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Background: DnaJ is an Hsp40 molecular chaperone able to bind and remodel native substrates as RepE, the repressor/
activator of plasmid F replication.
Results:We describe the structure of DnaJ bound to RepE and two mutants and the resulting protein conformational changes.
Conclusion: DnaJ conformational plasticity allows binding of different substrates.
Significance:We present the first structure of an Hsp40 chaperone bound to a client.

Hsp40 chaperones bind and transfer substrate proteins to
Hsp70s and regulate their ATPase activity. The interaction of
Hsp40s with native proteins modifies their structure and func-
tion. A goodmodel for this function is DnaJ, the bacterial Hsp40
that interacts with RepE, the repressor/activator of plasmid F
replication, and together with DnaK regulates its function. We
characterize here the structure of the DnaJ-RepE complex by
electron microscopy, the first described structure of a complex
between an Hsp40 and a client protein. The comparison of the
complexes of DnaJ with two RepE mutants reveals an intrinsic
plasticity of the DnaJ dimer that allows the chaperone to adapt
to different substrates. We also show that DnaJ induces confor-
mational changes in dimeric RepE, which increase the intermo-
nomeric distance and remodel both RepE domains enhancing
its affinity for DNA.

DnaJ from Escherichia coli belongs to the type I Hsp40 pro-
tein family, whosemembersmainly act as cochaperones of their
Hsp70 partners to control protein homeostasis in the cell (1–3).
As a cochaperone, DnaJ enhances the ATPase activity of DnaK,
the major bacterial Hsp70, synergistically with substrates. This
function relies on the highly conserved N-terminal domain of
DnaJ, the J-domain, which interacts with the nucleotide-bind-

ing domain of DnaK (4). In addition to this cochaperone func-
tion, DnaJ and Ydj1p, its yeast homolog, can also behave as
independent chaperones, exhibiting a “holdase” activity that
allows their interaction with unfolded polypeptides preventing
their aggregation (5, 6). Moreover, DnaJ also interacts with
folded proteins such as �32, the bacterial heat shock transcrip-
tion factor, and members of the Rep protein family, altering
their conformational and functional properties (7–10).
DnaJ consists of four domains: the N-terminal J-domain, a

peptide stretch rich in G and F residues (G/F-domain), a Zn-
binding domain (ZBD),5 and the C-terminal domain, which
contains two distinct regions (CTDI and CTDII) (see Fig. 2A).
Several reports have implicated the last three domains in sub-
strate binding. We previously found that the G/F-domain is
required to bind a folded substrate, RepE, whereas it is dispen-
sable to bind unfolded polypeptides (10). The ZBD of DnaJ and
other type I Hsp40s participates in binding of denatured sub-
strates (6), but its role may be indirect because its mutation
reduces the affinity ofDnaJ for the substrates but does not com-
pletely abolish their binding (5, 11). Finally, the C-terminal
domains of Hsp40s contain a peptide binding site (12, 13) and
the dimerization domain. Substitution of the residues that form
the binding site severely affects peptide binding, refolding of
denatured substrates and cell viability (14, 15). On this basis,
Hsp40 proteins may have a large and adaptable interaction sur-
face formed by several domains to accommodate different pro-
tein substrates.
To gain knowledge on the interaction ofHsp40s with protein

substrates, we have characterized the binding of DnaJ to RepE,
the replication initiation factor of plasmid mini-F (16). RepE
dimers (repressors) contain an N-terminal domain responsible
for the dimerization of the protein (NTD) and a CTD involved
in DNA binding (17). Using electron microscopy (EM) and
other biochemical and biophysical techniques, we show that
DnaJ induces a conformational change in the RepE dimer that
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remodels both domains of the protomers, which in turn
increases its affinity for DNA.We also show that DnaJ displays
a conformational plasticity that may be important to adapt to
different substrate proteins.

EXPERIMENTAL PROCEDURES

Protein Cloning, Expression, and Purification—RepE C-ter-
minal deletion mutants were amplified by standard PCR tech-
niques and cloned into pHAT vector (18), which contains and
N-terminal His tag. RepE�51–55 was produced by an overlap
extension method and cloned in pHAT. All deletion mutants,
as well as His-taggedWT RepE, were expressed and purified as
described (10). DnaJ, DnaK, WT RepE, and RepE54 were puri-
fied following published protocols (19–21).
Fluorescence Techniques—Fluorescence anisotropy iso-

therms were obtained as published (10). Fluorescence spectra
of RepE and its variants were recorded in a Fluorolog spectro-
fluorometer (Jobin Yvon) with excitation wavelength set at 295
nm to avoid absorption of tyrosines and phenylalanines. Exci-
tation and emission slits were 4 and 5 nm, respectively. The
emission maximum wavelength was obtained form the first
derivative of the spectra. Data were fitted to a quadratic equa-
tionmodeling a single binding site. To form the complex, RepE
proteins (1�M) andDnaJ (0–40�M)were previously incubated
for 1 h at 25 °C in 20mMHepes, pH 7.4, 50mMKCl, 5mMDTT,
0.1 mM EDTA. In the fluorescence quenching experiments, the
emission was measured at 345 nm upon excitation at 295 nm,
using 2-nm slit widths. Acrylamide was gradually added to 10
�MRepE in the absence or presence of 10�MDnaJ, and dilution
effects were corrected.
Pulldown Assays—To determine DnaJ-RepE complex stoi-

chiometry, 20 �M His-tagged RepE and increasing concentra-
tions of DnaJ (0–40 �M) were mixed and incubated for 90 min
at 25 °C in 20 mM Hepes/KOH, pH 7.4, 50 mM KCl, 0.5 mM

