Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 10425-10430, September 1998
Biochemistry

Protein kinase A-catalyzed phosphorylation of heat shock protein
60 chaperone regulates its attachment to histone 2B in the T

lymphocyte plasma membrane

IsLam U. KHAN*, REIDAR WALLIN*, RADHEY S. GUPTAT, AND GARY M. KAMMER*¥

*Department of Internal Medicine, Wake Forest University School of Medicine, Winston-Salem, N. C. 27157; and "'Dcpartmcnt of Biochemistry, McMaster

University, Hamilton, Ontario L8N 3Z5, Canada

Communicated by Ellis Englesberg, University of California, Santa Barbara, CA, June 26, 1998 (received for review February 24, 1998)

ABSTRACT Accumulating evidence suggests that the mito-
chondrial molecular chaperone heat shock protein 60 (hsp60)
also can localize in extramitochondrial sites. However, direct
evidence that hsp60 functions as a chaperone outside of mito-
chondria is presently lacking. A 60-kDa protein that is present in
the plasma membrane of a human leukemic CD4* CEM-SS T
cell line and is phosphorylated by protein kinase A (PKA) was
identified as hsp60. An 18-kDa plasma membrane-associated
protein coimmunoprecipitated with hsp60 and was identified as
histone 2B (H2B). Hsp60 physically associated with H2B when
both molecules were in their dephospho forms. By contrast,
PKA-catalyzed phosphorylation of both hsp60 and H2B caused
dissociation of H2B from hsp60 and loss of H2B from the plasma
membrane of intact T cells. These results suggest that (i) hsp60
and H2B can localize in the T cell plasma membrane; (i7) hsp60
functions as a molecular chaperone for H2B; and (iii) PKA-
catalyzed phosphorylation of both hsp60 and H2B appears to
regulate the attachment of H2B to hsp6(. We propose a model in
which phosphorylation/dephosphorylation regulates chaperon-
ing of H2B by hsp60 in the plasma membrane.

The molecular chaperone heat shock protein 60 (hsp60) is well
characterized in eukaryotic cells with regard to its function in
protein folding and assembly of oligomeric protein complexes
(1-5). In yeast and mammalian cells, hsp60 is encoded by a single
copy nuclear gene and contains a mitochondrial targeting pre-
sequence not present in the mature protein (6, 7). This mito-
chondrial targeting sequence, together with earlier biochemical
and immunofluorescence studies demonstrating that this protein
is present mainly in the matrix compartment (6-9), suggests that
hsp60 functions as a molecular chaperone exclusively within
mitochondria (1-5).

In recent years, however, accumulating evidence also has
revealed the presence of hsp60 in extramitochondrial sites. De-
tailed immunoelectron microscopic analyses using several well
characterized anti-hsp60 antibodies unequivocally have identified
hsp60 in endoplasmic reticulum, peroxisomes, and insulin secre-
tory granules (10-13). Moreover, using flow cytometry and
immunogold labeling with backscattered electron imaging, hsp60
also has been identified on the cell surfaces of Daudi Burkitt’s
lymphoma cells (14) and human leukemic T cells (13, 15) as well
as stressed endothelial cells (16). Additionally, hsp60 has been
observed to associate with p21™ and the A-system amino acid
transporter, plasma membrane-associated proteins (17-19).
Lastly, the presence of hsp60 in the plasma membrane has been
confirmed by the specific labeling of this protein on radioiodi-
nation or biotinylation of intact cell surface proteins (13, 14).
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Although the above observations are suggestive that hsp60 may
subserve a functional role in extramitochondrial sites, direct
evidence that hsp60 can act as a molecular chaperone outside of
mitochondria presently is lacking. In our work on T cell plasma
membrane-associated proteins that are phosphorylated on acti-
vation of type I protein kinase A (PKA-I), a 60-kDa protein was
identified that was phosphorylated specifically on activation of
either human primary T lymphocytes (20, 21) or a human CD4*
leukemic T cell line, CEM-SS. In this paper, we present evidence
that this plasma membrane-associated protein, which undergoes
phosphorylation by PKA-I, is hsp60. We also present evidence
that membrane-associated hsp60 interacts with another protein,
histone 2B (H2B), and that this membrane association with H2B
is regulated by the phosphorylation status of hsp60 and H2B
proteins. These results provide evidence that plasma membrane-
associated hsp60 may be serving as a chaperone for H2B. A
model is proposed in which phosphorylation/dephosphorylation
regulates chaperoning of H2B by hsp60.

METHODS

Cell Line. The human leukemic CD4* T cell line CEM-SS (22,
23) was grown in RPMI medium 1640 supplemented with 10 mM
Hepes, 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 10% (vol/vol) heat-inactivated fetal calf se-
rum. Cell viability was =98.7%.

