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Heat shock proteins of 110 kDa (Hsp110s), a unique class of
molecular chaperones, are essential for maintaining protein
homeostasis. Hsp110s exhibit a strong chaperone activity pre-
venting protein aggregation (the “holdase” activity) and also
function as the major nucleotide-exchange factor (NEF) for
Hsp70 chaperones. Hsp110s contain two functional domains: a
nucleotide-binding domain (NBD) and substrate-binding
domain (SBD). ATP binding is essential for Hsp110 function
and results in close contacts between the NBD and SBD.
However, the molecular mechanism of this ATP-induced
allosteric coupling remains poorly defined. In this study, we
carried out biochemical analysis on Msi3, the sole Hsp110 in
Candida albicans, to dissect the unique allosteric coupling of
Hsp110s using three mutations affecting the domain—-domain
interface. All the mutations abolished both the in vivo and
in vitro functions of Msi3. While the ATP-bound state was
disrupted in all mutants, only mutation of the NBD-SBD in-
terfaces showed significant ATPase activity, suggesting that the
full-length Hsp110s have an ATPase that is mainly suppressed
by NBD-SBDp contacts. Moreover, the high-affinity ATP-
binding unexpectedly appears to require these NBD-SBD
contacts. Remarkably, the “holdase” activity was largely intact
for all mutants tested while NEF activity was mostly compro-
mised, although both activities strictly depended on the ATP-
bound state, indicating different requirements for these two
activities. Stable peptide substrate binding to Msi3 led to
dissociation of the NBD-SBD contacts and compromised in-
teractions with Hsp70. Taken together, our data demonstrate
that the exceptionally strong NBD-SBD contacts in Hsp110s
dictate the unique allosteric coupling and biochemical
activities.

Heat shock proteins of 110 kDa (Hsp110s) form a unique
class of molecular chaperones (1-9). Ubiquitously present in
the eukaryotic cytosol, they play an essential role in main-
taining cellular protein homeostasis. Through this role, they
provide essential protections for eukaryotic organisms against
various stress conditions, including many human diseases.
Thus, it is paramount to characterize the precise mechanism(s)
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of their action in maintaining protein homeostasis to under-
stand their protective role against various diseases.

As distant homologs of Hsp70s, Hsp110s are both chaper-
ones on their own and cochaperones for Hsp70s. Hsp70s, an
essential and universal class of molecular chaperones, play key
roles in virtually all known processes in maintaining protein
homeostasis (10-17). Hsp110s, by themselves, have potent
chaperone activity in preventing the aggregation of denatured
proteins, the “holdase” activity (18—21). However, they lack the
hallmark activity of Hsp70s in assisting protein folding
directly. As cochaperones, Hspl10s have been shown to
function as the major nucleotide-exchange factors (NEFs) for
cytosolic Hsp70s, facilitating the exchange of ADP for ATP in
Hsp70s after ATP hydrolysis (3, 4, 9, 22, 23). Various studies
have demonstrated that Hsp110s participate in almost all the
processes that are associated with cytosolic Hsp70s including
de novo protein folding and refolding under stress, protein
transportation into the endoplasmic reticulum, solubilizing
protein aggregates, and protein degradation (1, 5, 7-9, 18-20,
24-39). However, the functional roles of Hsp110s beyond
NEFs remain a mystery.

The unique biochemical properties of Hsp110s dictate their
special chaperone activities. As homologs, Hsp110s share the
same domain organization as Hsp70s (1, 8, 9, 14, 40). Both
Hspl110s and Hsp70s have two functional domains: a
nucleotide-binding domain (NBD) at the N-terminus and a
substrate-binding domain (SBD) at the C-terminus. The SBD
is further divided into SBDP and SBD«a. Connecting these two
functional domains is a short interdomain linker. Hsp110s are
larger in size due to an insertion in the SBD and a C-terminal
extension beyond the SBDa. A recent study suggested a novel
substrate-binding site in the C-terminal extension region of
metazoan Hspl10s but not yeast Hsp110s (41). However, it is
puzzling that both these extra segments are dispensable for
function (6, 40, 42).

The biochemical properties and structures of Hsp70s are
well studied. For Hsp70s, each functional domain has an
essential intrinsic activity (10, 11, 13, 14, 43, 44). The NBD
binds ATP or ADP and hydrolyzes bound ATP to ADP, ie.,
the NBD has an ATPase activity. The SBD binds hydrophobic
segments of polypeptides in extended conformation, normally
only found in unfolded proteins. As there is little contact
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The unique allosteric regulation of Hsp110

between the two domains in the ADP-bound and nucleotide-
free (apo) states, the isolated SBD structures represent these
states (45—47). In contrast, ATP binding allosterically couples
the two functional domains (48, 49). This allosteric coupling is
crucial for the chaperone activity by ensuring that the energy
from ATP hydrolysis is efficiently used for regulating peptide
substrate binding (14, 43, 45, 46, 48-55).

In contrast, limited biochemical and structural information
is available for Hsp110s. Although Hsp110s have the two
functional domains such as Hsp70s, it has been enigmatic
whether Hsp110s have similar intrinsic activities and allosteric
coupling. The ATP binding is essential for the “holdase” ac-
tivity and NEF activity of Hsp110s (6, 9, 22, 23, 56); however, it
has been under debate whether Hspl10s have an active
ATPase activity (3, 20, 24, 56—60). For the peptide substrate-
binding activity, limited information is available since only a
handful of substrates have been identified and analyzed for
Hsp110s (41, 61-64). More importantly, how the two func-
tional domains are coupled, i.e., the allosteric coupling, re-
mains largely a mystery. A number of studies suggested that
like Hsp70s, HspllOs have two overall conformations
depending on the nucleotides bound: the ATP-bound and
ADP-bound/nucleotide-free states (4, 6, 9, 22, 40, 58, 59, 61).
Ssel, an Hsp110 from Saccharomyces cerevisiae, is the most
studied Hsp110 (7, 9, 65). Consistent with the reported func-
tional and physical interaction between the separately
expressed domains (6), the crystal structure of Ssel in complex
with ATP has revealed extensive contacts between the two
functional domains (40, 56, 66), suggesting an exceptionally
strong interaction between the NBD and SBD. In contrast,
limited domain contacts have been suggested for the ADP-
bound/nucleotide-free state, although no structure is avail-
able for this state yet.

A number of studies including two structural analyses on
Ssel in complex with Hsp70s have revealed the molecular
mechanism of the NEF activity of Hsp110s and provided
support for the importance of the ATP-bound conformation
for the NEF activity (22, 56, 66—68). Despite this, however, how
allosteric coupling in Hsp110s contributes to the “holdase” and
NEF activities is not completely understood. It has been sug-
gested that the ATP-hydrolysis associated allosteric commu-
nications in Hsp110s are dispensable for the functional cycle of
Ssel (56, 59, 68). Hsp110s seem to have unique allosteric in-
teractions between the functional domains that are different
from those of the classic Hsp70s. Indeed, the relative orien-
tation of the two domains is different to some extent between
the crystal structures of Ssel and Hsp70s in complex with ATP
(40, 50, 51). However, the molecular mechanism of this unique
allosteric coupling in Hsp110s remains elusive.

To dissect the unique allosteric coupling in Hsp110s, we
carried out mutational analysis on Msi3, the only Hsp110 in
yeast Candida albicans (9, 69, 70). Msi3 shares 63.4%
sequence identity with Ssel. Recently, we have purified Msi3
and showed that Msi3 shares almost identical biochemical
activities as Ssel (71). Msi3 has a higher and more consistent
expression than Ssel, which made it more suitable for
biochemical analysis. We have made three mutations on the
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NBD-SBD interfaces and interlobe contacts within the NBD.
Biochemical analysis of these mutants suggested that Hsp110s
have a unique allosteric regulation underlying their distinctive
function in assisting protein folding.

Results

Both the NBD-SBD interfaces and interlobe contacts within the
NBD are essential for the function of Msi3, a Hsp110 in
C. albicans

Previously we solved the first X-ray crystal structure of a
full-length Hsp110 using Ssel (40). This structure revealed
extensive and unique interfaces between the two functional
domains as well as within the NBD for the ATP-bound state
(Fig. 1, A and B). These interfaces could be crucial for the
unique allosteric communications and characteristic
biochemical properties of Hsp110s. Thus, we mutated these
interfaces.

