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Background: The Hsp70 chaperone cycle mediates stress-denatured protein refolding.
Results: We present the structure of a DnaK-GrpE complex containing the DnaK interdomain linker and substrate-binding
domain.
Conclusion: Interaction between the DnaK linker/lid regions and the GrpE N-terminal �-helix and disordered region are
essential for function.
Significance: The structure provides a framework for studies concerning interaction of full-length DnaK and GrpE.

The conserved, ATP-dependent bacterial DnaK chaperones
process client substrates with the aid of the co-chaperones DnaJ
and GrpE. However, in the absence of structural information,
how these proteins communicate with each other cannot be
fully delineated. For the study reported here, we solved the crys-
tal structure of a full-length Geobacillus kaustophilus HTA426
GrpE homodimer in complex with a nearly full-length G. kaus-
tophilus HTA426 DnaK that contains the interdomain linker
(acting as a pseudo-substrate), and the N-terminal nucleotide-
binding andC-terminal substrate-bindingdomains at 4.1-Å res-
olution. Each complex contains two DnaKs and two GrpEs,
which is a stoichiometry that has not been found before. The
long N-terminal GrpE �-helices stabilize the linker of DnaK in
the complex. Furthermore, interactions between the DnaK sub-
strate-binding domain and the N-terminal disordered region of
GrpE may accelerate substrate release from DnaK. These find-
ings providemolecularmechanisms for substrate binding, proc-
essing, and release during the Hsp70 chaperone cycle.

The evolutionarily conserved 70-kDa heat shock proteins
(Hsp70)3 aremolecular chaperones (1, 2) involved in the assem-
bly of protein complexes, refolding of stress-denatured pro-
teins, and transport of newly synthesized peptides acrossmem-

branes; they act by binding and releasing protein substrates in
an ATP-dependent manner (3–6). The importance of Hsp70
in numerous cancers and neurological disorders including
Alzheimer, Parkinson, and Huntington diseases, has been eval-
uated (7–9). In Escherichia coli, DnaK, DnaJ, and GrpE, corre-
sponding to Hsp70, the J-domain ATPase-activating protein
(Hsp40 family), and the nucleotide exchange factor, respec-
tively, participate in a Hsp70 chaperone cycle. The affinity of
the DnaK C-terminal substrate-binding domain (SBD) toward
substrates is governed by the nucleotide status of itsN-terminal
nucleotide-binding domain (NBD) (10, 11). A conserved hydro-
phobic linker connects NBD and SBD. When ADP is bound to
NBD, the substrate affinity of SBD is high, whereas substrate
affinity is lower when ATP is bound to NBD (12, 13). However,
how the two DnaK domains, DnaJ and GrpE, communicate
during the chaperone cycle is unclear.
GrpE accelerates exchange of ADP for ATP in DnaK 5000-

fold (14, 15). Previous biochemical and thermodynamic studies
have emphasized the importance of full-length DnaK andGrpE
for formation of a ternary complex and for substrate processing
(12, 13, 16, 17). The GrpE N-terminal disordered region may
accelerate the release of substrate bound to DnaK (12, 13). So
far, the structural information is available only for a truncated
form of the E. coli (Eco) GrpE dimer in complex with the E. coli
NBD of DnaK (EcoDnaK_NBD) (18). The complex structure
contains neither the SBD nor the DnaK interdomain linker,
which are necessary for substrate association (12). Moreover,
an EcoGrpE that contains a point mutation (G122D) has a
decreased affinity for EcoDnaK (16). To understand how GrpE
mediates the release of substrate and nucleotide from DnaK,
the mechanism(s) underlying its intermolecular communica-
tionwithDnaKmust be elucidated. Toward this goal, the three-
dimensional structure of a full-length DnaK andGrpE complex
must be solved.
For the study reported here, we solved the crystal structure of

a nearly full-length DnaK (GkDnaK, residues 1–509) com-
plexed with the full-length GrpE (GkGrpE) from the eubacteria
Geobacillus kaustophilus HTA426. GkDnaK and GkGrpE are,

* This work was supported by Research Grant NSC98-2311-B-001-010-MY3
from Academia Sinica and the National Science Council Taiwan, Republic
of China (to C.-D. H.).

□S This article contains supplemental Figs. 1 and 2.
The atomic coordinates and structure factors (code 4ANI) have been deposited in

the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

1 To whom correspondence may be addressed. Tel.: 886-2-2826-7121; Fax:
886-2-2826-4843; E-mail: chiench@ym.edu.tw.

2 To whom correspondence may be addressed. Tel.: 886-2-2788-2743; Fax:
886-2-2782-6085; E-mail: hsiao@gate.sinica.edu.tw.