MgCl2, 50 mM imidazole. Ni-nitrilotriacetic acid beads (Qia-
gen) were added and incubated for 90 min at 25 °C with gentle
shaking. Supernatants were removed, and the beads were
washed with buffer. Pellets and supernatants were analyzed by
12% SDS-PAGE. The amounts of DnaJ and RepE were meas-
ured by densitometry of each lane using an in gel reference of
total input protein. To identify the binding site, pulldown
experiments with His-tagged versions of RepE1–152, RepE1–144,
RepE1–139, and RepE�51–55 were performed as described (10).
Circular Dichroism (CD) Spectroscopy—Far-UV CD spectra

were recorded at 25 °C in a Jasco J-810 spectropolarimeter
(Jasco, Tokyo, Japan) equipped with a thermoelectric cell
holder, using a 0.1-mm path length cuvette. Proteins were dis-
solved in 20mMpotassiumphosphate, pH7.0, 50mMKCl, 5mM

MgCl2, at 50 �M forWT RepE and RepE�51–55, and 100 �M for
the C-terminal deletionmutants of RepE. Near-UVCD spectra
were obtained using a 1-cm path length cuvette. All RepE vari-
ants proteinswere at 30�M in the above buffer. DnaJ complexes
were performed by incubating RepE or the corresponding
mutants with 30 �M DnaJ for 1 h at 25 °C.
EM and Image Processing—Samples (either DnaJ, DnaJ-

RepE, DnaJ-RepE1–144, or DnaJ-RepE54 complexes) were
applied onto carbon-coated copper grids and stained with 2%
uranyl acetate. Micrographs were taken under minimal dose

conditions in a JEOL JEM1200EXIImicroscope operated at 100
kVanddigitized in aZeiss SCAI scannerwitha samplingwindow
corresponding to 2.33 Å/pixel. Individual particles weremanually
selected using XMIPP (22). Image classification was performed
using a free pattern maximum-likelihood multireference refine-
ment (23). Homogeneous populations were obtained and aver-
aged for a final two-dimensional characterization.
For three-dimensional reconstructions, several volumes

were prepared as starting templates for angular refinement in
EMAN (24). Startingmodels were generated by either common
lines or by using artificial noisymodels andGaussian blobswith
the rough dimension of the proteins. The different strategies
converged to similar solutions (data not shown). The resolution
of the reconstructions was determined by the FSC 0.5 criterion
for the Fourier shell correlation coefficient between two inde-
pendent reconstructions. The density maps and atomic struc-
tures were visualized with UCSF Chimera (25). The atomic
structures were manually fitted into the three-dimensional
reconstructions, and the handedness providing the best fit was
chosen to render the three-dimensional reconstruction.
Trypsin Partial Proteolysis—Complexes of DnaJ with RepE,

RepE�51–55, andRepE1–152 were subjected to controlled trypsin
degradation as described (10).
Cross-linking Experiments—RepE or RepE�51–55 (10�M) was

incubatedwithDnaJ (0–15�M) for 1 h at 25 °C in 20mMHepes/
KOH, pH 7.4, 50 mM KCl, 0.5 mM MgCl2. Bis(sulfosuccinimi-
dyl) suberate (Pierce, Thermo Scientific) was added at 20 �M

final concentration, and samples were incubated for 30 min.
Reactions were stopped by the addition of 50 mM Tris, pH 7.5,
and samples were analyzed by SDS-PAGE.
Gel Retardation Assays—A 180-bp DNA probe containing

the inverted repeat from mini-F plasmid oriT was obtained by
PCR using plasmid pDAG114 as a template. 50 nM DNA was
incubated with 90 nM RepE or RepE�51–55 in the absence or
presence of DnaJ (0.5 or 1 �M) for 30 min at 30 °C in 20 mM

Tris/HCl, pH7.5, 40mMKCl, 40mMNaCl, 0.1mMEDTA, 1mM

DTT. Samples were loaded in a 10% polyacrylamide gel and run
for 6 h at 40 V. Gels were stained with SYBR-safe (Invitrogen,
Molecular Probes) and photographed in a UV-transilluminator.
DnaK ATPase Activity—The steady-state ATPase activity of

DnaK in the presence of RepE (0–15 �M) was measured as
described (20). DnaJ was added at 0.1 �M.

