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The heat shock protein (Hsp)70 family of molecular chaperones
interacts with unfolded proteins through a C-terminal substrate-
binding domain (SBD) that is controlled by nucleotide binding to the
N-terminal domain. The ATPase cycle is regulated by cochaperones,
including DnaJ proteins that accelerate ATP hydrolysis to stabilize the
Hsp70–substrate complex. We found that R197 in hamster BiP, which
resides at the surface of the nucleotide-binding domain, is critical for
both association with endoplasmic reticulum DnaJ proteins and in-
teraction with the SBD. Decreasing the positive charge at this residue
enhanced basal ATPase activity, destabilized interaction with the SBD,
and reduced substrate release both in vitro and in vivo. Mutation of
three glutamic acids in the SBD mimicked many of these effects. Our
data provide insights into communications between the two domains
and suggest a mechanism by which DnaJ proteins increase ATP
hydrolysis.

ATPase activity � heat shock protein 70

The heat shock cognate (Hsc)70/heat shock protein (Hsp)70
family of molecular chaperones is highly conserved and is

expressed in all cells and organelles. These chaperones regulate
an extremely diverse array of functions including transcription,
DNA replication, signal transduction, protein translocation into
organelles, protein folding, extraction of proteins from or-
ganelles, and protein degradation. This remarkable ability to
contribute to so many distinct cellular functions is achieved by
their ability to bind to unfolded regions on proteins through a
C-terminal substrate-binding domain (SBD). Peptide-binding
studies have been performed for several Hsp70 family members
(1–3), and although there are some differences in apparent
specificities, it appears that sequences of �7–9 aa in length with
alternating hydrophobic residues constitute the recognition mo-
tif on unfolded proteins. This is most consistent with Hsp70
proteins recognizing extended polypeptide chains, which would
orient the hydrophobic residues in a single direction. NMR (4)
and crystallographic (5) studies have further supported this
possibility. An early study calculated that sequences with these
characteristics would occur every 16–36 aa on the average
protein (1, 3), which explains the ability of Hsp70 proteins to
interact with such a vast number of proteins and thus contribute
to so many distinct cellular functions.

The binding of Hsp70 proteins to substrates is regulated by
nucleotide binding to their N-terminal nucleotide-binding do-
main (NBD) (6, 7), which is even more highly conserved than the
SBD. Hsp70s vacillate between an ATP- and an ADP-bound
state, with one state representing a fast substrate-binding/fast
release form and the other representing a slow substrate-binding/
slow release form, respectively (8). Hsp70s are regulated by DnaJ
family proteins, which preferentially bind to the ATP form of
their partner Hsp70 and stimulate its ATPase activity (9, 10), and
by nucleotide-exchange or -releasing factors that further accel-
erate the cycle (11, 12). Both groups of regulatory proteins are
known to interact with the ATPase domain of their designate
Hsp70 protein. Hsp70s associate with unfolded proteins when
they are in an ‘‘open’’ ATP-bound state. DnaJ proteins bind to

the Hsp70, and in some cases directly to the unfolded substrate,
and catalyze the rapid hydrolysis of ATP to ADP (11, 13, 14),
thus ‘‘closing’’ Hsp70 onto the unfolded protein. The next step
in the Hsp70 ATPase cycle is the exchange of ATP back into the
nucleotide-binding cleft, which ‘‘reopens’’ Hsp70 and releases
the unfolded protein, allowing it to fold. In addition to the
changes in the ATPase domain that regulate the operation of the
SBD, the binding of peptides to this domain is known to
stimulate the ATPase activity of the NBD (15, 16). Thus, it has
long been appreciated that interdomain interactions are critical
to the functioning of this group of proteins, but, in the absence
of a full-length structure, it has been unclear how these two
domains communicate. However, two recent studies have shed
light on the underlying mechanism of Hsp70 activity (17, 18).

