THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 8, pp. 5661-5672, February 17, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Unique Peptide Substrate Binding Properties of 110-kDa
Heat-shock Protein (Hsp110) Determine Its Distinct

Chaperone Activity™

Received for publication, June 22,2011, and in revised form, December 2, 2011 Published, JBC Papers in Press, December 8, 2011, DOI 10.1074/jbc.M111.275057

Xinping Xu', Evans Boateng Sarbeng', Christina Vorvis', Divya Prasanna Kumar, Lei Zhou, and Qinglian Liu’
From the Department of Physiology and Biophysics, School of Medicine, Virginia Commonwealth University,

Richmond, Virginia 23298

seen in Hsp70s.

Hsp110s.

\_

(Background: Hsp110, an Hsp70 homolog, is highly efficient in preventing protein aggregation but lacks the folding activity

Results: In contrast to Hsp70s, Hsp110s exhibit distinct peptide substrate binding properties.
Conclusion: The peptide substrate binding properties determine the chaperone activity differences between Hsp70s and

Significance: Our studies shed light on the molecular mechanism of the chaperone activities of Hsp70s and Hsp110s.
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The molecular chaperone 70-kDa heat-shock proteins
(Hsp70s) play essential roles in maintaining protein homeosta-
sis. Hsp110, an Hsp70 homolog, is highly efficient in preventing
protein aggregation but lacks the hallmark folding activity seen
in Hsp70s. To understand the mechanistic differences between
these two chaperones, we first characterized the distinct peptide
substrate binding properties of Hsp110s. In contrast to Hsp70s,
Hsp110s prefer aromatic residues in their substrates, and the
substrate binding and release exhibit remarkably fast kinetics.
Sequence and structure comparison revealed significant differ-
ences in the two peptide-binding loops: the length and proper-
ties are switched. When we swapped these two loops in an
Hsp70, the peptide binding properties of this mutant Hsp70
were converted to Hsp110-like, and more impressively, it func-
tionally behaved like an Hsp110. Thus, the peptide substrate
binding properties implemented in the peptide-binding loops
may determine the chaperone activity differences between
Hsp70s and Hsp110s.

Molecular chaperone 70-kDa heat-shock proteins (Hsp70s)?
play a crucial role in maintaining cellular protein homeostasis
under both normal and stress conditions by assisting protein
folding, assembly, translocation into organelles, and degrada-
tion (1-3). In this role, Hsp70s are inextricably linked to many
diseases, such as cancers and neurodegenerative diseases; thus,
they are potential targets for treating these diseases (4). Con-
sistent with their essential roles, Hsp70s are ubiquitous and
abundant. They are present in the cytoplasm of prokaryotic
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organisms and all the cellular compartments of eukaryotic
organisms.

The domain organization of Hsp70s is highly conserved (1, 2,
5, 6). All Hsp70s have two functional domains, the nucleotide-
binding domain (NBD) and the substrate-binding domain
(SBD), corresponding to two intrinsic activities. The N-termi-
nal NBD binds ATP or ADP and also possesses an ATPase
activity. A number of crystal structures of the isolated NBD
have revealed the structural basis of nucleotide binding (7-10).
The C-terminal SBD is the site of peptide substrate binding and
is further subdivided into « and B subdomains. Previous bio-
chemical and structural studies demonstrated that Hsp70s pre-
fer binding to stretches of hydrophobic segments, which nor-
mally fold inside native proteins (11-14). A short and highly
conserved linker segment, the interdomain linker, connects the
NBD and SBD. Although the binding functions of the NBD and
SBD are separable, Hsp70 chaperone activity strictly depends
on the tight coupling of these two domains upon ATP binding,
which leads to modulation of the two intrinsic activities. ATP
binding dramatically reduces the affinity for peptide substrates
by accelerating both the binding and especially the release rates
(15). At the same time, peptide substrate binding stimulates the
ATP hydrolysis rate (16). Thus, this ATP-induced tight cou-
pling assures that the energy from ATP hydrolysis is efficiently
used to regulate peptide substrate binding and release, thereby
conferring efficient chaperone activity. In summary, the two
intrinsic activities of the NBD and SBD as well as their allosteric
coupling are at the core of the Hsp70 chaperone activity. More-
over, the chaperone activities of Hsp70s are facilitated by two
classes of co-chaperones: Hsp40s and nucleotide exchange fac-
tors (NEFs) (1, 3,17, 18).

Two classes of large homologs of Hsp70 have been discov-
ered thus far: Hsp110 and Grp170 (19, 20). Present only in the
cytosol of eukaryotes, Hsp110s have the same domain organi-
zation as classic Hsp70s but are larger in size due to an insertion
in SBDB and a longer C-terminal extension, both of which are
dispensable for function (21, 22). Although crystal structures of
the isolated domains from Hsp70s have been known for more
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than a decade, we are just beginning to understand the struc-
tures of Hsp110s. In 2007, we reported the first x-ray crystal
structure of a full-length Hsp110 from yeast, Ssel (22), which
revealed the extensive contacts between the domains. The sub-
domain structures in this Ssel structure are highly similar to
those of Hsp70s from the isolated domain structures, confirm-
ing that Hsp110s and Hsp70s are indeed relatives.

Hsp110s are essential in eukaryotes as demonstrated by
genetic studies in both yeast and Caenorhabditis elegans (21,
23) (WormBase); however, their exact cellular roles are poorly
defined. A number of studies suggested that Hsp110s partici-
pate in many processes associated with cytosolic Hsp70s,
including de novo protein folding, refolding under stress, trans-
location into the endoplasmic reticulum, degradation, and
prion formation (24 —31). Consistent with these observations,
Hsp110s have recently been shown to form complexes with
cytosolic Hsp70s for which they function as the major NEF (25,
32-35). Moreover, the corresponding mechanism of this nucle-
otide exchange activity was recently revealed by a number of
biochemical and crystallographic studies (36-39). However,
the function of Hsp110s extends beyond serving as NEFs for
Hsp70s. They also show chaperone activity of their own. Unlike
Hsp70s, Hsp110s lack the hallmark activity to assist in protein
folding; however, they exhibit high activity in preventing aggre-
gation of denatured proteins for which they are even more effi-
cient than Hsp70s (40, 41). For this reason, Hsp110s are called
“holdases” in comparison with “foldases” for Hsp70s. More
recently, this NEF-independent chaperone activity has been
shown to directly contribute to the role of Hsp110s in prion
formation and propagation (31), endoplasmic reticulum-asso-
ciated degradation (42), and tumor antigen presentation (43,
44). Therefore, Hsp110s serve dual roles as chaperones of their
own and as co-chaperones for Hsp70s.

