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Hsp70 escort proteins (Hep) have been implicated as essential
for maintaining the function of yeast mitochondrial hsp70
molecular chaperones (mtHsp70), but the role that escort pro-
teins play in regulatingmammalian chaperone folding and func-
tion has not been established. We present evidence that human
mtHsp70 exhibits limited solubility due to aggregation medi-
ated by its ATPase domain and show that human Hep directly
enhances chaperone solubility through interactions with this
domain. In the absence of Hep, mtHsp70 was insoluble when
expressed in Escherichia coli, as was its isolated ATPase domain
and a chimera having this domain fused to the peptide-binding
domain of HscA, a soluble monomeric chaperone. In contrast,
these proteins all exhibited increased solubility when expressed
in the presence of Hep. In vitro studies further revealed that
purified Hep regulates the interaction of mtHsp70 with nucleo-
tides. Full-lengthmtHsp70 exhibited slow intrinsicATPhydrol-
ysis activity (6.8 � 0.2 � 10�4 s�1) at 25 °C, which was stimu-
lated up to 49-fold by Hep. Hep also stimulated the activity of
the isolated ATPase domain, albeit to a lower maximal extent
(11.5-fold). In addition, gel-filtration studies showed that for-
mation of chaperone-escort protein complexes inhibited
mtHsp70 self-association, and they revealed thatHepbinding to
full-length mtHsp70 and its isolated ATPase domain is strong-
est in the absence of nucleotides. These findings provide evi-
dence thatmetazoan escort proteins regulate the catalytic activ-
ity and solubility of their cognate chaperones, and they indicate
that both forms of regulation arise from interactions with the
mtHsp70 ATPase domain.

The hsp70 protein family is a ubiquitous class of proteins
found in most cellular compartments that have evolved to par-
ticipate in a range of cellular processes, including vesicular traf-
ficking, Fe/S-cluster biogenesis, the stress response, protein
folding, and protein translocation (for reviews, see Refs. 1–4).
Members of this protein family contain two domains, an N-ter-
minal ATPase domain and a C-terminal peptide-binding
domain. Central to all hsp70 functions is their ability to bind
polypeptide substrates reversibly and to use conformational

changes driven by ATP binding and hydrolysis to regulate sub-
strate affinity. ATP binding leads to a conformation that exhib-
its weaker substrate affinity and faster substrate exchange, and
subsequent hydrolysis to ADP and inorganic phosphate results
in a conformational state with stronger substrate affinity and
slower exchange (5–10).
Mitochondria require hsp70 chaperones for the transloca-

tion of nuclear-encodedproteins (11–13), the synthesis of Fe/S-
clusters (2, 14–16), and protein folding (17). In yeast, two chap-
erones (Ssc1 and Ssq1) contribute to these functions, whereas
mammals have a single hsp70 isoform (designated mtHsp70,
HspA9b, Grp75, and mortalin) that is predicted to fulfill these
roles (18, 19). Ssc1 and Ssq1 both appear to require the presence
of a specialized hsp70 escort protein Hep1 (also designated
Zim17 and Tim15) to maintain their solubility and perform
their functions. Saccharomyces cerevisiae containing an inacti-
vated Hep1 exhibit a phenotype consistent with Ssc1 and Ssq1
depletion. This includes decreased import of nuclear-encoded
proteins into the mitochondrial matrix, reduced activities of
Fe/S proteins, and pleiotropic effects on mitochondrial mor-
phology (20–23). These phenotypes are thought to arise,
because yeast chaperones exhibit reduced solubility in the
absence of Hep1.
Bacterial expression studies have provided evidence that

eukaryotic escort proteins are sufficient to promote the solubil-
ity of their cognate hsp70 chaperones (23, 24). Coexpression of
Ssc1 with Hep1 in Escherichia coli led to the production of
soluble Ssc1, whereas expression of Ssc1 alone yielded insoluble
chaperone (23). In addition, the Chlamydomonas reinhardtii
chloroplast Hsp70B could only be produced as a soluble func-
tional protein in bacteria when it was coexpressed with Hep2
(24). Currently, the nature of chaperone misfolding reactions
and escort protein regulation of chaperone folding are unclear.
Escort protein activity could arise from interactions with the
Hsp70 peptide-binding domain, i.e.withHep1 serving as a sub-
strate for the chaperone. Alternatively, Hep1 escort activity
could result from interactions with the Hsp70 ATPase domain.
In addition, it is not clear if metazoan escort protein homologs
can promote the solubility of their cognate chaperones similar
to that observed in yeast and green algae, and it is not known
whether escort proteins elicit effects on chaperone and nucle-
otide interactions.
To better understand escort protein regulation of chaperone

folding and function, we have characterized the solubility of
human mtHsp70, its isolated ATPase domain (designated
70ATPase), and human-bacterial chaperone chimeras. In addi-
tion, we have examined the effect of humanHep on the solubil-
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ity of these proteins and characterized the effect of Hep on
mtHsp70 and nucleotide interactions.