BiP is the mammalian endoplasmic reticulum (ER) Hsp70
ortholog (19, 20). It plays a role in all known functions of the ER,
including gating the translocon (21), folding nascent proteins
(22, 23), targeting misfolded proteins for degradation (24, 25),
regulating the unfolded protein response (26, 27), and contrib-
uting to ER calcium stores (28). Except for binding calcium, all
of these functions require the ATPase activity of BiP. To date,
five ER-localized DnaJ-domain-containing proteins (ERdjs)
have been identified (29–33), and at least one of them can bind
to substrate proteins (34). Previous studies have identified
mutants in the bacterial Hsp70 protein DnaK that are unable to
interact with DnaJ (35, 36). Based on these mutants, we pro-
duced a BiP R197H mutant that was unable to interact with
ERdjs (37). To better understand the interactions between BiP,
ERdjs, and substrates, we made additional mutations at this site
and on the SBD. These mutants provide insights into the
interaction between the substrate binding and NBDs of BiP and
suggest possibilities on how DnaJ proteins stimulate the ATPase
activity of Hsp70 proteins.

Results
Previously, we constructed a mutation in hamster BiP, R197H
(37), which corresponds to a DnaK mutant that does not interact
genetically or biochemically with DnaJ (38). The arginine at this
position in Hsp70 proteins associates with the highly conserved
HPD motif in the J domain of DnaJ proteins (35, 36, 39). Before
using this mutant for in vivo studies, we decided to make two
additional mutants that could further decrease the affinity of
mutant BiP for ERdjs. We reasoned that, although the shorter
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R group on histidine may not support the type of stable
interaction our binding assay measures, it may interact tran-
siently with J domains and interfere with a clear interpretation
of in vivo studies. Thus, we also chose to substitute R197 with
alanine, a neutral amino acid, and glutamic acid, a negatively
charged amino acid. First, we assessed the ability of the various
recombinant mutants to bind to a recombinant J domain from
ERdj3. Wild-type BiP readily bound in the presence of ATP, but
none of the three R197 mutants showed detectable levels of
binding [supporting information (SI) Fig. 8]. Second, we mea-
sured the ATPase activity of each of the three mutants either
alone or with recombinant ERdj3 (Fig. 1A). As previously
reported, the basal ATPase activity of wild-type BiP was stim-
ulated by ERdj3, whereas the R197H mutant was not stimulated,
even though its basal ATPase activity was very similar to that of
wild-type BiP (37). As expected, the R197A and R197E mutants
were also not stimulated by ERdj3; however, we did detect a
modest but statistically significant increase in basal ATPase
activity as the positive charge at residue 197 decreased [R197A
(P � 0.034) and R197E (P � 0.012), whereas that of R197H (P �
0.221) was not statistically different from that of wild-type BiP].

Another highly conserved but incompletely understood property
of Hsp70 proteins is the ability of peptide binding to the SBD to
stimulate their ATPase activity (15). When the four proteins were
tested, we found that peptide addition stimulated the ATPase
activity of all three mutants and wild-type BiP to the same level,
even though their basal ATPase levels varied. Furthermore, the
peptide-stimulated rates for all four proteins were very similar to
the basal rate of ATP hydrolysis by R197E BiP (Fig. 1B). The SBD
of at least two different Hsp70 proteins is known to interact with the
NBD in a way that negatively regulates their ATPase activity (6, 40,
41). We produced recombinant protein corresponding to the NBD

of wild-type BiP and each of the three mutants and measured the
ATPase activity of each protein (Fig. 1C). Removing the SBD from
wild-type BiP increased its basal ATPase activity by �2.0-fold, in
keeping with previous results (40). In the case of the three mutants,
we found that removal of their SBD resulted in proteins with rates
of hydrolysis that were nearly identical to each other, even though
the basal rate of hydrolysis for each of the full-length proteins
varied. Together, the properties of these mutants began to suggest
that differences in ATP hydrolysis were not intrinsic to the ATPase
domain. Instead, they argued that by decreasing the positive charge
at residue 197, we may have been altering the interaction of the SBD
with the NBD and relieving the suppression that this domain
normally provides (6, 40, 41).

