
HspBP1, a homologue of the yeast Fes1 and Sls1 proteins,
is an Hsc70 nucleotide exchange factor

Mehdi Kabania, Catherine McLellanb, Deborah A. Raynesc, Vince Guerrierob;c,
Je¡rey L. Brodskya;�

aDepartment of Biological Sciences, 274 Crawford Hall, University of Pittsburgh, Pittsburgh, PA 15260, USA
bDepartment of Molecular and Cellular Biology, University of Arizona, Tucson, AZ 85721, USA

cDepartment of Animal Sciences, University of Arizona, Tucson, AZ 85721, USA

Received 2 October 2002; accepted 8 October 2002

First published online 17 October 2002

Edited by Jesus Avila

Abstract The yeast FES1 and SLS1 genes encode conserved
nucleotide exchange factors that act on the cytoplasmic and
endoplasmic reticulum luminal Hsp70s, Ssa1p and BiP, respec-
tively. We report here that mammalian HspBP1 is homologous
to Fes1p and that HspBP1 promotes nucleotide dissociation
from both Ssa1p and mammalian Hsc70. In contrast, Fes1p
ine⁄ciently strips nucleotide from mammalian Hsc70, and un-
like HspBP1 does not inhibit chaperone-mediated protein re-
folding in vitro. Together, our data indicate that HspBP1 is a
member of this new class of nucleotide exchange factors that
exhibit varying degrees of compartment and species speci¢city.
) 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

The 70-kDa heat shock proteins (Hsp70s) and the constitu-
tive Hsp70 homologues (Hsc70s) are a ubiquitous family of
molecular chaperones known to facilitate protein synthesis,
folding, transport and degradation [1^4]. Hsp70s are com-
posed of a highly conserved N-terminal 44-kDa ATPase do-
main, an 18-kDa peptide-binding domain, and a C-terminal
10-kDa variable ‘lid’ domain. In the ATP-bound state,
Hsp70s display fast on and o¡ rates of peptide binding,
whereas in the ADP-bound state these constants are slowed
[5,6]. The modulation of the a⁄nity for polypeptide substrates
is triggered by a conformational change in the lid that is
induced by ATP hydrolysis [7].
The ATPase activity of Hsp70s is weak but can be stimu-

lated by speci¢c members of the Hsp40/DnaJ family, which
share a common 70-amino acid J-domain required for binding
to and activation of Hsp70s [8,9]. In Escherichia coli the ATP-
ase activity of the Hsp70 family member, DnaK, is stimulated
by the DnaJ chaperone, which promotes stable binding of
DnaK to polypeptides [10^12]. In addition, the GrpE protein
acts as a nucleotide exchange factor (NEF) that promotes
ADP release from DnaK [13^15]. The preferred rebinding of
ATP catalyzes dissociation of DnaK^polypeptide substrate

complexes. Cycles of polypeptide association and dissociation
prevent aggregation and may facilitate protein folding.
Whereas members of the DnaJ family are ubiquitous [9],

homologues of GrpE are found only in prokaryotes, archea,
mitochondria and chloroplasts. However, several unrelated
factors have been reported to enhance Hsp70/Hsc70 nucleo-
tide exchange in the eukaryotic cytoplasm. These include the
antiapoptotic Bag-1 protein [14,16^19] and its homologues
[19,20], and the Sls1 and Fes1 proteins that are homologous,
reside in the lumen of the endoplasmic reticulum (ER) and in
the cytoplasm, respectively, and act preferentially on cognate
ER and cytoplasmic Hsp70 chaperones in yeast, BiP and
Ssa1p [21,22].
In a search for mammalian homologues of Fes1p/Sls1p, we

found that Fes1p has 25% identity and 38% similarity to
HspBP1. HspBP1 is expressed in all mammalian tissues, in-
teracts with the ATPase domain of cytosolic Hsp70, and in-
hibits its ATPase and refolding activities [23]. We also found
that puri¢ed HspBP1 is a NEF. Thus, Fes1p, Sls1p, and
HspBP1 together represent a newly de¢ned family of eukary-
otic NEFs.