Reagents. Monoclonal IgG anti-recombinant human lympho-
cyte mitochondrial hsp60 antibody (mAb II-13) was used (24).
NS1 is an isotype-specific antibody control (14). Affinity-purified
rabbit anti-human histone 2B peptide antibody (Ab) was kindly
provided by S. Shaunak (Royal Postgraduate Medical School,
London, U.K.) (25). Affinity-purified, monospecific rabbit anti-
bovine mitochondrial NADH:ubiquinone oxidoreductase com-
plex (51-kDa catalytic subunit of Complex I) was a gift from Y.
Hatefi (Scripps Research Institute, La Jolla, CA) (26). Fluores-
cein isothiocyanate-goat F(Ab), anti-mouse IgG and rhodamine-
goat F(Ab), anti-rabbit IgG (Cappel) were used at a final dilution
of 1:50. Isoelectric point (pI) markers were from Bio-Rad.
N6,02-dibutyryl cyclic adenosine 3',5’-monophosphate (bt,-
cAMP); protein A-Sepharose CL-4B; isobutylmethylxanthine
(IBMX); and okadaic acid were obtained from Sigma. Ampho-
lines were purchased from Pharmacia. [*P;]-orthophosphate and
v-[**PJATP (3,000 Ci/mmol; 5 mCi/ml) were from DuPont/
NEN. Rainbow ['*C] methylated protein markers and the en-
hanced chemiluminescence (ECL) kit were from Amersham. The

Abbreviations: PKA-I, type I protein kinase A; bt;-cAMP, N°,02-
dibutyryl cyclic adenosine 3',5'-monophosphate; Rp-cAMPS, Rp di-
astereomer of adenosine cyclic 3’,5'-phosphorothioate; hsp60, 60-kDa
heat shock protein; H2B, histone 2B; phsp60, phosphorylated hsp60;
pH2B, phosphorylated H2B; CBB, Coomassie brilliant blue; rhsp60,
human recombinant hsp60; TOF, time-of-flight; pp60, phosphopro-
tein 60; Ab, antibody; 2-D, two-dimensional.
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PKA inhibitors PKI-(5-24) and Rp diastereomer of adenosine
cyclic 3',5'-phosphorothioate (Rp-cAMPS) were from Peninsula
Laboratories and BioLog Chemical (San Diego), respectively.

Isolation of Plasma Membrane Fractions from CEM-SS T
Cells. After gentle disruption of cells with a Dounce homoge-
nizer, membrane fragments were prepared as described (27).
Immunoblotting of isolated membrane fragments with monospe-
cific anti-51-kDa Complex I Ab to detect NADH:ubiquinone
oxidoreductase demonstrated the absence of any contamination
by mitochondrial constituents.

Protein Phosphorylation. Plasma membrane protein (60 pg)
was incubated in the absence or presence of 50 nM purified PKA
C-subunit at 30°C for 0 and 10 min as described (21). Control
samples were incubated with either C-subunit plus 10 uM PKI-
(5-24) for 10 min or with enzyme for 0 min (21, 28). Protein
phosphorylation in intact cells was performed in the absence or
presence of 500 uM Rp-cAMPS as described (29).

High resolution two-dimensional (2-D) SDS/PAGE was per-
formed as detailed (21, 30, 31). After completion of the second
dimension, proteins were electroblotted onto either an Immo-
bilon-P or Immobilon-PS? membrane. Autoradiograms and
CBB-R-250-stained membrane were aligned to excise the rele-
vant protein-containing spots from the membrane for sequence
analysis.

Immunoprecipitation and Immunoblotting. Immunoprecipi-
tation of hsp60 was carried out by using mAb I1-13 (1:20 dilution)
as described (13). Bound proteins were eluted from the beads
with Laemmli sample buffer by boiling for 5 min at 95°C if they
were to be used for 1-D SDS/PAGE or with buffer A (9.5 M
urea/2% [wt/vol] Triton X-100/1% [vol/vol] DTT/0.8% [vol/
vol] of each ampholine) (final concentrations) at room temper-
ature if they were to be used for 2-D SDS/PAGE. The eluted
samples were loaded directly onto the gel.

Proteins fractionated by 1-D or 2-D SDS/PAGE were elec-
troblotted onto an Immobilon membrane (Millipore). The mem-
brane was blocked with Blotto (50 mM Tris'HCl, pH 7.4/100 mM
NaCl/5% nonfat dry milk) for ECL-based detection for 1 hr. The
membrane subsequently was incubated with 1:1,000 mAbD II-13 or
1:250 anti-H2B Ab for 1 hr at room temperature and was washed
with buffer B (50 mM TrissHCl, pH 7.5/250 mM NaCl) (final
concentrations). The membrane then was incubated for 1 hr with
1:5,000 peroxidase-conjugated anti-mouse IgG or with 1:4,500
peroxidase-conjugated anti-rabbit IgG diluted in Blotto. The
blots were developed by ECL reagent.

