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Kar2p, an essential Hsp70 chaperone in the endoplasmic
reticulum of Saccharomyces cerevisiae, facilitates the transport
and folding of nascent polypeptides within the endoplasmic
reticulum lumen. The chaperone activity of Kar2p is regulated
by its intrinsic ATPase activity that can be stimulated by two
different nucleotide exchange factors, namely Sil1p and Lhs1p.
Here, we demonstrate that the binding requirements for Lhs1p
are complex, requiring both the nucleotide binding domain plus
the linker domainofKar2p. In contrast, the IIBdomainofKar2p
is sufficient for binding of Sil1p, and point mutations within IIB
specifically blocked Sil1p-dependent activation while remain-
ing competent for activation by Lhs1p. Taken together, these
results demonstrate that the interactions between Kar2p and its
two nucleotide exchange factors can be functionally resolved
and are thus mechanistically distinct.

The Hsp70 Kar2p is an essential molecular chaperone of the
yeast endoplasmic reticulum (ER)2 that is structurally and func-
tionally homologous to mammalian BiP (1). Kar2p is essential
for cellular homeostasis and participates in the transport of
nascent polypeptides into the ER lumen, polypeptide folding,
and the selection of misfolded proteins for degradation (2–4).
Hsp70 proteins are highly conserved throughout eukaryotes
and have a characteristic domain structure consisting of an
N-terminal nucleotide binding domain (NBD) connected by a
flexible 12-amino acid “linker domain” to the C-terminal sub-
strate binding domain (SBD) (5). The affinity of the SBD for
substrates, usually exposed hydrophobic peptides, is regulated
by the nucleotide-bound status of the NBD, and this is commu-
nicated to the SBD via the linker domain (5–7). High affinity
substrate association is triggered by ATP hydrolysis, and sub-
strate binding is maintained until bound ADP is released (8, 9).
TheATPase cycle of Kar2p, like other typical Hsp70 proteins, is
driven by its interactions with two classes of cofactors. Hsp40/
DnaJ-like proteins stimulate ATP hydrolysis, whereas nucleo-

tide exchange factors (NEFs) facilitate ADP release thus pro-
moting the next cycle of ATP binding (10, 11). These cofactors
allow Kar2p to cycle through multiple stages of substrate bind-
ing and release thus facilitating protein translocation and fold-
ing. Two NEFs have been identified for Kar2p in the ER lumen
of Saccharomyces cerevisiae, namely Lhs1p and Sil1p (12, 13).
Individual deletions of LHS1 (�lhs1) and SIL1 (�sil1) in yeast
cells are viable (13, 14), but the double deletion (�lhs1�sil1) is
lethal suggesting that nucleotide exchange is essential forKar2p
activity and cell viability (13). In addition, the expression of the
mammalian homologue of Lhs1p, Grp170 (also known as
ORP150), has been closely correlated with cell survival in
response to hypoxic/ischemic stress (15–17), and loss of func-
tion mutations in SIL1 are associated with Marinesco Sjörgren
syndrome (18, 19) highlighting the importance of both NEFs in
cell homeostasis.
Lhs1p and Grp170 are members of an Hsp70 subfamily with

�30% sequence similarity toKar2p (14, 20). A further subgroup
of Hsp70s called the Hsp110s are found in the cytoplasm of
eukaryotes and are also thought to function as NEFs for their
cytoplasmic Hsp70 partners (21–23). Lhs1p and the Hsp110s
appear structurally similar to Hsp70s but have an additional
loop domain that separates a series of �-sheets from the �-heli-
cal domain in theC-terminal SBD (22). However, the additional
loop region appears more extended in Lhs1p than in the
Hsp110s, although the significance of this difference, if any, is
unknown (22). Despite the structural similarities between their
NBD regions, the canonical Hsp70s, the Hsp110s, and Lhs1p/
Grp170 have quite different nucleotide binding and hydrolysis
characteristics (12, 23, 24). In contrast to Kar2p, Lhs1p binds
ATP to form a remarkably stable complex, and it is only this
nucleotide-bound form of Lhs1p that interacts with Kar2p pro-
vided the latter is itself not in the ATP-bound form (25). How-
ever, although nucleotide binding by Lhs1p is essential for its
NEF activity, the intrinsic holdase activity of Lhs1p is indepen-
dent of nucleotide in a manner that is similar to the Hsp110s
(25–27). The second Kar2p NEF Sil1p is unrelated at sequence
level to either Kar2p or Lhs1p but shows very limited sequence
similarity to a defined subset of cytosolic NEFs, including yeast
Fes1p and mammalian HspBP1 (14, 28). Both Fes1p and
HspBP1 are thought to stimulate nucleotide exchange by desta-
bilizing theNBDand triggering opening of the nucleotide bind-
ing cleft to allow ADP release (28, 29), yet the mechanism by
which Sil1p stimulates nucleotide exchange has not been exam-
ined. Indirect evidence suggests that Sil1p and Lhs1p bind in a
mutually exclusivemanner to promote the release of nucleotide
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from Kar2p (12), yet little has been done to characterize the
interactions further.
In this study, we have created a structural model of Kar2p to