To test this possibility, the mutants were next examined for
nucleotide-induced changes in their conformation, as measured
by a protease sensitivity assay (Fig. 2A). Both wild-type and
R197H BiP demonstrated the characteristic ATP-induced pro-
tection of an �60-kDa fragment after incubation with proteinase
K that includes both the NBD and SBD and is considered to
represent the open form of Hsp70 proteins in terms of substrate
binding (6, 41, 42). Binding of ADP to these two proteins
protected only the �44-kDa NBD, which represents the closed
form for interacting with substrate. When the R197A and R197E
mutants were similarly analyzed, we found that incubation with
ATP did not induce the conformational change leading to
protection of the �60-kDa fragment. Instead, these mutants
remained in the closed form, which is indicative of an ADP-
bound state. This was not because these mutants are unable to
bind to ATP stably, because all three mutants bound ATP–
agarose as well as wild-type BiP (Fig. 2B), indicating that the
mutations did not affect their ability to bind stably to ATP, but
instead argued that this did not lead to the characteristic
conformational change in the protein. This strongly implied that
as the charge at residue 197 decreased, the SBD was less able to
interact with the ATPase domain in the characteristic way and
raised the possibility that in the absence of this close contact with
the NBD, the SBD may remain in a closed conformation, which
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Fig. 1. Characterization of BiP R197 mutants. (A) Recombinant protein was
isolated for full-length and N-terminal nucleotide-binding fragment of wild-
type BiP and three different mutants with amino acid substitutions at residue
197. Full-length recombinant BiP proteins were assayed for ATPase activity
when stimulated with full-length recombinant ERdj3 (A) or peptide C (B). (C)
The basal ATPase activity of the full-length and NBD of wild-type and mutant
proteins was measured.
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Fig. 2. Mutations at residue 197 do not affect nucleotide binding but do
alter nucleotide-induced conformational changes. (A) Recombinant BiP pro-
teins were incubated in the absence of proteinase K or with proteinase K,
along with ATP, ADP, or nucleotide. Samples were analyzed by SDS/PAGE.
Full-length proteins migrated at �78 kDa, whereas the normal ATP-protected
fragment migrated at �60 kDa, and the ADP-protected fragment migrated at
�44 kDa. Proteinase K can be observed at the bottom of the gel. (B) The three
R197 mutants, as well as wild-type and G227D BiP, were incubated with
ATP–agarose to assess the effects of the mutations on nucleotide binding. The
left side of the gel is the input protein, and right side is the protein bound to
the ATP–agarose beads. G227D BiP serves as a control for a non-ATP-binding
mutant.
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would be less permissive for both substrate binding and substrate
release.

This possibility was first tested by isolating Ig heavy chain
(HC) complexes with either wild-type BiP or each of the R197
mutants and testing their ability to be released in vitro with ATP.
COS cells were cotransfected with cDNAs encoding Ig HC and
the various BiP mutants. Cell lysates were prepared and immu-
noprecipitated with anti-BiP or with protein A–Sepharose to
isolate HC and associated BiP protein. The protein A-precipi-
tated material was either run directly on SDS gels or incubated
with ATP to release BiP before electrophoresis. All of the R197
mutants were coprecipitated with Ig HCs, demonstrating that
they were capable of binding substrate (Fig. 3). When the BiP
signals remaining associated with HC after ATP addition were
normalized to the amount of HC that was precipitated in three
different experiments and averaged, we found that the R197H
mutant was released nearly as effectively as wild-type BiP
(16.5 � 2.8% vs. 13.35 � 1.7% remaining, respectively). On the
other hand, the R197E mutant (30.6 � 9.4%) and the R197A
mutant were partially defective in ATP-mediated release (20.9 �
3.61%), even though both proteins are able to bind and hydrolyze
ATP as well as or better than wild-type BiP. This is consistent
with their inability to achieve the ATP-induced conformation
represented by protection of an �60-kDa fragment in the
presence of protease. It is important to note that, in all cases,
there was also endogenous wild-type BiP associated with the HC,
which was released with ATP, and that the amount of mutant
BiP that was expressed in the cells was likely to vary slightly in
each experiment.

