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Hspl104 is a yeast member of the Hsp100 family which functions as a molecular
chaperone to disaggregate misfolded polypeptides. To understand the
mechanism by which the Hsp104 N-terminal domain (NTD) interacts with its
peptide substrates, crystal structures of the Hsp104 NTDs from Saccharomyces
cerevisiae (ScHspl04NTD) and Candida albicans (CaHsp104NTD) have been
determined at high resolution. The structures of ScHspl04NTD and
CaHspl04NTD reveal that the yeast Hspl04 NTD may utilize a conserved
putative peptide-binding groove to interact with misfolded polypeptides. In the
crystal structures ScHsplO4ANTD forms a homodimer, while CaHspl04NTD
exists as a monomer. The consecutive residues GIn105, GIn106 and Lys107, and
Lys141 around the putative peptide-binding groove mediate the monomer—
monomer interactions within the ScHsp104NTD homodimer. Dimer formation
by ScHsp104NTD suggests that the Hsp104 NTD may specifically interact with
polyQ regions of prion-prone proteins. The data may reveal the mechanism by
which Hsp104 NTD functions to suppress and/or dissolve prions.

1. Introduction

AAA+ (ATPases associated with various cellular activities)
proteins belong to a family of molecular machines with related
structures but diverse functions. Some of these proteins utilize
ATP hydrolysis to facilitate the degradation of proteins and
nucleic acids, as well as the remodeling of aggregated
macromolecules (Hanson & Whiteheart, 2005; Erzberger &
Berger, 2006). The heat-shock protein 100 (Hsp100) family
represents a large group of AAA+ ATPases that perform
molecular-chaperone activities, including the degradation of
misfolded polypeptides, regulation of transcription, reactiva-
tion of aggregated proteins and protection of cells from
thermal and chemical stresses (Schirmer et al., 1996, Wawr-
zynow et al, 1996). Bacterial ClpB and yeast Hspl04 are
members of the Hsp100 family and are hexameric molecular
motors that couple the energy generated from ATP binding
and/or hydrolysis to the disaggregation of protein aggregates
in vivo (Doyle & Wickner, 2009; Mogk et al., 2008; Zolkiewski,
2006).

Yeast Hspl04 facilitates the disaggregation and protein
folding of non-native proteins, usually by collaborating with
the Hsp70 and Hsp40 chaperones (Glover & Lindquist, 1998;
Parsell et al., 1994; Shorter & Lindquist, 2004; Kummer et al.,
2016; Klosowska et al., 2016). Hsp104 is essential for yeast
survival in stressful conditions such as elevated temperatures
(Sanchez & Lindquist, 1990; Sanchez et al., 1992). Hsp104 is
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essential for the propagation of yeast prions [PSI'], [URE3]
and [RNQI"] (Chernoff et al., 1995; Wickner, 1994; Cox et al.,
2003). These yeast prions are self-replicating, amyloid-like
aggregates of the normal functional proteins. Hsp104 helps
yeast prions to replicate mainly by fragmenting the aggregates
into smaller pieces, thereby breeding new propagons or seeds
(Satpute-Krishnan et al., 2007; Winkler et al., 2012). However,
overexpression of Hspl04 in yeast dissolves these seeds
completely and accordingly cures the [PSI"] prion state (Park
et al., 2014). A recent study has demonstrated that the
amyloid-dissolution activity of Hsp104 can be potentiated by
mutations in the middle domain (Jackrel et al., 2014; Torrente
et al., 2016), thus providing the possibility that a modified
Hspl104 could serve as a therapeutic approach against
amyloidogenic neurodegenerative diseases in humans, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Huntington’s disease (HD) (Shorter, 2008; Jackrel & Shorter,
2015).

