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Protein translocation and folding in the endoplasmic reticu-
lum of Saccharomyces cerevisiae involves two distinct Hsp70
chaperones, Lhs1p and Kar2p. Both proteins have the character-
istic domain structure of the Hsp70 family consisting of a con-
served N-terminal nucleotide binding domain and a C-terminal
substrate binding domain. Kar2p is a canonical Hsp70 whose
substrate binding activity is regulated by cochaperones that pro-
mote either ATP hydrolysis or nucleotide exchange. Lhs1p is a
member of the Grp170/Lhs1p subfamily of Hsp70s and was pre-
viously shown to function as a nucleotide exchange factor (NEF)
for Kar2p. Here we show that in addition to this NEF activity,
Lhs1p can function as a holdase that prevents protein aggrega-
tion in vitro. Analysis of the nucleotide requirement of these
functions demonstrates that nucleotide binding to Lhs1p stim-
ulates the interaction with Kar2p and is essential for NEF activ-
ity. In contrast, Lhs1p holdase activity is nucleotide-indepen-
dent and unaffected by mutations that interfere with ATP
binding and NEF activity. In vivo, these mutants show severe
protein translocation defects and are unable to support growth
despite the presence of a second Kar2p-specific NEF, Sillp.
Thus, Lhs1p-dependent nucleotide exchange activity is vital for
ER protein biogenesis in vivo.

The endoplasmic reticulum (ER)* of Saccharomyces cerevi-
siae contains two Hsp70 chaperones, Lhs1p and Kar2p. Kar2p
is a canonical Hsp70 that plays an important role in ER protein
folding (1), the import of proteins into the ER membrane via the
membrane-embedded Sec61p complex (2) and in the export of
misfolded proteins via the endoplasmic reticulum-associated
degradation (ERAD) pathway (3-5). It has the two-domain
structure that is characteristic of Hsp70s, consisting of a highly
conserved N-terminal nucleotide binding domain (NBD) and a
C-terminal substrate binding domain. Substrate binding by
Hsp70s is regulated by nucleotide-dependent conformational
changes (6) that are in turn modulated by cochaperones. An
Hsp40/Dna]-like protein promotes ATP hydrolysis inducing
strong substrate interaction, whereas a nucleotide exchange
factor (NEF) resets the ATPase cycle leading to substrate
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release (7, 8). Kar2p has two known nucleotide exchange fac-
tors, Lhs1p and Sillp (9, 10).

Lhs1p is a member of the Grp170/Lhs1p subfamily of Hsp70
chaperones, whose distinguishing features include an extended
substrate binding domain (11, 12) and subfamily-specific
motifs in the nucleotide binding domain (11). In the absence of
Lhs1p, cells show defects in ER protein translocation and fold-
ing (13-17) and require the Irelp-dependent induction of the
unfolded protein response (UPR) for survival (14, 16). Although
Lhs1p has NEF activity (10) it cannot be excluded that Lhs1p
might play additional roles in the ER lumen. For example, in
vitro studies have shown that the mammalian Lhslp homo-
logue, Grp170, not only functions as a NEF for the mammalian
Kar2p homologue BiP (18), but is also able to prevent heat-
induced aggregation of substrate proteins without the assist-
ance of other chaperones or cofactors (19). This suggests that in
addition to its NEF activity, Grp170 can function as a BiP-inde-
pendent chaperone. So far, the relative contribution of these
two functions to ER protein folding and translocation has not
been determined.

Most sequence similarity between Lhs1p and other members
of the Hsp70 superfamily is found in its NBD, but although the
residues implicated in nucleotide binding and hydrolysis are
highly conserved, Lhs1p does not have a detectable endogenous
ATPase activity like canonical Hsp70s (10). Recent studies sug-
gest that divergent Hsp70s can have different requirements for
nucleotide binding and hydrolysis. The cytosolic yeast Hsp110
Sselp is a member of a different Hsp70 subfamily than Lhs1p,
but has a similar function as an Hsp70 NEF (20, 21). Sselp has
been reported to hydrolyze ATP (22), but ATP hydrolysis is not
essential for NEF activity (20). For the activity of the ribosome-
associated atypical Hsp70 Ssz1p, nucleotide binding is dispen-
sable (23, 24). These observations suggest that the NBD might
play diverse functions in the different Hsp70 subfamilies.