To demonstrate that coimmunoprecipitation of H2B with
hsp60 by mAb II-13 was specific, we performed two control
experiments. First, immunoprecipitation of unphosphorylated
plasma membrane fragments was performed in the absence or
presence of mAb II-13 or with NS1. The immunoprecipitates
were resolved on a 15% 1-D SDS/PAGE and were immunoblot-
ted with anti-H2B antibody, and the blot was developed by ECL
reagent. H2B was detected only in the lane in which mAb II-13
was used for immunoprecipitation (data not shown). This dem-
onstrates the specificity of coimmunoprecipitation of H2B with
hsp60. Second, we performed a competition experiment. Plasma
membrane fragments were phosphorylated by PKA C-subunit as
described above. Increasing concentrations of human recombi-
nant hsp60 (rhsp60) (1-5 ng) were added simultaneously to the
phosphorylation reaction mix, and the reaction mix was incubated
for 10 min at 30°C. After incubation, the reaction mix was
immunoprecipitated with mAb II-13. After resolving the immu-
noprecipitates on a gel and transferring to an Immobilon mem-
brane, the membrane was immunoblotted with mAb II-13 and
anti-H2B antibody and was developed by ECL reagent. Increas-
ing concentrations of rhsp60 gradually competed away the asso-
ciation of dephosphoH2B with dephosphohsp60, demonstrating
specificity of the interaction between these two molecules (data
not shown).

Protein Sequencing. Amino acid analyses and amino-terminal
sequencing were performed by W. S. Lane (Harvard University,
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Cambridge, MA). Plasma membrane-associated p60 and rhsp60
were transferred to a poly(vinylidene difluoride) membrane for
peptide mapping followed by matrix-assisted laser desorption
ionization-time-of-flight (TOF) MS analysis (W. S. Lane). Se-
quence homologies of peptides derived from plasma membrane
hsp60 were determined by using the BLAST server (http://
www.ncbi.nlm.nih.gov) searching the Swiss Prot sequence data-
bank (Release no. 35.0).

Protein Estimation. Protein concentrations in samples were
quantified by the method of Bradford (32).

Confocal Immunofluorescence Microscopy. Samples were pre-
pared by using standard procedures (33). The final dilution of
anti-H2B antibody was 1:100 and of mAb II-13 was 1:4. Fluores-
cein isothiocyanate- and rhodamine-anti-antibodies were used to
label mAb II-13 and anti-H2B antibody, respectively. Samples
were examined with a confocal microscope (model TCS.NT,
Leica, Deerfield, IL) equipped with an emission filter (590 nm for
rhodamine and 515-565 nm for fluorescein isothiocyanate). Cells
were analyzed in each field for both hsp60 and H2B.

RESULTS

Identification of Plasma Membrane-Associated Proteins
Phosphorylated by the Purified PKA C-Subunit. Primary human
T cells and the CD4* CEM-SS leukemic cell line constitutively
express all of the R- and C-subunit isoform transcripts and have
comparable PKA-I and PKA-II isozyme activities (data not
shown). Previous studies have identified multiple plasma mem-
brane-associated proteins from primary human T cells that are
phosphorylated by PKA (20), including a 60-kDa protein (21). To
determine whether a 60-kDa protein from the CEM-SS T cell
plasma membrane is also a substrate of PKA, we used in vitro
phosphorylation. Isolated plasma membrane fragments were
incubated with 50 nM purified PKA C-subunit in the presence of
v-[**P]ATP for 0 and 10 min at 30°C. Using 2-D SDS/PAGE, we
observed an array of CBB-stained proteins of differing M,s and
pl values (Fig. 14). The M,s varied between 10 and 200 kDa, and
the pl values ranged between 3.5 and 10. Fig. 1 B and C shows
autoradiograms at 0 and 10 min, respectively, after addition of
purified C-subunit. At 0 min in the presence of C-subunit, basal
phosphorylation of proteins was observed (Fig. 1B). By 10 min,
an array of phosphoproteins were observed (Fig. 1C). These
phosphoproteins were specific substrates of PKA, for their C-
subunit-catalyzed phosphorylation could be competitively
blocked by PKI-(5-24), a specific PKA peptide inhibitor (Fig. 1D)
(21, 34). As anticipated, the M;s and pl values were similar to
CBB-stained proteins shown in Fig. 14, suggesting that some of
the T cell plasma membrane proteins may be substrates of PKA.

Identification of Plasma Membrane-Associated Phosphopro-
tein 60 (pp60) as hsp60. Coomassie blue staining of the plasma
membrane revealed a discrete 60-kDa protein having a pI of 5.5
(Fig. 1A4) that was phosphorylated specifically by the PKA
C-subunit in vitro (Fig. 1C). This protein was termed phospho-
protein 60 (pp60). To determine whether pp60 was hsp60, we
performed amino-terminal amino acid sequencing of the protein
after its excision from the gel. The amino-terminal sequence was
AKDVKFGADARALMLQGYVD L. A search of the
Swiss-Prot database demonstrated that this 60-kDa protein
(termed p60 in its dephosphorylated state) shares 100% identity,
in the first 20 amino-terminal amino acids that were analyzed,
with hsp60 (7, 35).

