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he Secé1 translocon of the endoplasmic reticulum

membrane forms an aqueous pore that is gated

by the lumenal Hsp70 chaperone BiP. We have ex-
plored the molecular mechanisms governing BiP-mediated
gating activity, including the coupling between gating
and the BiP ATPase cycle, and the involvement of the
substrate-binding and J domain—binding regions of BiP.
Translocon gating was assayed by measuring the collisional
quenching of fluorescent probes incorporated into nascent
chains of translocation intermediates engaged with mi-
crosomes containing various BiP mutants and BiP substrate.

Introduction

In the initial stages of the eukaryotic secretory pathway, ribo-
some-nascent chain complexes (RNCs) are targeted to the mem-
brane of the ER in a signal recognition particle (SRP)—depen-
dent manner, and substrates are cotranslationally translocated
through the membrane at sites termed translocons (Johnson and
van Waes, 1999). The translocon consists of the core heterotri-
meric Sec61 complex (Sec6laPy) and associated proteins,
forming a cylindrical channel that aligns with the large subunit
of the ribosome during translocation (Beckmann et al., 1997).
Electrophysiological studies demonstrated that the Sec61 trans-
locon forms an aqueous, ion-conducting channel (Simon and
Blobel, 1991; Wirth et al., 2003). Moreover, the selective posi-
tioning of water-sensitive fluorescent probes into the nascent
chains of secretory protein translocation intermediates directly
demonstrated that the nascent chain is in an aqueous environ-
ment as it passes through the membrane; therefore, the nascent
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Our results indicate that BiP must assume the ADP-bound
conformation to seal the translocon, and that the reopening
of the pore requires an ATP binding-induced conforma-
tional change. Further, pore closure requires functional
interactions between both the substrate-binding region
and the J domain-binding region of BiP and membrane
proteins. The mechanism by which BiP mediates translocon
pore closure and opening is therefore similar to that in
which Hsp70 chaperones associate with and dissociate
from substrates.

chain occupies an aqueous pore in the mammalian translocon
that spans the bilayer (Crowley et al., 1993, 1994). The translocon
is structurally dynamic, expanding from an inner diameter of
9-15 A in the ribosome-free state (Hamman et al., 1998) to a
diameter of 40-60 A in the active, ribosome-bound state
(Hamman et al., 1997; Wirth et al., 2003).

Because translocons form aqueous pores of this magnitude,
gating mechanisms must preserve the permeability barrier that
maintains critical ion gradients (e.g., Ca®* stores) across the ER
membrane during translocation. These mechanisms have been
elucidated experimentally by incorporating fluorescent probes
into the nascent chains of translocation intermediates and
assessing their accessibility to externally added quenching
agents. The ER permeability barrier is maintained from the
cytosolic side of the membrane by the ion-tight binding of the
ribosome to the translocon during translocation (Crowley et al.,
1994). The lumenal side of the translocation pore is sealed
either directly or indirectly by BiP, an ER lumenal Hsp70
chaperone that is the only soluble protein necessary and sufficient
to effect closure of ribosome-free translocons and those engaged
in the early stages of translocation (Hamman et al., 1998).
During secretory protein translocation, the BiP-mediated seal
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opens after the nascent chain reaches a threshold length of ~70
amino acids (Crowley et al., 1994; Hamman et al., 1998). Dur-
ing membrane protein integration, the ribosome and translocon
alternately gate the cytosolic and lumenal ends of the pore
through a tightly regulated series of conformational changes
(Liao et al.,, 1997; Haigh and Johnson, 2002; Alder and
Johnson, 2004; Woolhead et al., 2004). The BiP-mediated gate
operates in a stoichiometric (noncatalytic) fashion, and requires
the presence of nucleotide (Hamman et al., 1998; Haigh and
Johnson, 2002).

All Hsp70 chaperones contain a conserved NH,-terminal
44-kD nucleotide-binding domain, a 15-kD substrate-binding
domain (SBD), and a variable COOH-terminal domain (Bukau
and Horwich, 1998). The polypeptide binding affinity of the
SBD is allosterically modulated by cycles of ATP binding and
hydrolysis at the nucleotide-binding region, which mediates
the opening and closure of an a-helical lid over the substrate-
binding cavity (Zhu et al., 1996). ATP-bound Hsp70 has low
substrate affinity, with fast rates of peptide binding and re-
lease, and ADP-bound Hsp70 has high substrate affinity, with
stable peptide association. The low intrinsic Hsp70 ATPase
rates are regulated in the cell by cochaperones such as Dnal-
type proteins, which contain a conserved 70-aa J domain and
increase ATP hydrolysis rates, and nucleotide exchange fac-
tors that promote ATP/ADP exchange. Several mammalian
ER-resident cochaperones have been characterized, including
translocon-associated J domain proteins Sec63 (Meyer et al.,
2000; Tyedmers et al., 2000) and Mtj1 (Chavalier et al., 2000;
Dudek et al., 2002), and the nucleotide exchange factor BAP
(Chung et al., 2002).

In this work, we addressed several questions regarding
the molecular mechanism of BiP-mediated translocon pore gat-
ing. First, how might the ATP catalytic cycle modulate BiP
gating activity? Second, does pore gating involve the SBD of
BiP? Finally, does BiP-mediated gating require an interaction
with a membrane-bound J domain protein? We used a well-
established fluorescence quenching assay to measure the gating
activity of recombinant hamster BiP (rBiP) reconstituted into
mammalian ER microsomes. Our results elucidate key steps of
the translocon gating cycle, and strongly suggest that the mech-
anism governing BiP gating is analogous to that in which
Hsp70 chaperones bind and release substrate polypeptide.

Results

Experimental design

The lumenal translocon gating activity of BiP was monitored
by creating fluorescent translocation intermediates functionally
engaged with ER translocons and then measuring the exposure
of the nascent polypeptide to externally added collisional
quenching agents. In vitro translation reactions containing SRP
and ER microsomes were programmed with mRNA truncated
in the coding region to generate homogeneous populations of
fully assembled intermediates with a nascent chain of a defined
length. The absence of a stop codon on the transcript prevents
translation termination, and the nascent chain remains ribo-
some bound as a peptidyl-tRNA.
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Cotranslational incorporation of fluorescent-labeled ly-
sine residues into nascent chains was achieved by inclusion of
Lys-tRNA analogues in which the fluorescent probe NBD is
covalently attached to the N°-amino group of the lysyl side
chain. The position of in-frame lysine codons on the mRNA
transcript then dictates the location of fluorescent probes on
the nascent chain. Two nascent secretory proteins were used:
pPLgs, a 64-residue intermediate of preprolactin (pPL) with
Lys (probes) at residues 4 and 9 in the signal sequence, and
pPL-sK7s, a 78-residue derivative of pPL with probes at
residues 64 and 70. Parallel translations containing eNBD-
Lys-tRNA and unmodified Lys-tRNA were prepared and com-
pared spectroscopically to correct for the significant scattering
and background signal of the samples. Importantly, eNBD-
Lys incorporates as efficiently into nascent chains as unmodi-
fied Lys, and does not affect targeting or translocation (Crow-
ley et al., 1993).

