that the presence of dena-
tured/unfolded proteins has some effect on ter-
nary or quarternary complex formation of
P-SG67/64 with stress proteins. These results
remain to be confirmed by using purified pro-
teins within an in vitro system.

Characterization of Protein Complexes
by Gel Filtration

These immunoprecipitation data support the
specific interactions between P-SGs and certain
stress proteins. Further characterization of spe-
cific complexes that form within intact cells was
accomplished by gel filtration chromatography
without prior immunoprecipitation. This chro-
matographic method separates acute heat-
stress-induced protein complexes from noncom-
plexed proteins. The 35S-labeled protein elution
profiles for both CHO and M21 cells exhibited

two peaks with the major peak eluting at frac-
tion 10 (Fig. 5A). In a separate series of experi-
ments to calibrate the column with standard
proteins, we found that majority of thyroglobu-
lin (669 kDa) and minor amounts of apoferritin
(443 kDa) eluted in fraction 10. This result
suggests that the 35S-labeled protein complexes
from intact CHO and M21 cells, which elute in
fraction 10, have an apparent molecular mass
of 400–600 kDa. SDS-PAGE analysis of fraction
10 further revealed the presence of the P-SG/
calreticulin and the other proteins having mo-
lecular masses of 50, 78, 90 and 94 kDa (Fig.
5B) in both CHO and M21 cells. These latter
proteins most likely represent the stress pro-
teins, P-SG50, GRP78, HSP90, and GRP94 be-
cause immunoprecipitation of calreticulin from
fraction 10, followed by sequential immunopre-
cipitation of P-SG50, GRP94, and HSP90 from
the immunoprecipitate, demonstrated positive
interactions between calreticulin and these par-
ticular stress proteins (data not shown). Over-
all, CHO cells exhibited a much higher yield of
the protein complexes than did M21 cells (Fig.

Fig. 4. Kinetics of associations between P-SG/calreticulin,
P-SG50, and HSPs. Cells were labeled with [35S]-Trans label,
washed, and allowed to recover in fresh media without label at
37°C. Cells were harvested at the end of a ‘‘cold chase’’ 0–24 h
after labeling. Immunoprecipitation was performed with anti-
calreticulin antibody. Calreticulin is observed in variably glyco-
sylated forms of P-SGs.
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5A), which is consistent with the relative
amounts of protein visible by SDS-PAGE analy-
sis (Fig. 5B). These results may reflect relative
amounts of calreticulin in CHO versus M21
cells. It is noteworthy that the specific proteins
found in the complexes separated by size exclu-
sion chromatography are identical to those iso-
lated by immunoprecipitation (Figs. 1–4). This
result further supports the concept that all of
these protein interactions are specific and do
not represent an artifact of the immunoprecipi-
tation technique.

Indirect Immunofluorescence Staining

Interactions of P-SG/calreticulin with other
stress proteins during recovery from acute heat
stress may require protein redistribution to
specific subcellular organelles. Immunolocaliza-
tion in intact M21 cells was used to assess the
effects of acute heat stress on the redistribution
of both calreticulin (green fluorescence) and
HSP70 (red fluorescence) (Fig. 6). The distribu-
tion of HSP70 was used as a positive control
because its subcellular localization has been
extensively characterized [Lindquist and Craig,
1988; Welch et al., 1991; Welch, 1992; Hattori et
al., 1993]. Unheated M21 cell populations are
often quite heterogeneous in the amount of
HSP70 labeling. This heterogeneity is shown in
Figure 6A, where cells at the top show in-
creased red fluorescence that obscures the dis-
tribution of green fluorescence. However, in the
cells toward the bottom, intense green fluores-
cent staining representing variably glycosylated
and aglycone forms of calreticulin is seen to
localize mostly to cytoplasm, apparently concen-
trated in the endoplasmic reticulum (ER) net-
work that extends toward the cellular periph-
ery (Fig. 6A). These control cells also show
punctate areas of green fluorescence in the
nucleus, which is consistent with a highly local-
ized distribution of calreticulin at this site. In
these cells, HSP70 is nearly absent from the
cytoplasm but is present in the nucleus with
diffuse red fluorescence, suggesting relatively low
concentrations of HSP70 at this site (Fig. 6A).

Acute heat stress (45°C, 30 min), followed by
1 h recovery, significantly changed the distribu-
tion patterns of both calreticulin and HSP70.
The intense green fluorescence reflecting P-SG/
calreticulin localization is now seen in lower
concentrations in cytoplasm but mostly at peri-
nuclear membranes that probably represent
the ER network (Fig. 6B). The nucleus of these

acute heat-stressed cells is characterized by a
loss of the punctate green fluorescence that was
visible in unheated control cells (Fig. 6A). In-
stead, these cells show reduced P-SG/calreticu-
lin concentrations in the nucleus, as judged by
the diffuse green fluorescence at this site (Fig.
6B). Heat stress resulted in the translocation of
HSP70 mostly to the nucleus, particularly to
nucleoli that exhibit intense red fluorescence.
Concurrently, HSP70 is relatively less abun-
dant in cytoplasm (Fig. 6B). Overall, there is no
indication of colocalization between P-SG/calre-
ticulin and HSP70 after heat stress (Fig. 6B), a
result that is consistent with studies based on
subcellular fractionation [Jethmalani et al.,
1997].

