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Heat shock proteins of 70 kDa (Hsp70s) are ubiquitous and
highly conserved molecular chaperones. They play multiple
essential roles in assisting with protein folding and maintaining
protein homeostasis. Their chaperone activity has been pro-
posed to require several rounds of binding to and release of poly-
peptide substrates at the substrate-binding domain (SBD) of
Hsp70s. All available structures have revealed a single substrate-
binding site in the SBD that binds a single segment of an
extended polypeptide of 3– 4 residues. However, this well-estab-
lished single peptide-binding site alone has made it difficult to
explain the efficient chaperone activity of Hsp70s. In this study,
using purified proteins and site-directed mutagenesis, along
with fluorescence polarization and luciferase-refolding assays,
we report the unexpected discovery of a second peptide-binding
site in Hsp70s. More importantly, the biochemical analyses sug-
gested that this novel binding site, named here P2, is essential
for Hsp70 chaperone activity. Furthermore, cross-linking and
mutagenesis studies indicated that this second binding site is in
the SBD adjacent to the first binding site. Taken together, our
results suggest that these two essential binding sites of Hsp70s
cooperate in protein folding.

The 70-kDa heat shock proteins (Hsp70s)5 are one of the
major classes of molecular chaperones that are most frequently
stress-induced to combat protein denaturation caused by vari-
ous environmental stresses, such as elevated temperature, radi-

ation, and inflammation. Hsp70s are not only crucial for cell
survival under various stress conditions, but also play multiple
essential roles in almost every process in maintaining cellular
proteostasis, including facilitating protein folding, assembly,
translocation into organelles, degradation, and dismantling
protein aggregates (1–11). Due to their importance in the fun-
damental process of maintaining protein homeostasis, Hsp70s
are implicated in many human diseases, including cancers and
neurodegenerative diseases (1, 12–19). Thus, they are potential
key targets for designing novel and specific treatment and pre-
vention strategies for these diseases.

In general, the chaperone activities of Hsp70s are facilitated
by two classes of well-characterized co-chaperones: Hsp40s
and the nucleotide-exchange factors (NEFs) (1, 2, 5, 6, 20, 21).
Hsp40s are also called J-domain– containing proteins. The
well-recognized role of Hsp40s is directly speeding up the rate
of ATP hydrolysis by Hsp70s (21–27). At the same time, many
Hsp40s have been shown to bind unfolded or partially folded
polypeptides directly to prevent their aggregation. Thus, it was
proposed that Hsp40s also serve as a substrate-scanning factor
for Hsp70s and bring polypeptide substrates to Hsp70s. NEFs
speed up the chaperone cycle of Hsp70s through promoting the
exchange of ADP for ATP after ATP hydrolysis (1, 28, 29). It is
well-established that Hsp70s, Hsp40s, and NEFs constitute the
most essential chaperone machinery for protein folding across
all kingdoms of life. Moreover, recent studies have supported
an important role of Hsp90s in assisting the Hsp70-folding
machinery (30, 31) and an emerging role of nucleotide-ex-
change inhibitor (NEI) in regulating Hsp70s in protein homeo-
stasis (32, 33).

Consistent with their importance, Hsp70s are ubiquitous,
abundant, and highly conserved (1, 5, 6, 34, 35). All Hsp70s
contain two functional domains, a nucleotide-binding domain
(NBD) at the N terminus and a substrate binding domain (SBD)
at the C terminus (1, 3, 5, 13, 21, 36). Connecting these two
domains is a short linker segment. Each domain carries an
essential intrinsic activity: ATPase activity for the NBD and
polypeptide substrate– binding activity for the SBD. The NBD
captures the energy of ATP hydrolysis at the production of ADP
to power chaperone activity. The SBD is the site where poly-
peptide substrates bind. In general, the SBD recognizes
unfolded hydrophobic segments in extended conformations,
which are normally sequestered inside natively folded proteins
(37–43). Various biochemical and NMR studies have shown
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that in the ADP-bound or nucleotide-free state there is little
contact between NBD and SBD; each domain acts indepen-
dently as if isolated (17, 36, 42, 44 –48). This state, like the iso-
lated SBD, exhibits high affinity and slow kinetics for peptide
substrates (44 –46, 48). In contrast, ATP binding allosterically
couples the two domains: the peptide substrate– binding affin-
ity is reduced by 2–3 orders of magnitude (37, 49), and recipro-
cally, peptide substrate binding stimulates the ATPase rate (5,
37). This allosteric coupling ensures that energy from ATP hy-
drolysis is efficiently used to control peptide substrate binding
and release. In conjunction with various biochemical, NMR,
and FRET studies (1, 8, 44, 46, 47, 50 –54), a number of recent
crystal structures of intact Hsp70s in the ATP-bound state have
provided revolutionary insights into this essential mechanism
(8, 21, 52, 55–60).

Various X-ray crystallography and NMR studies have
revealed the structural basis of each domain in binding their
substrates. The crystal structure of the isolated NBD from the
bovine Hsc70 with ADP bound is the first structure of NBD
(61). Two large lobes form a deep pocket for binding the ade-
nine nucleotides. The first crystal structure of the SBD was
obtained with the isolated SBD from DnaK, a major Escherichia
coli Hsp70, in complex with a short peptide substrate NR
(NRLLLTG) (41). The SBD is composed of two subdomains:
SBD� and SBD�. SBD� forms a single narrow peptide-binding
pocket between two loops, whereas SBD� functions as a lid
covering the peptide binding pocket on SBD�. All available
crystal and NMR structures report essentially the same confor-
mation of the SBD (32, 41, 48, 55, 62–70). One of the most
intriguing features of these structures is that Hsp70s mainly
form contacts with 3– 4 hydrophobic residues of the peptide
substrates, such as the three middle leucine residues in the NR
peptide. This feature is consistent with various biochemical
characterizations on the peptide substrate– binding specifici-
ties of Hsp70s (39, 40, 42, 43). However, this well-established
single peptide-binding site has made it difficult to explain the
efficient chaperone activity of Hsp70s in protein folding and
dismantling protein aggregates, considering the average size of
proteins is several hundreds of amino acids long. Could there be
additional peptide-binding sites on Hsp70s that account for
their high efficiency? Interestingly, a very recent study using
NMR unexpectedly showed that each monomer of Hsp40s has
1–3 transient binding sites for polypeptide substrates (71) in
contrast to the long-speculated single binding site. It is possible
that there is more than one binding site for polypeptide sub-
strates for Hsp70s.