2. Materials and methods

2.1. Protein puri¢cation
Glutathione S-transferase (GST)-tagged Fes1p was puri¢ed as de-

scribed previously [22]. Ssa1p, prepared as published [24], was a kind
gift of Christine M. Smith (University of Pittsburgh). HspBP1 was
puri¢ed from a BL21/DE3 E. coli strain bearing the pET28a-HspBP1
plasmid [23]. A 50-ml culture in Luria broth containing kanamycin at
a ¢nal concentration of 50 Wg/ml was grown overnight at 26‡C and
diluted into 2 l of the same medium. After 2 h at 26‡C, isopropyl-L-D-
thiogalactopyranoside was added to a ¢nal concentration of 1 mM
and the cells were grown for an additional 4 h before they were
harvested, washed sequentially in water and then in sonication bu¡er
(50 mM HEPES^KOH pH 7.4, 300 mM NaCl, 5 mM imidazole,
5 mM L-mercaptoethanol, 0.5% Nonidet P40), and snap-frozen in
liquid nitrogen and stored at 380‡C. The cells were thawed, protease
inhibitors (phenylmethylsulfonyl £uoride: 1 mM; pepstatin A: 1 Wg/
ml; leupeptin: 1 Wg/ml) and 100 mg of lysozyme were added, and after
a 30-min incubation on ice, the cells were broken by sonication for 30 s
six times with a 1-min incubation on ice between each disruption. The
broken cells were centrifuged at 13 000 rpm in a Sorvall SA600 rotor
for 15 min, and the resulting supernatant was centrifuged at 20 000
rpm in a Sorvall SA600 for 20 min to obtain a cleared lysate. This
lysate was loaded onto a 10-ml Ni-NTA^agarose column (Amersham
Pharmacia Biotech) equilibrated in sonication bu¡er. The column was
washed sequentially with 30 ml of the following: (1) sonication bu¡er;
(2) sonication bu¡er containing 1 M NaCl; (3) sonication bu¡er con-
taining 5 mM ATP; and (4) sonication bu¡er containing 5% glycerol.
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The HspBP1 protein was eluted with a 15U15 ml imidazole gradient
(10^250 mM) in sonication bu¡er supplemented with 5% glycerol, and
1-ml fractions were collected and analyzed by sodium dodecyl sulfate^
polyacrylamide gel electrophoresis (SDS^PAGE) and Coomassie bril-
liant blue staining. Peak fractions were pooled and diluted four-fold
into bu¡er 88 (20 mM HEPES pH 6.8, 150 mM potassium acetate,
250 mM sorbitol, 5 mM magnesium acetate) and loaded onto a 10-ml
Q-Sepharose column (Amersham Pharmacia Biotech) equilibrated in
bu¡er 88. The column was extensively washed with bu¡er 88 before
proteins were eluted with a 15U15 ml gradient of potassium acetate
(0.2^2 M) in bu¡er 88 and 1-ml fractions were collected and analyzed
by SDS^PAGE and Coomassie brilliant blue staining. Peak fractions
were pooled, dialyzed against 10 mM HEPES^KOH pH 7.0, 50 mM
NaCl, and 10 mM dithiothreitol, and kept in small aliquots at 4‡C.
HspBP1 was s 95% pure as assessed by SDS^PAGE and Coomassie
brilliant blue staining.

2.2. Nucleotide binding, nucleotide exchange and ATPase assays
For nucleotide-binding assays, Ssa1p (2 Wg) was incubated in com-

plex bu¡er (25 mM HEPES^KOH pH 7.5, 100 mM KCl, 11 mM
magnesium acetate) containing 25 WM ATP and 5 WCi of [K-32P]ATP
(3000 mCi/mmol; NEN) for 10 min at 30‡C. When indicated GST-
Fes1p (6 Wg) or HspBP1 (3.75 Wg) were also present in the reaction.
The ¢nal concentrations of the proteins in this reaction were: Ssa1p:
V1.5 WM, and GST-Fes1p or HspBP1: V4.5 WM. Ssa1p-bound nu-
cleotide was then puri¢ed from free nucleotide on G-50 microspin
columns (Amersham Pharmacia Biotech) and the eluate was mixed
with 5 Wl of stop bu¡er (36 mM ATP, 2 M LiCl, 4 M formic acid).
The amount of nucleotide remaining was measured by scintillation
counting and analyzed by thin layer chromatography (TLC) as de-
scribed [22].
Nucleotide exchange assays were performed exactly as published

[22], and where indicated HspBP1 or GST-Fes1p was added at a
3:1 molar ratio to Ssa1p.
A bovine Hsc70^[K-32P]ATP complex was obtained as published for

the Ssa1p^[K-32P]ATP complex preparation [24], except that 10 Wg of
puri¢ed bovine Hsc70 was used (Stressgen). Nucleotide exchange as-
says with this complex were performed as described above.
Single-turnover ATPase assays were performed essentially as de-

scribed [22,24] with a three-fold molar excess of GST-Fes1p or
HspBP1 to Ssa1p.

2.3. Fire£y luciferase refolding assays
Renaturation of heat-denatured ¢re£y luciferase in rabbit reticulo-

cyte lysates was performed essentially as described [23]. Where indi-
cated 20 WM of HspBP1 or GST-Fes1p were added to the reaction.

