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Conformation transitions of the polypeptide-
binding pocket support an active substrate release
from Hsp70s

Jiao Yang', Yinong Zong!, Jiayue Su!, Hongtao Li', Huanyu Zhu!, Linda Columbus?, Lei Zhou' & Qinglian Liu'

Cellular protein homeostasis depends on heat shock proteins 70 kDa (Hsp70s), a class of
ubiquitous and highly conserved molecular chaperone. Key to the chaperone activity is an
ATP-induced allosteric regulation of polypeptide substrate binding and release. To illuminate
the molecular mechanism of this allosteric coupling, here we present a novel crystal structure
of an intact human BiP, an essential Hsp70 in ER, in an ATP-bound state. Strikingly, the
polypeptide-binding pocket is completely closed, seemingly excluding any substrate binding.
Our FRET, biochemical and EPR analysis suggests that this fully closed conformation is the
major conformation for the ATP-bound state in solution, providing evidence for an active
release of bound polypeptide substrates following ATP binding. The Hsp40 co-chaperone
converts this fully closed conformation to an open conformation to initiate productive sub-
strate binding. Taken together, this study provided a mechanistic understanding of the
dynamic nature of the polypeptide-binding pocket in the Hsp70 chaperone cycle.
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s the most abundant molecular chaperones across all

kingdoms of life, Hsp70s are the key players in every

aspect of cellular protein homeostasis, including protein
folding, assembly, transportation across membranes, degradation,
and quality control!™. With more than 40% sequence identity
between Hsp70s in E. coli and human, Hsp70s are highly con-
served, indicating an overall conserved mechanism®. All Hsp70s
have two functional domains: a nucleotide-binding domain
(NBD) at the N-terminus and a substrate-binding domain (SBD)
at the C-terminus. Through binding and hydrolyzing ATP, the
NBD provides energy to power efficient chaperone activity. The
SBD is the site where polypeptide substrates bind in extended
conformation in all the processes of protein homeostasis. In
addition, the chaperone activity of Hsp70s is facilitated by two
classes of co-chaperones: Hsp40s and nucleotide-exchange factors
(NEFs)b 2 779 Tt is well established that NEFs speed up the
release of ADP and the rebinding of ATP to Hsp70s after ATP
hydrolysis. Essential and functionally conserved, Hsp40s (also
called J-proteins) have been shown to stimulate the ATP
hydrolysis step of Hsp70s. Some Hsp40s can directly bind both
unfolded and partially folded polypeptides and have thus been
proposed to bring polypeptide substrates to Hsp70s.

Extensive structural efforts for the past three decades have
yielded a number of isolated domain structures from both pro-
karyotic and eukaryotic Hsp70s'*~17, demonstrating the con-
served structural basis of each domain in binding its substrates.
The NBD is composed of two big lobes, with the nucleotide-
binding site in between. The SBD contains two subdomains:
SBDp and SBDa. All available SBD structures show that a single
strand of peptide substrate in extended conformation binds to a
polypeptide-binding pocket formed between two loops in SBDp,
L1,2! and L3’414_17

As there is little contact between the two domains in the ADP-
bound and nucleotide-free (apo) states, the isolated SBD struc-
tures represent these states and exhibit high affinity and slow
kinetics for peptide substrates'®=2!. In contrast, ATP binding
allosterically speeds up the kinetics of peptide substrate binding
and release, and decreases the affinity by 2-3 orders of magnitude
due to a more accelerated release rate’” 23, Various biochemical,
NMR, and FRET studies have shown that ATP binding induces
extensive interactions between the NBD and SBD, resulting in
drastic conformational changes in the SBD that accelerate peptide
substrate binding and release® 8 1% 24-26_ The chaperone activity
strictly depends on this ATP-induced allosteric coupling. The
molecular mechanism of this essential allosteric coupling has thus
been highly sought.

Following the initial breakthrough in crystallizing a full-length
Hsp70 homolog in complex with ATP?’, three recent crystal
structures of intact Hsp70s in the ATP-bound state and NMR
studies have provided revolutionary insights in this essential
mechanism?$73!. In conjunction with a number of solution
studies!® 2% 32 33 these structural studies support an overall
uniform conformation for the ATP-bound state with relatively
stable contacts between the two domains. Consistent with these
structural studies, a structure of Ssb, a specialized Hsp70 in fungi,
in complex with ATP has been published recently**. Although
they disagree in details, the three recent crystal structures of
classic Hsp70s in the ATP-bound state, including two structures
of DnaK, an E. coli Hsp70, and one structure of human BiP, an
Hsp70 in the endoplasmic reticulum (ER), have shown an open
conformation of the polypeptide-binding pocket, which Erovides
an explanation for the reduced affinity and fast kinetics?® 2% 31,
But, is this the only conformation of the ATP-bound state for
Hsp70s? It is well established that proteins are dynamic in solu-
tion. More importantly, it has been difficult to explain a pro-
ductive chaperone cycle with only this conformation for the ATP-
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bound state. Both binding and release of polypeptide substrates
were proposed to occur in the ATP-bound state based on fast
kinetics> % 2> 23, How does Hsp70-ATP decide when to bind and
when to release substrates with this single open conformation of
the polypeptide-binding pocket?

Previous biochemical and NMR studies have shown increased
conformational dynamics in the SBDp region of the ATP-bound
state!® 19 25 30,35 36 indjcating the possibility of other con-
formations. Moreover, all published Hsp70-ATP structures rely
on the ATPase-deficient TI99A mutation in the NBD of DnaK
(T229A in BiP) alongside either an engineered disulfide bond or a
loop mutation in SBD?® 2% 31: 34, This T199A mutation not only
knocks out chaperone activity>’ but also completely abolishes
Hsp40 co-chaperone interaction’®, suggesting that this mutation
may lock Hsp70 in one of the conformations for the ATP-bound
state.

To approach this key question, we have crystalized a full-length
human BiP, a classic and essential Hsp70 in the ER3*~#2, without
the T229A mutation in the presence of ATP. This structure
unexpectedly reveals a completely closed conformation of the
polypeptide-binding pocket, which appears to be the dominant
conformation for the ATP-bound state in solution. We also find
that that the binding of the Hsp40 co-chaperone efficiently
converts this fully closed conformation to an open conformation.
We propose that ATP binding induces the active release of
bound polypeptide substrate to prevent nonproductive chaperone
cycle, and that the Hsp40 co-chaperone is crucial to initiate
efficient substrate binding to start a new productive chaperone
cycle.

Results

A novel crystal structure of BiP in complex with ATP. We have
obtained a new crystal structure of human BiP containing both
functional domains at 1.85A in the presence of ATP (Fig. 1,
Table 1, and Supplementary Figs. 1, 2a-c). Unlike all previously
reported Hsp70-ATP structures”® 2% 31 34 this new BiP-ATP
structure, BiP-ATP2, has an entirely wild-type (WT) NBD. It

a
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Fig. 1 A new crystal structure of BiP in complex with ATP, BiP-ATP2. a
Schematic of human BiP domain structure. The positions for key elements
are indicated. The first 24 residues (signal sequence) and the last 20
residues (largely disordered) are not colored. b Ribbon diagram of the BiP-
ATP2 structure. Domain color assignments are: NBD (blue), SBD (green),
SBDa« (red), and inter-domain linker (purple). € Overall structural
comparison of BiP-ATP2 with BiP-ATP. BiP-ATP2 is colored as in b. The
domain coloring for BiP-ATP (PDB code: 5E84) is: NBD (cyan), SBDf
(orange), SBDa (pink), and inter-domain linker (yellow). All the structural
representations were prepared with PyMOL (The PyMOL Molecular
Graphics System)
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Table 1 Data collection, phasing, and refinement statistics

Native Se-MAD
Data collection
Space group P1 P1
Cell dimensions
a, b, c(A) 75.830, 75.752, 75.689, 75.702,
78.792 78.584
a, By (®) 62.046, 62.235, 62.344, 62.243,
73.416 73.766
Wavelength 0.979 0.979

Resolution (A)
Rsym or Rmerge

50-1.85 (1.88-1.85)
0.070 (0.249)

50-2.0 (2.03-2.00)
0.033 (0.152)

I/ol 293 (3.3 212 3.2)
Completeness (%) 97.8 (96.5) 97.6 (94.0)
Redundancy 5.7 (3.3) 1.9 (1.7)
ccl/2 (0.916)
Refinement
Resolution (A) 39.09-1.85
No. of reflections 13887
Ruork/ Riree 15.8%/18.9%
No. of atoms 10,997
Protein 9588
ATP 62
Water 1209
B-factors 321
Protein 299
ATP 26.8
Water 37.9
R.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 1.202

Note: One crystal was used for each structure or data set; values in parentheses are for the
highest-resolution shell

does not carry the ATPase-deficient T229A mutation (T199A in
DnaK)?® 37, which has helped maintain the ATP-bound state in
all previously reported Hsp70-ATP structures®® 2% 31 34 Even
with an intact NBD in the BiP-ATP2 structure, ATP is bound in
the nucleotide-binding pocket (Supplementary Fig. 2b) and the
NBD assumes an almost identical conformation as those seen in
all three previously reported Hsp70-ATP structures (Fig. 1b, c,
Supplementary Fig. 2d, e), supporting the notion that the T229A
mutation has little impact on the overall conformation of NBD.
One reason that may account for the lack of significant ATP
hydrolysis with a WT NBD in this construct is the crystallization
condition which contains 100 mM phosphate. As a product of
ATP hydrolysis, phosphate at this concentration reduces the
ATPase activity of BiP by about five folds (Supplementary
Fig. 2f).

