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Abstract

Self-association of ClpB~a mixture of 95- and 80-kDa subunits! has been studied with gel filtration chromatography,
analytical ultracentrifugation, and electron microscopy. Monomeric ClpB predominates at low protein concentration
~0.07 mg0mL!, while an oligomeric form is highly populated at.4 mg0mL. The oligomer formation is enhanced in the
presence of 2 mM ATP or adenosine 59-O-thiotriphosphate~ATPgS!. In contrast, 2 mM ADP inhibits full oligomer-
ization of ClpB. The apparent size of the ATP- or ATPgS-induced oligomer, as determined by gel filtration, sedimen-
tation velocity and electron microscopy image averaging, and the molecular weight, as determined by sedimentation
equilibrium, are consistent with those of a ClpB hexamer. These results indicate that the oligomerization reactions of
ClpB are similar to those of other Hsp100 proteins.
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Clp ATPases~also referred to as Hsp100 proteins! are involved in
protein degradation and disaggregation in both prokaryotic and
eukaryotic cells~Schirmer et al., 1996; Gottesman et al., 1997!.
Clp ATPases have one or two nucleotide-binding domains and
express both basal and protein-stimulated ATPase activity. The
first studied, ClpA, fromEscherichia colihas two nucleotide-
binding domains. It functions in a complex with the genetically
unrelated ClpP protease to promote degradation of protein sub-
strates and displays chaperone-like activity by promoting struc-
tural rearrangements of specific proteins~Wickner et al., 1994;
Gottesman et al., 1997!. ClpX from E. coli has a single nucleotide-
binding domain but likewise promotes protein degradation by ClpP
and displays ATP-dependent chaperone activity~Wawrzynow
et al., 1995; Gottesman et al., 1997!. ClpX promotes disassembly
of tight protein complexes and prevents aggregation of specific
protein substrates~Wawrzynow et al., 1995!. A yeast Clp homolog,
Hsp104, promotes the resolubilization of proteins from heat-
induced aggregates~Parsell et al., 1994b!. This activity requires

cooperation between Hsp104 and yeast Hsp70, and Hsp40~Glover
& Lindquist, 1998!.

ClpA ~Kessel et al., 1995; Maurizi et al., 1998! and Hsp104
~Parsell et al., 1994a! were found as monomers and dimers in the
absence of nucleotides and formed single hexameric rings in the
presence of ATP or its nonhydrolyzable analogs. ClpY, a ClpX
homolog, also forms hexamers in the presence of ATP~Kessel
et al., 1996!.

ClpB is anE. coli homolog of yeast Hsp104~;40% identity
between ClpB~Gottesman et al., 1990! and Hsp104~Parsell et al.,
1991! amino acid sequences! but substrates for ClpB in vivo have
not been identified. The ClpB gene contains an internal translation
initiation site and is expressed in vivo as two gene products: a 95-
and an 80-kDa polypeptide chain~ClpB95, ClpB80! ~Squires et al.,
1991; Woo et al., 1992!. Gel filtration-based size determination
suggested that purified ClpB is a tetramer~;350,000Mr! ~Woo
et al., 1992; Park et al., 1993! and its apparent oligomerization is
not affected by nucleotides~Kim et al., 1998!. This would indicate
a significant difference in structural organization between ClpB
and ClpA, or Hsp104.

In this paper, we used gel filtration chromatography, analytical
ultracentrifugation, and electron microscopy to study the oligo-
merization of ClpB. In contrast with previous reports~Woo et al.,
1992; Park et al., 1993; Kim et al., 1998!, we found that at low
concentrations in the absence of nucleotides, ClpB is monomeric
but in the presence of ATP or ATPgS, or at high protein concen-
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tration, ClpB forms oligomers~522,000Mr! that are most likely
hexamers.

Results

Figure 1 shows gel filtration elution profiles of ClpB in the ab-
sence and presence of nucleotides. Without nucleotides, ClpB eluted
as a broad band with shoulders indicating the presence of mol-
ecules with different Stokes radii. With 2 mM ADP the amount of
larger ClpB species apparently increased. When 2 mM ATP is
present in the running buffer, the majority of ClpB eluted with an
apparent size of;600 kDa, with a smaller band corresponding to
monomeric ClpB. When a nonhydrolyzable ATP analog, ATPgS,
was used instead of ATP, only the 600 kDa band was observed
~data not shown!. This indicates that the oligomer formation does
not require ATP hydrolysis and suggests that the fraction of ClpB
eluting as monomers in the presence of ATP could be due to the
ATP hydrolysis by ClpB on the column and a formation of a
ClpB-ADP complex or a nucleotide-free ClpB. The SDS-PAGE
analysis of fractions collected during the gel filtration experiment
with ATP showed both 95- and 80-kDa ClpB bands present in all
protein-containing fractions for the elution times from 50 to
68 min, indicating that both the longer and the shorter form of
ClpB participate in the oligomer formation.

