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ClpB is a hexameric chaperone that solubilizes and reactivates
protein aggregates in cooperation with the Hsp70/DnaK chap-
erone system. Each of the identical protein monomers contains
two nucleotide binding domains (NBD), whose ATPase activity
must be coupled to exert on the substrate the mechanical work
required for its reactivation. However, how communication
between these sites occurs is at present poorly understood. We
have studied herein the affinity of each of the NBDs for nucleo-
tides in WT ClpB and protein variants in which one or both sites
are mutated to selectively impair nucleotide binding or hydro-
lysis. Our data show that the affinity of NBD2 for nucleotides
(K, = 3-7 pm) is significantly higher than that of NBD1. Inter-
estingly, the affinity of NBD1 depends on nucleotide binding to
NBD2. Binding of ATP, but not ADP, to NBD2 increases the
affinity of NBD1 (the K, decreases from ~160-300 to 50-60
pm) for the corresponding nucleotide. Moreover, filling of the
NBD2 ring with ATP allows the cooperative binding of this
nucleotide and substrates to the NBD1 ring. Data also suggest
that a minimum of four subunits cooperate to bind and reacti-
vate two different aggregated protein substrates.

Yeast heat-shock protein 104 (Hsp104)® and its bacterial
homolog, caseinolytic peptidase B (ClpB), are molecular chap-
erones that in cooperation with the Hsp70/DnaK system reac-
tivate most of the proteins that become aggregated after severe
stress. They are specially required to increase survival when
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cells are exposed to extreme heat or other environmental
stresses (1-4). These hexameric chaperones belong to the fam-
ily of ATPases associated with diverse cellular activities
(AAA+), aclass of enzymes involved in protein quality control,
membrane fusion, and DNA replication (5-11). There are two
classes of AAA+ proteins that differ in the number of nucleo-
tide binding domains; class I contains two domains, and class II
contains one domain (12). As members of class I, Hsp100 and
ClpB have two nucleotide binding sites per monomer that share
the Walker A and B motifs with other nucleotide binding pro-
teins (13) and, in contrast to other Hsp100 proteins, are sepa-
rated by a unique large middle domain known as the M domain
(14-16). The x-ray structure of Thermus thermophilus ClpB
(ClpBy,,) shows an N-terminal domain followed by a nucleotide
binding domain (NBD-1), a middle (M) domain, and a second
nucleotide binding domain (NBD-2) (17). The functional unit
of these proteins is the hexamer that contains 12 nucleotide
binding sites located in two stacked rings within the oligomeric
particle.

Previous biochemical studies have revealed that both Hsp104
and ClpB show cooperativity between nucleotide binding sites
that controls their ATPase activity (18, 19). Mutations at any of
the NBDs that inhibit their ATPase activity also impair chaper-
one activity, indicating that ATP hydrolysis at both NBDs is
required for productive substrate handling (20). The ATPase
activity of different subunits is tightly coupled in the active
oligomer, as incorporation of inactive monomers into the hex-
amer inhibits its chaperone activity (21-23). These studies
demonstrate that the AAA+ domains of the same and of dif-
ferent subunits of the hexamer must work in a coordinated
manner to reactivate protein aggregates. The following experi-
mental evidences also prove the existence of communication
between the two NBDs of Hspl00 proteins. Non-covalent
interactions allow allosteric communication between the NBDs
of ClpB,, as mixtures of inactive fragments containing each
one of the NBDs recover chaperone activity (24). Furthermore,
the ATPase activity of Hsp104 NBD1 is also regulated by the
hydrolysis cycle at NBD2 (18). ATP hydrolysis at NBD2 and,
therefore, exchange of ATP by ADP increases the k_,, of NBD1
activating its hydrolysis. A recent study has identified cis and
trans protomer interactions that regulate the activity of Hsp104
(25). Intrasubunit communication has also been proposed for
ClpB,, as the ATPase activity of NBD2 is stimulated after an
M-domain conformational change triggered by ATP binding to
NBD1 (26). However, how communication between NBDs of
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TABLE 1

ClpB variants used in this work and their properties
Variant NBD1 NBD2 Mutation
WT Binding and hydrolysis Binding and hydrolysis None
T1T2 Binding Binding E276A/E678A
TIN2 Binding None E276A/K611A
N1T2 None Binding K212A/E678A
NIN2  None None K212A/K611A
T1 Binding Binding and hydrolysis E276A
T2 Binding and hydrolysis Binding E678A

different or the same subunit is established within the func-
tional oligomeric particle remains as yet largely unknown.