In this study we analyzed the requirement of nucleotide
binding for Lhs1p function. Although Lhs1p holdase activity is
nucleotide-independent, nucleotide binding to wild-type
Lhs1p stimulates interaction with Kar2p. Mutations that inter-
fere with nucleotide binding abolish NEF activity in vitro, cause
severe protein translocation defects in vivo, and are lethal in a
Airel strain. The data demonstrate that nucleotide binding to
Lhs1p is essential for its nucleotide exchange activity.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—In vivo activity of the Lhslp mutants
was tested in Alksl strain JTY33 (13) and AirelAlhsl strain
JTY44 (MATa ade2—-1 canl-100 his3—-11,15 leu2-3,112
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trpl-1 wura3—-1 Airel:KanMX4 Alhsl:KanMX4). pRC42
(LHS1, HIS3) and pRC43 (LHSI, URA3) have been described
previously (13, 14). To create yeast plasmids carrying /is1 D26A
or G28L the mutations were introduced into pJRT9 (10) by
site-directed mutagenesis. The 3799-bp Apal/Sall fragments
of these vectors were cloned into the corresponding sites of
pRS313 (25) resulting in pD26A and pG28L, respectively.
For expression in Escherichia coli, the mutations were intro-
duced into pETLhs1p (10) to create pET30a-Lhs1p(D26A)
and pET30a-Lhs1p(G28L).

Purification of Recombinant Proteins and GdnHCI Treat-
ment of Lhs1p—His¢-tagged Kar2p, Lhslp, and Lhs1p mutants
were expressed in E. coli BL21 from pJT46 (His-Kar2p (13)),
pETLhs1p (His-Lhslp (10)), or the plasmids described above.
Extracts were prepared as previously described (10) and loaded
onto Hi-Trap chelating columns (GE Healthcare). The proteins
were purified following several stringent wash steps to prevent
contamination with E.coli DnaK (26). GST-tagged Kar2p,
Kar2p(G246D), or GST fusion of the Sec63p J-domain were
expressed in E. coli BL21 from pDF1 (10), pDF7 (27), or pGST/
63] (28), respectively, and purified on a GST-Trap column (GE
Healthcare) after stringent wash steps to prevent contamina-
tion with E. coli DnaK (26). All proteins were dialyzed against
40 mm Tris-HCI, pH 7.5, 80 mMm NaCl, 0.8 mm dithiothreitol,
10% glycerol. To dissociate nucleotides bound to Lhs1p, puri-
fied Lhs1p was incubated in 5 M guanidine hydrochloride, 2 mm
EDTA for 1 h at room temperature followed by dialysis against
40 mm Tris-HCI, pH 7.5, 80 mMm NaCl, 0.8 mm dithiothreitol,
10% glycerol.

Nucleotide Analysis—The ATP Bioluminescence Assay Kit
CLS II (Roche Applied Science) was used for analysis of the
nucleotide content of purified Lhslp. 200 pmol of Lhslp was
added to 1 ml of methanol followed by snap freezing in liquid
nitrogen. After thawing, the sample was centrifuged for 20 min
at 16,000 X g. The supernatant was removed, lyophilized, and
resuspended in 200 ul of MilliQ water. For analysis of the ATP
content 50-ul samples were mixed with an equal volume of
luciferase reagent, followed by luminescence measurements in
a luminometer (Turner Designs). For analysis of the ADP con-
tent, ADP was converted into ATP by mixing a 50-ul sample
with 50 ul of 200 mu triethanolamine, pH 7.8, 400 mm KCl, 60
mMm MgSO,, 3 mMm phosphoenolpyruvate, and 10 units of pyru-
vate kinase followed by a 3-h incubation at 30 °C for 3 h. The
ATP content was subsequently determined as described.

Analysis of ATP Binding, Nucleotide Exchange Activity, and
Steady State ATPase—To analyze ATP binding, 5 uM Lhs1p or
Kar2p in 50 mm Tris-HCI, pH 7.4, 50 mm KCl, 5 mm MgCl, was
incubated with 25 um [a-**P]ATP (6.24 Ci/mmol) for 30 min at
room temperature. After isolation of nucleotide-bound protein
complexes on a PD SpinTrap G-25 column (GE Healthcare),
samples were analyzed by thin layer chromatography (TLC) as
described (10). Alternatively, Lhs1p with bound nucleotide was
captured onto polyvinylidene difluoride filters (Millipore) by
filtration. Unbound nucleotide was removed by three washes
with ice-cold buffer and the amount of bound [a-3?P]ATP was
analyzed by scintillation counting. For ATP saturation binding
experiments 3.5 uM Lhs1p was incubated for 1 h at room tem-
perature with 1.5 uCi of [@-**P]ATP in the presence of increas-

NOVEMBER 13, 2009+VOLUME 284+-NUMBER 46

ing concentrations of cold ATP (0-200 um). The amount of
Lhs1p-bound nucleotides was determined by filter binding as
described above. Binding curves were generated using Sigma-
Plot and fitted to a one-site saturation binding model. The
steady state ATPase activity of Kar2p and the nucleotide
exchange activity of Lhslp were determined as described pre-
viously (10).