The exposure of NBD-labeled nascent chains to the ex-
ternal medium or ER lumen was measured by the extent of
collisional quenching by iodide ions (I"). Such quenching
agents reduce sample fluorescence by colliding with excited dyes
and returning them to the ground state without photon emission.
The ratio of fluorescence intensity in the absence of quencher
Q to that in its presence (Fy/F) increases linearly with [Q], as
described by the Stern-Volmer equation: (Fy/F) — 1 = Kgy[Q].
Thus, the Stern-Volmer constant (Ksy) provides a measure of
the accessibility of added I to the NBD probes on the nascent
chain. Charged I" do not penetrate the nonpolar ER membrane
and will quench nascent chain probes only upon direct contact
(Crowley et al., 1994). To introduce I™ into the lumenal space
we used melittin, a 26-residue cytolytic peptide that oligomer-
izes to create pores in the membrane with an inner diameter of
25-30 A (Ladokhin et al., 1997). At the concentrations used
here, melittin had no effect on targeting, translocation, or sig-
nal peptidase activity, nor did the presence of melittin affect
the spectral characteristics of fluorescent translocation inter-
mediates (unpublished data).

To determine the ability of different rBiP derivatives to
gate the lumenal end of the translocon, microsomes were ex-
tracted of soluble lumenal proteins and selectively reconsti-
tuted with the desired rBiP derivative (Bulleid and Freedman,
1988; Nicchitta and Blobel, 1993; Hamman et al., 1998). Salt-
washed ER microsomes (KRMs) were disrupted by high pH to
release their lumenal contents. Upon return to neutral pH, the
vesicles resealed in the native orientation to yield lumen-
extracted microsomes (XRMs). XRMs may be incubated with
purified protein(s) at high pH before resealing to produce re-
constituted microsomes (RRMs). The reconstitution procedure
had no effect on basal rBiP ATPase activity (Fig. 1, compare
lanes 1, 7, and 13 with 5, 11, and 15, respectively) or on the
functional interaction of rBiP with a J domain protein (Fig. 1,
compare lanes 2, 8, and 14 with 6, 12, and 16, respectively);
therefore, the conformation and activity of rBiP were unaf-
fected by the high pH treatment.

Using this approach, BiP was previously found to be the
only soluble lumenal protein required to effect closure of inac-
tive (ribosome-free) translocons, and also to gate translocons
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Figure 1. ATP hydrolysis rates of rBiP derivatives. Inorganic phosphate
production was measured spectroscopically to determine rates of steady-
state ATP hydrolysis by purified rBiP variants (WT, R197H, T229G) or
Kar2p. Measurements were conducted under basal conditions (lanes 1, 7,
13, and 17) or in the presence of purified ERdj4 J domain (fourfold molar
excess, lanes 2, 8, and 14), pepCL?C (200fold molar excess, lanes 3
and 9), or both (lanes 4 and 10), as indicated. Control reactions con-
tained the ATPase mutant rBiP T229G (lane 17) or rBiP WT in the absence
of ATP (lane 18). To determine the effect of reconstitution conditions on BiP
ATPase activity, rBiP (and ERdj4, where indicated) was exposed to high
pH (lanes 5, 6, 11, 12, 15, and 16) before being returned to neutral pH.
The mean values from 3-5 independent experiments are shown = SD.

engaged in the early steps of translocation (Hamman et al.,
1998) or in membrane protein integration (Haigh and Johnson,
2002) (Fig. 2 a). Immediately after SRP-dependent RNC tar-
geting to the translocon, the nascent chain is sealed off from
both the cytosol and the lumen. The BiP-mediated seal then
opens once the nascent chain reaches ~70 amino acids (Crow-
ley et al., 1994; Hamman et al., 1998) (Fig. 2 a). Thus, NBD-
pPLss and NBD-pPL-sK;g will be inaccessible to externally
added I” when functionally engaged with KRMs or RRMs con-
taining sealing-competent rBiP, yielding low Kgy values. I” in-
troduced into the lumen by melittin will remain inaccessible to
NBD-pPLg, due to the BiP-mediated lumenal seal. In contrast,
lumenal I" will quench NBD-pPL-sK5s probes because the lu-
menal seal has been opened, thereby yielding a high Kgy value.
When associated with XRMs or RRMs containing sealing-
incompetent rBiP, the probes in both NBD-pPLgs and NBD-
pPL-sK7s will be accessible to externally added I™ because I~
(hydrated diameter 9 A) are small enough to pass though un-
sealed translocon pores that are ribosome free (~50% of total
translocons; Hamman et al., 1998) and enter the lumen. The ER
translocon has been shown to be the sole conduit through which
1™ passed through the membrane in such experiments, because
affinity-purified Sec6la antibodies blocked 1™ transit (Ham-
man et al., 1998; Haigh and Johnson, 2002).

To examine the mechanistic details governing BiP gating
we used this fluorescence quenching approach to monitor the
gating activity of rBiP impaired at different stages of the
ATPase cycle, rBiP impaired in J domain interactions, or rBiP
with excess peptide substrate. The rBiP ATPase mutants used
include: T37G, which binds and hydrolyzes ATP, but does not
undergo an ATP-induced conformational change in the SBD;

G227D, which has reduced binding affinity for nucleotide;
T229G, which binds, but does not hydrolyze, ATP; and 44K,
which lacks the entire SBD. Each of these mutants has been
biochemically characterized (Wei et al., 1995). The synthe-
sis and characterization of a J domain-binding mutant (rBiP
R197H) and a peptide substrate (pepCL9C) used in the present
work are described below.