The residue 197 mutants were next examined for their ability
to support light chain folding and Ig assembly in vivo. Wild-type
and the T37G BiP ATPase mutant (42) were included as
controls. � light chains were coexpressed with each of the BiP
constructs, and cells were pulse-labeled in the presence of DTT
to accumulate nonoxidized intermediates of light chain, which
are a substrate for BiP binding (Fig. 4). Cells were either lysed
directly (0 min) or chased for 45 min in complete media lacking
DTT before lysing and immunoprecipitating with anti-� LC
antiserum. After 45 min, most of the light chains coexpressed
with either wild-type or R197H BiP had reached the fully
oxidized form. However, similar to the results obtained with the
T37G mutant, we reproducibly found that, in cells expressing
R197E BiP, approximately half of the light chains reached the
fully oxidized state, whereas the remaining half were only
partially oxidized. The R197A mutant was only slightly less active
than wild-type or R197H BiP in this assay.

As another test of in vivo activity, we measured the ability of
the R197 mutants to support Ig assembly. COS cells were
cotransfected with Ig HCs and light chains along with each of the
BiP mutants. Cells were pulse-labeled and then chased for 1 and
2 h. Cell lysates were incubated with protein A–Sepharose to
isolate Ig HCs, and the precipitated material was analyzed under
nonreducing conditions to monitor the assembly state of the
HCs. After the initial pulse, most of the HCs were dimers (H2),
regardless of with which BiP construct they were coexpressed
(Fig. 5). Within 1 h, completely assembled (H2L2) molecules
were readily detected in the wild-type and R197H BiP-
expressing cells, and, by 2 h, a significant proportion of HCs had
been secreted. When R197E-expressing cells were examined, we
found that the pattern of Ig assembly and secretion resembled
that obtained with T37G BiP. The total amount of HCs in the
cells was reduced during the chase period compared with
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Fig. 3. ATP-mediated release of R197 mutants from substrate in vitro. COS
cells were cotransfected with Ig HCs and either wild-type BiP or the three R197
mutants. Cells were metabolically labeled, and lysates were divided for im-
munoprecipitation with anti-BiP or protein A–Sepharose to isolate Ig HCs. One
set of HCs was left untreated, and one set was incubated with ATP for each
group. Samples were electrophoresed on 10% SDS gels under reducing con-
ditions. BiP signals were quantitated by phosphorimaging, normalized to HC
signals, and expressed as the percentage remaining after ATP treatment.
Results are from three independent experiments, and error bars represent SD.
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wild-type BiP cells, and the relative amount of completely
assembled and secreted Ig was also diminished. This demon-
strates that the R197E mutant is also defective in this in vivo test
for function. The R197A mutant was found to be slightly better
than the R197E mutant in this assay but showed significantly less
activity than R197H BiP. Thus, various substitutions at position
197 demonstrate the full range of activity from wild-type to
ATPase mutant in in vivo assays, and the degree of activity
correlates with the charge at this residue. The BiP mutant with
a positive charge retained full activity, with the neutral substi-
tution retaining partial activity, and a negative charge at this
residue completely inhibited in vivo activity.

