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Asymmetric deceleration of ClpB or Hsp104 ATPase
activity unleashes protein-remodeling activity

Shannon M Doyle1’4, James Shorter?*, Michal Zolkiewski>, Joel R Hoskins!, Susan Lindquist2 & Sue Wickner!

Two members of the AAA+ superfamily, ClpB and Hsp104, collaborate with Hsp70 and Hsp40 to rescue aggregated proteins.
However, the mechanisms that elicit and underlie their protein-remodeling activities remain unclear. We report that for both
Hsp104 and ClpB, mixtures of ATP and ATP-yS unexpectedly unleash activation, disaggregation and unfolding activities
independent of cochaperones. Mutations reveal how remodeling activities are elicited by impaired hydrolysis at individual
nucleotide-binding domains. However, for some substrates, mixtures of ATP and ATP-yS abolish remodeling, whereas for others,
ATP binding without hydrolysis is sufficient. Remodeling of different substrates necessitates a diverse balance of polypeptide
‘holding’ (which requires ATP binding but not hydrolysis) and unfolding (which requires ATP hydrolysis). We suggest that this
versatility in reaction mechanism enables ClpB and Hsp104 to reactivate the entire aggregated proteome after stress and enables

Hsp104 to control prion inheritance.

Life demands that members of the ‘ATPases associated with various
cellular activities (AAA+) superfamily couple energy from ATP
hydrolysis to the remodeling of a bewildering array of macromolecular
structures, ranging from protein to DNA and RNAU2. Typically,
eukaryotic genomes encode 50-80 family members!, each of which
occupies specific niches that require specialized modes of substrate
selection and regulation. The extraordinary adaptive radiation of
AAA+ proteins to function in a multitude of cellular reactions
demonstrates the versatility of their structurally conserved AAA+
domain. Subunits containing AAA+ domains assemble into
oligomeric rings, and ATP binds at the interface between adjacent
protomers" 2. AAA+ oligomers undergo considerable conformational
changes during ATP binding and hydrolysis, although how these
events are regulated and transduced into productive substrate remod-
eling remains largely enigmatic. Furthermore, it remains unanswered
whether individual AAA+ family members rely on a common reaction
mechanism to remodel various macromolecular clients. It is also
unclear whether different AAA+ members have evolved distinct
methods to engage and restructure substrates, or whether individual
proteins can switch between distinct reaction mechanisms for
different substrates.

Two members of the AAA+ superfamily separated by ~2 billion
years of evolution®, yeast Hsp104 and its Escherichia coli homolog,
ClpB, allow cell survival after exposure to extreme environmental
stress*™. They function to dissolve and renature thousands of diverse
substrates during reactivation of the aggregated proteome after multi-
farious stresses. They work in collaboration with the Hsp70/DnaK
chaperone systems’lo, and as a result, cell survival can increase by

10,000-fold*7. Under normal growth conditions, Hspl04 is also
essential for the formation and maintenance of prions,
protein-based genetic elements comprised of amyloid fibers that
self-perpetuate changes in protein conformation and function!l.
How does the structure of ClpB and Hspl04 facilitate these
functions? Both are hexamers comprised of protomers containing
two AAA+ ATPase domains (nucleotide-binding domains 1 and 2,
NBD-1 and NBD-2) and an N-terminal domain'? (Fig. 1a). Inserted
in NBD-1 is a long coiled-coil middle domain that resembles in
structure the shape of a two-bladed propeller'? and distinguishes ClpB
and Hsp104 from other Hsp100 proteins that also contain two NBDs!.
Electron microscopy and single-particle reconstruction of Hsp104 and
ClpB reveal an axial channel spanning the length of the hexamer!>!4,
Although not completely visible, the coiled-coil middle domains are
proposed to be located on the outside of the ClpB hexamer!2. ATP is
bound at the interface between adjacent subunits'? and hexameriza-
tion is stabilized by nucleotide!>!4. Substrate binding occurs when the
hexamer is in its ATP-bound conformation and conserved pore
residues may contact substrates directly!>17. The N- and C-terminal
domains may also help engage substrates and cofactors'®!°, Coopera-
tive ATPase activity occurs at both NBD-1 and NBD-2, and allosteric
communication occurs within and between the two domains!>19-23,
Disruption of ATPase activity and consequent inhibition of conforma-
tional changes compromises protein-remodeling activity'>~171921,
However, despite intense investigation, it remains unclear how the
hexameric architecture of ClpB and Hspl04 contributes to the
conformational changes associated with the dissolution and reactiva-

tion of aggregated proteins®4,
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Figure 1 Protein activation by ClpB or Hsp104
alone. (a) Model of E. coli ClpB subunit. Each
monomer has two nucleotide-binding domains,
NBD-1 and NBD-2, which are separated by a
large coiled-coil middle domain. Within each
NBD is a Walker A, a Walker B and a sensor-1
motif. CPK models show positions of ATP (red),
Lys212 and Lys611 of Walker A motif (yellow),
Glu279 and Glu678 of Walker B motif (blue) and

0 Thr315 and Asn719 of sensor-1 motif (green).
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IR TR N N F Y based on the crystal structure of Thermus
X?’SQ © O\QQ) Q)xv&q x éq* C’Xéq thermophilus ClpB!2. (b) RepA activation by ClpB
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© of X§ © activation by ClIpB with varying ratios of ATP to
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The powerful remodeling activities of Hsp104 and ClpB must
be tightly regulated and highly discriminating, because even very
high levels of expression are not toxic>?>. That is, despite a capacity
to engage diverse substrates, ClpB and Hsp104 do not interfere with
large functional protein complexes or filamentous structures. Most
notably, a screen for mutations that perturb the regulated function of
Hsp104 has revealed that single—amino acid substitutions in an NBD
combined with single—amino acid substitutions in the coiled-coil
middle domain frequently cause Hsp104 to become highly toxic?.
This suggests that the tight regulation of ClpB and Hsp104 may stem,
in part, from the intrinsic properties of the hexamer itself. However, a
clear understanding of how Hsp104 and ClpB are tightly regulated
remains elusive.