BiP must be in the ADP-bound form to
seal the translocon pore

Consistent with previous KRM results (Hamman et al., 1998),
the probes in pPLg were inaccessible to both external (= cyto-
solic) and lumenal 1™, whereas those in pPL-sK;3 were accessi-
ble to I" introduced into the lumen after melittin incubation
(Fig. 2, b and c; compare open and closed circles). When bound
to lumen-extracted XRMs, both intermediates were quenched
by added I, confirming the extraction of BiP and the absence
of the lumenal seal in these microsomes (Fig. 2, b and c). These
Kgy values thus provided the expected values for “quenched”
and “unquenched” cases when evaluating the ability of differ-
ent rBiP mutants to seal translocons.

The quenching patterns obtained for both pPL¢, and pPL-
sK7g bound to RRMs reconstituted with wild-type rBiP (rBiP
WT) in the presence of ATP were identical to those obtained
with KRMs (Fig. 2, b and ¢). The ability of hamster rBiP to seal
canine microsomes in this heterologous system was also ob-
served when integration intermediates were examined (Haigh
and Johnson, 2002), and these results confirm that reconstitu-
tion does not impair RNC targeting or compromise the ion per-
meability barrier of resealed microsomes.

Next, we tested the sealing competence of rBiP ATPase
mutants. When pPL¢; RNCs were bound to RRMs containing
ATP and either rBiP T37G or rBiP G227D, the nascent chain
was inaccessible to 1™, as seen also with KRMs (Fig. 2 b,
closed circles). Thus, neither the lack of an ATP-dependent
conformational change in the SBD nor a weaker binding affin-
ity for ATP, respectively, detectably affected the ability of BiP
to mediate pore closure. On the other hand, the pPL4, probes
were fully exposed to I when RRMs were prepared with rBiP
T229G, a mutant that can bind but not hydrolyze ATP (Fig. 2 b,
closed circles). A similar pattern of nascent chain quenching
was observed with pPL-sK5g intermediates (Fig. 2 c, closed
circles). These results suggest that a BiP-ATP complex is not
sealing competent, and that BiP must assume the ADP-bound
conformation to seal the translocon pore. This result is con-
sistent with the previous demonstration that wild-type BiP in
the presence of a nonhydrolyzable ATP analogue cannot seal
translocon pores (Hamman et al., 1998).

To further explore the nucleotide state of BiP required for
pore sealing, microsome reconstitutions were performed in the
presence of ADP. When exclusively in the ADP-bound state,
rBiP WT was sealing competent (Fig. 2 d, closed circles).
Interestingly, when forced into the ADP-bound state, rBiP
T229G also formed a lumenal seal (Fig. 2 d, closed circles).
These results confirm that BiP must assume an ADP-bound
conformation to seal the translocon, and that ATP hydrolysis is
not, per se, a requisite step in pore sealing.
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Figure 2. NBD-labeled translocation intermediates engaged with KRMs, XRMs, or RRMs. (a) Short nascent chains (e.g., pPlss) are sealed off from the lumen
by the BiP-mediated gate (hatched oval), whereas longer nascent chains (e.g., pPL-sK7g) are exposed to the lumen. Probe positions are indicated by open
circles and the nascent chain within the ribosome tunnel is depicted as a dashed line. (b—d) Mean Ksy values (n = 3-12 = SD) are shown for NBD-pPLe,
(b) or NBD-pPLsK75 (c and d) translocation intermediates functionally engaged with KRMs, XRMs, or RRMs as indicated. For RRMs, reconstitutions were
performed either in the presence of ATP (b and c) or ADP (d). Measurements were made in the absence (®, I~ on cytosolic side of sealed membranes only)

or presence (O, |~ both on cytosolic side and in lumen) of melittin.

We also found that yeast BiP (Kar2p) reconstituted into
mammalian microsomes in either the presence of ATP (Fig. 2,
b and c; closed circles) or ADP (Fig. 2 d, closed circles) was
unable to seal translocons. Given that the ATPase activity of
Kar2p was not impaired under our experimental conditions
(Fig. 1), some feature of this homologue other than the nucle-
otide-bound state must block its ability to gate translocons in
this heterologous system.

Translocon pore opening by BiP requires
an ATP binding-coupled conformational
change

Once targeted secretory nascent chains are ~70 aa in length the
BiP-mediated gate opens, exposing the nascent chain to the lu-
men (Fig. 2 a; Crowley et al., 1994; Hamman et al., 1998). A
mutation in BiP that blocks the ability of the BiP-mediated gate
to open would be manifested as a lack of exposure of long na-
scent chains (pPL-sKg) to lumenal I". We unexpectedly found
that, in contrast to rBiP WT, both rBiP T37G and rBiP G227D
maintained the translocon seal even at a nascent chain length
that normally induces the opening of the native lumenal gate
(Fig. 2 c, open circles). This suggests that an ATP binding—
induced conformational change by BiP opens the translocon
channel to the lumen, at least for intermediates just beyond the
threshold length of 70 aa. To further explore this seal reversal,
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we measured the exposure of pPL-sK7g intermediates to lume-
nal I" when associated with RRMs containing rBiP WT in the
presence of ADP (Fig. 2 d). Interestingly, when no ATP was
present, rBiP WT sealed the translocons, but the seal was not
reversed with longer nascent chains (Fig. 2 d, compare open
and closed circles). These results indicate that opening of the
BiP-mediated gate requires that BiP~ADP must bind ATP and
undergo a coupled opening of the substrate-binding pocket.

The BiP SBD is involved in translocon
gating
Next, we explored the possible involvement of the SBD of BiP
in the establishment of the translocon seal. First, rBiP 44K, a
mutant lacking the SBD and COOH terminus entirely, did not
seal translocons when reconstituted into RRMs with ATP (Fig.
3 b), yielding Kgy values similar to unsealed microsomes (Fig.
2 ¢, “XRMs”). This indicates that the NH,-terminal ATPase
domain alone cannot gate the translocon pore. However, this
result does not necessarily implicate BiP SBD interactions in
the gating process because the molecular mass of the rBiP 44K
mutant is substantially reduced relative to full-length BiP, and
this may abrogate sealing, particularly if BiP is the physical
translocon seal.