3. Results

3.1. Fes1p and HspBP1 inhibit nucleotide binding to Ssa1p
As a ¢rst step toward investigating the biochemical function

of HspBP1, we performed a nucleotide-binding assay with
Ssa1p. The experimental procedure was similar to the one
used to study the e¡ect of HspBP1 on ATP binding to
Hsp70 [23]. Ssa1p was incubated with ATP in the presence
or absence of either puri¢ed GST-Fes1p or HspBP1 protein,
and free and chaperone-bound nucleotides were resolved by
gel ¢ltration on G-50 microspin columns. The amount of
bound nucleotide was quanti¢ed by scintillation counting
and by TLC followed by phosphorimager analysis. As shown
in Fig. 1, both Fes1p and HspBP1 inhibited ATP binding to
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Fig. 1. HspBP1 and Fes1p block ATP binding to Ssa1p. Ssa1p was
incubated with [K-32P]ATP for 10 min at 30‡C in the presence of
bu¡er (black bars) or a three-fold molar excess of GST-Fes1p
(white bars) or HspBP1 (gray bars). Free nucleotide was removed
by gel ¢ltration on microspin G-50 columns and the amount of
bound nucleotide was quanti¢ed. Data represent the means of three
independent reactions, S S.D.
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Fig. 2. HspBP1 is a NEF for Ssa1p. Ssa1p^[K-32P]ATP complex was incubated with bu¡er (black bars) or a three fold-molar excess of GST-
Fes1p (white bars) or HspBP1 (gray bars) at 30‡C. At the indicated times an aliquot was taken and free nucleotide was removed as in Fig. 1.
The reaction in the eluate was quenched and the amount of Ssa1p-bound nucleotide was (A) determined by scintillation counting or (B) ana-
lyzed by TLC as described [22,24]. Data represent the means from three independent reactions, S S.D.
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Ssa1p, indicating that HspBP1 acts on both Ssa1p and mam-
malian Hsp70.

3.2. HspBP1 is a NEF
The observed inhibition of nucleotide binding to Ssa1p

(Fig. 1) might have arisen from Fes1p or HspBP1-induced
nucleotide dissociation. Indeed, we previously showed that
Fes1p stimulates nucleotide dissociation from Ssa1p [22],
and Fes1p and HspBP1 exhibit 38% similarity and 25% iden-
tity (our unpublished data). We consequently performed nu-
cleotide exchange assays using puri¢ed Ssa1p^[K-32P]ATP
complex [22], which was then incubated at 30‡C in the pres-
ence of bu¡er or in bu¡er containing GST-tagged Fes1p or

HspBP1. Aliquots were removed over time and Ssa1p-bound
and free nucleotides were resolved by gel ¢ltration chroma-
tography [22]. As shown in Fig. 2A, Fes1p and HspBP1 pro-
moted nucleotide dissociation from Ssa1p. HspBP1 was less
e⁄cient in these assays, possibly because its a⁄nity for Ssa1p
is lower than for Hsc70, but the e¡ect of HspBP1 on Ssa1p is
signi¢cantly greater than we previously observed when exam-
ining the e¡ect of GrpE or Sls1p on Ssa1p [22]. As observed
for Fes1p and Sls1p with their respective Hsp70s [21,22],
HspBP1 promoted the dissociation of both ATP and ADP
from Ssa1p (Fig. 2B).
Because HspBP1 acted promiscuously with yeast Ssa1p, we

next wished to examine whether HspBP1 and Fes1p could
strip nucleotide from puri¢ed mammalian Hsc70. To this
end, an Hsc70^[K-32P]ATP complex was prepared and incu-
bated with bu¡er, GST-Fes1p or HspBP1, and aliquots were
removed over time and nucleotide-bound chaperone was pu-
ri¢ed from free nucleotide by gel ¢ltration chromatography.
HspBP1 was able to stimulate both ATP and ADP dissocia-
tion from Hsc70, whereas Fes1p appeared relatively inactive
(Fig. 3). These combined data indicate that the mammalian
Fes1p homologue, HspBP1, is a NEF that can act on both
yeast and mammalian Hsp70s, but that the yeast NEF asso-
ciates preferentially with the cytoplasmic yeast Hsp70, Ssa1p.