facilitate our analysis of Sil1p and Lhs1p binding. The model
allowed us to predict the subdomain structure of Kar2p and
define several recombinant fragments of Kar2p for binding
analysis in vitro. These studies identified a role for the IIB
domain of Kar2p in Sil1p binding and Sil1p-stimulated nucle-
otide exchange. We demonstrate that mutation of highly con-
served residues within the IIB domain inhibits the ability of
Sil1p to stimulate the ATPase activity of Kar2p, but it fails to
perturb Lhs1p binding and Lhs1p-specific nucleotide
exchange. Furthermore, we have identified a role for the linker
domain of Kar2p in the interaction between Lhs1p and the
NBDof Kar2p, suggesting that theNEFs bind very differently to
Kar2p and that the mechanisms of nucleotide exchange are
distinct.

EXPERIMENTAL PROCEDURES

Plasmids—GST-tagged Kar2p and His-Lhs1p were ex-
pressed in Escherichia coli from plasmids pDF1 and pETLhs1
described previously (12). pSM11 encodes a 10-histidine-
tagged version of SIL1 minus its signal sequence and -DEL
retention motif (residues 20–407), created by PCR and
inserted into the T7 expression vector pET16-b (Novagen)
using the restriction enzyme sites NdeI and BamHI. The frag-
ments of Kar2p (NBD (residues 45–425), NBD-linker (residues
45–437), lobe I (residues 45–234), lobe II (residues 235–432),
and IIB (residues 273–352)) were constructed by PCR and
cloned into pGEX4T-3 (N-terminal GST tag; GE Healthcare)
using the restriction sites BamHI and SalI. KAR2 mutants
(E311A and R317A) were made by site-directed mutagenesis
using the protocol from the QuikChange kit (Stratagene) and
introduced into full-length Kar2p in the pDF1 plasmid for
expression as GST-tagged fusions.
Protein Purification—GST- and His-tagged proteins were

expressed in DH5� and BL21 E. coli cells, respectively. Cleared
cell extracts were made as described previously (13) and puri-
fied by binding to equilibrated 1 ml of chelating Hi-Trap or
GST-Trap columns (GE Healthcare) as described (12).
GST Pulldowns—The GST-pulldown assays were performed

as described previously (13). Briefly, 10 �g of purified GST-
tagged protein was incubatedwith glutathione-agarose (Sigma)
for 1 h at 4 °C. After washes with GST-binding buffer (20 mM

HEPES, pH 7.4, 100 mM KCl, 5 mM MgCl2, 1 mM EDTA, 1 mM

dithiothreitol, 0.1% Nonidet P-40, 2% glycerol � protease
inhibitor mixture (Sigma)), the beads were incubated with 10
�g of His-tagged protein (4 °C, 1 h). After washing, protein was
eluted from the glutathione-agarose beads in SDS sample
buffer at 95 °C and analyzed by SDS-PAGE followed by Coo-
massie Brilliant Blue staining orWestern blotting. The antibod-
ies used forWestern blottingwere specific to theHis orGST tag
sequences (Sigma and Santa Cruz Biotechnology, respectively).
To test the nucleotide dependence of the observed interactions,
the pulldown was repeated in the presence of 2 mM ADP or
ATP.
Structural Modeling of Kar2p—A structural model of Kar2p