EXPERIMENTAL PROCEDURES

Materials—E. coli XL1-Blue and Rosetta 2 cells were from
Stratagene and EMD Biosciences, respectively. Enzymes for
DNA manipulation were obtained from Roche Applied Sci-
ence, New England Biolabs, and Promega. Synthetic oligo-
nucleotides were obtained from Fischer Scientific, and pET
vectors were from EMD Biosciences. NuPAGE Novex 10%
Bis-Tris2 gels from Invitrogen were used for all electro-
phoresis experiments. Bacterial growth media components
were from BD Biosciences, and all other reagents were from
Sigma-Aldrich.
Vectors—The gene encoding humanmtHsp70 was amplified

from an Invitrogen Ultimate ORF Human Clone (accession
#BC0004788) using VENT DNA polymerase and cloned into
pET21d(�) usingNcoI andHindIII restriction sites to generate
pHsp70, a vector that produces full-length mtHsp70. The
mtHsp70 gene and a gene encoding the mtHsp70 ATPase
domain (residues 47–440) were also cloned into pET21d(�)
using NcoI and NotI to generate pHsp70-His and pATPase,
respectively, vectors that produce mtHsp70 and its isolated
ATPase domain with C-terminal His tags. All of these con-
structs produce mtHsp70 without its mitochondrial targeting
sequence (25) but with an extra N-terminal methionine.
Gene fragments of human mtHsp70 and E. coli HscA were

PCR-amplified frompHsp70 andE. coli genomicDNA, splicing
by overlap extension was used to generate chimeric chaperone
genes (26), and these full-length chimeras were cloned into
pET21d(�) using NcoI and NotI restriction enzymes. The first
chimera, designatedA-70 (pA-70), contained theHscAATPase
domain (residues 1–391) and the mtHsp70 peptide-binding
domain (PBD, residues 441–679). The second chimera, desig-
nated 70-A (p70-A) contained the mtHsp70 ATPase domain
(residues 47–440) and the HscA PBD (residues 392–616).
A vector (pHep-EGFP) that produces human Hep fused to

EGFP was generated by chemically synthesizing the predicted
human Hep gene (accession #NM_001080849) and cloning it
into pEGFP-N1 using BglII and HindIII restriction endonucle-
ases. In addition, the gene fragment encoding Hep without its
predicted mitochondrial targeting sequence (residues 1–49)
was PCR-amplified and cloned into pET28b(�) and pET30a at
NcoI and HindIII restriction sites. The pET28-derived vector
(pHep) produces human Hep without an affinity tag, whereas
the pET30-derived vector (pHis-Hep) produces human Hep
with an N-terminal (His)6 tag. This tag can be removed with
enterokinase to produce the predicted mitochondrial isoform
ofHepwith anAla-Met at itsN terminus. The S. cerevisiae hep1
gene was amplified from genomic DNA using PCR and cloned
into pET28b(�) using NcoI andHindIII restriction sites to cre-

ate pHep1, a vector that produces Hep1 (residues 48–174)
without its mitochondrial targeting sequence (23).
The gene encoding humanmitochondrial Isu2 was PCR-am-

plified from an Invitrogen plasmid (accession #BM921073) and
cloned into pET30a using NcoI and HindIII restriction sites to
create pHis-Isu2, a vector that produces Isu2 (residues 37–167)
without its mitochondrial targeting sequence (27) but with an
N-terminal (His)6 tag. All cloning and plasmid amplification
was performed using a strain of E. coli (XL1-Blue, Stratagene
Inc.) that lacks a T7 RNA polymerase, and all constructs were
sequence-verified.
Solubility Analysis—Protein solubility was analyzed using

Rosetta 2 E. coli grown in Luria broth. Cells transformed with
vectors for expressing the indicated proteins were grown at
37 °C, induced with 0.1 mM isopropylthio-�-D-galactoside
(IPTG) at A600 � 1, and grown for �18 h at 23 °C to allow
expression. In experiments expressing yeast Hep1, cells were
only allowed to grow for 6 h after induction. Cells were har-
vested by centrifugation, resuspended in HED buffer (10 mM
HEPES, pH 7.5, 0.5 mM EDTA, and 1 mM DTT) containing 1
mMMgCl2, 300�g/ml lysozyme, 2 units/mlDNase I, and frozen
at �80 °C for �24 h. The lysed cells were thawed and centri-
fuged at 40,000 � g to separate the insoluble and soluble pro-
teins. The insoluble fractions were resuspended in HED buffer,
and protein concentrations in each fraction were determined
using Bradford analysis prior to SDS-PAGE analysis.
Protein Expression and Purification—Cells transformed with

pHis-Hep were grown at 37 °C, induced with 0.1 mM IPTG at
A600 � 1 and grown for �18 h at 23 °C to allow for expression.
Harvested cells were resuspended in TND buffer (50 mM Tris,
pH 8.0, 150mMNaCl, and 1mMDTT) containing 1mMMgCl2,
300 �g/ml lysozyme, and 2 units/ml DNase I. After two freeze-
thaw cycles at �80 °C, lysed cells were centrifuged at 40,000 �
g to remove cell debris. Cleared lysate was applied to nickel-
nitrilotriacetic acid resin (Qiagen), the column was washed
with TND buffer containing 15 mM imidazole, and (His)6-
tagged Hep1 was eluted using TND buffer containing 150 mM
imidazole. After dialysis against 10 mM Tris, pH 8.0, the fusion
protein (15 mg/ml) was treated with 2 units/ml enterokinase
(Promega) for 72 h at room temperature to remove the His tag
and applied to Histrap (GE Healthcare) column to remove the
affinity tag. Cleaved Hep was concentrated and chromato-
graphed in TND buffer using a S75 Superdex column (GE
Healthcare). Fractions appearing homogeneous were pooled
and concentrated to �15 mg/ml.
Rosetta 2 E. coli harboring pHsp70-His and pHep1 were

grown and lysed using a similar protocol as described for Hep
purification, except that TNED buffer (50 mM Tris, pH 8.0, 150
mM NaCl, 0.5 mM EDTA, and 1 mM DTT) was used to resus-
pend cell pellets. After lysis, cells were centrifuged at 40,000 �
g to remove cell debris, cleared lysate was applied to nickel-
nitrilotriacetic acid resin, and the column was washed with 10
column volumes of TNED buffer containing 500 mM NaCl,
0.5% Triton X-100, and 10 mM imidazole. This latter step was
required to remove yeast Hep1 that remained bound to
mtHsp70 on the nitrilotriacetic acid column. Chaperone was
eluted using TNED buffer containing 150 mM imidazole, frac-
tions containing protein were combined, and ammonium sul-