To confirm that p60 is hsp60, we immunoblotted enriched
plasma membrane fragments derived from CEM-SS T cells with
mADb II-13, a monoclonal antibody directed against human rhsp60
(24). Fig. 2B, lane 1 shows that mAb II-13 immunoblotted a
60-kDa protein. The estimated content of hsp60 protein is 4.85%
of total CEM-SS T cell plasma membrane protein. This estimate
was derived from multiple, individual samples immunoblotted
with mAb II-13 and quantified by laser densitometry. As a
positive control, mAb II-13 also immunoblotted the 60-kDa
rhsp60 (Fig. 2B, lane 2). Taken together with the sequence



Biochemistry: Khan et al.

analysis, these data confirm that p60 is hsp60. Moreover, these
data verify our recent identification of hsp60 in the plasma
membrane of CEM-SS T cells (13, 15).

Immunoprecipitation of Phosphorylated hsp60 (phsp60) by
mAb II-13 Yields both phsp60 and Phosphorylated H2B
(pH2B). To probe the function of phsp60, we initially immu-
noprecipitated hsp60 phosphorylated in vitro by the PKA
C-subunit from plasma membrane fragments with mAb II-13
and analyzed the immunoprecipitate by 10% 1-D SDS/PAGE.
Phsp60 ran in an identical position as hsp60 immunoblotted
with mAb II-13 (data not shown). Surprisingly, the autoradio-
gram also revealed a more heavily phosphorylated band that
coimmunoprecipitated with phsp60, had a relative M, < 14.3,
and was not detected by CBB staining (data not shown).

To investigate the low molecular weight phosphoprotein fur-
ther, phosphorylated plasma membrane fragments were immu-
noprecipitated with mAb II-13 and were resolved by 15% 2-D
SDS/PAGE electrophoresis. Autoradiograms of gels showed
both phsp60 and a low molecular weight phosphoprotein (Fig.
2A). The latter phosphoprotein had a M, of 18 kDa on 15% 2-D
SDS/PAGE and was, therefore, termed pp18. Of interest, phsp60
was comprised of a series of phosphoproteins migrating at 60 kDa
with pl values varying between 5.5 and 5.8, suggesting the
presence of isoforms (Fig. 24, arrow a). Also notable was that
ppl8 was composed of at least two heavily phosphorylated
proteins with pl values varying between 5.5 and 5.8 (Fig. 24,
arrow b). These two phosphoproteins also may be isoforms. Both
phsp60 and pp18 share a predominant pI of ~5.5. Thus, these
experiments revealed the presence of an 18-kDa phosphoprotein
that coimmunoprecipitates with phsp60.
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FiGg. 1. In vitro PKA C-subunit-catalyzed phosphorylation of
CEM-SS T cell plasma membrane-associated proteins. Phosphoryla-
tion was performed as described in the Methods section. The phos-
phorylated plasma membrane fragments were analyzed by 10% 2-D
SDS/PAGE, the proteins were transblotted to Immobilon-PSQ mem-
brane, the membranes were stained with CBB, and the blot was
exposed to x-ray film. (4) CBB stain showing the distribution of
plasma membrane-associated proteins. The arrow marked a points to
a 60-kDa protein with a pI of 5.5. (B) Autoradiogram of the same blot
at 0 min revealing constitutively phosphorylated substrates. The arrow
marked a corresponds to the CBB-stained protein shown in A and
reveals that the 60-kDa protein has a low level of constitutive
phosphorylation. Arrow b points to a protein with an apparent M; of
14 kDa and a pl of 5.5, is not stained by CBB in A4, and is constitutively
phosphorylated. (C) In vitro phosphorylation of plasma membrane-
associated proteins by 50 nM purified PKA C-subunit over 10 min at
30°C. Arrows a and b reveal enhanced phosphorylation of the 60- and
14-kDa proteins compared with B. (D) Specific inhibition of C-
subunit-catalyzed phosphorylation by PKI-(5-24).
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To identify this 18-kDa protein, amino-terminal amino acid
sequencing was performed. The amino-terminal sequence was P
EPAKSAPAPK K. The Swiss Prot database search
demonstrated 100% identity, in the first 12 N-terminal amino
acids that were analyzed, with H2B. To verify that p18 is H2B, we
immunoblotted plasma membrane fragments from CEM-SS T
cellsisolated on a 15% 1-D gel with an affinity-purified polyclonal
rabbit anti-human H2B Ab (25). Fig. 2C, lane 1 demonstrates that
anti-H2B immunoblotted an 18-kDa protein that ran at an
identical position as purified human H2B (Fig. 2C, lane 2). In
contrast to hsp60, it is estimated that H2B makes up only 0.95%
of the total CEM-SS T cell plasma membrane. Taken together
with the sequencing data, these experiments revealed that p18 is
H2B.