There are mainly two interfaces between NBD and SBD:
NBD-SBDB and NBD-SBDa. The NBD-SBDa interface has
been suggested to be important for the in vivo activity and NEF
activity of Ssel while the role of the NBD-SBD interface re-
mains elusive (40, 56, 59). To test the NBD-SBD interface, we
mutated L, 3, one of the loops in the SBDf that mediate an
important NBD-SBDp contact (Fig. 1B). For testing the NBD-
SBDa interface, we took advantage of the previously charac-
terized 1163D mutation on this interface (Fig. 1B) (40). lle163
is highly conserved and the 1163D mutation abolishes the
in vivo function of Ssel.

Additionally, the NBD of Ssel has a unique structure. Like
Hsp70s, the NBD is composed of two large lobes: I and II
(Fig. 1B). Between the lobes is a deep cleft where the nucleo-
tide binds. The relative orientation of the two lobes changes
between the ATP-bound and ADP-bound structures of
Hsp70s (50, 51, 72—74). This orientation change could be a key
feature for regulating ATP hydrolysis and allosteric coupling in
Hsp70s. For Hspl10s, only the ATP-bound structures are
available, and the relative orientation of the two lobes is almost
identical to that of the ATP-bound structures of Hsp70s (40,
56, 66, 75). Intriguingly, there are more extensive contacts
between the two lobes of NBD for Hspl10s than those of
Hsp70s, indicating that the ATP-bound state of Hsp110s is
more stable than that of Hsp70s. One unique set of contacts in
Ssel is mediated by Arg235 (Fig. 1, B and C). Arg235, located
in lobe II, forms two hydrogen bonds with two residues in lobe
I, Asn67 and Glu84. Residues involved in these contacts
(Arg235, Asn67, and Glu84) are conserved in Hspll0Os
(Fig. S1). In Hsp70s, a highly conserved glutamic acid is
located at the analogous position of Arg235 (Fig. 1C, bottom
panel). More importantly, mutating Arg235 to glutamic acid
abolished the in vivo function of Ssel (40). Thus, we used the
R235E mutation to test the interlobe contact within the NBD.

Due to the low expression level of the Ssel proteins carrying
either the 1163D or R235E mutation, we took advantage of
Msi3, the sole and essential Hsp110 in the yeast opportunistic
pathogen C. albicans (9, 69, 70). Sharing 63.4% sequence
identity with Ssel, Msi3 can substitute Ssel in supporting
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Figure 1. The domain organization and structure of the yeast Hsp110 Sse1. A, the domain organization of Hsp110s. The residue numbers of Sse1l are
labeled on the top. B, Ribbon diagram of the Sse1 structure (PDB code: 2QXL). The domain coloring is the same as in A. The bound ATP is highlighted as
sticks. On the right are the zoom-in views of the regions involving in 1163 on the NBD-SBDa interface (top) and R235 on the interlobe contacts of the NBD
(bottom). The hydrogen bonds are shown as dotted lines. The bottom is the zoom-in view of the NBD-SBDP contacts to show the position of L, 3 (orange).
C, comparison of the Sse1-ATP (top panel) and hBiP-ATP (bottom panel, PDB code: 6ASY) structures on the R235 contacts. The hydrogen bonds are shown as

dotted lines.

growth at elevated temperatures (70). Recently, we have purified
the wild-type (WT) Msi3 protein and shown that it has almost
identical biochemical activities as Ssel (71). Therefore, we
introduced the analogous mutations into Msi3 (Fig. S1). To
mutate L, 3, we replaced its sequence (420PKGGLFP426) with a
GS linker and named this mutant AL, 3. First, we tested whether
these mutations affect the in vivo function of Msi3. To do this,
we used a S. cerevisiae strain carrying a deletion of the SSEI gene.
As shown before (70, 71), the WT MSI3 gene can rescue the
temperature-sensitive phenotype of the SSEI deletion strain
(Fig. 2A). Consistent with the analogous Ssel mutations, neither
1164D nor R235E was able to support growth at 37 °C, an
elevated temperature (Fig. 24). As predicted by the Ssel struc-
ture, the AL, 3 mutant abolished the in vivo function of Msi3
(Fig. 2A). These mutants were expressed at a similar level as the
WT Msi3 (Fig. 2B). Thus, the in vivo functional defect is not due
to a lack or significant reduction of expression.

To directly confirm the functional defect of these Msi3
mutants, we purified these mutant proteins (Fig. S2) and car-
ried out a refolding assay using an Ssal chaperone system
containing Ssal, Msi3, and Ydjl. Hspl10 is an essential
component of the Hsp70-Hsp110-Hsp40 chaperone machin-
ery, which is crucial for protein folding, degradation, trans-
portation into organelles, and dismantling protein aggregates
(1, 5, 7-9, 18-20, 24-39). Ssal is the major Hsp70 in the
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cytosol of S. cerevisiae. The endogenous Ssal chaperone sys-
tem for protein folding contains Ssal, Ssel, and Ydj1. Ydj1 is a
Hsp40. Recently, we have shown that Msi3 can substitute Ssel
in assisting the refolding activity (71). As shown in Figure 2C,
none of the mutant Msi3 proteins were able to significantly
increase the refolding of the heat-denatured luciferase above
the negative control (without Msi3 protein), supporting the
in vivo functional defect.

The NBD-SBD allosteric coupling is disrupted in the Msi3
mutants

Based on the locations, we expected that the allosteric
coupling in the ATP-bound state is disrupted in all the Msi3
mutants. A number of previous studies, including our limited
trypsin digest analysis, have revealed that Hsp110s such as Ssel
have two overall conformational states: the ATP-bound and
ADP-bound/nucleotide-free (apo) states (22, 40, 59). Limited
proteolysis, short and controlled exposures of proteases such as
trypsin, can provide information regarding protein structures
and conformational changes. The relatively low concentrations
of proteases used in limited proteolysis normally cut at flexible
regions exposed on the surface of proteins. The ATP-bound
state is more resistant to trypsin digest than the ADP-bound/
apo state, consistent with the extensive NBD-SBD contacts
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Figure 2. Growth test and the activity of the purified Msi3 proteins in assisting protein refolding. A, growth test of the Msi3 mutations. The Msi3
mutations were labeled on the /eft. Serial dilutions of fresh cultures were spotted on agar plates and incubated at 30 and 37 °C. B, protein expression levels
of the Msi3 mutants at 37 °C. Top panel: the Western blot analysis of Msi3 expression levels using an anti-Sse1 antibody. This antibody recognizes Msi3.
Bottom panel: the Coomassie-stained SDS-PAGE loaded with respective cell lysates to show a similar amount of cell lysate was loaded onto each lane. C, the
activity of the purified Msi3 proteins in assisting Ssa1-Ydj1 in refolding heat-denatured luciferase. The scheme for the experimental setup is shown on the
left. The refolding activity is measured by the recovery of the luciferase activity after heat denaturation. The activity of the undenatured luciferase was set as
100%. The Msi3 mutations were labeled on the right. Refolding without Msi3 was used as a negative control (no Msi3). All the data points were mean + SD
from three to six independent experiments using more than two different protein purifications although some error bars are too small to be visualized.

with the interdomain linker buried between observed in the
crystal structures of the ATP-bound Ssel (40, 56, 66). The
reduced trypsin resistance in the ADP-bound/apo state suggests
that there is limited contact between the NBD and SBD in this
state. Recently, we have confirmed these two confirmational
states for Msi3 (71). Thus, we tested how these mutations in-
fluence these two conformations of Msi3, especially the ATP-
bound state, using the limited trypsin digest analysis. Consis-
tent with the previously published results for Ssel and Msi3 (40,
71), two signature proteolytic bands were observed in the
presence of ATP for the WT Msi3 protein: one at ~ 43 kD and
the other at ~ 36 kD, most likely corresponding to the NBD and
SBD, respectively (Fig. 3). Additionally, there was a significant
amount of undigested Msi3 protein. In contrast, in the absence
of ATP, there was no visible 43 kD band while the band of ~36
kD was the most prominent digested band. Moreover, there was
almost no intact protein left. Instead, several bands slightly
smaller than the undigested Msi3 were visible. These bands were
also observed for Ssel and identified as digestions at the N-
terminal end.

When we tested the mutant proteins, the signature trypsin
digest pattern in the presence of ATP was almost completely
abolished (Fig. 3), suggesting that the ATP-bound conformation
is specifically compromised in all the mutants. Regardless of the
nucleotides, the digest patterns were almost the same for the
same mutant protein, suggesting the ATP-induced allosteric
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coupling is disrupted. However, there were obvious differences
among the mutations. For 164D and R235E, the digest patterns
were virtually identical to that of the WT Msi3 in the absence of
ATP regardless of whether ATP was present. In contrast, AL, 3
showed a new digest pattern. The bands slightly smaller than the
undigested Msi3 were significantly reduced, as was the band at
~36 kD, suggesting an overall increased sensitivity to trypsin
digestion. Taken together, the loss of the ATP-bound state for all
the mutants is consistent with our structural prediction.