3 The abbreviations used are: Hsp70, 70-kDa heat shock protein; Eco, Esche-
richia coli; FL, full-length; Gk, Geobacillus kaustophilus HTA426; ITC, isother-
mal titration calorimetry; NBD, nucleotide-binding domain; PDB, Protein
Data Bank; SBD, substrate-binding domain; TCEP, tris(2-carboxyethyl)-
phosphine; Tth, Thermus thermophilus.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 25, pp. 21461–21470, June 15, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JUNE 15, 2012 • VOLUME 287 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 21461

http://www.jbc.org/cgi/content/full/M112.344358/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=4ANI
http://www.rcsb.org/


respectively, the structural and functional homologs of the well
characterized EcoDnaK and EcoGrpE. The GkDnaK construct
used in this study contains the NBD, the SBD, and the interdo-
main linker, but not the 10-kDa C-terminal lid that causes
GkDnaK to aggregate (19). Strikingly, the structure of the
complex suggests two possible modes of interaction between
GkDnaK andGkGrpE during the nucleotide exchange step, and
it offers insights into how the long GrpE �-helices and interac-
tion between the DnaK lid domain and the N-terminal disor-
dered region of GrpE affect the chaperone cycle.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification—The isolation
and purification of GkDnaK have been reported (20). The G.
kaustophilus HTA426 gene encoding full-length GkGrpE (res-
idues 1–213) was PCR-amplified using the forward primer 5�-
GGAATTCCATATGGAGCAAGGAGAAAAACAAG-3� and
the reverse primer 5�-CCGCTCGAGTTATTGGCTTACTT-
TGACCATGG-3�. The product was cloned between the NdeI-
XhoI restriction sites in a pET21b vector (Novagen) for
GkGrpE expression. The gene encodingGkGrpEwas expressed
in E. coli BL21 (DE3) cultured in Luria-Bertani (LB) broth at
37 °C.
All purification procedures were performed at 4 °C. The cell

pellets were pooled and then suspended in 10 ml of 20 mM

Tris-HCl, pH 8.0, 20mMNaCl (buffer A) per gram of cell paste,
passed through an M-110L Microfluidizer apparatus (Micro-
fluidics), and then centrifuged at 205,572� g for 1 h. The super-
natant was loaded onto a HiTrap Q HP column (GE Health-
care) equilibrated with buffer A. The column was washed with
30 ml of buffer A, and bound GkGrpE was eluted with a linear
gradient of 20–500 mM NaCl in buffer A. Fractions containing
GkGrpEwere pooled, dialyzed against 20mMTris-HCl, pH 8.0,
4 M NaCl (buffer B), and applied to a HiTrap Phenyl FF column
(GE Healthcare) equilibrated with buffer B. The column was
washed with 20 ml of buffer B, and bound GkGrpE was eluted
with a 4.0–0.0 M NaCl gradient in buffer B. The purity of
GkGrpE was �90% as assessed by SDS-PAGE.
GkDnaK-GkGrpE Complex Preparation—The GkDnaK-Gk-

GrpE complex was prepared by mixing GkDnaK with a 2-fold
molar excess of GkGrpE in 20 mM Tris-HCl, pH 7.9, 500 mM

NaCl, 5mM imidazole (buffer C), incubating themixture for 1 h
at 4 °C, and then applying the mixture to a HisTrap Ni2�-
chelating column (GE Healthcare) equilibrated with buffer C.
The bound complexwas elutedwith a linear imidazole gradient
of 5–300 mM imidazole in buffer C. Peak fractions were sub-
jected to size exclusion chromatography through a HiLoad
16/600 Superdex 200-pg column (GE Healthcare) equilibrated
with buffer C. Eluted fractions containing a protein of �320
kDa-, the expected molecular mass of the GkDnaK-GkGrpE
complex, were pooled, subjected to buffer exchange (20 mM

sodiumcitrate, pH5.5; bufferD), and concentrated to 10mg/ml
for crystallization trials.
Crystallization of GkDnaK-GkGrpE Complex—Crystalliza-

tion screening was performed at 16 °C using the hanging-drop
vapor-diffusionmethod. Amixture of equal volumes of protein
solution and reservoir buffer (0.1 M HEPES, pH 7.5, 2% (v/v)
polyethylene glycol 400, 2.0 M ammonium sulfate) produced an

urchin-shapedGkDnaK-GkGrpE crystal. Crystallization condi-
tions were optimized using the hanging-drop vapor-diffusion
method and 1:1 mixtures of protein and reservoir solutions (1
�l each) in the wells of 24-well plates. For data collection, a
single octagonal crystal was used that had been grown for 5 days
in a solution of the aforementioned composition plus 0.2 mM

sodium thiocyanate, and crystal dehydration was performed by
serially transfer complex crystal to reservoir drop containing
increasing amounts of glycerol (increased in steps of 5% up to
15% (v/v)).
Data Collection, Structure Determination, and Refinement—

