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ABSTRACT:. The 70-kDa heat-shock protein (Hsp70) has been cloned and sequenced from bovine cardiac
muscle. On the basis of sequence features, the gene corresponds to the cytoplasmic form of Hsp70. This
cardiac Hsp70 cDNA clone has an open reading frame of 1926 bp coding for 641 amino acids and a
predicted molecular mass of 70.25 kDa. Comparison of the amino acid sequence revealed an extensive
sequence identity with other species of Hspi8cherichia coliexpressed cardiac Hsp70 stimulated a
2-fold increase in calcineurin (CaN) activity. Notably, we observed that Hsp70 directly interacts with
CaN using a pull-down assay. Furthermore, expressed cardiac-specific Hsp70 was phosphorylated in vitro
by cAMP-dependent protein kinase. Phosphorylation resulted in the incorporation of 0.1 mol of phosphate
per mol of Hsp70. The phosphorylated Hsp70 was unable to activate the phosphatase activity of CaN.
This is the first demonstration that Hsp70 is phosphorylated by cAMP-dependent protein kinase and provides
an on/off switch for the regulation of CaN signaling by Hsp70.

Heat-shock protein 70 kDa (Hsp?)as been shown to The involvement of Hsp(s) in stabilizing the conforma-
be widely present in prokaryotic and eukaryotic cells and tional transitions of newly synthesized protein is well
functions as an intracellular molecular chaperdhe). This documented4). Most notable is the interaction of Hsp90

protein is highly conserved among widely divergent organ- with a number of signaling proteins, including Ras, Raf, and
isms, e.g., 50% of the sequence is conserved betweerpp60 s kinase b, 6). Overexpressed Hsp70 significantly
Escherichia coliand human, and some domains are 96% inhibited the enzymatic activities of protein kinase A and
similar (1). The Hsp70 family of proteins has been implicated protein kinase C, but it stimulated the activity of protein
in a variety of processes including protein folding, the serine/threonine phosphatases, protein phosphatase-1, and
disassembly of oligomeric protein complexes, and the protein phosphatase-2/&) A recent observation suggested
translocation of polypeptides across intracellular membranesthat Hsp70 binds the dephosphorylated carboxyl terminus
(3). The human Hsp70 chaperone is a 640 amino acid proteingf mature protein kinase C, thus stabilizing the protein and
composed of two major functional domains. The NH  jjowing the rephosphorylation of the enzyme. Disruption
terminal domain is highly conserved and contains an ATPase s ths interaction prevents rephosphorylation and targets the
domain that binds ADP and ATP very tightly (in the Presence enzyme for down-regulation8). Various reports demon-

of Mg?" and K) and hydrolyzes ATP. The COOH-terminal  gyated the direct interaction of Hsp(s) with calcineurin
domain on other hand is required for polypeptide binding. (CaNJ: (9, 10). CaN, a calmodulin (CaM)-dependent protein
This Iatte_r domain is divideq intg fl_mctionall_y relevant phosphatase, is activated by Hsp90 and Hsp70 in CaM-
subdomains, an 18-kDa peptide-binding domain and a 10'independent and -dependent mechanisms, respecti@iely (

kDa C-terminal domain that contains the GlGlu—Val— ; ; -
) . Hsc82, an Hsp90 homologue in yeast, binds to the catalytic
Asp (EEVD) regulatory motif §). Cooperation of both subunit of CaN and stabilizes this CaM-dependent phos-

N-terminal and C-terminal domains is needed for protein phatase 10).