2 The abbreviations used are: Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; Hep, hsp70 escort protein; mtHsp70, mito-
chondrial hsp70; PBD, peptide-binding domain; 70ATPase, mtHsp70 ATPase
domain; 70-A, mtHsp70-HscA chimera having mtHsp70 ATPase domain;
A-70, HscA-mtHsp70 chimera having HscA ATPase domain; DTT, dithio-
threitol; IPTG, isopropylthio-�-D-galactoside; EGFP, enhanced green fluo-
rescent protein.
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fate was added to a final concentration of 50% saturation to
precipitate mtHsp70. The precipitated protein was resus-
pended in TED buffer (50 mM Tris, pH 8.0, 0.5 mM EDTA, and
1 mM DTT), centrifuged at 40,000 � g, dialyzed against TED
buffer, and applied to a Q-Sepharose column. Protein was
eluted from this anion exchange column using a linear gradient
from 0 to 400 mM NaCl in TED buffer. Fractions appearing
homogenous were pooled, dialyzed against TED buffer, and
concentrated to �15 mg/ml. The mtHsp70 ATPase domain
was expressed in Rosetta 2 E. coli harboring pATPase and pHep
and purified using a procedure similar to that described for
full-length mtHsp70.
Gel-filtration Chromatography—Protein molecular masses

were estimated by comparing their elution to monomeric
standards of known molecular weight on Superdex 75 and 200
columns, respectively, using an AKTA fast-protein liquid chro-
matography system (GEHealthcare). For experiments examin-
ing mtHsp70 oligomerization, 20 �M chaperone was incubated
for 30 min at 4 °C in HKMD buffer (50 mMHEPES, pH 7.5, 150
mMKCl, 10mMMgCl2, and 1mMDTT) containing and lacking
1 mM ADP or ATP. This sample was applied to a Superdex 200
column equilibrated in HKMD buffer and having levels of
nucleotides (50 �M) that allow for spectroscopic detection of
the eluted proteins. In experiments examining Hep binding to
mtHsp70, equimolar mtHsp70 (or its ATPase domain), and
Hepwere incubated inHKMDbuffer for 30min at 4 °C to allow
for complex formation. Nucleotides were then added to a final
concentration of 1 mM, and the mixture was further incubated
for 30 min prior to chromatographic separation in HKMD
buffer containing 50 �M ADP or ATP. For analysis of the
absence of nucleotide, samples were immediately chromato-
graphed in HKMD buffer after the 30-min incubation. The
standard curves shown were generated using the elution vol-
umes for: amylase (200 kDa), alcohol dehydrogenase (158 kDa),
bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa),
and cytochrome C (12.4 kDa).
Cell Culture—HEK293 cells were cultivated in Dulbecco’s

Modification of Eagle’s media (Fisher) supplemented with 10%
bovine calf serum. The cells were incubated at 37 °C in a 90%
humidified atmosphere containing 5% CO2. Before transfec-
tion (1 day), cells were seeded in 6-well plates and transfection
was done at a cell confluency of 70% by using Fugene6 transfec-
tion reagent (Roche Applied Science) according to the manu-
facturer’s protocol.Mitochondria were stained 48 h after trans-
fection by incubating cells with 50 nM MitoTracker Red
(Molecular Probes) in phosphate-buffered saline at 23 °C for 30
min. After washing with phosphate-buffered saline two times,
live cells were imaged using LSM-510 (Zeiss) confocal fluores-
cence microscope. All images are nearly confocal (thin optical
slice, �1 �m).
ATPase Measurements—The rate of ATP hydrolysis was

monitored as previously described using the Invitrogen
EnzChek phosphate detection kit (9, 28, 29). Assays were per-
formed in HKMD buffer that contained 1 mM DTT. Enzymes
and coupled assay reagents were incubated in a 0.5-ml reaction
at 25 °C for 5min prior to starting the reaction through addition
of 1 mM ATP. First order rates were corrected for the degrada-
tion of the coupled enzyme substrate, 2-amino-6-mercaptro-7-

methylpurine ribonucleoside, as well as the level of phosphate
present in ATP. Reaction rates obtained for mtHsp70 and its
isolated ATPase domain were directly proportional to enzyme
concentrations. Curves shown represent a least-squares fit of
the data to a hyperbolic saturation function.
Analytical Methods—Protein concentrations were deter-

mined spectrophotometrically. The extinction coefficients of
mtHsp70 (�280 � 19,600 M�1cm�1), the mtHsp70 ATPase
domain (�280 � 16,800 M�1cm�1), and Hep (�280 � 9,800
M�1cm�1) were calculated using average absorptivities for
tryptophan and tyrosine of 5,600 and 1,400 (M-cm)�1, respec-
tively (30–32). All UV-visible absorbance measurements were
performed using a Cary 50 spectrophotometer.

RESULTS

Domain Requirements for mtHsp70 Insolubility—Human
mtHsp70 contains two domains, an N-terminal ATPase
domain and a C-terminal peptide-binding domain, but the
domain responsible for its low solubility upon expression in
E. coli is not known. To investigate the relative contributions of
these domains to mtHsp70 insolubility, we have created bacte-
rial expression vectors for mtHsp70 and chimeras of mtHsp70
and HscA, a constitutively expressed bacterial hsp70 family
member that is soluble andmonomeric (28). The first chimera,
designated 70-A, contains an mtHsp70 ATPase domain and an
HscA PBD. The second chimera, designated A-70, contains an
HscA ATPase domain and an mtHsp70 PBD. In addition, we
created an expression vector for a truncation mutant of
mtHsp70 that contains only the ATPase domain.
Fig. 1 shows the expression of mtHsp70, 70-A, A-70, and