To analyze the role of the BiP SBD in gating more di-
rectly, we examined the effects of substrate-binding pocket oc-
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Figure 3. Dependence of translocon gating on the SBD of BiP. (a) Mean
fluorescence anisotropy values of NBD-pepCL9C (n = 3-5 + SD) preincu-
bated with increasing concentrations of rBiP (WT or 44K) with ATP, ADP,
and unlabeled pepCL9C (fourfold molar excess) as indicated. (b) Mean
Ksy values (n = 3 =+ SD) for NBD-pPL-sKg associated with RRMs reconsti-
tuted with rBiP 44K or full-length rBiP (WT or T37G) measured in the
absence (@) or presence (O) of melittin. RRMs contained pepCL9C (20-fold
molar excess over rBiP) and ATP or ADP as indicated. In the final lane,
KRMs were incubated with pepCL9C before fluorescence measurements
(n/a, not applicable).

cupancy on sealing-competent rBiP. This was done by recon-
stitution of microsomes with rBiP in the presence of a variant
of peptide C, a well-characterized 13-residue Hsp70 substrate
with high affinity (submicromolar K;) (Flynn et al., 1989). Our
variant introduced a cysteine at position 9 (pepCL9C) for mod-
ification with a thiol-reactive fluorescent probe to monitor pep-
tide—BiP interactions (see below). We reasoned that if the pres-
ence of excess pepCLIC impaired the ability of otherwise
sealing-competent rBiP to seal translocons, then gating must
involve direct interaction between the BiP SBD and a translocon
(or translocon-associated) component.

Functional interaction between rBiP and pepCLIC was
confirmed by two independent means. First, the ATP hydrolysis
rate of rBiP WT increased approximately twofold in the pres-
ence of pepCLIC (Fig. 1, compare lanes 1 and 3), consistent
with previous results (Wei et al., 1995). Second, we monitored
the fluorescence anisotropy of NBD-labeled pepCLIC in the
presence of increasing rBiP concentrations (Fig. 3 a). ADP-
bound rBiP WT showed high affinity pepCLOC binding that
was reduced by competition with unlabeled pepCLIC, indicat-
ing that the fluorescent peptide interacted with the authentic

peptide-binding site. In contrast, rBiP WT in the presence of
ATP showed a marked reduction in affinity, and rBiP 44K dis-
played no detectable binding. Together, these results confirm
that pepCLIC is a bona fide rBiP substrate.

To assay BiP translocon gating activity in the presence of
pepCLIC, we first chose conditions in which BiP would main-
tain a high affinity interaction with the peptide throughout the
analysis: either by reconstitution in the presence of ADP, or by
using the rBiP T37G mutant. Indeed, when incubated with
pepCLIC at a 20-fold molar excess before reconstitution, nei-
ther rBiP T37G in the presence of ATP nor rBiP WT in the
presence of ADP sealed translocons when reconstituted into
microsomes (Fig. 3 b, closed circles). In contrast, rBiP WT
reconstituted under the same conditions except in the presence
of ATP formed a lumenal seal. We interpret the latter result to
indicate that rBiP WT undergoes cycles of pepCL9C binding
and release in the presence of ATP, and over the course of the
experiment sufficient rBiP is available (non-pepCLIC associated)
to effect translocon pore closure. To ensure that the peptide it-
self did not render ER membranes permeable to 1™, control
experiments were conducted by analyzing KRMs that had
been incubated with pepCLIC before quenching measurements.
The presence of pepCLIC did not make KRMs permeable to
I" (compare Fig. 3 b with Fig. 1 c), and therefore the peptide
does not have cytolytic properties that would artificially induce
quenching in the above experiments. These results provide
strong evidence that BiP binds to one or more translocon com-
ponents through its substrate-binding pocket during sealing.

BiP functionally interacts with a
membrane-bound J domain-containing
protein to seal translocon pores

Next, we addressed whether BiP interacts with a J domain—
containing protein during translocon gating. Because BiP is the
only soluble lumenal protein required for translocon sealing,
such an interaction could only be with a membrane-bound
protein with a lumen-exposed J domain.

To this end, we sought to create a hamster rBiP mutant
impaired in J domain interactions. Genetic and biochemical
approaches have shown that DnaK, the prokaryotic Hsp70
homologue, interacts, at least in part, with the flexible loop of
the Dnal J-domain via a cleft between the IA and IIA subdo-
mains of the ATPase domain (Greene et al., 1998; Suh et al.,
1998). We generated multiple hamster rBiP constructs with
mutations in this site that were homologous with DnaK point
mutations known to abrogate DnaK—DnalJ interaction. Among
these, the R197H point mutation completely abolished the in-
teraction between rBiP and J domain proteins. First, the steady-
state ATPase rate of rBiP R197H did not show a J domain—
mediated increase, in contrast with rBiP WT (Fig. 1, compare
lanes 1 and 2 with lanes 7 and 8). Second, rBiP WT stably in-
teracted with ERdj4 in an ATP-dependent manner in GST
binding experiments, but rBiP R197H did not (Fig. 4 a). The
homologous DnaK R167H mutant was shown to be a strong
allele-specific suppressor of the binding-defective dnaJD35N
mutant, and to block interaction with wild-type DnaJ (Suh et al.,
1998). Importantly, rBiP R197H is impaired only in its J domain
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Figure 4. Dependence of translocon gating on the J domain-binding
region of BiP. (a) GSTJ recombinant protein was immobilized on glu-
tathione agarose and incubated with purified rBiP (WT or R197H) in the
presence of ADP (left) or ATP (right). Unbound protein was removed by
extensive washing, and the bound protein was released from the glu-
tathione agarose by SDS sample buffer, subjected to SDS-PAGE, and visu-
alized by Coomassie blue staining. (b) Mean Ksy values (n = 3 = SD) for
NBD-pPL-sK7s RNCs bound to RRMs reconstituted with rBiP R197H and
ATP or ADP measured in the absence (®) or presence (O) of melittin.

interaction, and does not show global functional defects, as indi-
cated by its wild-type basal ATPase rate (Fig. 1, lane 7), its abil-
ity to undergo peptide-stimulated ATP hydrolysis (Fig. 1, lane 9),
its ATPase rate after reconstitution conditions (Fig. 1, lane 11),
and its wild-type proteolytic pattern when digested with protein-
ase K in the presence of ADP or ATP (not depicted).

Our collisional quenching analyses revealed that rBiP
R197H was not sealing competent, irrespective of the nucleotide
present during reconstitution (Fig. 4 b). These data suggest that
BiP must interact with a membrane-bound J domain protein at
or near the translocon to effect pore closure. Moreover, the re-
quirement of this interaction is not due solely to the J domain—
mediated stimulation of the BiP ATPase rate (both ADP- and
ATP-bound forms of the mutant are sealing incompetent);
rather, it appears that this BiP-J protein interaction may have
other functional consequences during gating (see Discussion).

