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Hsp70 and Hsp90 chaperones provide protein quality control to
the cytoplasm, endoplasmic reticulum (ER), and mitochondria.
Hsp90 activity is often enhanced by cochaperones that drive con-
formational changes needed for ATP-dependent closure and cap-
ture of client proteins. Hsp90 activity is also enhanced when
working with Hsp70, but, in this case, the underlying mechanistic
explanation is poorly understood. Here we examine the
ER-specific Hsp70/Hsp90 paralogs (BiP/Grp94) and discover that
BiP itself acts as a cochaperone that accelerates Grp94 closure. The
BiP nucleotide binding domain, which interacts with the Grp94
middle domain, is responsible for Grp94 closure acceleration. A cli-
ent protein initiates a coordinated progression of steps for the
BiP/Grp94 system, in which client binding to BiP causes a confor-
mational change that enables BiP to bind to Grp94 and accelerate
its ATP-dependent closure. Single-molecule fluorescence reso-
nance energy transfer measurements show that BiP accelerates
Grp94 closure by stabilizing a high-energy conformational inter-
mediate that otherwise acts as an energetic barrier to closure.
These findings provide an explanation for enhanced activity of
BiP and Grp94 when working as a pair, and demonstrate the
importance of a high-energy conformational state in controlling
the timing of the Grp94 conformational cycle. Given the high con-
servation of the Hsp70/Hsp90 system, other Hsp70s may also serve
dual roles as both chaperones and closure-accelerating cochaper-
ones to their Hsp90 counterparts.

Grp94 j BiP j chaperone j cochaperone

Heat shock proteins maintain protein folding quality control
under nonstress conditions, and their function is essential

for survival under stress conditions (1). Hsp70 and Hsp90 fam-
ily chaperones are conserved components of folding quality
control from bacteria to humans, and serve critical roles in the
endoplasmic reticulum (ER) and mitochondria. Hsp90 often
exhibits a minimal capacity to assist client folding when working
alone, while becoming functional when operating with Hsp70
(2–4), and the underlying mechanistic explanation is an active
area of research (5, 6).

BiP and Grp94 (Fig. 1 A and B) aid in the folding of
ER-specific clients ranging from immunoglobulins (7, 8) to
insulin-like growth factors (9–11). BiP and Grp94 associate
only when BiP adopts the “ADP conformation” (Fig. 1C) (12),
a state in which BiP can trap client proteins (13–15). The BiP
nucleotide binding domain (NBD) interacts with the Grp94
middle domain (MD) through stabilizing salt bridges that are
conserved from bacteria to humans (12, 16, 17). Despite core
similarities, Hsp70/Hsp90 systems differ in their regulation. For
example, eukaryotic Hsp70/Hsp90 systems in the cytosol can be
further regulated via Hop (a cochaperone that bridges Hsp70
and Hsp90). Mechanistic dissection of the Hsp70/Hop/Hsp90
system is complicated by conformational and compositional
heterogeneity (18, 19). No Hop equivalent is expressed in the
ER, which makes the BiP/Grp94 system a relatively simple sys-
tem for mechanistic analysis.

Grp94, as with other Hsp90 family members, is a homodimer
with three domains on each arm: N-terminal domain (NTD),

MD, and C-terminal domain (CTD) (Fig. 1B). When ADP is
bound, Grp94 adopts an open conformation with an exposed
client binding pocket. Upon ATP binding, Grp94 can close, and
potentially trap a client between the dimer arms (20). However,
Grp94 closure occurs slowly [on the order of 0.1 to 1 per
minute (21–23)], suggesting that regulated closure acceleration
is necessary. Extensive cochaperone regulation is a hallmark of
the cytosol-specific Hsp90 (24), although, in many cases, these
cochaperones appear to suppress Hsp90 client folding activity
rather than enhance it (25). In the case of Grp94, much less is
known about cochaperones; only two have been identified (26,
27), and these appear to specifically recruit certain clients to
Grp94 rather than act generally on the Grp94 conformational
cycle. A key feature of such cochaperones is their targeted
influence on accelerating or decelerating specific steps of the
Hsp90 conformational cycle (28–30).

Hsp90 family conformational dynamics are more complex
than a simple cycling between one closed and one open state.
For example, single-molecule fluorescence resonance energy
transfer (smFRET) measurements have identified a Grp94 con-
formational intermediate (termed C0) populated upon Grp94
opening from the closed state (21). The C0 state is observed in
the closed!open half-cycle but is not significantly populated
during the open!closed half-cycle. Similarly, two closed con-
formations have been detected for cytosolic Hsp90 from bulk
FRET, smFRET, and electron paramagnetic resonance meas-
urements (31–33). These alternative closed structures are not
known with certainty, but one has been proposed from
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smFRET measurements (34), and a recent report shows cyto-
solic Hsp90 in a semiclosed conformation when in complex
with Hsp70, Hop, and the glucocorticoid receptor (16). Struc-
tural studies of Trap1 (the mitochondria-specific Hsp90
paralog) have also identified different closed conformations
that are distinct from the well-established closed conformations
of cytosolic Hsp90 and Grp94. Trap1 can adopt an asymmetric
closed conformation (35) in which the two arms adopt different
conformations at their MD/CTD interface region, while their
NTD region resembles the closed conformation of cytosolic
Hsp90 and Grp94. Trap1 can also adopt a “coiled-coil” confor-
mation in which the N-terminal α-helix adopts a cross-
monomer configuration that differs from both the open and
closed states (36). The functional roles of these alternative
Hsp90 closed conformations are unclear at present. Here we
show that BiP is a powerful closure-accelerating cochaperone
of Grp94. BiP accelerates Grp94 closure by stabilizing a high-
energy conformational intermediate that, our data suggest,
resembles the coiled-coil conformation of Trap1.

Results
BiP Accelerates ATP-Driven Closure of Grp94. Insulin-like growth
factors are a well-established family of Grp94 clients (9–11),
and a recent analysis (37) identified a BiP binding site on the
E-peptide region of proIGF2 (the proprotein form of IGF2).
As in previous work, a FRET assay monitors the conformation
of BiP in which the ATP conformation has low FRETefficiency
and the ADP conformation has high FRET efficiency (37).
Under ATP conditions, E-peptide binding causes BiP to adopt

the high FRET ADP conformation (Fig. 2A) in which BiP is
capable of binding Grp94 (Fig. 1C). This shift in BiP conforma-
tion is likely due to ATP hydrolysis by BiP that is stimulated by
the E-peptide (37). We selected a saturating concentration of E
peptide and BiP (1 μM for both) to examine their influence on
Grp94. Here we used a previously established Grp94 bulk
FRET assay in which the donor and acceptor fluorophores are
located at residue 91 on the two NTDs (21). In contrast to the
characteristically slow ATP-dependent closure of Grp94, BiP
and E-peptide collectively cause Grp94 to close quickly (Fig.
2B, orange data). The E-peptide alone has no notable influence
(compare black and blue data), whereas the addition of BiP
alone results in a modest acceleration of Grp94 closure (green
data). These results indicate that, once client binding has
shifted BiP into the ADP conformation, BiP can then bind to
Grp94 and accelerate Grp94 closure.