Figure 2 shows apparent distributions of the sedimentation co-
efficient ~g~s* !! for ClpB at different protein concentrations ob-
tained from the time-derivative analysis~Stafford, 1992! of the
sedimentation velocity data. In the absence of nucleotides, the
concentration dependence ofg~s* ! profiles indicated self-association
of ClpB ~Stafford, 1994!. Only at the lowest ClpB concentration
~0.07 mg0mL! ~Fig. 2A! and the highest~4.0 mg0mL! ~Fig. 2D!
could theg~s* ! profiles be approximated by single gaussians. In
Figures 2A and 2D thes* values corresponding to maxima ofg~s* !
approximate the observed sedimentation coefficients for molecular

species predominantly populated at a given protein concentration.
For a low-molecular weight ClpB species, which dominates at 0.07
mg0mL: s*max 5 2.8 S ands20,w 5 4.4 S, and for the associated
species~at 4 mg0mL!: s*max 5 10.6 S,s20,w 5 17.1 S.

At intermediate ClpB concentrations~Fig. 2B,C!, theg~s* ! pro-
files were complex. It has been shown that for mixtures of oligo-
mers participating in an association0dissociation equilibrium, the
g~s* ! profiles have multiple maxima, which do not necessarily
correspond to sedimentation coefficients of any of the associating
species~Stafford, 1994!. An increasing area under theg~s* ! profile
for increasings* represents the progress of the association reaction
~Stafford, 1994!. Thus, the data in Figures 2B and 2C illustrate the
sedimentation properties of mixtures of the low- and high-molecular
weight forms of ClpB at different molar ratios and the progress of
the ClpB association for increasing protein concentration.

As shown in Figures 2B and 2C, in the presence of 2 mM ADP,
the g~s* ! profiles were centered at thes* values lower than those
found in the absence of nucleotides for the same protein concen-
tration. This indicates that ADP inhibits full association of ClpB.

Figure 3 shows the sedimentation equilibrium data for ClpB
with 2 mM ATPgS. The protein concentration gradient could be
described accurately~with small and predominantly random resid-
uals! by a single-species model of 522,000Mr .

Fig. 1. Gel filtration analysis of ClpB. Aliquots of purified ClpB~50mL of
;3 mg0mL! were injected onto a Superdex 200 column with a 0.2 mL0
min flow rate ~running buffer: 50 mM Tris, 0.2 M KCl, 10% glycerol,
20 mM MgCl2, 1 mM EDTA, and 1 mM DTT, pH 7.5!. Protein elution
profiles ~monitored at 290 nm! are shown for ClpB without nucleotides
~solid line!, with 2 mM ADP in the running buffer~dotted line!, and with
2 mM ATP in the running buffer~dashed line!. Open circles correspond to
elution times for glutamine synthetase~Mr 622,000!, glutamate dehydrog-
enase~Mr 300,000!, aldolase~Mr 158,000!, and cytochromec ~Mr 12,500!.

A
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C

D

Fig. 2. Sedimentation velocity experiments for ClpB at 208C. Shown are
the results from time-derivative analysis~Stafford, 1992! of four to six late
radial protein concentration profiles. Solid lines show apparent distribution
functionsg~s* ! vs. the sedimentation coefficients* in Svedberg units~S!
for ~A! 0.07 mg0mL, ~B! 0.5 mg0mL, ~C! 2.3 mg0mL, and~D! 4.0 mg0mL
ClpB without nucleotides. Dashed lines show the data obtained in the
presence of 2 mM ADP~B, C!. Centrifugation speed was:~A! 48,000 rpm,
~B! 39,000 rpm,~C! 38,000 rpm, and~D! 52,000 rpm. Protein concentra-
tion profiles were obtained using absorbance at~A! 229 nm,~C! 291 nm,
~D! 290 nm, or~B! the interference detection system.
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Figure 4 shows an electron micrograph of ClpB in the presence
of ATPgS. The uniform distribution of particles indicates the size
homogeneity of ClpB under these conditions. The insets show top
views and side views of ClpB obtained by translational and rota-
tional alignment and averaging~Kessel et al., 1995!. The particle
has a diameter~average;13.5 nm! similar to that of ClpA~Kessel
et al., 1995!. The disk-like appearance is reminiscent of the hex-
agonal rings seen with ClpA~Kessel et al., 1995! and Hsp104
~Parsell et al., 1994a!, but no clear symmetry could be calculated
for ClpB, possibly because the presence of both large~95 kDa! and
small ~80 kDa! subunits in the oligomer introduce an intrinsic
heterogeneity. The side view suggests that, as with ClpA~Kessel
et al., 1995!, the N- and C-terminal nucleotide-binding domains
form structurally distinct rings.