Besides the N-terminal signal sequence and C-terminal
unstructured region, this new BiP structure carries only one
modification from the WT form, the L; ;' modification (L;4 was
replaced with a shortened sequence: TASDNQP — VGG) (Fig. la,
Supplementary Fig. 1). This modification was characterized
previously as maintaining purified BiP protein in monomeric
form for crystallization®® °, As shown previously?®, although this
L;," modification significantly reduces BiP’s affinity for a well-
characterized model peptide substrate NR (sequence
NRLLLTG!* #%), it has no appreciable impact on the structural
integrity of the isolated SBD (Supplementary Fig. 3). Moreover, in
the isolated SBD structure carrying this modification, the NR
peptide binds to the polypeptide-binding pocket in a virtually
identical way as that of the WT BiP, suggesting that the L;,’
modification has no appreciable effect on the polypeptide-binding
pocket besides the shortened L; 4 sequence.
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To obtain accurate phase information, single-wavelength
anomalous diffraction (SAD) with selenomethionine (SeMet)
protein was used to solve the structure (Table 1). The final model
was refined at 1.85A against a native data set with good
stereochemistry. The resulting electron density maps had high
quality (Supplementary Fig. 2a, b).

The most remarkable difference between BiP-ATP2 and all
previous Hsp70-ATP structures is the conformation of the
polypeptide-binding pocket (a detailed comparison is shown
below); in contrast, the overall conformation is highly similar
(Fig. 1b-c, Supplementary Fig. 2¢, d). For comparison we mainly
used the BiP-ATP structure’®, which is almost identical to the
two available DnaK-ATP structures®® 3!, As pointed above, NBD
shares the highest conformational identity (Fig. 1b-c, Supple-
mentary Fig. 2c—e), confirming the high conservation in the ATP-
binding site. At the same time, the relative orientation between
NBD and SBDP and their interface are almost identical,
consistent with the uniform overall conformation of the ATP-
bound state sug§ested by various NMR and FRET
analysis!® 24 30: 3233 The N-terminal segment of Helix A/B in
SBDa is involved in contact with NBD, and this interface is also
almost identical to BiP-ATP. However, the position for the rest of
SBDa is shifted noticeably, which could be due to crystal packing
(Fig. 1c, Supplementary Fig. 2d, g, h). Interestingly, BiP in the
BiP-ATP2 structure packs as a dimer in the asymmetric unit
similar to those of DnaK-ATP and BiP-ATP2% 2% 44 byt the
interface between the NBDs has shifted (Supplementary Fig. 2g,
h). In the DnaK-ATP and BiP-ATP structures, the SBDa
from one molecule docks on one side of NBD from the other
molecule and stabilizes the formation of dimer. In contrast, this
interaction is lost in BiP-ATP2, which could influence the
position of SBDa.

Conformation of the polypeptide-binding pocket. The most
striking feature of this new BiP-ATP2 structure is the
conformation of L;,, one of the two peptide-binding loops
(Fig. 2a). In all previously reported structures, regardless of
nucleotide-binding states or constructs, L;, assumes an
almost identical conformation, projecting outward to allow
peptide substrate binding (as shown for BiP-ATP in
Fig. 2b)!4-17, 20, 28,29, 31, 34,45, 46 Thjs projecting-outward con-
formation of L; , is supported by its buttressing loop L, s. In sharp
contrast, L;, in BiP-ATP2 surprisingly closed onto the
polypeptide-binding site, packing against f3 and p4, which form
the bottom of the polypeptide-binding pocket (Fig. 2a, d). The
adjacent B1 and P2 also shifted with L; ,. At the same time, L, , is
detached from L,s while the conformation of L,s is largely
unchanged. As a result, the polypeptide-binding pocket almost
completely disappears in BiP-ATP2 in contrast to the wide-open
conformation of the polypeptide-binding pocket in BiP-ATP and
DnaK-ATP structures.

In the previously reported BiP-ATP structure?®, the Ls 4 side of
the polypeptide-binding pocket including L;4, Lss and L;g
flipped open relative to the isolated SBD structure (Fig. 2b).
Moreover, the Ls, side of both B3 and P4 strands is shifted
downward to further open the polypeptide-binding pocket. These
changes were maintained in the new BiP-ATP2 structure
(Fig. 2a-c), consistent with the hypothesis that these conserved
changes are caused by the NBD-SBDf interaction. Taken
together, relative to the BiP-ATP structure, L;, in BiP-ATP2
rotated more than 60° (Fig. 2a—c). A number of residues in the
B1-L;,-P2 segment have shifted significantly with greater than 10
A shift at the Co atoms of Gly431 (Fig. 2a-c, Supplementary
Fig. 4c). Similar changes were observed relative to the DnaK-ATP
structure (Supplementary Fig. 4a—c).
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Fig. 2 A novel conformation of the polypeptide-binding pocket revealed by BiP-ATP2. a-c¢ Comparison of SBD} conformations in BiP-ATP2 and BiP-ATP.
Ribbon diagrams are drawn for SBDfs from BiP-ATP2 (a, green), BiP-ATP (b, orange; PDB code: 5E84), and their superposition (c). SBDBs were
superimposed based on Cas of 3-p7. Ca atoms of Gly425 and Gly431 are highlighted as blue and purple balls, respectively. The side-chains of Val429 are
shown in stick representation. d-f Comparison of the polypeptide-binding sites in BiP-ATP2 (d), BiP-ATP (e), and isolated SBD of BiP (f, PDB code: 5E85).
The top panels show the peptide-binding loops, Li> and L 4 (in backbone worm representation). The surface of SBDps are shown in the bottom panels
(negative charge: blue; positive charge: red; and hydrophobic: white. The surfaces with qualitative electrostatic representation were generated by PyMOL
using the “generate vacuum electrostatics” function.). The NR peptide bound in the isolated SBD is shown in cyan with the side chains of Leu3, Leu4, and
Leu5 (orange) highlighted as stick drawings. BiP-ATP2 and BiP-ATP were superimposed as in a-¢; BiP SBD was superimposed to BiP-ATP based on Cas of
B1-p2. The NR peptides in d-e were from f, and the positions were based on superposition. L loop, g p strand

In the isolated SBD structure, both L;, and L;, project
outward to form the polypeptide-binding pocket that cradles the
bound substrate (closed conformation; Fig. 2f)'* 1> 28 With only
L;, projecting outward and L;, flipping out and open, the
polypeptide-binding pocket in BiP-ATP is wide open to bind
peptide substrates (open conformation; Fig. 2e), consistent with
the fast kinetics and low affinity for the ATP-bound state. In
contrast, when closed onto p3/p4, L, , in BiP-ATP2 occupies the
space for peptide substrates, and the polypeptide-binding pocket
is almost completely buried (fully closed conformation; Fig. 2d).
The residues lining the polypeptide-binding pocket become
packed against each other and appear to exclude any substrate
binding (Supplementary Fig. 4d-f).

Ssel is an Hspl10 in yeast, a distant homolog of Hsp70s*’.
Interestingly, the fully closed conformation of the polypeptide-
binding pocket described here is highly similar to our previousl;l
published Ssel-ATP structure (Supplementary Fig. 4g-i)/,
supporting structural conservation between Hsp70s and Hsp110s.
Moreover, consistent with the fully closed conformation of the
polypeptide-binding pocket, Ssel does not show any significant
binding to classic peptide substrates for Hsp70s, such as the NR
peptide®®.

Crystal contacts are indispensable for crystal formation. In the
BiP-ATP2 structure, only one weak hydrophobic contact was
formed between L, , and the symmetry mates, although a number
of crystal contacts were formed around the SBDp (Supplementary
Fig. 5a-d). In contrast, more extensive crystal contacts were
formed around L;, in the two DnaK-ATP structures (Supple-
mentary Fig. 5e-h). Although crystal contacts involving L, in
these two DnaK-ATP structures are different, L,, adopts a
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practically identical conformation, suggesting that crystal contacts
have no appreciable influence on the conformation of L, ,. Except
for this new BiP-ATP2 structure, all the ATP-bound structures of
Hsp70s, including both DnaK and BiP, depend on the ATPase-
deficient T199A mutation in DnaK (T229A in BiP)2% 2% 31, 34
which could be the determining factor for the conformation of
L,, in these structures.

Another interesting feature of the SBDp is the conformation of
B8. Compared to BiP-ATP and DnaK-ATP, not only is the
position of P8 shifted in BiP-ATP2 (Fig. 2c, Supplementary
Fig. 4b), but the side-chain orientations are also changed
(Supplementary Fig. 6a-d). BiP-ATP and DnaK-ATP have a
similar B8 position (Supplementary Fig. 6f), and the B8 position
and side-chain orientation in the isolated structures of DnaK and
BiP are almost identical (Supplementary Fig. 6¢, e). The 8 in
BiP-ATP2 has similar side-chain orientations as those in the
isolated BiP-SBD, whereas the side-chain orientations of p8 in
BiP-ATP are flipped (Supplementary Fig. 6a—c). Interestingly, the
first two residues at the N-terminal end of f8 in DnaK-ATP have
similar side-chain orientations as the isolated SBD structures, but
for the rest of P8 starting from the third residue, the side-chain
orientations are flipped as those in BiP-ATP (Supplementary
Fig. 6d, e). Thus, the side-chain orientations of 8 in DnaK-ATP
seem to be a hybrid between BiP-ATP and BiP-ATP2. These
differences in the ATP-bound structures suggest high conforma-
tional dynamics of P8 in response to ATP binding, and support
the pivotal role of f8 in allosteric coupling® #°. Moreover, the
side-chain orientation changes may provide an explanation for
the effect of mild mutations at Ile501 of DnaK in SBDf dynamics
and allosteric coupling®.
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Fig. 3 The fully closed conformation of L;, exists as the major form in solution for BiP in the ATP-bound state. a The distances between Val429 (on L; )
and Thr462 (on p4) in the BiP structures. Only SBDs are shown for BiP-ATP2 (left panel), BiP-ATP (middle panel), and isolated SBD (right panel). The
structures were superimposed as in Fig. 2d-f. Val429 and Thr462 are highlighted as stick drawings. The distance between the Cp atoms of Val429 and
Thr462 are labeled. b ATP binding significantly quenched the fluorescence of the TMR-labeled BiP protein. Emission spectra were collected on the TMR-
labeled BiP protein after addition of ATP (red), ADP (blue), or no nucleotide (Apo, black) with excitation at 547 nm. ¢ Fluorescence changes in response to
nucleotides for the TMR-labeled BiP proteins. Emission spectra were collected as in b, and the peak value at 573 nm was used for each emission spectrum.
Each value was an average of five independent measurements from more than two preparations of labeled proteins. WT: the TMR-labeled BiP protein;
G425P: the TMR-labeled BiP protein carrying the G425P mutation. d The ATP-induced quenching of the TMR-labeled BiP protein was significantly

compromised by the G425P mutation. The assay was carried the same way as in b on the TMR-labeled BiP FRET protein carrying the G425P mutation