The relatively modest closure enhancement from BiP in the
absence of E-peptide is expected, because, under ATP condi-
tions, BiP is predominantly in the ATP conformation that can-
not bind to Grp94 (Fig. 1C). In contrast, because the BiP-NBD
has no such restriction in binding Grp94 under ATP conditions
(12), greater Grp94 closure acceleration is expected for the
NBD versus the full-length BiP. Indeed, the BiP-NBD causes
such rapid closure of Grp94 that stopped-flow experiments are
needed. The kinetic curves are biexponential (solid lines, Fig.
2C), and the fast phase rates are shown in Fig. 2D. The mecha-
nistic origin of the slow phase is not evident from these bulk
experiments. Both the BiP-NBD and full-length BiP (Fig. 2D,
Inset) accelerate ATP-driven closure of Grp94, while having

Fig. 1. Overview of BiP and Grp94 conformational cycles. (A) Conformations of BiP in the presence of ATP (Left, PDB ID code 5E84) and ADP (Right, mod-
eled from PDB ID code 2KHO). (B) Conformations of Grp94 in the presence of ADP (Left, open state, PDB ID code 2O1V) and ATP (Right, closed state, PDB
ID code 5ULS). (C) Conformation-specific binding between BiP and Grp94.
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only a modest influence on the opening rate. The BiP-NBD has
a melting temperature of 44.7 ± 0.1 °C (52.6 ± 0.3 °C with 1
mM ATP) and an ATP hydrolysis rate that is comparable to
full-length BiP (12), demonstrating the NBD is folded and
active in these experiments.

The binding of BiP and Grp94 under ATP conditions is satu-
rable (SI Appendix, Fig. 1A), while Grp94 closure rate increases
linearly with BiP concentration (Fig. 2D). This behavior can be
understood with a model in which the diffusion-limited binding
of BiP causes Grp94 to close rapidly (Eqs. 2–4 in Methods).
The linearity in Fig. 2D indicates that Grp94 closure is much
faster than the unbinding of BiP from Grp94. In this kinetic
regime, the slope in Fig. 2D (26,700 ± 800 M�1�s�1) represents
the association rate of BiP to Grp94, which is in the range of
typical diffusion-limited second-order rate constants for the
binding of large macromolecules (38).

BiP accelerates Grp94 closure but has a minimal influence
on the opening rate (Fig. 2D). Given that ATP hydrolysis is
required for opening, we expect that BiP should increase the
Grp94 ATPase rate only to the point at which the opening
becomes rate limiting, and this is, indeed, what is observed (SI
Appendix, Fig. 1B). The increased Grp94 ATPase from BiP

quantitively agrees with ATPase predictions using the closure
and opening rates of Grp94 in the presence of BiP (solid line in
SI Appendix, Fig. 1B is the predicted ATPase based on Eq. 12).
These results demonstrate that BiP accelerates Grp94 closure
but has a minimal influence on subsequent ATP hydrolysis after
Grp94 has closed, although the timing of ATP hydrolysis and
phosphate release relative to arm opening is not possible to dis-
cern from these data.

BiP Stabilizes a Grp94 Closure Intermediate. While the influence
of BiP on Grp94 closure is dramatic (for example, Grp94 clo-
sure is accelerated ∼50-fold at 6 μM BiP-NBD), the causal
mechanism is difficult to decipher from bulk experiments
alone. We used smFRET measurements with the above
FRET pair to determine the mechanism by which BiP accel-
erates Grp94 closure. All experiments were performed under
low-salt conditions (50 mM KCl) in which BiP and Grp94
have a stronger binding affinity (12), whereas previously pub-
lished smFRET measurements of Grp94 were performed at
150 mM KCl (21). This difference in salt conditions has only
a modest effect on the closed state population (47 ± 1% at

Fig. 2. (A) BiP bulk FRET efficiency measuring lid closure with variable concentration of E-peptide under ATP conditions. Solid line is a fit to Eq. 1 (KD,obs

= 0.13 ± 0.01 μM). (Inset) Cartoon shows schematic of BiP conformations, with fluorophore positions shown as stars. (B) Grp94 bulk FRET efficiency mea-
suring ATP-dependent closure. (Inset) Cartoon shows schematic of Grp94 conformations, with fluorophore positions shown as stars. Solid lines are a fit to
a single exponential (closure rate with ATP: 0.092 ± 0.002 min�1; ATP+E-peptide: 0.079 ± 0.001 min�1; ATP+BiP: 0.14 ± 0.01 min�1; ATP+BiP+E-peptide:
0.64 ± 0.04 min�1). (C) Stopped-flow bulk FRET acceptor fluorescence of Grp94. Closure is initiated by rapid mixing of 1 mM ATP and variable concentra-
tions of the BiP-NBD. Solid lines are biexponential fits. (D) Fast-phase closure rates (blue circles; the fit values from experiments in C) and opening rates
(red circles) measured with variable concentration of the BiP-NBD and full-length BiP (Inset; slope = 4,100 ± 200 M�1�s�1). Blue lines are linear fits with
slope uncertainty from the fitting error. Grp94 opening is initiated by the addition of 50 μM inhibitor NVP-HSP990. Red line is a fit to a single-site binding
model (kopen, no BiP = 0.17± 0.01 min�1, kopen,BiP = 0.40 ± 0.01 min�1, KD,app = 0.25 ± 0.04 μM). Error bars on data points are the SEM for at least three
measurements.
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150 mM KCl versus 62 ± 1% at 50 mM KCl; see SI Appendix,
Table 1) in ATP conditions.

In the absence of BiP under ATP conditions (Fig. 3A),
Grp94 adopts a substantial population of the open state (O:
FRETefficiency eO = 0.15) and closed state (C: eC = 0.73), and
a small population of the C0 state (eC0 = 0.92). In the presence
of BiP, Grp94 predominantly populates the closed state (Fig.
3B). Similar to full-length BiP, the BiP-NBD drives Grp94 to
the closed conformation (SI Appendix, Fig. 2A). Even in mixed
ADP/ATP nucleotide conditions that disfavor closure (21), BiP
shifts Grp94 to the closed conformation (SI Appendix, Fig. 2B).
The BiP-induced shift toward the Grp94 closed conformation is
not an artifact of the particular FRET pair position being used,
as we find similar results with donor and acceptor fluorophores
at a different pair position (SI Appendix, Fig. 3). SI Appendix,
Table 1 provides a summary of Gaussian fitting of smFRETeffi-
ciency histograms under ATP conditions.