In this study, we have presented biochemical data including
mutagenesis and peptide competition to support a second
novel peptide-binding site (P2) in Hsp70s besides the afore-
mentioned well-characterized classic peptide-binding site (P1).
These two binding sites have different preference for polypep-
tide substrates. More importantly, this novel P2 peptide-bind-
ing site is crucial for Hsp70s’ chaperone activity in protein fold-
ing while displaying different properties from the classic site.
Our cross-linking results suggested that this novel P2 site is in
the vicinity of the L5,6 region of the SBD. We propose that these
two peptide substrate– binding sites cooperate to achieve the
powerful chaperone activity of Hsp70s in protein folding. Thus,

this surprising discovery of a novel second peptide-binding site
on Hsp70s has opened a new direction for characterizing the
basic mechanism of Hsp70s in assisting protein folding.

Results

Identification of a surprising new peptide substrate– binding
site on E. coli Hsp70 DnaK

It is well-established that Hsp70s have a single peptide
substrate– binding site on the SBD� (1, 6, 8, 21, 32, 34, 41, 48,
55, 62–70, 72). This binding site is represented by the crystal
structure of the isolated SBD of DnaK, a major Hsp70 in E. coli,
in complex with the NR peptide (Fig. 1A) (41). The NR peptide
(NRLLLTG) is a well-characterized peptide substrate for DnaK
(41, 42). When simultaneously studying both Hsp70s and
Hsp110s (73, 74), distant homologs of Hsp70s, to understand
the chaperone activity difference between these two essential
chaperones, we found that Hsp70s also bind to another type of
peptide besides the NR peptide using a fluorescence polariza-
tion assay (75). This new type of peptide is represented by the
TRP2 peptide (VYDFFVWLHYY), a peptide from TRP2 (tyro-
sinase-related protein 2), a tumor antigen. There is an impor-
tant difference between these two types of peptides: NR is rich
in aliphatic residues, whereas TRP2 is rich in aromatic residues.
Binding of both the NR and TRP2 peptides to Hsp70s is consis-
tent with the previous studies on peptide substrate specificities
(40, 42, 43). Our previous studies have shown that, unlike
Hsp70s, Hsp110s only showed strong binding to the TRP2 pep-
tide and not to the NR peptide. Furthermore, our subsequent
mutational studies suggested that the TRP2 peptide does not
bind Hsp110s at the same binding site as the NR-binding site in

Figure 1. Mutations in the classic peptide substrate– binding site of
DnaK have little impact on binding the TRP2 peptide. A, ribbon diagram of
the isolated DnaK SBD structure (Protein Data Bank code 1DKX). Ile-438 and
Gly-400 are highlighted in gray sticks and ball, respectively. The bound NR
peptide is in cyan, and the peptide-binding loops and their supporting loops
are labeled. B, the dissociation constants (Kd) of the NR and TRP2 peptides
binding from C and D. ND, not detectable. C and D, the binding of DnaK
proteins to the NR (C) and TRP2 peptides (D). Serial dilutions of DnaK proteins
were incubated with peptides (10 nM), and fluorescence polarizations were
recorded after binding reached equilibrium. The sequences of the peptides
are labeled on the top of each plot.
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the Hsp70s’ structures. Because Hsp70s bind both the NR and
TRP2 peptides, it is possible that there are two peptide-binding
sites on Hsp70s with different properties. One is the classic
Hsp70 substrate-binding site for peptides like NR, and the other
one is shared with Hsp110s for binding to peptides like TRP2.
To test this hypothesis, we carried out two tests.

The first test was mutagenesis. The structure of the isolated
DnaK SBD in complex with the NR peptide has revealed the
structural basis of the NR binding to DnaK (41). The NR pep-
tide binds in a narrow pocket formed between two loops, L1,2
and L3,4, the peptide-binding loops (Fig. 1A). Previously, we
have made a mutation on each of these peptide-binding loops in
DnaK: DnaK-L1,2 (replaced the original sequence of MGG with
TAEDNQS) and DnaK-L3,4 (replaced the original sequence of
TAEDNQS with MGG) (75). Consistent with the structure,
mutating either of these peptide-binding loops has drastically
reduced the binding affinity for the NR peptide (56, 75). Sur-
prisingly, neither of these loop mutations showed appreciable
reduction in binding the TRP2 peptide. In fact, the DnaK-L3,4
mutant protein showed even stronger binding toward the TRP2
peptide than the WT DnaK protein, whereas the binding for the
NR peptide is almost completely abolished. We reproduced
these results in this study (Fig. 1, B–D). These results support
our hypothesis of a novel second binding site for peptide sub-
strates like TRP2. To provide further support using mutagene-
sis, we took advantage of two mutations: G400P and I438W.
Gly-400 is on L1,2. Our previous studies have shown that Gly-
400 is crucial for opening L1,2 to bind the NR peptide, and the
G400P mutation completely knocks out NR binding due to a
failure to open L1,2, which leads to L1,2 covering the peptide-
binding pocket (58). Consistent with our hypothesis, G400P
showed little reduction in binding to the TRP2 peptide (Fig. 1, B
and D), whereas the NR binding is completely abolished, as
shown in our previous studies (58) (Fig. 1, B and C). In fact, the
G400P mutant behaves like the L3,4 mutation with a slightly
increased affinity. Ile-438 is on �4 of SBD (Fig. 1A) and sits at
the bottom of the classic peptide-binding pocket. Mutating Ile-
438 to tryptophan, a residue with a much larger hydrophobic
side chain, is supposed to reduce the size of the classic peptide-
binding pocket and therefore reduce NR binding and compro-
mise chaperone activity. Consistent with this structural
hypothesis, the NR binding to this I438W mutant DnaK is dras-
tically compromised (Fig. 1, B and C), and the in vivo chaperone
activity is almost completely abolished, although the expression
level of this mutant protein is comparable with that of the WT
control (Fig. S1, A and B). In contrast, the binding of the TRP2
peptide to the I438W mutant protein is comparable with that of
the WT DnaK protein. Taken together, these mutational anal-
yses indicated that the TRP2 peptide binds to a novel binding
site in DnaK different from the classic binding site where the
NR peptide binds.

The second test performed was a competition analysis
between the NR and TRP2 peptides. If the NR and TRP2 pep-
tides bind to the same peptide-binding pocket, they will com-
pete with each other for binding to the DnaK protein. If they
bind to different sites in DnaK, there will be little competition.
We performed the aforementioned peptide-binding assays
using fluorescence polarization in the presence of a large excess

of the unlabeled NR peptide (200 and 800 �M). As expected, the
binding of fluorescein-labeled NR, F-NR, is almost completely
competed off by the large excess amount of the unlabeled NR
(Fig. 2A). Consistent with our hypothesis, this large excess unla-
beled NR peptide did not appreciably affect the binding of the
fluorescently labeled TRP2 peptide (Fig. 2B). The poor solubil-
ity of the TRP2 peptide in solution prevented us from doing an
analogous competition assay using the unlabeled TRP2 peptide.