The fully closed conformation of L;, is the dominant form.
After observing this conformation of L, in the BiP-ATP2
structure, we tested whether this conformation exists in solution
using FRET. To label BiP protein for FRET analysis, we have
changed two residues to cysteine: Val429 in L; , and Thr462 in p4
(Fig. 3a). BiP has two endogenous cysteine residues (Cys41 and
Cys420). To prevent background labeling, we have mutated both
to alanine together. The resulting BiP FRET construct BiP-C41A/
C420A/V429C/T462C was purified to high quality. To char-
acterize the influence of these modifications on BiP protein, we
have analyzed the three key biochemical activities of BiP: ATPase,
peptide substrate binding, and allosteric coupling. We used the
well-established single-turnover ATPase and fluorescence polar-
ization assays to determine the ATPase and peptide substrate
binding activities, respectively?®. For allosteric coupling, we have
used the stimulation of ATPase activity by the model peptide NR.
As shown in Supplementary Fig. 7, all these biochemical activities
were largely intact for this BiP FRET construct, suggesting that
none of the modifications has an appreciable effect on the bio-
chemical activities of BiP.

In the BiP-ATP2 structure, due to the packing of L;, against
B4, the distance between V429 and T462 is quite close (4.4 A for
cp) (Fig. 3a). In contrast, in the previously reported BiP-ATP

18:1201

structure, this distance is much larger (13.2 A) due to the
projecting outward conformation of L,,. With the almost
identical projecting outward conformation of L, ,, a similar large
distance (11.1 A) was observed for the isolated SBD structure of
BiP, which represents the ADP-bound and apo conformation. We
took advantage of this difference in distance and labeled the BiP
FRET construct with tetramethylrhodamine (TMR) following the
protocol by Dr. Webb>’. When the two molecules of TMR label
are in close proximity such as in the BiP-ATP2 structure, they
tend to stack on each other resulting in significant quenching in
fluorescence intensity; whereas when the two labels are far
enough to separate apart from stacking such as in the BiP-ATP
structure or the isolated SBD structure, they behave indepen-
dently, and fluorescence should be strong with little quenching.
If the fully closed conformation of L;, observed in the BiP-
ATP2 structure exists in solution, we will see quenching of
fluorescence intensity upon addition of ATP. If this conformation
is the dominant conformation for the ATP-bound state, we will
see significant reduction of fluorescence intensity upon ATP
binding. The BiP FRET protein was purified under reducing
conditions. After labeling with TMR, complete labeling at both
cysteine positions was confirmed by mass spectrometry. Aston-
ishingly, the fluorescence intensity was reduced almost threefold
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Fig. 4 ATP binding specifically increases the dynamics of BiP's L, ,. The purified BiP EPR construct (a), BiP EPR construct carrying the G425P mutation (b),
and BiP EPR construct carrying the G430P/G431P mutation (¢) were labeled with MTSL at V429C, and CW-EPR spectra were collected at X-band in the
absence of nucleotide (Apo), or in the presence of ADP (ADP) or ATP (ATP). The green dotted lines indicate the position of the stable component if

present
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Fig. 5 The essential role of three highly conserved glycine residues in $1-L; .. a Comparison of phi (¢) and psi (y) backbone angles for Gly425 (Gly400 in
DnaK) and Gly431 (Gly406 in DnaK) in BiP-ATP2, BiP-ATP, and the isolated BiP SBD structure. b Fluorescence polarization assay of peptide substrate
binding affinity. The model peptide substrate NR was labeled with fluorescein, and incubated with serial dilutions of BiP proteins. After binding reached
equilibrium, fluorescence polarization measurements were collected. ¢ The chaperone activity of DnaK in the refolding of heat denatured luciferase is
compromised by G400P (G425P in BiP) and G405P/G406P (G430P/G431P in BiP) mutations. The luciferase activity before denaturation was set as

100%

after adding ATP, whereas addition of ADP has little influence
(Fig. 3b, ¢). This strong quenching induced by ATP not only
provides support for the presence of the fully closed conformation
of L, , in solution, but also suggests that this conformation is the
major conformation for the ATP-bound state.

ATP binding specifically increases the dynamics of L,,. All
available Hsp70 structures in the ADP-bound and apo states,
including the isolated domain structures of SBD, have showed an
almost identical conformation of the polypeptide-binding pocket:
both the peptide-binding loops (L;, and L; 4) and the buttressing
loops (Lys for L;, and Ls¢ for L;,) have virtually the same
conformations!4-17-20. 28,4546 Thjg observation suggests that the
conformation of the polypeptide-binding pocket is quite stable in
the ADP-bound and apo states. In contrast, for all available
Hsp70 structures in the ATP-bound state including BiP-ATP2,
the conformations of the polypeptide—bindinig pocket are quite
diverse. For the two DnaK-ATP structures?® 3!, they differ by the
conformations of L; 4 and Ls ¢ while the flipping of 3 and p4 is

6

18:1201

the same in both, indicating increased conformational dynamics
of Ly 4 and Lsg. This is consistent with the high B factors in this
region in both structures. Previous NMR work supported the
flexibility of the Ls 4 side regardless of ATP binding®®. BiP-ATP is
almost identical to one of the DnaK-ATP structures?®. Strikingly,
the BiP-ATP2 structure reported here showed an unprecedented
conformation of L;,, and our FRET analysis supports it as the
major conformation for the ATP-bound state. Together with the
DnaK-ATP and BiP-ATP structures®® 2% 3!, the BiP-ATP2
structure suggests an increased flexibility of L;, in the ATP-
bound state. These increased dynamics are consistent with the
overall increased conformational dynamics of SBDf su§§ested by
previous biochemical and NMR studies!$> 1% 2% 30, 35, 36,

To test whether the dynamics of BiP’s L;, is specifically
increased in the ATP-bound state in solution, we carried out
electron paramagnetic resonance (EPR) analysis. We changed
Val429 on L, , in BiP to cysteine, so that we could label L, , with
the spin label MTSSL for EPR analysis (Figs. 2a, b, 3a). The C41A
and C420A modifications were also included to avoid background
labeling. As shown in Supplementary Fig. 7, all the biochemical
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Fig. 6 Hsp40 ERdj3 opens BiP's L, directly through binding. a ERdj3 significantly increased the fluorescence intensity of the TMR-labeled BiP in the
presence of ATP. Serial dilutions of ERd]3 were added to the TMR-labeled BiP protein in the presence of ATP, and fluorescence emission spectra were
collected with excitation at 547 nm. The concentrations of ERd]3 are labeled on the right. The spectra of Apo BiP and BiP in the presence of only ATP were
used as controls. Relative fluorescence was calculated by setting the fluorescence intensity of the Apo BiP at 573 nm (the peak for TMR emission) as 1. b
The affinity of ERdj3 for BiP. Relative fluorescence intensity at 573 nm (the peak for TMR emission) was used by setting the values of Apo and ATP alone as
1and O, respectively. ¢ The kinetics of ERdj3-induced fluorescence increases in the TMR-labeled BiP (representing the opening of L; ). The fluorescence of
the TMR-labeled BiP was first quenched by addition of ATP. A stopped-flow device was used to track the increase in fluorescence intensity upon mixing
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measurements

activities tested were largely intact for the BiP EPR construct, BiP-
C41A/C420A/V429C, suggesting that none of the modifications
has considerable effect on the biochemical activities of BiP.

Consistent with our hypothesis, in the presence of ATP, the
MTSSL-labeled BiP protein has sharp peaks (Fig. 4a), supporting
high conformational dynamics. By contrast, in the ADP-bound
and apo states, the lines are much broader, consistent with low
flexibility, potentially due to the interactions with SBDa or
peptide substrates in these states as shown by the available
structures!® 1> 28,

Conformational impact of three conserved glycine residues.
L;, is dynamic and the fully closed conformation observed in
BiP-ATP2 is the major conformation for the ATP-bound state.
Fully closing the polypeptide-binding pocket could completely
exclude substrate binding and be a crucial step in the chaperone
cycle for the active release of the bound polypeptide substrates.
Consistent with this hypothesis, Hsp110s such as Ssel and human
Hspl110 do not show significant binding to classic peptides for
Hsp70s and exhibit little folding activity?”> #8. To test this
hypothesis, we examined the backbone conformations of 1 to 2,
including L; ,. We found that two glycine residues changed their
y and @ peptide bond angles drastically, Gly425 in 1 and Gly431
in L;,, while the remaining residues were affected moderately
(Fig. 5a, Supplementary Fig. 8). These two glycine residues are
highly conserved in Hsp70s (Supplementary Fig. 1), and their
backbone conformations are almost identical in all previous
published Hsp70 structures regardless of the nucleotide-bound
state (Supplementary Fig. 8), which is consistent with the virtually
same conformation of L;, in all these structures. Interestingly,
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Ser403 in Ssel, corresponding to Gly425 in BiP, has highly similar
y and @ peptide bond angles as BiP-ATP2, consistent with the
similar conformation of L, , in these two structures. Since L, , in
Ssel is four-residue longer than classic Hsp70s, there is no
equivalent residue for Gly431 in Ssel.

Mutating these glycine residues to proline should favor L, , in
the BiP-ATP2 conformation, as the resulting backbone angles
would be less compatible with the projecting outward conforma-
tion of the isolated SBD and BiP-ATP structures. Consistent with
this hypothesis, when the G425P mutation was introduced into
the aforementioned TMR-labeled BiP protein, the fluorescence
intensity for the apo state of this mutant protein was close to the
labeled WT protein in the presence of ATP at the same protein
concentration (Fig. 3b, d). Moreover, the ATP-induced quench-
ing of TMR fluorescence was significantly compromised (Fig. 3c,
d), suggesting that L;, is most likely kept in a closed
conformation by this G425P mutation regardless of the nucleo-
tide status.