folding (3). ) _ )
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ylated by various protein kinases has not been explored, and Expression and Purification of Recombinant J8w

the potential regulatory function of this protein after phos- Cardiac Hsp70pQE9-cardiac Hsp70 was transformed into
phorylation is also unclear. In this paper, we report the E. coliM13(pREP4), grown to log phase at 3C in Luria-
cloning and purification of bovine cardiac specific Hsp70 Bertani medium containing 10@g/mL ampicillin and
and the interaction of Hsp70 with CaN by the His-tag pull- induced by 1 mmol/L isopropylthig-galactopyranoside
down assay. Furthermore, in vitro phosphorylation of Hsp70 (IPTG) for 4 h. Bacterial cells were harvested by centrifuga-
by cAMP-dependent protein kinase was demonstrated totion and resuspended in buffer A (50 mmol/L Tris-HCI, pH

inhibit the ability of Hsp70 to enhance CaN activity. 8.0, 300 mmol/L NaCl, 10 mmol/L imidozole). They were
then lysed by addition of lysozyme to a final concentration
MATERIAL AND METHODS of 1 mg/mL on ice for 30 min. This was followed by

. . ) . sonication in a Sonics VibraCell sonicator, forx6 10 s
Materials. Bovine brain CaN and CaM were purified as pgts The lysate was cleared by centrifugation (14000
described earlierls, 16). Bovine heart cAMP-dependent 30 1pin at 4°C) and loaded onto a Ni-NTA agarose column,

protein kinase catalytic subunit was purified by the method ¢ jijibrated with lysis buffer. The column was washed four
of Demaille et al {7). Expression vector pQE-9 was imeg with buffer A containing 20 mmol/L imidozole, and
purchased fror_n Qlagen, Canada. Restriction endonucleaseg,an the bound protein was eluted from the column using
and DNA modifying enzymes were purchased from Amer- , o1 A containing 250 mmol/L imidozole. The purity of
sham Pharmacia Biotech. Ligation Pack was purchased from g qiac Hsp70 was analyzed by sodium dodecy! suffate

New England Biolabs, USA. The monoclonal Hsp70 anti- polyacrylamide gel electrophoresis (SDBAGE), and the

body was purchased from Sigmg Canadéf‘{ﬂADl?, [*P]- purified fractions were pooled and stored -a80 °C for
ATP were purchased from Perkin-Elmer, USA&IATP g, iher analysis. Similarly, Hisp85 fusion protein was
was purchased from Amersham Biosciences, UK. Nitro- prepared as described above.

cellulose sheets were purchased from Bio-Rad Laboratories, gng-paAGE and Western Blot AnalysRurified cardiac

Canada. Protein and DNA markers were purchased from Hsp70 proteins were separated on 10% SPBGE ac-

Invitrogen, Canada. Nucleotides and general analytical gradecording to the procedure described by LaemriB)( The