The Hsp104 protomer contains five domains: an N-terminal
domain (NTD), nucleotide-binding domain 1 (NBD1), a
coiled-coil middle domain (MD), nucleotide-binding domain 2
(NBD2) and a short acidic C-terminal domain (CTD). Cryo-
EM studies indicated that Hspl04 may form a dynamic
hexameric ring structure and harbors a globular NTD that is
connected to NBD1 by an unstructured linker sequence
(Wendler et al., 2007; Lee et al., 2010). Recent cryo-EM data
showed that Hsp104 constitutes a unusual spiral hexamer with
a three-tiered domain arrangement, with the NTD forming
the top layer (Yokom et al., 2016). The ClpB NTD has been
demonstrated to have a substrate-binding groove that speci-
fically recognizes exposed hydrophobic stretches in unfolded
or aggregated client proteins, thus playing a regulatory role in
protein disaggregation (Li & Sha, 2003; Rosenzweig et al.,
2015). The roles of the Hsp104 NTD in protein disaggregation
and prion dissolution have yet to be fully understood. Previous
studies have shown that the Hsp104 NTD is dispensable for
thermotolerance and prion propagation (Hung & Masison,
2006; Lum et al., 2008; Tipton et al., 2008; Reidy et al., 2012).
However, recent data support the idea that the Hsp104 NTD
enables cooperative substrate translocation by Hsp104, which
is critical for potentiated activity and prion dissolution, but not
for prion fragmentation (Sweeny et al., 2015). The Hsp104
NTD might be involved directly in the binding of substrates,
and its action might introduce trimming forces that are critical
for the disaggregation activity of Hsp104 (Sweeny et al., 2015).

Extensive structural studies have been performed for ClpB
(Li & Sha, 2002, 2003), while limited structural investigations,
particularly crystallographic studies, are available for yeast
Hsp104 (Wendler et al., 2007; Lee et al., 2010; Yokom et al.,
2016). To understand the mechanism by which the Hsp104
NTD interacts with its peptide substrates, we have determined
the crystal structures of the Hsp104 NTDs from Saccharo-
myces cerevisiae (ScHsplOANTD) and Candida albicans
(CaHspl04NTD). The structures of ScHsplO4NTD and
CaHspl104NTD reveal that the yeast Hsp104 NTD may utilize
a conserved putative peptide-binding groove to interact with
misfolded polypeptides. More importantly, the crystal struc-

ture of ScHspl04NTD also suggests that the Hspl04 NTD
may specifically interact with polyQ regions of prion-prone
proteins. These studies may reveal the mechanisms by which
the Hsp104 NTD functions to suppress and/or dissolve prions.

2. Materials and methods
2.1. Protein expression and purification

The coding sequences for the N-terminal domains of Hsp104
from the yeasts C. albicans (residues 1-164; CaHsp104NTD;
GenBank accession No. AAKG60625) and S. cerevisiae
(residues 1-166; ScHsplO4NTD; GenBank accession No.
CAA97475) were obtained by PCR. The genes were then
digested with Nhel and Xhol, and subsequently subcloned
into the pET-28b expression vector (Novagen). All proteins
were expressed in Escherichia coli strain BL21 (DE3) grown
in LB medium at 37°C. Protein expression was induced with
0.5 mM IPTG when the cells reached an ODg of 0.6. The
cells were harvested, washed in 100 ml binding buffer (10 mM
Tris—=HCI pH 7.5, 150 mM NaCl) and then lysed by sonication
on ice. The lysates were clarified by centrifugation at
12 000 rev min~" for 30 min. The supernatant was loaded onto
an Ni*’-NTA column pre-equilibrated with binding buffer.
The resin was washed with ice-cold washing buffer (20 mM
Tris—-HCI pH 7.9, 0.5 M NaCl, 60 mM imidazole) and the
target proteins were eluted with elution buffer (20 mM Tris—
HCI buffer pH 7.9, 0.5 M NaCl, 400 mM EDTA). The typical
yield of the purified soluble proteins (>95% purity from SDS—
PAGE analysis) from a 11 culture was about 50 mg. The
proteins were then treated with thrombin (one unit per
milligram of protein) at 4°C overnight to remove the poly-
histidine purification tag. Digestion took place and was
stopped by the addition of 0.2 mM PMSF. Following thrombin
treatment, the samples were purified again using an Ni**~NTA
column to simultaneously remove unprocessed tagged protein,
tag and thrombin. The final eluates were subsequently loaded
onto a Superdex 200 column (Amersham Biosciences) in
10 mM Tris—HCI pH 7.5, 100 mM NaCl. The eluted recombi-
nant CaHsp104NTD and ScHsp104NTD were concentrated to
20 mg ml~! by centrifugal ultrafiltration (Millipore) for crys-
tallization assays.