Stoichiometry of Recombinant hsp60 Phosphorylation by
PKA C-Subunit. To verify PKA-catalyzed phosphorylation of
hsp60 and to quantify the stoichiometry of phosphorylation, we
used rhsp60 (24). In two independent experiments, phosphory-
lation of rhsp60 by PKA C-subunit peaked at 10 min and revealed
a stoichiometry of 0.5 mole of radiolabeled phosphate per mole
of rhsp60 at 10 min (Fig. 3). PKA-catalyzed phosphorylation
could be inhibited competitively by 10 uM PKI-(5-24) (Fig. 3),
demonstrating the specificity of PKA for rhsp60. Thus, using
rhsp60, these data verify our findings in Fig. 2B and suggest that
PKA-I effectively can phosphorylate hsp60.

cAMP-Dependent, PKA-I-Catalyzed Phosphorylation of In-
tact CEM-SS T Cells Fails to Identify Coimmunoprecipitation of
pp60 and pH2B. Previous experiments used plasma membrane
fragments phosphorylated in vitro by purified PKA C-subunit to
identify hsp60 and H2B as substrates of PKA. In complementary
experiments, we asked whether phsp60 and pH2B are present and
can be coimmunoprecipitated from isolated plasma membrane
fragments after bt,-cAMP-stimulated, PKA-I isozyme-catalyzed
phosphorylation in the intact CEM-SS T cell. Fig. 44 and B
reveals the absence and presence of phsp60, respectively, on 2-D
autoradiograms at 0 and 10 min after the addition of bt,-cAMP
to intact cells. Although hsp60 makes up almost 5% of the total
plasma membrane protein, the intensity of phosphorylation is
limited by its stoichiometry. Fig. 4 C and D shows that Rp-
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FiG. 2. Immunoprecipitation of plasma membrane-associated phos-
phoproteins by mAb II-13 and immunoblotting of p60 and pl18. (4)
Isolated CEM-SS T cell plasma membrane fragments (60 ug protein)
were phosphorylated in vitro by 50 nM PKA C-subunit in the presence of
v-[?2P]ATP. In vitro phosphorylated fragments were immunoprecipitated
with mAb II-13, and the immunoprecipitate was resolved on a 15% 2-D
SDS/PAGE. Coimmunoprecipitation of phsp60 and pp18 was observed
on the autoradiogram. Also notable was that both phsp60 and pp18 were
comprised of isoforms whose pl values varied between ~5.5 and 5.8.
Differences in the relative intensity of phosphorylation of phsp60 and
ppl18 are addressed in Discussion. (B) Isolated CEM-SS T cell plasma
membrane fragments (lane 1, 60 pg protein) and 1 ug of rhsp60 (lane 2)
were run on a 15% 1-D SDS/PAGE and were immunoblotted with mAb
I1-13. (C) Isolated CEM-SS T cell plasma membrane fragments (lane 1,
60 ug protein) and 2 pg of purified human H2B (lane 2) were run on a
15% 1-D SDS/PAGE and were immunoblotted with affinity-purified
polyclonal anti-H2B Ab.
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cAMPS, a cell-permeant diastereomer inhibitor of cAMP (36),
completely blocked phosphorylation of hsp60, demonstrating
specificity of PKA-I-catalyzed phosphorylation of hsp60.

Based on our in vitro phosphorylation data demonstrating that
pH2B coimmunoprecipitated with phsp60 (Fig. 24), we conjec-
tured that pH2B may be associated physically with phsp60 and
that a similar finding would be observed after phosphorylation in
intact cells. However, we did not observe coimmunoprecipitation
of pH2B with phsp60 in plasma membrane after cAMP-
dependent, PKA-I-catalyzed phosphorylation in intact T cells
(Fig. 4B, arrow b). To determine the relationship between hsp60
and H2B before and after cAMP-dependent phosphorylation in
intact T cells, we immunoblotted isolated plasma membrane
fragments with mAb II-13 and anti-H2B Ab. Fig. 5, lane 1 reveals
that, before cAMP-dependent, PKA-I-catalyzed phosphorylation
of intact T cells, H2B is present in the plasma membrane; 10 min
after phosphorylation, H2B has been lost from the plasma
membrane (Fig. 5, lane 3). Thus, this loss of H2B is a rapid event.
If cAMP-dependent, PKA-I-catalyzed phosphorylation is inhib-
ited in the intact cell by Rp-cAMPS, H2B is not only present in
the plasma membrane but accumulates 3.5-fold within 10 min
over baseline (Fig. 5, compare lane 2 to lane 1). By contrast, there
is no change in the amount of hsp60 in the plasma membrane
(Fig. 5). That phosphorylation of both hsp60 and H2B by the
PKA-I isozyme results in loss of H2B, but not hsp60, from the
membrane suggests that phosphorylation may regulate chaper-
oning of H2B by hsp60.

Confocal Immunofluorescence Microscopy of Plasma Mem-
brane hsp60 and H2B. The data suggest that dephosphoH2B
is associated with dephosphohsp60 in the plasma membrane.
To confirm this association, we used confocal immunofluo-
rescence microscopy. Fig. 6a and b demonstrate that both
hsp60 and H2B are present in the plasma membrane, respec-
tively. In Fig. 6¢, computer-assisted superimposition of the
images revealed colocalization of the two molecules. This
observation supports the concept that H2B is associated with
hsp60 in the plasma membrane.