In this study, we investigated the innate protein-remodeling
activity of yeast Hspl04 and E. coli ClpB. We establish the
unexpected ability of mixtures of ATP and ATP-yS (a nonphysiological
and slowly hydrolyzed ATP analog) to elicit Hspl04 and ClpB
activity in protein activation, disaggregation and unfolding assays.
Notably, the functions of Hspl04 and ClpB were elicited without
assistance from cochaperones. Thus far, ClpB has been observed to
require Hsp70/DnaK and Hsp40/Dna] for every protein-remodeling
activity tested®!?. Previously, Hsp104 has been observed to remodel
only yeast prion proteins independently of cochaperones?®?’. Hsp104
also reactivates some protein aggregates with the assistance of the small
heat-shock protein Hsp26 (ref. 28). However, with most substrates,
Hsp104 requires Hsp70 and Hsp40 chaperones®. Hence, the effect of
mixtures of ATP and ATP-yS allowed us to study ClpB and Hsp104
remodeling activities without any confounding effects of cochaper-
ones. Our findings bring significant new insights into the mechanistic
basis by which Hsp104 and ClpB hexamers function and elucidate the
coordinated roles of the two AAA+ domains in protein remodeling.

affinity?>*°. ClpB had no capacity to activate

RepA in the presence of ATP (Fig. 1b). To
our surprise, a 1:1 mixture of ATP and ATP-yS greatly stimulated
RepA activation by ClpB (Fig. 1b). ATP-yS alone did not support
remodeling (Fig. 1b).

Hspl04 also activated RepA when provided a mixture of ATP
and ATP-yS (Fig. 1c). As with ClpB, neither ATP nor ATP-yS
alone supported activation (Fig. 1c). The optimal ATP/ATP-yS
ratio was 1:1 for ClpB activity (Fig. 1d) and 3:1 for Hspl04
activity (data not shown). Moreover, a mixture of ATP with ADP or
of ATP with AMP-PNP (a nonhydrolyzable ATP analog) did not
support the remodeling reaction (Fig. 1b). ClpA, another hexameric
AAA+ ATPase with two AAA+ domains per monomer, but
which lacks the coiled-coil middle domain present in Hspl04
and ClpB (Fig. 1a), behaved differently. ClpA activated RepA in
the presence of ATP alone?® and a mixture of ATP with ATP-yS
was inhibitory (Fig. 1b). These results show that the remodeling
activity of ClpB and Hspl04 is elicited by a combination of ATP
and ATP-yS. Although ATP-yS is known to inhibit ATP hydrolysis,
slowing hydrolysis of ATP is not its function here, as AMP-PNP
and ADP, which are also expected to reduce ATP hydrolysis,
were ineffective.

Protein disaggregation by ClpB and Hsp104

The observation that ClpB and Hsp104 have innate chaperone activity
allowed us to examine, for the first time, the remodeling activity of
these proteins without cochaperones. We began by asking whether
mixtures of ATP and ATP-yS also elicit the disaggregation of larger
aggregates by ClpB or Hspl04. We used thermally denatured green
fluorescent protein (GFP) aggregates ~ 500 kDa or greater in size®! as
a substrate. Remarkably, both ClpB (Fig. 2a) and Hsp104 (Fig. 2b)
promoted reactivation of heat-aggregated GFP in the presence of ATP
and ATP-yS.

2 ADVANCE ONLINE PUBLICATION NATURE STRUCTURAL & MOLECULAR BIOLOGY



l@y © 2007 Nature Publishing Group http://www.nature.com/nsmb

ClpB (ATP + ATP-yS)

CIpB (ATP)
ClpB (ATP + AMP-PNP)
CIpB (ATP-yS — ARS)

Fluorescence intensity
(AU)
]
o

0 Agg-GFP
0 10 20 30 40 50 60 70 80
Time (min)
b o 2009 e ClpA (ATP)
'§ ..... CIpA (ATP + ATP-yS)
£ 1501 Hsp104 (ATP + ATP-yS)
© =
g2 100
&
g 50 1 Hsp104 (ATP)
3 Hsp104
w o © | (ATP-yS — ARS)
0 10 20 30 40 50 60 70 80 (A99CFP
Time (min)
C -
Z ClpB
=
2
e
© —~
82 Hsp104
s
&
g Agg-GFP
2 CIpB + GroEL,,

== | Hsp104 + GroEL|rap
Agg-GFP + GroEL"ap

Time (min)

Figure 2 Reactivation of heat-aggregated proteins by CIpB or Hsp104 alone.
(a) Disaggregation of heat-aggregated GFP by CIpB. —ARS, absence of ATP-
regeneration system; Agg-GFP, aggregated GFP alone. (b) Disaggregation

of aggregated GFP by Hsp104 or CIpA. (c) Disaggregation and release of
unfolded GFP by ClpB or Hsp104. In a—c, the initial fluorescence was set
equal to O and a data set representative of three or more replicates is
shown. AU, arbitrary units.

Activation of ClpB and Hsp104 by mixtures of ATP and ATP-yS was
highly specific. ATP or ATP-yS alone did not support disaggregation
by ClpB or Hsp104 and neither did a mixture of ATP and AMP-PNP
or a mixture of ATP and ADP (Fig. 2a,b and data not shown). ClpA
also reactivated aggregated GFP, an activity of ClpA not previously
observed. In contrast to Hsp104 and ClpB, ClpA required ATP and the
addition of ATP-yS was inhibitory (Fig. 2b). Thus, for ~2 billion
years of evolution?, a distinct mechanism for unleashing the protein-
remodeling activities of the ClpB/Hspl04 class of proteins—a
mechanism which is mimicked in vitro by the mixture of ATP and
ATP-yS—has been conserved.

Release of unfolded polypeptides during disaggregation

The unexpected stimulation of ClpB and Hspl04 disaggregation
activity by the mixture of ATP and ATP-yS led us to investigate the
nature of the disaggregation reaction products. To do so, we used a
mutant chaperonin, GroELy,, (ref. 32) that captures unfolded pro-
teins in the molten-globule state’> and prevents refolding but does not
bind heat-aggregated GFP?! or native GFP*2. GroELy,, inhibited
reactivation of aggregated GFP by Hspl04 and ClpB (Fig. 2c).
Thus, Hsp104 and ClpB release GFP in an unfolded state that can
be captured by GroEL.