Protease Protection Assay—>5 g of Lhs1p or Kar2p in 50 mm
Tris-HCI, pH 7.4, 50 mm KCI, 5 mm MgCl, was incubated for 30
min at room temperature in the presence of 2 mm ADP or ATP.
Proteinase K was added to a final concentration of 3 ug/ml and
after a 5-min incubation at room temperature the reaction was
quenched by trichloroacetic acid precipitation. Trichloroacetic
acid-precipitated proteins were resuspended in SDS-PAGE
sample buffer and analyzed by SDS-PAGE.

GST Pulldown Assay—GST-Kar2p-Lhslp pulldown experi-
ments were done essentially as described (13). GST-Kar2p was
immobilized on gluthatione-agarose (Sigma) by incubating the
beads with cell extract of E. coli BL21 expressing GST-Kar2p
from pDF1 (10) or pDF7 (27). The beads were washed with
GST-binding buffer (13) and incubated for 1 h at 4 °C with 10
pg of purified Lhslp. After three washes, GST-Kar2p-bound
Lhs1p was eluted from the beads with SDS-PAGE sample buffer
and analyzed by Western blotting.

Luciferase Aggregation Assay—The holdase activity of Lhs1p
was determined essentially as described by Oh et al. (29). 0.3
uM Firefly Luciferase (Sigma) in buffer H (25 mm Hepes
KOH, pH 7.9, 50 mm KCI, 5 mm MgOAc, 5 mMm B-mercapto-
ethanol) was incubated at 43 °C in the presence or absence of
the indicated amounts of Lhs1p. The optical density at 320
nm was followed on a Cary 300 Biospectrophotometer (Var-
ian, Palo Alto, CA).

Other—Yeast transformations, cell growth, and prepara-
tions of total protein extracts were carried out as described
(13, 30). Lhs1lp and prepro-a-factor antibodies are described
in Ref. 13.

RESULTS

Recombinant Lhs1p Is Purified in an ATP Bound State—The
nucleotide binding domain of Lhs1p contains all the residues
implicated in nucleotide binding and hydrolysis in canonical
Hsp70s, suggesting that nucleotide binding plays a role in
Lhs1p function. However, binding of radiolabeled nucleotide to
purified Lhslp proved surprisingly inefficient (see below). The
apparent failure of Lhs1p to bind nucleotide under these con-
ditions might reflect the intrinsic properties of the protein but
could also be explained if Lhs1p had been purified in a nucleo-
tide bound state. Indeed, when the nucleotide content of puri-
fied Lhs1p was analyzed in a bioluminescence assay, a signifi-
cant amount of ATP was detected, corresponding to at least
28.4 * 0.2% occupancy. The actual occupancy is probably
higher, as later findings demonstrate this method significantly
underestimates the percentage of bound nucleotides (see
below).

Several studies have reported on the presence of tightly
bound nucleotides in the nucleotide binding pocket of mem-
bers of the Hsp70 and Hsp110 subfamily (31, 32). Methods to
remove these nucleotides include incubation with excess AMP-
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PNP followed by dialysis (31) or dialysis in the presence of alka-
line phosphatase (33). These approaches, which both depend
on spontaneous release of bound nucleotides, did not improve
binding of radiolabeled ATP to Lhslp (data not shown). We
therefore examined the potential of the reversible denaturant, 5
M guanidine HCI, to release bound nucleotide. Purified Lhs1p
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FIGURE 1. GAnHCI-EDTA treatment does not affect Lhs1p activity. Steady
state ATPase activity of 0.25 um Kar2p (K) in the absence or presence of 1 um
of the soluble J-domain of Sec63p (J) and 1, 0.5, 0.25, or 0.13 um untreated
Lhs1p or GdnHCl-treated Lhs1p. ATP hydrolysis is plotted relative to hydro-
lysis in the presence of the Sec63 J domain (KJ). The mean = S.D. (error bars)
from three experiments is shown.

was incubated in 5 M guanidine HCI (GdnHCl), 2 mm EDTA for
1 hatroom temperature and then dialyzed overnight to remove
the GdnHCl and any released nucleotides. After GdnHCl treat-
ment, the ATP content of Lhs1p, as detected in our biolumines-
cence assay, was reduced to 4.2 = 1.3%, demonstrating that
GdnHCI treatment of Lhs1p dissociated a substantial propor-
tion of the bound ATP. GdnHCI treatment did not affect the
activity of Lhs1p, as stimulation of ATPase activity upon addi-
tion of limiting concentrations of GdnHCl-treated Lhslp to
Kar2p and its Sec63-] partner was indistinguishable from
untreated Lhs1p (Fig. 1). However, the GdnHCl-treated Lhs1p
exhibited a striking increase in [a->’P]JATP binding activity as
shown by TLC analysis (Fig. 24) and filter binding experiments
(Fig. 2B). To determine the efficiency of nucleotide binding,
Lhs1p was incubated for 1 h at room temperature with increas-
ing concentrations of [a-*>’P]ATP. Lhslp [a-*’P]JATP com-
plexes were captured on polyvinylidene difluoride filters, the
amount of bound [a-**P]ATP was determined by scintillation
counting, and the data were fitting to a one-site saturation bind-
ing model (SigmaPlot) (Fig. 2C). Using 3.5 um apoLhslp we
observed a maximal binding of 2.1 = 0.02 um ATP with an
affinity of 13.6 = 0.5 um. However, as the Lhs1p-ATP complex
is essentially non-dissociating (see below), the true equilibrium