The crystal was flash frozen in liquid nitrogen and kept under a
stream of cold nitrogen (100 K) during data collection, which
used the synchrotron radiation x-ray source (1.0000 Å) at the
National Synchrotron Radiation Research Center (Taiwan)
beamline BL13B1 and an ADSC Quantum-315 CCD detector.
Data were integrated and scaled using the HKL-2000 suite of
programs (21). The crystal belongs to the space group I4122, has
unit-cell dimensions of a � b � 280.0 Å and c � 278.8 Å, and
diffracted to 4.1-Å resolution.Multiwavelength anomalous dif-
fraction data for anAu-derivative (potassium tetrachloroaurate
(III) hydrate) were used to determine the initial phase. PHENIX
(22) was used to locate the gold site and derive the experimental
phase. Phase improvement was carried out with density modi-
fication by PHENIX. The protein backbones were traced using
the truncatedGkDnaK (Protein Data Bank, (PDB) code 2V7Y),
Thermus thermophilus TthGrpE (PDB code 3A6M), and
EcoGrpE (PDB code 1DKG) structures as reference models.
There are two GkDnaK-GkGrpE complexes in an asymmetric
unit, with each complex containing two GkGrpE and two
GkDnaK molecules (assigned as chains A–D in complex 1 and
chains E–H in complex 2). Structural refinement was carried
out using PHENIX and a random set of 5% of the reflections,
which was set aside for cross-validation and calculation of Rfree.
Manual adjustments to the model were carried with XtalView
(23) and the (2Fo � Fc) and (Fo � Fc) electron density maps.
Probably because they were flexible, the N-terminal regions
(residues 1–58) in the four GkGrpE molecules, and certain
loops in chain E (Lys-127 to Glu-133, Ile-161 to Lys-166, and
Gln-178 to Glu-185), chain F (Leu-126 to Glu-133, His-173 to
Glu-185, and Val-211 to Gln-213), chain G (Ala-257 to Leu-
263), and chain H (Ser-256 to Leu-263) in complex 2 were
untraceable. After refinement, the R factor was 27.2% for all
reflections between 26.2- and 4.1-Å resolution, and Rfree was
34.4% for the 5% randomly distributed reflections. The Ram-
achandran plot for the complex contains allowed torsion angles
for all observable residues. PyMOL was used to generate the
figures (24). Statistics for data collection and structure refine-
ment are listed in Table 1. The atomic coordinates for theGkD-
naK-GkGrpE complex have been deposited in the PDB under
the accession code 4ANI.
Isothermal Titration Calorimetry (ITC)—The interaction

between GkGrpE and GkDnaK or GkDnaK_NBD (residues
1–352)wasmonitored by ITC at 25 °Cwith an ITC200 calorim-
eter (Microcal, GEHealthcare). The protein samples contained
25 mM HEPES, pH 7.0, 50 mM KCl, 2 mM TCEP. A solution of
GkDnaK_NBD or GkDnaK plus the C-terminal lid (GkDnaK_
FL) (15 �M each in 25 mM HEPES, pH 7.0, 50 mM KCl, 2 mM
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TCEP) in the calorimeter cell was titrated with 20 consecutive
injections of 200�MGkGrpE. Injections of 200�MGkGrpE into
buffer were used to subtract the heat of dilutions from the cor-
responding experimental heats. The binding isotherms, �H
versus molar ratio, were plotted using Microcal ORIGIN soft-
ware and a single-site binding model.
InVivoComplementationAssay—GkDnaKmutants contain-

ing pointmutations in the interdomain linkerwere subjected to
an in vitro viability test (25).Nine codons encoding theGkDnaK
residues E354, V355, D357, V358, V359, L360, L361, D362, and
V363 were individually mutated to an alanine codon using
QuikChange Site-directed Mutagenesis kit reagents (Strat-
agene). pRSF-Duet plasmids (KanR; Novagen) carrying full-
length GkDnaK (GkDnaK_FL), full-length EcoDnaK (Eco-
DnaK_FL), or aGkDnaKmutant were individually transformed
into an E. coli dnak-deletion strain (JW0013) that was derived
from the wild-type strain BW25113 (26, 27). Before transfor-
mation, the antibiotic marker in the plasmids was removed
using the PCP20 vector-mediated method (Gene Bridges) (28).
Transformants were selected at 30 °C on agar plates that con-
tained LB and 50 �g/ml kanamycin. Fresh overnight cultures
were grown from each single colony, and then the A600 of each
culture was adjusted to 0.2 by addition of LB. Serial dilutions
(10-fold) of these cultures were spotted onto agar plates that
contained LB, 20mM isopropyl-thio-�-D-galactopyranoside, 50
mM kanamycin, and then incubated overnight at 37 °C or 42 °C
to evaluate growth behavior.