70ATPase in Rosetta 2E. coli grown in Luria brothmedium. In all
cases, IPTG-induced expression led tomajor bandswith appar-
ent molecular weights similar to those predicted. Analysis of
the soluble and insoluble cell fractions indicated that mtHsp70
is predominantly within the insoluble fraction. In addition, the
70-A chimera andmtHsp70ATPase domainwere foundwithin
the insoluble fractions of the cells. The A-70 chimera, in con-
trast, was soluble under similar expression conditions. Taken
together, these results suggest that the mtHsp70 ATPase
domain contributes to the low solubility of full-lengthmtHsp70
under these assay conditions.
Hep-EGFP Is Localized to Mitochondria—The N-terminal

portion of Hep (residues 1–49) is predicted to constitute a
mitochondrial localization signaling sequence (33), suggesting
that this protein is translocated to mitochondria like the yeast
escort protein Hep1 (20). To examine this, we created an
expression vector that produced full-length Hep with EGFP
fused to its C terminus and examined the localization of Hep-
EGFP in HEK293 cells transiently transfected with this vector.
Fig. 2 shows that the EGFP signal appears localized with that of
MitoTracker Red, a dye that stains mitochondria by detecting
the membrane potential.
Hep Enhances mtHsp70 Solubility—Expression studies with

yeast Ssc1 have shown that this chaperone can only be pro-
duced as a soluble recombinant protein in E. coli when it is
coexpressed with yeast Hep1 (23), implicating escort proteins
as sufficient to maintain mitochondrial chaperone solubility.
To see if human Hep exhibits hsp70 escort activity, we have
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created a bacterial expression vector that produces the pre-
dicted mitochondrial isoform of Hep with a cleavable N-termi-
nal His tag (33) and evaluated the escort activity of this recom-
binant protein.
Fig. 3A shows an SDS-PAGE of total protein from cells over-

expressing Hep. A major band is observed within the soluble
fraction that migrates with an apparent molecular mass that is
heavier than that calculated for His-tagged Hep (18.6 kDa),
indicating that Hep migrates slower than expected under these
conditions. Previous studies analyzing yeast Hep1migration on
SDS-PAGE have found similar results (23), suggesting that
abnormalities in SDS binding or protein conformation during
electrophoresis are responsible for the slower than expected
migration of these escort proteins. Fig. 3A also shows the effect
of Hep on the solubility of mtHsp70, 70-A, and 70ATPase. In all
three cases, more than half of the expressed chaperone was
observed in the soluble cellular fraction. This can be contrasted
with experiments performed in the absence of Hep, where we
could not detect solublemtHsp70, 70-A, or 70ATPase (see Fig. 1).
These findings provide evidence that human Hep exhibits
chaperone escort activity similar to that observed with yeast
Hep1 (23). Furthermore, they suggest that Hep regulates chap-

erone solubility through interactions with the mtHsp70
ATPase domain.
Fig. 3B shows the effect of a non-cognate escort protein (S.

cerevisiaeHep1) and a substrate (human Isu2) on the solubility
of human mtHsp70 expressed in E. coli. IPTG-induced expres-
sion of both Hep1 and Isu2 led to major bands with apparent
molecular weights slightly larger than those predicted for Isu2
(Mr � 19,200) and Hep1 (Mr � 14,600), as previously observed
with yeast Hep1 (23) and a bacterial homolog of Isu2 (10). In
addition, both proteins were predominantly in the soluble cell
fractions. Although both proteinswere expressed at similar lev-
els, only the yeast escort protein Hep1 was able to promote
humanmtHsp70 to a similar extent as humanHep. In contrast,
coexpression of mtHsp70 with Isu2 had little influence on
chaperone solubility.
The slowmigrations ofHep1 and Isu2 during electrophoresis

are thought to arise from abnormalities in SDS binding or pro-
tein conformation, not retention of bound cofactors. Hep1
mutants having zinc-chelating cysteines mutated to serine
exhibit similar migration during electrophoresis as native
Hep1, even though these mutations abolish the solubility of
recombinant Hep1 (data not shown). In addition, the Fe/S clus-
ters coordinated by Isu2-type proteins are unstable in the pres-
ence of the oxygen levels where gel electrophoresis was per-
formed (10).
Protein Expression and Purification—To obtain soluble

mtHsp70 for purification, we coexpressed this chaperone with
yeast Hep1 in E. coli. This approach was used because Hep1
promotes mtHsp70 solubility like human Hep, but it does not
remain as strongly bound to the chaperone during chromatog-

FIGURE 1. Solubility of mtHsp70, mtHsp70-HscA chimeras, and 70ATPase.
A, domain composition of chaperone constructs. B, SDS-PAGE analysis of pro-
tein solubility upon expression in E. coli. Molecular weight markers (lane 1),
Rosetta 2 E. coli lacking plasmids (lane 2), and cells harboring plasmids for
expressing full-length mtHsp70 (pHsp70, lanes 3–5), a chimera having an
mtHsp70 ATPase domain and a HscA peptide-binding domain (p70-A, lanes
6 – 8), a chimera having an HscA ATPase domain and a mtHsp70 PBD (pA-70,
lanes 9 –11), and the isolated mtHsp70 ATPase domain (pATPase, lanes 12–14).
For each sample, 15 �g of total protein from whole cells (T) is shown as well as
the soluble lysates (S) and pellets (P) derived from a sample that contained 15
�g of protein before fractionation.

