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1 | INTRODUCTION

Maintaining protein homeostasis and quality control is
one of the most fundamental functions for all living
organisms. The heat shock proteins 70 kDa (Hsp70s)
constitute the most abundant and highly conserved
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Abstract

Hsp70s are ubiquitous and highly conserved molecular chaperones. They play
crucial roles in maintaining cellular protein homeostasis. It is well established
that Hsp70s use the energy of ATP hydrolysis to ADP to power the chaperone
activity regardless of the cellular locations and isoforms. Binding immuno-
globin protein (BiP), the major member of Hsp70s in the endoplasmic reticu-
lum, is essential for protein folding and quality control. Unexpectedly, our
structural analysis of BiP demonstrated a novel ATP hydrolysis to AMP during
crystallization under the acidic conditions. Our biochemical studies confirmed
this newly discovered ATP to AMP hydrolysis in solutions. Unlike the canoni-
cal ATP to ADP hydrolysis observed for Hsp70s, this ATP hydrolysis to AMP
depends on the substrate-binding domain of BiP and is inhibited by the bind-
ing of a peptide substrate. Intriguingly, this ATP to AMP hydrolysis is unique
to BiP, not shared by two representative Hsp70 proteins from the cytosol.
Taken together, this novel and unique ATP to AMP hydrolysis may provide a
potentially new direction for understanding the activity and cellular function
of BiP.
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molecular chaperones across all kingdoms of life.''? As
a key family of molecular chaperones, Hsp70s play an
essential role in almost all the processes in maintaining
protein homeostasis including protein folding, transpor-
tation, degradation, and assembly, and dissociating and
preventing protein aggregation. Hsp70s are omnipresent.
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They are found in the cytosol of both eukaryotes and pro-
karyotes and various organelles of eukaryotic cells such
as the endoplasmic reticulum (ER) and mitochondrion.
There are 13 different Hsp70 homologs expressed in vari-
ous cellular compartments of human cells.*'* Although
Hsp70s are highly conserved and share functional redun-
dancy, there are clear differences among these homologs.
Binding immunoglobin protein (BiP) is a major Hsp70
residing in the lumen of the ER. BiP plays a key role in
all the key functions of the ER including folding, assem-
bly, and quality control for secreted and membrane pro-
teins as well as regulating calcium homeostasis.'* %
Besides these well-established roles, BiP has been shown
to be strongly expressed in cancer cells and localized on
the surface of cancer cells but not normal tissues,?'™%*
suggesting that BiP may be exploited as a potential cancer
marker and anti-cancer target. BiP is also called GRP78
(78-kDa glucose-regulated protein) as it was first discov-
ered as a protein induced by glucose starvation®> and
later found to be an Hsp70 homolog.'® Additionally, the
BiP's functions are uniquely fine-tuned by posttransla-
tional modifications such as covalent ADP and AMP
modifications.?®"*®

Hsp70s are highly conserved in both amino acid
sequence and protein structure.'** All Hsp70s are
comprised of two functional domains. At the N-terminus
is a nucleotide-binding domain (NBD) and a substrate-
binding domain (SBD) is at the C-terminus. Connecting
these two functional domains is a short linker of 10-20
residues named the inter-domain linker. Corresponding
to the two functional domains are two intrinsic biochemi-
cal activities. NBD binds ATP and hydrolyzes ATP to
ADP. The SBD prefers to bind polypeptides in the
extended conformations that normally exist in the
unfolded proteins. Through allosteric coupling between
these two intrinsic activities,***> ATP binding and hydro-
lysis provide energy to power the chaperone activity. In
combination with various biochemical and biophysical
studies, extensive structural efforts during the last three
decades have revealed the molecular mechanisms of the
key biochemical properties of Hsp70s including nucleo-
tide binding, polypeptide substrate binding and allosteric
coupling.>***** The NBD is made of two big lobes. Aden-
osine nucleotides ATP and ADP have been shown to bind
between the two lobes. The SBD contains two sub-
domains: SBDp and SBDa. Structural and biochemical
studies have shown that the binding sites for peptide sub-
strates are on the SBDf. In the ATP-bound state, exten-
sive contacts between NBD and SBD were formed and
these contacts resulted in conformational changes in both
domains to module the intrinsic biochemical activities. In
contrast, little contacts were observed for either the
nucleotide-free or ADP-bound state.

In all known processes assisted by Hsp70s, two classes
of functionally conserved cochaperones have been dis-
covered: Hsp40s and nucleotide-exchange factors
(NEFs).!»#1046751 Hgp405, also known as the J-domain
proteins, have been shown to stimulate the ATP hydroly-
sis by Hsp70s.4>#7-30%53 At the same time, accumulating
evidence suggest that Hsp40s are essential in regulating
the substrate binding specificities of Hsp70s by bringing
substrates to Hsp70s through directly interacting with
polypeptide substrates.?>*>*3>>* The function of NEFs
is to facilitate the exchange of bound ADP for ATP after
ATP hydrolysis by Hsp70s.*

It is well established that Hsp70s hydrolyze ATP to
ADP and use the energy to power their chaperone activ-
ity in maintaining protein homeostasis.'*"*® Surpris-
ingly, in a new crystal structure of human BiP that we
solved in this study, AMP was found to bind in the nucle-
otide binding pocket although only ATP was included in
our crystallization conditions. Importantly, our solution
studies have provided supports for this unusual ATP to
AMP hydrolysis in the acidic conditions. Furthermore,
our biochemical analysis demonstrated that this ATP to
AMP hydrolysis not only has different properties from
the classic ATP hydrolysis to ADP but also is unique
to BiP.