ClpB and Hsp104 can unfold native protein structures
ClpB and Hsp104 have never been found to unfold native proteins.
Might the combination of ATP and ATP-yS elicit such an activity?

ARTICLES

To test this, we used GFP as our substrate, because it is extremely
stable (T, ~70 °C) and can withstand mechanical unfolding forces of
~100 pN (ref. 34). As GFP refolds rapidly once unfolded, we used
GroELy,, to capture potential unfolded products. However, native
GFP was not unfolded by ClpB or Hsp104 (data not shown). We then
tested a GFP fusion protein containing a fragment of RepA (amino
acid residues 1-70) to provide a possible recognition signal. With both
ClpB and Hspl04, a large loss of GFP fluorescence occurred when
RepA;_7o-GFP was incubated with a mixture of ATP and ATP-yS in
the presence of GroELy,, (Fig. 3ab). Thus, some feature of the
RepA;_yy fragment, probably the unstructured N-terminal end, pro-
vides a recognition signal for substrate engagement and allows ClpB
and Hsp104 to unfold even highly stable proteins.

Again, the effect of ATP and ATP-yS mixtures was specific. No
unfolding occurred when ClpB or Hsp104 were incubated with ATP-
vS (Fig. 3a,b). Nor was RepA;_7-GFP unfolding observed when ClpB
was incubated in the presence of ATP (Fig. 3b), and very little
occurred with Hsp104 in the presence of ATP (Fig. 3a). Titrating
ATP from 2 mM to 5 pM, in an effort to slow hydrolysis by limiting
ATP, also did not promote unfolding by ClpB (data not shown).
Mixtures of ATP and ADP, or ATP and AMP-PNP, also did not
promote unfolding (data not shown). As with the activation and
disaggregation reactions, the optimal ATP/ATP-yS ratio for ClpB was
~1:1 (data not shown). In contrast, CIpA catalyzed unfolding with
ATP alone? and ATP-yS was inhibitory (Fig. 3a). Thus Hsp104 and
ClpB utilize a different mechanism than CIpA to couple ATP hydro-
lysis to protein unfolding, although the end result of hydrolysis,
unfolded substrate, is the same.
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Figure 3 Protein unfolding by CIpB or Hsp104 alone. (a) Unfolding of
RepA1_70-GFP by Hsp104 or CIpA alone. (b) Unfolding of RepA;_70-GFP

by ClpB. (c) Steady-state unfolding of RepA;_70-GFP by ClpB. At the time
indicated, an excess of the component indicated was added. In a—c, the
initial fluorescence was set equal to 1 and a data set representative of three
or more replicates is shown. AU, arbitrary units.
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Mechanism of stimulation by mixtures of ATP and ATP-yS

To investigate the mechanism by which the combination of ATP and
ATP-vS elicited ClpB remodeling activities, we sought to challenge a
steady-state unfolding reaction with excess ATP, ATP-yS or ADP. First,
we established that steady-state unfolding could be achieved in the
presence of ATP and ATP-yS (Fig. 3c). When ClpB was incubated with
both nucleotides in the absence of GroELy,p, a decline in RepA;_z-
GFP fluorescence occurred, reaching a plateau after 10 min (Fig. 3c).
This was due to a steady-state equilibrium between unfolding and
refolding. Over the next 90 min, as the energy supply was exhausted,
the rate of unfolding slowed and the fluorescence slowly returned
to the original level (data not shown). If GroEL,, was added at
10 min to capture released unfolded products, fluorescence slowly
declined (Fig. 3c).

The addition of excess ATP after 10 min caused an immediate
increase in fluorescence, indicating that the replacement of ATP-yS
with ATP in this steady-state reaction promotes substrate release
(which is followed by spontaneous RepA;_;-GFP refolding)
(Fig. 3c). When GroELy,, was added together with excess ATP,
there was a rapid decrease in fluorescence followed by a plateau
(Fig. 3c). This suggests that ATP does not simply trigger release of
substrate but also produces a burst of substrate unfolding and release,
as revealed by the capture of increased quantities of unfolded
RepA;_70-GFP by GroELy,,. In contrast, the addition of excess
ATP-yS was followed by a gradual decrease in fluorescence, with or
without GroELy,, indicating that slow hydrolysis increases the resi-
dence time of the substrate with ClpB (Fig. 3c and data not shown).
The addition of excess ADP resulted in an increase in fluorescence,
indicating substrate release followed by refolding (Fig. 3c). The
addition of ADP with GroELyyp, unlike the addition of ATP with
GroELy,y, stopped any further changes in fluorescence, revealing that
substrate was released without additional unfolding (Fig. 3c). There-

Figure 4 Protein remodeling by Hsp104 NBD mutants. (a) RepA activation
by Hsp104 and its mutants in NBD-1 and NBD-2. Data are means + s.d.
(n = 3). WT, wild-type. (b) Reactivation of heat-aggregated GFP by Hsp104
mutants. The initial fluorescence was set equal to O and a data set
representative of three or more replicates is shown. Agg-GFP, aggregated
GFP alone; AU, arbitrary units. (c) Unfolding of RepA;_70-GFP by Hsp104
mutants. The initial fluorescence was set equal to 1 and a data set
representative of three or more replicates is shown.

fore, ATP-yS promotes substrate ‘holding, whereas ATP hydrolysis is
required for substrate unfolding and release. These results suggest that
the combination of ATP-yS with ATP unleashes ClpB remodeling
activities by allowing ClpB hexamers to achieve a balance of substrate
binding, holding and unfolding to forcibly unfold proteins.