RESULTS

Overall Structure of GkDnaK-GkGrpE Complex—The
GkDnaK-GkGrpE crystals belong to the I4122 space group.
Because of the high solvent content (71%) and large unit cell
dimensions of the crystal, the structure could only be deter-
mined to 4.1-Å resolution using multiwavelength anomalous
dispersion obtained with the gold derivative (Table 1). Interest-

ingly, there are twoGkDnaK-GkGrpE complexes per asymmet-
ric unit, and the interdomain linker in GkDnaK interacts with
the substrate-binding site in a neighboring complex (supple-
mental Fig. 1). Both complexes have similar conformations
with a root mean square deviation of 1.6 Å for the C� coordi-
nates. For simplicity, the structure of only one of the complexes
in the asymmetric unit is displayed in Fig. 1A. Each complex
contains two GkDnaK molecules (NBD and SBD) and a
GkGrpE dimer (Fig. 1A). This is the first structure of the DnaK-
GrpE complex to include a nearly full-length DnaK and a full-
length GrpE dimer in the nucleotide-free and substrate-bound
configuration. The stoichiometry of GkDnaK and GkGrpE in a
complex is 2:2, i.e. twoGkDnaKmolecules bind to oneGkGrpE
dimer, which was unexpected because the stoichiometry of
EcoGrpE to EcoDnaK had been reported as 2:1, implying that
one EcoGrpE dimer interacts with only one EcoDnaKmolecule
(Fig. 1B) (18).
We labeled the two GkGrpE monomers in the dimer as

GkGrpE A and B and the two GkDnaK molecules that dock
onto the opposite sides of the two GkGrpE C-terminal �-sheet
domains as DnaK A and B. Because two GkDnaK molecules
bind to one GkGrpE dimer, one might expect that both
GkDnaK molecules would have the same conformation; how-
ever, that is not the case. NBD and SBD are oriented side by side
in GkDnaK A, but almost linearly in GkDnaK B.
Stoichiometry of DnaK and GrpE—To determine whether

GkDnaK and GkGrpE bind in a 2:2 stoichiometry in solution,
we determined the size exclusion chromatographic profiles of
the proteins that had been dissolved in the same buffer before
and after crystallization. The proteins in the two chromato-
grams eluted at the same positions (Fig. 2A), which suggests
that the stoichiometry of the solution complex is also 2:2. We
also determined the binding ratio of GkDnaK and GkGrpE
using native gel electrophoresis. At an equimolar protein ratio
(GkDnaK:GkGrpE� 1:1), bands corresponding toGkDnaKand
GkGrpE were not present (Fig. 2B), although a band corre-
sponding to free GkGrpE was observed when excess GkGrpE
was present in the starting sample, which indicates that higher
order complexes had not formed.
The interacting interface conformations of the two GkD-

naK_NBDs and the GkGrpE dimer are similar to that of the
EcoGrpE-EcoDnaK_NBD complex. We calculated the surface
areas for the interfaces between GrpE and DnaK_NBD fromG.
kaustophilus andE. coli. The total buried interface surfaces area
for theGkGrpE dimer andGkDnaK_NBD of DnaK A and B are
2778.1Å2 and 2126.5Å2, respectively, whereas the buried inter-
face surface area in the EcoDnaK_NBD-EcoGrpE complex
(PDB code 1DKG) is 2034.7 Å2. Notably, there is a 23% differ-
ence in surface area between GkDnaK_NBD A-GkGrpE and
GkDnaK_NBD B-GkGrpE, although these surface areas are
both greater than that for the EcoDnaK_NBD-EcoGrpE
complex.
Even though our chromatographic and electrophoretic stud-

ies suggested a 2:2 stoichiometry for the GkDnaK-GkGrpE
complex, our ITC experiments indicated binding stoichiome-
tries between 2:1 and 2:2 (Fig. 2C). Conversely, the ITC study of
GkDnaK_NBD-GkGrpE complex formation indicated a bind-
ing stoichiometry of 2:1. These different stoichiometries sug-

TABLE 1
Data collection and refinement statistics for GkDnaK-GkGrpE complex

Parameters Native Derivative (gold)

Data collection
Space group I4122
Cell dimensions a/b,
c(Å)

280.0, 278.8 280.0, 277.2

High remote Inflection
Wavelength (Å) 1.00000 1.02249 1.03964
Resolution (Å) 26.2-4.1 (4.35-4.1)a 26.2-4.8 (4.97-4.8)
Rmerge

b (%) 9.3 (49.4) 9.6 (44.7) 9.2 (42.9)
I/� 32.3 (2.8) 25.2 (5.4) 26.1 (5.4)
Completeness (%) 94.7 (94.5) 99.8 (99.9) 99.8 (100.0)
Redundancy 8.5 (8.7) 9.4 (8.8) 9.4 (8.7)

Refinement
Resolution (Å) 26.2-4.1
Number of reflections 41,248
Rwork/Rfree 27.2/34.4
Number of atoms
Protein 18,773