FIGURE 2. Mitochondrial localization of Hep. HEK293 cells transiently trans-
fected with pHep-EGFP were stained with 50 nM MitoTracker Red for 30 min at
48 h after transfection. Live cells were imaged using a confocal microscope.
A, EGFP channel representing Hep-EGFP fusion protein. B, bright field, C, Mito-
Tracker Red channel representing mitochondria, and D, overlap of A, B, and C.
The MitoTracker Red dye was excited with a 543 nm argon laser with emission
collected through a 560 nm long-pass filter, and the EGFP was imaged using
488 excitation and emission detected through a 500 to 530 nm band pass.
The scale bar represents 20 �m.
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raphy, aiding in the separation of the escort protein from the
chaperone during purification. In addition, the mtHsp70
ATPase domain was expressed in the presence of human Hep
lacking a His tag. Hep lacking this affinity tag promotes
70ATPase andmtHsp70 solubility upon expression in E. coli, but
it is expressed at lower levels than His-tagged Hep (data not
shown). This lower expression aids in chromatographic sepa-
ration of 70ATPase and Hep during purification.
Figs. 4A, 5A, and 6A show SDS-PAGE analysis of the final

preparations ofmtHsp70, Hep, and 70ATPase, respectively. In all
cases, a singlemajor band is obtained indicative of a high level of
purity. In addition, we characterized the absorption spectrum
of each protein. They exhibited spectra consistent with the
known amino acid content of aromatic residues and showed no
evidence for high levels of additional chromophoric groups, e.g.
boundADP/ATP that contributes significantly to absorption at

260 nm, as has been observed in purified preparations of other
hsp70 chaperones like E. coli DnaK (34).

Subsequent to purification, mtHsp70 and 70ATPase remained
soluble in the absence of Hep and nucleotides when stored in
Tris pH 8. In the case of the ATPase domain, the protein
remained soluble at concentrations as high as 200 �M even
when stored for 24 h at room temperature. However, the
mtHsp70 ATPase domain could not be stably stored at high
concentrations for a similar period of time in buffers having pH
values (� 7.5) more closely resembling the physiological envi-
ronment within E. coli where these proteins were overex-
pressed, unless it was incubated with equimolar Hep (data not
shown).
Gel-filtration Analysis—Hsp70 binding to ATP results in a

conformation change that leads to the formation of a tense state
with reduced affinity for peptide substrates, and subsequent
ATP hydrolysis to ADP results in formation of a relaxed state
with increased substrate affinity (5–10). For some chaperones,
like yeast mitochondrial Ssc1, these nucleotide-induced con-
formational changes influence the oligomeric state of the chap-
erone (23), suggesting that humanmtHsp70may also self-asso-
ciate in a nucleotide-dependent manner. To evaluate this
possibility, we have investigated mtHsp70 migration on a gel-
filtration column in the presence and absence of ATP andADP.
Fig. 4B shows elution profiles formtHsp70 on a Superdex 200

size-exchange column. In the presence of 50 �M ATP, a single
major peak was observed. A comparison of this peak elution
volume to protein standards of known size indicates that
mtHsp70 exhibits an apparent molecular mass (81 kDa) that is
similar to the calculated mass for a mtHsp70 monomer. In the
presence of ADP, two major peaks were observed at elution
volumes with predicted molecular masses (86 and 168 kDa),
consistent with the presence of mtHsp70 monomers and
dimers. Nucleotide-free mtHsp70 also contained a mixture of
monomeric and dimeric mtHsp70. Under these conditions,
however, a larger fraction of the mtHsp70 eluted near the void
volume (43.9 ml) of this column. This indicates that mtHsp70
forms higher order oligomers in the absence of nucleotides.
To evaluate whether Hep influences mtHsp70 oligomeriza-

tion, we investigated whether Hep altered mtHsp70 elution on
a Superdex 200 size-exclusion column. Fig. 5B compares the

FIGURE 3. SDS-PAGE analysis of Hep escort activity. A, molecular weight
markers (lane 1) and Rosetta 2 E. coli harboring a plasmid for expressing Hep
alone (pHis-Hep, lanes 2– 4) and with vectors for expressing mtHsp70
(pHsp70, lanes 5–7), the 70-A chimera (p70-A, lanes 8 –10), and 70ATPase

(pATPase, lanes 11–13). B, molecular weight markers (lane 1) and Rosetta 2
E. coli harboring plasmids for expressing yeast Hep1 (pHep1, lanes 2– 4), Hep1
and mtHsp70 (pHep1 and pHsp70, lanes 5–7), Isu2 (pHis-Isu2, lanes 8 –10), and
Isu2 and mtHsp70 (pHis-Isu2 and pHsp70, lanes 11–13). For each sample, 15
�g of total protein from whole cells (T) is shown as well as the soluble lysates
(S) and pellets (P) derived from a sample that contained the same amount of
protein before fractionation.

FIGURE 4. Nucleotide effects on mtHsp70 oligomerization. A, SDS-PAGE
analysis of purified mtHsp70: molecular weight markers (14.4, 21.5, 31, 45,
66.2, and 97.4 kDa) and 1, 3, and 10 �g of purified mtHsp70. B, elution profiles
at 4 °C for 20 �M mtHsp70 (2 ml) chromatographed on a Superdex 200 col-
umn using HKMD buffer containing 50 �M ATP (top), 50 �M ADP (middle), and
no nucleotide (bottom).
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elution of Hep and a mixture of Hep and mtHsp70. In the
absence of nucleotide, the protein mixture eluted as a single
major peak. This can be contrasted with elution of mtHsp70
alone, which eluted as a mixture of monomers, dimers, and
higher order oligomers (see Fig. 4B). A comparison of the elu-
tion volume for this peak to that of the standards indicates that
the Hep-mtHsp70 complex exhibits an apparent molecular
mass (124 kDa) that is less than that expected for a mtHsp70
dimer, suggesting that Hep promotes formation of mtHsp70
monomers. Hep alone eluted as a monodisperse peak at an
apparent molecular mass (29 kDa) that is �2-fold greater than
that calculated for a Hep monomer after removal of its His tag
(13.6 kDa).
To determine whether Hep forms a stable complex with the