laboratory chemicals were purchased from either BDH 0r 5 torially expressed cardiac Hsp70 was transferred to
Sigma, Canada. nitrocellulose membrane using the immunoblot method of
Molecular Cloning of Beine Cardiac Hsp70.General Towbin et al. 0). The blot was incubated with the
cloning techniques were carried out essentially as describedmonoclonal Hsp70 antibody at 1:1000, washed and probed
by Sambrook et al.1g). Total RNA was prepared from  with an antimouse IgG horseradish peroxidase conjugate
bovine cardiac muscle using the RNeasy Mini kit (Qiagen, diluted 1:2000. Membranes were then incubated in chemi-
Hilden, Germany). Reverse transcription polymerase chain juminescence reagents and exposed to Kodak X-OMAT Blue
reaction (RT-PCR) was carried out with sense and antisensexB-1 film for detection.
Oligonudeotide primers of HSp?O Primers were dESingEd Pull-Down AssayBoth theE. coli expressed H5H5p70
based on bovine skeletal muscle Hsp70 (accession numbeand control Higp85 fusion proteins were prepared as
U09861). The sense and antisense oligonucleotides were (5 described above. The Hisisp70 bound Ni-NTA agarose
GGA TCC ATG GCG AAA AAC ATG GCT ATC GGC beads were incubated with purified bovine brain CaN in a
AT -3', BanHL1 restriction site) and (5AAG CTT CTA buffer containing 50 mmol/L Tris-HCI, pH 7.0, 1% milk,
ATC CAC CTC CTC AAT GGT GGG GC -3 Hindlll and 0.1% Triton X-100 fo 2 h at 4 °C with constant
restriction site), respectively. Amplification was carried out agitation. After four washes of beads with buffer containing
by 35 cycles of 94C for 15 s, 60°C for 30 s, and 72C for 50 mmol/L Tris-HCI, pH 7.0, 1% NP-40, and 100 mmol/L
2 min using a one-step RT-PCR kit (Qiagen) in a GeneAmp NaCl, the bound proteins were eluted (20 of 1x SDS
PCR system 2400 (Applied Biosystems). The amplified sample buffer) by boiling and resolved by SPBAGE. Gel
cDNA was purified by 0.7% agarose gel electrophoresis transfer to nitrocellulose membrane and blocking were
followed by 98| extraction kit (Qiagen) and cloned into the performed using standard procedur@@)( The blot was
Zero Blunt TOPO vector (Invitrogen). The complete nucle- jncubated with the monoclonal Hsp70 or polyclonal CaN
otide sequence was determined by the dideoxy chain antibodies at 1:1000 dilution, washed, and probed with an
termination method using a DNA sequencer (Applied Bio- antimouse or antirabbit IgG horseradish peroxidase conjugate
system model 310A). diluted 1:2000. Membranes were then incubated in chemi-
Construction of Cardiac Hsp70 into Escherichia coli luminescence reagents and exposed to Kodak X-OMAT Blue
Expression VectorThe bovine cardiac Hsp70 cDNA con-  XB-1 film for detection. For phosphorylation of Higisp70
taining the entire coding region was isolated from the Zero bound Ni-NTA Agarose beads, the beads were incubated
Blunt TOPO vector by digesting withlindlll and BanHl with CAMP protein kinase as previously described by Kakkar
and separating the fragment by 0.7% agarose gel electro-and Sharma2l). Then, the phosphorylated of Hislsp70
phoresis. The cDNA insert was purified using a gel extraction bound Ni-NTA agarose beads were incubated with purified
kit (Qiagen). The fragment was ligated to the expression bovine brain CaN, and the pull-down assay was carried out
vector pQE9, which had been digested wiimdlll and as described above. Furthermore, the addition of ATP, ADP,
BanHlI. The derivative recombinant plasmid was designated K* with Hiss-Hsp70 bound Ni-NTA agarose beads were
as pQE9-cardiac Hsp70. A similar method was used to incubated with purified bovine brain CaN, and the pull-down
generate pQE9-p85, encoding a control proteinstdB5 assay was carried out as described above.
containing the full-length p85 subunit of phosphatidylinositol ~ Phosphorylation of Baine Cardiac Hsp70Phosphoryla-
3-kinase. tion of cardiac Hsp70 was performed essentially as previ-
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ously described by Kakkar and Sharn2d)( The standard  scrofg 96% with Cercopithecus aethiopsand 95% with
reaction mixture contained 100 mmol/L Tris-HCI, pH 7.0, Rattus novegicusand Mus musculugFigure 1). A high

5 mmol/L MgCh, 5 mmol/L 2-mercaptoethanol, 0.1 mmol/L  degree of sequence conservation was observed ig- NH
[y-32P]ATP (specific activity 156-200 cpm/pmol) and other  terminal sequence of different species. More sequence
components as described in the figure legends. An aliquotdivergence was found in the COOH-terminal domain, which
of reaction mixture was taken for determination of phosphate is required for polypeptide binding. The extreme COOH-
incorporation at different time intervals. In the remaining terminal sequence GPTIEEVD is same for all the species
reaction sample, SDS sample buffer was added for thetested including bovine cardiac Hsp70; this motif is char-
autoradiogram. acteristic for cytosolic Hsp70s.