affinity of Lhs1p for ATP is probably
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FIGURE 2. GAnHCI-EDTA-treated Lhs1p exhibits efficient nucleotide binding activity. A, untreated Lhs1p (L),
GdnHCl-treated Lhs1p or Kar2p (K) were incubated with [a->2PJATP for 30 min at room temperature. After removal
of free nucleotides by gel filtration binding, bound nucleotides were analyzed by thin layer chromatography. Con-
sistent with previous observations (10), Lhs1p does not hydrolyze [«->P]ATP like the canonical Hsp70 Kar2p.
B, [a-*?P]ATP-Lhs1p complexes were captured onto polyvinylidene difluoride filters (Millipore), followed by removal
of unbound nucleotides by three washes with ice-cold ATPase assay buffer. The amount of bound [a->2P]ATP was
analyzed by scintillation counting. The mean = S.D. (error bars) from three experiments is shown. C, 3.5 um Lhs1p
was incubated for 1 h at room temperature with 0-200 um ATP, supplemented with [a->2P]ATP. Lhs1p with bound
nucleotide was captured onto polyvinylidene difluoride filters as described in B, the amount of bound [a->P]ATP
was analyzed by scintillation counting, and binding curves were generated using a one-site saturation binding
model. Error bars represent the mean of two experiments that were each performed in triplicate. D, GdnHCl-treated
Lhs1p or Kar2p were preincubated with [a->?P]JATP for 3 h or 30 min, respectively, a more than 1000-fold excess of
cold ATP was added and the proteins were incubated for an additional hour (Lhs1p) or 10 min (Kar2p). After removal
of free nucleotides by gel filtration, bound nucleotides were analyzed by thin layer chromatography.
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nucleotide bound form suggests
that dissociation is rather slow. To
explore this possibility we ana-
lyzed the dissociation of Lhslp-
bound [a-*?P]JATP. GdnHCI-
treated Lhslp was preloaded with
[a-*>2P]ATP as before, followed by
incubation in the presence of a
greater than 1,000-fold excess of
non-radioactive ATP. TLC analysis
of Lhslp-bound nucleotides dem-
onstrated that the level of bound
[a->*P]JATP was not significantly
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reduced even after 60 min (Fig. 2D). When the same assay was
performed with Kar2p, the majority of [a->*P]ATP-Kar2p com-
plexes were already dissociated after 10 min (Fig. 2D). These
data confirm that, once formed, the Lhslp-ATP complex is
extremely stable. We therefore conclude that Lhs1p is purified
in a nucleotide-bound form that can be dissociated by reversi-
ble denaturation with GdnHCI. The resultant “apoLhslp”
exhibits an efficient ATP binding activity the importance of
which we investigated further.

Nucleotide Binding to Lhslp Causes a Conformational
Change—Canonical Hsp70 chaperones adopt specific confor-
mations with different protease sensitivities upon binding of
ADP or ATP (34-36). To determine whether Lhs1p undergoes
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FIGURE 3. Nucleotide binding alters the proteinase K susceptibility of
Lhs1p. Untreated Lhs1p (L), GAnHCl-treated Lhs1p and Kar2p (K) were prein-
cubated for 30 min at room temperature in the presence of nucleotides
before addition of proteinase K. Cleavage products were separated by SDS-
PAGE and visualized by Coomassie Brilliant Blue staining. The ~44 and ~60
kDa cleavage products of Kar2p are indicated by a white and black arrows,
respectively.
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a conformational change upon nucleotide binding, GdnHCI-
treated Lhs1p was preincubated with or without nucleotide and
subsequently treated with proteinase K. In the absence of nucleo-
tides, incubation with proteinase K resulted in almost complete
degradation of Lhslp. However, after preincubation with either
ADP or ATP, a substantial amount of Lhs1p remained protected
from proteolysis (Fig. 3), demonstrating that nucleotide binding
results in a conformational change that alters the susceptibility to
proteinase K. Consistent with our finding that Lhs1p was orig-
inally purified in an ATP-bound form we found that untreated
Lhs1p displayed a similar protease protection pattern to that
observed for nucleotide bound GdnHCl-treated Lhs1p and that
this was independent of any added nucleotide.