mtHsp70 ATPase domain, we examined whether Hep altered
70ATPase elution from a Superdex 75 size-exclusion column.
Fig. 6B shows a comparison of the peaks obtained to protein
standards. When chromatographed alone, 70ATPase displayed
an apparent molecular mass (�54 kDa) similar to that calcu-
lated for amonomer (43.9 kDa). This indicates that this domain

does not self-associate like the full-length protein (see Fig. 4B).
In addition, an equimolarmixture of 70ATPase andHep eluted at
a single volume greater than that observed for 70ATPase or Hep
alone. Under these conditions, little free Hep or 70ATPase was
detected. This suggests that these proteins bindwith a stoichiom-
etry of 1:1, because non-stoichiometric binding for an equimolar
mixturewouldhave yielded twomajorpeaks, one representing the
70ATPase that forms a complex with Hep and the other represent-
ing the remaining free 70ATPase. The finding that Hep migrates
with an apparent molecular weight similar to that of a dimer fur-
ther suggests thatHepmustdissociateprior tobinding to70ATPase,
or that Hep has an asymmetrical shape that causes it to migrate
more rapidly during gel-filtration chromatography than a sym-
metrical monomer.
Nucleotide Effects on Hep Binding—The finding that Hep

binds directly to the mtHsp70 ATPase domain suggested that
nucleotide-induced conformational changes could influence
the stability of the Hep-mtHsp70 complex. To address this,
gel-filtration analyses of the escort-chaperone complexes were
repeated in buffers containing ADP and ATP. Fig. 5B shows
that themtHsp70-Hepmixture eluted as two peaks in the pres-
ence of ATP. This can be contrasted with experiments per-
formed in buffer lacking nucleotides, where mtHsp70 and Hep
eluted together as a single major peak. In the presence of ATP,
the faster peak eluted at a volume identical to that observed for
mtHsp70-ATP chromatographed alone (see Fig. 4B), and the
slower peak eluted at a volume identical to that observed when
Hepwas analyzed alone. In the presence ofADP,multiple peaks
were also observed. Again, elution of these peaks occurred at
volumes similar to those observed in experiments analyzing the
migration of the individual proteins.
We also investigate whether nucleotides promoted dissocia-

tion of Hep from the mtHsp70 ATPase domain. Fig. 6B shows
the effects of ADP and ATP on the elution of Hep and 70ATPase
mixtures from a size-exclusion column. In an ATP-containing
buffer, theHep-70ATPasemixture eluted as two distinct peaks at
volumes corresponding to the elution observed when experi-
mentswere performedwith the individual proteins. This can be
contrasted with experiments performed in the absence of
nucleotides where the Hep-70ATPase complex eluted as a single
peak at a smaller volume. In addition, gel-filtration analysis in a
buffer containingADP resulted inmultiple elution peaks. How-
ever, the twopeaks observed under these conditionswere not as
resolved as in the presence of ATP, suggesting that ADP-bound
70ATPase binds Hep stronger than ATP-bound protein.
ATPase Activity—To investigate whether Hep affects

mtHsp70 and nucleotide interactions, we examined the effect
of Hep on the ATPase activity of mtHsp70 and its isolated
ATPase domain using a coupled enzyme assay for phosphate
release (9, 28, 29). Fig. 7A shows the effect of 40 �MHep on the
rate of ATP hydrolysis catalyzed by 70ATPase (2 �M) in the pres-
ence of 1 mM ATP. Under these conditions, Hep increased the
activity of 70ATPase �11-fold from 0.0054 to 0.062 mol of ATP
hydrolyzed per mol of 70ATPase per second. Purified Hep alone
exhibited a lowbackground level ofATPase activity under these
conditions (6 � 10�5 s�1).
To determine the affinity of themtHsp70ATPase domain for

Hep, ATPase measurements were carried out over a range of

FIGURE 5. Hep inhibits mtHsp70 oligomerization. A, SDS-PAGE analysis of
purified mtHsp70: molecular weight markers (14.4, 21.5, 31, 45, 66.2, and 97.4
kDa) and 1, 3, and 10 �g of purified Hep. B, effect of mixing Hep and mtHsp70
on their elution at 4 °C from a Superdex 200 column chromatographed using
HKMD buffer lacking nucleotides and containing ATP or ADP (50 �M). Sam-
ples (2 ml) introduced onto the column contained 20 �M Hep and mtHsp70.

FIGURE 6. Hep binds to the mtHsp70 ATPase domain. A, SDS-PAGE analysis
of purified mtHsp70 ATPase domain: molecular weight markers (14.4, 21.5,
31, 45, 66.2, and 97.4 kDa) and 1, 3, and 10 �g of purified 70ATPase. B, elution
profiles at 4 °C for 70ATPase and Hep chromatographed alone and together on
a Superdex 75 column using HKMD buffer lacking nucleotides and containing
ATP or ADP (50 �M). Samples (2 ml) introduced onto the column contained 20
�M Hep and 70ATPase.
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concentrations of Hep. Fig. 7B shows the increase in ATPase
activity relative to the rate in the absence ofHep as a function of
Hep concentration. Assuming a 1:1 stoichiometry for the bind-
ing of Hep to 70ATPase, as predicted from size-exclusion chro-
matography measurements (see Fig. 6B) and observed during
calorimetric analysis of Hep and 70ATPase binding (data not
shown), a hyperbolic saturation curve was obtained when the

data were corrected for the amount of Hep bound. Extrapola-
tion to saturating levels of Hep indicates amaximal stimulation
of 11.5-fold with half-maximal stimulation at 7.6 �M Hep.
Fig. 8A shows the ATPase activity of full-lengthmtHsp70 (10