was made using comparative modeling techniques. Bovine

Hsc70 chaperone (ProteinData Bank code 1YUW(5)) was used
as the template. Kar2p was aligned to Hsc70 using ClustalW
(30).Wewere able tomodel residues 47–611 ofKar2p (residues
1–46 correspond to the signal sequence of Kar2p), and
sequence identity over the regionmodeled was 66%. The Kar2p
model was produced with Modeler (31). 15 models were pro-
duced, and the one with lowest pseudo-energy was selected.
The finalmodel has a rootmean square deviation of 0.65Å from
the template structure.
Steady State ATPase Assays—The ATPase activity of Kar2p

and the Kar2p mutants was analyzed by a colorimetric assay as
described previously (12, 32). Briefly, 1 �M Kar2p (K) or the
Kar2pmutants (311K and 317K) were incubated alone or in the
presence of 2 �M Sec63 soluble J domain (J), 0.8 �M Lhs1p (L),
or 0.8 �M Sil1p (S) in 30 �l of ATPase buffer (50 mM Tris, pH
7.4, 50 mM KCl, 5 mM MgCl2) at 25 °C for 1 h. The ratio of K, J,
S, andLused in the assay iswithin the optimumrange identified
for Hsp70 activity based on previous experiments with DnaK
and Kar2p (see supplemental Fig. S1) (10, 12). The amount of
free phosphate was calculated following the addition of mala-
chite green solution by monitoring the absorbance at A640 nm.
The amount of phosphate released was calculated compared
with KH2PO4 standard curve, and values were corrected for
breakdown of ATP in the absence of added protein. Mean
hydrolysis rates were determined for each condition from a
minimum of three experiments.
Protease Protection Assay—The ability of wild-type and mu-

tant protein to undergo a nucleotide-dependent conforma-
tional change was assessed using proteinase K digestion as
described previously (33). 5 �g of protein was incubated in the
presence/absence of 1mM nucleotide (ADP or ATP) for 30min
at 20 °C in assay buffer (20mMHEPES, pH7.4, 25mMKCl, 2mM

MgCl2, 0.5 mM dithiothreitol, 0.1 mM EDTA). 30 �g/ml pro-
teinase K was added for 5 min at 20 °C, and the reaction was
quenched with ice-cold trichloroacetic acid to a final concen-
tration of 10%. Trichloroacetic acid-precipitated proteins were
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.

RESULTS

Interaction of Kar2p with Its Nucleotide Exchange Factors—
Kar2p has previously been shown to interact with both Sil1p
and ATP-bound Lhs1p (13, 25). To analyze these interactions
further, we established a GST pulldown assay in vitro using
tagged recombinant proteins expressed and purified from
E. coli. Previous data have shown that GST-Kar2p is able to
bindHis-Lhs1p (12, 25), and here we show that His-Sil1p is also
able to bind to GST-Kar2p (Fig. 1A), allowing the binding of
both NEFs to be analyzed in parallel. As shown previously, the
interaction of Lhs1p (purified as a stable ATP-bound complex
(25)) with Kar2p was sensitive to the presence of 2mMATP but
not ADP confirming that Lhs1p binds most efficiently to the
apo- and ADP-bound forms of Kar2p (Fig. 1B) (25). Similarly,
we show that the binding of Sil1p to Kar2p was also reduced in
the presence of ATP but not ADP (Fig. 1B). Interestingly, the
binding of Sil1p appears less sensitive to the presence of ATP
than the Kar2p-Lhs1p interaction.
It has been suggested that Sil1p and Lhs1p bind to Kar2p in a

mutually exclusive manner to stimulate nucleotide exchange
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(12). To analyze the binding of both Sil1p and Lhs1p to Kar2p,
we incubated GST-Kar2p with His-Sil1p alone or in the pres-
ence of an excess of His-Lhs1p. The binding of Sil1p to Kar2p
was greatly reduced in the presence of an excess of Lhs1p sug-
gesting that the NEFs are unable to bind to Kar2p simulta-
neously (supplemental Fig. S2).