In summary, there are two noncompeting peptide-binding
sites on Hsp70 DnaK: 1) the classic peptide-binding site, as
shown in the isolated SBD structure of DnaK for peptides like
NR (rich in aliphatic residues), and 2) a second novel peptide-
binding site for peptides like TRP2 (rich in aromatic residues).
We named these two sites P1 and P2, respectively. Similar com-
petition results were obtained for two eukaryotic Hsp70s: Ssa1
(76), a major yeast Hsp70, and BiP (77), a human Hsp70 in the
ER (Fig. S2). Thus, these two noncompeting peptide-binding
sites are most likely conserved in Hsp70s in general.

The novel peptide-binding site is on SBD� and demonstrates
properties different from those of the canonical binding site

We first dissected the domain location of this novel P2 pep-
tide-binding site using truncations of DnaK. Hsp70s are highly
conserved in domain organization. Each Hsp70, including
DnaK, contains two functional domains: an NBD and an SBD
(Fig. 3A). The SBD is further divided into two subdomains:
SBD� and SBD�. The classic peptide-binding site is in SBD�.
To explore the domain location of this novel second binding
site, we made a number of truncations of DnaK containing only
the NBD, SBD, SBD�, and SBD� (Fig. 3B). Consistent with the
previous structural and biochemical analysis, both the SBD and
SBD� bind the NR peptide with comparable affinities as the
full-length DnaK protein, whereas the NBD and SBD� showed
little binding to the NR peptide (Fig. 3, C and E). Like the NR
peptide, the TRP2 peptide binds to both the SBD and SBD�
with similar affinities as the full-length DnaK protein (Fig. 3, D
and E), although the absolute values of fluorescence polariza-
tion for the isolated SBD were lower than those of the full-
length and isolated SBD�. This difference in the absolute values
could be due to the influence of SBD� on the binding environ-
ment of the P2 site. Importantly, the NBD and SBD� only
showed background level of binding toward the TRP2 peptide.

Figure 2. The TRP2 peptide does not compete with the NR peptide for
binding to DnaK. A, the unlabeled NR peptide efficiently competed with
F-NR for binding to DnaK protein. The concentrations (200 and 800 �M) of the
unlabeled NR peptide are listed, and the concentration of the F-NR was 10 nM.
The control is the F-NR binding in the absence of the unlabeled NR. B, the
F-TRP2 peptide binding to DnaK was not appreciably competed by the pres-
ence of a large amount of the unlabeled NR peptide (200 and 800 �M). The
F-TRP2 concentration was 10 nM. Peptide binding in the absence of the unla-
beled NR is shown as a control.
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Thus, this novel P2 binding site is in the SBD�, the same sub-
domain where the classic P1 peptide-binding site is located.

It is well-established that the NR peptide binding to DnaK is
ATP-sensitive, and this binding stimulates the ATPase activity
of DnaK (37, 49). These properties are the essential ATP-in-
duced allosteric coupling in Hsp70s. We tested whether this
novel P2 peptide-binding site shows these properties. Consist-
ent with the published results, the NR binding is drastically
reduced in the presence of ATP (more than 20-fold based on
estimated Kd; Fig. 4A), whereas the binding of the TRP2 peptide
in the presence of ATP is quite similar to that of in the absence
of ATP with some small differences (Fig. 4A). The estimated Kd
of the TRP2 peptide in the presence of ATP is only about 2-fold
higher than that in the absence of ATP. For the NR peptide
binding, this strong ATP-induced reduction in binding affinity
is caused by the accelerated binding kinetics, especially the
release rate (49). In contrast, in the absence of ATP, the binding
kinetics for the NR peptide is much slower. As shown previ-
ously, the TRP2 peptide binds Hsp110 Sse1 with remarkably
fast kinetics even in the absence of ATP (75). Here, we tested
the binding kinetics of the TRP2 peptide to the DnaK protein.
As shown in Fig. 4B and Fig. S3A, the binding kinetics of the
TRP2 peptide to DnaK is at least several times faster than the
binding kinetics of the NR peptide in the absence of ATP. Due
to the fast kinetics and the limitation of our fluorescence polar-

ization instrument, we were not able to determine accurate
binding kinetics for the TRP2 peptide binding.

The fast binding kinetics and low affinity of the TRP2 peptide
binding relative to the NR peptide binding suggests that the
complex formation between DnaK and the TRP2 peptide may
be less stable than that of the NR peptide. Importantly, our
native gel analysis on the DnaK-peptide complexes provided
support for this hypothesis (Fig. 4D). Unlike the fluorescence
polarization assay, which is suitable for detecting both stable
and transient interactions, strong complex bands are usually
observed on native gels for stable interactions but not for tran-
sient interactions. At the concentrations of DnaK and peptides
(20 and 10 �M, respectively) close to saturation of binding, the
amount of complex formed between the TRP2 peptide and DnaK
is much less than that of the NR peptide: almost all of the NR
peptide formed a complex with DnaK, whereas only a very small
amount of complex was formed between the TRP2 peptide and
DnaK (Fig. 4D). Furthermore, in the presence of ATP, the binding
kinetics of the TRP2 peptide to DnaK are even faster than the NR

Figure 3. The novel second binding site for peptide substrate is on the
SBD� subdomain. A, schematic diagram of the domain organization of DnaK.
Domain boundaries are labeled at the top. B, DnaK domain truncations. C and
D, the NR (C) and TRP2 (D) peptide binding to the isolated domains of DnaK. E,
the dissociation constants (Kd) of the NR and TRP2 peptides binding from C
and D. ND, not detectable.

Figure 4. The novel second binding site has different properties from the
classic peptide-binding site. A, the F-NR and F-TRP2 peptide binding to
DnaK protein in the presence of and absence of ATP. The fitted and estimated
dissociation constants are listed on the right. B and C, peptide binding kinetics
in the absence (B) and presence (C) of ATP. The F-NR or F-TRP2 peptide was
mixed with DnaK (2.5 �M) to initiate binding, and binding kinetics was recorded
immediately as a function of time. D, native gel analysis on the stability of the
DnaK-peptide complexes. The fluorescein-labeled peptides were visualized
using a phosphorimaging system (left), and the DnaK proteins on the same gel
were stained with Coomassie Blue (right). The positions of DnaK and the peptides
are labeled. The percentage of each peptide forming a complex with DnaK was
calculated after quantification of the bands containing the fluorescein-labeled
peptides. The data in the table are averages from five independent repeats with
freshly prepared samples. E, unlike the NR peptide, the TRP2 peptide showed
little stimulation of the ATPase activity of DnaK. -Fold stimulation was calculated
by setting the intrinsic ATPase activity (the ATPase activity in the absence of pep-
tides) as 1. Error bars, S.E.
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peptide binding to DnaK in the presence of ATP (Fig. 4C and Fig.
S3B). These binding properties are similar to those of the TRP2
peptide binding to Hsp110s, suggesting a similar nature of binding
of the TRP2 peptide to Hsp70s and Hsp110s.