Peptide Mapping and Mass Spectrometric Analysis of Plasma
Membrane-Associated hsp60. To determine whether plasma
membrane-associated hsp60 is homologous to mitochondrial
hsp60, we carried out peptide mapping of plasma membrane-
associated hsp60. One-hundred and nineteen fractions were
resolved by reverse-phase HPLC after Lys-C digestion of plasma
membrane hsp60. By using rhsp60 as a control, candidate HPLC
peptides were selected by matrix-assisted laser desorption ion-
ization-TOF MS analysis on the basis of mass variation. Amino
acid analysis of peptides 66, 72, and 92 was performed. By using
the Swiss Prot database, peptides 66 (amino acids 555 to 569), 72
(amino acids 251 to 269), and 92 (amino acids 270 to 291) revealed
100% sequence homology with mitochondrial hsp60. Thus, the
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F1G. 3. In vitro phosphorylation of rhsp60. rhsp60 (1 pg) was phos-
phorylated by 50 nM of purified PKA C-subunit, and phosphorylated
rhsp60 was resolved by 10% 1-D SDS/PAGE. Resolved prhsp60 then was
transferred to poly(vinylidene difluoride) membrane, and autoradiogra-
phy was performed. Lanes: 1, 10 min without PKI-(5-24); lane 2, 10 min
with 10 uM PKI-(5-24); lane 3, 0 min without PKI-(5-24).
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FiG. 4. cAMP-dependent, PKA-catalyzed phosphorylation of
hsp60 in intact CEM-SS T cell isolated plasma membrane fragments.
After loading with [3?P;j]orthophosphate for 3 hr, cells were exposed to
2.5 mM bt-cAMP in the presence of 200 uM isobutylmethylxanthine
and 10 uM okadaic acid for 0 min and 10 min. Plasma membrane
fragments then were isolated, and phsp60 was immunoprecipitated
with mAb II-13. Immunoprecipitated pp60 was analyzed by 15% 2-D
SDS/PAGE. (4) At 0 min, shows the absence of basal phosphorylation
of hsp60. Note that other, unidentified phosphoproteins are coimmu-
noprecipitated with hsp60, but pH2B is not observed. (B) At 10 min,
shows immunoprecipitated phsp60 (arrow a). Although other, uniden-
tified phosphoproteins are coimmunoprecipitated with phsp60, pH2B
is not observed (arrow b). (C) At 0 min with 500 uM Rp-cAMPS. (D)
At 10 min with 500 uM Rp-cAMPS blocks cAMP-dependent, PKA-
catalyzed phosphorylation of hsp60.

sequence of plasma membrane-associated hsp60 did not differ
from mitochondrial hsp60.

DISCUSSION

Using several cell types, it has been demonstrated that hsp60
localizes in widely divergent subcellular compartments, including
mitochondria, endoplasmic reticulum, peroxisomes, granules,
and plasma membrane (2, 10, 13, 15, 16, 37-39). Among cell types
in which hsp60 has been identified in the plasma membrane are
T lymphocytes (13, 15). Although the role of hsp60 in the
mitochondrion as a molecular chaperone responsible for mem-
brane transport and protein folding is now well accepted (37, 38),
its biological function in extramitochondrial sites, such as the
plasma membrane, remains uncertain (13). The data presented
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FiG. 5. Effect of cAMP-dependent, PKA-catalyzed phosphorylation
on the presence of H2B and hsp60 in the T cell plasma membrane. T cells
were either pretreated or not pretreated with 500 uM Rp-cAMPS and
subsequently were exposed to 2.5 mM bta-cAMP for 0 or 10 min at 30°C
in the absence or presence of Rp-cAMPS, and plasma membrane
fragments were isolated. The membrane fragments were run on a 10%
1-D SDS/PAGE, were transferred, and were immunoblotted with poly-
clonal anti-H2B Ab or mAb II-13. Lanes: 1, constitutive H2B and hsp60;
2, immunoblots of pH2B and phsp60 at 10 min after initiation of
phosphorylation in the presence of Rp-cAMPS; 3, immunoblots of pH2B
and phsp60 at 10 min after initiation of phosphorylation in the absence
of Rp-cAMPS; 4, rhsp60 and H2B controls.
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F1G. 6. Confocal laser photomicrograph shows the distribution of (a) hsp60 (green) and (b) H2B (red) in the CEM-SS T cell. (¢) An image
generated by computer-assisted superimposing a and b. Colocalization of hsp60 and H2B is recognized as yellow (>>) in the representative cell.

herein verify that hsp60 is present in the T cell plasma membrane
and demonstrate for the first time that its function as a molecular
chaperone of H2B is regulated by PKA-I-catalyzed phosphory-
lation.