Together, these data led us to propose a model in which the
SBD of Hsp70 proteins suppresses ATPase activity when they
are in the ATP, or open, form. When DnaJ proteins bind to the
NBD via interactions with R197, we suggest that they stimulate
the ATPase activity and closing of the SBD, at least in part, by
pushing the two domains away from each other. We hypothe-
sized that, by substituting decreasingly positive charges at posi-
tion 197, we mimicked this action because of steric hindrance or
charge clashes with the SBD (Fig. 6). Thus, we inspected the
recent full-length crystal structure of bovine Hsc70 (17, 43) and
found three highly conserved glutamine acid residues on the
SBD in the vicinity of R197. It is important to note that the
structure is for the ADP-bound form of Hsc70, but, nonetheless,
we mutated each of these residues to arginine alone and
together. All four mutants were still able to bind to the J domain
(Fig. 7A), and each of the single mutants adopted the 60-kDa
open form with ATP (SI Fig. 9A), but the triple mutant (TM) did
not (Fig. 7B). When the recombinant proteins were tested for
ATPase activity, we found that the basal ATPase activity of the
single mutants was similar or only slightly higher than wild-type
BiP and could be stimulated with both J domain and peptide (SI
Fig. 9B). Conversely, when all three negative charges in the SBD
were mutated together, the basal ATPase activity the TM was
significantly higher than wild-type BiP (P � 0.003) and was even
slightly higher than that of R197E (Fig. 7C). Similar to R197E,
the TM was not stimulated by peptide and was only very weakly
stimulated by the J domain, even though it bound stably to the
J domain. When the TM was tested for its ability to be released
from HC in vitro with ATP, we found that it was as defective as
the R197E mutant in this assay, whereas the single mutants were
only slightly inhibited (SI Fig. 10). Thus, mutation of all three
negatively charged amino acids on the SBD that lie near R197
to a positively charged arginine resulted in a protein that was
unable to form the 60-kDa fragment with ATP, that had higher
basal ATPase activity, which was not appreciably stimulated by
J domain or peptide, and that was unable to release from HC
with ATP.

Discussion
In this study, we produced and characterized three different
mutations at R197 in hamster BiP. To our surprise, the initial in
vitro characterization of the corresponding recombinant proteins
demonstrated that, in addition to playing a critical role in binding
to J domain proteins, changes in this residue affected a number
of additional BiP parameters in a charge-dependent manner.
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Because the charge at amino acid 197 became less positive, the
mutant had higher rates of ATP hydrolysis and showed less of an
ability to protect a 60-kDa fragment with ATP or to be stimu-
lated with peptide. The increased ATP hydrolysis by the R197A
and R197E mutants did not appear to be attributable to direct
changes in the ability of the mutants to hydrolyze ATP because
the ATPase rate for the 44-kDa domain alone was very similar
for each of the mutants. Instead, the differences in ATP hydro-
lysis could be due to changes in the ability of the SBD to hamper
ATP hydrolysis (6, 41) when these mutations are present. We
interpret these data to argue that R197 interacts with the SBD
when BiP is in the ATP-bound state and positions the SBD in a
manner that diminishes ATP hydrolysis. This could serve to
diminish nonnecessary hydrolysis in the absence of a J protein or
substrate. The recent structure obtained for full-length bovine
Hsc70 (17) and mutational analysis of the NBD and linker of
DnaK (18) are consistent with this interpretation. Mutation of
the corresponding R151 on the NBD (18) or D393 in the linker
(44) of DnaK dramatically interfered with relaying conforma-
tional changes to the SBD upon ATP binding, as demonstrated
by changes in tryptophan fluorescence. In the case of Hsc70,
several additional charged residues exist in the vicinity of R171
(corresponds to R197 in BiP) and form ionic interactions with
residues in the SBD (17). Mutation of these residues resulted in
altered rates of ATP hydrolysis and affected the ability of ATP
to protect an �60-kDa fragment. We found that, by decreasing
the positive charge at R197 in BiP, the SBDs of our mutants
interacted less stably or not at all with the NBD, as judged by the
ability to form the 60-kDa fragment. This implied that this
residue may normally interact with a negatively charged amino
acid(s) on the SBD or hinge to hold the two domains together.
Although there is no full-length structure of the ATP-bound
form of any Hsp70 protein, there were several glutamic acid
residues juxtaposed to R171 in the ADP-bound form of Hsc70
(17) that are conserved in BiP and other Hsp70 proteins. Indeed,
we found that mutation of all three amino acids to arginine
yielded a BiP mutant that was phenotypically very similar to the
R197E mutant. Although this mutant supports our model,
clearly these data must be interpreted cautiously in the absence
of an ATP structure for an Hsp70. However, a recent crystal-
lographic structure has been obtained for the ATP bound form
of Ssel, a member of the high molecular weight Hsp70s that are
thought to serve as nucleotide exchange factors for Hsp70s (45).
The structure revealed extensive interaction between NBD and
the linker, the lid of the SBD (SBD alpha), and the SBD itself
(SBD beta) when Ssel is bound to ATP.