Next, we tested the stimulation of the ATPase activity of
DnaK. Consistent with the previous publications (78, 79), the
NR peptide stimulated the ATPase activity of DnaK close to
15-fold in a well-established single-turnover ATPase assay (Fig.
4E). To achieve the concentrations of the TRP2 peptide high
enough for the ATPase assay, 20% DMF was included in the
reaction buffer. Although 20% DMF significantly influenced
the fluorescence polarization assay for both the TRP2 and NR
peptides (Fig. S4), the NR peptide showed robust stimulation
on the ATPase activity of DnaK in the presence of 20% DMF
(Fig. 4E). In contrast, no significant stimulation on the ATPase
activity of DnaK was observed for the TRP2 peptide over the
concentrations used in our assay (Fig. 4E). This is consistent
with the peptide-binding kinetics in the presence of ATP (Fig.
4C and Fig. S3B). For the NR peptide, after the initial fast phase
of binding, the polarization reading (indication of peptide bind-
ing) keeps on increasing over time although slow, indicating ATP
hydrolysis stimulated by the NR binding, whereas for the TRP2
peptide, there was no such slow increase. Furthermore, peptide
substrate showed little simulation on the ATPase activity of yeast
Hsp110 Sse1 (80), further supporting the similarity of both Hsp70s
and Hsp110s in interacting with the TRP2 peptide.

Taken together, the TRP2 peptide binding to DnaK has prop-
erties different from the NR peptide binding to DnaK, although
both peptide-binding sites are located in the SBD�. These dif-
ferences between the two binding sites indicate their different
roles in DnaK’s chaperone activity.

The new P2 substrate-binding site is essential for DnaK’s
chaperone activity

To test the role of this novel P2 site in the chaperone activity
of Hsp70s, we performed a luciferase-refolding assay in the
presence of either NR or TRP2 peptide using the DnaK chap-
erone system (20). The DnaK chaperone system includes DnaK
and its two essential co-chaperones DnaJ and GrpE, an Hsp40
and NEF, respectively. Consistent with the previous studies, the
DnaK chaperone system refolds heat-denatured luciferase and
leads to the recovery of the luciferase activity (Fig. S5A). In this
assay, the heat-denatured luciferase is the substrate for DnaK. If
this novel P2-binding site is essential for the chaperone activity,
binding of TRP2 peptide at this site will prevent DnaK from
binding to the heat-denatured luciferase and thus hinder the
refolding of the luciferase. As expected, both peptides inhibit
the refolding activity of DnaK (Fig. 5A and Fig. S5A), supporting
the importance of both sites for the chaperone activity of DnaK.
Surprisingly, the TRP2 peptide inhibits the refolding activity of
DnaK even more effectively than NR, although the affinity of
TRP2 is about 4-fold lower than that of NR (Fig. 1B). Thus, the
P2 site is crucial for DnaK’s chaperone activity and maybe even
more important than the classic P1 binding site.

To further confirm that the TRP2 inhibition on the chaper-
one activity of the DnaK chaperone machinery is due to the
binding of TRP2 to DnaK, we have designed a TRP2 peptide
with p-benzoyl-L-phenylalanine (Bpa), an unnatural amino

acid, replacing the tryptophan in the original TRP2 peptide. We
named this new TRP2 peptide as TRP2-Bpa (SVYDFFVBpaLK)
and labeled the N terminus with fluorescein for easy detection.
Because Bpa and tryptophan share a similar structure, we do
not expect that the Bpa replacement will have an appreciable
effect on the properties of the TRP2 peptide. As expected, this

Figure 5. The new second peptide-binding site is essential for DnaK’s
chaperone activity. A, the TRP2 peptide inhibits the refolding activity of
DnaK even more efficiently than the NR peptide. The refolding activities
of DnaK were determined in the presence of the indicated concentrations of
peptides. The refolding activity of DnaK in the absence of peptide was set as
100%. B, the TRP2-Bpa peptide was efficiently cross-linked to DnaK protein.
DnaK protein was incubated with the TRP2-Bpa peptide at the indicated
molar ratios and treated with UV light on ice. The isolated NBD of DnaK was
used as a negative control. After SDS-PAGE, the cross-linked DnaK-peptide
complex was visualized by fluorescence scan (top) and Coomassie Blue stain-
ing (bottom), respectively. C, the DnaK protein cross-linked with the TRP2-Bpa
peptide has a compromised chaperone activity in refolding heat-denatured
luciferase. The DnaK protein with only UV treatment was used as a control.
The percentage of recovery of luciferase activity was calculated by setting the
native luciferase activity as 100%. Error bars, S.E.
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TRP2-Bpa peptide binds DnaK with a similar affinity as the
original TRP2 peptide (Kd � 5.59 � 0.38 �M). More impor-
tantly, like the TRP2 peptide, unlabeled NR peptide did not
show appreciable competition with this TRP2-Bpa peptide, and
the DnaK L3,4 mutant protein binds to this TRP2-Bpa peptide
similarly to the WT DnaK (Fig. S6). Upon treatment with UV
light at 360 nm, a significant amount of this peptide was cross-
linked to DnaK, whereas only a very small amount of cross-
linking was observed for the NBD fragment of DnaK (Fig. 5B).
This result is consistent with the observation that the TRP2
peptide binds the SBD of DnaK (Fig. 3D), supporting the spec-
ificity of this cross-linking. After cross-linking, we removed the
free TRP2-Bpa peptide from the cross-linked complex contain-
ing DnaK and TRP2-Bpa using size-exclusion chromatography.
We tested the refolding activity of this DnaK protein after
cross-linking with the TRP2-Bpa peptide. Consistent with our
hypothesis, the refolding activity of this cross-linked DnaK was
drastically compromised, whereas UV treatment alone had lit-
tle impact on the chaperone activity of DnaK (Fig. 5C). Taken
together, this novel P2 binding site is essential for the chaper-
one activity of DnaK.

Moreover, to test whether this P2 site is essential for the
chaperone activity of eukaryotic Hsp70s, we carried out a lucif-
erase-refolding assay with the Ssa1 chaperone system, the
major Hsp70 chaperone system in the yeast cytosol. This chap-
erone system includes Ssa1 and its two cochaperones Ydj1 and
Sse1, an Hsp40 and NEF, respectively. As shown in Fig. S5B, the
chaperone activity of this Ssa1 chaperone system is inhibited by
both the TRP2 and NR peptides, supporting the importance of
these two substrate-binding sites in the chaperone activity.
Thus, this novel P2 site most likely is essential for the chaperone
activity of Hsp70s in general.