2 | RESULTS
2.1 | A crystal structure of a human BiP
revealed a novel ATP hydrolysis to AMP

To characterize the molecular mechanism of the alloste-
ric coupling and chaperone cycle, previously, we have
reported two crystal structures of a full-length human
BiP in complex with ATP: BiP-ATP (PDB: 5E84) and BiP-
ATP2 (PDB: 6ASY).>>>® The crystallization construct for
BiP-ATP2 only contains a single mutation in the SBD
(the L; 4 modification) with an intact NBD (Figure 1a).
The crystals were grown in a wide range of pH, from 4.2
to 7.0, in the presence of ATP. Our reported BiP-ATP2
structure was primarily determined at pH 7.0 since this
pH is more physiologically relevant. Surprisingly, when
we analyzed the diffraction at pH 4.5, significant changes
were observed for unit cell dimensions while the space
group remained the same (Figure S1a). In order to char-
acterize the structural difference between the different
pH conditions, we solved a BiP structure at pH 4.5 to
2.03 A using molecular replacement with the BiP-ATP2
structure as a searching model (Table 1). Despite the sig-
nificant difference in unit cell dimension, the overall
structure of this new BiP structure is almost identical to
the BiP-ATP2 structure (rmsd = 0223 A for Ca,
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FIGURE 1 AMP is bound in the nucleotide-binding pocket of
a new Binding immunoglobin protein (BiP) crystal structure, BiP-

AMP. (a) Domain organization of BiP. The residue numbers at the
domain boundaries and the L; , mutation are labeled on the top. L:
the inter-domain linker. (b) The overall structure of the new BiP-
AMP structure is almost identical to the previously published BiP-
ATP2 structure (PDB: 6ASY). The domain coloring of the BiP-AMP
structure is the same as in (a). The BiP-ATP2 structure is in gray.
The AMP and Pi in the BiP-AMP structure were shown as spheres.
The lobes I and II of the NBD are labeled. (c) The electron density
for the bound AMP and Pi in the BiP-AMP structure is well-
resolved. A 2Fo-Fc map contoured at 2.0 sigma is shown as blue
mesh. The AMP and Pi are shown as sticks and the bound Mg ion
as a green ball. (d) Comparison of the AMP-Pi in the BiP-AMP
structure with the ATP in the BiP-ATP2 structure. Top: AMP-Pi;
Middle: ATP; bottom: superposition of AMP-Pi (same color as the
top panel) with ATP (green). The AMP-Pi and ATP are shown as
sticks and the bound Mg ion for AMP is highlighted as a green ball.
The three phosphates in ATP are labeled as «a, f, and y. The a
phosphate and free Pi are labeled as a and Pi, respectively

Figures 1b and S1b). To our surprise, clear electron den-
sity for AMP and an isolated phosphate (Pi) was observed
in the nucleotide-binding pocket instead of ATP in this
new BiP structure (Figures 1c and S2). Hence, we named
this new BiP structure as BiP-AMP. Unlike the electron
density observed previously for ATP,>*® the position
corresponding to the B phosphate has little electron den-
sity. The a phosphate of AMP and free Pi in the BiP-AMP
structure share almost identical positions as the a and y
phosphates of ATP from the BiP-ATP2 structure, respec-
tively (Figure 1d). This is consistent with the almost iden-
tical conformation of the NBD (Figure 1b). The NBD is
composed of two large lobes: I and II. The nucleotide is
bound between the two lobes. Since we only included
ATP in our crystallization condition, the clear AMP

Boos-WiLey L=

TABLE 1 Data collection and refinement statistics

Data collection®
Space group

Cell dimension

BiP-AMP

P1

a, b, c(A) 75.988, 76.388, 79.917
a, f,y (°) 84.881, 62.493, 63.17
Wavelength (A) 0.979
Resolution (A)° 50-2.00 (2.03-2.00)
Rinerge (%)°° 0.067 (0.367)
1/8° 16.4 (3.0)
Completeness (%)° 97.2 (87.1)
Redundancy® 1.9 (1.8)
cc1/2° 0.98 (0.76)
Refinement
Resolution (A) 45.31-2.03
No. reflections 83,507
Ryork/Riree (%) 17.43/22.32
No. atoms 10,811
Protein 9,586
ATP 46
Water 1,068
Average B-factors (A%) 32.90
R.m.s. deviations
Bond lengths A) 0.010
Bond angles (°) 1.414

Abbreviation: BiP, Binding immunoglobin protein.

*One crystal was used for the dataset.

"Values in parentheses are for the highest-resolution shell.

“Rmerge = I - <I>|/3 I, where I is the integrated intensity of a given
reflection.

electron density in the BiP-AMP structure suggested that
the BiP protein has the potential to hydrolyze ATP to
AMP. The free Pi observed could come from either the 8
or y phosphate of ATP. This is unexpected since all previ-
ous publications including various crystallographic stud-
ies have established that Hsp70s hydrolyze ATP to
ADP.1—11,30,35,42,57

Furthermore, like the BiP-ATP2 structure (PDB:
6ASY), there are two molecules per asymmetric unit
(Figure S1c). However, the relative position between the
two protomers shifted significantly when compared to
the BiP-ATP2 structure. This shift is consistent with the
difference in the unit cell dimensions observed above
(Figure Sla). In both structures, only the NBDs form
direct contacts between the two protomers. Relative to
the BiP-ATP2 structure, the NBDs in the BiP-AMP
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structure slide relative to each other so that the SBDa
subdomains are farther away from each other for the two
protomers. The crystal contacts for each protomer remain
largely similar for both structures.

SOCIETY

2.2 | BiP can hydrolyze ATP to AMP in
solutions

To confirm this potential ATP to AMP hydrolysis
observed in our BiP-AMP crystal structure, we tested
whether BiP can hydrolyze ATP to AMP in solutions
using a single-turnover ATPase assay. We first used the

(a) (b)
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BiP-L; 4 protein, our crystallization construct, and 20 °C,
the crystallization temperature. Since AMP was observed
for the crystals grown at pH 4.5 but not at pH 7.0, we
tested a series of pH values ranging from 4.5 to 8.0. We
used the protein concentrations at both the crystalliza-
tion condition (10 mg/ml) and regular biochemical assays
(1 mg/ml). Consistent with the crystallographic observa-
tion, at both protein concentrations, BiP hydrolyzed ATP
to AMP robustly at pH 4.5 (Figure 2a,d, and Figure S3a).
At 10 mg/ml, the AMP production was slightly faster
than that of 1 mg/ml (Figure S3c). This AMP hydrolysis
is due to the BiP protein since there is little ATP hydroly-
sis in the buffer control (Figure 2c,d). In contrast, little
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FIGURE 2