�M) in the absence and presence of 40 �MHep. The basal activ-
ity of mtHsp70 (6.8 	 0.2 � 10�4 mol ATP hydrolyzed per mol
per mtHsp70 per second) was less than that of the isolated
ATPase domain, as observed with other hsp70 family members
(9). In addition, Hep (40 �M) elicited a greater stimulation
(�20-fold) of full-lengthmtHsp70 under these conditions. Fur-
thermore, biphasic ATP hydrolysis kinetics was observed when
reactions were started by adding ATP to mixtures of mtHsp70
and Hep that had been preincubated for 5 min. This can be
contrasted with ATP hydrolysis by 70ATPase in the presence of
Hep, which was linear over the time course of the assay. Reac-
tions involving full-length mtHsp70 yielded linear rates when
mtHsp70 was incubated with ATP prior to Hep addition (data
not shown).
To examine whether mtHsp70 exhibits a similar affinity for

Hep as 70ATPase, we examined the effect of Hep concentration
on mtHsp70 ATPase activity. Fig. 8B shows the increase in the
rate of ATP hydrolysis during the first 30 s of the reactions
relative to the rate in the absence of Hep as a function of Hep
concentration. In all reactions containing Hep, the fast phase
exhibited linear rates over this time course. Extrapolation to
saturating levels of Hep indicates a maximal stimulation of
mtHsp70 activity (�49-fold) that is greater than that observed
with the ATPase domain alone. However, the concentration of
Hep required for half-maximal stimulation (5 �M Hep) is sim-
ilar to that observed with 70ATPase. Fig. 8C shows the effect of
Hep onmtHsp70 activity after the reaction was allowed to pro-
ceed for 2 min. During this time, Hep stimulated mtHsp70
activity to a lower maximal extent (27.6-fold), and the concen-
tration of Hep required for half-maximal stimulation was
�5-fold greater (�26 �M) than that observed when analyzing
the initial rates. In all reactions, ATP hydrolysis rates were lin-
ear between 2 and 5 min.

DISCUSSION

In earlier studies, escort proteins from yeast mitochondria
(Hep1) and algae chloroplasts (Hep2) were shown to maintain
their cognate chaperones in an active conformation by prevent-
ing chaperone aggregation (20–22, 24). However, the domains
responsible for aggregation and escort protein bindingwere not
established. Our results herein provide evidence that theN-ter-
minal ATPase domain of humanmtHsp70 is responsible for its
reduced solubility. Like full-length mtHsp70, a truncation
mutant containing only the ATPase domain was insoluble
whenoverexpressed inE. coli, aswas the 70-A chimera contain-
ing the humanmtHsp70 ATPase domain fused to the C-termi-
nal peptide-binding domain of E. coli HscA, a monomeric
hsp70-family member that has evolved to regulate Fe/S-cluster
biosynthesis reactions (3, 28). In contrast, a chimera having the
mtHsp70 PBD fused to an HscA ATPase domain was com-
pletely soluble upon overexpression in E. coli. These findings
are consistent with studies performed by Craig and coworkers
(2), which showed that an mtHsp70 truncation mutant having

FIGURE 7. Effect of Hep on the ATPase activity of 70ATPase. A, time course of
ATP hydrolysis at 25 °C in reactions containing 2 �M 70ATPase, a mixture of 2 �M

70ATPase and 40 �M Hep, and 50 �M Hep. B, increase in the basal ATPase rate of
70ATPase (2 �M) at 25 °C in the presence of 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, and 40
�M Hep. All experiments were performed in HKMD buffer that contained 1
mM ATP. The concentration of free Hep was calculated assuming 1:1 binding
stoichiometry with 70ATPase using the equation, [Hep]free � [Hep]total �

v�[E]/
vmax, where [Hep]total is the concentration of Hep added to the reac-
tion, [E] is the concentration of 70ATPase, 
v is the observed change in rate, and

vmax is the maximal rate obtained by extrapolating to infinite Hep concen-
tration. The data are fit to a hyperbolic saturation function assuming a maxi-
mal stimulation for 70ATPase of 11.5-fold with half-maximal stimulation at 7.6
�M. Hep (50 �M) yielded a turnover number (0.00006 s�1) that was �100-fold
lower than the basal rate measured for 70ATPase (0.0054 s�1).

Hep Binds the mtHsp70 ATPase Domain

26104 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 38 • SEPTEMBER 19, 2008



only the C-terminal PBD can be readily expressed as a soluble
protein in the absence of Hep.
Our findings also provide the first direct evidence that escort

proteins promote chaperone solubility through interactions
with the ATPase domain. Hep enhanced the solubility of full-
length mtHsp70, a truncation mutant containing only the
ATPase domain, and the 70-A chimera that contained a human
mtHsp70 ATPase domain. In contrast, mtHsp70 solubility was
not dramatically altered by coexpression with Isu2. In previous
studies, Isu2-type proteins have been shown to serve as sub-
strates for mitochondrial hsp70 family members (9, 35, 36). In
addition, a recent study showed that the C-terminal peptide-
binding domain of mtHsp70 binds to a polypeptide harboring a
LPPVKmotif, the minimal portion of Isu2-type proteins that is
required for chaperone binding (2, 37). The low chaperone
escort activity elicited by Isu2 suggests that efficient suppres-
sion of mtHsp70 aggregation requires a protein that interacts
with its N-terminal ATPase domain.
To our surprise, we found that S. cerevisiaeHep1 could pro-

mote the solubility of human mtHsp70. The ability of yeast
Hep1 to cross-react with human mtHsp70 suggests that mam-
malian and yeast escort protein homologs have similar topology
(38), even though they display only 25% amino acid sequence
identity. This also suggests that these escort protein homologs
use a similar mechanism to bind their cognate chaperones, and
it implicates a role for residues conserved among these
homologs in mediating chaperone interactions. Support for
this comes from a recent study evaluating the solubility and
escort activity of yeastHep1mutants having residues conserved
in the human homolog mutated, including His-107 and Asp-
111 (38). Yeast Hep1 variants harboring these mutations all
exhibited parent-like solubility when produced in yeast and
E. coli, suggesting that these residues are not required for
proper folding. In addition, Hep1 variants containing the
D111A mutation (or a H107A mutation in combination with
R106A) were impaired in their ability to promote the solubility
of Ssc1 overexpressed in E. coli, and they could not support the
growth of 
hep1 S. cerevisiae (38).