RESULTS

DnaJ Binds to the N-terminal Domain of RepE with a 1:1
Stoichiometry—To obtain the stoichiometry of the DnaJ-RepE
complex, a fixed amount of a His-tagged RepEwas titrated with
increasingDnaJ concentrations. The concentration of RepE (20
�M) was four times higher than the Kd value of 5 �M (10) to
ensure an almost quantitative binding of substoichiometric
amounts of DnaJ until saturation of the immobilized RepE.
DnaJ-RepE complexes were preformed before adding nickel-
nitrilotriacetic acid beads, and 50mM imidazolewas included in
the buffer to minimize unspecific binding of DnaJ. It should be
noted that approximately only 60% of total input RepE was
recovered after washing the beads, very likely due to the high
concentration of imidazole in the buffer. As shown in Fig. 1A,
all DnaJ binds to RepE below 20 �M, whereas above this con-
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centration DnaJ excess appears in the supernatant. The densi-
tometry demonstrated that the stoichiometry of theDnaJ-RepE
complex is 1:1, i.e. aDnaJ dimer binds one RepE dimer, as found
for the homolog protein RepA (8).
To identify the domain where DnaJ binds, we constructed a

RepE deletion mutant that lacks the C-terminal domain,
RepE1–152. This mutant has a secondary structure compatible
with a folded protein and similar to that of WT RepE, albeit
with a slightly reduced helical content (Fig. 1B), as expected
from the crystallographic structure of the protein. The struc-
tural integrity of RepE1–152 is also demonstrated by its ability to
form dimers (26). Pulldown experiments (Fig. 1C) and fluores-
cence anisotropy binding isotherms (Fig. 1D and Table 1) show
that RepE1–152 interacts with DnaJ with affinity similar to that
of WT RepE. This result demonstrates that DnaJ binds to the
N-terminal domain of RepE and that the contribution of the
C-terminal domain to the overall complex stability is low.
Regarding the binding site within the N-terminal domain,
Wickner and colleagues identified helix �5 as the binding site
for DnaJ in the homolog RepA (27). Besides this putative bind-
ing site, RepE might contain another DnaJ binding site in a
disordered loop at the N-terminal domain (L�2-�2) within resi-
dues 51–57 (G51TLQEHD57), according to the consensus bind-
ing sequence found for the yeast homolog Ydj1p (28). To test
whether �5 and L�2-�2 are involved in the formation of DnaJ-

RepE complexes, we progressively eliminated helix �5 in two
C-terminal deletion mutants, RepE1–144 and RepE1–139, and
constructed a mutant in which L�2-�2 was partially deleted,
RepE�51–55. The far-UV CD spectra of RepE1–144 and RepE1–139
show a gradual reduction of � helical content due to deletion of
�5, and the spectrum of RepE�51–55 is similar to that of theWT
protein, demonstrating that the mutants are correctly folded
(Fig. 1B). Our results show that these mutants interact with
DnaJ (Fig. 1C), and whereas deletion of �5 does not modify the
affinity of DnaJ for the protein, DnaJ binds RepE�51–55 with a
slightly increased affinity (Fig. 1D and Table 1). Thus, the con-

FIGURE 1. Stoichiometry of the DnaJ-RepE complex and mapping of RepE interaction domain. A, pulldown assays of increasing concentrations of DnaJ
with N-His RepE. Upper panel, SDS-PAGE of DnaJ obtained in the pellet and supernatant, after washing and elution of nickel-nitrilotriacetic acid beads. Lower
panel, ratio between DnaJ in pellets (filled circles) and supernatants (open circles) and RepE in pellets estimated by densitometry and plotted as a function of
total DnaJ. B, far-UV CD spectra of RepE (black), RepE1–152 (green), RepE1–144 (magenta), RepE1–138 (cyan), and RepE�51–55 (red). C, pulldown of DnaJ with
N-terminal His-tagged versions of RepE, the C-terminal domain deletion mutants, and RepE�51–55. Supernatants (S) and pellets (P) were analyzed separately in
12.5% SDS-PAGE. D, formation of complexes between DnaJ and WT RepE (open circles), RepE1–152 (green triangles), RepE1–144 (cyan inverted triangles), RepE1–138
(magenta squares), and RepE�51–55 (red circles) followed by fluorescence anisotropy measurements. Solid lines represent the best fits obtained with a single site
binding model. Data points are the average of at least three independent experiments. Error bars are omitted for clarity.