Translocon gating by BiP is competitively
inhibited by veast Kar2, but not by
sealing-incompetent hamster BiP

Next, we addressed whether sealing-incompetent rBiP displayed
a dominant-negative effect for gating in the presence of seal-
ing-competent rBiP. rBiP WT was co-reconstituted into mi-
crosomes in equimolar concentrations with sealing-incompe-
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tent rBiP T229G, rBiP R197H, or yeast Kar2p in the presence
of ATP (Fig. 5). Co-reconstitution of rBiP WT with rBiP
T229G or with rBiP R197H yielded a mean Kgy value similar
to that measured with rBiP WT alone (Fig. 5); therefore, nei-
ther the presence of rBiP T229G nor rBiP R197H had any ef-
fect on the ability of rBiP WT to seal translocon pores. We
conclude that these mutants (ATP-bound rBiP T229G, and
ATP- or ADP-bound rBiP R197H) did not interfere with the
ability of rBiP WT to seal the translocon. In contrast, the presence
of Kar2p resulted in a high Ky value, and therefore blocked the
ability of rBiP WT to seal ER translocons (Fig. 5). The nature of
the Kar2p dominant-negative effect is discussed below.

Discussion

In this work, we have analyzed the molecular mechanisms by
which BiP mediates the gating of the Sec61 translocon. Four
major conclusions can be drawn from our results. First, BiP-
mediated gating of the translocon pore is tightly coupled to the
ATPase catalytic cycle of BiP. Second, BiP binds directly, via
its substrate-binding cleft, to a membrane protein that is part of
or associated with the translocon during sealing. Third, BiP must
functionally interact with a membrane-bound J domain protein to
affect pore closure. Finally, whereas sealing-incompetent ham-
ster BiP variants did not abrogate the gating activity of rBiP WT,
Kar2p completely blocked pore sealing by rBiP WT.

BiP translocon gating is controlled by
the ATPase cycle

Our results indicate that BiP seals the translocon pore while in
the ADP-bound conformation and must undergo an ATP bind-
ing—induced conformational change to open the pore once the
translocating polypeptide reaches a threshold length. Cycles
of ATP binding, hydrolysis, and nucleotide exchange in the
Hsp70 ATPase domain regulate substrate binding through in-
terdomain communication (Bukau and Horwich, 1998). An
ATP-dependent conformational change in the substrate-bind-
ing pocket results in low substrate affinity. This step of the cy-
cle is blocked in the rBiP T37G mutant, which binds ATP but
does not undergo a coupled allosteric change in the binding
pocket, and in the rBiP G227D mutant, which has a signifi-
cantly reduced nucleotide binding affinity (Wei et al., 1995).
ATP hydrolysis converts the binding pocket to a high affinity
state with low rates of polypeptide binding and release. This
step is blocked in the rBiP T229G mutant, which binds ATP
and undergoes an opening of the binding pocket, but does not
catalyze hydrolysis and therefore remains in the low affinity
state in the presence of ATP (Wei et al., 1995).

It has been demonstrated that BiP requires nucleotide
(ATP or ADP) to effect translocon pore closure during secre-
tory protein translocation (Hamman et al., 1998) and during
membrane protein integration (Haigh and Johnson, 2002);
however, the coupling between the ATPase cycle and gating
events has remained unknown. When reconstituted into mi-
crosomes in the presence of ATP, rBiP T229G was the only
full-length hamster rBiP mutant unable to seal the translocon
(Fig. 2, b and c; closed circles), suggesting that BiP must as-
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Figure 5. Co-reconstitution of rBiP WT and sealing-incompetent rBiP.
Mean Ksy values (n = 3 = SD) for NBD-pPL-sK7s RNCs bound to RRMs
reconstituted with ATP and equimolar concentrations of rBiP WT and either
rBiP T229G, rBiP R197H, or Kar2p measured in the absence (@) or pres-
ence (O) of melittin.

sume the high substrate affinity ADP-bound state for pore clo-
sure. This was independently verified by reconstituting this
mutant in the presence of ADP: rBiP T229G binds ADP with
submicromolar affinity, and in the presence of ADP will bind
peptide substrate and generate a proteolytic pattern identical to
that of ADP-bound rBiP WT (Wei et al., 1995). In our analysis,
rBiP T229G was capable of sealing translocon pores when
forced into the ADP-bound conformation (Fig. 2 d). Other
hamster rBiP constructs reconstituted in the presence of ATP
presumably then attained the ADP-bound state either through
basal ATP hydrolysis, or perhaps by J domain—stimulated ATP
hydrolysis at the translocon. Notably, a steady-state basal
ATPase rate of 2-5 pmol g BiP~! min~' (Wei et al., 1995; Y.
Shen et al., 2002; Mayer et al., 2003; Fig. 1, this paper) trans-
lates into one ATP turnover per BiP molecule every 2—6 min;
therefore, there was sufficient time for BiP to attain the high af-
finity ADP state during the course of our experiments.

Two separate lines of evidence in the present paper indi-
cate that the opening of the lumenal gate requires BiP to bind
ATP and undergo a coupled conformational change in the bind-
ing pocket. First, the rBiP T37G and G227D mutants in the pres-
ence of ATP sealed translocon pores but were unable to mediate
pore opening, as evidenced by the lack of exposure of pPL-sKyg
nascent chains to lumenal quencher (Fig. 2 c, open circles). In
the presence of ATP, neither mutant released bound peptide or
generated a proteolytic pattern characteristic of the ATP-bound
state, due to either blocked interdomain coupling (rBiP T37G) or
reduced ATP affinity (rBiP G227D) (Wei et al., 1995). Second,
when reconstituted in the presence of ADP (i.e, no ATP avail-
able), rBiP WT did not allow pore opening (Fig. 2 d).

BiP binds to a translocon-associated
membrane protein via its substrate-
binding pocket during pore closure

BiP binds nascent, misfolded, or unassembled proteins in the ER
and mediates the translocation of newly synthesized precursors

and the retrotranslocation of misfolded protein across the ER
membrane (Matlack et al., 1999; Kabani et al., 2003). Our results
show that the SBD of BiP is also involved in translocon gating,
given that the binding pocket must be unoccupied for pore clo-
sure to occur (Fig. 3 b). Together with the ATPase mutant data,
this suggests that ADP-bound BiP binds to a membrane protein
at, or associated with, the translocon via its SBD during gating.