B-factor (Å2)
Protein 136.9

r.m.s.d.c
Bond length (Å) 0.015
Bond angles (º) 1.960

a Number in parentheses refer to the highest resolution shell.
b Rmerge � 	hkl	iPIi(hkl) � 
I(hkl)�P/	hkl	i Ii(hkl), where 
I(hkl)� is the
mean of the observations Ii(hkl) of reflection hkl.

c r.m.s.d., root mean square deviation.
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gest a possible asymmetric binding which resulted from the
weak interactions of the second DnaK (DnaK B, note the
smaller interacting surface area) with GkGrpE (GkGrpE B). In
summary,GkDnaK andGkGrpE appear to form a 2:2 complex,
which is not caused by a crystal-packing artifact. The 2:1 stoi-
chiometry observed for the E. coli complex may be a result of
the structural/functional differences between the two species
because E. coli and G. kaustophilus are a Gram-negative meso-
phile and a Gram-positive thermophile, respectively.
Flexible DnaK Interdomain Linker Allows Dynamic Motion

of DnaK_SBD—DnaKs exist in a domain-joined conformation
(ATP-bound states in which the SBD and NBD interact) or a
domain-disjoined conformation (ADP-bound and nucleotide-
free states in which the two domains are disengaged (20, 29).
Although the SBD and NBD in GkDnaK A and B in our struc-
ture do not interact (domain-disjoined conformation) and
resemble the ADP-boundGkDnaK structure (PDB code 2V7Y)
(20), significant differences in position and conformation are
found for the SBDs discussed in this paper when the individual
DnaK_NBDs are superimposed (Fig. 3A). The differences in the
SBD orientations may be related to the flexibilities of the
GkDnaK linkers, which would allow for large domain move-
ments during the various nucleotide-binding events in the
chaperone cycle.
Nucleotide-binding Pocket Widens upon GrpE Binding—

When bound to their respective GrpEs, the nucleotide-binding
pocket of EcoDnaK_NBD in the nucleotide-free state (PDB
code 1DKG) is wider than that for the ADP-bound state of
GkDnaK (PBD code 2V7Y). These states have been denoted
“open” and “closed,” respectively (20). To further explore the
general pocket-opening phenomenon when DnaK binds
dimeric GrpE, we superimposed the nucleotide-free GkDnaK
structure from the complex reported in this study with the
nucleotide-free EcoDnaK (PDB code 1DKG) and the ADP-
boundGkDnaK (PDB code 2V7Y) structures. Interestingly, the
opening of the nucleotide-binding pocket for our GkDnaK
structure is 56.8°, which is 9.3° wider than that of the EcoDnaK
(Fig. 3B) even though both pockets are open and free of
nucleotides.

We also found differences between the DnaK/GrpE inter-
faces ofGkDnaK-GkGrpE and theEcoDnaK-EcoGrpE complex.
Subdomain IIB in EcoDnaK_NBD interacts with the �-sheet
domain in EcoGrpEA (Fig. 3C). ForGkDnaK_NBD, subdomain
IB interacts with GkGrpE A in a manner similar to that found
for EcoDnaK_NBD (data not shown in Fig. 3C), although the
GkDnaK subdomain IIB interacts with the four-helix bundle
formed by both molecules in the GkGrpE dimer. This interac-
tionmight pull subdomain IIB away from subdomain IB, result-
ing in a wider opening of the nucleotide-binding pocket com-
pared with that of the EcoDnaK-EcoGrpE complex. The
differences in interactions of DnaK and GrpE may be a conse-
quence of the presence of the C-terminal SBD and the linker
region that interact with the long N-terminal �-helices of the
GrpE dimer (Fig. 1A). The observed structural differences sug-
gest that the conformation observed in our structure is more
realistic than that of the EcoDnaK-EcoGrpE complex. The
interaction of the GkDnaK subdomain IIB with both chains in
theGkGrpE dimer also provides another explanation as to why
GrpE functions as a dimer aside from its thermosensing ability.
Similarities and Differences among GrpE Structures—The

overall structural features of GkGrpE are consistent with those
of EcoGrpE (18) and TthGrpE (30) and include the long N-ter-
minal�-helix, the central four-helix bundle, and theC-terminal
�-sheet domain (Fig. 4A). In contrast to the rigid and parallel
conformation of the long N-terminal �-helices seen in the
EcoGrpE structure (colored blue in Fig. 4A), a coiled-coil struc-
ture is seen for this region in the GkGrpE dimer (colored green
in Fig. 4A), which is similar to that observed for the TthGrpE
structure (colored yellow in Fig. 4A). Furthermore, upon align-
ing the N-terminal �-helices of these molecules, the four-helix
bundle in GkGrpE has a greater curvature (46.7°) than that
found in EcoGrpE (24.1°) andTthGrpE (9.4°) (Fig. 4B). Perhaps,
the curvature of the GkGrpE �-helices is a consequence of the
interaction between theGkDnaKC-terminal region (linker and
SBD) and the GkGrpE helices, which is not observed in
EcoDnaK-EcoGrpE structure. The increased curvature may
cause the DnaK nucleotide-binding pocket to open further and