We selected 4 μM full-length BiP as a condition to analyze
the kinetic influence of BiP on ATP-dependent closure of

Grp94. At this concentration, BiP can shift Grp94 to the closed
conformation (Fig. 3B) while having a relatively modest
enhancement on closure kinetics compared to the BiP-NBD
(Fig. 2D). The modest time constant associated with closure at
4 μM full-length BiP (∼30 s, discussed later) means that single-
molecule Grp94 closure transitions are expected to be sepa-
rated by time intervals long enough to allow detections while
using alternating excitation, which is performed with a sampling
interval of 2.4 s.

Because the open and closed states of Grp94 have highly dis-
tinct FRETefficiencies, closure transitions can be identified with a
threshold criterion (see Methods), resulting in 85 closure events
for Grp94 without BiP (from 302 molecules) and 145 closure
events with 4 μM BiP (from 239 molecules). We also identified all
open states that terminate due to dye photobleaching, to correct
for this kinetic influence (Methods). The cumulative lifetime distri-
bution shows that BiP dramatically reduces the Grp94 open state
lifetime (Fig. 3C), consistent with the faster closure rate measured
in bulk experiments (Fig. 2 C and D).

A
=0.15

=
0.92

=0.73
B

=0.16

=0.70

=
0.90

C

D E F

=0.94

=0.72

G H I

Fig. 3. Single-molecule FRET efficiency histograms for Grp94 with (A) ATP and (B) ATP and 4 μM BiP. Solid lines are fits with Eq. 7 (fitting parameters in
SI Appendix, Table 1). Fit values of the mean FRET efficiencies for open, closed, and C0 states are reported next to their respective Gaussian curves. Data
were collected with alternating excitation (650 μW at 532 nm). (C) Cumulative lifetime distribution of Grp94 open state in presence and absence of BiP.
Open states terminate in either closure or photobleaching. Black steps indicate Grp94 open state lifetimes that terminate in closure. Lines are fits to the
open state and photobleaching lifetimes (see Methods; open-state photobleach rate: 0.0032 ± 0.0002 s�1; open-state photobleach rate with BiP: 0.0042 ±
0.0010 s�1). (D) Example smFRET record showing Grp94 closure with ATP. (E) Example smFRET record showing an O!C0!C closure event for Grp94 with
ATP and 4 μM BiP. Data in D and E were collected with continuous donor excitation (2.6 mW at 532 nm, 250-ms sampling). (F) FRET efficiency histogram
for data within 10 s after Grp94 closure in the presence of 4 μM BiP. Solid lines are fits to a two-Gaussian model with the mean FRET efficiencies for the
closed and C0 states reported (SI Appendix, Table 1). (G) Average smFRET efficiencies for traces aligned at the time of Grp94 closure. Experiments were
performed with both alternating donor/acceptor excitation (blue circles, 2.4-s sampling) and continuous donor excitation (black circles, 250-ms sampling).
Error bars are the SEM (from 85 closure events at 2.4-s sampling and 20 closure events at 250-ms sampling). (H) Average smFRET efficiencies for traces
aligned at the time of Grp94 closure measured as in G but in the presence of 4 μM BiP. (Inset) Magnified view of continuous excitation data and fit. Error
bars are the SEM (from 68 closure events at 2.4-s sampling and 107 closure events at 250-ms sampling). Solid line is an exponential decay fit (decay rate =
0.47 ± 0.08 s�1; baseline = 0.72 ± 0.01; intercept = 0.86 ± 0.01, uncertainties are the SE). The FRET efficiency of C0 state (E = 0.94, from F) is shown as a
dashed line. (I) Summary of kinetic influence of BiP on Grp94.
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The above experiments were performed with alternating exci-
tation of the donor and acceptor fluorophores and a sampling
interval of 2.4 s. We also performed measurements with continu-
ous donor excitation and a 250-ms sampling interval to examine
closure with greater time resolution. At this faster sampling rate,
an additional influence of BiP becomes apparent. For reference,
in the absence of BiP, when Grp94 undergoes ATP-dependent
closure, the transition appears to proceed without any apprecia-
ble intermediate (Fig. 3D), whereas, when BiP is present, Grp94
closes via a well-populated intermediate with FRET efficiency
higher than the closed conformation (Fig. 3E).

Closure transitions measured with a 250-ms sampling inter-
val were identified via the same threshold criteria mentioned
earlier. Aligning all identified closure traces at the time of clo-
sure yields information about the extent to which a closure
intermediate is populated and its lifetime. For Grp94 in
absence of BiP, rare closure events show a progression of states
consistent with O!C0!C, but the majority appear as a direct
O!C transition. As a consequence, the average FRET from
these transitions (<E>) exhibits a transient decay from a value
only slightly higher than that of the closed state (Fig. 3G). We
conclude that, if C0 is an obligate closure intermediate, it must
have a lifetime shorter than the 250-ms sampling rate. In con-
trast, in the presence of BiP, a transient FRET increase is
observed after Grp94 leaves the open state but before entering
the closed conformation. This transient high FRET state decays
with a rate of 0.47 ± 0.08 s�1 (Fig. 3H, Inset). Compiling FRET
efficiencies measured within 10 s of the time at which Grp94
leaves the open state results in a histogram with two distinct
FRET efficiencies (Fig. 3F). The highest FRET efficiency (e =
0.94) is comparable to the FRETefficiency observed in individ-
ual traces such as that shown in Fig. 3E. We conclude that BiP

enables Grp94 to close via a well-populated conformational
intermediate with e ∼0.94 that is on the pathway to the closed
state.

Previous work with Grp94 identified a conformational inter-
mediate (termed C0) that is populated prior to opening, which
also has a FRET efficiency higher than that of the closed con-
formation [eC 0 = 0.93; see figure 3C in Huang et al. (21)]. For
simplicity, we will also refer to the BiP-stabilized closure inter-
mediate as C0, rather than defining a new state for the BiP-
stabilized high FRET configuration of Grp94. However, our
FRET data cannot rule out the possibility these are structurally
distinct states and that BiP causes additional conformational
changes to Grp94 that are undetected with our FRET pair.

One notable feature of the data in Fig. 3H is that the amplitude
of the transient FRET increase does not match the FRET effi-
ciency of the C0 state (e = 0.94 from Fig. 3F). This is consistent
with a model in which some of the Grp94 closure events are assis-
ted by BiP and proceed via an O!C0!C pathway, while other
Grp94 closure events occur without BiP being bound and proceed
with an appreciably lower population of this intermediate (as in
Fig. 3G). The presence of both types of closure events is an
expected outcome of working at 4 μM BiP, which has a modest
enhancement on closure kinetics (Fig. 2D). Consequently, we ana-
lyze the kinetic data in Fig. 3C with a model in which a given
Grp94 molecule undergoes either normal closure or BiP-
accelerated closure (Eq. 10). The kinetic consequences of BiP on
Grp94 are summarized in Fig. 3I. BiP accelerates the O!C tran-
sition 50-fold and extends the lifetime of the C0 state, thus
enabling this state to become evident in smFRET traces. As dis-
cussed next, these dramatic kinetic changes to Grp94 closure orig-
inate from a strong thermodynamic driving force that favors BiP
binding to the C0 state of Grp94.