Restricting the conformation of L; , in the BiP-ATP2 structure
should result in reduced binding to peptide substrate and
compromised chaperone activity. To test this hypothesis, we
mutated these glycine residues to proline in BiP. We carried out
the fluorescence polarization assay using the NR peptide to
determine the peptide substrate binding activity. Supporting our
hypothesis, BiP-G425P mutant protein showed little binding to
the NR peptide (Fig. 5b), while WT BiP showed robust binding,
as reported previously?®. Since Gly430 is also highly conserved
(Supplementary Fig. 1), we reasoned that it may contribute to the
dynamics of L;, like Gly431 although only moderate changes
were observed for its backbone conformations among all the
structures (Supplementary Fig. 8). Thus, we mutated both Gly430
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Fig. 7 Conservation of the conformational dynamics of L; ; in DnaK. a The fully closed conformation of L, ; is the dominant form for DnaK in the ATP-bound
state. Emission spectra of the TMR-labeled DnaK in the absence of nucleotide (Apo, black) or in the presence of ADP (blue) or ATP (red) were collected
with excitation at 547 nm. b Fluorescence changes of the TMR-labeled DnaK in response to nucleotides. € Hsp40 co-chaperone Dnal drastically increased
the fluorescence intensity of the TMR-labeled DnaK in the presence of ATP. The assays were carried out as in Fig. 6a with DnaJ and the TMR-labeled
DnaK. The concentrations of Dnal were labeled on the right. The spectra of Apo and ATP alone were used as controls. d The Dnal-induced opening of
DnaK'’s Ly 5 is faster than ATP hydrolysis. Stopped-flow experiments were used to determine the rates of DnaJ-induced opening of Ly (kops), and single-
turnover ATPase assays were carried out under the same condition to determine the ATPase rate (kcat)

and Gly431 in BiP to proline, and the binding affinity for the NR
peptide was drastically reduced (Fig. 5b), consistent with our
hypothesis. Since it is difficult to assay BiP’s chaperone activity,
we analyzed the functional impact of these proline mutations in
DnaK. First, we introduced analogous proline mutations in
DnaK, G400P (G425P in BiP) and G405P/G406P (G430P/G431P
in BiP). Like BiP, strong defects in binding the NR peptide was
observed for both DnaK mutant proteins (Supplementary Fig. 9),
supporting the high conservation of these glycine residues. To
assay the chaperone activity of DnaK, we carried out a refolding
assay with heat denatured luciferase as a substrate. Supporting
our hypothesis, severe defects were observed for both DnaK-
G400P and DnaK-G405P/G406P mutant proteins (Fig. 5c).
Taken together, these three highly conserved glycine residues
play a pivotal role in closing L;, to exclude peptide substrate
binding.

Furthermore, both G425P and G430P/G431P mutations
significantly compromised the ATP-induced change in the
dynamics of BiP’s L, (Fig. 4b, c), supporting the essential role
of these glycine residues in the conformational flexibility of L, ,.
These proline mutations are supposed to restrict L;, in the
conformation observed in BiP-ATP2, regardless of the
nucleotide-binding status. In this conformation, L;, is too far
away from SBDa to form contact. At the same time, it excludes
peptide substrates from binding, as shown above by the
drastically reduced peptide binding affinity. Thus, the increased
dynamics in ADP-bound and apo states is consistent with the
predicted conformation.

Hsp40 binding opens the fully closed conformation of Hsp70.
The fully closed conformation seems to exclude binding of
polypeptide substrates, providing support for an active release of
bound substrates upon ATP binding. However, this conformation
does not favor the binding of polypeptide substrates. Thus, these

8
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observations raised a key question: how can Hsp70s bind poly-
peptide substrates efficiently in the ATP-bound state to initiate a
productive chaperone cycle? To address this question, we tested
the effect of the Hsp40 co-chaperone on the conformation of the
polypeptide-binding pocket using the aforementioned FRET
assay. As a key co-chaperone for Hsp70s, Hsp40s (also called J-
proteins) have been shown to specifically interact with the ATP-
bound state of Hsp70s and bring polypeptide substrates to
Hsp70s to facilitate the chaperone activity of Hsp70s! > 7. Hsp40
may be a key player in regulating the conformational landscape of
Hsp70s to allow efficient substrate binding. So far, seven Hsp40
co-chaperones have been discovered for BiP*’, Among these
Hsp40s, ERdj3 is a major Hsp40 involved in protein folding,
degradation, and quality control*® !> 2, Thus, we added purified
ERdj3 to the TMR-labeled BiP protein in the presence of ATP in
order to see how the conformation of the polypeptide-binding
pocket changed. As shown above, ATP drastically reduced the
fluorescence intensity. Excitingly, ERdj3 significantly increased
the fluorescence intensity of the TMR-labeled BiP in the presence
of ATP to the level of the apo state (Fig. 6a). This observation
suggested that ERdj3 shifts the fully closed conformation of L, ,
as seen in the BiP-ATP2 structure to the open conformation of
L, as observed in either the BiP-ATP structure or the isolated
SBD structure (Fig. 3a). Consistent with the absence of interac-
tion with Hsp40 for the ADP-bound and apo states of Hsp70s,
ERdj3 has no appreciable effect on the fluorescence intensity in
the presence of ADP (Supplementary Fig. 10). The effect of ERdj3
in the presence of ATP is concentration dependent, and fitted
well with one-site binding equation with a dissociation constant
K4 at 1.67 +0.11 uM (Fig. 6b). Moreover, it suggests that the fully
closed conformation of the ATP-bound state is capable of
interacting with Hsp40s, unlike the open conformation seen in
previously published BiP-ATP and DnaK-ATP structures, which
depend on the T229A mutation (T199A in DnaK) and have no
detectable interaction with Hsp40s.
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Our FRET assay with TMR was designed to measure the
conformation of L, , relative to p4, the bottom of the polypeptide-
binding pocket. It does not distinguish the open conformation of
the ATP-bound state from the closed conformation of the ADP-
bound and apo states, since both conformations have an open L, ,
(Fig. 3a). Thus, there are two possibilities for the ERdj3-induced
opening of L, ,. The first is that ERdj3 binding directly shifts the
conformation of the polypeptide-binding pocket from the fully
closed form to the open conformation in the BiP-ATP structure
while BiP remains in the ATP-bound state (Fig. 3a), i.e., only L; ,
is flipped open. The other possibility is that ERdj3 stimulates ATP
hydrolysis by BiP, putting BiP in the ADP-bound state, which
results in the opening of L, ,. For the first possibility, the opening
of L, should be faster than ATP hydrolysis, whereas ATP
hydrolysis should occur before the opening of L; , for the second
possibility. To distinguish between these two possibilities, we
analyzed both the speed of ERdj3-induced opening of L, , and the
rate of ATP hydrolysis under the same conditions. To determine
the rate of ERdj3-induced opening of L;,, we carried out
stopped-flow experiments upon addition of ERdj3. As shown in
Fig. 6c, the reactions follow single-exponential kinetics. The
resulting rate constants, ks, are listed in Fig. 6d. At the same
time, we used the single-turnover ATPase assay to determine the
ATP hydrolysis rates. Interestingly, the rates of ATP hydrolysis
are about 80 times slower than the rates of the ERdj3-induced
opening of L;, for the two concentrations of ERdj3 tested
(Fig. 6d). Thus, the ERdj3-induced opening of L; , is most likely
due to the direct effect of ERdj3 binding, way before ATP
hydrolysis. Taken together, Hsp40 ERdj3 binding directly shifts
BiP-ATP from the mainly fully closed conformation to the open
conformation. Opening the polypeptide-binding pocket should
promote Hsp70s to efficiently bind substrates in the ATP-bound
state. This observation provides an explanation for the Hsp40-
activated substrate binding to Hsp70s in the ATP-bound
state®® 4,

The conformational landscape of L,, is largely conserved.
Although Hsp70s are highly conserved in general, the sequences,
biochemical properties, and cellular functions of eukaryotic
Hsp70s such as BiP are significantly different from those of
prokaryotic Hsp70s*® >>-%°, Moreover, our previous studies have
provided support for an overall conserved but differently regu-
lated molecular mechanism of allostery among Hsp70s?%. To
understand the functional differences and conservation among
Hsp70s, we analyzed the conformational dynamics of L;, in
DnaK, a well-studied model Hsp70 from E. coli. For the FRET
analysis, we made analogous cysteine modifications in DnaK:
M404C and T437C. Both modifications showed little impact on
either DnaK’s in vivo chaperone activity or its two intrinsic
biochemical activities (Supplementary Fig. 11a, b). In addition,
DnaK has a single endogenous cysteine, C15. To prevent back-
ground labeling, we also included a C15A modification in the
DnaK FRET construct. Previous studies have shown that the
C15A mutation has no obvious influence on DnaK’s biochemical
activities>® ©, Interestingly, upon addition of ATP, the fluores-
cence of the TMR-labeled DnaK was reduced more than fourfold
(Fig. 7a, b). Thus, like BiP, the fully closed conformation of L, , is
not only present in solution for DnaK, but also exists as the major
form for the ATP-bound state. The even stronger ATP-induced
quenching in DnaK suggests that the proportion of the fully
closed conformation of L, , may be higher for DnaK than for BiP.
Furthermore, the G400P mutation almost completely abolished
this ATP-induced quenching in DnaK (Fig. 7b), and regardless of
the nucleotide status, the fluorescence intensity was close to that
of the WT DnaK in the presence of ATP at the same protein
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concentration (Supplementary Fig. 11c), suggesting that G400P
most likely locked L;, in the fully closed conformation. These
results are consistent with the G425P mutation in BiP, supporting
the essential role of this glycine in closing L, ,.