Nucleotide Binding AnalysisCharacterization of ATP, Expression and Purification of Cardiac Hsp78ubse-
ADP, and K- binding to the purified recombinant cardiac quently, the cDNA of Hsp70 was subcloned into the
Hsp70 was performed by equilibrium gel penetration assay expression vector pQE9 and transformed iktocoli M13
(22, 23). The reaction mixture (1.0 mL) containing 100 (PREP4). For the purification of recombinant cardiac Hsp70,
mmol/L Tris, pH 7.0, and 5 mmol/L MgG) 70ug of Hsp70, the crude cell lysate was applied to Ni-NTA agarose column
0.5-4 uM [*CJATP diluted with unlabeled ATP (to 35.1 and the bound HisHsp70 was eluted as described in
uCi/ml), 50 units of creatine kinase (EC 2.7.3.2), and 10 Material and Methods. This single step purification was
mmol/L creatine phosphate for ATP binding or 64 uM- sufficient to produce highly purified recombinant cardiac
[1“C]ADP diluted with unlabeled ADP (to 15,8Ci/ml), and Hsp70 as judged by Coomassie staining of samples resolved
50 units of hexokinase (EC 2.7.1.1), and 10 mmol/L glucose by SDS-PAGE. The molecular mass of purified cardiac
for ADP binding. After the addition of Hsp70 to the reaction Hsp70 was 70.25 kDa. Furthermore, a monoclonal antibody
mixture, the mixture was equilibrated for 10 h, and then raised against brain Hsp70 was immunoreactive toward the
transferred to Eppendorf tubes, each containing 80 mg of recombinant cardiac Hsp70 protein.
dry Sepahedex G25 powder. The tubes were storec’@t 4 Nucleotide Binding Analysis of Cardiac Hsp#sp70 is
and gently agitated for 14 h to allow swelling of the gel and known to bind nucleotide very tightly2@, 28). Therefore,
equilibration of free ligand with the solvent inside the gel. the binding between nucleotide (ATP and ADP) and cardiac
After equilibration, the tubes were centrifuged, and10 recombinant Hsp70 has been studied by the equilibrium gel
aliquots of the supernatant were collected for measurementgpermeation method@, 23). The appareriq values of'“C-
of radioactivity. A solution of Blue dextran in the same buffer labeled ATP and ADP of cardiac recombinant Hsp70 were
was equilibrated with the gel to measure the excluded 82 and 175 nmol/L, respectively, and are similar to those of
volume. The quantity of ligand bound to protein was bovine Hsp70 reported previousl23, 28).

calculated by equation described in r24. Dissociation Activation of CaN by Cardiac Hsp7@arlier, it has been
constantsKg) were determined by the Scatchard plot method reported that CaN was activated by brain Hspd)0 I our
(24). present study, we examined whetkeicoli expressed cardiac

Other Methods.CaN activity was assayed using- Hsp70 can regulate purified bovine brain CaN. Ni-NTA
nitrophenyl phosphate (pNPP) as a substr24e25). Protein purified cardiac Hsp70 activated brain CaN phosphatase
concentration was measured by the method of Bradfgyl (  &ctivity 2-fold at a concentration of 70 nmol Hsp70 (Figure
using bovine serum albumin as a standard. The nucleo-2)- The molar ratio of CaN to Hsp70 was 1: 4 (17.5 nmol/

tide and amino acid sequences were evaluated using the/0 nmol). Higher concentrations of Hsp70 did not further

MacVector (version 7) computer program. alter CaN activity. Furthermore, no stimulation of CaN by
Hsp70 was observed in the absence of calmodulin (data not
RESULTS shown). Binding of ATP to Hsp70 promotes conformational