The Msi3 mutants exhibit a reduced affinity for ATP but an
increased affinity for peptide substrate

Based on the Ssel-ATP structure, all the mutations are quite
far away from the ATP-binding site in the NBD, especially AL, 3,
which is in the SBD (Fig. 1B). We expected that none of these
mutations would have significant influence on ATP binding if
the NBD-SBD allosteric coupling had little influence on the
binding of ATP. To test ATP binding, we carried out a fluo-
rescence polarization assay using ATP-FAM, a fluorescent-
labeled ATP. Using this assay, we have recently shown that
Msi3 binds ATP-FAM with high affinity (71). As shown in
Figure 4, A and B, the affinity of Msi3 for ATP-FAM is about 40-
fold higher than that of Ssal. Surprisingly, all the mutations
showed significantly reduced affinities for ATP-FAM (Fig. 4, A
and B). The reduced affinity of ATP-FAM for 1164D and AL, 3

SASBMB
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Figure 3. The Msi3 mutant proteins showed defects in the ATP-dependent allosteric coupling. The ATP dependence of proteolytic susceptibility was
compromised in the Msi3 mutant proteins. Msi3 proteins were treated with a low concentration of trypsin in the presence and absence of ATP or ADP. The
Coomassie-stained SDS-PAGE was used to visualize the digestion profiles. WT: the wild-type Msi3. apo: no nucleotide added; +ATP: ATP was added; +ADP:

ADP was added.

suggested that the NBD-SBD contacts influence the ATP-
binding affinity of the NBD, further supporting the allosteric
defect observed above in the trypsin digest assay. Although
compromised, significant ATP binding was observed for all the
Msi3 mutant proteins. Under the physiological concentration of
ATP (1-10 mM) and the ATP concentration used in the trypsin
digest (1 mM), the ATP binding is supposed to be saturated for
all the Msi3 mutants. Thus, the defective ATP-binding state
observed above in all the Msi3 mutant proteins most likely is not
caused by a lack of ATP binding.

Next, we tested the substrate-binding affinities of these Msi3
mutants. Previously, we have shown that the TRP2 peptide
binds to Hsp110s, whereas Hsp110s showed little binding to
the NR peptide, a well-established peptide substrate for
Hsp70s (58). The amino acid sequences of these two peptides
were shown in Table 1. The TRP2_181 peptide is a longer
version of the TRP2 peptide and showed a stronger binding to
Hsp110s than the TRP2 peptide. Consistent with these ob-
servations, Msi3 bound the TRP2_181 peptide with a high
affinity, whereas little binding to the NR peptide was detected
(Fig. 4, C and D, and S3A). In addition, ATP binding reduced
the binding affinity for the TRP2_181 peptide, whereas ADP
has little influence (Fig. 4, C and D), consistent with the re-
ported ATP sensitivity of the peptide substrate binding for
Hspl110s and the ATP-induced allosteric coupling in Msi3.
When we tested the mutant proteins, all showed increased
affinities for the TRP2_181 peptide to different levels (Fig. 4D
and S3, B-D). Moreover, the ATP sensitivity was largely lost,
which is consistent with the loss of the ATP-bound state and
allosteric coupling in these mutants revealed by the above
limited trypsin digest analysis.

Msi3 has a cryptic ATPase activity that is suppressed mainly
by the NBD-SBDf3 contacts

A number of studies including our biochemical and crys-
tallographic analysis suggest that the full-length Ssel has little
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ATPase activity (40, 56-59), while other studies have
demonstrated a significant ATPase activity for Hsp110s (3, 20,
24, 60). Using the isolated NBD of Ssel and chimera con-
structs between Ssel and a Hsp70, a recent study suggested
that Ssel has a cryptic ATPase activity that is not shown by the
full-length Ssel alone and is suppressed by the NBD-SBD
contacts (59). To directly test whether a full-length Hsp110
has an ATPase activity and how the NBD-SBD contacts or the
interlobe contacts within the NBD influence the ATPase ac-
tivity, we analyzed the ATPase activities of the Msi3 mutants.
One factor causing discrepancy in the literature on whether
Hsp110 has an active ATPase activity is the assays used. All the
studies that showed ATPase activity for Hsp110s utilized the
steady-state ATPase assay; whereas the single-turnover
ATPase assay was used for the studies that support little
ATPase activity. The single-turnover ATPase assay is much
less influenced by contaminating proteins than the steady-state
ATPase assay. In general, the single-turnover ATPase assay
produces more accurate and consistent results than the steady-
state ATPase assay. Moreover, the single-turnover ATPase
assay is able to accurately determine a wide range of ATPase
activities (76, 77). Thus, we carried out a single-turnover
ATPase assay.

As shown in Figure 4E, the full-length Msi3 had little
ATPase activity. This is consistent with our published results
on Ssel (40, 58). Interestingly, AL, 5 showed a significant ATP
hydrolysis, whereas very limited ATP hydrolysis was observed
for 1164D and R235E. The ATPase rate of the AL,3; mutants
(5.64 + 1.12 x 10~3/min) is about 7-fold lower than that of
Ssal reported at the same temperature (58). Thus, these data
support a cryptic ATPase activity for the full-length Msi3.
However, this ATPase activity is autoinhibited, mainly by the
NBD-SBDB contacts. This is because only AL,; with
compromised NBD-SBDp contacts showed an ATPase activ-
ity, whereas disrupting either the NBD-SBDa contacts by the
[164D mutation or the interlobe contacts within the NBD by
the R235E mutation has little influence on the ATPase

J. Biol. Chem. (2021) 297(3) 101082 5
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Figure 4. The intrinsic activities of the Msi3 mutant proteins. A, the Msi3 mutant proteins exhibited reduced affinities for ATP. The ATP binding to the
Msi3 proteins was assayed using fluorescence polarization with ATP-FAM. B, The dissociation constants (K,) deduced from A. C, the WT Msi3 protein binds
the TRP2 peptide in an ATP-dependent manner. The TRP2 peptide was labeled with fluorescein at the N-terminus. Fluorescence polarization assay was
carried out after the binding reached equilibrium. Msi3: no nucleotide was added; Msi3+ATP: ATP was added; Msi3+ADP: ADP was added. D, the disso-
ciation constants (K) of the Msi3 mutants for the TRP2_181 peptide. The WT data were deduced from C. The corresponding binding data for the mutants
were shown in Figure S3. E, the ATPase activity was influenced differently by the mutations in Msi3. The ATPase activity of Msi3 proteins was measured
using the single-turnover ATPase assay. The deduced catalytic constant (k.4) for the AL, 3 mutant is 5.64 + 1.12 x 1073/min. The ATP hydrolysis for the rest
of the Msi3 proteins was too low to calculate k4. The percentages of ATP hydrolysis were plotted as a function of reaction time (mean + SD from three to
five independent experiments using more than two different protein purifications).

activity. This cryptic ATPase is consistent with the reported
ATPase activity of the isolated NBD of Ssel although at much
lower rate (59).

The “holdase” activity was largely intact for all the Msi3
mutants

Hspl10s have been shown to have a strong activity in
preventing protein aggregation, the “holdase activity” (18—21).
Using the heat-denatured firefly luciferase as the substrate, we

Table 1
The peptide substrates used for Hsp110s and Hsp70s

Name Sequence
NR NRLLLTG
TRP2 SVYDFFVWL
TRP2_181 VYDFFVWLHYY
TRP2-Bpa SVYDFFVBpalLK

All the peptides were labeled with fluorescein at the N-terminus. No further
modification was made to any of the peptides.
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recently showed that Msi3 also has this activity (71). Next, we
tested whether the holdase activity of Msi3 was affected in the
Msi3 mutants. Consistent with the published results, upon
incubation at 42 °C, an elevated temperature, the firefly
luciferase showed an increasing OD reading at 320 nm, an
indication for protein aggregation (Fig. 5A). In the presence of
ATP, addition of Msi3 was able to significantly reduce this
heat-induced aggregation of luciferase, i.e., Msi3 can prevent
the luciferase from aggregating. Msi3 showed limited aggre-
gation by itself upon incubation at 42 °C (Fig. 5B). As shown
before for both Ssel and Msi3 (19, 71), this “holdase” activity
is ATP-dependent since in the absence of ATP or the pres-
ence of ADP, this activity was lost (Figs. 5C and S4A4), sug-
gesting that the ATP-bound conformation is required for this
activity.