To test whether the intriguing regulatory effect of Hsp40 ERdj3
on the conformation of BiP’s L, , is conserved, we analyzed the
influence of Dna], a well-established Hsp40 partner for DnaK" 2,
in the FRET assay. Like ERdj3, Dna] drastically increased the
fluorescence intensity of the TMR-labeled DnaK in the presence
of ATP to the level of apo state, whereas no appreciable effect was
observed in the absence of ATP (Fig. 7c, Supplementary Fig. 11d).
Moreover, the rates of DnaJ-induced increase in fluorescence
intensity (i.e., the opening of L, ,) is about 30 times faster than the
rates of ATP hydrolysis under the same conditions (Fig. 7d,
Supplementary Fig. 11f). Thus, consistent with the regulatory role
of ERdj3 on the conformational landscape of BiP, DnaJ binding
directly opens L;, of DnaK’s polypeptide-binding pocket.
Remarkably, the affinity of Dna] for DnaK deduced from the
FRET analysis is within the range of previously published
affinities using other approaches (Supplementary Fig. 11e)3% 63,
Moreover, the dissociation constant of DnaJ-DnaK is about 10
times lower than that of ERdj3-BiP. This is consistent with the
observation that higher concentrations of ERdj3 were required to
reach similar stimulation on the ATPase activity of BiP than those
of DnaJ?8.

Discussion
The current paradigm of the Hsp70 chaperone cycle is mostly
based on the differential affinities and kinetic properties of
Hsp70s for 2polypeptide substrates in the ATP and ADP-bound
states™> > 1>22 23 Due to the fast kinetics of the ATP-bound state,
polypeptide substrate was proposed to bind to the ATP-bound
state to start the chaperone cycle. Upon substrate binding, ATP
hydrolysis is stimulated. Then, Hsp70 is in the ADP-bound state.
With high affinity and slow kinetic for polypeptides, Hsp70-ADP
holds the bound polypeptide for a period of time to prevent
misfolding. Upon nucleotide-exchange, Hsp70 returns to the
ATP-bound state. Due to the fast release rate, the bound poly-
peptide substrate is released, and Hsp70 is available to bind other
substrates and restart the chaperone cycle. However, this well-
accepted model did not provide an explanation for a key issue: the
released polypeptide substrate is in close proximity, and may bind
to Hsp70 over and over again before Hsp70s can get an oppor-
tunity to bind other substrates, which would prevent productive
folding. Thus, it had been hard to explain polypeptide substrate
release without rebinding. A mechanism to prevent the rebinding
of the same polypeptide substrate seems important for productive
folding. The fully closed conformation of the polypeptide-binding
pocket reported here may provide such a mechanism by actively
releasing the bound polypeptide substrates. Moreover, our FRET
analysis suggests that this fully closed conformation is the major
conformation of the ATP-bound state. Thus, after ATP rebind-
ing, Hsp70 is mainly in this fully closed conformation. This
conformation ensures that the bound polypeptides leave Hsp70s
and will not rebind, preventing Hsp70s from repeatedly binding
to the same substrate. Once the polypeptide-binding pocket opens
again, other substrates will get a chance to bind. Taken together,
we thus provide evidence that Hsp70s use the energy from ATP
binding to actively release substrates during the chaperone cycles.
This BiP-ATP2 structure in combination with the three pre-
viously reported Hsp70-ATP structures demonstrates conforma-
tional diversity and flexibility of the polypeptide-binding pocket
in the ATP-bound state. So far, all available isolated SBD struc-
tures display a nearly identical conformation for the polypeptide-
binding pocket!”, suggesting the polypeptide-binding pocket in
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Substrate binding

Partially open

Fig. 8 Model for the conformational diversity of the polypeptide-binding
pocket and the active release of bound polypeptide substrate when Hsp70s
bind ATP. a The conformation of the polypeptide-binding pocket is diverse
and flexible in the ATP-bound state. Three conformations are shown, with
only the SBD@s illustrated: fully closed (left), open (middle), and partially
open (right). The two peptide-binding loops (L;, and L3 4) and their
supporting loops (L4 5 and Ls¢) are labeled. The black circles represent the
highly conserved glycine residues in L, and Ls ¢ that function like joints. b
The Hsp70 chaperone cycle with an active release of bound substrate and
Hsp40 as the key for regulating substrate binding. As in a only the SBDfs
are shown. The bound-nucleotides are shown as blue ovals, and the bound
polypeptide substrate in the ADP-bound state is highlighted in purple

the ADP-bound and apo states is quite rigid. The conformation of
the polypeptide-binding pocket in the ATP-bound state is thus
more dynamic than in the ADP-bound and apo states, which is
supported by our EPR analysis and a number of previous
studies'® 19 2% 30. 35 36 However, crystal structures may have
captured only the extreme cases, and it is possible that additional
conformations of the polypeptide-binding pocket are present. The
closed conformation in isolated SBD may also exist in the ATP-
bound state, but the population may be low.

Our BiP-ATP2 structure and biochemical analysis suggests that
the two peptide-binding loops are quite flexible and dgnamic in
the ATP-bound state, consistent with previous studies*> 3>. The
three highly conserved glycine residues in the f1-L;,-p2 region
and the two highly conserved glycine residues on Ls¢ reported
previously?® 22 may serve as joints to allow the flexibility to these
loops (Fig. 8a). The polypeptide-binding pocket is like a hand,
and the two peptide-binding loops are analogous to our fingers.
This flexibility of the peptide-binding loops allows Hsp70s to
bind and release peptide substrate efficiently. In the ATP-bound
state, this “hand” can assume a number of different conforma-
tions (Fig. 8a): completely open as in the DnaK-ATP structure
reported previously by our group (open), partially open as in the
DnaK-ATP structure reported by the Mayer group (partially
open), and completely closed as in the BiP-ATP2 structure
reported here (fully closed). The closed conformation with a
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bound substrate as in the ADP-bound state (closed, Fig. 8b) may
also exist at very low level. Thus, in the ATP-bound state, these
different conformations are in constant equilibrium with the fully
closed conformation as the major form. The fast kinetics and low
affinity for peptide substrates observed in biochemical assays are a
result of the combination of all these conformations.

How can the ATP-bound state bind polypeptide substrate
efficiently to initiate a productive chaperone cycle? Our FRET
studies show that Hsp40 binding directly shifts the fully closed
conformation to the open conformation for Hsp70s in the ATP-
bound state. This apparent regulatory role of Hsp40 is conserved
between ERdj3 and DnaJ although ERdj3 was shown to function
as a tetramer® while Dna]J functions as a dimer" 7. This Hsp40
effect thus promotes Hsp70s to efficiently bind polypeptide sub-
strates to initiate productive chaperone cycles. This is consistent
with the essential role of Hsp40s in assisting the chaperone
activity of Hsp70s in protein folding> % 7. This role of Hsp40s
provides additional evidence for the proposed function of Hsp40s
in bringing polypeptide substrates to Hsp70s.

Taken together, we propose a refined model of the Hsp70
chaperone cycle (Fig. 8b). In the ATP-bound state, the
polypeptide-binding pocket of Hsp70s can adopt a number of
conformations as described above with the fully closed con-
formation as the major form (Fig. 8b, top left). Thus, Hsp70-ATP
by itself has very low ability in binding polypeptide substrates.
Hsp40 co-chaperone is the key to initiating a productive cha-
perone cycle, by shifting the equilibrium toward open con-
formations (Fig. 8b, bottom left). Now, Hsp70s can efficiently
bind polypeptide substrates to initiate a new, productive cha-
perone cycle. With both Hsp40 and substrate bound, ATP
hydrolysis occurs and Hsp70s are converted to the ADP-bound
state (Fig. 8b, right). The polypeptide-binding pocket is closed on
to the substrate, and Hsp40s are released from Hsp70s. Upon
nucleotide exchange to ATP, Hsp70s are back to the ATP-bound
state. The fully closed conformation becomes the dominant
conformation again, and it propels the release of the bound
substrate. This active release of bound substrate provides an
opportunity for the released substrate to refolding, and prevents
Hsp70s from binding to the same substrate over and over again,
which could result in non-productive chaperone cycles. Once
Hsp40 binds, a new productive chaperone cycle is re-initiated.

Questions remain regarding what controls the conformation of
the polypeptide-binding pocket. Does the polypeptide-binding
pocket simply oscillate among the different conformations or is
there a signal for it to assume a specific conformation? Interest-
ingly, the B8 of SBDp also has a diverse conformation (Fig. 2c and
Supplementary Figs. 4b, 6) and has been shown to be essential for
allosteric coupling. Mild mutations on 8 have caused chemical
shifts at Gly400 in DnaK, one of the highly conserved glycine
residues in B1-L; , region>. It is possible that B8 may have a role
in influencing the conformation of the polypeptide-binding
pocket. In all three previously reported Hsp70-ATP structures,
the polypeptide-binding pocket assumes open conformations,
either fully open or partially open. All of these structures depend
on the ATPase deficient T199A mutation in DnaK, which com-
pletely abolishes Hsp40 interaction and chaperone activity. In
contrast, our FRET analysis with Dna] suggested that the fully
closed conformation of the polypeptide-binding pocket is capable
of interacting with Hsp40. Thus, it is possible that the T199A
mutation favors the open conformation for the polypeptide-
binding pocket. Although the overall conformation of NBD is
highly similar between the BiP-ATP2 structure, which has a fully
WT NBD, and other Hsp70-ATP structures, subtle changes due
to the lack of the side-chain of threonine at 199 could shift the
conformational equilibrium for the polypeptide-binding pocket.
Another key question is: how does Hsp40 change the
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conformational equilibrium for the polypeptide-binding pocket of
Hsp70s? An Hsp70-Hsp40 complex structure will be helpful to
elucidate a molecular mechanism.