A B C D

FE

Fig. 4. (A) The smFRET efficiency histogram for Grp94 in the absence of ATP with data integration time of 65 ms (10.4 mW at 532 nm). An example
smFRET record is shown below the histogram. (B) The smFRET efficiency histogram for Grp94 with 500 nM NBD measured with data integration time of
65 ms. An example smFRET record is shown below the histogram. Rate constants for conformational changes in A and B were determined from Eq. 9. (C
and D) The smFRET efficiency histograms for Grp94 with 500 nM NBD measured with data integration time of 250 ms (2.6 mW at 532 nm) and 1 s (650
μW at 532 nm). (E) The smFRET efficiency histogram for Grp94 with 12 μM NBD measured with 1-s integration time. For A–E, red lines are fits with a
three-Gaussian model for two states that includes the effect of signal averaging due to rapid conformational changes (see Methods), and blue lines show
the individual contribution of each Gaussian component. Mean FRET efficiencies for the open and C0 states are reported next to their respective Gaussian
curves. Double asterisks in A and D indicate FRET efficiencies that were set to fixed values due to low state population. Histogram fitting parameters are
listed in SI Appendix, Table 2. <E> is the average FRET efficiency for entire histogram. (F) Grp94 FRET in the presence of variable concentrations of BiP-
NBD and the absence of ATP. Bulk FRET efficiencies are smaller than smFRET efficiencies because bulk data include dimers with donor but no acceptor,
whereas smFRET includes only dimers labeled with both donor and acceptor. Bulk FRET (black circles) and smFRET (blue diamonds, all at 1-s integration
time) FRET data were fit with Eq. 5 (black line). Fit values for the BiP affinity for the Grp94 open state (Kd,O) and C0 state (Kd,C0) are reported with the SE.
Error bars on data points are the SEM for at least three measurements.
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BiP Induces a Dramatic Conformational Change of Grp94 even in
the Absence of ATP. One possible explanation for the BiP-induced
acceleration of Grp94 closure is that the C0 state is a high-energy
closure intermediate, and BiP lowers an energetic barrier to clo-
sure by stabilizing the C0 state. This model predicts that BiP
should shift Grp94 to the C0 state in the absence of ATP, and this
is, indeed, what we observe (Fig. 4 A and B). At low BiP-NBD
concentration (500 nM), rapid transitions between the open and
C0 states are evident (see the record in Fig. 4B). Distinct peak
FRET efficiencies are consistent with the open and the C0 state
values (Fig. 4B: eO = 0.15, eC0 = 0.93). These data, which were
collected at a data integration time of 65 ms, show signs of signal
averaging in which conformational changes are occurring on a
similar timescale as the measurement integration time. Indeed,
similar measurements taken at 250-ms and 1.0-s integration times
show progressive merging of the open and C0 FRET efficiency
peaks (Fig. 4 B–D). Despite the change in shape of the FRETeffi-
ciency histograms, the average FRET values remain comparable
from datasets taken at different integration times (see <E> values
in Fig. 4 A–E).

Following the work of Szabo and Eaton, we fit the FRET
efficiency histograms in Fig. 4 A–E with a model that accounts
for the influence of signal averaging on histogram shape (39,
40). Briefly, two-state conformational transitions that occur on
a timescale similar to signal integration lead to FRETefficiency
histograms that can be described by a sum of three Gaussian
curves, and this fitting can determine the mean FRET efficien-
cies of the two states as well as their interconversion rates (see
Methods). This fitting procedure provides a good fit for the
data with Grp94 and BiP in the absence of ATP (solid lines,
Fig. 4 A–E), yielding open and C0 populations as well as inter-
conversion rates that are comparable between datasets taken
with different integration times (SI Appendix, Table 2). In the
absence of BiP, Grp94 only transiently accesses the C0 state (see
an example trace in Fig. 4A), resulting in a tail in its FRETeffi-
ciency histogram. While these data can be fit with the methods
described above, the fitting parameters have large uncertainties
due to the low C0 population. The fits indicate that BiP stabil-
izes the C 0 state primarily by slowing the C0!O transition
rather than accelerating the O!C0 transition (compare rates in
Fig. 4 A and B), a result that is expected if BiP is binding favor-
ably to the C0 state.

We next measured the thermodynamic consequences of BiP
binding to Grp94. Higher concentrations of BiP progressively

increase the C0 population; for example, at 12 μM BiP-NBD,
the majority of Grp94 is in the C0 state (Fig. 4E). We used a
concentration series to quantify the degree to which BiP ther-
modynamically stabilizes the Grp94 C0 state. These experiments
were performed with both bulk FRET and smFRET (SI
Appendix, Fig. 4 A–E). The average FRET efficiency (<E>)
measured via smFRET has a linear relationship with the bulk
FRET efficiency (SI Appendix, Fig. 4F), indicating consistency
between the methods. Both methods yield a similar
concentration-dependent increase in FRETefficiency (Fig. 4F).
These data can be fit with a linked equilibrium model in which
BiP binds to the open and C0 conformations of Grp94 but binds
the C0 state with greater affinity (Kd,O and Kd,C 0, Eq. 5). The fit
value for Kd,O (1.0 ± 0.2 μM) is similar to the measured value
(0.95 ± 0.15 μM; SI Appendix, Fig. 1), whereas the model pre-
dicts that BiP will bind the C0 state of Grp94 with much greater
affinity (Kd,C 0 = 27 ± 4 nM). Overall, we conclude that the
binding of BiP thermodynamically stabilizes the C0 state of
Grp94 in a preexisting conformational equilibrium, conse-
quently enabling O!C0 transitions to become evident in
smFRET traces.