Because of the lack of biochemical and structural informa-
tion, the chaperone activity of Hsp110s remains poorly under-
stood. It is not clear what determines the chaperone activity
differences between Hsp70s and Hsp110s. To approach this
question, we began by analyzing the peptide substrate binding
properties of Hsp110s. Although a previous study on the yeast
Hsp110 Ssel suggested that Hsp110s most likely have a differ-
ent preference from Hsp70s for peptide substrates (45), the
peptide substrate binding specificity and kinetics of Hsp110s
are still largely unknown. In the present study, we demon-
strated that Hsp110s have a strong preference for aromatic side
chains in their substrates in contrast to Hsp70s, which prefer
aliphatic residues. Surprisingly, Hsp110s bind peptide sub-
strates with exceptionally fast kinetics. Comparing the
sequences and structures of Hsp70s and Hsp110s, we observed
significant differences in the two peptide substrate-binding
loops. Our mutagenesis assays suggested that the peptide sub-
strate-binding loops govern the unique peptide binding quali-
ties in both Hsp70s and Hsp110s, which contribute to their
distinct chaperone activity to serve as holdases or foldases.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The full-length DnaK
proteins were overexpressed from a dnak expression plasmid
pBB46 (ampR) in dnak deletion strain BB205 (cam® kan®) (46).
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To facilitate protein purification, a six-histidine tag was added
at the C terminus of Dnak; the tag had no observable influence
on the in vivo function of DnaK. After induction at 30 °C for 5 h,
the cells were harvested by centrifugation, resuspended in ice-
cold 2X PBS (20 mm Na,HPO,, 1.76 mm KH,PO,, 274 mm
NaCl, and 5.4 mm KCl), and sonicated for 3 min in an ice-water
bath. After centrifugation at 12,000 X g for 1 h, the supernatant
was loaded onto a HisTrap column (GE Healthcare) and eluted
with a linear gradient of imidazole. The eluted DnaK protein
was further purified on a HiTrap Q column and concentrated to
>20 mg/ml in a buffer containing 10 mm Hepes-KOH, pH 7.5
and 50 mMm KCl before flash freezing in liquid nitrogen.

The full-length Ssel protein was purified as described before
(22). The expression and purification of the full-length Sse2 and
human Hsp110 (hHsp110) proteins were similar to that of Ssel
with modifications. Briefly, the open reading frames (ORFs) of
Sse2 and hHsp110 were PCR-amplified from yeast genomic
DNA and plasmid pOTB7_hHSP110 (ordered from ATCC),
respectively, and cloned into pSMT3 vector for expression as
Smt3 fusion proteins. The Smt3 fusion proteins were first puri-
fied on a HisTrap column. For Sse2, the Smt3 tag was removed
by treating with Ulp1 protease overnight, and the resulting Sse2
was further purified using HiTrap Q and Superdex 200 16/60
columns (GE Healthcare). For hHsp110, it was difficult to
remove the Smt3 tag; thus, we further purified the Smt3-
hHsp110 fusion protein.

The full-length Ssal protein was expressed and purified from
yeast Pichia pastoris strain GS115 as described previously with
modification (47). The P. pastoris strain expressing Ssal was a
generous gift from Dr. Johannes Buchner. Briefly, after break-
ing open yeast with Avestin Emulsiflex (Molecular Biology
Core Facility at Virginia Commonwealth University), the cell
lysate was cleared by centrifugation at 12,000 X g. The super-
natant was first subjected to ammonium sulfate precipitation.
The pellets from 40-50% ammonium sulfate precipitation
were dialyzed overnight and loaded on a HiTrap Q column.
After further purification on butyl-Sepharose and Superdex
200 16/60 columns, the Ssal protein was concentrated and
flash frozen in liquid nitrogen. The isolated SBD domains of
DnaK (amino acids 389 —607), Ssel (amino acids 389 — 659 and
396 —659), Sse2 (amino acids 389 —659), and hHsp110 (amino
acids 391-719) were expressed and purified in a similar way as
the full-length Ssel and Sse2 proteins as described above.

Fluorescence Anisotropy Peptide Substrate Binding Assay—
All peptides were labeled at the N terminus with fluorescein
and ordered from NEOBioscience with greater than 95% purity.
To determine peptide binding affinity, serial dilutions of each
protein were incubated with a 20 nm concentration of the cor-
responding peptides in buffer A (25 mm Hepes-KOH, pH 7.5,
100 mm KCI, 10 mm Mg(OAc),, and 10% glycerol). After bind-
ing reached equilibrium, fluorescence anisotropy measure-
ments were made on a Beacon 2000 instrument (Invitrogen),
and data were fitted to a one-site binding equation using PRISM
(GraphPad) to deduce dissociation constants (K ;). Each sample
was read at least three times to get an average reading. All the
binding curves were repeated at least three times with more
than two different protein preparations.
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Peptide Substrate Binding Kinetics Measurements—The
binding kinetics of each chaperone protein were measured by
mixing fluorescein-labeled peptide (20 nm) with various con-
centrations of chaperone protein. Peptides alone were used for
initial readings. After adding the chaperone proteins, measure-
ments were made every 10 s. For the binding in the presence of
ATP, each chaperone protein was first incubated with ATP (2
mM final concentration) for 2 min before adding the peptide.

Native Gel Analysis on Stability of Chaperone-Peptide
Complexes—Chaperone proteins (1.5 mg/ml) were mixed with
fluorescein-labeled peptides at a 1:1 molar ratio in buffer A and
incubated at room temperature for 1 h. A 3-ul sample was
loaded onto an 8 -25% gradient native gel (PhastGel from GE
Healthcare) and electrophoresed. Fluorescein-labeled peptides
were visualized with a Typhoon phosphorimaging system (GE
Healthcare), and proteins were stained with Coomassie Blue.