Discussion

Previous investigators had suggested that ClpB forms a stable,
nucleotide-independent tetrameric complex~Woo et al., 1992; Park
et al., 1993; Kim et al., 1998!. However, our results show a pro-
tein concentration-dependent association of ClpB~Fig. 2!. The
ClpB association reactions are coupled to the nucleotide-binding
~Figs. 1–3!. The electron micrographs~Fig. 4! indicate that ClpB
in the presence of ATPgS has a structure that is analogous to that
of ClpA, a result that was expected given the high degree of
homology~42% identity and 64% similarity! between the proteins
and similarities in their functions.

The ClpB samples used in this study contained;67% ClpB95
and ;33% ClpB80 ~see Materials and methods!. Such lack of

homogeneity prevents an unequivocal characterization of the ClpB
oligomerization reactions, as too many molecular species have to
be accounted for in the data analysis. For example, Figure 2 shows
complex superposition of the sedimentation coefficient distribu-
tions for different incompletely and completely associated species
of ClpB containing both ClpB95 and ClpB80. In this discussion,
we will focus, therefore, on the qualitative description of ClpB
self-association. Full quantitative characterization of the ClpB as-
sociation equilibria will require studying homogenous samples con-
taining either ClpB95 or ClpB80 and combinations of these two
protein forms at controlled molar ratios. Such studies will be pos-
sible by using mutated constructs ofclpB that produce one or the
other form of ClpB~Park et al., 1993!.

The sedimentation coefficient for the ClpB species predominat-
ing at high protein concentration without nucleotides~Fig. 2D! is
very close tos20,w 5 17.2 S measured for ClpA with ATPgS ~Mau-
rizi et al., 1998!, under which conditions ClpA~84 kDa monomer!
forms hexamers~Kessel et al., 1995!. The sedimentation coeffi-
cient of the low concentration ClpB species~Fig. 2A! is much
lower thans20,w 5 8.7 S for the mixed population of monomeric
and dimeric ClpA~Maurizi et al., 1998!. These data suggest that
the smallest stable species of ClpB~Fig. 2A! is a monomer and the
largest species~Fig. 2D! is a hexamer.

The results in Figure 2 illustrate the importance of studying the
particle size for an associating system over a broad concentration
range and raise the possibility that at the high intracellular con-
centrations expected, most Clp ATPases may exist predominantly
in the oligomeric state regardless of nucleotide binding.

The effect of ADP binding on the size of ClpB oligomers ap-
pears to depend on ClpB concentration: apparent increase in the
molecular weight with 2 mM ADP at,0.1 mg0mL ClpB ~Fig. 1!
and apparent decrease in the molecular weight for 0.5–2 mg0mL

A

B

Fig. 3. Sedimentation equilibrium experiment for ClpB~;2 mg0mL!
with 2 mM ATPgS at 48C and 3,500 rpm. The absorption data at 292 nm
~B, open circles! are shown together with a model fit assuming a single
molecular component of 522,000 molecular weight~solid line!. A: The
residuals~Aexp2 Amodel! are shown.B: The 0.146 base line absorption has
been subtracted from the data.

Fig. 4. Electron micrograph of negatively stained ClpB. ClpB was pre-
pared in solution containing 2 mM ATPgS and micrographs were obtained
after negative staining with uranyl acetate. The bar is 10 nm. Insets, aver-
age images of top views~a! of 120 particles and side views~b! of 35
particles.
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ClpB ~Fig. 2B,C!. This can be interpreted as the ADP-induced sta-
bilization of an intermediate, possibly dimeric, form of ClpB. Full
assembly of ClpB hexamers does not occur in the presence of ADP.

In contrast to ADP, ATP and ATPgS promote ClpB association
into hexamers~Figs. 1, 3!. The molecular weight of the ClpB
oligomer at equilibrium in the presence of ATPgS ~Fig. 3! is con-
sistent with that of a hexamer formed by a mixed population of
ClpB95 and ClpB80. In spite of the heterogeneity among ClpB
monomers, the population of ATPgS-induced ClpB hexamers is
apparently homogenous, as shown by the single-species sedimen-
tation equilibrium data~Fig. 3!. At present, we do not know the
distribution of the 95- and 80-kDa subunits in ClpB oligomers.
However, the observed molecular weight~522,000! is close to that
predicted for a hexamer formed by ClpB95 and ClpB80 in pro-
portion to their relative concentrations~i.e., four ClpB95 mono-
mers associating with two ClpB80!.