The proteolytic pattern of nucleotide-bound Lhslp dif-
fered from canonical Hsp70s, where ADP and ATP have dif-
ferent effects on protease susceptibility. ADP binding pro-
tects a ~44-kDa NBD fragment, whereas ATP protects a
~60-kDa fragment that includes both the NBD and the sub-
strate binding domain (Fig. 3, Kar2p, white and black arrows,
respectively) (34 -36). These results demonstrate that, like
canonical Hsp70 chaperones, Lhs1p undergoes a conforma-
tional change upon nucleotide binding, although the nature
of these conformational changes appears to differ between
the two subfamilies.

Nucleotide Binding to Lhslp Stimulates the Interaction with
Kar2p—Previously we have shown that Lhslp interacts with
GST-tagged Kar2p (10). The interaction between purified
(untreated) Lhs1p and GST-Kar2p occurs both in the presence
or absence of ADP but is substantially inhibited by the addition
of ATP (Fig. 4A). Given that the purified Lhs1p is largely ATP
bound, then it might appear probable that the observed inhib-
itory effect of ATP on the interaction is mediated via its binding
to Kar2p. To test this possibility we
created a G246D mutant form of

GST-K GST-K(G246D)

20% no ADP ATP 20%

no ADP ATP

Kar2p that is equivalent to the
nucleotide binding G226D muta-
tion in the mammalian Kar2p
homologue BiP (34). As predicted,
the G246D mutant form of Kar2p
was defective in ATP binding and its

i ADP

[ ATP

Untreated Lhslp  GnHCl treated Lhs1lp

20% GST GST-K 20% GST GST-K 20% GST  no

GST-K(G246D)

ADP ATP

interaction with Lhslp was now
found to be unaffected by the addi-
tion of ATP (Fig. 4, A and B). These
data suggest that Lhs1p binds pref-

erentially to the apo- and ADP-
bound forms of Kar2p but not to its
ATP-bound form.

W untreated Lhs1p

Next we examined the require-

-

ment for nucleotide binding to

GnHCl treated Lhs1p
Lhslp in the Kar2p interaction.

FIGURE 4. Nucleotide binding to Lhs1p is required for efficient interaction with Kar2p. A, purified
untreated Lhs1p was incubated with immobilized GST-Kar2p (GST-K) or GST-Kar2p(G246D) (GST-K(G246D)) in
the presence or absence of 2 mm ADP or ATP. Samples of bound proteins were examined by Western blotting
and detected with antibodies against Lhs1p. The altered migration of Lhs1p is caused by overloading with

Strikingly, we found that removal of
bound ATP from Lhs1p by GdnHCI
treatment led to a substantial reduc-
tion in the interaction with GST-

GST-Kar2p (data not shown). B, GST-Kar2p(G246D) does not bind ATP. GST-Kar2p or GST-Kar2p(G246D) were

incubated with [a->?P]ATP for 30 min at room temperature. After removal of free nucleotides by gel filtration
binding, bound nucleotides were analyzed by thin layer chromatography. C, interaction between untreated
and GdnHCl-treated Lhs1p with GST or GST-Kar2p analyzed, as described in A. D, interaction between
untreated or GdnHCl-treated Lhs1p and GST-Kar2p(G246D) (GST-K(G246D)) analyzed in the presence or

absence of 2 mm ADP or ATP, as described in A. wt, wild-type.
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Kar2p (Fig. 4C). Whereas the inter-
action of untreated Lhslp with
GST-Kar2p(G246D) was unaffected
by the presence of nucleotides, ADP
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conserved aspartate residue coordi-

A B
Sc-Lhsl : AVIlEEYEOONIKATNVSPOA
Mm-Grpl70 : AVNSIANEHESE SMK EVKPGV
Sc-Ssel : TPEEINBEENNNSY VARNRG
Hs-Hspll0 : SV\/EIMB€:OSCY vARAGG
Sc-Kar2 : TViECERE€eiTY SC ‘MKNGK
Hs-Bip : TV|/CERBJE€iTY SCIUGIEFKNGR
Sc-Ssal : —AVCEMNHETY SCYAHFANDR
Bt-Hsc70 : PA|/CEBBIEENTY SC G’FQHGK
Ec-DnaK : KIchRprie§TNSC HMDGTT

D.26 &28

nates the Mg®*"ATP (38 —41). Sub-
stitution of Asp-26 or Gly-28 with
alanine or leucine, respectively,
severely affected [a-**P]ATP bind-
ing to GdnHCl-treated Lhslp (Fig.
5B), demonstrating that the NBD
mutations resulted in nucleotide
binding defects. The observation
that an efficient interaction between
wild-type Lhslp and Kar2p is nu-

ATP

®« &

no

were analyzed by thin layer chromatography. wt, wild-type.