Mutagenesis and Growth Test—Peptide-binding loop muta-
tions in both DnaK and Ssel were induced by the QuikChange
Lightning Mutagenesis kit (Stratagene). The growth phenotype
of the DnaK mutations were tested in dnak deletion strain
BB205 as described previously (22).

Luciferase Refolding Assay—Firefly luciferase (Promega) was
diluted with buffer B (25 mm Hepes-KOH, pH 7.5, 100 mMm
KOACc, 10 mm Mg(OAc),, 2 mm DTT, and 3 mm ATP) to a final
concentration of 100 nMm in the presence of either WT DnaK or
DnaK_Loop12/34 mutant protein (3 uMm). After incubating at
42 °C for 20 min, refolding reactions were carried out by dilut-
ing the heated luciferase into a reaction mixture containing 3
uM DnakK, 0.67 um DnaJ, and 0.33 um GrpE in buffer B. At
various time points, luciferase activity was measured in a lumi-
nometer (Berthold LB9507) by mixing 2 ul of refolding reaction
with 50 ul of luciferase substrate (Promega). The activity of
unheated luciferase in buffer B was set as 100%.

In Vitro Luciferase Aggregation Assay or Holdase Assay—To
analyze the holdase activity, firefly luciferase (Promega) was
used as a model substrate. The aggregation of luciferase in the
presence of different chaperones was monitored by UV absorb-
ance at 320 nm over incubation time at 41 °C. Measurements
were taken on a UV-visible spectrophotometer with a water-
jacketed cuvette holder. The final concentration of luciferase
was kept at 200 nM for all the reactions. The chaperones were
added at a 1:4 or 4:1 ratio to luciferase. We tested a set of molec-
ular ratios of chaperones over luciferase, and these ratios were
optimal under our experimental condition. Luciferase or chap-
erone proteins alone were used as controls.

RESULTS

Hsp70s and Hsp110s Prefer Different Hydrophobic Sequences
in Peptide Substrates—As distant homologs of Hsp70s,
Hsp110s demonstrate different chaperone activities. Specifi-
cally, Hsp110s are characterized by high activity in preventing
denatured proteins from aggregation but lack normal folding
activities observed in Hsp70s. Like Hsp70s, Hsp110s contain
two functional domains, the NBD and SBD (Fig. 14). Although
Hsp110s share high sequence and structure similarity to
Hsp70s at the NBD (Fig. 1, B and C), the SBD is more divergent.
As described previously (22), structural comparison revealed a
number of significant differences in the SBD (Fig. 1, D and E)
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Linker

FIGURE 1. Structural comparison of Hsp70s and Hsp110s. A, schematics of
Hsp70 and Hsp110 sequences. NBD is in blue. SBD is divided into two sub-
domains: SBDa and SBD are in red and green, respectively. The interdomain
linker is shown in purple, whereas the extreme C-terminal end is shown in
white. Band C, ribbon diagrams of the Sse1-ATP structure (Protein Data Bank
code 2QXL) and bHsc70 isolated NBD structure (Protein Data Bank code
1HPM), respectively, with the NBD aligned. The coloring is the same as in A.
ATPinSse1and ADP in bHsc70 are shown as bonds. The associated ions, Mg®*
and K™, are shown as balls. D and E, ribbon diagrams of SBD structures of Sse1
(Protein Data Bank code 2QXL) and DnaK (Protein Data Bank code 1DKX),
respectively, with the SBDB aligned. The coloring is the same as in A with the
peptide substrate NR in DnaK shown in cyan.

especially within the peptide-binding loops (as described in
more details below). Hence, to understand the mechanistic dif-
ferences between these two classes of related chaperones, we
first explored the peptide substrate binding properties.

For initial studies, we synthesized four different peptides
containing hydrophobic sequences, NR, p12, p53, and tyrosi-
nase-related protein 2 (TRP2) (Table 1). NR is a well character-
ized peptide substrate for DnaK, a major Hsp70 in Escherichia
coli that has been studied extensively (13, 14). The sequences of
p12, p53, and TRP2 peptides were derived from the chicken
aspartate aminotransferase (48), the tumor suppressor p53
(49), and TRP2, a tumor antigen (50), respectively. The crystal
structure of DnaK SBD in complex with NR peptide revealed
the molecular basis of NR binding and established the central
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TABLE 1
Peptide substrate binding affinities of full-length Hsp70s and Hsp110s

ND, affinity too low to be determined; NB, no binding detected; —, not tested. Bold indicates residues changed in TRP2.

K, of peptide substrates

Peptide (sequence) DnaK Ssal Ssel Sse2 hHsp110
M
TRP2 (SVYDFFVWL) ND ND 1.27 + 0.03 3.15 % 0.11 5.64 * 0.32
p53 (LDGEYFTLQIRGRER) ND ND ND ND ND
NR (NRLLLTG) 1.43 * 0.02 0.76 = 0.03 NB NB NB
p12 (LQSRLLLSAPRR) 0.26 = 0.02 0.60 = 0.03 NB NB NB
TRP2_F5L/F6L (SVYDLLVWL) 1.76 = 0.04 112 = 0.06 3.62 £ 0.12 8.45 * 0.30 ND
TRP2_WS8L (SVYDFFVLL) 6.54 * 0.23 ND 14.92 * 043 12.62 = 0.86 ND
TRP2_181 (VYDFFVWLHYY) 6.27 £ 0.94 — 0.29 = 0.01 1.78 + 0.06 1.50 = 0.05
roles of the three key Leu residues in NR (Table 1) (13). Like NR, A. DnaK B. DnaK
. . 200 150
the sequence of p12 also has three consecutive Leu residuesand g “ [+ TRP2 - TRP2
. g i E 150]+ P53 -+ TRP2_F5L/F6L
has been shown to bind Dnz.iK with hlgher affinity than NR .due = P12 1004+ TRP2_WSL
to its longer sequence. Previous studies suggested that peptides 2 100{* NR
p53 and TRP2 potentially bind to mitochondrial Hsp70 and £ o 501
Grp170, another larger Hsp70 homolog, respectively (49, 51). £ o 0
There ar losely rel Hspl10sin lan g v v g g
ere are two closely related Hsp110s in yeast, Ssel and Sse2, 0.01 o1 p 0 100 0.01 o1 ! 10 100