The Binding immunoglobin protein (BiP)-L; 4 protein is able to hydrolyze ATP to AMP in solutions. (a—c) ATP is efficiently

hydrolyzed to AMP by the BiP_Ls 4 protein at pH 4.5 (a), but not pH 7.0 (b). Thin-layer chromatography (TLC) plates were used to separate
ATP, ADP, and AMP. The position of each nucleotide is indicated at the left. The time points for each reaction were labeled on the top of the
TLC plates. (c) The no protein control for pH 4.5. (d,e) The ATP hydrolysis to AMP and ADP by the BiP_L; 4 protein (1 mg/ml) at a series of
pH conditions. (d) AMP hydrolysis; (e) ADP hydrolysis. The pH values are labeled on the right in (d). control_pH 4.5: buffer only was used
as a control for pH 4.5. The percentages of hydrolysis were plotted as a function of reaction time (mean + SEM from three independent
experiments with more than two different protein purifications). (f) The catalytic constants (k.,,) of the overall ATP hydrolysis by the
BiP_L; 4 protein at 1 mg/ml. The k., values were calculated by fitting data from (d) and (e) with a first-order rate equation by nonlinear
regression analysis. The summation of ADP and AMP produced was used for calculating the amount of overall ATP hydrolysis
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AMP was produced at and above pH 6.0 although ADP
production was strong for all the pH conditions tested
(Figure 2b,d,e and Figure S3a,b). At pH 5.0 and 5.5, there
were significant AMP productions although both were
weaker than that at pH 4.5. Between pH 4.5 and 5.5, the
AMP production decreased significantly when pH
increased. Moreover, the overall ATP hydrolysis rates
(i.e., the combination of ADP and AMP hydrolysis)
decreased with increasing pH (Figure 2f).

When comparing the AMP production with the ADP
amount during ATP hydrolysis at pH 4.5, ADP was first
produced at the beginning of the time course of the reac-
tions. Obvious ADP production was observed at the first
time point of our reactions (6 min, Figures 2a and S3d).
In contrast, AMP appeared at much later time points.
AMP yield was only evident after 45 min incubation
when ADP production almost reached maximum and
only a small fraction of ATP was left. During the time
course of the reaction, with the amount of AMP increas-
ing, the amount of ADP decreased. These observations
suggested that BiP first hydrolyzes ATP to ADP by
removing the y phosphate, and then removes the p phos-
phate from ADP to produce AMP.

After confirming the BiP-L;4 protein can hydrolyze
ATP to AMP in solutions, we tested whether the wild-
type (WT) BiP has a similar activity. Based on Figure 2d,
we focused on pH 4.5 using pH 7.0 as a control. A sub-
stantial hydrolysis to AMP was observed for the WT BiP
protein at pH 4.5 although the hydrolysis rate to AMP for
the WT BiP is significantly lower than that of the BiP-L; 4
protein (Figure 3a). Consistent with the BiP-L; 4 protein,
there was little AMP production at pH 7.0 for the WT BiP
protein. Both the WT and BiP-L;, proteins hydrolyze
ATP robustly (Figure 2b), and the overall ATP hydrolysis
rates, the combination of the ATP hydrolysis to ADP and
AMP, for the WT BiP protein were higher than those of

together, both the WT BiP and BiP-L; 4 proteins hydro-
lyze ATP to AMP in solutions at the acidic conditions.

2.3 | The NBD-SBD contacts and
allosteric coupling control the ATP to AMP
hydrolysis by BiP

We characterized this newly discovered ATP to AMP
hydrolysis biochemically. The above observation that the
BiP-L; 4 protein showed a significantly faster ATP hydro-
lysis to AMP than the WT BiP raised the possibility that
the SBD and NBD-SBD contacts may have a role in this
unique ATP to AMP hydrolysis since the Lz, mutation is
in the SBD. To test this hypothesis, we made two trunca-
tions: NBD alone (NBD) and NBD-linker (NBDL)
(Figure 4a). As shown in Figure 4b, neither NBD nor
NBDL showed appreciable ATP to AMP hydrolysis
although the ADP hydrolysis for both were robust
(Figure S4a,c). Although surprisingly, this observation is
consistent with our hypothesis. In fact, both the NBD
and NBDL have much faster ATP to ADP hydrolysis rates
than the full-length BiP proteins, especially the NBDL
truncation mutant. The fast ATP to ADP hydrolysis rate
of the NBDL construct is consistent with the previous
studies using DnaK that suggest the inter-domain linker
activates the ATPase activity.*®>° However, the isolated
NBD of DnaK has a similar ATPase rate as the full-length
protein whereas the ATPase rate of the isolated BiP NBD
is about 10-fold faster than that of the full-length protein
at pH 7.0 (Figures S3e and S4c), suggesting a significant
difference in ATP hydrolysis by the isolated NBD
between DnaK and BiP.

Next, we tested whether any other mutations in the
SBD besides the L;4 modification can enhance the ATP
to AMP hydrolysis by BiP. Besides affecting substrate

the BiP-L,, proteins to some extent (Figure S3e). Taken  binding,**°*® a previous NMR study suggested that the
(a) (b)
=
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FIGURE 3 The wild-type (WT) Binding immunoglobin protein (BiP) protein hydrolyzes ATP to AMP at a lower rate than that of the
BiP_L; 4 protein. (a,b) The ATP hydrolysis to AMP and ADP, respectively. BiP: the WT BiP protein. Ls 4: the BiP_L; 4 protein. pH 4.5 and 7.0
were tested. The data were presented as the percentages of AMP produced (mean + SEM from more than three independent experiments
using at least two different protein purifications)
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FIGURE 4 The nucleotide-binding domain-substrate-binding domain (NBD-SBD) contacts are required for the ATP to AMP hydrolysis
by Binding immunoglobin protein (BiP). (a) The locations of the BiP mutations. Left, the BiP mutations were labeled in the domain

organization of BiP. The domain coloring and labeling were the same as Figure 1a. Right, ribbon diagram of the BiP-AMP structure. Only
the SBDp (green) and the part of the NBD (blue) forming contacts with SBD were shown. (b) The ATP hydrolysis to AMP was not observed
without SBD but enhanced by the G430P/G431P and G486P/G493P mutations in the peptide-binding site. (c) The T229A and 1508D
mutations compromised the ATP to AMP hydrolysis by BiP. For both (b) and (c), the AMP production was plotted over time at pH 4.5 and
pH 7.0. Mean + SEM from three independent experiments with more than two different protein purifications were used