The P2 binding site is in the vicinity of the loop L5,6 on SBD

To pinpoint the location of this novel P2 site on SBD�, we
took advantage of the aforementioned TRP2-Bpa peptide and a
previously characterized DnaK SBD construct with an L3,4 dele-
tion mutation, DnaK-SBD-L3,4 (56). Previous studies have
shown that this L3,4 deletion mutation completely abolished the
binding of DnaK to the NR peptide, whereas the binding to the
TRP2 peptide is largely intact (75). Like the full-length WT
DnaK protein shown in Fig. 5B, after treatment with UV light, a
significant amount of the TRP2-Bpa peptide was cross-linked
to this DnaK-SBD-L3,4 construct (Fig. 6A). We digested this
cross-linked band with trypsin and did peptide fingerprinting
using MS. Interestingly, the MS result suggested that the cross-
linked position is Met-469 on the loop L5,6 of the SBD�, sug-
gesting that the loop L5,6 is in close proximity to this novel P2
peptide-binding site.

To test the above cross-linking results and further explore
the P2 binding site, we designed derivatives of the NR and TRP2
peptides with a cysteine at the C terminus, NR-C (NRLLLTC)
and TRP2-C (VYDFFVWLHYSC), respectively. At the same
time, we mutated a number of residues in the SBD� to cysteine:
Met-404, Ala-429, Ala-449, Gly-455, Ala-465, Arg-467, Met-
469, and Gly-482. All of these residues are on the surface of
SBD� (Fig. 6B). More importantly, none of these mutations
affect either the in vivo chaperone activity of DnaK or the pep-

tide-binding affinities for either NR-C or TRP2-C appreciably
(Figs. S7 and S8), suggesting that none of these mutations has
significant influence on either the structure or the activity of
DnaK. Based on the published crystal structure (41), Met-404
and Ala-429 are located in the classic P1 binding site. Upon
oxidation with Cu-phenanthroline, these residues are supposed
to be cross-linked to the NR-C peptide through disulfide bonds.
Consistent with this structural observation, a strong cross-

Figure 6. The novel second binding site is located in the vicinity of L5,6. A,
the TRP2-Bpa peptide was efficiently cross-linked to the isolated DnaK SBD
carrying the L3,4 mutation, SBD-L3,4. The isolated NBD of DnaK was used as a
negative control. After SDS-PAGE, the cross-linked DnaK-peptide complexes
were visualized by fluorescence scan (top) and Coomassie Blue staining (bot-
tom), respectively. B, locations of the designed cysteine mutations in the
structure of the isolated DnaK SBD (Protein Data Bank code 1DKX). The designed
cysteine mutations were highlighted as orange balls. The bound NR peptide is in
blue. C, the TRP2-C and NR-C peptides were cross-linked to the different cysteine
mutations in DnaK. Purified DnaK proteins carrying the indicated cysteine muta-
tions were incubated with the TRP2-C or NR-C peptide and then cross-linked
through disulfide bonds using copper-phenanthroline. The cross-linked com-
plexes were visualized by fluorescence scan (top) and Coomassie Blue staining
(bottom), respectively, after separating on SDS-PAGE. The sequences of the NR-C
and TRP2-C peptides are shown below the gel.
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linked band was observed for both proteins, whereas only weak
background cross-linking was observed for the rest of the
mutants except for R467C (Fig. 6C). For R467C, the cross-link-
ing band was significantly above the background control (WT)
but lower than the two peptide-binding loop mutants M404C
and A429C. Arg-467 is on the loop L5,6, the supporting loop for
L3,4, one of the peptide-binding loops for the canonical P1 pep-
tide-binding site. The side chain of Arg-467 is close to the clas-
sic P1 site in the isolated SBD structure of DnaK (41). This may
be the reason for the significant cross-linking with R467C.
Although Arg-467 forms a salt bridge with Asp-540, a residue
on SBD�, in the isolated SBD structure (41), mutating Arg-467
to cysteine has little influence on the in vivo chaperone activity
of DnaK (Fig. S7), suggesting that the salt bridge formed between
Arg-467 and Asp-540 is dispensable for the function of DnaK.
DnaK has an endogenous cysteine in the NBD, Cys-15. The back-
ground cross-linking is most likely due to this Cys-15 because
mutating Cys-15 to alanine almost completely abolished the back-
ground cross-linking. Interestingly, neither M404C nor A429C
showed significant cross-linking to the TRP2-C peptide (Fig. 6C).
This is consistent with the binding and mutagenesis data in Fig. 1.
Excitingly, M469C formed a strong disulfide bond–linked band
with TRP2-C, supporting the above MS analysis result on the
TRP2-Bpa cross-linking. Moreover, the R467C mutant, another
residue on L5,6, also formed a strong disulfide bond with the
TRP2-C peptide. Taken together, this novel P2 peptide-binding
site is most likely in the vicinity of the loop L5,6. Moreover, the
specific cross-linking to the L5,6 region indicates that the TRP2
binding to the P2 site is specific.

To further confirm the involvement of L5,6 in binding the
TRP2 peptide and the new P2 binding site, we have made a
deletion mutation of L5,6, DnaK-L5,6 (Fig. 7A). Deleting L5,6,
including Met-469, abolished the in vivo chaperone activity
(Fig. 7B and Fig. S9A), although the expression level was similar
to that of the WT DnaK (Fig. S9B). Interestingly, both the TRP2
and NR peptide binding to the DnaK-L5,6 mutant were compro-
mised (Fig. 7, C and D), consistent with the lack of in vivo chap-
erone activity. The estimated Kd values were severalfold higher
than those of the WT protein, although the binding curves for
the L5,6 mutant had not reached a plateau. This defect in bind-
ing the TRP2 peptide is consistent with the involvement of L5,6
in this novel P2 binding site, as shown above. Moreover, sup-
porting the binding defect, the cross-linking to the TRP2-Bpa
peptide was also significantly reduced by this L5,6 mutation
compared with the WT protein (Fig. 7E). The amount of TRP2-
Bpa peptide crossed to the DnaK-L5,6 mutant was reduced to
about half of that of the WT protein (50.5 � 3.4% of the level of
the WT protein averaged from six repeats). Because there was
still significant binding to the TRP2 peptide for the DnaK-L5,6
mutant, L5,6 was only a part of this binding site. A similar defect
for binding the NR peptide was observed for the DnaK-L1,2
mutant: L1,2 is a part of the classic P1 peptide-binding site, and
mutating it compromises the NR peptide binding but does not
abolish it. The reduced binding to the NR peptide for the DnaK-
L5,6 mutant is because L5,6 is a supporting loop for the peptide-
binding loop L3,4 of the classic P1 binding site (Fig. 1A). As a
control, we deleted L4,5, another supporting loop for the classic
P1 binding site (Figs. 1A and 7 (A and B)). This L4,5 mutation

mainly affected the NR binding, whereas it left the TRP2 bind-
ing largely unaffected (Fig. 7, C and D), suggesting that this part
of SBD is most likely not directly involved in the P2 binding site.
Furthermore, consistent with the previous structural analysis
(55–59), neither of these loops was involved in allosteric cou-
pling when measured using tryptophan fluorescence spectra
(Fig. S9C). In summary, L5,6 is most likely involved in the novel
P2 binding site.