It has previously been shown that Sil1p binds to the Kar2p
NBD (13), and this is confirmed here using a GST-NBD con-
struct to pull down His-tagged Sil1p (Fig. 2A). We next exam-
ined whether Lhs1p might also bind to the Kar2p NBD but, to
our surprise, found very little coprecipitation ofHis-Lhs1pwith
GST-NBD in this assay. However, when the GST fusion was

extended to include both the NBD
and linker domains of Kar2p, we
then found coprecipitation of Lhs1p
at a level similar to that observed for
the full-length GST-Kar2p control
(Fig. 2B). Sil1p also bound to GST-
NBD-linker, so we used this con-
struct to next examine the effects of
nucleotide on these NEF interac-
tions. We observed that the bind-
ing of both Sil1p and Lhs1p to
NBDlinker was reduced in the pres-
ence of ATP in a similar manner to
that observed for the full-length
proteins (compare Fig. 1B and Fig.
2C). However, the interaction of the
NBDlinker with Lhs1p appeared to
be more sensitive to ADP than the
interaction with full-length Kar2p
(Fig. 2C), suggesting that the Kar2p
SBD also contributes to the recogni-
tion of the ADP-bound form of
Kar2p by Lhs1p. Notably, Sil1p was
able to bind to the ADP bound
NBDlinker implying that Sil1p
binding is independent of the pres-
ence of the SBD.
Sil1p Binds to the IIB Domain of

Kar2p to Stimulate Nucleotide Ex-
change—Despite the obvious role
for the linker domain of Kar2p in
Lhs1p binding, it appears that Sil1p
is able to bind to the NBD of Kar2p
independently of the linker domain.
To facilitate our investigation into
the binding of Sil1p to Kar2p, we
built a comparative model of Kar2p
using the structure of bovine Hsc70
(Protein Data Bank code 1YUW
(5)). We were able to model the
mature Kar2p protein minus its sig-
nal sequence and extreme C termi-
nus allowing us to predict the
domain boundaries of Kar2p. Se-
quence identity between Kar2p and
Hsc70 is 66% over the region mod-

eled, suggesting that the domain boundary assignment is likely
to be accurate.
Using the structural model, we assigned domain boundaries

to the regions of the Kar2pNBD. TheNBDof anHsp70 has two
distinct lobes (I and II) that are subdivided into two domains (A
and B). We have assigned these domains to Kar2p as follows:
Kar2p NBD encompasses residues 45–425 and the linker
domain residues 426–438. Lobe I of theNBD includes residues
45–234 (IA, residues 45–85 and 162–230; IB, residues 86–161)
and lobe II includes residues 235–425 (IIA, 235–273 and 352–
425; IIB, 274–351) (Fig. 3A). To determine the location of the
Sil1p-binding site within the NBD of Kar2p, we constructed

FIGURE 1. Sil1p and Lhs1p bind to Kar2p in a nucleotide-sensitive manner. A, purified GST or GST-Kar2p
was immobilized onto glutathione-agarose followed by incubation with His-Sil1p or His-Lhs1p (expressed in
E. coli from pSM11 and pETLhs1, respectively). Binding was analyzed by SDS-PAGE and Western blotting with
an antibody specific for the His sequence. The input in this figure and subsequent figures corresponds to 25%
of the total His-tagged protein added to the assay. B, to assess the sensitivity of the Kar2p-NEF interactions to
adenosine nucleotides, the binding assay was repeated in the presence of 2 mM ADP or 2 mM ATP, and the
amount of NEF binding was analyzed by Western blotting with antibodies specific to the His and GST
sequences.

FIGURE 2. Lhs1p, but not Sil1p, requires the linker domain of Kar2p to bind to the nucleotide binding
domain. A and B, ability of Sil1p and Lhs1p to bind to the N terminus of Kar2p (NBD � linker), and the NBD alone
was assayed. Immobilized GST, GST-Kar2p, GST-NBDlinker (residues 45– 438), and GST-NBD (residues 45– 425)
were incubated with His-Sil1p and His-Lhs1p for 1 h followed by analysis by SDS-PAGE and Coomassie staining.
C, binding of both His-Sil1p and His-Lhs1p to GST-NBDlinker was assayed in the presence of 2 mM ADP or 2 mM