There are several other examples in which Hsp70 chaper-
ones interact through their SBD with functional (i.e., mature
and folded) proteins such as transcription factors and signaling
proteins to regulate their activity. For example, BiP negatively
regulates membrane-bound kinases (PERK and IRE1) and a
transcription factor (ATF6) involved in the unfolded protein re-
sponse by binding to their lumenal domains (Bertolotti et al.,
2000; Ma et al., 2002; J. Shen et al., 2002; Kimata et al., 2003).
Upon ER stress, these proteins are released and activated as
BiP preferentially binds to accumulating unfolded proteins. In-
terestingly, BiP ATPase mutants (e.g., rBiP T37G) that bind
but do not release peptides (Wei et al., 1995) or substrates such
as Ig light chain (Hendershot et al., 1996) constitutively bind
ATF6 (J. Shen et al., 2002) and IRE1 (Kimata et al., 2003),
blocking their release even during ER stress. These observa-
tions are consistent with our conclusion that BiP-mediated
translocon pore sealing entails an interaction between the BiP
SBD and a membrane protein. ATPase mutants whose sub-
strate dissociation is blocked (rBiP T37G and rBiP G227D), or
rBiP WT in the presence of ADP only, remain bound to the pu-
tative site and keep the translocon sealed from the lumenal
side, even when associated with intermediates beyond the 70-
residue threshold (Fig. 2).

We speculate that this putative binding site at or near the
translocon bears similarity to Hsp70 substrates (e.g., an un-
structured loop). Given that BiP binds peptides with extensive
sequence diversity (Bukau and Horwich, 1998), and that its
substrate range becomes broader still in the presence of a J do-
main protein (Misselwitz et al., 1998), many candidate binding
sites are possible. Identification of such sites at the translocon
awaits further investigation.

Like all Hsp70s, BiP preferentially releases peptide sub-
strates in the presence of ATP (Wei et al., 1995; Theyssen et al.,
1996). However, our results suggest that the ADP-BiP interac-
tion with the translocon is prolonged, even when microsomes
contain ATP. The protracted interaction between BiP and the
Iumenal domains of other proteins (e.g., ATF6) must be equally
stable, dissociating only after the proper stimulus. One mecha-
nism to account for this sustained association may entail sup-
pression of BiP ATPase activity until a specific stimulus (the
presence of a growing polypeptide chain in this case) is encoun-
tered. Experiments designed to measure the rate of BiP cycling
from Ig heavy chains in vivo failed to detect reiterative cy-
cles of BiP binding, whereas the association of Ig light chains
readily triggered the release of BiP from heavy chains (Van-
hove et al., 2001). Similarly, Mayer et al. (2003) have shown
that peptides stimulate the ATPase rate of BiP by increasing the
rate-limiting step of ATP hydrolysis, whereas interaction with
an unfolded antibody domain decelerates ATPase activity. In-
teraction of a translocon protein with BiP, perhaps on a regula-
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tory site, could have a similar effect on ATPase rate. Alterna-
tively, stabilization of the BiP-ADP complex at the translocon
might involve a cochaperone with properties similar to those
observed for the Hsp70 cofactor Hip, which has been shown to
stabilize the ADP-bound form of Hsp70 (Hohfeld et al., 1995).
Regardless of the mechanism, we propose that pore opening in-
volves the de-repression of BiP ATPase activity and promotion
of BiP nucleotide exchange (see below).

BiP pore sealing requires a functional
interaction with a membrane J domain
protein

Several mammalian ER-resident J domain proteins have
been identified and characterized, including the transmembrane
Sec63 (Meyer et al., 2000; Tyedmers et al., 2000) and Mtjl
(Chavalier et al., 2000; Dudek et al., 2002), both of which are as-
sociated with the Sec61 translocon. The functional interaction
between BiP/Kar2p and Sec63 has been demonstrated (Corsi
and Schekman, 1997; Misselwitz et al., 1999), as has the interac-
tion between BiP and Mtj1 (Dudek et al., 2002). Moreover, both
BiP/Kar2 and Sec63 are required for both post-translational
translocation (Matlack et al., 1999) and cotranslational translo-
cation (Brodsky et al., 1995; Young et al., 2001; Miller et al.,
2003). Therefore, it was not unexpected that the establishment of
the BiP-mediated seal should depend on a functional interaction
between BiP and a membrane-bound J domain protein (Fig. 4).

What is intriguing is the nature of this interaction. If the
role of the J domain protein in translocon gating were limited to
a transient interaction with BiP and stimulation of its ATPase
activity (e.g., to induce SBD binding to a putative membrane
protein), then no such requisite J protein association would be
seen for BiP reconstituted in the presence of ADP. This was not
the case (Fig. 4). It appears instead that the BiP-J domain inter-
action is important for something other than stimulating the
ATPase rate: perhaps recruitment to the translocon and/or proper
positioning of BiP, or perhaps BiP binding induces a conforma-
tional change on the J domain protein itself that is required to
seal the pore. Notably, we cannot discount the potential impor-
tance of a kinetic requirement for a J domain protein in vivo (i.e,
to facilitate rapid ATP hydrolysis at the translocon for gating),
as it would not be detected on the time scale of our assay.

Our data suggest that BiP-mediated pore closure requires a
functional interaction of BiP with a J domain while BiP is in the
ADP conformation. Although many Hsp70s require an ATP-
induced conformational change to stably bind J domain proteins
(e.g., Sec63 [Corsi and Schekman, 1997; McClellan et al.,
1998]; ERdj4, this paper [Fig. 4 a]), there is evidence that J do-
main proteins can form stable complexes with Hsp70 chaper-
ones in both the ADP- and ATP-bound states (e.g., Greene et al.,
1998). Importantly, BiP has been shown to interact stably with
Mtj1 in both nucleotide-bound states (Chavalier et al., 2000).

Kar2p displays a dominant-negative
effect with respect to gating the
mammalian translocon

Kar2p displayed basal, J domain—activated, and peptide-acti-
vated ATPase activity similar to hamster rBiP (Fig. 1), and yet
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did not gate translocon pores when reconstituted into mamma-
lian microsomes (Fig. 2). One possible explanation is a differ-
ence in substrate-binding specificity between BiP and Kar2p.
Alternatively, Kar2p may be unable to form a specific chaper-
one—cochaperone interaction required for pore gating. Given
that both SBD and J domain interactions are required for BiP
gating (Figs. 3 and 4, respectively), either of these explanations
is possible. Importantly, several reports have shown that many
Hsp70 proteins are not functionally interchangeable (Brodsky
et al., 1998; McClellan et al., 1998). Future experiments to as-
certain which regions of BiP are critical for gating may include
domain swaps between Kar2p and rBiP.