When we tested the mutations, surprisingly, all the three
mutant proteins were able to suppress the aggregation of
luciferase to a similar level as that of the WT Msi3 in the
presence of ATP. Moreover, like the WT Msi3, none of these
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Figure 5. The preventing aggregation activity of the Msi3 mutant proteins. A and C, the preventing aggregation activity of Msi3 proteins in the
presence of (A) and absence of ATP (C). Firefly luciferase was used as a model substrate. Heating at 42 °C results in luciferase aggregation as measured by
increased readings at O.D. 320 nm. Luciferase alone was used as a negative control (no Msi3). The additions of Msi3 WT and mutant proteins were labeled
on the right of each plot. B and D, the aggregation of the Msi3 proteins alone in the presence of (B) and absence of ATP (D). The aggregation of luciferase
alone was used as a control (Luciferase). All data were mean + SD from three independent experiments using more than two different protein purifications.

mutant proteins showed significant aggregation by itself upon
heating at 42 °C in the presence of ATP. In the absence of
ATP or presence of ADP, like the WT Msi3, none of the
mutant proteins were able to suppress the aggregation of
luciferase (Figs. 5C and S4A). In addition, all the Msi3 proteins
showed increased aggregation in the absence of ATP or
presence of ADP (Figs. 5D and S4B). The clear differences in
OD readings between in the presence and absence of ATP for
all the mutants suggested that there is still some allosteric
coupling although strong defects in allosteric coupling were
detected by the limited trypsin digest analysis. Furthermore,
the presence of ADP showed almost identical results as those
in the absence of ATP (Fig. 5, C and D and S4, A and B),
consistent with the virtually indistinguishable tryptic pattens
for these two states.

Taken together, for the “holdase” activity, although the
ATP-induced allosteric coupling is required, it can tolerate
significant disruptions on all the interfaces tested in this study.
This could be due to the exceptionally strong NBD-SBD
contacts in Hsp110s. Since AL, 3 showed a “holdase” activity
close to the WT level, autoinhibiting the hidden ATPase ac-
tivity seems not required for the “holdase” activity of Msi3.
Furthermore, although ATP binding is required, it appeared
that the reduced ATP-binding affinity in all the mutants had
no appreciable effect on the “holdase” activity. Taken together,
the “holdase” activity seems a very robust and forbearing
activity.

All the Msi3 mutations compromised the NEF activity
Hspl10s have been shown to function as the major
nucleotide-exchange factor (NEF) for Hsp70s (3, 4, 9, 22, 23).
The ATP-bound state of HspllOs is important for this
NEF activity although a mutational analysis suggested
that the NBD-SBDp contacts seem to be dispensable for the

SASBMB

NEF activity (6, 9, 22, 23, 56). We tested whether the
NEF activity of Msi3 was affected by the mutations in
order to dissect how each interface influences the NEF
activity.

Consistent with our recent study on Msi3 (71), Msi3 is able
to function as an NEF for Ssal (Fig. 64). In this assay, we first
formed a complex of Ssal with ATP-FAM. This complex had a
high polarization reading due to the large size of Ssal. Adding
either buffer or Msi3 alone only resulted in very slow
decreasing of polarization values (Fig. 6B). Upon adding the
unlabeled ATP, the polarization reading decreased over time,
indicating the bound ATP-FAM was slowly replaced by the
unlabeled ATP, i.e., the nucleotide exchange (Fig. 6, A and B).
In contrast, adding Msi3 in combination with the unlabeled
ATP caused a drastically accelerated release of the bound
ATP-FAM as indicated by the fast decrease of polarization
readings, ie., the NEF activity (Fig. 6A).

When we tested the mutants, all showed a compromised
NEF activity (Fig. 6). Compared with the “holdase” activity
tested above, the NEF activity of Msi3 is more sensitive to the
ATP-induced allosteric coupling. Thus, the NEF activity
depends on the ATP-bound state and allosteric coupling of
Msi3. This is consistent with the published studies on Ssel
(22, 56, 68). However, there was significant difference among
the mutations. The NEF activity was almost completely
abolished for 1164D and R235E (Fig. 6, A—C). In contrast,
AL, 3 showed some significant NEF activity although lower
than that of the WT. This result suggested that the NEF
activity is more dependent on the NBD-SBDa interfaces and
interlobe contacts within NBD than the NBD-SBDp in-
terfaces. This is consistent with the crystal structures of Ssel
in complex with Hsp70s, which have shown that Ssel in-
teracts with Hsp70s mainly through Ssel’s NBD and SBDa
(56, 66).
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Figure 6. The NEF activity of the Msi3 mutant proteins. A and B, the release of the bound ATP-FAM from the Ssal protein in the presence (A) and
absence (B) of ATP. Addition of ATP (+ATP) or buffer (+buffer) alone was used as control. The polarization reading of ATP-FAM alone was set as zero. C, the

calculated dissociation constants (k.4 from A and B.

Stable peptide substrate binding to Msi3 disrupted the
interdomain contacts and compromised the Msi3-Ssa1
interaction but had little impact on the cryptic ATPase activity

For Hsp70s, it is well established that the binding of peptide
substrate dissociates the NBD-SBD contacts and thus stimu-
lates the intrinsic ATPase activity (10, 13, 43, 49, 78). Then, we
tested whether peptide substrates influence the allosteric
coupling and cryptic ATPase activity of Msi3. Unlike Hsp70s,
limited information is available for Hsp110s in terms of pep-
tide substrates. Up to now, only two peptide substrates have
been reported to bind Ssel, the TRP2 and LIC peptides (58,
61). We have shown that the TRP2 peptide binds Msi3 in a
similar fashion as Ssel in this study (Fig. 4, C and D). However,
when we analyzed the allosteric coupling in Msi3 using the
limited trypsin digest, no appreciable difference was observed
when the TRP2 peptide was added (Fig. 7A). Consistent with
this result, no ATPase stimulation was observed by either the
TRP2 or LIC peptide (58, 61).

Since the peptide binding is transient for Hsp110s (58), we
reasoned that a stable complex with a peptide substrate could
be the key to induce conformational changes in Hsp110s. To
stabilize an Msi3-peptide complex, we took advantage of the
TRP2-Bpa peptide, a derivative of the TRP2 peptide (se-
quences shown in Table 1) (79). The TRP2-Bpa peptide con-
tains a p-benzoyl-L-phenylalanine (Bpa), an unnatural amino
acid, replacing the tryptophan in the original TRP2 peptide.
Since Bpa and tryptophan share a similar structure, we ex-
pected that the TRP2-Bpa peptide shares a similar property as
the TRP2 peptide in binding to Hsp110s. As expected, both
Msi3 and Ssel showed significant binding to the TRP2-Bpa
peptide and ATP binding reduced the affinity (Fig. S5),
consistent with the ATP sensitivity of the substrate binding.
Importantly, upon UV treatment, a significant amount of the
TRP2-Bpa peptide was cross-linked to the Msi3 protein in a
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concentration dependent manner (Fig. 7B). Since the isolated
NBD of Ssel is not stable and difficult to express for purifi-
cation (6), we used the isolated NBD of DnaK as a negative
control. When treated with the TRP2-Bpa peptide, little cross-
linking was observed for the NBD of DnaK as reported pre-
viously (79). The strong cross-linking bands suggested that a
covalent and specific complex was formed between Msi3 and
the TRP2-Bpa peptide.

Importantly, the ATP-dependent resistance to trypsin digest
was compromised when Msi3 was cross-linked with the TRP2-
Bpa peptide (Fig. 7C), whereas neither UV treatment alone nor
the treatment with the solvent DMF, which the TRP2-Bpa
peptide was dissolved in, had observable influence on the
ATP-dependent resistance to trypsin digest. Additionally, the
NR peptide also exhibited little effect on the trypsin digest
pattern, consistent with the lack of binding to Hspl10s
including Msi3 (Fig. S3A for Msi3) (58). Thus, the loss of the
ATP-dependent resistance to the trypsin digest is specific
when Msi3 is cross-linked to the TRP2-Bpa peptide.

When we tested the ATPase activity using the single-
turnover ATPase assay after cross-linking with the TRP2-
Bpa peptide, very limited ATP hydrolysis was observed
(Fig. 84). UV treatment alone had no apparent impact on the
ATPase activity. Thus, although cross-linking the TRP2-Bpa
peptide resulted in loss of the ATP-bound state and defect
in NBD-SBD coupling for Msi3, the cryptic ATPase remained
suppressed.