ATP, and the amount of His-tagged protein bound was analyzed by Western blotting.
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further GST-tagged fragments of Kar2p encompassing lobe I
and lobe II of the NBD (Fig. 3B). Analysis of Sil1p binding to
these fragments showed that Sil1p interacted specifically with
lobe II of the Kar2p NBD and showed no binding to lobe I (Fig.
3C). In an attempt to isolate the binding site for Sil1p further,
binding of Sil1p to a fragment corresponding to the IIB domain
of lobe II was analyzed. Loss of the IIA domain from this con-
struct appeared to have no effect on the Sil1p-binding site as
Sil1p was able to bind to the IIB domain alone (Fig. 3C), and
from these data we propose that the IIB domain of Kar2p is
sufficient for Sil1p binding.
In contrast, Lhs1p was unable to bind to any of the Kar2p

NBD fragments expressed individually (Fig. 3C). The lack of
Lhs1p binding implies that if the domains of the NBD contain
Lhs1p-binding sites then they are not oriented correctly to bind
to Lhs1p in the absence of the intact NBD and the linker
domain.
Mutations in the IIB Domain of Kar2p Disrupt Sil1p Binding—

To confirm the role of the IIB domain in Sil1p binding, amino
acid substitutions weremade to residues within the IIB domain
of Kar2p by site-directed mutagenesis. Residues Glu-311 and
Arg-317 were chosen for mutagenesis as they are highly con-
served within the IIB domain of Kar2p homologues (Fig. 4A)
and are in the vicinity of residues reported to be involved in the
binding of the NEF HspBP1 to its Hsp70 partner (34). In addi-
tion, Glu-311 and Arg-317 are predicted to be exposed on a
surface of the IIB domain of Kar2p in our structural model (Fig.

4B). These residuesweremutated to
alanine (E311A and R317A) in the
GST-Kar2p sequence in an attempt
to disrupt any potential Sil1p inter-
actions at these sites.
Data suggest that the conforma-

tional changes triggered by nucleo-
tide binding to canonical Hsp70s
can be detected by altered protease
sensitivity of the protein in the pres-
ence of ADP and ATP (33, 35, 36).
To confirm that the introduction of
point mutations into the IIB do-
main of Kar2p has not perturbed the
ability of Kar2p to alter its confor-
mation in response to nucleotide,
purified GST-Kar2p, GST-Kar2p
E311A, and GST-Kar2p R317A
were preincubated with ADP or
ATP followed by digestion for 5min
with proteinase K. In the apo state,
the majority of Kar2p, Kar2p
E311A, and Kar2p R317A was
digested by the protease to frag-
ments �25 kDa (Fig. 4C), whereas
digestion of the ADP- or ATP-
bound states of both Kar2p and the
mutant forms of Kar2p produced
several protease protected frag-
ments that differed in size depend-
ing on the nucleotide bound (Fig.

4C). The fragments appeared to be of similar abundance and
size for both wild-type and mutant Kar2p suggesting that the
addition of the point mutations had little or no effect on the
ability of Kar2p to bind and alter its conformation in response
to nucleotide. Next, we tested the effects of these point muta-
tions on NEF interactions. We found that both E311A and
R317A exhibited dramatically reduced efficiency of interaction
with Sil1pwhen comparedwithwild-typeKar2p as a control. In
contrast, bothmutants remained competent to bindLhs1p (Fig.
5A) in a manner whose nucleotide sensitivity was identical to
the pattern observed for wild-type Kar2p (Fig. 5B). Thus, the
E311A and R317A mutations in the IIB domain of Kar2p spe-
cifically interfere with Sil1p binding but not with the binding of
Lhs1p.
The ability of Sil1p to stimulate the activity of Kar2p E311A

and Kar2p R317A was investigated using a steady state ATPase
assay. As seen previously, the ATPase activity of wild-type
Kar2pwas stimulated by addition of the soluble lumenal loop of
Sec63p (GST-63J), which contains a J domain (Fig. 5C) (12).
The activity of Kar2p was then stimulated further by the addi-
tion of Sil1p andmore so by the addition of Lhs1p (Fig. 5C) (12).
However, no additive effect was observed by adding both Sil1p
andLhs1p to the reaction (supplemental Fig. S3) (12). The stim-
ulation of Kar2p activity by GST-63J and the NEFs represents
the activation of ATP hydrolysis and nucleotide exchange,
respectively. The ATPase activity of Kar2p E311A and Kar2p
R317A was stimulated by the addition of GST-63J to a similar