with Ssel being the predominant form. To study the peptide
substrate binding properties of Hsp110s, we purified both yeast
Hsp110s as well as an hHsp110. For comparison, we also puri-
fied two classic Hsp70s, DnaK from E. coli and Ssal from yeast,
as representative Hsp70s from prokaryotes and eukaryotes,
respectively. We used a fluorescence polarization assay to
detect peptide substrate binding. All peptides were labeled at
the N terminus with the fluorescent dye fluorescein. Corre-
sponding to peptide binding, the fluorescence polarization
increased dramatically (Fig. 24). We determined the dissocia-
tion constants (K,) of these peptides for purified Hsp70s and
Hsp110s (Fig. 2A and Table 1). Consistent with previous
reports (46, 52), DnaK and Ssal bind NR and p12 with high
affinity. However, both DnaK and Ssal have much lower affin-
ity for the hydrophobic TRP2 and p53 peptides. In contrast, all
three Hsp110s bound only the TRP2 peptide with high affinity
and showed little binding to either the NR or p12 peptide. For
p53, all Hsp110s showed low but significant binding. Thus,
compared with Hsp70s, Hsp110s have different binding selec-
tivity for peptide substrates. Although hHsp110 shares low
sequence identity with Ssel and Sse2, all three Hsp110s showed
similar preference for the same peptides, suggesting a func-
tional conservation among Hsp110s.

One common feature of the Hsp110 binding peptides TRP2
and p53 is the presence of aromatic residues (Table 1). TRP2 is
especially rich in aromatic residues with four aromatic residues
of a total of nine residues. We proceeded to test the roles of
these aromatic residues in binding to Hspl10s using two
mutant versions of TRP2, TRP2_F5L/F6L (with the two Phe
residues changed to Leu) and TRP2_WS8L (with the Trp
changed to Leu) (Fig. 2B and Table 1). To our satisfaction, the
affinity of Hsp110s for both mutant peptides was significantly
reduced, supporting an essential role of these aromatic residues
in the molecular recognition by Hsp110s. Conversely, the affin-
ity of TRP2 F5L/F6L to both Hsp70s was significantly
increased (~8—10-fold). Moreover, replacing the three central
Leu residues in the NR peptide with FVW significantly
increased its binding to Hsp110s, whereas its affinity for DnaK
was reduced (supplemental Fig. S1). To further test the roles of
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FIGURE 2. Hsp70s and Hsp110s have different peptide substrate prefer-
ence. A, chaperone binding to four different peptides analyzed by fluores-
cence anisotropy assay. The peptides are TRP2 (red circle), p53 (blue diamond),
p12 (green triangle), and NR (black circle). From top to bottom, the plots are
Dnak, Ssal, Sse1, Sse2, and hHsp110, respectively. B, chaperone binding to
the mutated TRP2 peptides TRP2_FF (green triangle) and TRP2_W (black dia-
mond) with TRP2 peptide (red filled circle) as a control. The sequence of the
plots is the same as in A. mP, millipolarization level.

these three aromatic residues, we replaced them with a series of
residues that vary in hydrophobicity and aromaticity (Table 2)
and tested their binding to DnaK and Ssel. To facilitate com-
parison, we put these residues in the middle of the TRP2 pep-
tide. Consistent with the above observations, Ssel prefers Trp
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TABLE 2

Binding affinities of TRP2 mutant peptides

ND, affinity too low to be determined; NB, no binding detected. Bold indicates
residues that are changed.

K, of peptide substrates

Peptide (sequence) DnaK Ssel
M
TRP2_W (VYDEEVWLHY) 6.25 = 0.26 1.04 + 0.05
TRP2_F (VYDFFVFLHY) 10.76 £ 0.29 1.45 *= 0.05
TRP2_L (VYDLLVLLHY) 0.53 £ 0.02 4.68 = 0.07
TRP2_V (VYDVVVVLHY) 1.76 + 0.09 6.44 = 0.31
TRP2_A (VYDAAVALHY) ND ND
TRP2_S (VYDSSVSLHY) ND ND
TRP2_D (VYDDDVDLHY) NB ND

and Phe, whereas DnaK prefers Leu and Val (Fig. 3 and Table 2).
In contrast, there was no significant binding to peptides with
Ala, Ser, or Asp substitutions for either DnaK or Ssel. All these
results are consistent with the crystal structure of the DnaK
SBD in complex with the NR peptide that suggests that DnaK
prefers aliphatic side chains, whereas bulky aromatic side
chains are not favored. Thus, for the first time, our data suggest
that aromatic residues within a peptide shift the binding from
the aliphatic residue-preferring Hsp70s to the aromatic resi-
due-preferring Hsp110s.

Characterization of Peptide Substrate Binding Properties of
Hspl10s—The identification of the TRP2 peptide as a high
affinity substrate for Hsp110s allowed us to study the peptide
substrate binding properties of Hsp110s. We first tested the
allosteric control of peptide binding by ATP. For classic
Hsp70s, peptide substrate binding affinity is controlled by ATP,
which is an essential part of the allosteric coupling between the
two functional domains, the NBD and SBD. ATP binding to
Hsp70s results in an ~2 order of magnitude decrease in peptide
substrate binding affinity (15, 53, 54). Consistent with previous
studies, we observed a significant reduction of the affinity of
DnaK for NR in the presence of ATP (Fig. 4A4). Incubation of
Ssel with ATP also resulted in a significantly reduced binding
affinity with a comparable change in K, obtained for the ATP-
induced binding of DnaK to the NR peptide (Fig. 44). For Sse2
and hHsp110, we also observed a similar ATP sensitivity in
TRP2 binding (supplemental Fig. S2). Thus, peptide substrate
binding to Hsp110 is also controlled by ATP, indicating that
like Hsp70s there is allosteric coupling in Hsp110s between
their two functional domains.