Discussion

In this study, we have provided biochemical evidence for the
discovery of a novel second peptide substrate– binding site in
Hsp70s and showed that this novel binding site is essential for
the chaperone activity of Hsp70s. Moreover, we have demon-
strated that this novel binding site has different properties from
the classic first binding site. This discovery challenges the well-
established notion of a single peptide substrate– binding site on
Hsp70s, on which all of the current paradigms of Hsp70 chap-
erone activities are based. We believe that this surprising dis-
covery of a novel second peptide-binding site on Hsp70s will
open a new direction for characterizing the folding mechanism
of Hsp70s and, at the same time, provide a new way to target
Hsp70s for designing novel therapeutics to treat various dis-
eases such as cancers.

Figure 7. The L5,6 is involved in binding both the NR and TRP2 peptides.
A, the loop deletion mutations in DnaK. B, growth test of the loop deletion
DnaK mutations. Serial dilutions of fresh cultures carrying the loop deletion
mutations were spotted on LB agar plates and grown for 1 overnight at 37 °C.
WT DnaK and empty vector were used as positive and negative controls,
respectively. C and D, the binding to the F-NR (C) and F-TRP2 (D) peptides of
the DnaK loop mutations. The fitted Kd values for curves in both C and D are
listed in the table in C. E, the TRP2-Bpa peptide cross-linked to the DnaK-L5,6
mutant is reduced compared with that of the WT DnaK. The DnaK proteins
and the TRP2-Bpa peptide (at a 1:4 molar ratio) were cross-linked with UV on
ice and separated on SDS-PAGE. Top, fluorescence scan; bottom, Coomassie
Blue staining. The cross-linked bands were quantified, and the ratio of the
TRP2-Bpa peptide cross-linked to the DnaK-L5,6 and the WT DnaK was calcu-
lated. The average ratio is 0.505 � 0.034 from six independent repeats.
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A key question is what the functional role of the P2 site is in
the chaperone activity of Hsp70s. The preference for different
hydrophobic residues may provide an answer. For any given
protein, there are both aliphatic and aromatic residues. Both
types of residues are hydrophobic and contribute to the hydro-
phobic cores of the folded native proteins. It was surprising that
previous screens on the peptide substrate properties of Hsp70s
have discovered that Hsp70s mainly prefer aliphatic residues,
and not so much aromatic residues, especially for DnaK (39, 40,
42, 43). In all of the available structures of Hsp70s in complex
with peptide substrates, the peptide substrates are rich in ali-
phatic residues and contain no aromatic amino acids in the
central binding pocket (32, 41, 48, 55, 62–68). This could par-
tially be due to the fact that aromatic residues are more hydro-
phobic than the aliphatic residues, and it is difficult to work
with peptides containing aromatic amino acids. It had been a
puzzle as to why Hsp70s do not like aromatic residues as much
as the aliphatic residues. This study provides an explanation.
Here we have shown that Hsp70s have two binding sites and
prefer both types of the hydrophobic residues, with the P2 site
preferring aromatic residues. However, the binding to the P2
site is unstable, characterized by fast kinetics. This could
explain why previous screens using either peptide libraries
bound to nitrocellulose membrane or phage display did not
reveal this P2 site because these screens require relatively stable
binding. These screens are ideal for characterizing the classic
P1 site binding to aliphatic residues with stable complex forma-
tion in the absence of ATP. Various structural analyses on iso-
lated SBD in complex with peptide substrates have provided
support (41, 48, 55, 62–69). With different preferences for
hydrophobic residues, these two sites could work together in
efficiently binding to polypeptide substrates through binding to
different segments of the same polypeptide substrate by the
same molecule of Hsp70.

We propose that both binding sites cooperate in chaperon-
ing protein folding and homeostasis (Fig. 8). Due to the fast

kinetics for both binding sites in the presence of ATP, binding
polypeptide substrate most likely occurs in the ATP-bound
state of Hsp70s. This is consistent with the previously proposed
models. With these two binding sites, a single Hsp70 molecule
may bind two separate segments of a polypeptide substrate
simultaneously. As shown previously, binding to the P1 site
stimulates ATP hydrolysis. With two separate segments of
the polypeptide bound, bound ATP is hydrolyzed, and Hsp70 is
now in the ADP-bound state. Our biochemical results showed
that the kinetics for the P2 site binding are faster than the P1
site, and the peptide binding to the P2 site is far less stable than
the P1 site. Thus, the binding to the P2 site may be dynamic
even in the ADP-bound state. Upon nucleotide exchange,
Hsp70 returns to the ATP-bound state, polypeptide substrate is
released due to the fast kinetics for both sites, and the chaper-
one cycle restarts.

This hypothesis is consistent with a recent NMR study on the
substrate interaction with Hsp40s, cochaperones for Hsp70s.
This study surprisingly revealed that there are 1–3 binding sites
on each monomer of Hsp40s for substrate binding, although all
of these interactions with substrates are transient (71). Thus, as
a functional dimer, Hsp40s have 2– 6 binding sites for polypep-
tide substrates. More interestingly, the substrate preferences
are different for the binding sites within the same Hsp40s. For
ttHsp40, an Hsp40 from Thermus thermophiles, there are two
binding sites: one site prefers aromatic residues, and the other
prefers hydrophobic sequences containing no aromatic resi-
dues. These properties of ttHsp40 substrate binding are analo-
gous to the two binding sites of Hsp70s reported in this study.
Another interesting feature shared by the P2 site and the Hsp40
substrate interactions is the transient nature of substrate bind-
ing. The substrate binding to Hsp110s also shares this transient
nature. This type of transient interaction may be important for
chaperone activity in general. It is possible that both Hsp40s
and Hsp110s deliver substrates to Hsp70s during efficient pro-
tein folding. The transient nature of substrate binding by
Hsp40s, Hsp110s, and the P2 site of Hsp70s may be essential for
efficient substrate transfer from Hsp40s and Hsp110s to
Hsp70s. This could partially explain the efficient inhibition of
chaperone activity by the TRP2 peptide in our refolding assay.