Next, we tested how peptide substrate binding to Msi3
influenced the NEF activity, i.e., the functional interaction with
Ssal. Since both the TRP2-Bpa peptide and ATP-FAM are
labeled with fluorescein-derived fluorophores, we were not
able to analyze the NEF activity directly. It was shown that
Ssel and Ssal form a stable complex and the complex for-
mation is consistent with the NEF activity (5, 24, 56, 80). Thus,
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Figure 7. Stable peptide substrate binding dissociates the NBD-SBD contacts in Msi3. A, peptide substrates have little influence on the proteolytic
susceptibility of Msi3. The Msi3 protein was treated with trypsin in the presence of either the TRP2_181 (+TRP2) or TRP2-Bpa (+Bpa) peptide. DMF was used
as a control (+DMF). B, the TRP2-Bpa peptide was specifically cross-linked to the Msi3 protein. The Msi3 protein (1 mg/ml) was incubated with the TRP2-Bpa
peptide at the indicated molar ratios and treated with UV light (365 nm) for cross-linking. The isolated NBD of DnaK was used as a negative control. After
separating on a SDS-PAGE, the cross-linked Msi3-peptide complex was visualized by Commassie Blue stain (top) and fluorescence scan (bottom),
respectively. N: the isolated NBD of DnaK; M: Msi3; P: the TRP2-Bpa peptide. The sizes of proteins in the marker are: 170, 130, 95, 72 (red), 55, 43, 34, 26, and
17 kDa, respectively, from top to bottom. C, the cross-linked TRP2-Bpa peptide abolished the ATP-dependence of the proteolytic susceptibility of Msi3. After
cross-linking with the TRP2-Bpa peptide (+Bpa), the Msi3 protein was treated with trypsin in the presence and absence of ATP. All the Msi3 proteins were
treated with UV light (365 nm). Samples incubated with DMF (+DMF) and the NR peptide (+NR) were used as controls.

we analyzed the Msi3-Ssal complex formation using a native
gel. A number of previous studies have shown that the ATP-
binding and ATP-bound state of Ssel is essential for form-
ing the Hsp70-Hsp110 complex (22, 56, 80). Consistent with
these observations, a strong complex band was formed be-
tween Msi3 and Ssal in the presence of ATP. As shown in
Figures 7C and 84, cross-linking the TRP2-Bpa peptide to
Msi3 resulted in loss of the ATP-bound conformation
although the cryptic ATPase activity was still suppressed.
Thus, we hypothesized that cross-linking the TRP2-Bpa pep-
tide to Msi3 would disrupt the complex formation between
Msi3 and Ssal. Interestingly, in support of our hypothesis, the
Msi3-Ssal complex band was drastically reduced after Msi3
was cross-linked to the TRP2-Bpa peptide (Figs. 8B and S6)
while UV treatment alone had little impact on the formation of
the complex. Without UV cross-linking, the complex forma-
tion was largely unaffected, consistent with the lack of influ-
ence on the tryptic digest pattern. An interesting observation is
that the TRP2-Bpa peptide did not comigrate with the Msi3-
Ssal complex band even though the TRP2-Bpa peptide was
efficiently cross-linked to the Msi3 protein (Fig. S6), suggesting
that once a stable complex between the Msi3 protein and the
TRP2-Bpa peptide was formed through cross-linking, this

SASBMB

Msi3-peptide complex would not be able to bind Ssal. The
residual band for the Msi3-Ssal complex most likely was
formed by Msi3 without cross-linking to the TRP2-Bpa
peptide.

The influence of the TRP2-Bpa peptide on the Msi3-Ssal
complex is in stark contrast with the NR peptide. When Msi3
was incubated with the NR peptide, the amount of the NR
peptide that comigrated with Msi3 was almost nondetectable
(Figs. 8B, S6 and S7), consistent with little binding between
Msi3 and the NR peptide (Fig. S3A). In contrast, a significant
amount of NR peptide comigrated with Ssal (Figs. 8B, S6 and
S7). This is consistent with the published results that the NR
peptide binds to Hsp70s including Ssal with high affinities
(58). Consistent with the previous studies, Ssal formed mul-
tiple bands on the native gel, suggesting the formation of
oligomers besides the monomer form (the position was labeled
on the native gel). Incubating with the NR peptide shifted Ssal
to mainly the monomer form, which the NR peptide comi-
grated with as supported by the fluorescence scan, suggesting
that the monomer form of Ssal formed a stable complex with
the NR peptide. Importantly, regardless of whether the NR
peptide was first incubated with Msi3 or Ssal, a strong Msi3-
Ssal complex band was observed, and the amount was
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Figure 8. The effects of peptide substrate on the ATPase activity of
Msi3 and the formation of the Msi3-Ssa1 complex. A, peptide substrate
showed little influence on the ATPase activity of Msi3. The single-turnover
ATPase assay was carried out on the Msi3 protein with and without cross-
linked to the TRP2-Bpa peptide (+TRP2-Bpa+UV and +TRP2-Bpa, respec-
tively). No UV treatment (control) and UV treatment alone (+UV) were used
as controls. The percentages of ATP hydrolysis were plotted as a function of
reaction time (mean = SD from three independent experiments using more
than two different protein purifications). B, sross-linking of the TRP2-Bpa
peptide to Msi3 reduced the formation of the Msi3-Ssal complex. Native
gel was used to analyze the formation of the Msi3-Ssal complex in the
presence of peptide substrates. The experimental scheme is shown on the
top of the gels. For the samples with the NR peptide, the NR peptide was
used in place of the TRP2-Bpa peptide and UV treatment was not applied.
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comparable to that in the absence of the NR peptide (Fig. S7).
Furthermore, the NR peptide comigrated with the Msi3-Ssal
complex band as shown by the fluorescence of the NR peptide
(Figs. 8B and S7A), suggesting the formation of an Msi3-Ssal-
NR triple complex. Since Msi3 showed little binding to the NR
peptide, the NR peptide most likely binds to Ssal in this triple
complex.

Discussion

In this study, we have made three Msi3 mutations on the
NBD-SBD interfaces and the interlobe contacts within the
NBD. Using these mutations, we have characterized the role of
each interface in the unique ATP-induced allosteric coupling
of Hsp110s (Fig. 9). Consistent with the Ssel crystal structure,
all these Msi3 mutations compromised the ATP-bound state
and NBD-SBD allosteric coupling. The almost null defect in
both in vivo and in vitro function of the Msi3 mutants supports
the importance of these interfaces and the ATP-induced
allosteric coupling of Hspll0s. In what seems to be a
paradox, all the mutant Msi3 proteins showed an almost
WT-level activity in preventing protein aggregation, ie., the
“holdase” activity. However, the “holdase” activity is strictly
ATP-dependent for both the WT and mutant proteins. Thus,
there must be some residual NBD-SBD contacts in these
mutants that are sufficient to support the “holdase” activity.
Moreover, all the mutants have a significantly reduced affinity
for ATP, suggesting that the NBD-SBD contacts enhance the
ATP-binding affinity, another allosteric coupling feature that is
different from the classic Hsp70s. Therefore, Hspl10s
including Msi3 must have unique and exceptionally strong
NBD-SBD contacts that determine the distinctive allosteric
coupling and biochemical properties to suit for their specific
function.

Previous biochemical and structural analyses have provided
support for these remarkably strong NBD-SBD contacts in
Hsp110s, especially the reported domain interaction in trans
(6, 22, 40, 56, 66). Even for the NEF activity, the AL, ; mutant
still showed significant activity. AL,3; and I1164D directly
compromised the NBD-SBD allosteric coupling through dis-
rupting the NBD-SBDP and NBD-SBDa interfaces, respec-
tively, whereas the allosteric defect in the R235E mutant is
most likely due to the destabilization of the NBD conformation
in the ATP-bound state. Both 164D and R235E abolished the
NEF activity, suggesting that the NBD-SBDa contacts and the
NBD conformation are more important for interacting with
Hsp70 than the NBD-SBDp contacts. This is consistent with
the crystal structures of Ssel in complex with Hsp70s, in
which both the NBD and SBD« of Ssel form contacts with

Top panel: Coomassie Blue stain to visualize proteins; bottom panel: fluo-
rescence scan to detect the fluorescence-labeled peptides and chaperone-
peptide complexes. The samples were labeled on the top of the gels. The
parenthesis indicated that the components inside the parenthesis were
incubated first, and then the component outside of the parenthesis was
added and incubated. M: Msi3; A: Ssa1; M-A: the complex of Msi3 and SsaT;
NR: the NR peptide; Bpa: the TRP2-Bpa peptide; A-NR: the complex of Ssa1l
and the NR peptide.
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Figure 9. A summary of the unique interdomain coupling in Msi3. The colors and labels for the domains of Msi3 are: NBD (blue, N); SBDP (green, f3); SBDa
(red, a); and interdomain linker (magenta). For the WT Msi3, there are extensive NBD-SBD contacts (the model on the left). The NBD-SBDp contact is
disrupted by the AL, 3 mutation (the model on the bottom right). The 1164D and R235E mutations as well as stable peptide substrate binding dissociate the
NBD-SBDa contacts (the model on the top right). The function and biochemical activities are summarized next to each model.