In addition, we found that the less positive the charge at
residue 197 was, the more compromised the mutant was in terms
of substrate release both in vivo and in vitro. This could be
interpreted to suggest that interaction of the SBD with the
ATPase domain holds the lid open, supported by the Ssel ATP
structure (45), whereas hydrolysis to ADP loosens the interac-
tion, allowing the lid to close. Our data would argue that R197
plays a critical role in the interaction between the domains and,
therefore, the opening and closing of the SBD. We hypothesized
that when mutations in the NBD effectively ‘‘pushed’’ the SBD
away, it adopted a closed configuration. Indeed, this interpre-
tation is supported by data on similar mutants in Hsc70 (17), and
in DnaK, where auxilin and peptide release respectively was
negatively affected (18). The fact that our R197E mutant was as
unable as a BiP ATPase mutant to properly fold or assemble
substrate proteins in vivo argues that the interactions that are
affected in our in vitro analyses are at the heart of the protein’s
function in vivo.

The presence of an arginine at this site is highly conserved in
all Hsp70 proteins and is a major site for interaction with the J
domain of DnaJ proteins (35, 39, 46). Although the substitution
of a histidine at this position in BiP affected its ability to interact

with J domains and to gate the translocon in an earlier study (37),
it did not appear to dramatically alter the interaction of the SBD
and NBD, as measured by protease sensitivity or to affect in vivo
protein folding and assembly of Ig proteins. It is striking that this
residue should be intimately involved in both interdomain com-
munication and in interactions with the J domain. A function of
J domain proteins is to bind the ATP-bound form of Hsp70
proteins and stimulate the hydrolysis of ATP. Based on the data
presented here, we suggest that part of the mechanism by which
DnaJ proteins stimulate Hsp70 ATPase activity is by serving as
a wedge to push the SBD away from the NBD, an idea that is
supported by recent crystallographic data obtained for a portion
of Hsc70 and a J domain (39). This would serve to both stimulate
ATP hydrolysis and to close the lid on the SBD. In keeping with
this, our SBD TM (E536R, E537R, and E539R) retained the
ability to bind to a J domain, but its ATPase activity was not
appreciably enhanced by this binding. This argues that binding of
the J domain is not necessarily sufficient to stimulate ATP
hydrolysis, but that the J domain must interact with BiP when the
NBD and SBD are juxtaposed to stimulate hydrolysis. In the case
of DnaK, it has been shown that full function (47) and maximal
stimulation of ATPase activity by DnaJ requires that it interacts
with both the arginine (R151) on the NBD and residues within
the substrate-binding cleft, which could be observed even when
the two signals were delivered in trans (14, 48). However, we did
not observe a similar synergist stimulation of ATPase activity
when J and peptide were added to BiP together (Fig. 7C),
suggesting that there may be some intrinsic differences between
these proteins.

In summary, we produced BiP mutants that were anticipated
to be defective in the interaction with ER-localized mammalian
DnaJ proteins. The substitution of neutral or negatively charged
amino acids at R197 resulted in proteins that were also defective
in interdomain communications between the NBD and SBD that
interfered with protein folding and assembly in cells. This
extends recent studies on DnaK and Hsc70 to an ER homolog
and underscores the importance of this residue in interactions
with J domains and with the SBD both in vivo and in vitro, thus
providing additional insights into Hsp70/DnaJ/substrate biology.