2.2. The ELISA assay

The binding between the two Hsp104 NTDs (CaHsp104NTD
and ScHspl04NTD) and two denatured proteins (rhodanese
and citrate synthase) were tested using the ELISA method.
CaHsp104NTD or ScHsp104NTD (100 pl of 1 pg ml™" protein
in PBS) was incubated in the wells of 96-well EIA/RIA plates
(Corning, New York, USA) for 1 h at room temperature. The
protein solutions were then decanted and the wells were
washed three times with 200 pl 0.2% BSA in PBST (PBS with
0.05% Tween 20). To block the wells, 200 pl 0.2% BSA in PBS
was incubated in the wells for 1 h at room temperature. After
blocking, the wells were washed three times with 200 pl 0.2%
BSA in PBST. Rhodanese (25 mgml~', Sigma) and citrate
synthase (15 mg ml~"', Sigma) were diluted 100 times into the
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denaturing solution [50 mM Tris-HCI pH 8.0, 6 M guanidine,
0.1%(v/v) B-mercaptoethanol] and incubated at room
temperature for 2 h. The denatured proteins were then diluted
to two concentrations (0.1 and 1 pug ml™") with PBS, added to
wells coated with CaHsp104NTD, coated with ScHsp104NTD
or only blocked with BSA (control), and then incubated at
room temperature for 1h. In order to test whether
CaHspl104NTD and ScHsp104NTD can bind native proteins,
native rhodanese (1 pgml™' in PBS) and citrate synthase
(1 ug ml~" in PBS) were also added to the CaHsp104NTD- or
ScHsp104NTD-coated wells in this step. After decanting all
liquid, all wells were washed three times with 200 pl 0.2%
BSA in PBST. Following this, 100 pl anti-rhodanese goat
polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, Cali-
fornia, USA) or 100 pl anti-citrate synthase rabbit polyclonal
IgG (Thermo Scientific, Madison, Wisconsin, USA) was added
to the corresponding wells and incubated for 1 h at room
temperature. After washing three times with 200 pl 0.2% BSA
in PBST, the wells were then incubated with 100 pl donkey
anti-goat IgG conjugated to horseradish peroxidase (IgG-
HRP) for rhodanese (Santa Cruz Biotechnology) or 100 pl
donkey anti-rabbit IgG-HRP for citrate synthase (Thermo
Scientific) for 30 min at room temperature. The wells were
then washed six times with 200 pl PBST and the amount of
secondary antibody was measured using the TMB peroxidase
substrate (Thermal Scientific). The absorbance at 450 nm was
measured using a UV microplate reader (Bio-Rad, Hercules,
California, USA).

2.3. Crystallization of CaHsp104NTD and ScHsp104NTD

CaHspl104NTD was concentrated to 20 mg ml™"' and crys-
tals of about 0.4 x 0.02 x 0.02 mm in size were obtained at
22°C with a well condition consisting of 25% PEG 1000,
50 mM Tris—=HCI pH 8.5, 200 mM ammonium citrate using
the hanging-drop vapor-diffusion method. The crystals were
cryoprotected in mother liquor supplemented with 25% (v/v)
glycerol. All crystals were then mounted in a cryoloop and
immediately flash-cooled in liquid nitrogen. The cooled crys-
tals were instantly transported to the SER-CAT beamline at
APS for data collection (Table 1). The native CaHsp104NTD
crystals diffracted to 1.66 A resolution. To solve the crystal
structure of CaHspl04NTD using the SAD method, seleno-
methionyl (SeMet) CaHspl04NTD was produced following
previously described protocols (Sha et al, 2000). The
preparation of SeMet CaHsp104NTD crystals was the same as
that used to grow the native crystals. SCHspl04NTD crystals
were obtained at 22°C using protein at a concentration of
20 mg ml~! with a well solution consisting of 0.1 M Tris—HCI
pH 8.5, 25%(w/v) PEG 3350. Data for the ScHspl0O4NTD
crystals were collected to a resolution of 2.54 A (Table 1).

2.4. Structure determination and refinement

The SAD method was utilized to determine the structure
of CaHspl04NTD. Se atoms were located and the resultant
phases were calculated using PHENIX (Adams et al., 2010).
The resultant electron-density map had continuous electron

Table 1
Data collection and structure determination of CaHspl04NTD and
ScHspl04NTD.