Roles of two AAA+ domains in Hsp104 substrate remodeling
To determine whether NBD-1, NBD-2 or both require restrained
hydrolysis to promote substrate remodeling, we tested mutants with
amino acid substitutions in each domain. We used Hsp104 mutants
with a substitution in the Walker A box (a motif containing a lysine
residue that directly contacts the phosphates of ATP!) of either NBD-1
or NBD-2 (Fig. 1a). The Walker A mutants are defective in ATP
binding and thermotolerance®>3¢. We also analyzed mutants with a
substitution in the sensor-1 motif (a motif containing a threonine or
asparagine that interacts with the y-phosphate of ATP') of NBD-1 or
NBD-2 (Fig. 1a). The sensor-1 mutants bind nucleotide, although
they are defective in ATP hydrolysis and thermotolerance®.

Mutants with substitutions in NBD-2 of Hspl104, both in the
Walker A (K620T) and sensor-1 (N728A) motifs, could activate
RepA dimers (Fig. 4a), reactivate heat-aggregated GFP (Fig. 4b) and
unfold RepA;_7-GFP (Fig. 4c). In all three reactions, the NBD-1
Walker A and sensor-1 mutants were inactive (Fig. 4a and data not
shown). Furthermore, an Hsp104 mutant with both Walker A motifs
mutated, Hsp104(K218T K620T)?, was also inactive (Fig. 4a and data
not shown).

Notably, in contrast to wild-type Hsp104, the NBD-2 mutants
used ATP as the sole nucleotide and ATP-yS was inhibitory (Fig. 4).
These results indicate that remodeling of these substrates by
Hspl04 is elicited when ATP hydrolysis is decelerated at NBD-2,
but not at NBD-1. Deceleration of a subset of nucleotide-binding
sites can be accomplished either through utilization of ATP-yS
in combination with ATP or with mutants impaired in ATP hydrolysis
at NBD-2.

Roles of two AAA+ domains in ClpB substrate remodeling
There were differences between ClpB and Hsp104 in the involvement
of the two NBDs, as might have been expected from the known
functional differences in the NBDs of the two proteins. For example,
NBD-1 of Hsp104 hydrolyzes ATP rapidly and is primarily involved in
substrate binding, whereas NBD-2 hydrolyzes ATP much more slowly
and is mainly responsible for oligomerization'>?%%, In contrast,
NBD-1 and NBD-2 of ClpB hydrolyze ATP at similar rates and
NBD-1 primarily contributes to oligomerization?!37-38,

We tested ClpB mutants comparable to the Hspl04 mutants
described above, including mutants with substitutions in both Walker
A motifs?!37 that are known to be defective in ATP binding and
thermotolerance as well as mutants with substitutions in both sensor-1
motifs (M. Barnett and M.Z., unpublished data) that can bind
nucleotide, although they are defective in ATP hydrolysis and thermo-
tolerance (Fig. 1a and Fig. 5). In addition, we tested mutants with
substitutions in the ClpB Walker B box (a motif containing a catalytic
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ance but bind and hydrolyze ATP?1°,

Like the Hsp104 NBD-2 mutants, the ClpB
NBD-2 sensor-1 mutant (N719A) and the
Walker B mutant (E678A) could activate
RepA, reactivate heat-aggregated GFP and
unfold RepA; 7,-GFP (Fig. 5a,c,e). Notably,

RepA activation
[®H]oriP1 DNA bound (fmol)

ATP |+ + |+ + |+ + |+ + [+ + |+ + |+ +|+ +

ARTICLES

o ®
L )

IS
L

—
—
b

0

these ClpB mutants, like the Hsp104 NBD-2

ATPyS |+ — |+ — |+ — |+ - |+ —|+ —-|+ -]+ -

mutants, used ATP as the sole nucleotide
(Fig. 5a,c,e). ATP-yS inhibited activation,
disaggregation and protein unfolding by the
Walker B mutant and reactivation and pro-
tein unfolding by the sensor-1 mutant,
although it did not inhibit RepA activation
by the sensor-1 mutant (Fig. 5a,ce). In

150

Fluorescence intensity (AU) &~

ClpB K212T E279A T315A K611T E678A
. VAN

N719A  E279A
/ E678A

Y Y
NBD-1 NBD-2

CIpB E678A (ATP)
50 ClpB WT (ATP + ATP-yS)

oo CIpBWT (ATP + ATP-S)
CIpB E279A (ATP)
ClpB N719A (ATP)

Fluorescence intensity (AU) €
@
o

ClpB T315A (ATP + ATP-yS; e CIpB N719A (ATP + ATP-yS

contrast to Hsp104, the ClpB NBD-2 Walker 50 st GIbB Lovon (Are + ATPAS) & 50 it Gl Eeran EJP)«TP AP

. . . s CIpB WT (ATP) g Z
A mutant (K611T) was inactive in all assays o i ClpB T315A (ATP) o Agg-GFP
(Fig. 5a and data not shown). These data 0 10 20 30 40 50 60 70 80 AGTP 0 1020 30 40 50 60 70 80
A ' i Time (min) Time (min)
indicate that, as for Hsp104, deceleration of
the ATPase activity at NBD-2 of ClpB, when

. . . . & oy o ClpB WT (ATP s ClpB WT (ATP)
NBD-1 remains active, can activate diverse 10 T o ClpB Eoron i
(ATP + ATP-y8)

protein-remodeling activities. o
ClpB NBD-1 mutants differed from those
of Hspl04. The NBD-1 sensor-1 mutant

(T315A) and the Walker B mutant (E279A)

o
o

o
~

I
N}

Trey,
Ly,

E Tcummt ClpB N719A

Fluorescence intensity (AU) @
o
@

were functional in activation, disaggregation
and protein unfolding (Fig. 5ab,d). In
all cases, the ClpB Walker B mutant used
ATP alone and ATP-yS was inhibitory
(Fig. 5ab,d). The ClpB NBD-1 sensor-1
mutant had substantially reduced activity
compared to wild-type protein and used
mixtures of ATP and ATP-yS more efficiently

Time (min)

0 5 10 15 20 25 30 35 40 45

Fluorescence intensity (AU) (D
o
©

o ClpB T315A (ATP) (ATP + ATP-yS)
P ClpB T315A 0.6 ClpB E678A
(ATP + ATP-yS) (ATP + ATP=/S)
0.4
CIpB E279A (ATP ClpB N719A (ATP
............. C|EB WT (ATP) ) g:pg \I,EVQI?BA }ATP}
1 (ATP + ATP-yS) 02 4—————————— (/P .
0 5 10 15 20 25 30 35 40 45 (ATP+ATP-yS))