Itis well established that in the absence of ATP Hsp70s stably
bind peptide substrates with slow binding (k,,) and release
(k,g) rates (15). ATP binding dramatically speeds up both rates
with the kg, being accelerated to a greater extent. Consistent
with previous studies, in the absence of ATP, the binding of NR
peptide to DnaK was relatively slow with a &, value of 663.6 =
8.0 s™' M ' and a ki value of 0.001232 = 0.000021 s~ ' as
determined in our studies by fitting association kinetics with six
different concentrations of DnaK protein (Fig. 4B); in contrast,
when DnaK was preincubated with ATP, both rates were dra-
matically accelerated (Fig. 4C). Because there is no prior report
on the peptide binding kinetics of Hsp110s, we proceeded to
analyze the kinetics of the binding of Hsp110s to TRP2. Surpris-
ingly, all three Hsp110s bound TRP2 with extraordinarily fast
kinetics regardless of the presence or absence of ATP (shown
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FIGURE 3. Binding of DnaK and Sse1 to mutant TRP2 peptides. A, DnakK. B,
Ssel. The mutant TRP2 peptides are labeled between A and B: TRP2_W (black
filled circle), TRP2_F (red filled square), TRP2_L (orange filled triangle), TRP2_V
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for Ssel in Fig. 4, Band C). These binding rates were even faster
than DnaK in the presence of ATP and well beyond the detec-
tion limit of our instrument. Because DnaK and Ssel have com-
parable K, values for the NR and TRP2 peptides, respectively,
the release rate for Ssel (k) should also be much higher than
that of DnaK based on the equation K, = k_4/k,,,. Moreover,
the decrease of TRP2 binding to Ssel in the presence of ATP
observed in Fig. 4C is consistent with the ATP-sensitive nature
of TRP2 binding to Ssel as shown above in Fig. 34. Thus, com-
pared with the Hsp70 peptide substrate binding, Hsp110s
exhibit much faster binding and release rates.

The fast kinetics of Hsp110 peptide substrate binding suggest
that Hsp110s may bind peptide substrates transiently even in
the absence of ATP. This is markedly different from Hsp70s,
which bind peptide substrates stably in the absence of ATP. To
test this hypothesis, we analyzed the stability of the Hsp110-
peptide complex using native gel electrophoresis. It has been
shown that, like many Hsp70s, DnaK self-associates into low
ordered oligomers, and binding of peptide substrates dissoci-
ates the oligomers into monomers (46, 55). Consistent with
these observations, DnaK by itself ran as a ladder on native gel,
and adding either NR or p12 peptides shifted some of the olig-
omeric species into monomers (Fig. 4D, right panel). When
DnaK and fluorescein-labeled NR were mixed in a 1:1 ratio,
~55% of NR co-migrated with DnaK monomer on the native
gel (Fig. 4D), indicating a stable complex formed between DnaK
and NR. Although Ssel has an affinity for TRP2 similar to that
of DnaK for NR in the above fluorescence polarization assays,
the amount of complex was much lower (only ~3.5% of total
TRP2 peptide used), and the majority of the TRP2 peptide was
free peptide, suggesting that the Ssel-TRP2 complex is much
less stable than the DnaK-NR complex. To further expand on
this result, we used a longer TRP2 peptide with increased affin-
ity for Ssel. We called this new peptide TRP2_181 because it
starts at residue 181 in TRP2 protein. Peptide TRP2_181 has
severalfold higher affinity than TRP2 peptide for all Hsp110s
used in our assay (Table 1). For Ssel, TRP2_181 has an affinity
similar to that of DnaK for the p12 peptide (Table 1). Consistent
with the higher affinities, the amount of chaperone-peptide
complexes increased for both DnaK-p12 and Ssel-TRP2_181.
Now, almost all of the p12 is bound to DnaK (~90% of total
peptide used). In contrast, only about 25% TRP2_181 formed a
complex with Ssel, which is much lower than the DnaK-p12
complex and even lower than the DnaK-NR complex. Hence,
consistent with the kinetics data, Hsp110s bind peptide only
transiently.
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FIGURE 4. Kinetics of Hsp110 peptide substrate binding and stability of
Hsp110-peptide complexes. A, ATP reduces the peptide substrate binding
affinity in Ssel. Left, DnaK protein binding to the NR peptide. Right, Ssel
binding to the TRP2 peptide. Band C, peptide binding kinetics in the absence
and presence of ATP, respectively. Left, DnaK binding to the NR peptide. Right,
Sse1 binding to the TRP2 peptide. The concentrations of DnaK and Sse1 used
were 40 (red), 20 (orange), 10 (yellow), 5 (green), 2.5 (blue), and 1.25 um
(magenta). D, the stability of the Hsp70-peptide and Hsp110-peptide com-
plexes were analyzed using native PAGE. The fluorescein-labeled peptides
were visualized using a phosphorimaging system (left panel), and the chap-
erone proteins on the same gel were stained with Coomassie Blue (right
panel). The positions of the free peptides and the chaperone-peptide com-
plexes, respectively, are indicated in the left panel. The arrowheads in the right
panel point to the monomeric forms of DnaK and Sse1, respectively. The olig-
omeric forms of DnaK ran above the monomeric form. mP, millipolarization
level.