rearrangements in the molecule and changes its affinity for

Cloning of Baine Cardiac Hsp70To clone Hsp70 from  jts substrates2g). To determine the effect of nucleotide
bovine cardiac muscle, total RNA from bovine cardiac binding on the ability of Hsp70 to stimulate CaN, the
muscle was reverse transcribed to cDNA using One-Step RT-nucleotides (ATP, ADP, K and K+ with ATP) were bound
PCR kit. The degenerate primers for Hsp70 were designedto cardiac recombinant Hsp70. No change was observed in
based on the DNA sequences of bovine skeletal musclecaN stimulation by unbound and nucleotide-bound cardiac
Hsp70 @7). These primers amplified an expected PCR recombinant Hsp70 (Figure 3). These results indicate that
product of~2.0 kb. The amplified cDNA was cloned into  there were no influences of nucleotides on the ability of
pZeroBlunt vector and the complete nucleotide sequence wasHsp70 to stimulate CaN activity in vitro.
determined. The single long open reading frame (1926 bp) Protein—Protein Interaction between Cardiac Hsp70 and
of bovine cardiac muscle Hsp70 specifies a protein of 641 CaN by the Pull-Down AssayTo analyze whether the
amino acids. Sequence analysis revealed that bovine cardiagctivation of CaN by Hsp70 may be due to the direct
Hsp70 has 99% homology to skeletal Hsp70 at amino acid interaction between Hsp70 and CaN, agd{isll-down assay
level. The N-terminal amino acids residues at pOSitiOﬂS 57 was performed_ Hsp70 was expressed as &ﬂa@ed fusion
and 89 are different for cardiac Hsp70 compared to skeletal protein, Hig-Hsp70. Hig-Hsp70 was immobilized on Ni-
Hsp70. NTA and incubated with CaN (Figure 4). CaN was bound

To analyze the similarity of bovine cardiac Hsp70 with to Hiss-Hsp70 (Figure 4A, lanes-24). Similar results were
other Hsp70 family proteins, we compared the amino acid observed with monoclonal Hsp70 antibody (data not shown).
sequence of various species of Hsp70 using ClustralW However, no CaN binding was detected using an irrelevant
program. The bovine cardiac Hsp70 exhibited 98% similarity control protein His-p85 immobilized similarly (Figure 4A,
with Homo sapiensand Canus familiaris 97% with Sus lanes 6-8). The Hig-p85 control protein showed no pull-
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Ficure 1: Comparison of the amino acid sequences of different species of Hsp70. The multiple sequence alignment was generated using
the ClustralW program. The conservation is represented by the following colors: primary (retQ®), secondary (green, #89%),

tertiary (light green 56:69%), and quaternary (yellow, 3@9%). The deduced amino acid sequence of bovine cardiac Hsp70 (AY662497)

was aligned wittB. taurusskeletal muscle, AAA739144. sapiensNP005337C. aethiopsQ28222;M. musculusAAC84169;R. nowegicus
CAA52328;S. srofa P34930; andC. familiaris, BAC79353.

down signal indicating that the CaN pulled-down by thesHis Phosphorylation of Cardiac Hsp70 by cAMP-Dependent
Hsp70 fusion protein was specific. This result indicates the Protein KinaseThe available reports suggest that the Hsp70
direct protein-protein interaction between Hsp70 and CaN family proteins are autophosphorylated in the presence of
in vitro. Furthermore, the pull-down assay was carried out divalent metal ions¥2—14). The phosphorylation of Hsp70

in the presence of ATP, ADP, Kand K" with ATP to by other protein kinases is not yet established. To test the
analyze the effect of nucleotide(s) on this interactiongHis possibility that cardiac Hsp70 could be phosphorylated by
Hsp70 was immobilized on Ni-NTA and incubated with CaN cAMP-dependent protein kinase, recombinantstdisrdiac

in the presence of ATP, ADP,Kand Kt with ATP (Figure Hsp70 was incubated with the catalytic subunit of cAMP-
4B). We observed that CaN was bound to gttsp70 in dependent protein kinase for different times, either in the
the presence of ATP, ADP,Kand K" with ATP (Figure presence of Ca/CaM or EGTA. The cAMP-dependent
4B, lanes 2-5). This result indicates that there was no protein kinase was found to catalyze the phosphorylation of
influence of nucleotides or Kon the direct proteirprotein cardiac Hsp70 with incorporation of 0.1 mol of phosphate/
interaction between Hsp70 and CaN in vitro. mol of Hsp70. Increased phosphate incorporation was not
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FiGUrRe 4: Interaction of Hsp70 with CaN in vitro. (A) Pull-down
50 T T T T T T assays with HisHsp70 or Hig-p85 (negative control) were
0 % 50 i 100 125 150 performed using CaN. Purified brain CaN was incubated with 1
Hsp70 (nM) g of Hiss-Hsp70 immobilized in Ni-NTA beads. The beads were