TABLE 1
Dissociation constants and quenching Stern-Volmer constants for the
complexes of DnaJ with WT RepE and the mutants used in this study

Complex Kd
a

KSV
b

�DnaJ �DnaJ

�M M�1 M�1

RepE 5.2 � 0.8 6.8 2.3
RepE1–152 4.6 � 0.9 5.2 4.5
RepE1–144 5.8 � 0.7 NDc ND
RepE1–138 7.1 � 0.9 ND ND
RepE�51–55 0.7 � 0.1 7.2 5.8
RepE54 7.7 � 0.8 3.8 4.0

a Standard deviations are given.
b Quenching was linear within the acrylamide concentration range used, and KSV
values were obtained the from the Stern-Volmer equation:
F0/F � 1 � KSV[acrylamide].

c ND, not determined.
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tribution of the predicted binding sites to complex formation is
low. The discrepancy between RepA and RepE in the involve-
ment of �5 in cochaperone binding might be due to the lower
hydrophobicity of this structural element in RepE.
The Three-dimensional Reconstruction of DnaJ-RepE Complex—

To generate a three-dimensional reconstruction by EM and
image processing, the DnaJ-RepE complex was negatively
stained, and 14,327 individual particles were selected, aligned,
and classified into homogeneous classes as described under
“Experimental Procedures.” The resolution of the model was
estimated to be 19Å (data not shown). The reconstructed com-
plex has an elongated and symmetrical structure of 105 Å long
and 85 Å diameter and consists of two masses running in par-
allel along the longitudinal axis and interacting at the central
and bottom area (Fig. 2A, side view). One mass is compact and
has a clear two-symmetrical fold (Fig. 2A, front view), whereas
two rod-like masses, parallel to the longitudinal axis, are
observed in the other (Fig. 2A, back view). Both masses show
symmetrical features, in accordance with the described dimer:
dimer stoichiometry.
We then resorted to the docking of the atomic structures of

the two molecules (Fig. 2B) into the reconstructed volume.
Despite the diversity of theHsp40 protein family, the structural
alignment of the ZBD and C-terminal domains of E. coli DnaJ,
yeast Ydj1p and Sis1p, and humanHdj1 reveals a high degree of
structural homology (data not shown). Thus, the atomic coor-
dinates of theC-terminal domain of Ydj1 (PDBcode 1NLT), the
closest homolog of DnaJ, were used for the docking. The char-
acteristic L-shape of the C-terminal domains and the bell-
shaped structure adopted by Ydj1 dimers (29) enabled us to
dock eachmonomer in the rod-likemasses observed in the back

view of the model (Fig. 2C and supplemental Movie S1). Fitting
of domains CTDI and CTDII into these masses was very good,
placing the CTDIIs in close proximity and leaving space at the
top of the volume to dock the C-terminal dimerization domain
(PDB code 1XAO), missing in the Ydj1 x-ray structure. The
ZBDs could also be fitted in the bottom of the volume, but it
required a rotation of these domains from their orientation in
the Ydj1 modeled dimer (29). Next, the atomic structure of the
RepE dimer bound to the operator DNA (PDB code 2Z9O) (17)
was fitted to the assigned compact, symmetrical density (Fig.
2C, front view). Although the general shape of dimeric RepE
fitted very well in thismass, the ends of the concave structure of
DNA-bound RepE did not dock into the DnaJ-RepE three-di-
mensional envelope (Fig. 2C, side view). The quality of the
docking was substantially improved when the RepE dimer
structure was flattened by a �25° tilt of the RepE C-terminal
domains (Fig. 2D). Thus, docking of RepE into the DnaJ-RepE
complex suggests that binding to DnaJ induces a conforma-
tional change in RepE, particularly in its C-terminal domain.
Finally, we performed the docking of the two J-domains. It

should be mentioned that the localization of these domains
might be ambiguous due to the flexibility and the lack of a
defined structure for the connecting G/F-domain. In the DnaJ-
RepE complex, the volume obtained has enough space to place
the J-domains in an area located between the DnaJ and RepE
molecules (Fig. 2C, front and side views). Supporting previous
results that discarded the involvement of the J-domain in the
interaction with RepE (10), these domains barely contact
the client in the two complexes. The fitting also leaves space in
the proximity to the RepE dimer where the G/F-domain could

FIGURE 2. Architecture of the DnaJ-RepE complex. A, three-dimensional reconstruction of the DnaJ-RepE complex shown in three different, orthogonal
views. B, domain arrangement of DnaJ and RepE proteins and structures used in this study: J-domain (green; PDB code 1XBL), ZBD (magenta; PDB code 1EXK),
CTDI and CTDII domains (blue; PDB code 1NLT), and dimerization domain (DD) (cyan; PDB code 1XAO). Disordered G/F-domain is marked by an asterisk. In the
RepE monomer, NTD and CTD are shown in yellow and brown, respectively (extracted from PDB code 2Z9O). C, docking of the atomic model of DnaJ and the
atomic structure of RepE into the corresponding masses of the three-dimensional reconstruction; color coding is the same as in B. The disordered G/F-domain
is tentatively located in the empty region marked by an asterisk. Red spheres indicate residues Ile46 and Asp57, located, respectively, at the beginning and end
of L�2-�2. See supplemental Movie S1 for an easier interpretation of the docking. D, docking of the DNA-bound RepE structure (PDB code 2Z9O) into the
DnaJ-RepE complex three-dimensional reconstruction before (left) and after (right) applying flexibility to the monomers. A 25° tilt of the RepE C-terminal
domains substantially improves the quality of the docking.
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be accommodated, in agreement with the requirement of this
domain to interact with RepE (10).
Three-dimensional Reconstruction of the DnaJ-RepE1–144