Materials and Methods
Generation of BiP Mutants. To produce BiP mutants at R197, the initial CGG
codon in a hamster BiP cDNA was mutated to CAC for histidine, GCG for
alanine, and GAG for glutamic acid by site-directed mutagenesis with the use
of Quikchange Site-Directed Mutagenesis kit (Stratagene). Residues E536,
E537, and E539 of the SBD were mutated to arginine either alone or in
combination. After sequencing, each mutant was inserted into pQE vector to
produce full-length recombinant protein in bacteria and into pMT vector for
expression in mammalian cells. Each of the NBD mutants was also expressed in
the context of the ATPase domain alone.

Protein Expression and Purification. Recombinant BiP proteins were expressed
in Escherichia coli M15 cells under nondenaturing conditions and purified on
Ni–agarose beads (Qiagen). A bacterial expression vector for full-length hu-
man ERdj3 with an N-terminal hexahistidine tag was kindly provided by Yi Jin
in our laboratory and one for a GST–fusion protein that encodes the J domain
and a portion of the G/F linker was a generous gift from David Haslam
(Washington University, St. Louis, MO) and has been described previously (31).

GST Pull-Down Assay. GST pull-down assays were performed as described
previously (31). Recombinant BiP proteins bound to ERdj3-coupled glutathi-
one agarose beads were subjected to SDS/PAGE analysis and detected by
Coomassie blue staining.

ATP-Binding and ATPase Assays. ATP-binding assays (49) and ATPase assays
were performed as described previously (32, 42). To measure ATP hydrolysis,
the various recombinant BiP proteins were incubated alone at a concentration
of 1 �M each, with 0.5 �M full-length ERdj3 or with 5 mM C peptide (1) at 37°C
for 20 min. After chromatography, the radioactive ATP and free phosphate
signals were quantified by phosphorimaging analysis (Molecular Dynamics)
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with the use of Image Quant software. The free phosphate signal was ex-
pressed as a percentage of the total phosphate signal. Data were deduced
from three independent experiments, and the error bars represent SDs.

Antibodies. Polyclonal anti-rodent BiP antisera has been described previously
(40). Goat anti-human Ig HC and goat anti-mouse � antibodies were pur-
chased from Southern Biotechnology Associates.

Transient Expression and Immunoprecipitation. COS-1 cells were transfected
with the indicated vectors by using the FuGENE 6 transfection reagent (Boehr-
inger Mannheim). For BiP release experiments, cells were metabolically la-
beled for 2 h with 100 �Ci [35S]-Translabel (ICN). Cell lysates were prepared and
divided into three aliquots. One was immunoprecipitated with BiP and two
with protein A–Sepharose to isolate Ig HCs. One of the latter samples was then
incubated with 1 mM ATP to release BiP, as described previously (50). Samples
were analyzed on SDS gels, and signals for BiP and HC were quantified by
phosphorimaging. BiP bound to HC was normalized to the HC signal, and the
amount of BiP remaining after ATP addition was calculated as a percentage of

the BiP bound without ATP. Three separate experiments were performed for
each mutant to calculate the percentage of BiP remaining. For the light chain
folding experiments, cells were labeled in the presence of 10 mM DTT for 20
min and chased in media devoid of DTT as described in ref. 22. Samples were
separated on SDS gels under nonreducing conditions to visualize the light
chain folding intermediates. To examine Ig assembly and secretion, trans-
fected cells were pulse metabolically labeled for 20 min and chased for 1 and
2 h. Culture supernatants from the 2-h chase and cell lysates were immuno-
precipitated with the indicated antibodies. Precipitated proteins were ana-
lyzed on SDS gels under nonreducing conditions. Signals were enhanced with
Amplify (Amersham) for radiographic visualization.
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