L; 4 modification stabilizes the ATP-bound conformation
of the SBD.® Accordingly, we tested two mutations in
the SBD that stabilize the ATP-bound conformation:
G430P/G431P and G486P/G493P>>>® (Figure 4a). Inter-
estingly, both mutations demonstrated a high ATP to
AMP hydrolysis comparable to that of the BiP-L;4 pro-
tein (Figure 4b), further supporting an important role of
the SBD in regulating this ATP to AMP hydrolysis
by BiP.

To further confirm the role of NBD-SBD contacts in
regulating the ATP to AMP hydrolysis by BiP, we intro-
duced a I508D mutation to the BiP-L;, protein. 1508 is
on the NBD-SBD interfaces (Figure 4a). Previous studies
in DnaK demonstrated that 1483D, an analogous muta-
tion to BiP I508D, abolished the in vivo function of DnaK
and disrupted the NBD-SBD contacts.>”** A significantly
high rate of ATP hydrolysis to ADP was observed for the
DnaK-1483D mutant, supporting that the NBD-SBD con-
tacts suppress the stimulation effect of the inter-domain
linker on the ATP hydrolysis.*”*>* Consistent with the
DnaK results, the BiP-L;4-I508D protein has a higher
overall ATPase rate, supporting a disrupted NBD-SBD
contact (Figure S4b,c). Interestingly, the ATP to AMP
hydrolysis is almost completely abolished, supporting an
essential role of the NBD-SBD contacts in regulating the
ATP hydrolysis to AMP (Figure 4c).

Although regulated by the NBD-SBD contacts, the
ATP to AMP hydrolysis must occur at the same site for
the ADP hydrolysis in the NBD since the AMP molecule

binds to the same site in the NBD as that of ATP
(Figure 1b). In addition, based on the time courses shown
in above figures, the hydrolysis to AMP is first through
the hydrolysis to ADP. Then, mutations that affect the
ADP hydrolysis must influence the ATP to AMP hydroly-
sis. To this end, we took advantage of the T229A muta-
tion that has been shown to reduce the rate of ATP
hydrolysis to ADP.>*%®* To see a robust hydrolysis to
AMP, we put the T229A in the BiP-L;, construct. As
expected, this T229A mutation reduced the overall ATP
hydrolysis at both pH 4.5 and 7.0 (Figure S4b,c). Consis-
tent with our hypothesis, the hydrolysis to AMP is signifi-
cant reduced for the T229A mutation (Figure 4c).

Taken together, this novel ATP to AMP hydrolysis by
BiP is carried out by the NBD but is controlled by the
NBD-SBD contacts.

2.4 | Peptide substrate slows down the
ATP hydrolysis to AMP whereas Hsp40
cochaperone has little influence

We tested how peptide substrate and Hsp40 cochaperone
affect the ATP to AMP hydrolysis since both have been
shown to stimulate the canonical ATP to ADP hydroly-
sis."**%* To test peptide substate, we used the NR pep-
tide, a well-characterized peptide substrate for Hsp70s.®
Previously, we have shown that the NR peptide stimu-
lated the ATP to ADP hydrolysis of BiP by more than
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10 folds at 400 pM.>® Unexpectedly, the NR peptide
inhibited the ATP to AMP hydrolysis although the hydro-
lysis to ADP was stimulated at both pH 4.5 and 7 in our
test for the WT BiP protein (Figures 5a and S5a,e). As a
negative control, we tested the BiP-L;, protein, which
has shown little binding to the NR peptide.® Thus, we
hypothesized that the NR peptide is not able to influence
the ATP hydrolysis of the BiP-L;, protein. As expected,
neither the ATP to ADP nor ATP to AMP hydrolysis was
affected appreciably by the NR peptide (Figure S5b,c,e),
supporting the inhibiting effect of the NR peptide on the
ATP hydrolysis to AMP by the WT BiP protein. The inhi-
bition effect of the NR peptide is consistent with the low
ATP to AMP hydrolysis rate observed for the WT BiP rel-
ative to the BiP-L; 4 protein (Figure 3a). For the BiP-L; 4
protein, we can achieve high purity with few contamina-
tions. This is partially due to the lack of peptide substrate
binding activity caused by the L;, mutation. However,
the WT BiP protein binds peptide substrates with high
affinities and it has been challenging to purify it without
any significant contaminations. It is possible that the
residual amount of the substrate contaminations in the
purified WT BiP protein has already reduced the ATP to
AMP hydrolysis as observed in our assay.

There are about seven known Hsp40 cochaperones in
the ER for BiP.*® Among these Hsp40s, ERdj3 is the
major Hsp40 cochaperone essential for assisting BiP in
protein folding in the ER. Previous studies have shown
that ERdj3 stimulates the ATP to ADP hydrolysis of BiP
robustly.’®®> Consistent with these observations, ERdj3
showed a significant stimulation on the ATP to ADP
hydrolysis by BiP at pH 7.0 (Figure S5d,e). In contrast, lit-
tle stimulation was observed for the AMP hydrolysis
(Figure 5b). Interestingly, little effect on the hydrolysis
from ATP to ADP was observed at pH 4.5 either. Taken
together, the peptide substrate and Hsp40 cochaperone

influence the AMP hydrolysis differently from the ADP
hydrolysis.