FiGURE 2: Effect of cardiac Hsp70 on CaN phosphatase activity. Washed, and then subjected to SEFAGE. The pull-downs were
Different concentrations (:0150 nmol/L) of E. coli expressed ~ analyzed by Western blotting with polyclonal antibodies against
cardiac Hsp70 were added in the CaN phosphatase assay mixtureCaN. Lane 1, CaN alone (2g); lanes 2-4, His-Hsp70 Ni-NTA
The CaN phosphatase assay was carried out in the presehoe ( Peads with 0.7, 0.07, 0.028y of CaN, respectively; lane 5, p85
in absencem) of Hsp70. The data presented are representative of alone (2ug); lanes 6-8, His6-p85 Ni-NTA beads with 0.7, 0.07,
at |east three separate experiments_ 0028/'{9 Of CaN, respectl\_/ely. (B) PU"'dOWn assa.ys W|th (HIS
Hsp70 were performed using CaN in the presence of 10 mmol/L

ATP, ADP, K™ and K* with ATP. Lane 1, CaN alone (2g); Hiss-

Hsp70 Ni-NTA beads with 0.2g of CaN: unbound nucleotides
(lane 2), 10 mmol/L ATP (lane 3), 10 mmol/L ADP (lane 4), 10
mmol/L K* (lane 5), 10 mmol/L K with ATP (lane 6). The data
presented are representative of at least three separate experiments.
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dependent protein kinase could alter the ability of Hsp70 to
activate CaN, CaN phosphatase assays were carried out
(Figure 6). Surprisingly, the activation of CaN phosphatase
activity was essentially eliminated by the phosphorylated
501 cardiac Hsp70. However, control assays containing Hsp70
not phosphorylated by cAMP-dependent protein kinase, by
omission of ATP or cAMP-dependent protein kinase, con-

L . s e e tinued to show a 2-fold stimulation in CaN activity (Figure
FiGure 3: Effect of nucleotides on cardiac Hsp70 and its CaN 6). Furthermore, we examined the interaction between
phosphatase activity. Purified cardiac recombinant Hsp70 was phosphorylated Hsp70 with CaN. Pull-down analysis dem-
incubated with 0.1 mmol/L ATP, ADP, Kand K+ with ATP for onstrated that there is no interaction between phosphorylated

10 h at 30°C. The nucleotide-bound cardiac recombinant Hsp70 Hsp70 with CaN (data not shown). This result suggests that
was added to the CaN phosphatase activity as described in Materials o . .
and Methods. CaN alone (lane 1); unbound cardiac recombinantCAMp'der:)er_]dent protein klnage phosphorylation provides
Hsp70 with CaN (lane 2): nucleotide bound cardiac recombinant @n on/off switch for the regulation of CaN by Hsp70.
Hsp70 with CaN: ATP (lane 3); ADP (lane 4);'K(lane 5); and

K* with ATP (lane 6). The data presented are representative of at DISCUSSION

least three separate experiments

Calcineurin activity, %
=
3
H

0

Classification of various Hsp(s) in families is based on
observed even with the use of higher concentrations of the related function, size, and the cellular compartment in
cAMP-dependent protein kinase. Furthermore, no difference which they reside. The Hsp70 multigene family consists of
in phosphate incorporation was observed in the presence ofat least four members: Hsp70, Hsc70, Grp78 (BiP), and
either C&"/CaM or EGTA (Figure 5). A low level of Hsp70  mitochondrial Hsp75 (mtHsp75). Hsp70, Hsc70 are found
autophosphorylation, measured in the absence of cAMP-in the cytosol and nucleus, mtHsp75 in matrix of mitochon-
dependent protein kinase, is shown for comparison (Figuredria and Grp78 in endoplasmic reticula29). Nucleotide
5). Phosphorylation of Hsp70 by cAMP-dependent protein sequence analysis demonstrated the expressed bovine cardiac
kinase was further confirmed by autoradiogram studies (dataHsp70 corresponds to cytosolic form of Hsp70. This is
not shown). These results suggest that Hsp70 could be aconfirmed by the extreme C-terminal end amino acid
substrate for cAMP-dependent protein kinase. An equal sequence GPTIEEVD. This terminal sequence is the char-
amount of phosphate incorporation by Hsp70 in the presenceacteristic of eukaryotic cytosolic Hsp70. In addition, higher
of either C&*/CaM or EGTA indicates that phosphorylation  similarity of amino acid sequence was demonstrated between
of cardiac Hsp70 by cAMP-dependent protein kinase is not cardiac Hsp70 and the Hsp70 family proteins than Hsc70.
dependent on C&/CaM. Furthermore, ATP/ADP bound The family of Hsp70 proteins range in molecular mass
Hsp70 was used for the phosphorylation studies. The resultbetween 70 and 78 kDa. The molecular mass of bovine
indicated that nucleotide additions did not alter the stoichi- cardiac Hsp70 was demonstrated to be 70.25 kDa by-SDS
ometry of phosphate incorporation in Hsp70. PAGE. This is in agreement with the calculated amino acid