In the presence of rBiP WT, Kar2p displayed a domi-
nant-negative effect with respect to pore sealing (Fig. 5). Sim-
ilarly, the presence of Kar2p ATPase mutants such as G247D
(analogous to rBiP G227D) strongly reduced the ability of
wild-type Kar2p to drive post-translational translocation when
reconstituted into yeast proteoliposomes (McClellan et al.,
1998). With regard to gating, the dominance of Kar2p could
be explained, for example, if it bound irreversibly to a puta-
tive translocon binding site (without effecting closure) and
thereby blocked interaction with gating-competent BiP. Alter-
natively, if BiP dimerization were required for sealing, a mix-
ture of sealing-competent and sealing-incompetent BiP/Kar2p
may form nonproductive dimers. The sealing-incompetent
rBiP T229G and R197H, in contrast, appear not to engage the
translocon in such a way that they inhibit gating by wild-type
rBiP (Fig. 5).

BiP-mediated translocon gating involves
multiple binding sites
Our model for the molecular mechanism by which BiP gates
the translocon pore involves functional interactions between
the SBD- and J domain-binding sites of BiP and translocon-
associated proteins (Fig. 6). Because BiP must attain the ADP-
bound state to seal the pore (Fig. 6, step 1), this step requires at
least one ATP turnover that does not necessarily occur at the
translocon. Simultaneous interaction with both an SBD-associ-
ated site and with a J protein during the closure of inactive
translocons may be facilitated, for example, by the regulated
accessibility of such sites to BiP. Similarly, pore opening when
the nascent chain reaches a threshold length (Fig. 6, step 3) may
be facilitated by conformational changes that promote nucle-
otide exchange, perhaps by alleviating some steric hindrance.
Given the dynamic conformational changes observed as the
translocon cycles through different functional states (Johnson
and van Waes, 1999), such a scenario is possible. We note that
BiP is depicted here as the physical seal, although BiP may ef-
fect pore gating indirectly through interactions with other pro-
teins. Further, our data cannot distinguish whether one BiP
molecule leaves the translocon after opening and is replaced
by a separate molecule, or if BiP operates processively, re-
maining associated with a given translocon over multiple
gating cycles.

How might the BiP gating cycle be regulated by other
components of the translocation machinery? During the inte-
gration of a signal-cleaved membrane protein, the presence of a
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Figure 6. Proposed mechanism by which BiP gates the ER translocon pore. Step 1: ADP-bound BiP seals the lumenal end of the translocon via an inter-
action both between the SBD and a translocon-associated component (represented here as a lumenal loop) and also between BiP and a J protein (J).
Step 2: after SRP-dependent targeting of a RNC, the BiP-mediated gate continues to seal the translocon from the lumen for short nascent chains. Step 3:
opening of the BiP-mediated gate after the nascent chain reaches a threshold length of ~70 residues requires that BiP assumes the ATP-bound, open-
binding pocket conformation. Step 4: after translation of substrate, ribosome-free translocons are resealed by the BiP-mediated gate. Steps blocked by

BiP mutations are indicated.

transmembrane segment in the nascent chain deep within the
ribosome tunnel elicits BiP-mediated pore closure, followed by
opening of the ribosome—translocon junction (Liao et al., 1997;
Haigh and Johnson, 2002). Such a nascent transmembrane seg-
ment folds into a conformation compatible with an a-helix, and
is adjacent to ribosomal proteins that are not adjacent to secre-
tory nascent chains (Woolhead et al., 2004). Thus, BiP-medi-
ated translocon gating is regulated by communication between
the ribosome and the ER lumen that likely involves both ribo-
somal and transmembrane proteins (Alder and Johnson, 2004;
Woolhead et al., 2004). Such communication may involve
translocon components that bind to ribosomes (e.g., Sec6la
[Raden et al., 2000] or Sec61p [Levy et al., 2001]), to BiP
(e.g., Sec63 [Corsi and Schekman, 1997]), or to both (e.g.,
Mtjl [Dudek et al., 2002]). In light of the present work, this in-
tricate communication may include the sites to which BiP in-
teracts via its SBD- or J domain-binding region.

The ATPase-regulated substrate and J domain interac-
tions shown here indicate that BiP-mediated translocon gating
has the same underlying mechanism as BiP chaperone activity.
This demonstrates how the myriad functions of BiP in the ER
lumen could be governed by the same fundamental processes,
yet fine-tuned for specific tasks by association with differ-
ent cochaperones and/or substrate. Further elucidation of the
mechanism of BiP gating will come with the identification of
the BiP-binding sites and J protein partners at the translocon
that are required for gating, and with further understanding of
how the ribosome and nascent chain may regulate BiP binding
and release.

Materials and methods

Translocation intermediates

Plasmids pSPBP4 and pVW1, encoding secretory substrates pPL and pPL-sK,
respectively, were cut with restriction endonucleases or used for PCR amplifica-
tion of DNA fragments and transcribed with SP6 RNA polymerase to obtain
mRNAs fruncated in the coding region as described previously (Crowley et al.,
1994). In vitro translations (at 26°C for 35 min, 500 pl) contained wheat
germ exiract, excess mRNA, 40 nM canine SRP, 80 equivalents (Walter and
Blobel, 1983) of canine ER microsomes (KRM, XRM, or RRM; see below), and
300 pmol of either sNBD-['“C]lys fRNAY or unmodified ['“C]lys RNA¥
(Crowley et al., 1993). After 10 min on ice, translocation intermediates were
purified by gel filiration using a Sepharose CL-2B column (0.7 cm i.d. X 50
cm) equilibrated and eluted in buffer A (50 mM Hepes, 40 mM KOAc, and 5
mM MgCl, at pH 7.5). After spectral measurements, the extent of RNC associ-
ation with microsomes was defermined by scintillation counting (Crowley et
al., 1993); pelletassociated '“C counts typically totaled >90%.