Our cross-linking and mutation analysis have provided sup-
port for the involvement of the L5,6 in this new P2 site. At the
same time, L5,6 is also important for the classic P1 binding site
through supporting the peptide-binding loop L3,4. L3,4 is part of
the classic P1 binding site and crucial for binding the classic
peptides like the NR peptide. Interestingly, the binding affinity
for the TRP2 peptide is moderately increased for the L3,4 dele-
tion mutation, suggesting that there may be some subtle
involvement of this loop in the novel P2 site. Moreover, G400P,
which is on L1,2, the other peptide-binding loop of the classic P1
site, has similar binding properties as the L3,4 deletion muta-
tion. Thus, there seems to be some connection between the two
peptide substrate– binding sites. It is possible that during ATP
hydrolysis, the conformations and distance between these two
sites may also change, and these changes could lead to an active
remodeling of the polypeptide substrates. Consistent with this
hypothesis, Hsp70s have been suggested to unfold polypeptide
substrates, including two recent publications on Hsp70/Hsp40

Figure 8. The model of the Hsp70 chaperone cycle with two essential
peptide substrate– binding sites. The NBD, SBD�, SBD�, and interdomain
linker are colored in blue, green, red, and purple. The peptide substrates are
highlighted in cyan. The two peptide substrate– binding sites are labeled as P1
and P2.
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unfolding a native protein P53 (81–83). More in-depth bio-
chemical and structural analysis will help unravel the key ques-
tion of the mechanistic role of the P2 site. Although our study
suggests that L5,6 is involved in the P2 site, the P2 site must
include regions beyond the L5,6 because deletion of L5,6 only
partially compromises the binding of the TRP2 peptide. It is
similar to the L1,2 situation for the P1 site: L1,2 is part of the P1
site, and deletion of L1,2 only partially compromises the binding
of the NR peptide (Fig. 1C). Instead of a narrow cavity for the
classic P1 binding site, the P2 site could be more like the Hsp40-
substrate interaction with flat interfaces because both interac-
tions are transient. Structural analysis using either NMR or
crystallography will eventually reveal the structural basis of the
P2 site. However, the poor solubility of the TRP2 peptide and
transient nature of the TRP2 binding to the P2 site have pre-
sented challenges for such studies. This may be the same reason
why the classic P1 peptide substrate– binding site for Hsp70s
has been known for more than 2 decades, whereas we just
started to reveal the P2 site. This study serves a starting point
for understanding the unique nature and importance of this P2
site and molecular mechanism of substrate binding by Hsp70s.

It is interesting that both Hsp70s and Hsp110s bind the TRP2
peptide, and their binding properties share some common fea-
tures such as fast kinetics and unstable complex formation.
Because Hsp70s and Hsp110s are homologs, it is possible that
the binding sites for the TRP2 peptide on these two classes of
chaperones are located in an analogous position. Supporting
this hypothesis, deletion of the L5,6 in Sse1, a yeast Hsp110,
abolishes the in vivo chaperone activity, whereas deletion of
either L1,2 or L4,5 has no detectable effect on the in vivo chap-
erone activity (data not shown), consistent with the involve-
ment of the L5,6, but neither the L1,2 nor L4,5, in the P2 binding
site of Hsp70s revealed by this study. Intriguingly, the sequence
conservation in the L5,6 region is quite limited (Fig. S10), con-
sistent with the overall low sequence conservation between
Hsp70s and Hsp110s in the SBD region. Although the sequence
conservation between Hsp70s and Hsp110s is low, this newly
discovered P2 site may be functionally conserved between
Hsp70s and Hsp110s. Consistent with this hypothesis, the
sequence conservation of some of the newly discovered Hsp40
substrate-binding sites is also quite limited among Hsp40s.

Unlike Hsp70s, previous studies suggested that Hsp110s lack
the hallmark activity in directly facilitating protein folding
except for one study (84 –86). However, a potent chaperone
activity in preventing protein aggregation was reported for
Hsp110s besides functioning as the major NEFs for the cytoso-
lic Hsp70s (28, 29, 87, 88). Because Hsp110s showed little bind-
ing to the NR peptide and mutating the analogous residues for
the classic P1 binding site did not affect the chaperone function
appreciably (75), most likely Hsp110s do not have a functional
classic P1 peptide-binding site. Losing the functional P1-bind-
ing site could contribute to the loss of the folding activity for
Hsp110s. Further evolvement of the P2 site in Hsp110s during
evolution may have contributed to the potent chaperone activ-
ity in preventing protein aggregation, which is even more effi-
cient than Hsp70s. This may also explain the low sequence con-
servation in the SBD between Hsp70s and Hsp110s including
the L5,6 region (Fig. S10), which is involved in the P2 site.

Experimental procedures

Protein expression and purification

All of the full-length DnaK proteins used in this study were
expressed and purified as described before (56, 78). Briefly, all of
the DnaK constructs were cloned into the dnak expression
plasmid pBB46 with a His6 tag at the extreme C terminus and
expressed in the deletion strain BB205 (89) with 200 �M isopro-
pyl 1-thio-�-D-galactopyranoside at 30 °C for about 6 h. After
breaking open the cells, the DnaK proteins were first purified
on a HisTrap column with 2� PBS buffer. After dialysis to
reduce the salt concentration, the DnaK proteins were further
purified on a HiTrap Q column using buffers containing 25 mM

Hepes-KOH, pH 7.5, and 1 mM DTT.
The DnaK truncation constructs were cloned into the

pSMT3 vector and expressed in BL21(DE3) as Smt3 fusion pro-
teins with a His6 tag at the C terminus of Smt3. The induction
was carried out at 30 °C to reduce the expression of endogenous
DnaK. The Smt3 fusion proteins were purified on a HisTrap
column. After the Smt3 tag was cleaved by the Ulp1 protease, all
of the DnaK truncation proteins were put on a second HisTrap
column to remove the Smt3 tag. The NBD construct was fur-
ther purified on a HiTrap Q column, and all the SBD constructs
were further purified on a Superdex 75 column.

The DnaJ, GrpE, and human BiP proteins were expressed in
BL21(DE3) and purified as described previously (55, 58, 78).
Briefly, these proteins were expressed as Smt3 fusion proteins
using the pSMT3 vector. After a nickel column, the Smt3 was
cleaved off using Ulp1 and then removed by passing through a
second nickel column. HiTrap Q column was used to further
purify GrpE and human BiP, and DnaJ was further purified on a
Superdex 200 16/600 column (GE Healthcare Life Sciences).
The Ssa1 protein was expressed in the yeast Pichia pastoris and
purified as described before (75, 90). The Ssa1-expressing
Pichia strain was a generous gift from Dr. Johannes Buchner.
After purification, all of the proteins were concentrated to �10
mg/ml, aliquoted, flash-frozen in liquid nitrogen, and stored in
a �80 °C freezer.