We have examined the nucleotide binding properties of WT
ClpB;., and different variants in which one or both NBDs have
been mutated to render them unable to bind or hydrolyze
nucleotide (27). Substitution of the conserved lysine residues at
the Walker A motif (Lys-212 and Lys-611 in NBD1 and NBD2)
by alanine abolishes nucleotide binding (N, null mutation).
Replacement of the glutamic acid residues at the Walker B
motif (Glu-276 and Glu-678 at the NBD1 and NBD2) by alanine
generates NBDs able to bind but not hydrolyze ATP (T, trap
mutation) (27). The nomenclature of the ClpB variants used in
this study and their biochemical properties are summarized in
Table 1. Our results demonstrate that the affinity of NBD2 for
ATP (K, = 3-7 uM) is higher than that of NBD1 (K, ~ 60-250
uM). Binding of nucleotides to NBD2 is not affected by the
oligomerization state of the protein, in contrast to NBD1-nu-
cleotide complex formation that depends on hexamer stability,
as found for ClpB,, (28,29). ATP binding to NBD2 results in an
increase in the affinity of NBD1 for this nucleotide and sets up
the interactions at the NBD1 ring for the cooperative binding of
ATP and protein substrates. However, the same enhancement
in the affinity of NBD1 for ADP is not triggered by binding of
this ligand to NBD2, suggesting that the allosteric communica-
tion route from NBD2 to NBD1 distinguishes ATP from ADP.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Wt ClpB and ClpB
mutants were expressed in BB4561 Escherichia coli strain and
purified as previously described (30). ClpB single point mutants
were cloned using Stratagene QuikChange II kit, and muta-
tions were confirmed by DNA sequencing. Dnak, Dna]J, and
GrpE were obtained as previously reported (31, 32). Protein
concentration was determined by the colorimetric Bradford
assay (Bio-Rad). Malate dehydrogenase (MDH) and glucose-6-
phosphate dehydrogenase (G6PDH) were purchased from
Sigma, and lactate dehydrogenase and pyruvate kinase were
from Roche Applied Science. Concentrations of ClpB refer to
monomers unless otherwise stated.

Size-exclusion Chromatography—Wt ClpB or ClpB mutants
(20 -50 uMm) were loaded on a Superose 6 PC 3.2/30 (GE Health-
care) equilibrated in 50 mwm Tris-HCI, pH 7.5, 20 mm MgCl,,
and different KCI concentrations (50, 150, or 500 mm). Experi-
ments were performed at 25 °C.

Isothermal Titration Calorimetry (ITC)—Calorimetric mea-
surements were performed in a VP-ITC Microcalorimeter
(MicroCal LLC., Northampton, MA). Proteins were dialyzed
against 50 mm Tris-HCI, pH 7.4, 150 mm KCl, 20 mm MgCl,.
Nucleotides were freshly dissolved in dialysis buffer before ITC
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measurements. Typical titration experiments were performed
with WT ClpB or the corresponding protein variant at a
protomer concentration of 12 um. Consecutive injections
(610 ul) of a nucleotide solution (1.2—1.6 mm or 350 — 400 uM)
were carried out after sample equilibration at 25 °C. The same
nucleotide solution was injected into dialysis buffer to estimate
the dilution enthalpy that was used to correct the binding
enthalpy. Binding isotherms were analyzed with a one-site
binding model using Origin 7.0 software (OriginLab Corp.,
Northampton, MA).

Binding of Fluorescent Nucleotide Analogs to ClpB—W'T
ClpB or the corresponding protein variant (5—-10 um) dissolved
in 50 mMm Tris-HCI, pH 7.4, 5 mm MgCl,, and different KCl
concentrations (15, 50, 150, or 500 mMm) were titrated with
MANT-ADP or MANT-ATP (0.05-20 um). After incubating
the mixture for 5 min at 25 °C, the fluorescence spectra were
recorded on a Fluorolog-3 spectrofluorimeter (HORIBA Jobin
Yvon) with excitation at 356 nm. Excitation and emission slits
were set at 2 nm. Control experiments to account for nonspe-
cific interactions between the protein and labeled nucleotides
were carried out with N1N2, a ClpB mutant unable to bind ATP
at either NBD. Hydrolysis of MANT-ATP by ClpB was assayed
measuring inorganic phosphate with the malachite green
method (33).