In summary, although the nucleotide-dependent self-association
has been found for all members of the Hsp100 family studied so
far, the oligomerization of ClpB in vitro differs from that of Hsp104.
Both ATP~ATPgS! and ADP stabilize hexameric form of Hsp104
~Parsell et al., 1994a!, while only ATP ~ATPgS!, but not ADP,
stabilizes the ClpB hexamer.

Materials and methods

Protein purification

ClpB was overexpressed inE. coli using a multicopy pClpB plas-
mid kindly provided by Dr. Catherine L. Squires~Squires et al.,
1991!. The purification procedure was analogous to that used to
obtain ClpA~Maurizi et al., 1994!. Approximately 80 mg of ClpB
has been purified from 25 g ofE. coli cells. Three chromatography
steps: anion-exchange~Q Sepharose, Pharmacia Biotech, Piscat-
away, New Jersey!, gel filtration ~Bio-Rad BIO-SIL TSK-250!,
and another anion-exchange~Mono Q, Pharmacia Biotech!, were
used to purify ClpB. Fractions from the Mono Q column that
contained ClpB showed two protein bands on SDS-PAGE~data not
shown! corresponding to the 95- and 80-kDa polypeptides~ClpB95,
ClpB80! as previously observed~Woo et al., 1992!. The identities
of the two bands were confirmed by amino terminal sequencing of
each species by automated Edman degradation~data not shown!.
The relative amounts of ClpB95 and ClpB80 were determined by
gel scanning and band intensity integration using Scion Image
software~Scion Corp., Frederick, Maryland!. For the studies pre-
sented here, the ClpB preparation contained;67% ClpB95 and
;33% ClpB80~data not shown!. The ATPase activity~Hess &
Derr, 1975; Lanzetta et al., 1979! of ClpB was 5.2 nm Pi released
per hour by 1mg ClpB and exhibited an;10-fold activation in the
presence of 0.1 mg0mL casein. For further studies, ClpB samples
were concentrated by precipitation with~NH4!2SO4 and dialyzed
extensively against 50 mM Hepes~pH 7.5!, 0.2 M KCl, 10%
glycerol, 20 mM MgCl2, 1 mM EDTA, and 2 mMb-mercapto-
ethanol. Protein concentration was measured using the calculated
absorption coefficientA280 5 0.38 cm20mg ~Pace et al., 1995!.

Gel filtration chromatography

HPLC gel filtration experiments were performed at room temper-
ature using Superdex 200 HR 10030 and Superdex 200 PC 3.2030
columns~Pharmacia Biotech! with Hewlett Packard 1090 and 1100
liquid chromatography systems.

Analytical ultracentrifugation

The Beckman Optima XL-A and XL-I analytical ultracentrifuges
with four-position AN-Ti rotors were used for sedimentation ve-
locity and sedimentation equilibrium experiments. The density of
the dialysate buffer at 208C was determined to be 1.0427 g0mL
with a Paar DMA 58 densitometer, and the relative viscosity~1.427
at 258C! was measured as described previously~Shapiro & Gins-
burg, 1968!. The partial specific volume of ClpB~0.724 mL0g!
was calculated according to Zamyatnin~1984!.

For sedimentation velocity experiments, ClpB samples~0.34
mL! and dialysate buffer~0.35 mL for absorbance and 0.34 mL for
interference detection! were loaded into the right and left side,
respectively, of the double-sector 1.2 cm analytical cell. After equil-
ibration at 3,000 rpm at 208C, the rotor was accelerated to a
desired speed~see Fig. 2! and radial scans of the cell were per-
formed using either ultraviolet absorption or interference detection
system. Apparent sedimentation coefficient distributions were cal-
culated using the time-derivative analysis~Stafford, 1992! and the
data analysis software from Beckman~Palo Alto, California! sup-
plied with the instrument. Observed sedimentation coefficients were
corrected to values corresponding to the viscosity and density of
water ~s20,w 5 1.615sobs!.

For sedimentation equilibrium experiments, 0.11 mL of ClpB
solutions and 0.12 mL of buffer were placed in a two-channel cell.
The samples were equilibrated at a desired speed at 48C for ;48 h
~Fig. 3!. To monitor the approach to equilibrium, the cells were
scanned every 3 h after the initial;30 h equilibration. After the
final data collection, the rotor was accelerated to 40,000 rpm for
3–4 h and the protein sedimented to the bottom of the cell. Sub-
sequently, the low centrifuge speed was restored and the cell was
scanned immediately to obtain the base line absorption value. The
data were analyzed using the Beckman software.

Electron microscopy of ClpB and image averaging was per-
formed as previously described~Kessel et al., 1995!.
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