FIGURE 1. Overall structure of the GkDnaK-GkGrpE complex and comparison with the EcoDnaK_NBD-EcoGrpE complex. A, ribbon diagram of the
GkDnaK-GkGrpE complex showing the GkGrpE homodimer (green, GrpE A; cyan, GrpE B) bound by two GkDnaK molecules (magenta, DnaK A; orange, DnaK B).
B, ribbon diagram of the EcoDnaK_NBD-EcoGrpE complex (PDB code 1DKG). The color coding is the same as in A.
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FIGURE 2. Stoichiometry of GkDnaK with GkGrpE homodimer. A, gel filtration analysis of GkDnaK-GkGrpE complex. The elution profiles colored in blue and
in red represent the complex protein solution before crystallization and the complex solution dissolved from protein crystals, respectively. The x-axis and y-axis
represent the elution volume and optical intensity by UV spectrometer at 280 nm, respectively. Inset, SDS-PAGE analysis of GkDnaK-GkGrpE complex dissolved
from crystals. B, interprotein interactions GkDnaK and GkGrpE performed by increasing concentrations of GkGrpE protein at different molar ratios (lanes 3-8) as
indicated with control proteins (protein sample do not contain partner protein; lanes 1 and 2). The individual bands corresponding to GkDnaK and GkGrpE were
observed to disappear at equimolar ratio (lane 5). A further increase in GkGrpE concentration (lanes 6-8) over GkDnaK does not result in further binding
indicating that the interaction follows 2:2 stoichiometry, not 2:1 as speculated earlier in Gk species. C, upper panels, heat release/s after addition of aliquots of
the GkGrpE homodimer into a calorimetry cell containing GkDnaK or GkDnaK_NBD. Lower panels, integrated binding isotherms (black circles, derived from
upper panel) and experimental fits (solid red lines) to a single-site model. The best-fit molar-binding stoichiometry values are 1.59 and 1.88 for GkGrpE with
GkDnaK and GkDnaK_NBD, respectively.
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cause the altered interactions between the DnaK_NBD sub-
domains as described above.
A previous report on the four-helix bundle in TthGrpE (30)

proposed a topology different from that observed for the corre-
sponding structures in EcoGrpE (18). The description of the
topology for the EcoGrpE relied on discontinuous and weak
electron density in the region connecting the �-helices of the
four-helix bundle in the EcoGrpE-EcoDnaK complex (18).
Although the resolution of the structure reported here is only
4.1 Å, continuous electron density is present in the 2 Fo � Fc
electron density map, and the density contoured at 2.0 � in this
map is distinguishable and seemingly in accordance with the
topology of the EcoDnaK-EcoGrpE structure (Fig. 5). There-
fore, these two regions in the EcoGrpE and GkGrpE dimers
have the same topology. However, the possibility of a different
topology observed in TthGrpE cannot be excluded. The differ-
ence may be caused by structural and functional diversities
across different species as the thermosensor mechanisms are
known to be different between T. thermophilus and E. coli.
Long N-terminal �-Helices of GkGrpE Stabilize Ternary

Complex—Residues 34–68 in EcoGrpE (residues 54–88 in
GkGrpE) interact with the EcoDnaK interdomain linker (13),
help stabilize theDnaK-substrate complex, and facilitate nucle-
otide exchange (12, 17, 31). The interaction between the long
GrpE N-terminal �-helices and DnaK is therefore important to
substrate processing.
In the GkDnaK-GkGrpE structure, GkDnaK A passes over

the GkGrpE dimer as a result of the extended GkDnaK linker,
which suggests that the linker can interact with the long
GkGrpE N-terminal �-helices (Figs. 1A and 6A). To test
whether this interaction exists, we selected residues to mutate
by carefully scrutinizing the structures of GkDnaK (PDB code
2V7Y), EcoGrpE (PDB code 1DKG), and TthGrpE (PDB code
3A6M) (see below). According to an examination of the struc-
ture, the interdomain linker seems to interact with the long
N-terminal �-helices via hydrogen bonding and van der Waals
interactions. Additionally, several nonlinker residues in NBD
and SBDmay interact with theGkGrpE long N-terminal �-hel-
ices also. The alignment of theGkGrpE, EcoGrpE, andTthGrpE
sequences also identified several conserved residues involved in
the aforementioned possible interactions (supplemental Fig. 2).
The linker region between NBD and SBD may be a pseudo-

substrate for DnaK because of its hydrophobic nature (32–34).
In agreement with this hypothesis, in the ADP-boundGkDnaK
structure, the hydrophobic region of the linker is within the