Hsp70, whereas there is little contact between Ssel’s SBDf3 and
Hsp70 (56, 66). All the mutations abolished both the in vivo
function in supporting growth at elevated temperatures and
the in vitro activity of Msi3 in assisting the folding activity of
Hsp70. Despite a significant NEF activity and almost WT-level
“holdase” activity, AL, failed to show significant function
both in vivo and in vitro. This is consistent with the previous
studies showing that the NEF activity of Msi3 is crucial. A
previous study reported two Ssel mutations on the NBD-
SBDp interface. However, different from the AL,3; mutant,
neither mutants affected either the in vivo function or the NEF
activity of Ssel (56). From this, it was proposed that the allo-
steric rearrangements induced by ATP hydrolysis seem
dispensable for the functional cycle of Ssel. It is possible that
these two mutations are not strong enough to influence the
NBD-SBDJ contacts due to the exceptionally strong interfaces.

It is increasingly recognized that chaperones, such as
Hsp70s, and cochaperones are modified by posttranslational
modifications (PTMs), the “chaperone code” (81). The PTMs
further adjust the chaperone activities of Hsp70s in response
to various cellular conditions. It is possible that the unique
NBD-SBD contacts of Hspl10s are also modulated by PTMs
such as phosphorylation. In fact, there are two serine residues
in the L, 3 of Ssel and both have been shown phosphorylated
(https://gpmdb.thegpm.org/ /ptm_png/l=YPL106C) although
these serine residues are not conserved in Msi3 (Fig. S1).

In contrast, the functional importance of the “holdase” ac-
tivity remains a mystery. Hsp110s are much larger in size than
all other known classes of NEFs. Importantly, they have
demonstrated high “holdase” activity by themselves through
direct binding to polypeptide substrates, even higher than
classic Hsp70s (18-20, 30, 34, 58, 62). It is not surprising that
knockdown of HspllOs but not unrelated NEF has been
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shown to result in increased protein aggregation and drasti-
cally reduced life span under stress conditions (31), hinting an
important function of the “holdase” activity. A mutation that
specifically compromises the “holdase” activity is crucial for
dissecting the enigma behind this function. Such mutation
may be difficult to isolate due to the strong interdomain
contacts and robust nature of the “holdase” activity.

An observation of note is the reduced ATP-binding affinity
in all the Msi3 mutants, especially 1164D and AL, 3. 1164 and
L,3 are both far away from the nucleotide-binding site
(Fig. 1B). The reduced ATP-binding affinity must be indirect,
most likely through affecting allosteric coupling. Thus, the
NBD-SBD contacts most likely enhance the ATP-binding af-
finity to the NBD. This observation is consistent with the
published result that the isolated NBD of Ssel is not stable (6).
It is possible that the NBD-SBD contacts are required to
enable the high-affinity binding of ATP for Hspl10s, thus
stabilizing the NBD. A similar effect on ATP binding has not
been reported for Hsp70s. This property may contribute to the
unique allosteric coupling of Hsp110s.

This study provided direct support for a cryptic ATPase
activity for Msi3 in the context of a full-length protein. This
cryptic ATPase appears to be mainly suppressed by the NBD-
SBDP contacts, whereas compromising either the NBD-SBD«
interface by 1164D or the interlobe contacts within the NBD by
R235E showed little release of this cryptic ATPase activity.
After disrupting the NBD-SBDp contacts by the AL, 3 muta-
tion, the ATPase rate is about 7-fold lower than that of Ssal.
This ATPase rate may be indicative of an only partly released
ATPase activity of Hsp110s. This could provide a possible
explanation for the discrepancy in the reported ATPase rates
of Hsp110s. Throughout the literature, there is no consensus
on the rate of the ATPase activity of Hsp110s. This is different
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from Hsp70s’ ATPase activity, which shares a similar rate.
Kumar et al. reported that the ATPase activity of Ssel is
negligible, whereas the ATPase rate of the isolated NBD of
Ssel is about 16-fold higher than Ssal (59). We previously
reported the ATPase activity of Ssel is almost nondetectable
(58). In contrast, Mattoo reported that the ATPase activity of
Hsp110 is quite similar to that of Hsp70 (20), whereas a study
from the Mayer group showed the ATPase activity of WT Ssel
is about 4-fold higher than that of the human Hsc70 (60). It
seems that the quality and state of the purified Hsp110 pro-
teins are the key since compromising the NBD-SBDf in-
terfaces may release this ATPase activity at least partially.

The key questions are: when is this cryptic ATPase activity
activated under physiological conditions and what is the
functional importance of this ATPase activity? A previous
study from the Morano group showed that a number of mu-
tations predicted to abolish ATP hydrolysis had little influence
on the in vivo activity of Ssel, suggesting the ATPase activity is
dispensable for the chaperone activity of Hsp110s (6). These
mutations were predicted based on the structural and
biochemical analysis of Hsp70s. However, most of these mu-
tations are subtle changes such as D8N, D203N, and K69Q. It
is possible that changes of these mutations are too minute to
cause significant impacts on the ATPase activity of Ssel but
are significant enough to reduce the ATPase activity of
Hsp70s. A K69M mutation, a more drastic alternation, has
been shown to have a reduced activity in accelerating Hsp104-
independent protein disaggregation (28) although little influ-
ence was observed in either the in vivo function of Ssel (3, 60)
or a number of essential chaperone activities (31, 82, 83),
suggesting some importance of the ATPase activity. A muta-
tion that only compromises the ATPase activity is required to
clarify the importance of this ATPase activity.

Analogous to the mysterious holdase activity, the functional
importance of Hsp110’s peptide substrate binding has been
elusive. The substrate-binding properties and binding site for
Hsp70s are well-characterized (49, 78, 84—87). Comparatively,
limited information is available for the substrate properties of
Hsp110s since only a handful of substrates have been analyzed
for Hsp110s (58, 61, 62, 64). With a recent study suggesting
that the substrate binding is not obligate for the biological
activity of Ssel (88), even the importance of substrate binding
is under debate. Interestingly, a recent study suggested that the
metazoan Hsp110s but not the yeast Hsp110s have a second
novel binding site for substrates in the C-terminal extension,
adding another layer of complexity to the substrate-binding
properties of Hsp110s (41).

Two peptide substrates have been found for Ssel (58, 61);
however, neither stimulate the ATPase activity although the
denatured luciferase has been shown to increase the ATPase
activity of Hsp110 (20). Since Hsp110s bind peptide substrate
transiently, we have cross-linked the TRP2-Bpa peptide to
Msi3 to form a stable complex. Although the ATP-bound state
is disrupted by this cross-linking as shown by the limited
trypsin digest result, the ATPase activity remained almost fully
suppressed. Intriguingly, the trypsin digest pattern of the
TRP2-Bpa cross-linked Msi3 looked quite similar to those of
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the 1164D and R235E, consistent with the suppression of the
cryptic ATPase activity in these mutations. Thus, cross-linking
the TRP2-peptide most likely only dissociates the NBD-SBD«
interfaces while the NBD-SBDf interfaces remain largely
intact. This is different from Hsp70s, for which peptide sub-
strate binding dissociates both NBD-SBDB and NBD-SBD«
contacts (43). The R235E mutation most likely influences the
NBD conformation and thus affects the allosteric coupling.
Since the limited trypsin digest pattern and biochemical
properties of the R235E mutant closely resemble those of
1164D, most likely this mutation only influences the NBD-
SBDa contacts, not the NBD-SBDf contacts. Taken together,
the NBD-SBDp contacts are more resistant to disruptions than
the NBD-SBDa contacts. This is consistent with the reported
SAXS studies (59).

For Dnak, the most studied Hsp70, it was reported that a
minimal affinity of 7 uM for peptide substrates is needed to
trigger a stimulation of the intrinsic ATPase activity (76).
Although the affinities of Msi3 for both the TRP2_181 and
TRP2-Bpa peptides are higher than 7 uM (Fig. 4, C and D, and
S5A), little stimulation of the cryptic ATPase activity was
observed even after stabilization with cross-linking. It is
possible that Hsp70s and Hsp110s have important differences
in binding peptide substrates. Indeed, they prefer different
peptide substrates (58, 61). In addition, their intrinsic ATPase
activities are different: Hsp70s alone have an intrinsic ATPase
activity, whereas there is little ATPase for HspllOs by
themselves.