2.5 | Hydrolysis to AMP is unique to BiP,
not conserved in other Hsp70s

We tested whether the hydrolysis of ATP to AMP at the
acidic conditions is a general feature for Hsp70s. We
tested two representative Hsp70s: DnaK from Escherichia
coli and the human cytosolic Hsp70 (hHsp70). As the
major Hsp70 in E. coli, DnaK not only represents pro-
karyotic Hsp70s, but also is a well-studied model for
Hsp70s in general. The hHsp70 is a representative for the
eukaryotic Hsp70s in the cytosol. We have purified both
the WT and the corresponding proteins with the L;,
modification. As shown in Figure 6a,b, at both pH condi-
tions tested, little AMP was observed for any of these
Hsp70 proteins although strong ADP hydrolysis was
observed for all these proteins as expected (Figure S6).
Taken together, these data suggested that the ATP hydro-
lysis to AMP is special for the BiP protein, not conserved
in Hsp70s in general.

2.6 | AMP has little influence on peptide
substrate binding while low pH drastically
speeds up the kinetics of peptide substrate

binding to BiP but not DnaK

It is well established that Hsp70s have a high affinity for
peptide substrates with slow kinetics in the nucleotide-
free (Apo) or ADP-bound state.***! In contrast, ATP
binding drastically speeds up the kinetics for peptide sub-
strate binding whereas the binding affinity is reduced by
about two to three orders of magnitude. Since we have
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FIGURE 5 The influences of peptide substrate and ERdj3 on the ATP to AMP hydrolysis of Binding immunoglobin protein (BiP).

(a) The NR peptide inhibits the ATP to AMP hydrolysis by BiP. The ATP hydrolysis to AMP by the wild-type (WT) BiP protein was analyzed
at pH 4.5 and pH 7.0 in the absence or presence of two different concentrations of the NR peptide (250 and 500 pM). Each data point was
mean + SEM from three independent experiments using more than two different protein purifications. (b) The Hsp40 cochaperone ERdj3
showed little influence on the ATP to AMP hydrolysis of BiP. The hydrolysis to AMP by the WT BiP protein was assayed in the presence of
ERdj3 at pH 4.5 and 7.0. The data were presented as mean + SD from three independent experiments using at least two different protein
purifications)
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The ATP to AMP hydrolysis is not conserved in either DnaK or hHsp70. (a,b) Little hydrolysis to AMP was observed for

DnaK (a) and hHsp70 (b). Both the wild-type (WT) and corresponding L; , mutant proteins were tested. In (a), DnaK: the WT DnaK protein;
L; 4: the DnaK protein carrying an analogous L; , mutation. In (b), hHsp70: the WT hHsp70 protein; L; 4: the hHsp70 protein carrying an
analogous L; , mutation. The data were presented as the percentage of AMP produced (mean + SEM from more than three independent

experiments using at least two different protein purifications)

discovered that BiP hydrolyzes ATP to AMP only under
the acidic conditions, we tested how AMP influences the
peptide substrate binding affinity and kinetics at both pH
4.5 and 7.0. Consistent with previous studies, at both pH
conditions, BiP binds the NR peptide with high affinities
in the absence of nucleotide or in the presence of ADP;
in contrast, the affinity decreased by more than 10 times
when ATP was included in the assays (Table 2 and
Figure S7a,b). In addition, ATP significantly enhanced
the binding kinetics of BiP (Table 3 and Figure S8a,b).
Interestingly, the binding kinetics at pH 4.5 were much
faster than those at pH 7.0 (Table 3). The binding kinetics
in the Apo state for pH 4.5 was almost 100 times faster
than that of the Apo state at pH 7.0, even faster than that
in the presence of ATP at pH 7.0. The binding in the pres-
ence of ATP at pH 4.5 was so fast that it exceeds the
detection limit of our instrument. Despite this interesting
difference between pH 4.5 and pH 7.0, AMP showed no
appreciable influence on either the binding affinity or
kinetics for the NR peptide at both pH conditions
although we consistently observed slightly reduced kinet-
ics in the presence of AMP.

Next, we tested whether this pH effect on the peptide
substrate binding is conserved in DnaK. Like BiP, AMP
has no appreciable influence on either the affinity or
kinetics of DnaK binding to the NR peptide (Tables 2 and
3, Figures S7c,d and S8c,d). This is consistent with the
tryptophan fluorescence results (Figure S9). DnaK has a
single tryptophan in the NBD, Trpl102. It is well-
established that ATP binding induces a close domain
coupling in DnaK.'?*3%3%3%66 Thjs results in a blue shift
and decrease of intensity for the intrinsic fluorescence
spectrum of Trp102 relative to the Apo and ADP-bound
states.®® In the presence of AMP, the fluorescence spectra
of DnaK behaved like that of the Apo state, suggesting
that the AMP-bound state shares a similar conformation

TABLE 2 The peptide binding affinities of BiP and DnaK

K4 (kM)

BiP DnaK

pH4.5 pPH7.0 pH 4.5 pPH7.0
ATP 7.3+0.3 104 + 0.5 4.0+ 0.2 139+1.1
ADP 0.60 + 0.02 0.40 + 0.02 2.7+0.1 0.44 + 0.02
AMP 0.55 + 0.02 0.57 +0.03 28+0.1 0.52 + 0.02
Apo 0.67 + 0.02 0.56 + 0.03 4.8 +£0.2 0.47 £+ 0.03

Note: The binding affinities (K;) of peptide substrate for BiP and DnaK in
the presence of different adenine nucleotides were determined at pH 4.5 and
7.0. The fluorescence polarization assay was carried out using the NR
peptide labeled with fluorescein. The peptide binding in the absence of
nucleotide was used as a control (Apo). The corresponding binding curves
are shown in Figure S7. The K, values were mean + SEM from two
independent experiments with three parallel measurements for each
experiment.

Abbreviation: BiP, Binding immunoglobin protein.

as that of the Apo and ADP-bound states. Intriguingly,
the affinity of DnaK for the NR peptide showed little sen-
sitivity to ATP at pH 4.5 although at pH 7.0, the ATP sen-
sitivity is similar to that of BiP. In addition, the kinetics
of the NR binding to DnaK showed limited difference
between pH 4.5 and pH 7.0. Thus, BiP and DnaK
response differently to pH 4.5. This is consistent with
their difference in the ATP hydrolysis to AMP at pH 4.5.