FIGURE 3. Structural comparison of DnaK molecules in different nucle-
otide-binding states from different species. A, NBDs of GkDnaK in the ADP/
Mg2�/Pi state (magenta; PDB code 2V7Y) and the nucleotide-free state (pres-
ent study; green, DnaK A; cyan, DnaK B) superimposed to show the large scale
movement of the SBDs. B, Superpositioning of GkDnaK_NBD in the ADP/
Mg2�/Pi state (magenta) and EcoDnaK_NBD (cyan) and GkDnaK_NBD (green),
both in nucleotide-free state. The bound nucleotide (ADP) in GkDnaK_NBD is
shown as a stick model. The dashed lines indicate the angle(s) (°) of the open
nucleotide-binding pockets among the different structures. C, interaction of
the DnaK_NBD subdomain IIB with the GrpE four-helix bundle or the C-termi-
nal �-sheet domain. GkGrpE A and B are shown as green and cyan cylinders,
respectively. Subdomains IIB of nucleotide-free GkDnaK_NBD and Eco-
DnaK_NBD are colored in magenta and orange. Magenta and orange asterisks
indicate major interacting regions between GrpE and the GkDnaK and
EcoDnaK subdomains IIB, respectively.
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substrate-binding pocket of a neighboring GkDnaK molecule
(20), which is also found for the current structure. TheGkGrpE
dimer and the chain A GkDnaK_SBD interact with the neigh-
boring GkDnaK linker, thereby mimicking a ternary complex
configuration (data not shown). This result agrees with previ-
ous findings that substrate recognition byDnaK increaseswhen
theGrpEdimer binds and subsequently stabilizes the linker (12,

17). The spatial relationship between GkDnaK A and the
GkGrpE dimer suggests that the allosteric communication
between DnaK SBD and NBD occurs via the linker which is
co-regulated by the long GrpE N-terminal �-helices.
In Vivo Complementation Assays for DnaK—In theGkDnaK-

GkGrpE structure, the linker surrounds and appears to interact
with theGkGrpE longN-terminal�-helices via side chain inter-

FIGURE 4. Structural comparison of GrpEs from different species. A, front and orthogonal views of GkGrpE (green) aligned with TthGrpE (orange; PDB code
3A6M) and EcoGrpE (blue; PDB code 1DKG). Large shifts in the orientations and positions occur mainly in the long N-terminal �-helices. B, superpositioning of
the long GrpE N-terminal �-helices showing substantially more curvature for the four-helix bundle in GkGrpE (46.7°, green, chain A) compared with four-helix
bundle in EcoGrpE (24.1°, blue) and TthGrpE (9.4°, yellow). Red dashed lines indicate central axes.

FIGURE 5. Topology of GkGrpE homodimer. Stereo view of GkGrpE initial experimental electron density map around the linker region connecting �-helices
at the four-helix bundle domain. Chains A and B of GkGrpE are represented in green and blue, respectively. The observed electron density is shown in blue and
purple mesh at 1.0� and 2.0�, respectively, and the residues involved in connecting the helices at four-helix bundle domain are represented with legends.
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actions (Fig. 6A). To determine whether these interactions are
crucial for the function of DnaK and GrpE, we prepared two
mutants containing deletions and several containing point
mutations in the linker sequence for use in in vivo complemen-
tary assays. DnaK is essential for cell viability at elevated tem-
peratures or under heat shock conditions (42 °C) but is not
essential at 37 °C. The GkDnaK mutants encoded on plasmids
were transformed into the dnak-deletion E. coli strain JW0013

(26), and cell viability was assessed at 42 °C. Transformed cells
cultured at 37 °C served as the controls. Full-lengthEcoDnaKor
GkDnaK rescued the temperature-dependent viability defect
(Fig. 6B). However, GkDnaK_NBD (residues 1–352) and
GkDnaK (the lid domain-deletion mutant used in this study,
residues 1–509) did not rescue cells cultured at 42 °C, which
indicates the functional importance of the lid domain and the
SBD. The importance of the lid domain for function, as identi-
fied by the complementation assay, is consistent with previous
reports that suggested its interaction with the N-terminal dis-
ordered region of GrpE is necessary for function (13, 32, 35).
For the GkDnaK single-point mutants, only V355A, D362A,

and V363A maintained cell viability after heat shock (Fig. 6B).
In the GkDnaK-GkGrpE structure, Val-355, Asp-362, and Val-
363 do not interact with GkGrpE, which is consistent with the
abilities of their alanine mutants to maintain cell viability. In
addition to the four well studied consecutive hydrophobic res-
idues (Val-358, Val-359, Leu-360, and Leu-361) in the linker
(the corresponding residues are VLLL in E. coli), we identified
two additional residues (Asp-354 and Asp-357) that are neces-
sary for cell viability after heat shock and are therefore impor-
tant for DnaK chaperone activity (Fig. 6B). Using the same
rationale, we attempted to develop anE. coli strain that is defec-
tive inGrpE activity for complementary studies. Unfortunately,
we could not obtain such a mutant probably because GrpE is
necessary for cell viability (26, 36, 37).
Given the relationship between the positions of the muta-

tions in the GkDnaK-GkGrpE complex and their effects in the
complementation assay, interactions between the DnaK linker
and the longGrpE�-helices and/or those between theDnaK lid
domain and the GrpE N-terminal disordered region are prob-
ably essential for DnaK function.