An interesting feature about Hsp110s and Hsp70s is their
essential but different roles in presenting tumor antigens (64).
Hsp70s mainly present peptides as tumor antigens. In contrast,
Hsp110s prefer to present large proteins such as Her2 as tu-
mor antigen, suggesting that Hsp110s may prefer large protein
substrates. Consistent with this, denatured luciferase has been
shown to increase the ATPase activity of Hsp110 (20) although
we observed little stimulation on the ATPase of Msi3 by de-
natured luciferase in our preliminary studies (data not shown).
Different from peptide substrates, large protein substrates may
have various partially folded structures and provide multiple
binding sites. Thus, large protein substrates may show an
enhanced affinity for Hsp110s, which may be able to trigger
the interdomain coupling that is necessary to release the
suppression of the cryptic ATPase activity and then stimulate
the ATPase activity of Hsp110s.

Another interesting observation from this study is the
different effects of the peptide substrates on the formation of
the Msi3-Ssal complex. The NR peptide comigrated with the
Msi3-Ssal complex, most likely through binding to Ssal;
whereas after cross-linked to the TRP2-Bpa peptide, Msi3
failed to form stable complexes with Ssal. Thus, a triple
complex among Msi3, Ssal, and a polypeptide substrate can
form stably when Ssal binds polypeptide substrates. Hsp70s
bind polypeptide substrates stably, whereas Hsp110s seem to
bind peptide substrates only transiently on their own. It is
possible that Hsp70 first binds polypeptide substrates. Then,
through its interaction with Hsp110, Hsp70 may bring the
substrates to Hsp110. Thus, Hsp110 and Hsp70 could bind to
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the same polypeptide substrate at different segments. This may
stabilize the transient Hsp110—substrate binding.

It has been proposed that Hsp110s coordinate with Hsp70s
in actively binding and releasing polypeptide substrates during
the chaperone cycle (4, 56, 58, 61). It is clear that Hsp110
forms a stable complex with Hsp70 in this process. An
important question is when this Hsp70-Hsp110 complex dis-
sociates during the functional chaperone cycle. Dissociation of
this essential complex must be an important step of a pro-
ductive chaperone cycle. Although a previous study showed
that ATP binding to Ssal can reduce the Ssel-Ssal complex,
there was still a significant amount of the complex in the
presence of a large of amount ATP, suggesting that the
dissociation of the Ssel-Ssal complex by ATP binding to Ssal
is not efficient (22). This is consistent with many studies on the
complex formation including our native gel analysis (22, 56,
80). The complex is quite stable in the presence of a large
amount of ATP in our native gel analysis. Thus, ATP binding
to Hsp70s may be a factor for dissociating the Hsp110-Hsp70
complex, but it does not seem to be the definitive factor.
Studies suggest that the ATP-bound conformation of Hsp110s
is essential for forming and maintaining the Hsp110-Hsp70
complex (22, 56). Regulating the ATP-bound state of Hsp110
seems to be a more efficient approach for regulating the
complex formation and dissociation than alternatives. Our
study provides support for this hypothesis. Stable peptide
substrate binding prevented Msi3 from forming a stable
complex with Ssal through disrupting the ATP-bound state of
Msi3. In addition, our preliminary studies suggested that even
after the Msi3-Ssal complex was first formed, cross-linking
the TRP2-Bpa peptide also significantly reduced the amount
of the complex formation between Msi3 and Ssal (data not
shown). Thus, forming a stable complex with peptide sub-
strates for Msi3 may be one of the major triggers for dissoci-
ating the Hsp110-Hsp70 complex.

Experimental Procedures
Protein expression and purification

All the Msi3 and Ssel proteins used in this study were
expressed using the pSMT3 plasmid and purified as described
previously with some modifications (40, 71). The pSMT3
plasmid was a generous gift from Dr Christopher Lima (Sloan
Kettering Institute) (89). Briefly, the MSI3 ORF was amplified
using PCR from the genomic DNA of the yeast C. albicans
(generously provided by Dr Ronda Rolfes, Georgetown Uni-
versity) and inserted into the pSMT3 vector through the
BamHI and Xhol cloning sites to express as a Smt3-Msi3
fusion protein. The mutations were introduced into the
pSMT3_MSI3 plasmids using mutagenic PCR. All the Msi3
proteins were expressed in Rosetta2(DE3)pLysS strain (Milli-
poreSigma Novagen) and the Ssel protein was expressed in
BL21(DE3). The induction of expression was carried out at 18
°C for about 8 h for all the proteins to ensure proper folding.
The expressed His6-Smt3-Msi3 and His6-Smt3-Ssel fusion
proteins were first purified on a HisTrap column (GE
Healthcare Life Sciences) using 25 mM Hepes-NaOH, pH 7.5,
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as buffer. To remove any contaminations of the endogenous
chaperones from E. coli such as Dnak, the Ni column was
washed extensively with a buffer containing 200 pM ATP. The
His6-Smt3 tag was cleaved by Ulpl protease and removed by a
second HisTrap column. To remove any ATP bound to the
Msi3 and Ssel proteins, an extensive dialysis using a buffer
containing 5 mM EDTA was carried out. After further purified
on a HiTrap Q column, the peak fractions were concentrated
to >10 mg/ml in buffer containing 25 mM Hepes-KOH, pH
7.5, 50 mM KCl, and 1 mM DTT, flash frozen in liquid ni-
trogen, and stored in —80 °C freezers.

The Ssal protein was purified from the yeast Pichia pastoris,
and the Ssal-expressing Pichia strain was a generous gift from
Dr Johannes Buchner (Technische Universitit Miinchen) (90).
The induction and purification process were based on the
published method with some modifications (79, 90). Briefly, an
overnight culture was grown in YPD supplemented with
Zeocin (100 pg/ml) at 30 °C and pelleted by centrifugation at
5000g. The pellet was resuspended in YP medium contacting
0.5% methanol and grown at 30 °C for 24 h to induce
expression of Ssal. After induction, the cell lysate was pre-
pared using EmulsiFlex-C3 homogenizer. After centrifugation
to remove cell debris, the lysate was first purified on a HiTrap
Q column using buffers containing 25 mM Hepes-NaOH, pH
7.5, and 1 mM EDTA. The fractions containing Ssal were
dialyzed and incubated with 5-10 ml ATP-agarose resin
(Sigma-Aldrich) for one overnight. After extensive washing,
the Ssal protein was eluted with ATP from the ATP-agarose
resin. The Ssal protein was further purified on a HiTrap Q
column after dialyzed in a buffer containing 2 mM EDTA to
remove ATP. Before flash frozen in liquid nitrogen, the puri-
fied Ssal was concentrated to >10 mg/ml.

The Ydj1 and Sis1 proteins were expressed and purified in a
similar way as the Ssel proteins. Briefly, the ORFs of Ydj1 and
Sis1 were inserted into the pSMT3 plasmid and expressed as a
Smt3 fusion protein with a His6 tag at the N-terminus in
BI21(DE3) at 30 °C. The fusion proteins were first purified on
a HisTrap column. After cleavage of the His6-Smt3 tag
using Ulpl protease, the Ydjl and Sisl proteins were further
purified on HiTrap Q and S column, respectively, after going
through a second Ni column to remove the cleaved tag. The
firefly luciferase was cloned, expressed, and purified in a
similar way as that of Msi3. All the purified proteins were
concentrated to >10 mg/ml, flash frozen in liquid nitrogen,
and stored in —80 °C freezers.

Site-directed mutagenesis, growth tests in yeast, and Western
blot analysis of the Msi3 expression level

Mutagenesis in Msi3 and growth tests of Msi3 mutations in
yeast S. cerevisiae were carried out as described before for Ssel
(40, 71). Briefly, the MSI3 ORF was inserted into the yeast
vector pRS313 with the endogenous promotor of Ssel right in
front of the MSI3 ORF. Thus, the resulting plasmid, pRS313-
MSI3, has the WT MSI3 gene under the control of the Ssel
promoter. The Msi3 mutations were introduced into the
pRS313-MSI3 plasmid using the site-directed mutagenesis
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with mutagenic primers. After transforming into a SSEI
deletion strain, YPL106C BY4742 (MATa his3A1 leu2A0
lys2A0 ura3A0 trplAl ASSEI), fresh transformants were
dropped onto agar plates containing yeast minimum media
lacking histidine. Growth tests were carried out with incuba-
tion at 37 °C for 3—4 days with a control growth done at 30 °C.
The expression levels of Msi3 mutants in yeast were assayed
using Western blotting analysis with an anti-Ssel antibody as
described previously (40). This antibody recognizes Msi3 due
to the high sequence identity between Msi3 and Ssel. Briefly,
fresh overnight cultures grown at 30 °C were shifted to 37 °C
for 2 h. Then, 2 O.D. of each culture was harvested and
resuspended in 50 pl PBS buffer (16 mM Na,HPO,, 4 mM
NaH,POy, 150 mM NaCl and 1 mM PMSE). After adding 60 pl
SDS-Triton (2% SDS and 0.2% Triton X-100), ~30 ul acid-
washed glass beads were added and a 2-min vortex was
applied to break open yeast. After centrifugation, the cell ly-
sates were loaded on a SDS-PAGE and Western blotting
analysis was carried out. All growth tests and the corre-
sponding Western blotting analysis were repeated more than
three times with at least two independent transformations.