BiP Has a High Affinity for Grp94 When in a “Coiled-Coil” Configura-
tion of the N-Terminal α-Helix. The C0 conformational intermedi-
ate of Grp94 has a FRETefficiency (eC 0 = 0.94; Fig. 3F) that is
larger than the well-known closed state of Grp94 (eC = 0.73;
Fig. 3A), and we sought to understand the structural differ-
ences between these two closed conformations. One structure
of a Trap1 NTD dimer from the Tsai laboratory [Protein Data
Bank (PDB) ID code 5F3K, termed the “coiled-coil” conforma-
tion (36)] stands out as a candidate for the C0 state because the
fluorophore locations in this conformation are predicted to be
closer than in the closed structure of Grp94 (SI Appendix, Fig.
5). Importantly, while the coiled-coil structure was determined
for the isolated NTD, full-length Trap1 can adopt a similar con-
formation. Specifically, the authors identified a cysteine variant
at residue L98 in Trap1 (M86 in Grp94) that would only be
expected to form a disulfide bond in the coiled-coil conforma-
tion but not in the open or closed states. Under highly oxidizing
conditions (Cu–phenanthroline as the oxidizing catalyst), Trap1
L98C forms disulfide-linked dimers suggesting that the coiled-
coil conformation can be adopted by the full-length dimer. A
model of the full-length coiled-coil Trap1 is in supplemental fig-
ure 6 of Sung et al. (36), highlighting a fundamentally

Fig. 5. (A) Grp94 cross-linking mutations based on the Trap1 “coiled-coil” NTD structure (PDB ID code 5F3K). Trap1 residues corresponding to Grp94
M86, N91, and M178 are highlighted as sticks. Proposed Grp94 coiled-coil conformation is shown as a cartoon model. (B) Fraction of Grp94 M86C cross-
linking in the presence of the BiP-NBD under ADP conditions (blue) and ATP conditions (green) versus cross-linking under ADP conditions without BiP
(red). Cross-linking fraction was determined by SDS/PAGE gel band quantification. An example gel is shown in SI Appendix, Fig. 6. Cross-linking of 1 μM
Grp94 dimer was induced by 10 mM oxidized glutathione (GSSG) with and without 5 μM BiP-NBD. (C) Binding of cross-linked Grp94 M86C and wild-type
Grp94 to FITC-labeled BiP-NBD; solid line is a fit with single-site binding model. Error bars are the SEM for at least three measurements.
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arrangement of the N-terminal α-helix compared the closed
conformation.

If the BiP-stabilized C0 conformation of Grp94 resembles the
coiled-coil conformation of Trap1, then BiP should drive the
formation of the Grp94 M86C disulfide bond. We constructed
M86C as well as two other controls: N91C, which is not
expected to oxidize because the cysteines are far apart (23Å,
Fig. 5A), and V82C, which is not expected to oxidize based on
the coiled-coil structure, but is expected to oxidize based on a
plausible alternative arrangement of the Grp94 N-terminal
α-helix [PDB ID code 1TC0 (41); SI Appendix, Fig. 5D]. We
used oxidized glutathione, rather than Cu–phenanthroline, in
our cross-linking experiments, to provide greater control over
the kinetics of disulfide formation.

Grp94 M86C shows minimal disulfide bonding in the
absence of BiP and robust oxidation in the presence of BiP
(Fig. 5B and SI Appendix, Fig. 6). Greater oxidation is observed
under ADP conditions versus ATP conditions (compare blue
and green data in Fig. 5B), which is expected because ATP ena-
bles Grp94 closure, and the closed state does not cross-link
(36). The N91C and V82C negative controls (SI Appendix, Fig.
6B) both exhibit minimal disulfide bonding. We conclude that
the BiP-stabilized C0 conformation of Grp94 has a configuration
of the N-terminal α-helix that resembles the Trap1 coiled-coil
state.

In addition to the cross-monomer arrangement of the
N-terminal α-helix, the Trap1 coiled-coil structure also has
cross-monomer lid contacts. We constructed two lid-specific
cross-linking variants, M178C and Q182C, which do not show
enhanced oxidation from BiP (SI Appendix, Fig. 6B). Thus, the
coiled-coil conformation provides an insight into the
N-terminal α-helix of Grp94 in the C0 state, but other aspects of
this conformation remain unclear.

The robust cross-linking of Grp94 M86C from BiP enables
testing a key prediction discussed previously. Specifically, Fig.
4F predicts that BiP should bind the Grp94 conformation with
a much higher affinity than the open conformation in the
absence of ATP. We tested this prediction with a large-scale
purification of M86C cross-linked Grp94, as a mimic of the
C0 conformation. If the prediction is correct, BiP will have an
enhanced affinity for the M86C cross-linked Grp94 construct.
Fig. 5C confirms that the M86C cross-linked construct of
Grp94 binds BiP with a roughly 50-fold affinity enhancement
versus wild-type Grp94.

Discussion
Coordinated chaperoning by Hsp70/Hsp90 chaperones is con-
served across prokaryotes (4) and eukaryotes (42), in the ER
(12) and mitochondria. However, the mechanism that enables

Hsp70/Hsp90 chaperones to work as a coordinated unit has
been enigmatic (5, 6). A previous study revealed that Grp94
selectively binds the ADP conformation of BiP (12). Because
BiP can trap clients in its ADP conformation, Grp94 should
exhibit preferential binding to BiP when it is bound to a client.
This is, indeed, what is observed with the E-peptide region of
the proIGF2 client, whose binding shifts BiP to the ADP con-
formation (Fig. 2A), which, in turn, enables BiP to accelerate
ATP-dependent closure of Grp94 (Fig. 2B). This mechanism
provides an explanation for previous observations of synergy
between other Hsp70/Hsp90 systems. For example, just as the
E-peptide client enables BiP to enhance Grp94 closure and
ATPase (Fig. 2B), the L2 client enables bacterial Hsp70 to
enhance the bacterial Hsp90 ATPase (43).

The driving force behind Grp94 closure acceleration is from
the NBD of BiP, which has the intrinsic capacity to act as a
closure-accelerating cochaperone of Grp94. The enhancement
of Grp94 closure by BiP is ∼50-fold (Fig. 3C), which makes it
on par with or more effective than the activating cochaperone
of cytosolic Hsp90 aha1 (44–46). Given that BiP and Grp94 are
two of the most abundant ER proteins, their coordination likely
plays an important role in maintaining protein quality control.
Previous work identified mutations that disrupt binding
between BiP and Grp94 (12). These mutants enable studies of
the cellular consequences of impaired coordination between
BiP and Grp94.

The BiP influence on Grp94 is mechanistically similar to the
well-understood J-protein cochaperone influence on BiP, which
provides a useful conceptual framework (Fig. 6). In the J-pro-
tein/BiP system, a client-bound J-protein can associate with BiP
in the lid-open ATP conformation. The J-protein accelerates lid
closure via stimulating ATP hydrolysis. Thus, J-proteins bring
clients to BiP and also provide a signal for BiP to undergo the
client-trapping conformational change. Similarly, a client-
bound BiP can associate with Grp94 in the arm-open confor-
mation. BiP accelerates Grp94 arm closure via stabilizing the
C0 conformational intermediate. Thus, BiP brings clients to
Grp94 and also provides a signal for Grp94 to undergo the
client-trapping conformational change.