Methods

Protein expression and purification. The crystallization construct BiP-L; ,’
(residues 25-633) was cloned into a pSMT3 vector (a generous gift from Dr. Chris
Lima), and expressed as a Smt3 fusion protein with a Hisg tag at the N-terminus in
BL21(DE3) Gold. This construct carries a previously characterized L; 4’ mod-
ification: the L4 is replaced with a shortened sequence (TASDNQP — VGG)?,
The induction was done at 30 °C for 6 h with 1 mM IPTG. After breaking open the
cells with sonication, the fusion protein was first purified on a HisTrap column
using 2xPBS buffer (20 mM Na,HPO,, 1.76 mM KH,PO,, 274 mM NaCl, and 5.4
mM KClI). The Smt3 tag together with the Hiss tag was removed by incubating with
Ulp1 protease during an overnight dialysis in 2xPBS. The resulting BiP-L; 4’
protein was separated from Smt3 tag on a second HisTrap column equilibrated
with 2xPBS, and further purified using HiTrap Q with 50-600 mM NaCl gradient
in buffers containing 25 mM Hepes-KOH, pH 7.5, and 1 mM DTT. The final step
of the purification is Superdex 200 16/60 columns using buffer containing 25 mM
Hepes-KOH, pH 7.5, 150 mM NaCl, and 1 mM DTT. All the columns are from GE
Healthcare Life Sciences. The purified BiP-L; " protein was concentrated to ~30
mgml~! in a buffer containing 5 mM Hepes-KOH (pH 7.5) and 10 mM KCl, and
flash frozen in liquid nitrogen.

All the BiP proteins used for biochemical, FRET, and EPR assays were cloned,
expressed, and purified essentially the same way as the BiP-L;," protein. The
plasmid for expressing ERdj3 protein was a generous gift from Dr. Linda
Hendershot. The exg)ression and purification of ERdj3 was the essential the same as
described before?® ©°. Briefly, His-tagged ERdj3 was expressed in M15 E. coli with
0.1 M IPTG, and purified on a HisTrap column with 2 M urea in the lysis buffer.
After the HisTrap column, the purified ERdj3 protein was dialyzed against a buffer
containing 25 mM Hepes-KOH, pH 7.5, 200 mM NaCl, 20% glycerol, and 0.02%
Triton X-100, and flash frozen in liquid nitrogen before storing in —80 °C freezer.

All the DnaK proteins were expressed and purified as described previously?® .
Briefly, all the DnaK proteins were cloned into the dnak expression plasmid pBB46
with a Hise tag at the C-terminus, and expressed in the dnak deletion strain
BB205%. After a HisTrap column with 2xPBS buffer, all 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 DnaJ protein was purified as described
before?® %, Briefly, DnaJ was cloned into pSMT3 vector, and expressed as Smt3-
DnaJ fusion protein at 30 °C using BL21(DE3) Gold. The Smt3-DnaJ fusion protein
was first purified on a HisTrap column using buffers containing 25 mM Hepes-
KOH, pH 7.5, and 300 mM KCl. The Smt3 tag was cleaved by Ulpl protease and
removed by a second HisTrap column. Dna] protein was further purified using a
Superdex 200 16/60 column equilibrated with a buffer containing 25 mM Hepes-
KOH, pH 7.5, 300 mM KCl, and 1 mM DTT. All the purified proteins were
concentrated to >10 mg ml~}, flash frozen in liquid nitrogen and stored in —80 °C
freezer.

Structure determination. Before setting up crystallization trials, the purified BiP-
L, protein was diluted to 10 mg ml~! with a buffer containing 5 mM Hepes-KOH
(pH 7.5), 10 mM KCl, 5 mM Mg(OAc),, and 2 mM ATP. Crystals of BiP- L; 4, were
grown at 20 °C using a hanging-drop vapor diffusion method with a mother liquor
containing 18-22% PEG 1000, 0.1 M phosphate citrate (pH 4.2-7.0), and 0.2 M
Li,SO,. Since initial crystals were plate-clusters, micro-seeding was used to obtain
single crystals with a mother liquor containing 12-15% PEG 1000, 0.1 M phosphate
citrate (pH 4.2-7.0), 0.2 M Li,SO,, and 2% (w/v) dioxane. Single crystals were
looped out, cryo-protected with 15% MPD in mother liquor, and flash frozen in
liquid nitrogen. SeMet protein of BiP-L; 4 was prepared, and crystals were obtained
the same way as the native protein.

Two diffraction data sets were collected at Beamline X4C of the Brookhaven
National Laboratory: a native data set at 1.85 A and Se-SAD data set at 2.0 A. Data
indexing, integration, and scaling were carried out in HKL2000%. Phases were
evaluated on the Se-SAD data set with hkl2map®, and initial model was obtained
by automated model building with Arp/wArp”’. Model building and refinement
were carried out with COOT”! and Phenix’? using the native data set. The
resulting model has excellent Ramachandran statistics: out of total 1271 residues,
1237 residues (97.3%) are in favored regions, and 1270 residues (99.9%) are in
allowed regions (MolProbity Ramachandran analysis).

Site-directed mutagenesis and growth tests. All BiP and DnaK mutations were
obtained with QuikChange Lightening site-directed Mutagenesis kit (Stratagene).
Growth tests of E. coli on DnaK were performed as described previously?”> 66 ¢7,
Briefly, all the DnaK mutants were cloned into the aforementioned dnak expression
plasmid pBB46, and transformed into the dnak deletion strain BB205. Growth tests
were done with fresh transformations, and on LB plates containing 50 pg ml™!
ampicillin, 25 pg ml™! kanamycin, 25 pgml™!' chloramphenicol, and 20 uM IPTG
with one-overnight incubation at 37 °C.
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TMR labeling and FRET analysis. BiP and DnaK proteins used for TMR labeling
were purified to high purity as described above in the presence of 1 mM DTT. After
fully reduction with 5mM DTT for 2 h on ice in degassed buffer A (30 mM Tris-
HCI, pH 7.5, 25 mM KCI, and 10% glycerol), DTT was removed by PD10 desalting
column (GE Healthcare Life Sciences) equilibrated with buffer A. Protein con-
centration was adjusted to 5 mg ml~!. Tetramethylrhodamine-5-iodoacetamide (5-
TATR, AnaSpec Inc.) was dissolved in dry DMF at 6.5 mM. DnaK proteins were
mixed with 5-IATR at 1:4.5 molar ratio, and incubated in the cold-room overnight
with end-over-end stirring to get complete labeling. After the reaction was stopped
by adding 2 mM sodium 2-mercaptoethanesulfonate, the excess 5-IATR label was
removed by PD-10 column equilibrated with buffer A. The labeled protein was
further purified on a 1 ml HiTrap Q column (GE Healthcare Life Sciences) with
25-1000 mM KCI gradient in buffers containing 30 mM Tris-HCI, pH 7.5, 3 mM
MgCl,, and 10% glycerol. The peak corresponding to monomer was used for FRET
analysis. Complete labeling at both introduced cysteine positions were confirmed
by mass spectrometry.

FRET analysis was carried out at room temperature on a PC1 Photon Counting
Spectrofluorimeter from ISS Inc. (IL, USA). Buffer B (30 mM Tris-HCI, pH 7.0,
100 mM KCl, 3 mM MgCl,, 3 mM CaCl,, 10% glycerol) and buffer C (30 mM Tris-
HCI, pH 7.5, 25 mM KCI, 3 mM MgCl,, and 10% glycerol) were used for BiP and
DnakK, respectively. For the nucleotide-effect experiments, BiP and DnaK proteins
were diluted to 300 nM. Emission spectra were collected from 556 to 600 nm with
excitation at 547 nm. For the samples with ATP, ATP was added to a final
concentration of 2mM and incubated for 2 min for DnaK and 10 min for BiP to
allow binding right before reading. ADP was added at a final concentration of 100
uM for the samples in the presence of ADP.

For the Hsp40 effect experiment, TMR-labeled BiP and DnaK proteins were
diluted to final concentrations of 300 and 30 nM, respectively, based on stability.
ATP was added to a final concentration at 2mM, and incubated for 2 min for
DnaK and 10 min for BiP to fully quench the fluorescence. Then, purified ERdj3 or
DnaJ protein was added at the indicated concentrations. After incubating for 2-5
min to allow binding to reach equilibrium, emission spectrum was collected with
excitation at 547 nm. For the Apo control, ATP was not added.

The stopped-flow experiments were carried out using a HiTech SFA-20 Rapid
Kinetics accessory instrument. TMR-labeled BiP and DnaK (60 nM) were first
incubated with 2mM ATP to quench the fluorescence. Hsp40 ERdj3 and DnaJ
proteins were injected as indicated and the changes in fluorescence intensity were
tracked over time. All the binding curves fitted well with the one-phase exponential
association and association constant, kops, were deduced using Prism (GraphPad).

Peptide substrate binding assay. The NR peptide was labeled with fluorescein at
the N-terminus and ordered from NEOBioscience (at >95% purity). Binding
affinity assays were carried out as described previously with some
modifications?® 2% 48 66 Briefly, serial dilutions of Hsp70 proteins were prepared
in buffer D (25 mM Hepes-KOH, pH 7.5, 100 mM KCl, and 10 mM Mg(OAc),,
and 1 mM DTT) containing 10% glycerol, and incubated with NR peptide at a final
concentration of 10 nm. After the binding reaches equilibrium, fluorescence
polarization measurements were carried out on Beacon 2000 (Invitrogen) and
dissociation constants (Ky) were calculated using Prism (GraphPad).

Single-turnover ATPase assay. The assay was carried out as described previously
with some modifications?® . Briefly, 2 pg of purified BiP and DnaK proteins was
diluted with buffers B and C, respectively, and then incubated with 2 pl of [a-32P]
ATP (NEG503H250UC, 3000 Ci/mmol; Perkin Elmer) in a final volume of 20 pl on
ice for 2 min to allow ATP binding to these Hsp70 proteins. The Hsp70-ATP
complex was quickly isolated from free ATP on a spin column pre-equilibrated
with buffer B for BiP and Buffer C for DnaK, aliquoted and frozen in liquid
nitrogen. Then, the complex was diluted to about 60 nm, and each reaction was
started by mixing equal volumes of the Hsp70-ATP complex with either ERdj3 or
DnaJ at the indicated concentrations. After incubating at 22.5 °C, the reactions
were stopped at indicated time points with stop buffer (1 M formic acid, 0.5 M
LiCl, and 0.25 mM ATP). An aliquot of 1.5 ul for each reaction was spotted on PEI-
cellulose thin-layer chromatography plates (Sigma-Aldrich) to separate ATP from
ADP. After the amount of radioactive ATP and ADP were visualized and quan-
tified with a Typhoon phosphorimaging system (GE Healthcare), the rate of ATP
hydrolysis (k) was calculated using a first-order rate equation by nonlinear
regression with Prism (GraphPad).