Values in parentheses are for the highest resolution shell.

Native SeMet Native
CaHspl0OANTD CaHspl0OANTD  ScHspl04NTD
Data collection

Space group P3,21 P3,21 C2
Unit-cell parameters

a(A) 55.21 54.84 148.59

b (A) 55.21 54.84 66.26

¢ (A) 109.45 109.10 74.58

o (°) 90.00 90.00 90.00

B () 90.00 90.00 107.37

y () 120.00 120.00 90.00
Wavelength (5&) 1.000 0.9790 1.000
Resolution (A) 1.66 (1.69-1.66) 1.78 (1.81-1.78) 2.54 (2.58-2.54)
Rinerge 0.072 (0.47) 0.056 (0.28) 0.078 (0.17)
(Ilo(1)) 59.3 (2.1) 89.1 (9.9) 30.7 (4.7)
Completeness (%)  99.4 (70.5) 99.1 (80.5) 96.2 (89.7)
Multiplicity 16.1 21.4 3.5

Refinement

Resolution (A) 1.66 2.54
No. of reflections 23417 21839
Ryork 0.170 (0.183) 0.199 (0.221)
Riree 0.203 (0.237) 0.256 (0.313)
No. of atoms

Protein 1206 3807

Water 243 11
B factors (Az)

Protein 29.4 47.7

Water 47.0 48.3
R.m.s. deviations

Bond lengths (A) 0.006 0.009

Bond angles (°) 0.970 1.348

density and was readily interpreted. Residues 4-160 of
CaHspl04NTD were modeled into the electron-density map
using Coot (Emsley & Cowtan, 2004). The native
CaHspl04NTD structure was refined with PHENIX (Table 1).
The CaHspl04N model was used to search for molecular-
replacement solutions for the crystals of ScHspl04NTD using
PHENIX. The initial model was built using PHENIX,
followed by manual model building using Coot. The final
model was refined using PHENIX (Table 1).

2.5. Sequence alignment

The amino-acid sequence alignment was conducted with
ClustalX (ftp://ftp.ebi.ac.uk/pub/software/clustalw2; Larkin et
al., 2007) and the ESPript 3.0 web tool (http://espript.ibcp.fr/
ESPript/ESPript/; Robert & Gouet, 2014).

3. Results and discussion

3.1. CaHsp104NTD and ScHsp104NTD can directly bind
denatured proteins

To examine whether CaHspl04NTD and ScHspl04NTD
can interact with denatured proteins, we performed a series
of ELISA experiments. Two model proteins, rhodanese and
citrate synthase, were chemically denatured and utilized as
substrates to monitor the binding. The plate was first coated
with either CaHsp104NTD or ScHspl104NTD. The denatured
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rhodanese or citrate synthase was then applied to the corre-
sponding wells at various concentrations. We found that both
CaHspl0O4NTD and ScHsplO4NTD can efficiently bind
denatured rhodanese and citrate synthase (Fig. 1). In contrast,
the data showed that CaHsp104NTD and ScHsp104NTD do
not interact with native rhodanese and citrate synthase
(Fig. 1). The data suggest that Hsp104 NTD can function as a
molecular chaperone to specifically recognize and interact
with non-native polypeptides over native proteins.

3.2. The crystal structures of CaHsp104NTD and
ScHsp104NTD

The crystal structure of CaHspl04NTD was determined to
1.66 A resolution using the SAD method (Table 1). The crystal
structure of ScHsp104NTD was solved to 2.54 A resolution by
the molecular-replacement method using the CaHsp104NTD
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Figure 1

structure as the search model (Table 1). In the CaHsp104NTD
crystal structure, residues 2-158 are visible in the electron-
density map. In the ScHspl04NTD structure, residues 4-166
can be modeled into the electron-density map. Both the
CaHspl04NTD and the ScHspl04NTD monomer structures
contain one single domain, which is composed of eight
a-helices (A1-A8) and no pB-strands (Figs. 2a and 2b).
CaHsplOANTD and ScHsplOANTD show high primary-
sequence homology, with a sequence identity of 54%. The two
structures share very similar protein folds and the crystal
structures superimpose well, with a root-mean-square
deviation (r.m.s.d.) of 0.799 A for the main-chain atoms of
156 equivalent residues (Fig. 2¢; CaHsplO4ANTD and
ScHspl04NTD are shown in magenta and red, respectively).