Protein and peptide preparation

WT and mutant rBiP and J protein constructs with NH,terminal hexahisti-
dine tags in QE10 vectors (QIAGEN) were expressed in Escherichia coli
M15 cells by IPTG induction as described previously (Gaut and Hender-
shot, 1993). Proteins were purified on Ni?*-NTA agarose (QIAGEN) as
before (Gaut and Hendershot, 1993), except that protein was eluted with
a stepwise imidazole gradient (25-40 mM for wash steps and 100 mM
for elution). Kar2p was purified as described previously (McClellan et al.,
1998). Purified protein concentration, determined by the BCA assay
(Pierce Chemical Co.), ranged from 100 to 200 pM. The rBiP R197H
mutant was produced by site-directed mutagenesis (QuikChange; Strat-
agene) and was verified by sequencing.

Peptide C L9C (N-KLIGVLSSCFRPK-C) was synthesized by solid
phase chemistry and purified by HPLC (Bio-Synthesis, Inc.). Lyophilized
peptide was reconstituted in 50 mM Hepes (pH 7.5) and stored at
—20°C. To prepare fluorescentlabeled PepCL9C, 1.8 umol N-((2-{lodo-
acetoxy)ethyl)-N-methyl)-amino-7-nitrobenz-2-oxa-1,3-diazole (-ANBD) in
dimethylformamide was added to 0.7 pmol PepCLYC (2.5 molar excess
dye/peptide), incubated (at 37°C for 60 min), and quenched by adding
25 mM DTT. NBD-PepCL9C was purified from free dye and unlabeled
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peptide by HPLC (Chromasil 5-um Cyg column; Whatman) using a 90-ml
linear gradient (2 ml/min) from 0.1% (vol/vol) trifluoroacetic acid to 80%
(vol/vol) acetonitrile, 0.085% (vol/vol) trifluoroacetic acid. NBD-PepCLPC
eluted at 29.3 min and was lyophilized.

Exiraction of soluble lumenal proteins and rBiP reconstitution
KRMs (100 equivalents) in 100 pl buffer C (50 mM Hepes, pH 7.5, T mM
DTT, and 200 mM sucrose) were added to 100 wl buffer B (500 mM
Hepes/500 mM Caps, pH ftitrated from 9.5 to 10.0) and 800 pl H,O
and were incubated at 0°C for 20 min (Nicchitta and Blobel, 1993). For
isolation of XRMs, samples were sedimented through a 200-pl 0.5 M su-
crose cushion in buffer A (at 60,000 rpm and 4°C for 20 min; TLA 100.2
rotor; Beckman Coulter) and resuspended in 100 pl of buffer C.

XRMs were reconstituted with purified protein as before (Bulleid
and Freedman, 1988; Hamman et al., 1998) by sedimentation through a
0.5 M sucrose cushion in 0.1X buffer B and resuspension in a 240l so-
lution containing 200 mM sucrose, 0.2x buffer B (pH 9.5), and 20 pM
rBiP. After a 5-min incubation on ice, ATP or ADP was added to 5 mM
(and, where relevant, pepCL9C was added to 0.4 mM), and the solution
immediately adjusted to pH 7.5 by the addition of 1.0 M Hepes (pH 6.8).
After a second incubation (at 0°C for 5 min), RRMs were diluted to 1 ml
with buffer C and sedimented through a 0.5 M sucrose cushion in buffer A
as above. By comparison with rBiP standards on a Coomassie-stained
SDS-polyacrylamide gel, RRMs contained ~1.5 pmol rBiP per equivalent
of microsomes. Assuming 0.4 pmol ER translocons per microsome equiva-
lent (Hanein et al., 1996), the RRMs contained about a 3.5-molar excess
of rBiP over translocons.

Fluorescence spectroscopy

Steady-state fluorescence measurements were made on an SLM-8100 pho-
ton-counting spectrofluorometer at 4°C as described previously (Crowley
et al., 1993). Fluorescent (eNBD-Lys-containing) and nonfluorescent (Lys-
containing) samples were split into four 250-ul aliquots and added to
quartz cuvettes (4 X 4 mm). NBD was excited at 468 nm (4 nm band-
pass) and emission was monitored at 530 nm (4 nm bandpass). Colli-
sional quenching was measured after the addition of 1 M KI and 2 mM
Na,S,0; to a final Kl concentration of 0, 10, 20, or 30 mM, and the
ionic strength was kept constant by the addition of 1 M KCl and 2 mM
Na,S,0;3 to a final KCI concentration of 30, 20, 10, or O mM, respec-
tively (Crowley et al., 1993). Mean Ksy values are from a minimum of
three independent experiments conducted before and after incubation
with 5 uM melittin (at 25°C for 20 min). Anisotropy measurements were
done as before (Crowley et al., 1993) using 1 uM NBD-PepCL9C and up
to 6 M rBiP (WT/44K) in buffer A supplemented with 1T mM DTT and
1 mM ADP or ATP (25°C).

BiP ATPase activity and GST pull-down assay

BiP steady-state ATPase activity was measured by a variation of the Fiske-
Subbarow technique for monitoring inorganic phosphate production
(Fiske and Subbarow, 1925). Reactions (100 pl) with 8 wM BiP in the
presence or absence of 32 pM ERdj4 J domain and/or 1.6 mM pepCL?C
in an ATPase assay buffer (20 mM Hepes, 25 mM KCl, 2 mM MgCl,, 0.1
mM EDTA, and 0.5 mM DTT at pH 7.0) with 1 mM ATP were incubated at
37°C. At appropriate time points (up fo 1 h), 20-ul aliquots were removed
and added to 10 pl of 5% (wt/vol) TCA to quench the reaction. After dilu-
tion of each sample with 300 ul H,O, 90 pl of 2.5% (wt/vol) ammonium
molybdate in 5 N HCl and 60 pl of 0.6% (wt/vol) SnCl, in 0.2 N HCI
were added, and samples were mixed and incubated (at 23°C for 20
min). The phosphomolybdate concentration was measured spectroscopi-
cally (absorbance at 800 nm) against a phosphate standard curve.

GST pull-down assays were performed as described previously (Yu
et al., 2000). In brief, 20 pg GSTJ proteins were added to 20 pl glu-
tathione agarose (Amersham Biosciences) and equilibrated with assay
buffer containing 1 mM of either ATP or ADP before 20 pg of rBiP WT or
rBiP R197H were added in a final volume of 400 pl. After 1 h incubation
while rotating at 4°C, the beads were sedimented and washed five times
with 400 ul assay buffer in the presence of 0.1 mM ATP or ADP. The
beads were boiled in SDS sample buffer and proteins were subjected to
SDS-PAGE and Coomassie blue staining.
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