Peptide-binding Loops Govern Peptide Binding Properties in
Hsp70s—Our experiments above suggested that Hsp110s have
peptide substrate binding properties distinct from Hsp70s: a
strong preference for aromatic side chains and exceptionally
fast kinetics. These differences between Hsp70s and Hsp110s
must be rooted in their primary sequences and three-dimen-
sional structures. For Hsp70s, it is well established that the SBD

5666 JOURNAL OF BIOLOGICAL CHEMISTRY

is the site for peptide substrate binding (13, 14, 56). However,
the peptide-binding site on Hsp110s is still controversial. Some
studies suggest that, like Hsp70s, the SBD is the site for peptide
substrate binding because the isolated SBD is sufficient for the
holdase activity (41, 57). Other studies suggest that the peptide-
binding site resides on a rift between the NBD and SBDf3 (37,
58). The identification of TRP2 peptide as a high affinity pep-
tide substrate for Hsp110s gave us an advantage to test directly
whether the SBD is the peptide substrate-binding site. To
determine the peptide-binding site on Hsp110s, we purified
isolated SBD fragments from all three Hsp110s used in our
studies. As a control, the SBD from DnaK was purified, and its
peptide substrate binding was determined. As shown in Fig. 54,
the DnaK SBD bound peptide substrates with essentially the
same affinity as the full-length DnaK protein. Like Dnak, the
SBDs from Sse2 and hHsp110 bound the TRP2 peptide with an
affinity similar to that of the full-length protein (Fig. 5A for Sse2
SBD and supplemental Fig. S3A for hHsp110 SBD), suggesting
thatin Sse2 and hHsp110 the peptide-binding site is on the SBD
as in Hsp70s. Surprisingly, the SBD of Ssel showed little bind-
ing to any peptide tested, including TRP2 and TRP2_181 pep-
tide (supplemental Fig. S3B). Thus, it is possible that the SBD of
Ssel is essential but not sufficient to bind peptide substrates
independently as suggested previously (37). The NBD may be
required to stabilize the conformation of the SBD. Taken
together, most likely, Hsp110s possess peptide-binding sites
analogous to those of DnaK.

Sequence alignments of the SBDs from a number of Hsp70s
and Hsp110s showed that Hsp110s bear significant differences
from Hsp70s in their peptide substrate-binding loops (Fig. 5B)
(22). As shown in the structure of the SBD of DnaK in complex
with the NR peptide, NR peptide is bound between two pep-
tide-binding loops, Loop, , and Loop;, (Fig. 5C) (13). One
hydrophobic residue (highlighted in red) from each loop forms
a direct contact with the bound peptide (Fig. 5B). However, in
Hsp110s, the length and characteristics of these two loops are
switched. The difference between the two loops is apparent
when examining our previously published Ssel-ATP structure
(Fig. 5C). Differences in the peptide-binding loops could be the
structural basis for the different peptide substrate binding
properties between Hsp70s and Hsp110s. To test this hypoth-
esis, we swapped the peptide-binding loops in both DnaK and
Ssel to generate DnaK_Loop and Ssel_Loop mutants, respec-
tively, and then analyzed their peptide substrate binding prop-
erties. To construct the DnaK_Loop mutant, we switched the
sequences of Loop, , and Loop; , in DnaK. Thus, the mutated
Loop, , has the sequence of the WT Loop, , (TAEDNQS), and
the mutated Loop, , has the WT Loop, , sequence (MGG). For
the Ssel_Loop mutant, the cloning to switch its own loops
turned out to be difficult. Thus, we used the sequences from
DnaK to replace the corresponding loops with MGG replacing
DKQVEDE for Loop, , and TAEDNQSA replacing TGD for
Loop, 4.

For the DnaK_Loop mutant, the binding to the NR peptide
was almost completely abolished; in contrast, the binding affin-
ity to the TRP2_181 peptide was increased by severalfold (Fig.
5D and Table 3). Therefore, consistent with our hypothesis, this
loop-swapping DnaK mutant behaves like Hsp110s in terms of
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TABLE 3
Binding affinities of DnaK and Sse1 mutants
NB, no binding detected.

K, of peptide substrates

Protein NR TRP2_181
uM

WT DnaK 1.49 + 0.05 6.27 = 0.94
DnaK_Loop NB 1.06 = 0.04
DnaK_Loop12 6.20 = 0.25 442 * 0.16
DnaK_Loop34 NB 1.47 £ 0.07
WT Ssel NB 0.30 = 0.007
Ssel_Loop NB 0.31 £ 0.009
Ssel_P NB 0.25 = 0.006

peptide substrate binding. Furthermore, when either Loop, , or
Loop;, was swapped individually, the resulting mutants,
DnaK_Loop12 and DnaK_Loop34, both showed reduced affin-
ity for the NR peptide and increased affinity for the TRP2_181
peptide (Table 3 and supplemental Fig. S4) with the change
being more pronounced for the DnaK_Loop34 mutant. Thus,
the peptide substrate binding specificity change in the DnaK_
Loop mutant was mainly due to the change of Loop, ,, although
both loops contributed.

In contrast to these results, we detected little change in the
peptide substrate binding for the Ssel_Loop mutant (Fig. 5E
and Table 3). Moreover, we obtained identical results for
hHsp110 when we switched the peptide-binding loops as in the
DnaK_Loop mutant (data not shown). It is possible that in
Hsp110s the loops alone are not sufficient to control the pep-
tide binding specificity. Thus, we proceeded to test the peptide
binding cleft. As shown in the structure of the DnaK SBD (13),
a number of residues in the peptide binding cleft form hydro-
phobic interactions with the bound NR peptide (Fig. 5, C and F).
We changed all the corresponding residues in Ssel to those of
DnaK to construct the Ssel_P mutant and performed a peptide
binding assay. Surprisingly, little change in peptide substrate
binding was observed for this mutant (Fig. 5E). One possible
explanation is that these residues are conserved enough
between Hsp70s and Hsp110s to account for specificity.

Peptide Binding Properties Determine Holdase and Foldase
Activity in Hsp70—QOur result that a mere swap of the peptide-
binding loops changed the peptide substrate binding properties
of DnaK to mimic those of Hsp110s raised the question of
whether the biological activity of DnaK is changed accordingly.
It is well established that unlike Hsp110s classic Hsp70s, such as
Dnak, display folding activity (19, 20). In contrast, Hsp110s
display a higher activity than Hsp70s in preventing protein
aggregation. This is why Hsp70s are called foldases, whereas
Hsp110s are called holdases. To test the folding activity of
DnaK, we used a standard luciferase refolding assay. Firefly
luciferase was used as a folding substrate and denatured by
incubation at the elevated temperature of 42 °C. As shown in

(red diamond) to NR (left) and TRP2_181 (right) peptides was determined after
binding reached equilibrium. E, swapping the peptide-binding loops or
mutating the peptide binding cleft has little effect on the peptide binding of
Ssel.The binding of the NR peptide (left) and the TRP2_181 peptide (right) to
Sse1_Loop (red diamond) and Sse1_P (green triangle) mutants was deter-
mined and compared with that of the WT Sse1 (black circle). F, sequence
alignment of peptide binding cleft residues that form hydrophobic interac-
tions with the NR peptide in the structure of isolated DnaK SBD. mP, millipo-
larization level.
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used as a no chaperone control.