Dissecting the mechanism by which BiP accelerates Grp94
closure reveals a high-energy conformational intermediate that
plays an important role in determining the timing of closure
(Fig. 3). Because BiP stabilizes this conformational intermedi-
ate in the absence of ATP (Fig. 4), thermodynamic linkage
alone, without any additional effects of kinetic coupling to ATP
hydrolysis, is sufficient to explain the closure-enhancing effect
of BiP on Grp94. Our data suggest that BiP preferentially binds
a Grp94 conformation in which the N-terminal α-helix resem-
bles the Trap1 “coiled-coil” state (Fig. 5). The coiled-coil

Fig. 6. Comparison of J-protein cochaperone mechanism and BiP cochaperone mechanism. An unfolded client is shown by the dotted lines.
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structure has characteristics expected for a conformational
intermediate, such as an open nucleotide pocket like the
open conformation (36) and cross-monomer contacts like the
closed conformation. A cryoelectron microscopy structure of
Hsp90:Hsp70:Hop:GR shows Hsp90 in a semiclosed conforma-
tion (16), which is consistent with the high FRET C0 state of
Grp94; however, the semiclosed conformation would not be
expected to form the Grp94 M86C disulfide cross-link (Fig. 5).
Future structural studies are needed to address questions about
the BiP/Grp94 complex, such as whether the BiP-stabilized
C0 state is the same conformation as the previously identified
C0 state populated upon opening.

In the absence of ATP, BiP causes Grp94 to undergo transi-
tions between the open and C0 conformations on the timescale
of hundreds of milliseconds (Fig. 4). These rapid conforma-
tional changes are in stark contrast to the slow rate of ATP-
dependent closure that occurs on the timescale of minutes in
the absence of BiP. Fast conformational kinetics observed by
smFRET and slow closure measured in bulk have also been
observed for the yeast cytosolic Hsp90 (32, 47). Additional
studies are needed to determine whether the cytosol-specific
Hsp90 also adopts a C0-like state, and how cytosolic Hsp70
influences the structure of Hsp90.

Methods
Protein Expression and Purification. Wild-type mouse Grp94 (72 to 765), its
variants (V82C, M86C, N91C, E131C, M178C, and Q182C), full-length BiP (27 to
655), its variants (G518C/Y636C, D27C), and the BiP-NBD (27 to 411) were all
expressed in Escherichia coli BL21* cells. Grp94 and BiP proteins were purified
via Ni-NTA, ion exchange, and gel filtration (48). Proteins were stored in 25
mM Tris pH 7.5, 50 mM KCl, 1 mM 2-Mercaptoethanol (BME), and 5% glycerol
prior to flash freezing. Fluorophore labeling of Grp94 variants with Alexa
Fluor 555 (donor) and Alexa Fluor 647 (acceptor) was performed as in previous
work (21).

Mouse E-peptide containing an N-terminal six-histidine tag and S95C muta-
tion was expressed in E. coli BL21* cells. E-peptide was purified from the insolu-
ble fraction of cells. Briefly, inclusion bodies were washed, and insoluble protein
was denatured in an 8-M urea, 25 mM Tris buffer containing reducing agent
tris(2-carboxyethyl)phosphine (TCEP). Proteinwas purified by ion exchange chro-
matography and stored in denaturing conditions (37).

BiP Bulk FRET. A previously described BiP double-mutant G518C and Y636C
was simultaneously labeled with donor and acceptor fluorophores, AlexaFluor
555 C2 maleimide and AlexaFluor 647 C2 maleimide, respectively (37). BiPSBD
FRET-labeled protein was diluted to 0.1 μM in 25mMTris pH 7.5, 50 mMKCl, 1
mM MgCl2, 1 mM ATP, and 1 mM dithiothreitol and incubated for 20 min at
25 °C. Purified E-peptide was added from denaturing conditions. FRET Effi-
ciency (E) data were collected after 30 min. Fluorometer setup included a
donor excitation wavelength at 532 nm, donor emission wavelength at 567
nm, and an acceptor emission wavelength at 668 nm, with 5-nm slit widths.
KD value between BiP and E-peptide was calculated using a quadratic single-
site binding equation,

E ¼ cþ a
Bþ x þ KD½ � �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ x þ KD½ �2 � 4 B½ �x

q

2 B½ � , [1]

where x is the concentration of E-peptide, c is the FRET efficiency value in the
absence of E-peptide, a is the FRET E-amplitude, and KD is the dissociation
constant between BiP and E-peptide. B is the concentration of BiPSBD FRET-
labeled protein.

Grp94 Bulk FRET. Bulk FRET experiments were started by mixing 125 nM
donor-labeled and 125 nM acceptor-labeled Grp94 in 25 mM Tris pH 7.5, 50
mM KCl, 1 mM BME, and 1 mg/mL bovine serum albumin (BSA) at 25 °C for 1
h to allow monomer exchange, then the temperature was adjusted to 30 °C.
Data were collected with a FluoroMax-4 spectrofluorometer (Horiba Scien-
tific). Closure kinetics were initiated with 1 mM ATP and 1 mM MgCl2 in the
presence or absence of BiP and E-peptide. Reopening kinetics were initiated
with 50 μM of the Hsp90 inhibitor NVP-HSP990 (49) after ATP-dependent clo-
sure of Grp94 reached a steady state. Excitation of donor was set at 530 nm,
while the emission of donor and acceptor weremonitored at 565 and 670 nm.

Slit widths were set at 1.5 nm for excitation and 4.5 nm for emission. Bulk
FRET efficiency was calculated from emission as acceptor/(donor+ acceptor).

Stopped-flow FRET experiments were performed using an SX20 stopped-
flow spectrometer (Applied Photophysics). Donor-labeled and acceptor-
labeled Grp94 monomers were exchanged at room temperature for 90 min.
The acceptor fluorescence change from Grp94 closure was monitored by a
rapid mixing of various concentrations of BiP-NBD and 1 mM final concentra-
tion of ATP/MgCl2. Excitation was set to 532 nm, while the emission was mea-
sured by integrating the signals collected beyond 645 nm. The data were fit
by a biexponential function, and the rate constants from the fast phase in Fig.
2Cwere fit by a linear regression based on the following scheme:

O ����! ����
kon BiP½ �

koff

OB!k2 C, [2]

where O, C, are the Grp94 open and closed states, and OB is the BiP-bound
Grp94 open state. Reopening from the closed state is not included in the
above scheme because reopening is slow compared to BiP-accelerated closure
(Fig. 2D) and thus does not influence the observed closure rate. The total clo-
sure rate of Grp94, ktot, can be calculated as

ktot ¼ kon½BiP� � k2
kon½BiP� þ koff þ k2

: [3]

When k2 is much faster than kon[BiP] and koff, the equation simplifies to a lin-
ear concentration dependence,

ktot ¼ kon½BiP�: [4]