A B KATP

wt D26A G28L

FIGURE 5. Mutation of conserved residues in the nucleotide binding domain prevent ATP binding to
Lhs1p. A, alignment of a conserved region in the ATPase domains of Hsp70 superfamily members. The position
of the conserved Lhs1p residues Asp-26 and Gly-28 are indicated with black dots. B, NBD mutations affect ATP
binding. GdnHCl-treated Lhs1p or Lhs1p carrying the D26A or G28L mutations was incubated with [a->2P]ATP
for 30 min at room temperature. After removal of free nucleotides by gel filtration binding, bound nucleotides

cleotide-dependent suggests that
nucleotide  binding  mutations
would affect the Lhs1p-Kar2p inter-
action. Indeed, when assayed
in a GST-Kar2p(G246D) pulldown
assay, both nucleotide binding
mutants showed a reduced Kar2p

K'T"28 interaction, which could not be

GST  GST-K(246D) T 1 |

2 3 1 2 3 Time(min)

stimulated by nucleotides (Fig. 6A).

20% - - ADP ATP
WS W | GnHCl treated Lhs1p . ‘
_ Lhs1p(D26A) ; ;
L
p— Lhs1p(G28L)

To determine whether the residual
interaction observed in the pull-
down assay was sufficient to stimu-
late nucleotide exchange on
Kar2p, Kar2p was preloaded with
[@-*?P]ATP and incubated with
wild-type Lhslp or the Lhslp

ADP

ATP
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4.0}
3.0}
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ATP hydrolysis (nmol Pi/hour) (@]

FIGURE 6. The Lhs1p D26A and G28L mutations inhibit functional interaction with Kar2p. A, the Lhs1p
D26A and G28L mutations severely affect the interaction with Kar2p. Interaction of untreated Lhs1p, GdnHCI-
treated Lhs1p, Lhs1p(D26A), or Lhs1p(G28L) with GST-Kar2p(G246D) were analyzed in the presence or absence
of 2mm ADP or ATP as described in the legend to Fig. 3A. B, the Lhs1p D26A and G28L mutants do not stimulate
nucleotide exchange on Kar2p. Kar2p-[a-*?P]JATP complex was isolated and incubated with Lhs1p or Lhs1p
mutants in the presence of 100 um unlabeled ATP. At the indicated time points, proteins were reisolated, and
the bound nucleotides were examined by TLC. C, steady state ATPase activity of Kar2p (K) in the absence or
presence of the soluble J-domain of Sec63p (J), Lhs1p (L), LhsTp(D26A) (26), or Lhs1p(G28L) (28). The mean *

S.D. from a minimum of three independent experiments is shown.

and ATP dramatically stimulated the GST-Kar2p(G246D)
binding of GAdnHCl-treated Lhs1p (Fig. 4D). These data dem-
onstrate that nucleotide binding to Lhs1p stimulates its inter-
action with Kar2p. Interestingly, the interaction seems to be
promoted to a similar extent by ADP and ATP.