FIGURE 3. Sil1p binds to the IIB domain of Kar2p. A, structural model of the Kar2p NBDlinker created using
sequence alignments and modeling software. The NBD consists of two lobes, lobe I (right) and lobe II (left). The
subdomains of the lobes are colored as follows: IA, red; IB, yellow; IIA, green; IIB, blue; and the flexible linker
domain connecting the NBD to the SBD is colored white. B, domain organization of Kar2p. The recombinant
fragments designed for use in this study are represented below, namely GST, GST-Kar2p, GST-NBD, GST-Lobe
I, GST-Lobe II, and GST-IIB. C, binding of His-Sil1p and His-Lhs1p to the recombinant fragments of Kar2p
followed by analysis by Western blotting.
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extent as wild-type Kar2p (Fig. 5C), suggesting that the mutant
proteins are still active in the ATP hydrolysis phase of their
ATPase cycle, yet no increase in simulation was observed fol-
lowing addition of Sil1p to Kar2p E311A, with only a small
increase in activity following the addition of Sil1p to Kar2p
R317A (Fig. 5C). These data suggest that the point mutations
also affect the ability of Sil1p to trigger the release of nucleotide
from Kar2p. Nevertheless, the activity of Kar2p E311A and
R317A was stimulated by the addition of Lhs1p (Fig. 5C),
although to a slightly lesser extent than wild-type Kar2p, dem-
onstrating that the IIBmutants can still be stimulated to release
bound nucleotide. These data confirm a role for IIB in Sil1p
binding and stimulation of nucleotide exchange and provide
evidence that the regulation of nucleotide exchange by Lhs1p is
distinct to the mechanism employed by Sil1p.

DISCUSSION

The ability of Kar2p to bind and release substrate is regulated
by its ATPase cycle. Sil1p and Lhs1p act as NEFs for Kar2p to
stimulate the release of bound nucleotide allowing Kar2p to
cycle throughmultiple rounds of substrate binding and release.

In this study, we observed the inter-
action of Kar2p with its NEFs Sil1p
and Lhs1p in vitro. The binding of
both Sil1p and Lhs1p to Kar2p was
sensitive to the presence of nucleo-
tide, with both Sil1p and Lhs1p
binding preferentially to the ADP-
bound or apo-forms of Kar2p.
These findings agree with data from
studies on other canonical Hsp70s
that suggest that NEFs have a higher
affinity for their Hsp70 partners
when they are apo- or ADP-bound
(11, 25). Interestingly, although the
observed interaction between
Kar2p and Sil1p was reduced by
�50% in the presence of ATP, the
interaction between Kar2p and
Lhs1p was essentially abolished
under these conditions suggesting
somemechanistic differences in the
binding of the two NEFs.
With the aid of a structuralmodel

of Kar2p, we have identified a role
for the IIB domain of Kar2p in Sil1p
binding and have shown that IIB
alone is sufficient for Sil1p binding
in vitro. Mutations of residues Glu-
311 and Arg-317 within the Kar2p
IIB domain disrupt Sil1p binding to
Kar2p and so abolish Sil1p-depen-
dent stimulation of the Kar2p
ATPase activity. These results indi-
cate that the IIB region of Kar2p
plays an essential role in the stimu-
lation of nucleotide exchange by
Sil1p. The yeast cytoplasmic NEF

Fes1p and its mammalian homologue HspBP1 only share 15.9
and 8.7% sequence identity with Sil1p, respectively, yet are also
thought to stimulate nucleotide exchange by interacting with
the IIB domain of theirHsp70 partners (21, 28). Structural anal-
ysis of the core domain of human HspBP1 (BP1c residues
84–359) in complex with lobe II of Hsp70 revealed multiple
contacts between BP1c and the IIB domain of Hsp70, with no
contacts observed to the IIA domain (34). Indeed, the major
interaction site between the two proteins is formed between
BP1c and the �-hairpin of the IIB domain of Hsp70 (34). The
residuesmutated in our study lie within the�-hairpin structure
in the IIB domain of Kar2p in our structural model suggesting
that, despite the low sequence similarity, Sil1p andHspBP1may
bind to their respective Hsp70s in very similar ways.
In striking contrast, the amino acid substitutions in the IIB

domain of Kar2p had no effect on the ability of Lhs1p to bind to
Kar2p; we also did not observe any interaction between Lhs1p
and the IIB domain alone in this assay. Recent crystal structures
of an Hsp70 in complex with an Hsp110 indicate multiple con-
tacts between the NBDs of these proteins (37, 38). As the
Hsp110s are homologous to Lhs1p, we might predict that