To determine the BiP affinity to the open and C0 states of Grp94 in Fig. 4F, the
bulk FRET efficiency was normalized to the smFRET efficiency by the relation-
ship in SI Appendix, Fig. 4F. This normalized FRET was fit to an equation which
relates the fraction of open and C0 states to FRET efficiency. This model
assumes that, in the absence of ATP, each Grp94 dimer has two equivalent BiP
binding sites, that Grp94 adopts only the open and C0 conformations, and that
BiP binds these conformations with different affinities. The measured FRET is
determined by the population-weighted FRET efficiency of Grp94 in the open
and C0 conformations,

E¼
εO 1þ 2 NBD½ �Ka,O þ NBD½ �2K2

a,O

� �
þ εC0 Kþ 2K NBD½ �Ka,C0 þK NBD½ �2K2

a,C0

� �

1þ 2 NBD½ �Ka,O þ NBD½ �2K2
a,O þKþ 2K NBD½ �Ka,C0 þK NBD½ �2K2

a,C0
,

[5]

where K is the equilibrium constant between the open and C0 states, Ka,O and
Ka,C 0 are the association constants for the NBD binding to the open and
C0 states, and eO and eC 0 are the FRET efficiencies of the open and C0 states,
which are fixed at values of eO = 0.16 and eC 0 = 0.93. One notable feature of
this fitting is that the fit value of Kd,C 0 is correlated to the fit value of the equi-
librium constant (K) between the open and C0 states (SI Appendix, Fig. 4G),
indicating that the exact fit value of Kd,C 0 should be interpreted cautiously.
However, over a wide range of values for the equilibrium constant, the fit
value of Kd,C 0 remains in the high-affinity range of 10 nM to 100 nM.

Single-Molecule FRET. Grp94 with a C-terminal SNAP tag was selectively bioti-
nylated via a benzyl-guanine derivative, as described previously (21).
Acceptor-labeled SNAP-Grp94 (N91C) and donor-labeled Grp94 (Grp94-N91C
or Grp94-E131C) were monomer exchanged in 50 mM Hepes, pH 8.0, 50 mM
KCl, 0.6 mM MgCl2, 2 mM BME, and 0.5 mg/mL BSA at 30 °C for 2 h. Closure
was initiated with 600 μMATP for at least 30 min at 30 °C. The preparation of
glass slides and coverslips has been described previously (21). Grp94 was
applied to the slide after being diluted to 1 nM with an oxygen scavenging
system (0.4% glucose, 1.5 units per μL catalase, 0.04 units per μL glucose oxi-
dase) and triplet-state quencher mixture (2 mM propyl galate, 4 mM
4-nitrobenzyl alcohol, and 4 mM Trolox). Then BiP-NBD or full-length BiP was
applied to the slide. Single-molecule total internal reflection fluorescence
(TIRF) imaging was performed on a custommicroscope as previously described
(21). FRET analysis was performed only on molecules with a recorded donor
photobleach event, enabling background fluorescence to be subtracted for
both the donor and acceptor signals. FRET efficiency values were only calcu-
lated for time points where when both the donor and acceptor fluorophores
were not photobleached. Donor fluorophore excitation is at 532 nm, using
laser powers dictated by the data integration time. Alternating excitation
experiments include acceptor excitation with a laser power of 150 μW at 633
nm. All alternating excitation experiments have a sampling interval of 2.4 s
with a signal integration time of 1 s for the donor excitation FRET signal.

The smFRET efficiency E is calculated as acceptor/(γ*donor + acceptor)
from donor excitation. The γ value is 1.75 as in previous analysis of Grp94 (21).
Closure events were identified by a threshold criterion in which at least two
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frames below a FRET efficiency of 0.4 are followed by at least two frames
above a FRET efficiency of 0.4 and having a FRET efficiency change greater
than 0.3.

The N observed intervals for Grp94 open-state configurations could termi-
nate due to either a transition to the high FRET closed state (Fig. 3C, black
lines) or could alternatively end due to censoring by a photobleach event for
one of the dyes. Data were fit using single exponential maximum likelihood
routines written in Matlab that account for both the observed transitions and
censored events. Such fits produce a rate for the Grp94 open-to-closed transi-
tion and a rate for dye photobleaching. The green and red modeled cumula-
tive curves in Fig. 3C incorporate effects from those two rates so that, in each
instance, the curves asymptote at the fraction of Grp94 open-state intervals
predicted to terminate in an observed transition to the closed state.

We model a single exponential process subject to censoring by maximizing
its likelihood function. The likelihood function for a dataset containing nc cen-
sored intervals and (N� nc) noncensored intervals may be written as

G kð Þ ¼ ∏nc
p¼1 expð�k TpÞ∏N�nc

i¼1 k expð�k τiÞ, [6]

where each exp(�k Tp) factor is a probability for observing one censored event
of duration Tp, and each k exp(�k si) factor is proportional to the probability
for observing one noncensored event of duration si. Maximizing the likeli-
hood G(k) then yields our estimate for the single exponential rate k.

We may analyze a dataset treating the open-to-closed transitions (low to
high FRET transitions) as observed events sI that are sometimes censored by
dye photobleaching that contributes to a list of censored Tp intervals. In that
instance, the k in Eq. 5 represents the kobs rate of Grp94 closure that we esti-
mate by maximizing G(kobs). We can likewise reverse roles and use the list of
dye photobleach intervals as observed events sI that are sometimes censored
by an open-to-closed transition that now contributes to our list of Tp censored
intervals. In that instance, k in Eq. 5 represents a photobleach rate kb that is
estimated by maximizing G(kb). The two calculations use the same sets of
open-to-closed intervals and photobleach intervals, merely switching their
roles in Eq. 5. Our dataset thus enables an estimate of both the kobs closure
and kb dye photobleach rates.

Using both the kobs closure rate and the kb photobleach rate, we can repet-
itively simulate the time course for an N-interval dataset, thereby producing
the model green and red curves in Fig. 3C for the cumulative distribution of
noncensored open-to-closed transitions by Grp94.

FRET efficiency histograms were constructed by compiling the efficiency
values for each frame for each molecule. FRET efficiency histograms of Grp94
with ATP (except the data in Fig. 3F and SI Appendix, Fig. 3) were fit to a
three-statemodel (open, closed, C0),

Count Eð Þ ¼ ∑i
Aie

� E�εið Þ2=2σi2ð Þ
σi

ffiffiffiffiffiffi
2π
p , [7]

where Ai is the histogram area associated with each state, ei is the mean FRET
efficiency, and ri is the SD. These three states account for at least 95% of the
population in all histograms (see fraction values in SI Appendix, Table 1).
States are defined by the mean FRET efficiency: 0.1< eO <0.2; 0.7< eC <0.8; 0.
9< eC 0 <1.0. All three states are identified by fitting the FRET efficiency histo-
gram data, with the exception of SI Appendix, Fig. 2A where the open-state
population is too small to be identified from the fit. In this case, the open-
state parameters are fixed at eO = 0.15 and rO = 0.06. For the FRET pair using
donor and acceptor labels at residues 131 and 91 (SI Appendix, Fig. 3), the
data were fit to a two-Gaussian model because the FRET efficiency of the
C0 state is not known for this FRET pair. The FRET efficiency histogram in Fig.
3F was also fit to a two-Gaussian model because only the open and C0 states
apply to that analysis, and, for this data, the rC and rC0 were constrained to
have the same value to reduce the fitting error.