When the CaHspl04NTD and ScHspl04NTD structures
are compared with the structure of the N-terminal domain
of E. coli ClpB, significant differences can be observed,
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The yeast Hsp104 N-terminal domain can selectively interact with denatured model proteins but not with native proteins, as shown by ELISA assays. (a)
CaHspl104NTD can interact with denatured citrate synthase (CS). CaHsp104NTD was coated onto the ELISA plates and 1 ug ml~" native CS (nCS) and
0.1 pgml™ and 1 pg mi~" denatured CS (dCS) were added after blocking with 1% BSA. Wells coated with BSA only were utilized as controls (Ctl).
After extensive washing, the bound CS can be detected by HRP-conjugated polyclonal CS antibody and the OD,s, readings are shown as gray bars. The
standard derivations of three independent experiments are shown in the figure. (b) CaHsp104NTD preferably binds denatured rhodanese (dRho) over
native rhodanese (nRho). The bound rhodanese can be detected with an HRP-conjugated polyclonal antibody against rhodanese. (¢) ScHsp104NTD can
interact with denatured citrate synthase but not with native citrate synthase. (d) ScHsp104NTD selectively interacts with denatured rhodanese (dRho)
over native rhodanese.
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particularly at the C-terminus (Li & Sha, 2003). The C-term-
inal 15 residues of CaHsplO4NTD and ScHsplO4NTD
constitute a stable loop that form extensive hydrogen bonds
with the loop between helices AS and A6 and with the N-
terminal loop. In contrast, the ClpB N-terminal domain lacks
this C-terminal loop in the structure. The sequence identity
between the N-terminal domains of yeast Hsp104 and E. coli
ClpB is ~20% (Fig. 3a). When the ClpB N-terminal domain
structure was superimposed with that of ScHsp104NTD, the
root-mean-square deviation (r.m.s.d.) for the main-chain
atoms of 139 equivalent residues was 1.776 A (Fig. 2¢; ClpB
NTD and ScHspl04NTD are shown in red and blue, respec-
tively).

3.3. The putative peptide-binding groove of the Hsp104
N-terminal domain

Our data suggested that the yeast Hspl04 N-terminal
domain may function as a molecular chaperone that interacts
with non-native polypeptides. The structure of the ClpB
N-terminal domain revealed a putative peptide-binding
groove on the molecular surface (Li & Sha, 2003). In the
CaHspl04NTD and ScHsplO4NTD  structures, putative
peptide-binding grooves can be identified at similar locations
(Fig. 4). The putative peptide-binding groove of the Hsp104
NTD was formed by residues from helices A5, A6 and A8 and
the C-terminal loop. In the ClpB NTD structure, the putative

N-ter

Figure 2

The monomer structures of CaHsp104NTD and ScHsp104NTD shown as ribbon drawings. Helices
A1-AS8 are labeled. The N-termini and C-termini of the molecules are denoted. (a) The monomer
structure of CaHspl04NTD. (b) A ribbon drawing of the ScHsp104NTD monomer. (¢) Structure
alignment of CaHsp104NTD, ScHsp104NTD and the E. coli ClpB NTD shown as a C* trace in
stereo mode. The CaHspl04NTD structure is shown in magenta, the ScHspl04NTD structure is
shown in red and the ClpB NTD structure is shown in blue. The orientations of CaHsp104NTD and

ScHsp104NTD in (c) are very similar to those in (@) and (b).

peptide-binding groove has a hydrophobic nature. Mutations
of the hydrophobic residues that form the putative peptide-
binding groove in the ClpB NTD compromised the molecular-
chaperone activity of ClpB (Li & Sha, 2003). The putative
peptide-binding grooves in the CaHsplO4ANTD and
ScHspl04NTD structures are partially hydrophobic (Fig. 4).
The side chains of residues 11e100, Leul16, Lys139 and Ile143
constitute the hydrophobic patch in the putative peptide-
binding groove of CaHsp104NTD. The side chains of residues
Ile102, Phell8, Lys141 and Leul45 form the hydrophobic
region in the putative peptide-binding groove of
ScHsp104NTD. The hydrophobicity of these residues is well
conserved among yeast species, indicating a common feature
of yeast Hsp104 N-terminal domains (Fig. 3b). It is likely that
the yeast Hspl04 NTD utilizes the hydrophobic residues
within its putative peptide-binding groove to interact with the
exposed hydrophobic stretches of the misfolded proteins.
Interestingly, the putative peptide-binding grooves of yeast
Hspl04 and E. coli ClpB exhibit quite different hydrophobic
patterns, which suggest that they may interact with polypep-
tide substrates using distinct mechanisms (Fig. 4).