Partial Proteolysis—W'T ClpB or the corresponding protein
variant (5 um) was incubated at 30 °C in 50 mMm Tris-HCI, pH
7.4, 20 mm MgCl,, 50 mm KCI for 5 min in the absence or
presence of the desired nucleotide (ATPvyS, ATP, or ADP) con-
centration. Proteolysis was immediately initiated upon the
addition of thermolysin to a final chaperone/protease ratio
(w/w) of 135. The kinetics of the proteolysis reaction was fol-
lowed by SDS-PAGE (15%) analysis of the digestion products at
different incubation times and nucleotide concentrations, as
previously reported (20). The amount of full-length protein
protected against proteolytic digestion was estimated by densi-
tometry of the corresponding gel band with a gel scanner G-800
and the Quantity One software (Bio-Rad). The initial rates of
full-length protein loss as a function of nucleotide concentra-
tion were analyzed with the Hill equation (see below) to esti-
mate the apparent affinity of the NBD1 of each protein variants
for ATP and ADP. Each data point is the average of at least two
independent experiments.

MDH Aggregation—The ability of T1T2 or TIN2 variants to
avoid aggregation of thermally denatured MDH was followed
by measuring the turbidity at 550 nm of MDH samples (6 um) at
47 °Cin 50 mm Tris-HCI, pH 7.5, 20 mm MgCl,, 2 mMm DTT, and
50 or 150 mm KCl. Experiments were performed at 2 mm ATP
and increasing chaperone concentrations to estimate the K, of
both ClpB variants for denatured MDH and at increasing ATP
concentrations and constant T1T2 (4 uMm) and TIN2 (12 um)
concentration to determine the K, of the nucleotide-dependent
substrate association. Data were fitted to the Hill equation,

XnH
Y=Y +7KdnH v (Eq. 1)
where y is the percentage of protection against MDH aggrega-
tion, x is the ATP concentration, #,; is the Hill coefficient, and
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K, is the dissociation constant. Kinetic measurements were
performed in a Cary spectrophotometer (Varian).

Reactivation of MDH Aggregates—MDH (6 um) was dena-
tured and aggregated by incubating the protein 30 min at 47 °C
in 50 mMm Tris-HCI, pH 7.5, 150 mm KCl, 20 mm MgCl,, 2 mm
DTT. Aggregates were diluted to 1 um in 50 mm Tris-HCI, pH
7.5, 50 mm KCl, 20 mm MgCl,, and 2 mm DTT containing 3 um
WT ClpB, 2 uM Dnak, 0.6 um DnaJ, and 0.4 um GrpE. Reacti-
vation was started after the addition of different ATP concen-
trations (0 —2 mm) to the sample containing an ATP regenerat-
ing system (10 mm phosphoenolpyruvate and 20 ng/ml
pyruvate kinase) at 30 °C. MDH activity was recorded as previ-
ously described (34).

Reactivation of G6PDH Aggregates—G6PDH (10 um) was
denatured at 70 °C for 30 min in 50 mm Tris-HCI, pH 7.5, 150
mM KCI, 20 mm MgCl,, and 10 mm DTT. Denatured and aggre-
gated G6PDH was diluted to 0.4 um in the same buffer contain-
ing 50 mMm KCI. Reactivation was started after the addition of
different ATP concentrations (0 —2 mwm) to the sample contain-
ing 0.7 um DnaJ, 0.35 um GrpE, 3.5 um Dnak, 5 um ClpB, and an
ATP-regenerating system (10 mm phosphoenolpyruvate and 20
ng/ml pyruvate kinase). GGPDH activity was measured at 30 °C
as previously described (35).

Reactivation of Denatured Luciferase by the K-system Alone—
Luciferase (2.5 um) was denatured for 45 min at 25°C in 6 M
guanidinium-HCI, 100 mm Tris, pH 7.5, 10 mm DTT. Dena-
tured luciferase was diluted to 25 nm in buffer 50 mm Tris, pH
7.5, 15 mm MgCl,, 50 mm KCl, 5 mm DTT. Reactivation was
carried out in the presence of 1 uM DnaK, 1 um Dna], 1.2 um
GrpE, and the above-mentioned ATP regenerating system at
25 °C after adding different ATP concentrations (0.05, 0.1, and
2 mM). Luciferase activity was measured after 2 h of incubation
using the luciferase assay system (Promega E1500) in a Sinergy
HT (Biotek) luminometer.