Complex—To confirm the localization of DnaJ and RepE in the
three-dimensional volume, we performed a similar structural
analysis with the deletion mutant RepE1–144 that lacks the
C-terminal domain but maintains the dimeric structure. We
selected 9,623 individual particles fromnegative stainedmicro-
graphs and classified them into homogeneous classes to gener-
ate a final model with an estimated resolution of 20 Å (Fig. 3A).
As in the complex with WT RepE, the structure of the DnaJ-
RepE1–144 complex is elongated and has the same length (105
Å) but a shorter diameter (75 Å). The overall shape of the struc-
ture is less symmetrical, with a large mass running parallel to
the longitudinal axis (Fig. 3A, back view) and a smaller, round

mass, placed asymmetrically at the bottom half of the complex
(Fig. 3A, front view). The three-dimensional reconstruction
reveals two small lobules not observed before (Fig. 3A, side
view), protruding from the longitudinal mass, and a large cavity
in the center of the density. The smaller roundmass observed in
the front view, as well as the larger central cavity, can account
for the lack of the C-terminal domain in RepE1–144. Thus, by
comparison of the two reconstructions, we could assign the
2-fold symmetrical compact mass and the rod-like masses
observed to RepE and DnaJ, respectively.
We also carried out a docking of the atomic structures of the

two molecules (DnaJ and RepE1–144) into the reconstructed
volume. For that, we used the same strategy as for WT RepE,
obtaining similar results (Fig. 3B and supplemental Movie S2).
The J-domains can be easily located in two protrusions located
in the upper and bottom part of the DnaJ-RepE1–144 complex
(Fig. 3B, front and side views). Docking of domains CTDI and
CTDII into the longitudinal mass in the three-dimensional vol-
ume obtained for RepE1–144 was very accurate (Fig. 3B, back
view), but, interestingly, the aperture of the bell-shaped DnaJ
dimer had to be reduced. The bottom of the envelope could fit
the ZBDs as in the complex with WT RepE. The atomic struc-
ture of dimeric RepE encompassing residues 1–144 could also
be accurately fitted to the round mass observed in the front
view, although with a�15° rotation of themass compared with
that of WT RepE (compare front views in Figs. 2C and 3B),
suggesting that DnaJ binds differently the smaller substrate. In
contrast to the complex withWTRepE, a conformational rear-
rangement of the crystallographic structurewas not required to
dock RepE1–144 into the corresponding mass of the recon-
structed volume (Fig. 3B, side view), which confirms the good
docking of theRepEN-terminal domain into the corresponding
mass of the DnaJ-RepE complex.
DnaJ Can Bind Two Monomers of RepE Separately—To fur-

ther characterize the structural plasticity of the DnaJ-substrate
complexes, we used the mutant RepE54, which carries the
mutation R118P and is a monomer in solution (16). The three-
dimensional reconstruction of this complex (Fig. 3C) reveals a
structure similar to those previously shown, although less sym-
metrical, with two large masses running in parallel to the lon-
gitudinal axis (Fig. 3C, back view), and two other smallermasses
with the same orientation, albeit slightly tilted in the other side
of the molecule (Fig. 3C, front view). By comparison with the
other two complexes, the symmetrical masses can be assigned
to DnaJ and the two separated, tilted masses to the RepE54
monomers. The good docking of the atomic structure of
RepE54 (PDB code 1REP) (30) into these regions shows that the
twomonomers bind to the twoDnaJmonomers separately (Fig.
3D and supplemental Movie S3), although maintaining a simi-
lar orientation than the two WT RepE protomers bound to
DnaJ (Fig. 2C, front view). This result confirms the structural
plasticity in the interaction between DnaJ and its substrates, in
particular RepE.
The Inherent Flexibility of DnaJ—One of the most remarka-

ble differences between the three-dimensional reconstructions
shown here is the arrangement of the DnaJ monomers, being
close to each other in the case of the deletionmutant, separated
in the case of the wild-type and more open in the case of the

FIGURE 3. Architecture of DnaJ-RepE1–144 and DnaJ-RepE54 complexes.
A, three-dimensional reconstruction of the DnaJ-RepE1–144 complex. B, dock-
ing of the different domains of DnaJ and RepE1–144 into the three-dimen-
sional reconstruction of the DnaJ-RepE1–144 complex. C, three-dimensional
reconstruction of the DnaJ-RepE54 complex. D, docking of the different
domains of DnaJ and RepE54 into the three-dimensional reconstruction of
the DnaJ-RepE54 complex. The views shown are the same as in the DnaJ-RepE
complex. Domain color coding is the same as in Fig. 2. Docking of the atomic
structures can also be viewed in supplemental Movies S2 and S3.