Lhslp Nucleotide Binding Mutations Interfere with NEF
Activity—To further analyze the importance of nucleotide
binding for Lhs1p function we examined two novel mutations
in the nucleotide binding domain. Lhs1p Asp-26 and Gly-28 are
identical throughout the NBDs of the Hsp70 superfamily (Fig.
5A) and their equivalents in bovine Hsc70 (37) and Sselp (38—
40) are localized in the nucleotide binding pocket where the
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mutants. The release of nucleotides
from Kar2p was monitored by thin
layer chromatography. As reported
previously (10) incubation with
wild-type Lhslp led to a rapid
reduction in the amount Kar2p-
bound [a-*?P]ADP and [a-32P]-
ATP (Fig. 6B). However, in the pres-
ence of the Lhslp mutants, the
amount of bound nucleotide
remained similar to the control (Fig.
6B), demonstrating that both NBD
mutations strongly interfere with
the NEF activity of Lhslp. This
conclusion was further supported
by the observation that, unlike
wild-type Lhslp, the NBD mu-
tants were unable to stimulate the
level of ATP hydrolysis when
added to Kar2p and its Sec63-] partner (Fig. 6C). Taken
together, these results demonstrate that nucleotide binding
to Lhs1p is essential for its nucleotide exchange activity.
Lhslp Holdase Activity Is Independent of Nucleotides—The
mammalian Lhs1p homologue Grp170 not only functions as a
nucleotide exchange factor (18), but can also act as a holdase
that prevents heat-induced aggregation of proteins in vitro (19).
To verify that holdase activity is a general feature of the
Grp170/Lhs1p subfamily, the model substrate firefly luciferase
was incubated at 43 °C in the presence or absence of untreated
Lhslp and its thermal aggregation was followed by an increase
in optical density. As reported for Grp170, wild-type Lhslp
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FIGURE 7. Lhs1p functions as a nucleotide-independent holdase. A, firefly luciferase (0.6 um) was incubated
at 43°C in the absence (@) or presence of 1.2 um untreated Lhs1p (O) or 3 um bovine serum albumin (A).
Aggregation was followed by the increase in optical density at 320 nm. B, GdnHCl-treated Lhs1p and untreated
Lhs1p prevent luciferase aggregation with similar efficiency. Maximal firefly luciferase (0.6 um) aggregation
uponincubation at43 °Cin the absence (®) or presence of increasing concentrations of untreated Lhs1p (O) or
GdnHCl-treated Lhs1p ([]) are indicated. C, the Lhs1p NBD mutations still allow holdase activity. Maximal firefly
luciferase (0.6 um) aggregation upon incubation at 43 °C in the absence (@) or presence of increasing concen-
trations of Lhs1p (O), Lhs1p(D26A) (), or Lhs1p(G28A) (A). The mean = S.D. (error bars) from three experi-
ments is shown.
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FIGURE 8. The D26A and G28L mutations affect Lhs1p function in vivo. A, JTY33 (AlhsT) transformed with
either empty vector or HIS3-based plasmids containing LHS1, lhs1(D26A), or lhs1(G28L) was grown to midlog
phase in yeast nitrogen base (YNB) with appropriate supplements. Whole cells extracts were analyzed by
immunoblotting with antibodies against Lhs1p and prepro-a-factor. B, the ability of the Lhs1p mutant to
complement the lethal defect associated with the AireT1Alhs1 double mutation was examined by transforming
JTY44 (Aire1Alhs1) containing pRC43 (LHS1, URA3) with either empty vector or HIS3-based plasmids containing
LHS1, Ihs1(D26A) or lhs1(G28L), followed by counterselection of pRC43 on 5’-fluoroorotic acid (FOA) medium.

efficiently reduced the thermal aggregation of luciferase,

Lhslp Nucleotide Binding Mu-
tants Do Not Function in Vivo—Al-
though Lhslp is not essential for
viability, cells lacking LHSI1 are
defective in the translocation of a
subset of proteins across the ER
membrane (14). To determine
whether nucleotide binding to
Lhs1p is essential for its role in pro-
tein translocation, Alhsl strain
JTY33 (13) was transformed with
plasmids encoding either wild-type
Lhs1p or the NBD mutants and the
level of the post-translational trans-
location substrate prepro-a-factor
in cell extracts was analyzed by
immunoblotting. Both mutants
showed a marked accumulation of
the cytosolic precursor form of this
substrate (Fig. 84), demonstrating
that the nucleotide binding muta-
tions result in protein translocation
defects. In addition to protein trans-
location defects, cells lacking LHSI
display a constitutive induction of
the unfolded protein response
(UPR) (14). The UPR results in tran-
scriptional induction of a wide vari-
ety of genes, including ER chaper-
ones and the other Kar2p nucleotide
exchange factor Sillp (13). To
determine whether cells expressing
the Lhslp NBD mutants were able
to grow in the absence of a func-
tional UPR, we examined the ability
of the mutants to support growth in
the absence of IREI, a gene re-
quired for activation of the UPR.
AlhsiAirel cells carrying the plas-
mid pRC43 (LHS1, URA3) (14) were
transformed with plasmids carrying
the NBD mutants and analyzed for
growth after loss of pRC43 on
5'-fluoroorotic acid medium. After
loss of pRC43, only a plasmid carry-
ing wild-type LHSI was able to res-
cue growth (Fig. 8B). Vector alone

whereas bovine serum albumin was unable to prevent aggrega-
tion (Fig. 7A). To test whether efficient holdase activity requires
nucleotide binding to Lhs1p, luciferase was incubated at 43 °C
in the presence of limiting concentrations of untreated and
GdnHCl-treated Lhslp. GdnHCl-treated Lhslp prevented
luciferase aggregation with the same efficiency as untreated
Lhs1lp (Fig. 7B). In addition, the Lhslp nucleotide binding
mutants were also capable of preventing luciferase aggregation
(Fig. 7C). These results demonstrate that Lhs1p can function as
a nucleotide-independent holdase in vitro.
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or plasmids expressing either the D26A or G28L mutant forms
were unable to rescue the growth defect (Fig. 8B8). These results
demonstrate that the nucleotide binding mutations disrupt
Lhs1p function in vivo.