Site-directed mutagenesis and growth tests

Mutagenesis in DnaK and growth tests were carried out as
described previously (59, 78, 89). Briefly, all of the DnaK muta-
tions were cloned into the aforementioned dnak expression
plasmid pBB46 using the QuikChange Lightning site-directed
mutagenesis kit (Stratagene) with mutagenic primers. Incorpo-
ration of the mutations was confirmed by sequencing. After
these mutants were transformed into the dnak deletion strain
BB205, fresh transformants were dropped onto an LB agar plate
containing 50 �g/ml ampicillin, 25 �g/ml kanamycin, 25 �g/ml
chloramphenicol, and 20 �M isopropyl 1-thio-�-D-galactopyra-
noside. Growth tests were done with one overnight incubation
at 37 °C with control growth done at 30 °C. All assays were
performed more than three times with two or more different
transformations.

Fluorescence polarization assay for peptide substrate binding

All of the peptides in this study were purchased from Neo-
Scientific or Ontores (at �95% purity). Binding affinity assays
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were carried out as described previously with some modifica-
tions (55, 56, 75, 78). Briefly, serial dilutions of Hsp70 proteins
were prepared in buffer A (25 mM Hepes-KOH, pH 7.5, 100 mM

KCl, 10 mM Mg(OAc)2, 10% glycerol, and 1 mM DTT) and incu-
bated with the indicated fluorescein-labeled peptide at a final
concentration of 10 nM. After the binding reached equilibrium,
fluorescence polarization measurements were carried out on
Beacon 2000 (Invitrogen), and dissociation constants (Kd) were
calculated using Prism (GraphPad Software). For the binding
kinetics measurements, right after the Hsp70 proteins were
mixed with either the F-NR or F-TRP2 peptide, fluorescence
polarization measurements were collected over time on the
Beacon 2000. The readings for the peptides only were used as
the zero time point. All biochemical assays, including the polar-
ization assay, were carried out at least three times with more
than two different protein purifications. All of the reported data
were the averages of more than three repeats.

Single-turnover ATPase assay

The assay was performed as described previously with some
modifications (55, 78, 79, 91). Briefly, DnaK protein (20 �g) was
incubated with 25 �Ci of [�-32P]ATP (NEG503H250UC, 3000
Ci/mmol; PerkinElmer Life Sciences) in buffer A in the pres-
ence of 20 �M unlabeled ATP for 2 min on ice. Using a spin
column, the DnaK-ATP complex was quickly isolated from the
free ATP at 4 °C. The ATPase assay was started by mixing an
equal volume of the DnaK-ATP complex with the indicated
peptides and then incubating at 20 °C. For assays done in 20%
DMF, the peptides were diluted in buffer A containing 40%
DMF. At the indicated time points, aliquots of the ATPase reac-
tions were taken and stopped by adding 1 M formic acid, 0.5 M

LiCl, and 250 �M ATP. ATP and ADP were separated using
polyethyleneimine-cellulose thin-layer chromatography plates
(Sigma-Aldrich), and the amount of each radioactive nucleo-
tide was quantified after being visualized with a Typhoon phos-
phorimaging system (GE Healthcare). The rates of ATP hydro-
lysis (kcat) were calculated by fitting the data to the first-order
rate equation using nonlinear regression (GraphPad Prism).

Luciferase-refolding assay

We performed the refolding assay using the DnaK and Ssa1
chaperone systems as described previously with modifications
(56). First, the purified firefly luciferase (purchased from Pro-
mega) was diluted to a final concentration of 0.1 �M using
buffer B (25 mM Hepes-KOH, pH 7.5, 100 mM KCl, and 10 mM

Mg(OAc)2, 2 mM DTT, and 3 mM ATP) and heat-denatured at
42 °C in the presence of a 10 �M concentration of either DnaK
or Ssa1. The refolding reaction was started by mixing this dena-
tured luciferase with a reaction mixture containing either the
DnaK system (3 �M DnaK, 0.67 �M DnaJ, and 0.33 �M GrpE) or
the Ssa1 system (3 �M Ssa1, 3 �M Ydj1, and 1 �M Sse1) in buffer
B. At the indicated time point, 2 �l of the refolding reaction was
mixed with 50 �l of the luciferase substrate, and the luciferase
activity was determined using a Berthold LB9507 luminometer.
For the peptide inhibition, the indicated concentrations of pep-
tides were included in the refolding reaction. For the titration
curves with different peptide concentrations, the refolding activi-

ties were determined after a 30-min incubation, when the refold-
ing activity in the absence of any peptide reaches the maximum.

UV cross-linking with the TRP2-Bpa peptide

To cross-link the TRP2-Bpa peptide to the DnaK proteins,
the DnaK proteins were diluted to 14 �M in buffer A, and the
TRP2-Bpa peptide was added at the indicated molar ratio. UV
cross-linking was carried out on ice using a VWR UV cross-
linker for 30 min. The wavelength of the UV light is 365 nm, and
the distance between the UV lamps and the samples was kept at
about 1–2 cm. For the isolation of the cross-linked complex
between DnaK and the TRP2-Bpa peptide, a 1:10 molar ratio of
DnaK and the peptide was used for cross-linking with UV. Then
the reaction was concentrated and loaded onto a Superdex 200
10/300 column to remove the free TRP2-Bpa peptide. The frac-
tions containing the complex were pooled, concentrated, and
stored in a �80 °C freezer.

Disulfide cross-linking with Cu-phenanthroline

The oxidation reactions to form disulfide bonds using Cu-
phenanthroline were carried out as described previously with
modifications (92, 93). Before the cross-linking, all of the DnaK
proteins were fully reduced by incubating with 5 mM DTT in
buffer A for 2 h on ice. After DTT was quickly removed by a spin
column pre-equilibrated with buffer A, each DnaK protein was
diluted to 0.5 mg/ml using buffer C (25 mM Hepes-KOH, pH
7.5, 100 mM KCl, 10 mM Mg(OAc)2, and 10% glycerol). The
TRP2-C or NR-C peptide was added, and the cross-linking by
oxidation was started by adding freshly prepared CuSO4 and
1,10-phenanthroline to final concentrations of 50 and 100 �M,
respectively. To reduce background nonspecific cross-linking,
the ratio of DnaK over TRP2-C was 2:1 and DnaK over NR-C
was 10:1. This ratio difference between the TRP2-C and NR-C
peptide used in the oxidation is consistent with the �20-fold
difference in their binding affinities for DnaK. The reaction was
allowed to proceed on ice for 1 h and stopped by adding EDTA
to a final concentration of 5 mM. SDS-PAGE was used to sepa-
rate the complex from the peptide.

Tryptophan fluorescence assay

The tryptophan fluorescence assay on the DnaK proteins was
performed as described before (56, 78). Briefly, the DnaK pro-
teins were diluted to 1 �M in buffer A in the absence or the
presence of 2 mM ATP. After incubating at room temperature
for 2 min, emission spectra were collected at room tempera-
ture from 315 to 400 nm with an excitation wavelength at 295
nm.
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