3.4. Dimer formation of ScCHsp104NTD

The E. coli ClpB NTD and CaHsplOANTD form a
monomer in the crystal structure. In contrast, ScHsp104NTD
forms a homodimer in our crystal
structure. The two monomers within the
homodimer are related by a twofold axis
(Fig. 5a). The gel-filtration profiles of

CaHspl04ANTD and ScHspl04NTD
showed that CaHsplO4ANTD exists
as a monomer in solution, while

ScHspl04ANTD may form an equili-
brium between homodimers and
monomers in solution (Supplementary
Fig. S1). Interestingly, ScHspl04NTD
utilizes the putative peptide-binding
groove as the sole dimerization inter-
face to constitute the homodimer. The
C-terminal end of helix A5 of one
monomer (named monomer A) is
docked into the putative peptide-
binding groove of the other monomer
(named monomer B) within the homo-
dimer, while the C-terminal end of helix
AS5 of monomer B is positioned into
the putative peptide-binding groove of
monomer A. The side chain of Lys107
from monomer A is deeply buried in the
peptide-binding groove of monomer B
(Fig. 5b). Lys107 of monomer A forms a
strong salt bridge with Aspl08 of
monomer B. The side chain of Lys107 of
monomer A also forms a hydrogen bond
to that of GInl106 from monomer B.
Owing to the twofold axis, the side chain
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of GIn106 of monomer A also forms a hydrogen bond to the
side chain of Lys107 of monomer B. The side chain of GIn105
of monomer A establishes a hydrogen bond to the side chain
of Lys141 of monomer B. The dimer interface is quite limited
within the peptide-binding groove region and has a modest
surface area of ~300 Az, which accounts for ~2% of the
surface area of one monomer. Based on these observations, we
hypothesize that this localized hydrogen-bond and salt-bridge
network in ScHsp104NTD may give rise to a monomer—dimer
equilibrium in solution. These data further support the
hypothesis that the Hsp104 N-terminal domain can utilize its
putative peptide-binding groove to interact with non-native
polypeptide substrates. Moreover, the residues involved in the
association of the two monomers, such as GIn105, GIn106,
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K.marxianus MFKEATT|Q[S I FKE|

C.albicans MLEDQSIKDIFKE,

D.hansenii MLDDSSIKAIFKE

P.kudriavzevii JLDDSSIKSLEFQG

Figure 3

(a) Sequence alignment of ScHspl04NTD, CaHsp104NTD and the E. coli ClpB NTD. The numbering is
based on the ScHspl04NTD sequence. The positions of helices A1-A8 are marked and labeled. (b)
Sequence alignment of Hsp104 N-terminal domains from various yeast species. The numbering is based on
the ScHspl04NTD sequence. The residues (GIn105, GIn106, Lys107, Asp108 and Lys141) involved in
ScHsp104NTD dimerization are labeled with an asterisk. The residues involved in forming the putative

peptide-binding grooves of Hsp104 are indicated by a hash symbol (#).

Lys107, Aspl08 and Lys141, are very well conserved among
yeast species (Fig. 3).