Our current experiments confirmed the presence of hsp60 in
the CEM-SS T cell plasma membrane by four essential criteria.
First, we demonstrated that hsp60 has an identical electrophoretic
mobility on 2-D SDS/PAGE as rhsp60. Second, we immunopre-
cipitated hsp60 with mAb II-13, a monoclonal antibody specific
for hsp60 (24). Third, we immunoblotted hsp60 with mAb II-13,
demonstrating specificity. Finally, we performed peptide map-
ping and amino acid sequencing by matrix-assisted laser desorp-
tion ionization-TOF MS analysis, which revealed that there was
100% sequence identity between rhsp60 and T cell plasma
membrane hsp60. Taken together with our previous identifica-
tion of hsp60 by flow cytometry and immunogold labeling on
backscattered electron imaging (13, 15), there is now incontro-
vertible evidence for the presence of hsp60 in the T cell plasma
membrane.

We have observed that primary human T cells possess multiple
plasma membrane-associated proteins that are substrates of
PKA-I, including a 60-kDa protein (p60) (20, 21, 42). Because p60
proved to be hsp60, we reviewed its amino acid sequence (7) for
the presence of serine and threonine residues. The presence of
such residues predict that hsp60 should be phosphorylatable by
PKA-I so long as these serine/threonine residues are in the
general consensus sequence Arg-Arg-Xaa-Ser/Thr or Lys-Arg/
Xaa-Ser/Thr (43). In fact, the amino acid sequence of hsp60 (7)
contains only six potential phosphorylation sites: Lys’>-Val’>-
Thr’* (KVT), Lys'30-lle!3!-Ser!3? (KIS), Lys!’-Gln'8-Ser!>?
(KQS), Lys®%-1le?!-Ser?? (KIS), Lys**-Leu®’-Ser’® (KLS),
and Lys*®-Arg#’0-Thr#’! (KRT). This relatively limited number
of phosphorylatable motifs in hsp60 probably accounts for the
lower intensity of phosphorylation compared with H2B on 2-D
autoradiograms as well as the stoichiometry of 0.5 mole of
radiolabeled phosphate per mole of rhsp60 at 10 min. Thus, this
is the first demonstration that hsp60 can exist in both dephospho
and phospho forms, and that it is phosphorylated by PKA-I.

Immunoprecipitation of phsp60 from plasma membrane frag-
ments consistently coprecipitated two unidentified, heavily phos-
phorylated 18-kDa molecules with pI values between 5.5 and 5.8.
We initially termed these phosphorylated molecules pp18. Co-
immunoprecipitation of phsp60 and ppl8 suggested that these
structures may be associated physically in the plasma membrane.
Amino-terminal amino acid sequencing unexpectedly revealed
that p18 is H2B. The presence of H2B in the plasma membrane
was verified by (i) its identical electrophoretic mobility on 1-D
SDS/PAGE as purified human H2B; (if) immunoprecipitation by
an affinity-purified, polyclonal anti-H2B Ab (25); (iii) recognition
of pl8 by anti-H2B Ab on immunoblot; and (iv) amino acid
sequencing. Although histone has a M, of ~14 and a pI of 11,

phosphorylation shifts its charge and apparent M, and may,
therefore, explain both its apparent M, of 18 and its pI of 5.5. Our
identification of H2B in CEM-SS T cell plasma membrane
fragments verified the recent recognition of this molecule in the
plasma membrane of human primary T cells (25). Our results
suggest, therefore, that hsp60 and H2B are associated physically
in the T cell plasma membrane.

We observed an apparent dichotomy between in vitro and in
vivo PKA-I-catalyzed phosphorylation of hsp60 and H2B. Im-
munoprecipitation of in vitro phosphorylated hsp60 in isolated
plasma membrane fragments yielded a complex with pH2B. By
contrast, pH2B did not coimmunoprecipitate with phsp60 after
cAMP-dependent, PKA-I-catalyzed phosphorylation in intact T
cells. Nevertheless, both dephosphohsp60 and dephosphoH2B
are present in plasma membrane before PKA-I-catalyzed phos-
phorylation in intact cells, as demonstrated by immunoblotting.
This apparent disparity may be accounted for if one proposes that
dephosphoH2B is docked to dephosphohsp60 and that phosphor-
ylation of both H2B and hsp60 by PKA-I in the intact cell plasma
membrane results in separation of pH2B from phsp60 and rapid
loss of the former from the plasma membrane. Within 10 min
after phosphorylation, pH2B, but not phsp60, disappeared from
the plasma membrane. By contrast, inhibition of PKA-I-catalyzed
phosphorylation of hsp60 and H2B in the intact T cell by
Rp-cAMPS actually resulted in a 3.5-fold increase of H2B, but
not hsp60, protein in the plasma membrane. Compared with
intact cells, in vitro phosphorylation of both hsp60 and H2B in
isolated plasma membrane fragments does not appear to permit
dissociation of pH2B from phsp60. Thus, both phosphoproteins
are retained in the membrane fragments and can coimmunopre-
cipitate. We propose, therefore, that failure to observe coimmu-
noprecipitation of phsp60 and pH2B after phosphorylation in the
intact cell may be caused by the transient nature of their associ-
ation in the plasma membrane. It is conceivable that phosphor-
ylation of both hsp60 and H2B in the intact cell rapidly severs
their physical association, resulting in immediate expulsion of
H2B from the plasma membrane so that the phosphorylated
forms cannot be coimmunoprecipitated.