Time (min)

Figure 5 Protein remodeling by ClpB NBD mutants. (a) RepA activation by ClpB mutants in NBD-1 and
NBD-2. Data are means = s.d. (n = 3). WT, wild-type. (b,c) Disaggregation of heat-aggregated GFP by
ClpB NBD-1 (b) or NBD-2 (c) mutants. Initial fluorescence was set equal to O and a data set
representative of three or more replicates is shown. Agg-GFP, aggregated GFP alone; AU, arbitrary units.
(d,e) Unfolding of RepA;_70-GFP by ClpB NBD-1 (d) or NBD-2 (e) mutants. Initial fluorescence was set
equal to 1 and a data set representative of three or more replicates is shown.

than ATP (Fig. 5a,b,d). A Walker A mutant in

NBD-1 (K212T), like the analogous Hsp104 mutant, was inactive in
all remodeling reactions with ATP and ATP-yS or ATP (Fig. 5a and
data not shown). These data indicate that, unlike for Hspl04,
deceleration of ClpB ATPase activity at NBD-1, when NBD-2 remains
active, can also elicit protein-remodeling activity.

A ClpB double mutant in the Walker B motifs of NBD-1 and NBD-2
(E279A E678A)% was also inactive (Fig. 5a and data not shown).
The inactivity of both ClpB(E279A E678A) and Hspl104(K218T
K620T) indicates that deceleration of ATPase activity at NBD-2 can
be counterproductive if NBD-1 also has no ATPase activity. Notably,
together with the Hspl04 results, these experiments demonstrate
a fundamental similarity in the mechanisms of Hspl104 and ClpB
remodeling activities that we did not expect. Both proteins have
an intrinsic capacity to remodel substrates in the absence of
cochaperones, and this activity can be unleashed by blocking
hydrolysis with mutations in a single AAA+ domain.

Nucleotide hydrolysis by Hsp104 and ClpB

Next, we directly measured nucleotide hydrolysis by Hsp104 and ClpB
using conditions where protein unfolding was apparent. Notably,
mixtures of ATP and ATP-yS did not inhibit nucleotide hydrolysis,
as would be expected for competition by a poorly hydrolyzable ATP
analog. Instead, ATP-yS stimulated nucleotide hydrolysis by ClpB
about three-fold in the presence of a 1:1 mixture of ATP and ATP-yS
(Fig. 6a). To our surprise, nucleotide hydrolysis by ClpB with a 9:1

mixture of ATP-yS to ATP was approximately equal to that with ATP
alone (Fig. 6a). Higher ratios of ATP-yS to ATP eventually became
inhibitory (Fig. 6a). ATP-yS showed the predicted effect on nucleotide
hydrolysis by ClpA: it was inhibitory at all ratios of ATP to
ATP-yS (Fig. 6a). The unfolding substrate RepA;_7-GFP had a
small inhibitory effect on nucleotide hydrolysis, and the activation
substrate RepA had no effect (Fig. 6a and data not shown). These data
unexpectedly demonstrate that ATP-yS stimulates nucleotide hydro-
lysis by ClpB.

To demonstrate whether ATP-vS stimulated hydrolysis of ATP or
was itself hydrolyzed, we separately measured ATP and ATP-yS
hydrolysis by ClpB using radiolabeled nucleotides. The rate of ClpB
ATP hydrolysis increased about three-fold when the nucleotide source
was a 1:1 mixture of ATP and ATP-yS, compared with the rate with
ATP alone. The rate of ATP hydrolysis in the mixture (Fig. 6b) was
similar to that of total nucleotide hydrolysis (Fig. 6a). The rate of
ATP-yS hydrolysis by ClpB was 30-fold slower than that of ATP and
was inhibited further when in a 1:1 mixture with ATP (Fig. 6b). Thus,
ATP-yS specifically stimulated ATP hydrolysis by ClpB.

ATP hydrolysis by Hsp104 was not stimulated by ATP-yS at ratios
of ATP to ATP-yS that activated remodeling, although it was not
inhibited (Fig. 6¢). The unfolding substrate RepA; 7-GFP did not
appreciably affect the rate of ATP hydrolysis by Hsp104 in the absence
or presence of ATP-vS (Fig. 6¢). Thus, for both Hsp104 and ClpB, the
effect of ATP-yS on ATP hydrolysis is a direct effect on ClpB or
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Hsp104 and is independent of interactions of the substrate with ClpB
or Hsp104.

For Hsp104, as for ClpB, the rate of ATP-yS hydrolysis was much
slower than that of ATP and was inhibited further in a mixture of
ATP-yS with ATP (Fig. 6¢). Together, these results suggest that the
binding or very slow hydrolysis of ATP-yS at some of the 12 ATP-
binding sites of Hspl04 or ClpB may stimulate ATP hydrolysis at
other sites by a mechanism of allosteric regulation that relieves the
negative cooperativity in ATP hydrolysis. Thus, as is often the case
with perturbations caused by drugs and mutations, the nonphysiolo-
gical nucleotide ATP-vS revealed an aspect of the reaction mechanism
for these proteins that would otherwise have remained undiscovered.

We also measured nucleotide hydrolysis by ClpB and Hspl104
mutants that are active in protein remodeling in the presence of
ATP and are inhibited by mixtures of ATP and ATP-yS. With the two
ClpB sensor-1 mutants (T315A and T719A) and the two Walker B
mutants (E279A and E678A), as the ratio of ATP-yS to ATP was
increased, the rate of nucleotide hydrolysis slowed (Fig. 6a). Both
ClpB(E279A) and ClpB(N719A) hydrolyzed ATP at a two-fold faster
rate than did wild-type ClpB, for unknown reasons. With Hsp104
NBD-2 mutants (N728A and K620T), the ATPase activity was
inhibited about 50% when the ATP/ATP-vS ratio was 3:1, in contrast
to the lack of inhibition of the wild-type Hsp104 at this ratio of ATP
to ATP-yS (Fig. 6¢). With Hsp104(K620T), the rate of ATP hydrolysis
was markedly faster than the wild-type rate. Thus, although there is
not a simple correlation between the rates of ATP hydrolysis and the
rates of remodeling, for both ClpB and Hspl04 mutants whose
remodeling activities were inhibited by ATP-yS, their ATPase activities
were similarly inhibited by ATP-yS.