Fig. 6A, in the presence of WT Dnak, heat-denatured luciferase
regained activity in a time-dependent manner. In contrast, we
observed little recovery of luciferase activity for the DnaK_
Loop mutant protein, suggesting that this mutant compro-
mised the folding activity of DnaK almost completely. Consist-
ent with the loss of folding activity, this mutant protein lost the
in vivo chaperone activity in supporting growth at an elevated
temperature of 37 °C (Fig. 6B). This result further confirmed
that the folding activity of DnaK is essential for its in vivo chap-
erone activity. Moreover, swapping either peptide-binding loop
compromised growth, supporting the importance of the pep-
tide binding activity in DnaK function (Fig. 6B).

To test whether the DnaK_Loop mutant displays increased
activity in preventing protein aggregation, we performed a hol-
dase assay using firefly luciferase as a model substrate (40, 41).
Luciferase was heated to 41 °C, which causes it to unfold and
aggregate. This aggregation results in increased apparent
absorbance at wavelength 320 nm due to light scattering of
protein aggregates. Neither DnaK nor Ssel protein by itself
showed any obvious aggregation in our assay (supplemental
Fig. S5). As shown previously (41), when Ssel was mixed with
luciferase before heating, the aggregation was significantly
reduced (Fig. 6C, left panel). However, when WT DnaK was
incubated with luciferase, as expected, we did not observe sig-
nificant holdase activity under our experimental condition (Fig.
6C, middle panel). Impressively, the DnaK_Loop mutant pro-
tein consistently showed much higher holdase activity than the
WT DnaK in preventing the aggregation of luciferase (Fig. 6C,
right panel), although it was less effective than Ssel and showed
optimal activity at a different ratio. The holdase activity corre-
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lates well with the peptide binding affinity toward the
TRP2_181 peptide shown above. Therefore, the different pep-
tide binding properties implemented in the peptide-binding
loops between Hsp70 and Hsp110 are directly correlated with
their biological activities.

DISCUSSION

Our study elucidates novel differences in substrate binding
between two major classes of molecular chaperones, the
Hsp70s and Hsp110s. We first showed that Hsp110s prefer aro-
matic residues in their substrates in contrast to Hsp70s, which
prefer aliphatic residues. Second, Hsp110s show extremely fast
kinetics for peptide substrate binding, even faster than Hsp70s
in the ATP state. The sequence homology between hHsp110
and the two yeast Hsp110s Ssel and Sse2 is low (38 and 37%,
respectively), consistent with some functional differences
between them (58, 59). However, their peptide binding proper-
ties are conserved, suggesting conservation in their function.
More importantly, our study for the first time has provided
mechanistic insights into the functional differences between
Hsp70 and Hsp110. It has been well documented that Hsp110s
serve as holdases, whereas the Hsp70s serve as foldases; how-
ever, little is known about the molecular basis of this difference.
We were able to convert the peptide binding properties of
DnaK to be Hspl10-like by swapping the peptide-binding
loops. This conversion resulted in a loss of the foldase activity of
DnaK and a gain in holdase activity, suggesting that the peptide
substrate binding properties are a major determinant of the
functional differences between the foldase and holdase activi-
ties. How do the peptide substrate preference and binding
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kinetics contribute to this functional difference? It is possible
that aromatic residues are more hydrophobic and thus tend to
aggregate more than aliphatic residues. Efficient binding to aro-
matic residues by Hsp110s will lead to efficient holdase activity.
The exceptionally fast kinetics in Hsp110s are also consistent
with the high holdase activity. Although the fast kinetics result
in transient binding, we hypothesize that the fast peptide bind-
ing and release cycles give Hsp110s the competitive advantage
in binding polypeptide substrates and preventing their aggre-
gation. It is interesting to point out that the overall content of
aromatic residues in eukaryotic proteins is about 8%, whereas
the overall content of aliphatic residues is close to 30% (61). For
efficient folding, it is conceivable that Hsp70s need to work on
the majority of the hydrophobic residues, such as aliphatic res-
idues. Hsp70s use the energy from ATP hydrolysis to power
their folding activity (1). During the ATP hydrolysis, Hsp70s
convert their fast kinetics and low affinity to slow kinetics and
high affinity for peptide substrate binding. Although the affinity
change is conserved in Hsp110s, the change in kinetics is miss-
ing, especially the slow kinetics and stable binding following
ATP hydrolysis. Thus, it is tempting to postulate that during
this transition Hsp70s generate some force for protein folding
while binding to unfolded polypeptides.

Hsp110 has recently been established as the major NEF for
Hsp70 in the eukaryotic cytosol and has been shown to dramat-
ically enhance the folding activity of the eukaryotic Hsp70
chaperone machinery (32, 40). Although other NEFs have been
found for eukaryotic Hsp70s, such as Fesl and HspBP1, they
have failed to facilitate Hsp70-mediated protein folding (32).
The major difference between Hsp110s and all the other classes
of nucleotide exchange factors is that Hsp110s are also chaper-
ones on their own. This chaperone activity of Hsp110s is likely
to contribute to the efficient folding activity of the Hsp70-
Hsp110 chaperone machinery (32, 33). The fast peptide binding
kinetics in Hspl10s suggest that when both Hsp110s and
Hsp70s encounter an unfolded polypeptide chain the Hsp110s
will most likely first bind to segments rich in aromatic residues
(Fig. 7A). This binding may facilitate the binding of Hsp70s to
nearby aliphatic residue-rich segments by bringing Hsp70s in
close vicinity through the Hsp70-Hsp110 interaction. Although
both Hsp70s and Hsp110s could bind the same unfolded poly-
peptide chain at different segments, they may cooperate in pro-
tein folding. This proposed cooperative mechanism needs to be
further investigated. At the same time, Hsp110s facilitate the
nucleotide exchange in Hsp70s to speed up the chaperone
activity of Hsp70. As pointed out above, the content of aromatic
residues is far less than that of aliphatic residues in eukaryotic
proteins; this correlates with the lower cellular level of Hsp110s
than Hsp70s.