Activation of CaN by Phosphorylated Cardiac Hsp7T®. molecular weight. Hsp70 family proteins are highly con-
determine if the phosphorylation of Hsp70 by cAMP- served and demonstrate-600% identity among eukaryotic
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localized in chromosome 23, Hsp70-11l to chromosome 10,

and Hsp70-1V to chromosome 31). Alignment of the

012 1 amino acid sequences of seven different species of Hsp70
revealed that the N-terminal sequence contains the ATP
binding domain and is highly conserved among species.

(=]

S

Y
)

0.1

0.08 | Comparison of the substrate binding domain also showed a
high degree of conservation, whereas more sequence diver-
0.06 - gence was observed in the oligomerization domain.

The molecular relationships between Hsp(s) and various

Phosphate Incorporated (mol/70,000 g)

0.04 - o . o .
signaling proteins appear to be critical for the normal function
0.02 - of signal transduction pathway82). Hsp90 and Hsp70
family proteins interact with various signaling molecules,
0 : : : ' ; : including nuclear hormone receptors, tyrosine and serine/
0 10 20 30 40 50 60

threonine kinases, cell cycle regulators, and cell death
_ ) _ regulators 83). The influence of Hsp70 and Hsp90 in
Ficure 5: Time course of phosphorylation of cardiac Hsp70 by jncreasing CaN activity was reported by Someren et3l. (

cAMP-dependent protein kinase. Purified cardiac Hsp70 (30 . o . .
mL) was phosphorylated by cAMP-dependent protein kinase (20 They reported that maximal activation of bovine brain CaN

in the presence of either 0.1 mmol/LZ4A) or 0.1 mmol/L EGTA study, the maximum enhancement of CaN activity was

(O). Cardiac Hsp70 without cAMP-dependent protein kinase (i.e., observed at 70 nmol/L concentration of cardiac Hsp70.
autophosphorylation) in the presence of@@aM (a) or EGTA Furthermore, the Hispull-down assay revealed a direct
(®). The data presented are representative of at least three separate . ’ L
experiments. ihteraction between Hsp?O _and CaN: Sl_Jbstrates bln_dlng to
the Hsp70 are associated with ATP binding, hydrolysis, and
250 - nucleotides exchang@®). In our study, 82 nmol/L ATP and
175 nmol/L ADP bound to the cardiac recombinant Hsp70,
and these values were in good agreement with previously
reported values for bovine Hsp7®3). However, the
nucleotide bound Hsp70 stimulated CaN in the same fashion
as unbound cardiac recombinant Hsp70.
CaN is a heterodimer consisting of 19- and-%B-kDa
subunits referred to as CaN B and CaN A, respectivedy-(
36). CaN A contains catalytic (residues #833) and
regulatory (residues 39b21) domains. The regulatory
domain contains the CaN B binding helix, CaM-binding
domain, and an autoinhibitory domain. Deletion analysis of
50 . p p 7 o e = CaN A revealed that deletion of the autoinhibitory domain
HepT0 (M) and CaM—bl_r]dlng domain |s'essentlgl fOI’. the |nd_u§:t|on of
CaN activation, and one of its deletions is insufficient for
phosphatase activitf. coliexpressed purified cardiac Hsp70 (320 the actl_\/atlon of CaN37). The crystal structure analysis of
ug/mL) was phosphorylated by cAMP-dependent protein kinase the native CaN molecule showed that the structure of the
(20 ug/mL). The phosphorylated cardiac Hsp70 was dialyzed COOH-terminal side from the CaM-binding domain was not
overnight with several changes against 20 mmol/L Tris-HCI, pH visible (38, 39), suggesting that this region may be structur-
7.0, 0.1 mmol/L EGTA and 10% sucrose to remove the unreacted ally unstable. The interaction of CaN with a variety of