Structure of DnaJ-RepE Complex

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 15069



monomeric mutant (Fig. 4A). This speaks of an intrinsic flexi-
bility of DnaJ dimers that might serve to accommodate differ-
ent substrates. To explore the hypothesis, we performed an EM
analysis of substrate-free DnaJ. 5,225 individual particles were
selected and classified into homogeneous classes. All classes
had a bell shape, in good agreement with the modeled Ydj1
dimer, but showed different conformational states represented
by distinct classes with a variable degree of aperture of its two
arms, ranging from 7° to 28° (Fig. 4C). The N terminus of the
protein, comprising the J-domain, was not observed in our EM
study very likely due to its small size and the variability imposed
by the intrinsically unstructured G/F-rich domain. It is notice-
able that the conformations of the DnaJ dimer observed in the
three-dimensional reconstructions of DnaJ complexed with
RepE, RepE1–144, and RepE54 resembled the conformation in
some of the classes of substrate-freeDnaJ. These results suggest
that the DnaJ dimer is intrinsically flexible and may adapt its
conformation to the size of the client protein.
DnaJ Remodels the Conformation of the Two Domains of

RepE—Weused fluorescence spectroscopy and near-UVCD to
characterize the conformation of RepE when complexed to
DnaJ. Both spectroscopic techniques may monitor specifically
the conformation of RepE in the complex because DnaJ lacks
Trp residues, whereas RepE has two (Trp114 and Trp187, in the
N- andC-terminal domains, respectively). Binding toDnaJ pro-
motes a blue shift of RepE fluorescence emission maximum
(�em) from326 to 316 nm (Fig. 5A), compatiblewith a reduction
of the polarity surrounding the Trp residues. A similar effect
was also observed for RepE�51–55, albeit the �em of the DnaJ-
bound conformation of the mutant is centered at 320 nm. The
experimental data could be fitted to a single-site bindingmodel
giving Kd values of 2.3 and 0.8 �M for RepE and RepE�51–55,
respectively, similar to those found by anisotropy measure-

ments. In contrast, RepE1–152 has a �em at 317 nm, correspond-
ing to a highly hydrophobic environment, whichwas not signif-
icantly altered byDnaJ. Furthermore, theDnaJ-induced change
in the �em is specific for dimeric RepE because it was not
detected for themonomericmutant RepE54, which has a �em at
320 nm regardless of the presence of DnaJ.
InteractionwithDnaJ also promotes a reduction of RepETrp

solvent accessibility, reflected by a decrease of the KSV from 6.8
to 2.3 M�1 in fluorescence quenching experiments (Table 1).
However, no change in the accessibility of RepE1–152 and
RepE54 was observed in the presence of DnaJ, their KSV values
being intermediate between those of free WT RepE and its
complex with DnaJ. Interestingly, DnaJ only slightly reduced
the KSV of RepE�51–55, suggesting that the mutant adopts a
different conformation than RepE when complexed with the
chaperone. The changes in fluorescence properties suggest that
DnaJ induces a structural modification of RepE C-terminal
domain and that L�2-�2 in the N-terminal domain is necessary
to fully promote the conformational change.
We performed partial proteolysis experiments (Fig. 5B) to

study whether RepE1–152 and RepE�51–55 were able to protect
the G/F-rich domain and ZBD of DnaJ from protease attack as
WTRepE (10). It should be noted that the proteolytic pattern of
RepE proteins is not modified by the interaction with DnaJ, as
published (10). In contrast toWT RepE, RepE1–152 is unable to
prevent proteolysis in these DnaJ domains. This might be
caused by a lower steric hindrance due to the lack of RepE
C-terminal domain. RepE�51–55 protects the G/F-rich domain
and ZBD of DnaJ, albeit to a lower extent than WT RepE. This
finding supports that L�2-�2 couldmodulate a rearrangement of
RepE C-terminal domain in the complex.
To further prove the conformational change in RepE com-

plexed to DnaJ, we characterized the protein structure of the

FIGURE 4. Flexibility of DnaJ dimer. A, back views of the three-dimensional reconstructions of DnaJ-RepE1–144 (left), DnaJ-RepE (center), and DnaJ-RepE54
(right) showing the different degrees of aperture of the DnaJ monomers. Blue color indicates the DnaJ monomers, and yellow the corresponding RepE
molecules. B, electron microscopy field of substrate-free DnaJ dimers. C, reference-free two-dimensional averages obtained from the data set containing
images of DnaJ dimers. The images reveal, albeit with a different degree of aperture, the bell shape of dimeric DnaJ.
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client protein by near-UV CD spectroscopy (Fig. 5, C–F). The
CD spectrum of a protein in this spectral regionmainly reflects
the environment of aromatic amino acid side chains, its shape
and intensity being modulated, among other factors, by the
rigidity of the protein. Therefore changes in theCDspectrumof
a protein are usually interpreted as modifications of its tertiary
structure. RepE displays a negative signal with twominima cen-
tered at 283 and 290 nm, which arise from the absorption of
tryptophan residues, whereas DnaJ does not show any signifi-
cant absorption in the same spectral region (Fig. 5C). The spec-
tra of isolated RepE54 and RepE�51–55 are similar to that of the
WT protein, whereas RepE1–152 shows a weak absorption lack-
ing the fine structure characteristic of WT RepE (Fig. 5, D–F).
To estimate the spectral features of these RepE variants bound
toDnaJ, the weak contribution of DnaJ was subtracted from the
spectrum of the complex, assuming that the conformational
changes would not significantly modify the chaperone spec-
trum in this spectral region. This assumption is reasonable