Effects of ATP and ATP-yS on prion remodeling by Hsp104
Finally, we examined how mixtures of ATP and ATP-yS affect Hsp104
remodeling reactions involving an unusual substrate that can exist
stably in two different extremes of protein conformation. Hsp104
controls the inheritance of the yeast prion [PSI*], which consists of
self-propagating amyloid fibers generated by the Sup35 protein’s prion
domain, NM!!, In its prion state, NM adopts an extremely stable
B-sheet-rich amyloid conformation?®*!. At high concentrations,
Hspl04 rapidly disassembled these unusually stable fibers in an
ATP-dependent reaction (Fig. 7a). The disassembly reaction was not
supported by ATP-yS alone, and mixtures of ATP and ATP-yS were
inhibitory. Even an ATP/ATP-vS ratio of 6:1 inhibited fiber disassem-
bly, and a 1:1 ratio abolished it (Fig. 7a). In keeping with these
observations, neither Hsp104(N728A) nor Hsp104(K620T) are able to
disassemble NM fibers?® even though they can resolve small GFP
aggregates (Fig. 4b). Thus, Hsp104 has an absolute requirement for
ATP to remodel the stable conformation of NM fibers.

In the nonprion state, NM has the unusual capacity to populate a
predominantly random-coil conformation for extended periods*’. At
low concentrations, Hsp104 catalyzed the folding of these largely
unstructured proteins into the B-sheet-rich prion state in two ways
(Fig. 7b,c). First, it promoted the formation of a crucial oligomeric
intermediate of NM, detected using a conformation-specific anti-
body?®, which is essential to nucleate amyloid assembly and eliminate
the lag phase (the time before the first appearance of amyloid)
(Fig. 7c). Second, it accelerated the assembly phase (the time between
the first appearance of amyloid and the completion of assembly) by
severing NM fibers to create additional polymerization surfaces for
NM assembly?® (Fig. 7b). The latter activity, like fiber disassembly, was
supported by ATP but not ATP-yS (Fig. 7b). At all ratios of ATP to
ATP-vS, the acceleration of assembly was inhibited (Fig. 7b). Thus, as
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Figure 6 Nucleotide hydrolysis by ClpB and Hsp104. (a) Nucleotide
hydrolysis by CIpB, ClpB mutants and CIpA in the presence of the indicated
amounts of ATP-yS. ClpBg denotes one ClpB hexamer. Substrate, RepA;_7o-
GFP. (b) ATP and ATP-yS hydrolysis by ClpB. (c) ATP and ATP-yS hydrolysis
by Hsp104 and Hsp104 mutants. Hsp104¢ denotes one Hsp104 hexamer.
In a—c, data are means + s.d. (n = 3). WT, wild-type.

with fiber disassembly, the acceleration of the assembly phase by fiber
severing is not stimulated by the mixture of ATP and ATP-yS, but
rather is inhibited.

By contrast, Hspl04 eliminated the lag phase, by catalyzing the
formation of the crucial oligomeric species that nucleate assembly, in
the presence of ATP or ATP-yS but not in the presence of ADP or in
the absence of nucleotide (Fig. 7b,c). Thus, ATP or ATP-yS binding
promotes this prion-folding activity. This demonstrates the versatility
of Hspl04 hexamers, in that they can promote protein folding or
unfolding, depending on the reaction conditions and nature of
the substrate.

DISCUSSION

Our finding that a mixture of ATP and ATP-vS unleashes the protein-
remodeling activities of ClpB and Hspl04 has led to unexpected
insights into their reaction mechanisms. The use of ATP-vS allowed us
to discover previously uncharacterized features of the ATPase domains
that control their remodeling activities. For the first time, it allowed us
to study ClpB and Hsp104 remodeling activities without the compli-
cating effects of cochaperones and to do so with substrates that were
tractable for dynamic analysis.

Researchers have examined the effects of ATP-yS on a large number
of ATPases, with which it acts as a classic competitive inhibitor. To our
knowledge, this is the first case in which ATP-yS stimulates a reaction
requiring ATP hydrolysis. The absence of literature on activating
effects of ATP and ATP-vS is not because the mixture has not been
tested on other proteins. When we examined the effects of such
mixtures on ClpA, another Hsp100 protein with two AAA+ domains
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per monomer, its remodeling activities were not activated. Rather,
ATP-vS inhibited remodeling. Thus, the unexpected effects of mixed
nucleotides in unleashing the otherwise tightly restricted remodeling
capacity of ClpB and Hspl04 reveals that there is something dis-
tinctive about their reaction cycle.

Using Hsp104 mutants in various Walker A and sensor-1 motifs, we
discovered that remodeling can be triggered by impeding ATP hydro-
lysis at NBD-2. As there is known allosteric communication between
the two NBDs!®?0, it is likely that signals originating in the altered
NBD-2 of the mutants are propagated through the coiled-coil middle
domain to the distant functional NBD-1, resulting in a conforma-
tional state of the hexamer conducive for protein remodeling. In
contrast to Hsp104, ClpB mutants with defective ATPase activity at
either NBD-1 or NBD-2 could trigger protein-remodeling activity.
This difference most likely reflects differences in the properties of
NBD-1 and NBD-2 in the respective proteins that have accrued,
perhaps as a consequence of genetic drift or selective pressures.
What is most noteworthy is that protein remodeling by ClpB and
Hsp104 is controlled by very similar mechanisms, yet is distinct from
remodeling by ClpA.