3.3. HspBP1 inhibits Ssa1p-mediated ATP hydrolysis
We previously showed that Fes1p inhibits Ssa1p ATPase

activity in single turnover assays, most likely by stripping
ATP before it can be hydrolyzed [22]. Similar e¡ects were
observed with other NEFs and their cognate Hsp70s [25].
To determine whether HspBP1 would inhibit the single turn-
over ATPase activity of Ssa1p, as would be expected from the
data presented in Fig. 2, we performed single turnover assays
using the Ssa1p^[K-32P]ATP complex incubated in the pres-
ence of bu¡er or a three-fold molar excess of GST-Fes1p or
HspBP1. As shown in Fig. 4, HspBP1 inhibited Ssa1p ATPase
activity; as a control, we found that Fes1p also inhibited
Ssa1p-mediated ATP hydrolysis, as previously published
[22]. These data further support the conclusion that HspBP1
is a NEF.
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Fig. 3. E¡ects of HspBP1 and Fes1p on mammalian Hsp70^nucleo-
tide complexes. Reactions were assembled as in Fig. 2, except puri-
¢ed bovine Hsc70^[K-32P]ATP was used for the nucleotide exchange
assays; black bars: bu¡er; white bars: GST-Fes1p; gray bars:
HspBP1. The amount of bound nucleotide was quanti¢ed by
(A) scintillation counting (total nucleotide remaining) or (B,C)
quantitation of phosphorimaged TLC plates (percent ATP and
ADP remaining, respectively). Data represent the means from three
independent reactions, S S.D.
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Fig. 4. HspBP1 and Fes1p inhibit Ssa1p ATP hydrolysis. Ssa1p^
[K-32P]ATP complex (see Fig. 2) was incubated with bu¡er (dia-
monds) or a three-fold molar excess of GST-Fes1p (squares) or
HspBP1 (triangles) at 30‡C, and single turnover ATPase activity
was measured as described [22,24]. At the indicated times aliquots
were removed, the reactions were quenched, and triplicate aliquots
were analyzed by TLC. Data represent the means from three inde-
pendent reactions, S S.D.
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3.4. Luciferase refolding is inhibited by HspBP1 but not by
Ssa1p

HspBP1 was previously shown to inhibit the chaperone-
mediated refolding of heat-denatured luciferase when added
to rabbit reticulocyte lysate or to a de¢ned system containing
puri¢ed chaperones [23]. Because the e¡ects of Fes1p and
HspBP1 on mammalian Hsc70 were di¡erent (Fig. 3), we
measured luciferase renaturation in reticulocyte lysate in the
presence of bu¡er, Fes1p, or HspBP1. As shown in Fig. 5,
whereas HspBP1 inhibited the refolding of luciferase substan-
tially (gray bar), Fes1p was without e¡ect on refolding (white
bar), thus supporting the data presented in Fig. 3.

4. Conclusions

The work described in this report establishes that HspBP1
is homologous to the Fes1 protein, and that like Fes1p it acts
as a NEF for Hsp70. HspBP1 has also been reported to have
homology to Sls1p [26]. Furthermore, although the degree of
homology between Fes1p and HspBP1 is not high, HspBP1
induces nucleotide dissociation from yeast Ssa1p (Fig. 2) and
inhibits its ATPase activity in single turnover assays (Fig. 4).
In contrast, Fes1p was unable to act as a NEF for mamma-
lian Hsp70 (Fig. 3), and did not inhibit the Hsp70-mediated
refolding of heat-denatured ¢re£y luciferase (Fig. 5). We sug-
gest that these factors are not functionally interchangeable,
but instead bind to their Hsp70 partners to perform unique
functions within the cell. Indeed, the luminal ER Fes1p/
HspBP1 homologue, Sls1p, is a NEF that activates the lumi-
nal Hsp70 BiP to facilitate protein translocation and degra-
dation [21], whereas Fes1p inhibits Ssa1p ATPase activity,
and this regulation is restricted to Ssa1p function during pro-
tein translation [22]. While the function of HspBP1 in vivo
remains unclear, HspBP1 was found to inhibit Hsp70-medi-
ated protein refolding ([23] ; Fig. 5). Thus, as for J-domain-
containing proteins [8,9], this recently de¢ned class of NEFs
can be used di¡erentially to add further complexity and plas-

ticity to Hsp70 function and regulation. Based on our studies,
it will next be imperative to map the region(s) of these pro-
teins that dictates their interaction with speci¢c or multiple
Hsp70s, and in turn to determine how these interactions im-
pact speci¢c cellular processes.
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Fig. 5. Only HspBP1 inhibits protein refolding in vitro. Fire£y lucif-
erase was denatured, chilled, and then added to rabbit reticulocyte
lysate in the presence of bu¡er (black bars) or 20 WM GST-Fes1p
(white bars) or HspBP1 (gray bars). The samples were incubated for
90 min at 26‡C and assayed for luciferase activity as described [23].
Data represent the means from three independent experiments,
S S.D.
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