Luciferase refolding assay using Ssal, Msi3, and Ydj1

The assay was carried out in a similar way as in the previous
publications with modifications (4, 56, 71). Briefly, purified
firefly luciferase was diluted with buffer A (25 mM Hepes-
KOH, pH 7.5, 100 mM KCl, 10 mM Mg(OAc);, 1 mM
DTT, and 3 mM ATP). The final concentration of luciferase
was 110 nM and 30 uM Ssal was included in this dilution.
The luciferase was denatured by incubating at 42 °C for
15 min. Refolding reactions were started by diluting the de-
natured luciferase into a reaction mixture containing 30 pM
Ssal, 4 uM Ydj1, and 2 pM Msi3 in buffer A. After incubating
at room temperature for 10, 20, and 30 min, the luciferase
activities were measured in a luminometer (Berthold LB9507)
by mixing 2 pl of refolding reactions with 50 pl of luciferase
substrate (Promega). Relative luciferase activities were calcu-
lated by setting the activity of the unheated luciferase as 100%.
All the biochemical assays were repeated more than three
times with at least two different protein purifications. All the
data points were input into PRISM (GraphPad). Then mean
and SD were calculated and plotted as a function of reaction
time.

Limited trypsin digest for conformational tests

The assay was carried out essentially the same way as
published before on Ssel (40, 71). Briefly, Msi3 proteins were
diluted to 1 mg/ml using buffer B (25 mM Hepes-KOH, pH
7.5, 150 mM KCl, 10 mM Mg(OAc),, 10% glycerol, and 1 mM
DTT). An equal volume of trypsin (20 pg/ml) was mixed with
Msi3 protein in the presence or absence of 2 mM ATP. The
reaction was incubated at 25 °C for 30 min. After adding
PMSF to a final concentration of 1 mM to stop the trypsin
digest reactions, aliquots were loaded on to 15% SDS-PAGE
gels and visualized with Coomassie staining. The assay was
repeated more than three times for every protein with at least
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two independent purifications. Representative gels were
shown.

Single-turnover ATPase assay

The assay was performed as described previously for Hsp70s
(58, 91). First, 20 pg of Msi3 protein was incubated with 25 pCi
of [a-32P]JATP (NEG503H250UC, 3000 Ci/mmol; Perki-
nElmer Life Sciences) in 100 pl buffer C (25 mM Hepes-KOH,
pH 7.5, 100 mM KCI, 10 mM Mg(OAc),, 1 mM DTT, 10%
glycerol) in the presence of 20 pM unlabeled ATP on ice for
5 min to allow a complex between Msi3 and ATP to form.
Then, the Msi3-ATP complex was quickly isolated from free
ATP using a spin column at 4 °C. To start the ATPase assay,
the Msi3-ATP complex was mixed with an equal volume of
buffer A and incubated at 25 °C. At the indicated time points,
aliquots of the ATPase reactions were taken and stopped by
adding 1 M formic acid, 0.5 M LiCl, and 250 pM ATP. ATP
and ADP were separated on a polyethyeneimine-cellulose
thin-layer chromatography plates and quantified after being
visualized using a Typhoon phosphorimaging system (GE
Healthcare). The percentage of ATP hydrolysis was calculated
as ADP/(ADP + ATP). Mean and SD were calculated after
each data point for ATP hydrolysis was input into PRISM
(GraphPad). The data was plotted as a function of reaction
time. After fitting the data using the first-order rate equation,
the rates of ATP hydrolysis (k.,;) were deduced.

Fluorescence polarization assay for ATP binding

To determine the ATP-binding affinity, a fluorescence po-
larization assay was carried out as described previously
(71, 88). A fluorescence-labeled ATP, N6-(6-amino)hexyl-
ATP-5-FAM (ATP-FAM) (Jena Bioscience), was used. Serial
dilutions of Msi3 proteins were prepared and incubated with
ATP-FAM (a final concentration of 20 nM) in buffer B for 1 h
at room temperature to allow binding to reach equilibrium.
Then, fluorescence polarization was measured using a Beacon
2000 instrument (Invitrogen). The fluorescence polarization
values were expressed in millipolarization (mP) units. Using
GraphPad Prism software, the binding data were fitted to a
one-site binding equation to calculate dissociation constants
(Ka).

Fluorescence anisotropy assays for peptide substrate-binding
affinity

The TRP2, TRP2-Bpa, and NR peptides were labeled with
fluorescein at the N terminus and ordered from NEO-
Bioscience (at > 95% purity). Binding affinity assays using
fluorescence polarization were carried out as described previ-
ously with some modifications (58). Briefly, serial dilutions of
Msi3 proteins were prepared in buffer B and incubated with
peptides at a final concentration of 10 nM. For the assays in
the presence of ADP or ATP, 50 uM ADP or 2 mM ATP was
included. After the binding reached equilibrium, fluorescence
polarization measurements were carried out on Beacon 2000
(Invitrogen) and dissociation constants (K,;) were calculated
using PRISM (GraphPad).
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Preventing aggregation assay

We used the purified firefly luciferase as a model substrate
to analyze the preventing aggregation activity of Msi3. The
assay was performed in a similar way as described previously
for Ssel and Msi3 (19, 58, 71). The luciferase was diluted with
buffer D (25 mM Hepes-KOH, pH 7.5, 150 mM KCl, 10 mM
Mg(OAc),, and 1 mM DTT) in the presence of Msi3. The final
concentrations of luciferase and Msi3 were 750 nM and 3 pM,
respectively. The aggregation of luciferase was induced by an
incubation at 42 °C. UV absorbance at 320 nm was used to
monitor protein aggregation. Luciferase or Msi3 alone was
used as a control. For the reactions in the presence of ATP or
ADP, ATP and ADP were added to a final concentration of
3 mM and 200 pM, respectively. Each data point was input
into PRISM (GraphPad), using which mean and SD were
calculated. The data was plotted as a function of reaction time
using PRISM.

The NEF activity assay

The assay was performed in a similar way as described
recently (71, 88). First, a complex of Ssal and ATP-FAM was
formed by incubating 1 pM Ssal with 20 nM ATP-FAM in
buffer B for 1 h on ice. Then, this complex was rapidly mixed
with 1 uM Msi3 protein in the presence or absence of 50 uM
of ATP at 25 °C and the decreases in fluorescent polarization
over time were recorded on a Beacon 2000 instrument (Invi-
trogen). 50 uM ATP alone was used as a control.

UV cross-linking of the TRP2-Bpa peptide to the Msi3 and Ssa1
proteins

The cross-linking was carried out as described previously
(79). Briefly, the Msi3 and Ssal proteins were diluted to 14 uM
using buffer B. For the proteins used in the ATPase assay,
limited trypsin digest analysis, and native gel analysis, the ratio
of protein to the TRP2-Bpa peptide is 1:8 and the UV treat-
ment is 30 min on ice. For testing the ratios of the protein to
the TRP2-Bpa peptide, UV treatment on ice for 60 min was
used to enhance cross-linking.

Native gel analysis for protein-peptide and protein-protein
complexes

The Msi3 and Ssal proteins and the peptides were diluted
using buffer B. When forming Msi3-Ssal complex, the Msi3
(10 uM) and Ssal (12 uM) proteins were mixed together with
a final concentration of ATP at 4 mM and incubated on ice
for 20 min. For the samples with peptides, the NR or TRP2-
Bpa peptide was included at 1:8 M ratio (protein over pep-
tide). The samples were applied to 10% native gels (run at
140 V for 1.5 h on ice). The peptides were visualized with a
Typhoon phosphorimaging system (GE Healthcare) since
they were labeled with fluorescein. Afterward, the proteins
were stained with Coomassie Blue. Each native gel and cor-
responding SDS gel were repeated more than three times
using freshly prepared protein samples from at least two
different purifications.
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