Analyses of various nucleotide combinations revealed that ATPase
activity must be asymmetrically decelerated in a specific manner to
trigger ClpB and Hsp104 protein-remodeling activities. Only mixtures
of ATP and ATP-yS could elicit the protein-remodeling activities.
Mixtures of ATP and ADP or ATP and AMP-PNP did not promote
remodeling, even though addition of ADP or AMP-PNP would also
decelerate ATPase activity. In addition, slowing hydrolysis by limiting
ATP did not elicit remodeling activities. These data imply that it is not
simply slow hydrolysis that is essential to elicit the remodeling activity.

ARTICLES

Figure 7 Effects of ATP and ATP-yS on prion remodeling by Hsp104.

(@) Prion disassembly by Hsp104. ThT, thioflavin-T; AU, arbitrary units.

(b) Prion assembly in the presence of Hsp104. In a and b, values represent
means + s.d. (n = 3). (c) Prion assembly reactions in the presence of
Hsp104, probed for the presence of either oligomer or NM.

This implication was clarified by the direct measurements of ATP
hydrolysis. ATP-yS stimulated ATP hydrolysis by ClpB and did not
inhibit ATP hydrolysis by Hsp104, whereas it inhibited hydrolysis
by the ClpB and Hsp104 mutants. Together, these results suggest that
the binding and/or slow hydrolysis of ATP-yS at a subset of the
12 nucleotide-binding sites actually translates, through interdomain
communication, into increased ATP hydrolysis at other nucleotide-
binding sites.

Why should there be a requirement for slow hydrolysis at one NBD
to elicit remodeling activities, as demonstrated by the results with
mutant proteins? We suggest that the multiple ATP-binding sites of
the Hsp104 or ClpB hexamer must bind nucleotide, so that the ATP
conformation is induced. In addition, ATP hydrolysis must be slow at
NBD-2 of Hsp104 and at either NBD of ClpB to ensure that substrates
are not prematurely released without unfolding, whereas hydrolysis at
the other NBD must proceed at a rate sufficient to promote energy-
dependent remodeling. Although it is difficult to compare AAA+
proteins with one AAA+ domain per monomer to those with two
AAA+ domains per monomer, this need for holding and unfolding is
slightly reminiscent of that proposed for ClpX. In ClpX, there is
asymmetric nucleotide occupancy of the six ATP-binding sites in the
single AAA+ domain*?. For Hsp104 and ClpB, the mutants demon-
strate that a balanced asymmetry between the two sets of AAA+
domains stimulates the remodeling activities.

This unexpected reaction mechanism may apply more broadly to
other hexameric AAA+ ATPases with two AAA+ domains per mono-
mer. For example, it would explain the otherwise puzzling finding that
the NBD-2 of N-ethylmaleimide—sensitive fusion protein (NSF) has
conserved nucleotide-binding activity but little or no ATPase activ-
ity*®, yet is able to disassemble a large number of protein complexes
involved in vesicle trafficking!. Similarly, NBD-1 of p97 is also
catalytically inactive®®, yet p97 assists the retrotranslocation of diverse
polypeptides from the endoplasmic reticulum to the cytosol for
proteasomal degradation!.

Because ATP-yS is a nonphysiological nucleotide, it is likely
that other factors mimic the stimulatory effects of ATP-yS in vivo.
ClpB and Hsp104 usually cooperate with Hsp70 and Hsp40 chaper-
ones® 1% as well as small Hsps?®*, in various disaggregation
scenarios. Our results suggest that a major function of the cofactors
is to coordinate the ATPase cycles of the two NBDs during substrate
remodeling. Cochaperones might interact directly with ClpB
or Hsp104 (refs. 8,19,46,47) in such a way that they attain an optimal
mode of ATPase activity for protein disaggregation. Alternatively,
initial remodeling of the aggregate surface by cochaperones!7?148
might ensure that the substrate itself effects the appropriate changes
in ClpB or Hspl04 ATPase activity. In either way, cochaperones
would directly or indirectly facilitate the asymmetric deceleration of
ATPase activity at an NBD during the protein-remodeling process.
Such tight regulation by Hsp70/DnaK or other cofactors would
ensure successful deployment and activation of Hspl04 or ClpB
remodeling activity, whenever or wherever it is needed most. However,
although this putative role for Hsp70/DnaK may be crucial for
maximal synergy between Hsp104 or ClpB and Hsp70/DnaK during
disaggregation, Hsp70/DnaK must be doing more than simply co-
ordinating the Hspl04 or ClpB ATPase cycle, as mutants that are
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active in protein remodeling in vitro in the absence of cochaperones
do not convey thermotolerance in vivo?’>*>. The Hsp70/DnaK
system may also help present aggregated polypeptides to Hsp104/
ClpB at an early stage of disaggregation®!”, and it undoubtedly helps
newly solubilized polypeptides to refold once they are released from
Hsp104 or ClpB®°.

Notably, the asymmetric deceleration of ATPase activity by
ATP-yS or point mutations cannot be tolerated for the remodeling
of some substrates, as with the disassembly of Sup35 prions by
Hspl04 (refs. 26,27). In these instances, the substrate may
itself impose the requisite changes on Hspl04 ATPase activity.
Alternatively, the remodeling of some substrates may require all
protomers of the hexamer to bind and hydrolyze ATP in a
sequential or concerted manner. This is in contrast to restricted
probabilistic events where only select protomers hydrolyze ATP during
substrate remodeling, which can be sufficient for many functions
of another AAA+ ATPase, Cle49. Indeed, in some situations,
Hspl04 and ClpB hexamers may even need to switch between
probabilistic and concerted modes of ATP hydrolysis. This may
also explain why Hspl04 NBD-2 mutants and ClpB NBD-1 or
NBD-2 mutants do not provide thermotolerance?®3>37. Alternatively,
these mutants may be less able to collaborate productively or
synergistically with cochaperones. We suggest that it is the versatility
of reaction mechanisms that ClpB and Hsp104 hexamers can bring
to bear on a wide variety of different substrates that guarantees
successful reactivation of the entire aggregated proteome after
environmental stress.

METHODS

Plasmids. To generate a plasmid expressing ClpB, a clpB PCR product
containing a 5" Ndel and a 3" EcoRI site was cut and ligated into Ndel- and
EcoRI-digested pET24b (Novagen). Mutants were created by site-directed
mutagenesis using the QuikChange kit (Stratagene).