RESULTS

The Nucleotide Binding Domains of ClpB Have Different
Affinities for Nucleotides—W e first examined nucleotide (ADP,
ATP, or ATP%S) binding to WT ClpB or ClpB variants with one
or both NBDs mutated to impair nucleotide binding or hydro-
lysis by ITC. As previously discussed for ClpB (36) and other
related ATPases (37), data analysis is not straightforward due to
the presence of 12 different nucleotide binding sites that might
have distinct binding properties and might display cooperativ-
ity as a result of complex allosteric interactions between differ-
ent binding sites. Although the value of the apparent thermo-
dynamic parameters of nucleotide binding depends on the
binding model used to analyze the data (dependent or inde-
pendent binding sites, positive and/or negative cooperativity),
the stoichiometry of the binding reaction can be estimated from
titration experiments. The experimental conditions employed
in this study (protein and KCl concentration) ensure that pro-
teins are hexameric in their apo-form, i.e. before the addition of
nucleotide that favors ClpB oligomerization (20), and therefore
that the experimentally measured heat change is solely due to
nucleotide binding and ligand-induced protein conformational
changes. Data showed that only half of the available binding
sites of WT ClpB are filled with ATPyS or ADP (n = 0.9 = 0.1
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FIGURE 1. Half of the nucleotide binding sites of WT ClpB bind ATP+S or
ADP below 50 um nucleotide. Shown is the base-line-corrected instrumen-
tal response of successive injections of ATPvS into a solution of WT ClpB at
25 °C.6 pl (1.6 mm nucleotide) were injected into a solution containing 28 um
WT ClpB. Experiments were performed in 50 mm Tris-HCl, pH 7.5, 150 mm KCl,
20 mm MgCl,. Inset, shown are the integrated data of WT ClpB titration with
ATP+S (black squares) or ADP (white circles) and fit of the corresponding bind-
ing isotherms to a single-site binding model (solid lines).

TABLE 2
Isothermal titration calorimetry analysis of nucleotide binding to WT
ClpB and different protein variants

Experiments were repeated at least two times using two different protein batches. —,
interaction was not detected.

ClpB n k, AH —TAS AG
M kcal/mol kcal/mol kcal/mol

ADP

wt 08*01 58*17 —-108=*12 36*10 —7.2%+0.2
ATP S

wt 09*02 38*x26 —115=*x31 41*40 —74*0.3

T1T2 07*01 31*02 —-131*02 56*0.1 -75*0.1
ATP

T1T2 1.0*01 31*03 —-49*006 —-26*01 -—-75=%0.1

TIN2

NIT2 08=*01 69*20 —-42=*11 —28*09 —-70x02

and 0.83 = 0.12, respectively; Fig. 1; Table 2) within the nucle-
otide concentration range 0—150 um. A similar stoichiometry
was obtained for ATP binding to two ClpB mutants, one with
both NBDs able to bind but not to hydrolyze ATP (T1T2; n =
0.92 * 0.14) and a second variant with the same mutation in
NBD2 and an NBDI1 unable to bind nucleotide (N1T2; n =
0.8 = 0.06) (Fig. 2; Table 2). However, T1IN2 did not bind ATP
within the same nucleotide concentration range (0 —50 um; Fig.
2). These data suggest that nucleotide binding to NBD2
explains ligand interaction with hexamers containing both
NBDs competent to bind nucleotides below 50 uMm and that if
binding to NBD1 occurs at higher nucleotide concentrations it
is not detected under these experimental conditions. Because
only one of the two available sites binds nucleotides, we have
used a single-site binding model to fit the experimental data
(Fig. 2B). The thermodynamic parameters obtained from the
fittings are shown in Table 2. The assumption that the NBD2s
behave as independent binding sites is further supported by the
similar affinity of the NBD2 of monomeric and hexameric ClpB
for nucleotides (see below). Overall, these results indicate that
the affinity of the NBD2 of all variants for nucleotides is similar,
the K, values ranging from 3 to 7 um (Table 2). They also show
that nucleotide binding to this site is an exothermic process
with a favorable enthalpy change, as already described for ADP
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FIGURE 2. The affinity of NBD2 for nucleotides is higher than that of
NBD1. A, shown is the base-line-corrected instrumental response of succes-
sive injections of ATP into a solution of TIN2 (upper trace), N1T2 (middle trace),
and T1T2 (bottom trace) at 25 °C. 8 ul of 350 um ATP were injected into the
calorimetric cell containing 10 um (T1T2, TIN2) or 12 um (N1T2) protein mono-
mer. Experiments were performed in 50 mm Tris-HCl, pH 7.5, 150 mm KCl, and
20 mm MgCl,. Titrations were shifted for better viewing. B, integrated data of
T1N2 (black squares), N1T2 (white circles),and T1T2 (black circles) titration with
ATP and fit of the corresponding binding isotherms to a single-site binding
model (solid lines).