[y-32P]ATP for CaN phosphatase activity. The basal CaN activity . : o :
was taken as 100%. Different concentrations of nonphosphorylatedpmtemS (perhaps Hsp70) may be important to stabilize this

or phosphorylated cardiac Hsp70 were added in the CaN assay'€dion of the CaN A subunit. -
mixture. Phosphorylated Hsp7@, nonphosphorylated Hsp70 was There are several types of modifications that may cause

treated identically to the phosphorylated sample except the buffer progressive charge shifts of Hsp70 proteins in the cell. Post-
was substituted font**P]ATP (a) or protein kinase®). The data  ang|ational modifications, including methylatiod0f ADP-
presented are representative of at least three separate eXpe“memﬁbosylation 61), and phosphorylation4Q) have been
reported in Hsp70 proteins. Earlier, it was reported that there
cells and 46-60% identity between eukaryotic Hsp70 and was a low level of phosphorylation of Hsp22 ¥510-° mol
E. coliDnaK (similar to Hsp70). To date the Hsp70-Il from of phosphate per mol of Hsp22)13). Khan et al. 44)
sperm (accession number U02892) and Hsp70 from skeletalreported that the stoichiometry of phosphorylation for
muscle 27) have been sequenced from bovine tissues. The recombinant Hsp60 was 0.5 mol of phosphate per mole of
sperm and skeletal muscle Hsp70 differ by two amino acid recombinant Hsp60 when phosphorylated by protein kinase
residues at positions 4 and 857). The bovine cardiac Hsp70  A. In our present study, the cAMP-dependent protein kinase
encodes for Ser at position 56 and His at 89, whereas thewas found to catalyze the phosphorylation of bovine cardiac
bovine skeletal muscle encodes Asn and Glu at theseHsp70 with an incorporation of 0.1 mol of phosphate per
respective positions. In the bovine species at least four Hsp70mol of recombinant cardiac Hsp70. The low phosphorylation
genes have been identified from a genomic sperm library of recombinant cardiac Hsp70 may due to masking of the
(30). Chromosomal localization of the Hsp70 gene in cattle phosphorylation site during protein folding. In the presence
demonstrated that Hsp70-1 and Hsp70-1l are tandemly of C&*, in vitro autophosphorylation of Bip, a member of
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Hsp70 protein family, was observetl4j. However, in our
present study, a very low level of autophosphorylatioi of

coli expressed bovine Hsp70 was observed. Furthermore,
following phosphorylation by cAMP-dependent protein ki-
nase, we found that Hsp70 was not able to activate CaN.
This is the first evidence that phosphorylation of Hsp70 by
cAMP-dependent protein kinase can inhibit the ability of
Hsp70 to stimulate CaN phosphatase activity. Robin et al.
(42) reported that phosphorylation of GSTA4-4 (glutathione-
Stransferase) by protein kinase A increases its affinity for
binding to Hsp70, which helps this protein form efficient

translocase complexes as well as to translocate to mitochon-

dria. Our present work highlights the phosphorylation of
Hsp70 as a mechanism to regulate CaN signaling in
cardiovascular systems. Further work will be needed to
identify the cAMP-dependent protein kinase phosphorylation
site on Hsp70 and the location of the domain of Hsp70
responsible for the activation of CaN.
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