Proteins and DNA. P1 RepA™®, ClpA>, GFP%!, RepA;_7o-GFP?!, GroELyy,p
(GroEL(D87K)), Hsp104 and Hsp104 mutants?®, ClpB and ClpB mutants’,
and [*H]oriPI DNA (2,200 c.p.m. fmol™!) were prepared as described in
references. Protein concentrations given are for monomeric GFP and
RepA;_70-GFP, dimeric RepA, tetradecameric GroEL,, and hexameric ClpA,
ClpB and Hsp104.

Assays. RepA activation assays (20 pl) contained buffer A (20 mM Tris-HCl
(pH 7.5), 100 mM KCl, 5 mM DTT, 0.1 mM EDTA, 10% (vol/vol) glycerol),
4 mM total nucleotide where indicated, 10 mM MgCl,, 50 pg ml™! BSA,
0.005% (vol/vol) Triton X-100, 4 nM RepA and either 1 uM ClpB or ClpB
mutant, 1 pM Hsp104 or Hsp104 mutant, or 30 nM ClpA, as indicated. When
two nucleotides were added, the ratio of ATP to the second nucleotide was 1:1
for ClpB, ClpB mutants and ClpA, and 3:1 for Hsp104 and Hsp104 mutants.
When the ratio of ATP to ATP-yS was varied with ClpB, 350 nM ClpB was
used. After 10 min at 23 °C, 12 mM EDTA was added and reactions were chilled
to 0 °C. Calf thymus DNA (1 pg) and 13 fmol of [*H]oriP1 plasmid DNA were
added. After 5 min at 0 °C, the mixtures were filtered through nitrocellulose
filters and retained radioactivity was measured.

GFP reactivation assays (100 ul) contained buffer A, 4 mM total nucleotide
where indicated, an ATP-regenerating system (ARS; 20 mM creatine phosphate
and 6 pg creatine kinase), 20 mM MgCl,, 0.45 uM heat-aggregated GFP
(heated 10 min at 80 °C at 4.5 uM and then diluted) and 1 pM of either ClpB,
Hsp104 or ClpA, as indicated. When two nucleotides were added, the ratio of
ATP to the second nucleotide was 1:1 for ClpB, ClpB mutants and ClpA, and
3:1 for Hspl04 and Hspl04 mutants. When the ARS was omitted, 5 units
hexokinase and 5 mM glucose were added. Where indicated, 2.5 tM GroELyy,,
was added. Reactivation was monitored over time at 23 °C using a Perkin-
Elmer LS50B luminescence spectrophotometer with a well plate reader.
Excitation and emission wavelengths were 395 nm and 510 nm, respectively.

Unfolding assays (100 pl) contained buffer A, 20 pg mI™! BSA, 0.005% (vol/
vol) Triton X-100, 20 mM creatine phosphate, 6 pg creatine kinase, 10 mM
MgCly, 4 mM nucleotide as indicated, 0.7 tM RepA;_7,-GFP, and 2.1 uM ClpB,
ClpB mutants, Hspl04, Hspl04 mutants or ClpA, as indicated. GroELiy,
(2.5 uM) was added where indicated. When two nucleotides were added, the
ratio of ATP to the second nucleotide was 1:1 for ClpB, ClpB mutants and
ClpA, and 3:1 for Hsp104 and Hsp104 mutants. When the ARS was omitted,
5 units hexokinase and 5 mM glucose were added. Fluorescence was monitored
as above.

Steady-state unfolding assays were done like the unfolding assays described
above, but with 1 mM ATP and 1 mM ATP-vS. After 10 min of incubation, one
of the following was added: 10 mM ATP, 10 mM ATP with GroEL,,, 10 mM
ADP, 10 mM ADP with GroELy,p, 10 mM ATP-YS, or GroEL,, alone.

ATPase assays (25 pl) contained buffer A, 0.005% (vol/vol) Triton X-100,
4 mM total nucleotide where indicated, 20 mM MgCl,, 0.4 pM RepA,;_7,-GFP
where indicated, and 2 pM of either ClpB, ClpB mutant, Hsp104, Hsp104
mutant or CIpA, as indicated. When ATP and ATP-yS were used, the ratio was
1:1 for ClpB, ClpB mutants and ClpA, 3:1 for Hsp104 and Hsp104 mutants, or
varied as indicated. For the assays containing nonradioactive nucleotides,
phosphate production was determined using a malachite green phosphate
detection kit (BioMol). For the radioactivity assays, 1 pCi of [y->>S]ATP
(>1,000 Ci mM™"; GE Healthcare) or 0.1 pCi of [y-33P]ATP (>3,000 Ci
mM!; GE Healthcare) was used. Reaction mixtures with radioactive ATP or
ATP-yS were incubated 15 min or 90 min at 23 °C, respectively. Those with
[y-33P]ATP were analyzed as described®. Those with [y->>S]ATP were stopped
with the addition of 37 mM EDTA; aliquots (5 pl) were spotted on poly-
ethyleneimine thin-layer plates, developed in 0.5 M formic acid and 0.5 M LiCl,
air-dried and analyzed using a phosphorimaging device.

Prion assembly and disassembly assays were done as described?®. For
disassembly, 2.5 uM NM was incubated for 6 h with rotation (80 r.p.m.) to
generate prions and then incubated with 0.3 pM Hsp104 at 25 °C and 5 mM
total nucleotide as indicated. Where indicated, the ratio of ATP to ATP-yS was
varied. Disassembly was monitored by thioflavin-T fluorescence. To measure
assembly, 2.5 pM unseeded, rotated (80 r.p.m.) NM was incubated with
0.03 pM Hspl04 plus 5 mM total nucleotide as indicated, using the
ATP/ATP-vS ratios indicated. Prion assembly was monitored by thioflavin-T
fluorescence. At various times during the assembly reaction, samples were
applied to nitrocellulose and probed with antibody to the oligomer (see
Acknowledgments)?® or to NM?°,
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