3 | DISCUSSION

In this study, we have discovered a novel and unique
ATP hydrolysis to AMP by BiP. This is an intriguing bio-
chemical property for BiP. Several aspects of this ATP to
AMP hydrolysis are unique. First, this ATP to AMP
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TABLE 3 The binding kinetics of BiP and DnaK for the NR peptide
kobs (X1073/S)
BiP DnaK
pH 4.5 pH 7.0 pH 4.5 pH 7.0
ATP ND 6.759 + 0.218 ND ND
ADP 81.0 + 4.8 0.693 + 0.018 125+ 1.4 9.25 +1.14
AMP 351 +6.7 0.576 + 0.007 7.51 +£0.45 6.30 + 0.52
Apo 55.6 + 5.8 0.628 + 0.055 20.0 +£3.3 5.62 + 0.44

Note: The binding kinetics (k,ps) were determined using the fluorescence polarization assay with the NR peptide labeled with fluorescein at two different pH
conditions, 4.5 and 7.0. The binding in the absence of nucleotide was used as a control (Apo). ND: not determined due to the kinetics were too fast to calculate
for our instrument. The ks values were mean + SEM determined from three independent experiments using more than two different protein purifications.
One representative of the corresponding binding curves for each condition was shown in Figure S8.

Abbreviation: BiP, Binding immunoglobin protein.

hydrolysis occurs only at the acidic conditions for BiP.
Second, the SBD and functional NBD-SBD contacts are
required for this ATP hydrolysis to AMP whereas the
NBD itself shows little activity. Third, peptide substrate
inhibits this ATP to AMP hydrolysis whereas Hsp40
cochaperone ERdj3 has little impact on it. These proper-
ties are different from the classic and well-established
ATP to ADP hydrolysis by Hsp70s, which occurs at all
the pH conditions tested. In addition, the NBD itself has
a significant ADP hydrolysis activity, normally close to
that of the full-length Hsp70s.**®* The inter-domain
linker stimulates the ADP hydrolysis, whereas the SBD
suppresses the stimulation effect of the inter-domain
linker. Both peptide substrates and Hsp40s enhance the
ADP hydrolysis drastically."**

One of the key questions on this unique ATP to AMP
hydrolysis is: when and where does BiP hydrolyze ATP to
AMP inside our cells? It is well-established that BiP is an
essential Hsp70 in the ER and plays a key role in all
known processes of the ER functions.'"**° However, the
pH of the ER is normally around 7.2. At this pH, little
ATP to AMP hydrolysis was observed for BiP by itself in
our biochemical assays. Thus, it seems that the chance
for BiP to hydrolyze ATP to AMP by itself is low in the
ER. It is possible other unknown cellular factors may be
able to facilitate the ATP to AMP hydrolysis of BiP at the
neutral pH of the ER. Posttranslational modifications
may also play a role since Hsp70s including BiP has been
shown to be regulated by various posttranslational modi-
fications such as AMPylation which influences the con-
formation of BiP.***7*® Importantly, the cellular
locations of BiP are not limited to the ER.>*"** BiP has
been found on the cell surface and secreted outside the
cells. The pH of the secretory pathway is progressively
acidic, normally from 6.7 to 5.2.°° In our biochemical
tests, a significant amount of ATP hydrolysis to AMP was
observed between pH 4.5 and 5.5. Thus, it is possible that

the ATP to AMP hydrolysis by BiP can occur when BiP
goes through the secretory pathway to be expressed on
the cell surface or outside the cells. Moreover, the micro-
environment of many cancers normally results in acidosis
and glucose starvation. The expression of BiP is induced
by glucose starvation and this is reason why it was also
named as 78-kDa glucose-regulated protein (GRP78).'%%°
The increased level of BiP in combination with acidosis
in cancers may increase the chance of the AMP hydroly-
sis by BiP. Thus, this novel ATP to AMP hydrolysis may
have more pronounced effects in cancer cells than nor-
mal cells. Since it seems that the cell surface and secreted
BiP proteins have the best chance to hydrolyze ATP to
AMP during the secretory pathway, some of these BiP
molecules may bind AMP. It is possible that this BiP-
AMP complex may be important for the signaling func-
tion of BiP outside the cells, especially for cancer
cells.”>”!

Our biochemical analysis suggested that the peptide
substrate binding to BiP inhibits this unique ATP to AMP
hydrolysis. Thus, this ATP hydrolysis to AMP by BiP
most likely is influenced by the ER stress levels. This is
because the ER stresses directly correlate with the level
of unfolded proteins, the polypeptide substrates for BiP.
Under the ER stresses when there are abundant polypep-
tide substrates for BiP, this AMP hydrolysis may be quite
low. In contrast, in the absence of the ER stresses, this
AMP hydrolysis most likely is more pronouncing. Espe-
cially at the end of the ER stresses, the protein level of
BiP is still high, but the level of the unfolded proteins,
which are substrates for BiP, is low. This condition seems
to be best suited for the ATP to AMP hydrolysis by BiP
based on our biochemical results.