EPR analysis with site-directed spin labeling. All the purified BiP EPR proteins
were stored in a buffer containing DTT to prevent cysteine residues from oxida-
tion. Right before MTSL (R1: 1-oxyl-2,2,5,5-tetramethyl-D3-pyrr-oline-3-methyl-
methanethiosulfonate, Toronto Research Chemicals) labeling, DTT was removed
using a PD10 desalting column (GE Healthcare) equilibrated with buffer E (25 mM
Hepes-KOH, pH 7.0, 100 mM KCl, and 10 mM Mg(OAc),). BiP proteins were
mixed with MTSL (dissolved in acetonitrile) at 1:5 molar ratio, and incubated at 4 °
C overnight in dark. Free MTSL was removed from the labeled proteins on a
second PD-10 column. The labeling efficiency was over 90%. The labeled proteins
were concentrated to over 10 mg ml™!. Each MTSL-labeled BiP protein was diluted
to 100 uM in buffer E (pH 7.5). For samples with ADP and ATP, ADP and ATP
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were added to final concentrations of 200 uM and 2 mM, respectively, and incu-
bated for 1-2min. A 10 pl sample was loaded into a glass capillary. Continuous-
wave EPR (CW-EPR) spectra at X-band (9.849 GHz) were collected on a Bruker
Spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) at 2 mW over a
sweep width of 100 Gauss with amplitude of 1 Gauss at a modulation frequency of
100 kHz. To obtain reasonable signal/noise ratio, 20-50 scans were collected for
each sample.

Luciferase refolding assay. The assay was carried out as described previously with
some modifications®®. Purified firefly luciferase (purchased from Promega) was
diluted in buffer D in the presence of 3 mM ATP, and heat denatured at 42°C. A
reaction mixture containing 3 pM DnaK, 0.67 pM Dna], and 0.33 uM GrpE in
buffer A was added to the denatured luciferase to start refolding. Luciferase activity
was read in a Berthold LB9507 luminometer after incubating for indicated periods
of time at room temperature.

Data availability. Atomic coordinates and structure factors have been deposited in
the RSCB Protein Data Bank under the accession number 6ASY. The data that
support the findings of this study are available from the corresponding author
upon request.

Received: 14 June 2016 Accepted: 7 September 2017
Published online: 31 October 2017

References

1. Mayer, M. P. & Bukau, B. Hsp70 chaperones: cellular functions and molecular
mechanism. Cell. Mol. Life Sci. 62, 670-684 (2005).

2. Balchin, D., Hayer-Hartl, M. & Hartl, F. U. In vivo aspects of protein folding
and quality control. Science 353, aac4354 (2016).

3. Bukau, B,, Deuerling, E., Pfund, C. & Craig, E. A. Getting newly synthesized
proteins into shape. Cell 101, 119-122 (2000).

4. Hendershot, L. M. The ER function BiP is a master regulator of ER function.
Mt. Sinai. J. Med. 71, 289-297 (2004).

5. Eisenberg, E. & Greene, L. E. Multiple roles of auxilin and hsc70 in clathrin-
mediated endocytosis. Traffic. 8, 640-646 (2007).

6. Boorstein, W. R,, Ziegelhoffer, T. & Craig, E. A. Molecular evolution of the
HSP70 multigene family. J. Mol. Evol. 38, 1-17 (1994).

7. Kampinga, H. H. & Craig, E. A. The HSP70 chaperone machinery: ] proteins
as drivers of functional specificity. Nat. Rev. Mol. Cell Biol. 11, 579-592
(2010).

8. Bracher, A. & Verghese, J. The nucleotide exchange factors of Hsp70 molecular
chaperones. Front. Mol. Biosci. 2, 10 (2015).

9. Assimon, V. A, Gillies, A. T., Rauch, J. N. & Gestwicki, J. E. Hsp70 protein

complexes as drug targets. Curr. Pharm. Des. 19, 404-417 (2013).

. Flaherty, K. M., DeLuca-Flaherty, C. & McKay, D. B. Three-dimensional
structure of the ATPase fragment of a 70K heat-shock cognate protein. Nature
346, 623-628 (1990).

. Sriram, M., Osipiuk, J., Freeman, B., Morimoto, R. & Joachimiak, A. Human
Hsp70 molecular chaperone binds two calcium ions within the ATPase domain.
Structure 5, 403-414 (1997).

. Harrison, C. J., Hayer-Hartl, M., Di Liberto, M., Hartl, F. & Kuriyan, J. Crystal

structure of the nucleotide exchange factor GrpE bound to the ATPase domain

of the molecular chaperone DnaK. Science 276, 431-435 (1997).

Wisniewska, M. et al. Crystal structures of the ATPase domains of four human

Hsp70 isoforms: HSPA1L/Hsp70-hom, HSPA2/Hsp70-2, HSPA6/Hsp70B’, and

HSPA5/BiP/GRP78. PLoS ONE 5, ¢8625 (2010).

Zhu, X. et al. Structural analysis of substrate binding by the molecular

chaperone DnaK. Science 272, 1606-1614 (1996).

. Clerico, E. M., Tilitsky, J. M., Meng, W. & Gierasch, L. M. How hsp70

molecular machines interact with their substrates to mediate diverse

physiological functions. J. Mol. Biol. 427, 1575-1588 (2015).

Zhang, P., Leu, J. I, Murphy, M. E., George, D. L. & Marmorstein, R. Crystal

structure of the stress-inducible human heat shock protein 70 substrate-binding

domain in complex with peptide substrate. PLoS ONE 9, €103518 (2014).

Cupp-Vickery, J. R,, Peterson, J. C., Ta, D. T. & Vickery, L. E. Crystal structure

of the molecular chaperone HscA substrate binding domain complexed with

the IscU recognition peptide ELPPVKIHC. J. Mol. Biol. 342, 1265-1278 (2004).

Buchberger, A. et al. Nucleotide-induced conformational changes in the

ATPase and substrate binding domains of the DnaK chaperone provide

evidence for interdomain communication. J. Biol. Chem. 270, 16903-16910

(1995).

Swain, J. F. et al. Hsp70 chaperone ligands control domain association via an

allosteric mechanism mediated by the interdomain linker. Mol. Cell 26, 27-39

(2007).

1

f=}

1

—

1

N

13.

14.

1

wu

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

3

[}

33.

34.

35.

36.

3

N

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

18:1201

Chang, Y. W., Sun, Y. J., Wang, C. & Hsiao, C. D. Crystal structures of the 70-
kDa heat shock proteins in domain disjoining conformation. J. Biol. Chem. 283,
15502-15511 (2008).

Bertelsen, E. B, Chang, L., Gestwicki, J. E. & Zuiderweg, E. R. Solution
conformation of wild-type E. coli Hsp70 (DnaK) chaperone complexed with
ADP and substrate. Proc. Natl. Acad. Sci. USA 106, 8471-8476 (2009).
Schmid, D., Baici, A., Gehring, H. & Christen, P. Kinetics of molecular
chaperone action. Science 263, 971-973 (1994).

Flynn, G. C,, Chappell, T. G. & Rothman, J. E. Peptide binding and release by
proteins implicated as catalysts of protein assembly. Science 245, 385-390
(1989).

Mapa, K. et al. The conformational dynamics of the mitochondrial Hsp70
chaperone. Mol. Cell 38, 89-100 (2010).

Rist, W., Graf, C., Bukau, B. & Mayer, M. P. Amide hydrogen exchange reveals
conformational changes in hsp70 chaperones important for allosteric
regulation. J. Biol. Chem. 281, 16493-16501 (2006).

Swain, J. F. & Gierasch, L. M. The changing landscape of protein allostery. Curr.
Opin. Struct. Biol. 16, 102-108 (2006).

Liu, Q. & Hendrickson, W. A. Insights into Hsp70 chaperone activity from a
crystal structure of the yeast Hsp110 Ssel. Cell 131, 106-120 (2007).

Yang, J., Nune, M., Zong, Y., Zhou, L. & Liu, Q. Close and allosteric opening of
the polypeptide-binding site in a human Hsp70 chaperone BiP. Structure 23,
2191-2203 (2015).

Qi, R. et al. Allosteric opening of the polypeptide-binding site when an Hsp70
binds ATP. Nat. Struct. Mol. Biol. 20, 900-907 (2013).

Zhuravleva, A., Clerico, E. M. & Gierasch, L. M. An interdomain energetic tug-
of-war creates the allosterically active state in Hsp70 molecular chaperones. Cell
151, 1296-1307 (2012).

. Kityk, R., Kopp, J., Sinning, I. & Mayer, M. P. Structure and dynamics of the

ATP-bound open conformation of Hsp70 chaperones. Mol. Cell 48, 863-874
(2012).

. Schlecht, R., Erbse, A. H., Bukau, B. & Mayer, M. P. Mechanics of Hsp70

chaperones enables differential interaction with client proteins. Nat. Struct.
Mol. Biol. 18, 345-351 (2011).

Marcinowski, M. et al. Substrate discrimination of the chaperone BiP by
autonomous and cochaperone-regulated conformational transitions. Nat.
Struct. Mol. Biol. 18, 150-158 (2011).

Gumiero, A. et al. Interaction of the cotranslational Hsp70 Ssb with ribosomal
proteins and rRNA depends on its lid domain. Nat. Commun. 7, 13563 (2016).
Zhuravleva, A. & Gierasch, L. M. Substrate-binding domain conformational
dynamics mediate Hsp70 allostery. Proc. Natl. Acad. Sci. USA 112,
E2865-E2873 (2015).