FIGURE 4. Mutations in the IIB domain of Kar2p do not perturb the Kar2p nucleotide-dependent confor-
mational change. A, sequence alignment of the IIB domain of Kar2p with other Kar2p homologues using
ClustalW software. Sequences aligned are as follows: Mm, Mus musculus; Br, Brachydanio rerio; Dm, Drosophila
melanogaster; Ce, Caenorhabditis elegans; Sp, Schizosaccharomyces pombe, and Yl, Yarrowia lipolytica, and the
residues numbers are annotated. Residues chosen for mutagenesis are indicated with a black arrow. Black
shading represents 100% sequence identity; dark gray shading represents 80% sequence identity, and light
gray shading represents 60% sequence identity. B, location of the residues chosen for mutagenesis in the IIB
domain of the structural model of Kar2p. C, protease protection assay of wild-type and mutant Kar2p. 5 �g of
protein was incubated with nucleotide for 30 min followed by 5 min of digestion with proteinase K. Digestion
products were analyzed by Coomassie staining.
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Kar2p and Lhs1p would form a similar complex. However,
althoughHsp110 can bind to theNBDof its respective cytosolic
Hsp70 (26, 39), our data demonstrate that Lhs1p requires the
additional presence of the linker domain (NBDlinker) to stably
interact, thereby suggesting a novel role for the linker domain
in the interaction of these lumenal chaperones. The linker
region of Hsp70s is thought to be intimately involved in trans-
mitting the nucleotide-bound status of the NBD to the SBD to
regulate substrate binding (5–7). Upon ATP binding, the linker
domain is thought to bind to a hydrophobic patch at the base of
the NBD bringing the NBD and SBD into close proximity. Sub-
sequent substrate binding and ATP hydrolysis reverse this
movement causing the linker domain to become exposed and
the NBD and SBD to dissociate (5–7). It is this movement, and
domain association, that is thought to regulate substrate bind-
ing affinity. Lhs1p binding to the NBD of Kar2p is sensitive to

the presence of the linker domain, and Lhs1p appears to favor
the apo- or ADP-bound states of Kar2p in which the linker
domain is predicted to be exposed. Interestingly, unlike the
binding of Sil1p, Lhs1p binding to Kar2p is completely abol-
ished in the presence of ATP, suggesting that the linker “in”
conformation is not favorable for Lhs1p binding. This strict
regulation of Lhs1p binding to Kar2p suggests that the role of
these Hsp70s homologues may be tightly coordinated ensuring
that Lhs1pwould be preferentially recruited to the ADP-bound
form of Kar2p representing the form that most stably binds
substrate. Such strict regulation of Lhs1p recruitment, com-
bined with the ability of Lhs1p to bind to unfolded substrate
(25), would be consistent with amodel in which substrate could
be passed efficiently from Kar2p to Lhs1p following Lhs1p-de-
pendent nucleotide exchange. The coordinated transfer of sub-
strate betweenKar2p and Lhs1pmight be predicted to facilitate
processes such as polypeptide translocation into the ER. In con-
trast, Sil1p, which stimulates Kar2p nucleotide exchange inde-
pendently of Lhs1p, is not thought to bind to substrate andmay
activate the chaperone function of Kar2p for other cellular pro-
cesses such as protein folding. However, these hypotheses
remain speculative and will require further study. In summary,
our data demonstrate that the binding sites within Kar2p for
Sil1p and Lhs1p are distinct and can be functionally resolved.
The complex nature of the Lhs1p interaction suggests an inti-
mate interaction with Kar2p, whichmay have important impli-
cations for our understanding of this essential chaperone
network.
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