DISCUSSION

The association and dissociation of substrates are coupled to
conformational changes in DnaK and are controlled by nucle-
otide exchange, which raises the issue of why DnaK requires
GrpE homodimer for nucleotide exchange. Previous reports
have suggested a 2:1 stoichiometry for EcoGrpE and EcoDnaK
(18). In our present study, however, we found a 2:2 stoichiom-
etry for the GkDnaK-GkGrpE complex in the nucleotide-free
state, suggesting that the chaperone systems differ for Gram-
positive thermophiles and the mesophilic E. coli. The 2:2 stoi-
chiometry can be rationalized as follows. After association of
DnaK A and GrpE A, there is room for DnaK B and GrpE B to
bind. Additionally, the types of nucleotide exchange factors
available are structurally more diverse than are the Hsp70- and
Hsp40-type proteins. Finally, the extendedGrpENorC termini
found for even different prokaryotes might still influence
DnaK-GrpE binding (38, 39).
We cannot exclude the possibility that the 2:1 stoichiometry

of GrpE and DnaK does exist in nature, although under heat
stress or mechanical stress conditions the 2:2 stoichiometry
would be advantageous because substrate could be processed
more rapidly. Furthermore, uneven expression of GrpE and
DnaK has been reported.When the Gram-positive Lactococcus
spp. or an Archaea (40, 41) are initially subjected to heat shock,
their DnaK expression levels are significantly higher than are

FIGURE 6. Interactions between GkDnaK and the GkGrpE homodimer.
A, possible side chain interactions between GkDnaK A and the GkGrpE
homodimer. GkGrpE A (green) and B (blue) are shown as cylinders with side
chains. GkDnaK residues in the NBD (magenta), interdomain linker (yellow),
and SBD (orange) are shown in stick models. Possible hydrogen bonds are
shown as dashed lines. B, complementation assay for DnaK. Serial dilutions of
fresh E. coli cultures were spotted onto agar containing LB and incubated at
37 °C or 42 °C overnight. Empty vector and full-length DnaK (EcoDnaK_FL and
GkDnaK_FL) vectors were used as negative and positive controls, respec-
tively. Dilution factors for the E. coli cultures are labeled over the panels.
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those of GrpE. Conceivably, when excess DnaK is available, a
2:2 stoichiometry is preferred.
It has been proposed that, in addition to the nucleotide

exchange mechanism, the N-terminal disordered region (resi-
dues 1–33) of GrpE can trigger substrate release from DnaK
(12, 13). Possibly the interaction of the N-terminal disordered
region ofGrpE interactswithDnaK to activate chaperone activ-
ity (13, 32, 38). How this interaction occurs is unclear, how-
ever, because the conformation of the GrpE participant has
not been delineated. Because the lid domain is not present in
the GkDnaK construct used in our study and because elec-
tron density for the GkGrpE N-terminal disordered region
was not found, we could not observe an interaction between
these two regions directly. Nonetheless, GkDnaK B is paral-
lel to the GkGrpE dimer, and its SBD faces the expected
position for the GkGrpE N-terminal disordered region (Fig.
1A), suggesting that SBD and the GrpE N-terminal disor-
dered region might interact. In addition, the lid domain is
crucial for DnaK function as shown by our complementation
assays. We therefore propose that the GkDnaK lid domain
interacts with the GkGrpE N-terminal disordered region
during a certain stage of the chaperone cycle. To strengthen
our hypothesis, we replaced the GkDnaK_SBD structure
with the full EcoDnaK_SBD structure (residues 389–607)

(PDB code 1DKX or 2KHO) through molecular modeling
approach (42, 43) (Fig. 7). The extended C-terminal lid
domain of EcoDnaK is located in the vicinity of the GkGrpE
N-terminal disordered region and the N-terminal region of
theGkGrpE long �-helix domain in the modeling result, sug-
gesting that the lid domain interacts with the N-terminal
region of GrpE, which agrees with published reports suggest-
ing a role for the GrpE N-terminal disordered region in
accelerating the release of bound substrate from DnaK.
In summary, we determined the crystal structure of a two-

domain construct of GkDnaK in complex with its nucleotide
exchange factorGkGrpE from the Gram-positiveG. kaustophi-
lusHTA426. The structure suggests a novel 2:2 stoichiometric
arrangement for chaperone proteins that would promote effec-
tive substrate processing and also provides insights into the
intermolecular communication betweenDnaK andGrpE in the
nucleotide-free and substrate-bound configuration.
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