because DnaJ does not contain Trp residues. The comparison
of the spectra of DnaJ-bound states of RepE and the different
variants with those of the free proteins reveals that (i) the DnaJ-
induced change in WT RepE arises mainly from its C-terminal
domain (Fig. 5,C andD); (ii) the spectrumofmonomeric Rep54
does not change in the presence of DnaJ (Fig. 5E); and (iii) the
intensity of the spectrum of RepE�51–55 complexed to DnaJ is
reduced to a lesser extent than that of WT RepE (Fig. 5, C and
F). Taken together, these experiments demonstrate that DnaJ
modifies the conformation of RepE C-terminal domain, as sug-
gested by the three-dimensional reconstruction of the DnaJ-
RepE complex, and that the interaction with L�2-�2 is essential
to fully transmit this conformational change to the substrate
protein.
Then we studied howDnaJ affects the stability and biochem-

ical function of RepE. Cross-linking of isolated RepE with bis-
(sulfosuccinimidyl) suberate produces two bands of apparent
molecular size compatible with a dimer (Fig. 6A, upper panel).

FIGURE 5. DnaJ binding induces a conformational change in the C-terminal domain of RepE. A, upper panels, fluorescence emission spectra of RepE,
RepE1–152, and RepE54 (1 �M) in the absence (black line) or the presence (gray line) of 10 �M DnaJ. The thin broken line represents the spectrum of 10 �M DnaJ.
A, lower panel, emission maximum of RepE (filled circles), RepE�51–55 (open circles), RepE1–152 (triangles), and RepE54 (diamonds) plotted as a function of DnaJ
concentration. Data were fitted to a quadratic equation modeling a single binding site (solid and broken line for WT and RepE�51–55, respectively). B, partial
proteolysis of DnaJ (20 �M) complexed with WT RepE, RepE1–152, and RepE�51–55 (20 �M). The complexes were digested at a 1:200 trypsin:protein ratio (w/w) for
30 s and 1:40 ratio for 5 min. The first line contains the undigested proteins as reference. The main tryptic sites in the G/F-rich domain and ZBD identified by mass
spectrometry (10) that give rise to C-terminal DnaJ fragments of molecular mass higher than 20 kDa are indicated. The fragment marked with an asterisk is
produced by double digestion in the ZBD and C-terminal dimerization domain of DnaJ. C–F, near-UV CD spectra of RepE (C), RepE1–152 (D), RepE54 (E), and
RepE�51–55 (F) free in solution (black lines) and complexed to DnaJ (gray lines). DnaJ spectrum is shown as a black broken line.
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The different mobility of these adducts could be due to a vari-
able number of cross-linked pairs between the monomers. In
the presence of increasing amounts of DnaJ, formation of
dimeric RepE adducts is progressively reduced and abolished at
the highest DnaJ concentration, with the concomitant appear-
ance of two new bands corresponding to the DnaJ-RepE com-
plex and the DnaJ dimers. Similar results were obtained for the
C-terminal deletion mutant RepE1–152 (data not shown). In
contrast, the dimer adducts are still formed in the complex of
RepE�51–55 with DnaJ (Fig. 6A, lower panel), thus discarding an
impaired accessibility of bis(sulfosuccinimidyl) suberate to spe-
cific lysine residues at the dimerization interface. These results
demonstrate that DnaJ increases the intermonomeric distance
of RepE dimers, in an L�2-�2-dependent manner.
Next we addressed whether DnaJ modified the DNA binding

properties of RepE. In agreement with published observations
(9), saturating concentrations of DnaJ increase binding of RepE
to a DNA probe containing the operator sequence of mini-F
plasmid (Fig. 6B). However, the chaperone does not enhance to
the same extent DNA binding of RepE�51–55, emphasizing the
importance of L�2-�2 as a regulatory element of DnaJ-induced
conformational changes in RepE. Finally, DnaK also interacts
with RepE and is essential to regulate its function (31, 32), thus
we explored the effect of DnaJ in this interaction. As a bona fide
substrate, RepE stimulates 3–4-fold the ATPase activity of
DnaK, with a K0.5 of 2.5 �M (Fig. 6C). In the presence of DnaJ
and the substrate, DnaKATPase activity is synergistically stim-
ulated and the K0.5 for RepE lowered to 70 nM. These results
suggest that theDnaJ-induced conformational changes in RepE
increase the affinity of DnaK for this client protein.