In summary, the present study shows that
glycosylated and unglycosylated P-SG/calreticu-
lin associate with a discrete set of proteins that
include members of the HSP family and P-
SG50 (Figs. 1–5). The major components of the
P-SG complex include HSP90, GRP94, GRP78,
and P-SG50, which probably associate as ter-
nary complexes (Fig. 5). These interactions are
ATP independent, an observation that is consis-
tent with that of previous reports [Otteken and
Moss, 1996]. Similar associations of calreticu-
lin with GRP78, GRP94, and the ER chaperone
calnexin have been reported under nonstress
conditions [Tatu and Helenius, 1997]. These
interactions are specific, as supported by data
from cross-linking with DSP (Fig. 3), and they
appear to be stable for up to 24 h (Fig. 4).
Overall, the similarity of protein interactions in
both CHO and M21 cells supports a generalized
function for the P-SG complexes.

Classical HSPs and stress glycoproteins local-
ize and redistribute in a manner that is charac-
teristic for each family member and partly re-
flects its physiological function [Lindquist and
Craig, 1988; Weber, 1992; Hendrick and Hartl,
1993; Jethmalani et al., 1997]. For instance,
both HSP70 and HSP90 are found mainly in
cytoplasm under nonstress conditions and pref-
erentially translocate to nuclei and nucleoli af-
ter heat stress, whereas GRP78 and GRP94 are
mostly ER residents [Lindquist and Craig,
1988]. In contrast, stress glycoproteins such as
GP50/P-SG50 and P-SG/calreticulin appear in
all subcellular compartments before and after
heat stress (Fig. 6) [Jethmalani et al., 1997].
Together, the data suggest that the function of
P-SG/calreticulin is closely linked with that of
HSP90, GRP94, GRP78, and P-SG50.
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B

Fig. 5. Characterization of protein complexes by gel filtration chromatog-
raphy. Cells were labeled with [35S]-Trans label, and proteins were solubi-
lized and separated directly on a Sepharose 6B CL column without any
prior immunoprecipitation. A: Elution profiles of the different protein
complexes formed in intact cells. B: Autoradiogram of the membrane
showing the SDS-PAGE pattern of proteins that comprise the major peak in
fraction 10. The column was calibrated with molecular weight standards
(from Sigma). A, thyroglobulin (669 kDa); B, apoferritin (443 kDa); C,
b-amylase (200 kDa); D, alcohol dehydrogenase (150 kDa); E, bovine
albumin (66 kDa); F, carbonic anhydrase (29 kDa).
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Fig. 6. Immunofluorescence labeling of calreticulin and HSP70
in M21 cells. Control unheated cells (A) and acute heat-stressed
cells (45°C, 30 min with recovery for 1 h) (B) were fixed and
processed for double-immunofluorescence staining. The pri-
mary antibodies used were a mixture of polyclonal rabbit

anti-calreticulin and monoclonal mouse anti-HSP70 antibod-
ies. These antibodies were detected with FITC-conjugated anti-
rabbit and rhodamine-conjugated anti-mouse antibodies (for
details, see Materials and Methods). Exposure times for A and B
were 75 s each.
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Calreticulin is a multifunctional protein and
appears to be present in different cellular com-
partments [Burns et al., 1994; Meldolesi et al.,
1996]. For example, association of calreticulin
with GRP78 mediates glycoprotein folding and
prevents premature protein exit from the ER
[Tatu and Helenius, 1997]. Calreticulin can also
act as a molecular chaperone during biosynthe-
sis of the lysosomal heme protein, myeloperoxi-
dase [Nauseef et al., 1995]. Together with caln-
exin, calreticulin can form ternary complexes
with the newly synthesized HIV envelope pro-
tein [Otteken and Moss, 1996]. Calreticulin also
participates in the assembly of the ribonucleo-
protein autoantigen, Ro/SS-A, the T-cell recep-
tor antigen proteins [Cheng et al., 1996; Van
Leeuwen and Krause, 1996]. In some cases,
protein interactions are dependent on the acti-
vation state of the calreticulin-interacting pro-
tein as in the case of integrin a2b1 [Dedhar,
1994; Coppolino et al., 1995]; in other cases,
protein interactions are glycosylation depen-
dent, e.g., in the association of calreticulin with
the Glut 1 glucose transporter [Oliver et al.,
1996]. The interaction of both a membrane-
anchored and a soluble form of calreticulin with
transferrin was dependent on glucose trim-
ming of N-linked oligosaccharides [Wada et al.,
1995]. Moreover, calreticulin demonstrates
lectinlike properties when it copurifies with
endomannosidase by its binding to N-linked
oligosaccharide moieties or to glycosylated lami-
nin [Spiro et al., 1996; McDonell et al., 1996].
However, the role of calreticulin in the cellular
recovery from heat stress and the significance
of its ‘‘prompt’’ glycosylation under acute heat
stress remains unknown [Henle et al., 1993,
1997; Jethmalani et al., 1994]. Similarly, the
functional role of both glycosylated and agly-
cone forms of calreticulin during cellular recov-
ery from acute heat stress remains to be ad-
dressed in future studies.
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