DISCUSSION

The Lhslp nucleotide binding domain contains many resi-
dues that are similar throughout the Hsp70 superfamily. Espe-
cially the residues important for ATP binding and hydrolysis in
canonical Hsp70s are highly conserved. Although this strict
sequence conservation suggests the NBD is important for
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Lhs1p function, its exact role has not been clearly identified.
Here we show that nucleotide binding to Lhs1p is essential for
its function as a Kar2p nucleotide exchange factor. We found
that Lhs1p was purified as a relatively stable ATP-bound com-
plex. Removal of bound ATP was made possible by reversible
denaturation whereupon the resulting apoLhslp showed a
much reduced interaction with Kar2p. This interaction was
restored following incubation of apoLhs1p with nucleotide.
This finding was confirmed with two different mutations in
the nucleotide binding domain of Lhslp that disrupted
nucleotide binding. Both D26A and G28L mutant forms of
Lhslp showed reduced interaction with Kar2p and were
unable to provide any nucleotide exchange activity in vitro.
Nucleotide binding therefore appears to be essential for the
NEF activity of Lhs1p.

The stability of the ATP-bound form of Lhs1p was particu-
larly striking. Bound ATP could not be removed even after pro-
longed dialysis, neither did we find evidence for significant
spontaneous exchange with competitor nucleotide even when
the latter was present in substantial excess. However, by devel-
oping a reliable method for generating apoLhs1p we have been
able to demonstrate that it is the nucleotide-bound form of
Lhslp that interacts with Kar2p. However, the interaction
between Lhs1p-ATP and Kar2p was shown to be inhibited by
the addition of ATP. Using an ATP-binding mutant form of
Kar2p (G246D) we were then able to demonstrate that this
inhibitory effect of ATP was now lost. Taken together, our data
demonstrate that nucleotide-bound Lhs1p binds Kar2p only
when the latter is in its nucleotide-free or ADP-bound states.
This would be consistent with the function of Lhs1p as a nucle-
otide exchange factor for Kar2p.

Like Lhs1p, members of the cytosolic Hsp110 subfamily also
function as nucleotide exchange factors for canonical Hsp70s
(20, 21). Nucleotide binding mutations in the Hsp110 Sselp
have similarly been reported to affect the interaction with the
Hsp70s and to reduce nucleotide exchange activity (21, 42).
Recent structural data demonstrate that Sselp interacts with
Hsp70s via its NBD and the helical bundle domain of the sub-
strate binding domain (39, 40) and this interaction can only
occur when the Ssel-NBD is in a closed, nucleotide bound,
conformation (32, 39, 40). In a pulldown assay, both ADP and
ATP binding to Lhslp appear to stimulate the interaction
between Lhs1p and Kar2p to a similar extent. In contrast, ATP
binding to Sselp was reported to support the interaction
between Sselp and its Hsp70 partner Ssalp more efficiently
than ADP binding (32). It is possible that Lhslp and Sselp
respond slightly different to either ADP or ATP binding as pro-
tease protection of Lhs1p was found to be similar in the pres-
ence of ATP and ADP, whereas ADP-bound Sselp is more sus-
ceptible to proteolysis than ATP-bound Sselp (22). These data
appear to indicate some differences in the properties of the
ER-lumenal Lhs1p from its cytosolic counterpart.

In addition to its NEF activity Lhs1p can also function as a
holdase (this study). Unlike the Kar2p interaction, nucleotide
binding is not required for Lhslp substrate binding as both
GdnHCl-treated Lhslp and the Lhslp nucleotide-binding
mutants are efficient holdases. This observation is consistent
with studies on deletion mutants of Hsp110 (29) and Grp170
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(19), which indicate that the substrate binding domain alone is
sufficient for holdase activity. Importantly, the holdase activity
of the nucleotide-binding mutants is not sufficient for function
in vivo. Alhs1 cells expressing Lhs1p(D26A) or Lhs1p(G28L)
show a dramatic accumulation of prepro-a-factor, suggesting
that the translocation defects of Alks1 cells are primarily caused
by the lack of Lhs1p NEF activity. This is consistent with the
observation that overexpression of Sillp can partially compen-
sate the translocation defect of a AlksI strain (13). However,
Sillp overexpression does not suppress the Alks1 translocation
defect completely (13) and it cannot be excluded that substrate
binding to Lhs1p plays a role during protein translocation as
well. In such a scenario, both Lhs1p and Kar2p could associate
with the translocation peptide, either sequentially or simulta-
neously as has been proposed for the Hsp110-Hsp70 complex
(39). The observation that without UPR induction of Sillp, both
NBD mutations are lethal clearly indicates that the Lhslp
nucleotide exchange activity is indispensible for Lhs1p function
in vivo.
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