Kamath-Loeb, A. S., Lu, C. Z,, Suh, W. C,, Lonetto, M. A. & Gross, C. A.
Analysis of three DnaK mutant proteins suggests that progression through the
ATPase cycle requires conformational changes. J. Biol. Chem. 270,
30051-30059 (1995).

. McCarty, J. S. & Walker, G. C. DnaK as a thermometer: threonine-199 is site of

autophosphorylation and is critical for ATPase activity. Proc. Natl. Acad. Sci.
USA 88, 9513-9517 (1991).

Mayer, M. P., Laufen, T., Paal, K., McCarty, J. S. & Bukau, B. Investigation of
the interaction between DnaK and Dna] by surface plasmon resonance
spectroscopy. J. Mol. Biol. 289, 1131-1144 (1999).

Haas, I. G. & Wabl, M. Immunoglobulin heavy chain binding protein. Nature
306, 387-389 (1983).

Otero, J. H., Lizak, B. & Hendershot, L. M. Life and death of a BiP substrate.
Semin. Cell Dev. Biol. 21, 472-478 (2010).

Munro, S. & Pelham, H. R. An Hsp70-like protein in the ER: identity with the
78 kd glucose-regulated protein and immunoglobulin heavy chain binding
protein. Cell 46, 291-300 (1986).

Brodsky, J. L. & Skach, W. R. Protein folding and quality control in the
endoplasmic reticulum: recent lessons from yeast and mammalian cell systems.
Curr. Opin. Cell Biol. 23, 464-475 (2011).

Gragerov, A., Zeng, L., Zhao, X., Burkholder, W. & Gottesman, M. E. Specificity
of DnaK-peptide binding. J. Mol. Biol. 235, 848-854 (1994).

Sarbeng, E. B. et al. A functional DnaK dimer is essential for the efficient
interaction with Hsp40 heat shock protein. J. Biol. Chem. 290, 8849-8862
(2015).

Pellecchia, M. et al. Structural insights into substrate binding by the molecular
chaperone DnaK. Nat. Struct. Biol. 7, 298-303 (2000).

Jiang, J., Prasad, K., Lafer, E. M. & Sousa, R. Structural basis of interdomain
communication in the Hsc70 chaperone. Mol. Cell 20, 513-524 (2005).
Shaner, L. & Morano, K. A. All in the family: atypical Hsp70 chaperones are
conserved modulators of Hsp70 activity. Cell Stress Chaperone. 12, 1-8 (2007).
Xu, X. et al. Unique peptide substrate binding properties of 110-kDa heat-shock
protein (Hsp110) determine its distinct chaperone activity. J. Biol. Chem. 287,
5661-5672 (2012).

Preissler, S. et al. AMPylation matches BiP activity to client protein load in the
endoplasmic reticulum. eLife 4, https://doi.org/10.7554/eLife.12621 (2015).

| DOI: 10.1038/541467-017-01310-z | www.nature.com/naturecommunications


http://dx.doi.org/10.7554/eLife.12621
www.nature.com/naturecommunications

ARTICLE

50. Kunzelmann, S. & Webb, M. R. A fluorescent, reagentless biosensor for ADP
based on tetramethylrhodamine-labeled ParM. ACS. Chem. Biol. 5, 415-425
(2010).

. Shen, Y. & Hendershot, L. M. ERdj3, a stress-inducible endoplasmic reticulum
DnaJ homologue, serves as a cofactor for BiP’s interactions with unfolded
substrates. Mol. Biol. Cell 16, 40-50 (2005).

52. Tan, Y. L. et al. ERd)3 is an endoplasmic reticulum degradation factor for
mutant glucocerebrosidase variants linked to Gaucher’s disease. Chem. Biol. 21,
967-976 (2014).

53. Misselwitz, B., Staeck, O. & Rapoport, T. A. ] proteins catalytically activate
Hsp70 molecules to trap a wide range of peptide sequences. Mol. Cell 2,
593-603 (1998).

54. Liberek, K., Wall, D. & Georgopoulos, C. The Dna] chaperone catalytically
activates the DnaK chaperone to preferentially bind the sigma 32 heat shock
transcriptional regulator. Proc. Natl. Acad. Sci. USA 92, 6224-6228 (1995).

. Deloche, O., Kelley, W. L. & Georgopoulos, C. Structure-function analyses of
the Ssc1p, Mdjlp, and Mgelp Saccharomyces cerevisiae mitochondrial proteins
in Escherichia coli. J. Bacteriol. 179, 6066-6075 (1997).

56. Shrestha, L. & Young, J. C. Function and chemotypes of human Hsp70

chaperones. Curr. Top. Med. Chem. 16, 2812-2828 (2016).

57. Ma, Y. & Hendershot, L. M. ER chaperone functions during normal and stress
conditions. J. Chem. Neuroanat. 28, 51-65 (2004).

58. Marcinowski, M. et al. Conformational selection in substrate recognition by
Hsp70 chaperones. J. Mol. Biol. 425, 466-474 (2013).

59. Wilbanks, S. M., Chen, L., Tsuruta, H., Hodgson, K. O. & McKay, D. B.
Solution small-angle X-ray scattering study of the molecular chaperone Hsc70
and its subfragments. Biochemistry 34, 12095-12106 (1995).

60. Shi, L., Kataoka, M. & Fink, A. L. Conformational characterization of DnaK and
its complexes by small-angle X-ray scattering. Biochemistry 35, 3297-3308 (1996).

. Liu, Q. et al. A disulfide-bonded DnaK dimer is maintained in an ATP-bound
state. Cell Stress Chaperone. https://doi.org/10.1007/s12192-016-0752-y (2016).

62. Genevaux, P., Georgopoulos, C. & Kelley, W. L. The Hsp70 chaperone
machines of Escherichia coli: a paradigm for the repartition of chaperone
functions. Mol. Microbiol. 66, 840-857 (2007).

63. Suh, W. C. et al. Interaction of the Hsp70 molecular chaperone, DnaK, with its
cochaperone Dna]J. Proc. Natl. Acad. Sci. USA 95, 15223-15228 (1998).

64. Chen, K. C. et al. The endoplasmic reticulum HSP40 co-chaperone ERdj3/
DNAJBI1 assembles and functions as a tetramer. EMBO. J. https://doi.org/
10.15252/embj.201695616 (2017).

65 Jin, Y., Zhuang, M. & Hendershot, L. M. ERdj3, a luminal ER Dna] homologue,
binds directly to unfolded proteins in the mammalian ER: identification of
critical residues. Biochemistry 48, 41-49 (2009).

66 Kumar, D. P. et al. The four hydrophobic residues on the Hsp70 inter-domain
linker have two distinct roles. J. Mol. Biol. 411, 1099-1113 (2011).

67 Burkholder, W. F. et al. Mutations in the C-terminal fragment of DnaK affecting
peptide binding. Proc. Natl. Acad. Sci. USA 93, 10632-10637 (1996).

68 Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in
oscillation mode. Methods Enzymol. 276, 307-326 (1997).

69 Pape, T. & Schneider, T. R. HKL2MAP: a graphical user interface for
macromolecular phasing with SHELX programs. J. Appl. Crystallogr. 37,
843-844 (2004).

70 Langer, G., Cohen, S. X., Lamzin, V. S. & Perrakis, A. Automated
macromolecular model building for X-ray crystallography using ARP/wARP
version 7. Nat. Protoc. 3, 1171-1179 (2008).

5

—

5

v

6

—

18:1201

71 Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. D. Biol. Crystallogr. 60, 2126-2132 (2004).

72 Adams, P. D. et al. The Phenix software for automated determination of
macromolecular structures. Methods 55, 94-106 (2011).

Acknowledgements

We thank Drs. Elizabeth Craig, Lois Greene, Clive Baumgarten, Margaret Biber, Dio-
medes Logothetis, and Wei Yang for critically reading the manuscript and providing
insightful suggestions. We are grateful to staff at Brookhaven National Laboratory
Beamline X4A and X4C, Qun Liu, John Schwanof, Randy Abramowitz, and Xiaochun
Yang, for their assistance in collecting diffraction data. We thank Drs. Carlos Escalante
and Vishaka Santosh for help with the stopped-flow work, and Drs. Martin Webb and
Taekjip Ha for suggestions on FRET analysis. We thank Drs. Xinping Xu and Melesse
Nune for technical support and discussion, Pranav Bommineni for critically reading our
manuscript, and Marissa Kieber and Tsega Solomon for help with EPR analysis. This
work was supported by NIH (R01GM098592 to Q.L.), Blick Scholar Award from VCU
(to Q.L.), and American Heart Association (17GRNT33660506 to Q.L.). L.Z. is partially
supported by IROIGM109193 from NIH.

Author contributions

Q.L. designed the study and wrote the manuscript. J.Y. performed most of the experi-
ments. QL. J.Y. and L.Z. analyzed the structures, and carried out data analysis. All
authors read the manuscript and made revisions.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01310-z.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-01310-z | www.nature.com/naturecommunications 13


http://dx.doi.org/10.1007/s12192-016-0752-y
http://dx.doi.org/10.15252/embj.201695616
http://dx.doi.org/10.15252/embj.201695616
http://dx.doi.org/10.1038/s41467-017-01310-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Conformation transitions of the polypeptide-binding pocket support an active substrate release from Hsp70s
	Results
	A novel crystal structure of BiP in complex with ATP
	Conformation of the polypeptide-binding pocket
	The fully closed conformation of L1,2 is the dominant form
	ATP binding specifically increases the dynamics of L1,2
	Conformational impact of three conserved glycine residues
	Hsp40 binding opens the fully closed conformation of Hsp70
	The conformational landscape of L1,2 is largely conserved

	Discussion
	Methods
	Protein expression and purification
	Structure determination
	Site-directed mutagenesis and growth tests
	TMR labeling and FRET analysis
	Peptide substrate binding assay
	Single-turnover ATPase assay
	EPR analysis with site-directed spin labeling
	Luciferase refolding assay
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