Histograms of Grp94 with varying concentrations of BiP-NBD with no ATP
were fit to a three-Gaussian model for two states, taking into consideration
the effects of conformational exchange on the timescale of the data integra-
tion time.

O ����! ����
kO!C0

kC0!O

C0:

The derivation and application of thesefitting equations are described in Gopich
and Szabo (39) and Chung et al. (40), respectively. The subscripts i = 1, 2 corre-
spond to the C0 and open states, respectively, and i = 0 corresponds to the time-
averaged data between the two states.Wemade onemodification to thefitting
equations in allowing the variance of the open and C0 Gaussians (r2) to be
treated as a fitting parameter instead of assuming the variance is determined
via shot noise. The second half of equation 7 from Chung et al. is thereforemod-
ified such that

c0σ20 ¼ σ2 þ 2p1p2 ε2 � ε1ð Þ2 kT þ e�kT � 1
� �

kTð Þ2
þ ε2eq �∑2

i¼0ciε
2
i �∑2

i¼1ciσ
2
i , [8]

where T is the data integration time. The fitting parameters used were eO
(FRET efficiency of the open state), eC (FRET efficiency of the C0 state), pC0 (frac-
tion in the C0 state), k (relaxation rate; k¼ kO!C0 þ kC0!O), A (area of the histo-
gram; from equation 4 in Chung et al.) and r2 (variance of the open and
C0 Gaussians). Rate constants, such as those shown in Fig. 4 A and B, can be cal-
culated from the relaxation rate and pC0 ,

kO!C0 ¼ pC0 � k; kC0!O ¼ ð1�pC0 Þ � k: [9]

The O:BiP!C0:BiP rate in Fig. 3I (k2) was determined by an equation relating
the observed closure in the presence of BiP (kobs = 0.034 ± 0.003 s�1, from Fig.
3C), the association constant for the binding of full-length BiP to Grp94 [Ka =
82,000 ± 3,000, from Sun et al. (12)], the closure rate in the absence of BiP (k1
= 0.0024 ± 0.0003 s�1, from Fig. 3C), and assuming a rapid preequilibrium of
bound and unbound BiP,

C k1 O!
Ka

 OB!k2 C0: B

kobs ¼ k1 þ k2Ka BiP½ �
1þ Ka BiP½ � : [10]

The fraction of closure events that proceed through the O:B!C0:B pathway (f)
versus the O!C0 pathway is given by

f ¼ k2Ka BiP½ �
k1 þ k2Ka BiP½ � : [11]

This model provides a prediction of the fraction of closure events expected to
occur via the BiP-assisted O!C0!C (94 ± 13%) versus Grp94 closure without BiP,
which is close to themeasured fraction determined from Fig. 3H (73± 11%).

Fluorescence Depolarization Binding Measurements. The D27C variant of full
length and NBD of BiP were labeled in the same way as described previously
(12). The binding between wild-type Grp94 and BiP constructs was measured
using 50 nM fluorescein isothiocyanate (FITC)-labeled BiP in 25 mM Tris pH
7.5, 50 mM KCl, 1 mM ADP or ATP, 1 mM MgCl2, 1 mM BME, and 1 mg/mL
BSA. After incubating at 30 °C for 30 min, Grp94 samples were titrated into
the cuvette, and measured using a FluoroMax-4 spectrofluorometer. Due to
the high binding affinity of cross-linked Grp94 M86C and BiP, the concentra-
tion of FITC-labeled BiP was reduced to 10 nM for a more accurate determina-
tion of the binding constant.

Grp94 Cross-Linking. The M86C, N91C, M178C, and Q182C variants of Grp94
were purified in a similar way except the storage solution contains 0.1 mM
TCEP instead of 1 mM BME. A concentration of 1 μMGrp94 dimer was used in
all cross-linking assays. Prior to cross-linking, Grp94 was diluted into 25 mM
Tris pH 8.0 at 25 °C, 50 mM KCl, 1 mMADP or ATP, 1 mMMgCl2. Samples with
the BiP-NBD were at 5 μM concentration. The cross-linking was initiated with
10 mM oxidized glutathione. The cross-linking kinetics were collected by
quenching at different time points using a fresh-made N-ethylmaleimide with
a final concentration of 7.5 mM. The quenched Grp94 samples were later
boiled and loaded onto a 4 to 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS/PAGE) gel. The amounts of cross-linked and non-cross-
linked Grp94 were quantified using ImageJ (50).

ATPase Assay. The ATPase measurements utilize the T229G variant of the BiP-
NBD, which itself is hydrolytically inactive (51). The ATPase of Grp94 in the
presence and absence of BiP-NBD T229G were measured on a plate reader
(BioTeK) using an established enzyme-coupled assay with 2 μM Grp94 mono-
mer (52). The ATPase rate is reported per monomer of Grp94. Buffer condi-
tions were 25 mM Tris pH 7.5, 50 mM KCl, 1 mM MgCl2, 1 mM ATP, and 1 mg/
mL BSA at 30 °C. Themeasured ATPase was compared to the ATPase predicted
from Grp94 closure (kc) and opening rates (ko) as

ATPase ¼ kc � ko
kc þ ko

: [12]

The influence of the BiP-NBD on closure and opening rates is given by the fits
in Fig. 2D. The concentration of free [NBD] is determined via

½NBD� ¼
½Grp94� þ Kd þ ½NBDtot�ð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Grp94� þ Kd þ ½NBDtot�ð Þ2 � 4 Grp94½ � � ½NBDtot�

q

2
,

[13]

whereKd is themeasured affinity between BiP and Grp94 (SI Appendix, Fig. 1A).
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Grp94 Fluorophore Dye Position Prediction. The crystal structures of Grp94
PDB ID codes 2O1V and 5ULS were the input as the O and C state models for
FRET positioning and screening (53). The labeling site was defined as the
Grp94 N91. The Alexa 488 L linker configuration was applied to the donor,
while the Cy5 L linker was applied to the acceptor. After simulating using the
simple AV mode, the three-dimensional coordinates of donor and acceptor
were randomly picked, and 10,000 pair-wise distances were averaged and
reported in SI Appendix, Fig. 5.

Data Availability. All study data are included in the article and/or supporting
information.
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