3.5. Indications that the yeast Hsp104 NTD interacts with
polyQ peptides

Recent data have suggested that the Hsp104 NTD might be
directly involved in the binding of glutamine-rich substrates
(polyQ peptides) and play critical roles in disaggregating
prions (Sweeny et al., 2015). It has been demonstrated that the
Hspl04 NTD enables cooperative substrate translocation,
which is critical for prion dissolution and potentiated dis-
aggregase activity (Sweeny et al., 2015). In the crystal structure
of the ScHspl04NTD homodimer, the consecutive residues
GIn105, GIn106 and Lys107 from
A3 monomer A make interactions
50 with the putative peptide-binding
groove of monomer B to consti-
tute the homodimer. This struc-
tural observation may suggest the
AS mechanism by which Hspl104
NTD binds the polyQ peptide to
disaggregate prions. Several lines
of evidence may support this
hypothesis. (i) The side chain of
Lys107 of ScHsplOANTD fully
sticks out of the molecular
surface of the monomer and
forms a hydrogen bond to GIn106
from the other monomer. The
conserved Lys107 may function as
a sensor for polyQ peptides and
provide easy access to aggregated
prions. (ii) The side chain of
Lys141 of ScHspl0O4NTD also
points outward from the mole-
cular surface of the monomer and
is stabilized by forming a salt
bridge with the nearby Glul38.
The side chain of Lysl4l
approaches GInl105 of the other
monomer from an opposite angle
relative to Lys107 (Fig. 5). The
positions of Lys107 and Lys141
may allow them to attack the
polyQ peptide in the p-sheet
formation simultaneously. (iii)
The side chains of GInl05 and
GIn106 are not deeply buried in
the putative peptide-binding
groove of the other monomer. It
is likely that the polyQ peptide in
the B-sheet does not have much
flexibility and mobility. The
Hsp104 NTD may be able to gain
access to the side chains of the
polyQ peptide in the p-sheet

WESOQRIDSRQADSSSSYEF

GES...coceeeeeann

NLIEKGR
NLVEKAR
NLFEKAH
NIVELAK
TLVKRAR
TLIQKAR
TIIEGSR
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from the surface. This association of Hspl04 with polyQ
peptide may facilitate the dissolution of prion-prone amyloid
formations.

The crystal structure of ScHspl04NTD suggests that the
Hsp104 NTD may specifically interact with polyQ regions of
prion-prone proteins. The data may shed light on the

mechanism by which the Hsp104 NTD functions to suppress
and/or dissolve prions. GIn105, GIn106, Lys107 and Lys141 of
ScHspl04NTD play critical roles in associating the two
monomers into a homodimer. These residues may facilitate
direct binding between the Hspl04 NTD and the polyQ
peptide within the p-sheet formation for subsequent

Putative peptide-binding groove

Putative peptide-binding groove

(a) ()

Figure 4

The putative peptide-binding grooves of CaHspl04NTD and ScHspl04NTD shown as molecular-surface drawings. The hydrophobic regions of the
molecular surface are shown in gold. (a) The putative peptide-binding groove of CaHsp104NTD is indicated. The hydrophobic side chains of residues
(I1e100, Leul16, Lys139 and Ile143) which are located within the putative peptide-binding groove are labeled. (b) The putative peptide-binding groove
of ScHsp104NTD.

Figure 5

The dimerization interface of ScHspl04NTD. (a) Within the ScHsp104N'TD homodimer, monomer A is shown as a red ribbon drawing and monomer B
is shown as a surface-potential drawing using PyMOL (v.1.3; Schrédinger). Helices A5, A6 and A8 of monomer A which are involved in forming the
putative peptide-binding groove are labeled in black. The C-terminal end of A5 docks into the peptide-binding groove of monomer B. The protruding
Lys107 from monomer B is buried in the peptide-binding groove of monomer A and is labeled in blue. In this figure, the twofold axis lies vertically to the
paper and points towards the reader. (b) In this figure, GIn105, GIn106, Lys107 and Asp108 of monomer A of the ScHsp104NTD homodimer are shown
in stick mode and labeled in black. Monomer B is shown as a surface-potential drawing. Gln106, Lys107, Asp108 and Lys141 of monomer B are shown in
stick mode under the semi-transparent surface and are labeled in blue. The hydrogen bonds between GIn105 and GIn106 from monomer A and Lys141
and Lys107 from monomer B are shown as dotted lines.
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disaggregation. Interestingly, none of these residues are
conserved in the primary sequence of E. coli ClpB, which may
provide an explanation of why ClpB lacks the amyloid-
dissolution activity for polyQ peptides (DeSantis et al., 2012).
Moreover, Hspl04 may function as an oligomer in solution
(Yokom et al., 2016). It is possible that the NTDs within the
Hsp104 oligomer may exhibit more potent remodeling abil-
ities for polyQ peptides in a cooperative fashion compared
with the Hsp104 NTD monomer.
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