What is the molecular basis for the different peptide sub-
strate binding properties between Hsp70s and Hsp110s? The
crystal structure of the DnaK SBD in complex with NR peptide
offers a structural basis for its preference for aliphatic residues
in substrates (13). Large aromatic side chains are unfavorable in
this peptide binding pocket due to steric clash, which explains
why DnaK and Ssal do not show high affinity for the TRP2
peptide even though the TRP2 peptide is highly hydrophobic.
On the other hand, Hsp110s appear to have the opposite pep-
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FIGURE 7. Model of Hsp70-Hsp110 chaperone machinery. A, model of the
cooperative actions of Hsp70 and Hsp110 in protein folding. Hsp70s and
Hsp110s prefer different segments in polypeptide substrates. Based on this
study, we speculate that the segments preferred by Hsp70s (highlighted in
green) are rich in aliphatic residues, whereas the segments preferred by
Hsp110s (highlighted in red) are rich in aromatic residues. B, comparison of
the chaperone cycles of Hsp70 and Hsp110. Peptide substrates are bound to
and released from Hsp70in the ATP-bound state due to fast kinetics; whereas,
in the ADP-bound state, Hsp70 holds the bound peptide stably. For Hsp110,
peptide substrates are bound and released constantly regardless of the
nucleotide-bound state.

tide preference, indicating that the peptide binding pocket is
different from that of Hsp70s. Indeed, we observed significant
differences in the two peptide-binding loops: their length and
properties are switched. Interestingly, when we switched these
two loops, we changed the peptide binding preference of DnaK
into becoming Hsp110-like, suggesting that the peptide-bind-
ing loops govern peptide binding preference. However, when
we swapped the peptide-bindingloops in Ssel and hHsp110, we
observed little change in peptide preference. This result sug-
gests that a mere swap of the loops is not sufficient (as discussed
below).

How do the peptide-binding loops determine the peptide
binding properties? In the DnaK SBD structure, one residue
from each loop forms hydrophobic contacts with the peptide
substrate (Fig. 5, B and C). Interestingly, these two residues
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are not conserved in classic Hsp70s. A previous mutational
analysis suggested that they contribute to the substrate speci-
ficity (62). Their contribution is minor at best when one con-
siders that DnaK and Ssal have almost identical peptide sub-
strate preference despite the two residues being completely
different. Therefore, these residues could only partially, if at all,
account for the dramatic effects observed in the loop-swapping
DnaK mutant in our study. Furthermore, SBDa covers up the
peptide binding pocket through interactions with the tips of
both peptide-binding loops (Fig. 1E). If we swap these two loops
in Hsp70s, the contacts between SBDa and the tips of these two
loops will be lost, although the peptide binding pocket still
remains hydrophobic. Thus, SBDa may not be able to cover up
the peptide binding pocket appropriately. Moreover, this new
Loop, , is larger than normal; hence, it may further prevent
SBDa from covering the peptide binding pocket. This change
would leave the peptide binding pocket more open. Without
the lid and with a much shorter Loops ,, the peptide binding
pocket may be more flexible to accommodate the larger aro-
matic residues, a prediction that is consistent with the fast
kinetics in Hsp110s and the DnaK loop mutant. This hypothesis
is further supported by a number of observations that disrupt-
ing the contacts between SBD« and the peptide-binding loops
resulted in lower peptide binding affinity and faster kinetics
when classic peptides for Hsp70s were used (63—66). In the
cases of Ssel and hHsp110, loop swapping showed little change
in peptide binding specificity. One explanation might be that
when we just swapped the peptide-binding loops most likely we
were not able to restore the interaction between the SBDa and
peptide-binding loops for SBDa to cover the peptide binding
pocket appropriately. Taken together, SBDa in Hsp110s may
never cover the peptide binding pocket as in Hsp70s (Fig. 7B).
Furthermore, this open peptide binding pocket in Hsp110s may
also explain the difference of Hsp70s and Hsp110s in presenting
tumor antigens: Hsp110s can bind and present large tumor
antigens, whereas Hsp70s mainly presents small peptides (67).
Consistent with our hypothesis, two recent studies suggest that
when Hsp70s bind to native substrates the SBDa does not close
onto SBDS like it does in the DnaK SBD structure (60, 68).
Alternatively, peptide substrates may bind Hsp110s at a differ-
ent site in the SBD because mutating either the peptide-binding
loops or the peptide binding cleft has little influence in peptide
substrate binding. A crystal structure of an Hsp110 in complex
with peptide substrates will ultimately reveal the molecular
basis for their special peptide substrate binding properties.
Itis also interesting to point out our finding that ATP binding
reduced peptide binding affinity in Hsp110s just like in Hsp70s,
suggesting that Hsp110s also undergo similar allosteric cou-
pling. This observation is consistent with our previous limited
proteolysis analysis and another study using tryptophan fluo-
rescence (22, 59). However, an earlier study showed that the
binding of Ssel to another high affinity peptide is not ATP-
sensitive (45). This discrepancy could be due to the fact that
different peptide substrates were used. Another possible differ-
ence is that our Ssel protein was highly purified. The Ssel pro-
tein by itself did not exhibit ATPase activity (supplemental Fig.
S6), which is consistent with previous crystallographic analyses
(22,37).1In contrast, the Ssel protein used in the other study has
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an ATPase activity close to Ssal, which raises the possibility of
an Ssal contamination in the protein preparation used. Fur-
thermore, in our previous mutational analysis based on the Ssel
structure, we isolated a number of Ssel mutations on the inter-
domain interfaces of the ATP state (22). We purified one
mutant protein with a strong in vivo defect, and we found that
the ATP-induced decrease in peptide binding affinity was abol-
ished in this mutant protein (data not shown), suggesting the
importance of this allosteric coupling in Hsp110s. Future stud-
ies will need to characterize the mechanism and role of this
allosteric coupling.
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