Gel-filtration studies evaluating chaperone and escort pro-
tein binding revealed that mtHsp70-Hep and 70ATPase-Hep
complexes are most stable in the absence of nucleotides.
These measurements also revealed that Hep inhibits the self-
association of mtHsp70 in the absence of nucleotides. This
self-association is thought to arise at least in part from
mtHsp70-mtHsp70 interactions involving the ATPase and
substrate-binding domains of different chaperone mole-
cules, because 70ATPase did not self-associate in buffers lack-
ing nucleotides. The former mirrors findings from a study
examining the effect of nucleotides and Hep on the oli-
gomerization of the yeast mitochondrial chaperone Ssc1
(23). In the absence of nucleotide, glutaraldehyde cross-link-
ing treatment generated Ssc1 that migrated on SDS-PAGE
with a molecular weight consistent with the presence of four
or more proteins per complex. However, in the presence of
Hep1 (or ADP and ATP), a majority of the Ssc1 was mono-
meric or dimeric, indicating that Hep1, ADP, and ATP
inhibit the formation of higher order Ssc1 oligomers.
Purified mtHsp70 exhibited slow intrinsic ATPase activity

(6.8 	 0.2 � 10�4 s�1) characteristic of hsp70 family members
(39), and this activity was enhanced by Hep. This implicates a
role for Hep-type escort proteins in regulating chaperone and
nucleotide interactions. This stimulation is predicted to arise at
least in part from Hep binding to the ATPase domain of
mtHsp70, because Hep was capable of stimulating the ATP
hydrolysis activity of the isolated ATPase domain (up to 11.5-
fold) and full-lengthmtHsp70 (up to 49-fold). Hep activation of
mtHsp70 activity could arise from Hep stimulating the rate of
ATP hydrolysis, similar to that reported for J-type auxiliary
cochaperones (40, 41). Alternatively, Hep could enhance the
rate of nucleotide exchange, similar to GrpE-type cochaper-
ones (42). Both J and GrpE-type family members are present in
the mammalian mitochondria (43–45), suggesting that Hep
may cooperate or compete with these proteins in regulating
mtHsp70 ATPase activity.
Full-length mtHsp70 exhibited linear ATP hydrolysis kinet-

ics in the absence of Hep. In contrast, biphasic kinetics was

FIGURE 8. Effect of Hep on the ATPase activity of mtHsp70. A, time course of ATP hydrolysis at 25 °C in reactions containing 10 �M mtHsp70 and a mixture of 10 �M

mtHsp70 and 40 �M Hep. B, the effect of increasing Hep on the ATPase rate of mtHsp70 (10 �M) observed during the fast kinetic phase (0–30 s). C, the effect of
increasing Hep on the ATPase rate of mtHsp70 (10 �M) observed after reactions had proceeded for 150 s. Reactions were performed in HKMD buffer containing 10 �M

mtHsp70, and 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 75, and 100 �M Hep. All reaction components were mixed and incubated at 25 °C for 5 min prior to starting reactions
through the addition of ATP to a final concentration of 1 mM. The concentration of free Hep was calculated assuming a 1:1 binding stoichiometry as described in Fig.
8, and the data in B and C were fit to a hyperbolic saturation functions assuming a maximal stimulation for the faster kinetic phase of 49-fold with half-maximal
stimulation at 5 �M, and a maximal stimulation for the slower kinetic phase of 27.6-fold with half-maximal stimulation at 26 �M.
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observed in reactions involving Hep and mtHsp70. These two
linear kinetic phases were stimulated to different extents by
Hep. In the case of the fast phase, the rate ofATPhydrolysis was
enhanced up to 49-fold with half-maximal stimulation occur-
ring at 5 �MHep. In contrast, the rate of ATP hydrolysis during
the slower phase was only stimulated up to 27.6-fold with a
higher concentration (26�M) of Hep required for half-maximal
stimulation. The stronger apparent affinity for the fast kinetic
phase suggests that mtHsp70 and Hep form a complex in the
absence of nucleotides that has a distinct conformational state
fromATP-boundmtHsp70. In addition, the higher stimulation
observed for the fast kinetic phase suggests that Hep directly
stimulates the rate of ATP hydrolysis �49-fold during the first
round of substrate turnover, and it implicates a subsequent
ATPase reaction cycle step as rate-limiting during subsequent
rounds of ATP hydrolysis. Additional studies are needed to
establish the exact role that Hep plays in regulating the individ-
ual steps of the mtHsp70 ATPase reaction cycle.
The ability to produce high levels of functional, recombinant

human mtHsp70 will facilitate future studies examining how
the activities of this chaperone differ from Ssc1 and Ssq1, the
current model systems for mitochondrial chaperone function.
Not onlywill it enable studies that directly examine binding and
regulation by auxiliary cochaperones and substrates, but it will
allow studies that investigate the structural features of
mtHsp70 thatmediate binding toHep.HumanmtHsp70 is pre-
dicted to recognize a structuredmotif within Hep (38) using its
ATPase domain, and it seems likely that auxiliary cochaperones
(43–45), protein substrates (27), and post-translational modi-
fications (46) could influence this interaction.
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