DISCUSSION

In this work, we have characterized the complex between
DnaJ and RepE, the conformational changes that both proteins
undergo upon complex formation, and the functional conse-
quences of this interaction. The three-dimensional reconstruc-
tion of the DnaJ-RepE complex represents the first structure of
an Hsp40 in its dimeric state complexed with a client protein.
Themodel shows that DnaJ binds a RepE dimer through a large
interaction surface in which the two DnaJ monomers are
involved in substrate binding, in agreement with the inability of
dimerization domain deletionmutants of DnaJ and Sis1 to bind
and chaperone substrates (13, 33). The comparison of the com-
plexes withWT RepE, a C-terminal deletion (RepE1–144), and a
monomeric mutant (RepE54) speaks of a large structural plas-

ticity of DnaJ that allows adaptation to different substrates.
Interaction of DnaJ with RepE1–144 forces a closure of the bell-
shaped DnaJ dimer, whereas binding to two separate mono-
meric RepE molecules induces a separation of the DnaJ mono-
mers. In fact, the EM study of substrate-free DnaJ reveals an
intrinsic variety of conformations of the DnaJ dimer with dif-
ferent intermonomeric angles. This suggests that the dimeriza-
tion domain allows the rearrangement of the monomers to
adjust the binding interface to substrates of different size.
Our data demonstrate that the interactionwithDnaJ induces

conformational changes that affect both domains of RepE. The
DnaJ-bound conformation of WT RepE is characterized by (i)
an increased intermonomeric distance, (ii) a reduced polarity
and accessibility to polar quenchers of Trp187 located in the
C-terminal domain, and (iii) a less rigid tertiary structure of the
C-terminal domain that results in the reduction of its near-UV
CD signal. This DnaJ-induced conformational changes lead to
the “activation” of RepE that is reflected in an increased affinity
for specific DNAprobes. Analysis of the RepE deletionmutants
demonstrates that theN-terminal domain is sufficient to forma
stable complex, confirmed by the good docking of this domain
in the reconstruction of the complex between DnaJ and
RepE1–144. According to the three-dimensional reconstruction
of the DnaJ-RepE complex and the conformational changes
described above, the chaperone promotes a rearrangement at
the level of the C-terminal domain of RepE distant from the
binding site, as has been shown for otherDnaJ substrates (7, 34).
We demonstrate that the disordered loop encompassing resi-
dues 47–57 (L�2-�2) at the N-terminal domain of RepE is essen-
tial to promote the conformational activation of the substrate.
Partial deletion of this structural element hampers the full con-
formational rearrangement that DnaJ induces in RepE,
although it does not significantly affect the stability of the com-
plex. It is likely that DnaJ interacts with L�2-�2 because this
structural feature is in close proximity to DnaJ CTDI in the
model obtainedupondocking the crystallographic structures of
the proteins into the three-dimensional envelope of the com-
plex. The large interaction interface between DnaJ and RepE
suggests the existence of interaction sites different from this
loop, as it could be �5, within the N-terminal domain of the
substrate protein, which would explain the null effect of its
deletion in the affinity for the cochaperone.
We propose amodel in which DnaJ interacts mainly with the

N-terminal domain of RepE (Fig. 7). In particular, the interac-

FIGURE 6. Functional consequences of the DnaJ-induced rearrangement of RepE. A, cross-linking of RepE (upper panel) or RepE�51–55 (lower panel) at
increasing DnaJ concentrations. The last lane represents the cross-linking of DnaJ in the absence of substrate. B, binding of RepE (left) and RepE�51–55 (right) to
DNA measured by gel retardation in the absence or presence of DnaJ. C, ATPase activity of DnaK at increasing RepE concentrations in the absence (filled circles)
or presence (open circles) of DnaJ.
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tion with L�2-�2 seems to be essential to modulate the confor-
mation of RepE. L�2-�2 connects strand �2 at the dimerization
interfacewith helix�2, which establishes hydrophobic contacts
with structural elements of the N-terminal domain such as the
linker helix �5. Thus, the interaction with L�2-�2 might both
alter the intermonomeric distance and propagate the confor-
mational change to theC-terminal domain of RepE through the
linker, enhancing its affinity forDNA.This structural transition
could also trigger the exposure of a predictedDnaK binding site
in �2 (17), increasing its affinity for RepE and allowing the sub-
sequent action of the chaperone to fully activate the client
protein.
In summary, the results presented here put forward the abil-

ity of DnaJ to adjust its conformation to build a large binding
interface made by both monomers and to adapt to different
client proteins. In the absence of ATPase activity, DnaJ might
rely on this large and variable binding interface to exert an
independent chaperone activity on folded substrates as found
here for RepE. Recently, different modes of substrate binding
have also been found for DnaK (32), which indicates the con-
formational plasticity of this chaperone system.
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