Another intriguing question is: how does BiP hydro-
lyze ATP to AMP mechanistically? The properties of the
ATP hydrolysis to AMP by BiP are different from those of
the classic ATP to ADP hydrolysis. Based on our
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structural and biochemical analysis, this ATP hydrolysis
to AMP is carried out by the NBD. However, NBD alone
is not enough. It requires the SBD and functional NBD-
SBD contacts. In contrast, the NBD alone is sufficient for
the canonical ATP to ADP hydrolysis. Moreover, muta-
tions that stabilize the NBD-SBD contacts including L; 4,
G430P/G431P, and G486P/G493P enhance this ATP to
AMP hydrolysis, whereas the ATP to ADP hydrolysis
rates for these mutations are lower than that of the WT
BiP. In addition, peptide substrate binding inhibits this
ATP hydrolysis to AMP, but stimulates the ATP to ADP
hydrolysis. The binding of peptide substrate destabilizes
the NBD-SBD contacts, further supporting the impor-
tance of the NBD-SBD contacts for this ATP to AMP
hydrolysis. Consistent with the important role of the
NBD-SBD contacts on regulating the ATPase activity of
Hsp70s, recent studies suggest that the ATPase activity of
Hspl10s, distant homologs of Hsp70s, are tightly
suppressed by the NBD-SBD contacts.”>”* All these dif-
ferences between the ATP to ADP and ATP to AMP
hydrolysis suggest different mechanisms for these two
types of ATP hydrolysis. The mechanism by which the
NBD-SBD contacts facilitate this ATP to AMP hydrolysis
remains to be explored. Furthermore, this hydrolysis to
AMP is unique to BiP. It is a mystery where BiP is differ-
ent from other Hsp70s that results in this unique ATP to
AMP hydrolysis. Hsp70s are highly conserved in
sequence and structure. All the classic Hsp70 structures
in complex with ATP have revealed an essentially same
overall and NBD conformations with almost identical
NBD-SBD contacts.>**3%3%353¢ 1t jg possible that some
subtle differences between BiP and other Hsp70s account
for this unique ATP to AMP hydrolysis. In the NBD,
there are 24 residues forming direct contacts with the
bound ATP (Figure S10).>® Except 3 residues, all the rest
21 residues are identical among all Hsp70s aligned. Even
for the 3 residues that are not identical among Hsp70s,
BiP shares the same residues with the hHsp70. Thus, it
seems that the ATP contacting residues are most likely
not the cause of the ATP to AMP hydrolysis for BiP. Con-
sistent with this hypothesis, there is little hydrolysis to
AMP by either the isolated NBD or the NBDL construct
of BiP. One unique feature about BiP is: the isolated NBD
of BiP has a much higher ATPase activity than the full-
length BiP, about 10-fold higher at pH 7.0 (Figures S3e
and S4c). This is different from DnaK, whose NBD has a
similar ATPase activity as the full-length protein.**>*>°
This difference in NBD may partially contribute to this
unique ATP hydrolysis to AMP while the NBD-SBD con-
tacts most likely hold the key for ultimately releasing this
ATP to AMP hydrolysis activity by BiP under the acidic
conditions. Consistent with this hypothesis, pH 4.5 drasti-
cally speeds up the peptide substrate binding kinetics of

BiP but not DnakK, supporting differences in the mecha-
nism of the NBD-SBD contacts at pH 4.5 between BiP
and DnaK. Another possibility could be the unique crys-
tallographic dimer in the BiP-AMP structure. In the two
published DnaK-ATP structures, DnaK packs as a similar
crystallographic dimer.*®*° The NBDs form extensive
contacts while the SBDa from one protomer docks on the
side of the NBD of the other protomer. This dimer
arrangement was confirmed by disulfide bond formation
in solution.”* Our previously published BiP-ATP struc-
ture showed a similar dimer as the DnaK dimer.>® In con-
trast, the dimer arrangements in the BiP-AMP and BiP-
ATP2 structures are quite different from the DnaK
dimer.”> As described above, only the NBDs form con-
tacts whereas the SBDa does not touch the other proto-
mer. This special dimer arrangement in combination
with low pH may tweak the conformation of the NBD
enough to position for the unique ADP to AMP hydroly-
sis for BiP after the canonical ATP to ADP hydrolysis.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification
The crystallization construct of BiP (BiP-L;4) was essen-
tially the same as described before.> Briefly, the ORF of
BiP corresponding to residues 25 to 633 was amplified
using PCR and cloned into a pSMT3 vector (a generous
gift from Dr Chris Lima).”> The Ls;, modification
(sequence change: TASDNQP — VGG) was introduced
using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene). The resulting construct was confirmed
using DNA sequencing. BiP-L; 4 was expressed as a Smt3
fusion protein with a His6 tag at the N-terminus. After
transforming into E. coli BL21(DE3) Gold competent
cells, induction of expression was carried out in Luria-
Bertani medium with 1 mM IPTG at 30 °C for 6 hr after
the OD at 600 nm reached 0.6. The cell pellet was
resuspended in lysis buffer (25 mM Hepes-KOH, pH 7.5,
300 mM NacCl, 10% glycerol, and 1 mM TCEP). After
breaking open the cells using sonication, the cell lysate
was clarified by centrifugation and loaded onto a 5 ml
HisTrap column. Elution was carried out with a linear
gradient of 30-240 mM imidazole, and the fractions con-
taining the His6-Smt3-BiP-L; 4 fusion protein was pooled
and dialyzed in the lysis buffer. To remove the Hi6-Smt3
tag, the fusion protein was incubated with the Ulpl pro-
tease for an overnight. The resulting BiP-L; 4 protein was
separated from the His6-Smt3 tag on a second HisTrap
column, and further purified using a 5 ml HiTrap Q and
Superdex 200 16/600. All the columns are from GE
Healthcare Life Sciences and all the purification steps
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were carried out at 4 °C. The purified BiP-L;4 protein
was concentrated to ~30 mg/ml in a buffer containing
5 mM Hepes-KOH, pH 7.5, and 10 mM KCI, and flash
frozen in liquid nitrogen. All the BiP proteins used for
biochemical assays were cloned, expressed, and purified
essentially the same way as the BiP-L;, protein except
for removing the Superdex 200 16/600 step.

The DnaK proteins were expressed and purified as
described previously.*®’® Briefly, the DnaK proteins were
expressed with a His6 tag at the C-terminus using the
pBB46 plasmid (amp®) in the dnak deletion strain BB205
(cam® kan®) at 30 °C with 1 mM IPTG. Purification was
carried out using a HisTrap column followed by a HiTrap
Q column using buffers containing 25 mM Hepes-KOH,
pH 7.5, and 1 mM DTT. For the purification of the
hHsp70 proteins, the ORF of hHsp70 was cloned into the
PSMT3 vector, expressed and purified the same way as
the BiP-L;, protein without the Superdex 200 16/600
step. To purify ERdj3, the ORF of ERdj3 without the sig-
nal sequence (the first 22 a.a.) was cloned into the pSMT3
vector and expressed as a His6-Smt3-ERdj3-BCCP fusion.
The ERdj3 ORF was a generous gift from Dr. Linda
Hendershot.®® Expression and purification were carried
out in a similar way as the BiP-L; 4 protein.