Our data are consistent with the concept that PKA-I-catalyzed
phosphorylation regulates the association of hsp60 with H2B.
Concomitant phosphorylation of hsp60 and H2B may alter the
conformation of these molecules. By altering their conformation,
phosphorylation of both hsp60 and H2B may be a mechanism to
effect release of H2B from hsp60 and, potentially, to expel H2B
from the plasma membrane. As we discussed above, this may
account for why both phsp60 and pH2B are present in isolated
plasma membrane fragments but not in plasma membrane frag-
ments from intact cells.

Our proposal that hsp60 docks H2B is supported by three
independent experiments. First, inmunoprecipitation of dephos-
phohsp60 from isolated plasma membrane fragments by mAb
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II-13 and subsequent immunoblotting with anti-H2B antibody
revealed the presence of H2B at the expected relative molecular
mass. This finding suggests that hsp60 is associated with H2B and
that this is a specific interaction. Second, competition of H2B by
increasing concentrations of rhsp60 blocked immunoprecipita-
tion of H2B by mAb II-13, further demonstrating specificity of the
interaction between H2B and hsp60. Finally, confocal microscopy
revealed colocalization of hsp60 and H2B in the plasma mem-
brane. We interpret these data, therefore, to support the concept
that dephosphohsp60 is associated with dephosphoH2B in the
intact T cell plasma membrane.

Because hsp60 is a chaperonin (7, 44), we propose that it
chaperones H2B within the plane of the plasma membrane.
There is precedent for this proposal. In intact 70z cells, p21* was
found to complex transiently with hsp60 in the plasma membrane,
where it appeared to act as a chaperone and to be integral to the
function of p21™ as a GTP-binding signaling molecule (17).
Second, hsp60 has been identified to associate with the A system
of amino acid transporters, which are plasma membrane-
associated proteins (18, 19). Thus, evidence supports the concept
that hsp60 may be involved with protein handling in the plasma
membrane as well as in mitochondria.

Our recognition that both hsp60 and H2B are concomitantly
phosphorylated by PKA-I and that this post-translational modi-
fication appears to regulate the capacity of hsp60 to chaperone
H2B in the T cell plasma membrane prompts a tentative model
of the process. We propose that H2B is imported into the plasma
membrane from the cytosol. However, the mechanism by which
H2B is exported from the nucleus and traverses the cytosol
remains to be elucidated. Once in the plasma membrane, we
envisage that dephosphohsp60 docks dephosphoH2B and that
hsp60 then chaperones H2B within the plane of the plasma
membrane. PKA-I-catalyzed phosphorylation of both hsp60 and
H2B then would result in the release of H2B from hsp60 and its
expulsion from the plasma membrane, possibly into the extra-
cellular milieu. After dephosphorylation of hsp60 by a phospha-
tase(s), hsp60 then would be able to repeat the cycle. Whether
phosphorylation of H2B by PKA-I can occur before its entry into
the plasma membrane and prevent its import is being investi-
gated. If so, it is conceivable that the loss of pH2B from the
plasma membrane after its phosphorylation is a product of both
expulsion from the membrane as well as inhibition of its import
into the membrane. Thus, this phosphorylation/dephosphoryla-
tion cycle is a newly identified cycle whose biological significance
may be disposal of H2B from the plasma membrane.

We have documented the presence of both hsp60 and H2B in
a seemingly unusual site: the plasma membrane. Hsp60 generally
is regarded as a mitochondrial chaperonin whereas H2B is a
component of nuclear chromatin. In addition to our localization
of hsp60 to extramitochondrial sites (10, 13, 15), others also have
observed hsp60 in similar subcellular compartments (14, 45). Our
recent work also has revealed that heat shock as well as other
cellular stresses significantly enhance the epitope density of hsp60
on T cells (unpublished data). That hsp60 also has been detected
on the surfaces of live Chinese hamster ovaries, Daudi lymphoma,
and aortic endothelial cells (13, 14, 16) by various methods raises
the possibility that this chaperonin also may serve as a receptor.
Although the presence of both hsp60 and H2B in plasma mem-
brane initially may seem unusual and even surprising, other
mitochondrial and cytoplasmic proteins, including aspartate ami-
notransferase (46), early pregnancy factor (47), transforming
growth factor-B1 (48), actin, tubulin, glycolytic enzymes, glyco-
syltransferases, and kinases (49) also have been identified in this
unconventional site. It is anticipated that novel, physiologic
functions for these proteins will be identified as organizational,
structural, and regulatory systems are elucidated.
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