All the purified proteins were concentrated to
>10 mg/ml, flash frozen in liquid nitrogen and stored in
—80 °C freezer.

4.2 | Crystallization and structure
determination

The BiP-L;, crystals for the BiP-AMP structure were
grown in the almost identical condition as that of the BiP-
ATP2 structure™ except that the pH for the crystallization
and cryoprotectant conditions was 4.5. Briefly, the purified
BiP-L3, protein was diluted to 10 mg/ml using a buffer
containing 5mM Hepes-KOH, pH 7.5, 10 mM KClI,
5 mM Mg(OAc),, and 2 mM ATP. Crystals were grown at
20 °C using a hanging-drop vapor diffusion method. The
mother liquor for crystallization contained 18-22% PEG
1000, 0.1 M phosphate citrate, pH 4.5, 0.2 M Li,SO,4, and
2% (wt/vol) dioxane. Single crystals were obtained through
micro-seeding, and cryoprotected with 15% MPD in the
mother liquor without adding ATP. After flash frozen in
liquid nitrogen, crystals were brought to the Beamline
X4C of the Brookhaven National Laboratory and a native
diffraction data set was collected at 2.03 A. HKL2000 was
used for data indexing, integration, and scaling. Molecular
replacement with Phaser was carried out to obtain a struc-
ture solution using the previously solved BiP-ATP2 struc-
ture (PDB code: 6ASY) as a search model. Refinement was
carried out using Phenix and Refmac.

B oosn-WiLey-L >

4.3 | Single-turnover ATPase assay for
determining ATP hydrolysis to ADP
and AMP

The assay was carried out as described previously with
some modifications.”>>® Briefly, the Hsp70-ATP com-
plexes were formed after incubating Hsp70 proteins with
[a-32P] ATP (NEG503H250UC, 3,000 Ci/mmol; Perkin
Elmer) for 2 min on ice in the ATPase buffer (10 mM
buffers with different pH, 150 mM KOAc, 10 mM Mg
(OAc),, and 1 mM DTT). The buffers are: phosphate cit-
rate for pH 4.5, 5.0, and 5.5; MES for pH 6.0 and 6.5;
Hepes for pH 7.0; Tris for pH 8.0. After the free ATP was
removed by a rapid gel filtration on G-50 micro columns
(GE Healthcare), the complexes were aliquoted, and flash
frozen in liquid nitrogen. The ATPase assay was started
by mixing equal volumes of the Hsp70-ATP complexes
with either buffer or ERdj3 or the NR peptide at the indi-
cated concentrations. After incubating at 20 °C (for the
initial pH tests on the BiP-L; 4 protein) or 25 °C (for the
rest assays in order to speed up reactions and shorten
incubation times) as indicated, aliquots of 3 pl were with-
drawn from each reaction at the indicated time points
and added to 1 pl stop solution (4 M formic acid, 2 M
LiCl, and 1 mM ATP) to stop the hydrolysis reaction.
After mixing well, 1 pl of the stopped reactions were spot-
ted onto PEI-cellulose thin-layer chromatography plates
(Sigma-Aldrich) and the nucleotides were separated
using a mobile phase containing 1 M formic acid and
0.5 M LiCl. The amounts of the radioactive ATP, ADP,
and AMP were visualized and quantified 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). All results were averaged from more than
three independent experiments with at least two different
protein purifications.

44 | Fluorescence polarization assay for
measuring peptide substrate binding

The F-NR peptide, the NR peptide labeled with fluores-
cein at the N-terminus, was ordered from NEOBioscience
(at >95% purity). The sequence of the NR peptide is
NRLLLTG. The concentration of the NR peptide was
determined based on the extinction coefficient of the
fluorescein label. To determine peptide binding affinity,
fluorescence polarization measurements were performed
as described previously with some modifications.>>>°
Briefly, serial dilutions of BiP and DnaK proteins were
incubated with a 20 nM concentration of the F-NR in
buffer D (25 mM phosphate citrate, pH 4.5, 150 mM
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KOAc, 10 mM Mg(OAc),, 10% glycerol, and 1 mM DTT)
for pH 4.5 or buffer E (25 mM Hepes, pH 7.0, 150 mM
KOAc, 10 mM Mg(OAc),, 10% glycerol, and 1 mM DTT)
for pH 7.0. After the binding reached equilibrium, fluo-
rescence polarization measurements were performed on
a Beacon Fluorescence Polarization system (Invitrogen).
Fluorescence polarization values were expressed in milli-
polarization (mP) units. Binding data analyses were per-
formed using GraphPad Prism software and fitted to a
one-site binding equation to calculate dissociation con-
stants (Ky).

For the kinetics analysis, we first diluted the BiP and
DnaK protein to 20 pM with buffer D or E either with
AMP or ADP or ATP or no nucleotide. Following an
incubation for 2 min to allow nucleotide binding, the F-
NR peptide (final concentration of 20 nM) was quickly
added to start binding, and fluorescence polarization
measurements were recorded every 30 or 10 s to track
binding. All the binding assays were repeated at least
three times with more than two different protein
preparations.

4.5 | Tryptophan fluorescence assay for
conformational changes in DnaK

The assay was performed as described previously with
some modifications.’®”® Briefly, purified DnaK protein
was diluted in buffer D or E to a final concentration of
1 uM. ATP, ADP, or AMP was added. The final concen-
tration of ATP was 2 mM. To prevent any significant con-
tamination of ATP, ADP, and AMP were included at the
final concentration of 50 pM. After incubating for 2 min
at room temperature, fluorescence spectra were collected
from 310 to 400 nm with excitation at 295 nm. All the
spectra were collected on a PC1 Photon Counting Spec-
trofluorimeter from ISS Inc (Champaign, IL).
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