and ATP+vS binding to WT ClpB (36). As compared with
ATPyS, ATP binding to T1T2 and N1T2 results in an ~2-fold
reduction in enthalpy and a favorable entropy change, suggest-
ing that the analog does not fully mimic the effect of ATP.

To validate the assignment of this binding event to the filling
of NBD2, the same protein variants were titrated with fluores-
cent nucleotide analogs (MANT-ATP or MANT-ADP). WT
ClpB does not hydrolyze MANT-ATP under any of the exper-
imental conditions employed (supplemental Fig. S2A). The
ClpB variant N1N2, unable to bind nucleotides, is used as a
control to account for unspecific interactions of the fluorescent
ligands with the protein. Mixing of fluorescent nucleotides with
N1N2 results in a fluorescence intensity increase (Fig. 34) that
is further enhanced when these ligands interact with protein
variants competent to bind nucleotides at NBD2 (WT ClpB,
T1T2,and N1T2)but not at NBD1 (TIN2) (Fig. 3A). Therefore,
fluorescence results also show, in concordance with ITC data,
that only NBD2 binds nucleotide below 20 um MANT-ATP or
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FIGURE 3. Binding of fluorescent nucleotide analogs to different ClpB
variants. A, emission spectra of MANT-ADP in the absence (short dashed line)
or presence of different ClpB variants (WT, T1T2, TIN2, and NT1N2) are shown.
Nucleotide and protein concentrations were 10 um and 20 um, respectively.
Experiments were carried out in 50 mm Tris-HCl, pH 7.5, 20 mm MgCl,, 50 mm
KCl, pH 7.5. B, titrations of WT ClpB and protein variants (10 um) with MANT-
ADP or MANT-ATP in the buffer described above are shown. The intensity
values obtained with mutant NTN2, coming from nonspecific interaction
between the protein and the corresponding fluorescent-nucleotide analog,
were subtracted from the values obtained with the other protein variants.
Data are the means = S.D. (n = 2). a.u., arbitrary units.

MANT-ADP. The estimated K, values, between 3.3 and 5 uM
(Fig. 3B; Table 3), are in good agreement with those derived
from ITC. To prove that the affinity of NBD2 for nucleotides
did not rely on the oligomerization state of the protein, the
same type of experiments were performed under experimental
conditions that stabilized hexameric (low KCI concentration)
or monomeric (lower protein concentration and 500 mm KCl)
ClpB (supplemental Figs. S1 and S2). The K, values are similar
(Table 3), indicating that the affinity of NBD2 for nucleotides
does not depend on the oligomerization state of ClpB and,
therefore, that the assumption of independent and equivalent
NBD2 sites made above is reasonable. It should be noted that
the apparently lower affinity of NBD1 for nucleotides cannot be
determined by these techniques because of sensitivity limits of
ITC and the impossibility to use a higher concentration of fluo-
rescent nucleotides due to the inner filter effect (38).

The Affinity and Cooperativity of Nucleotide Binding to
NBDI Depends on the Nucleotide Status of NBD2—To estimate
the affinity of NBD1 for nucleotides, we have used two different
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TABLE 3
Binding of fluorescent nucleotides to wt ClpB and selected mutants.

Titrations were performed under experimental conditions that modify the oligo-
meric state of ClpB. Experiments were repeated at least two times. ND, not deter-
mined. —, binding of nucleotide analogs to T1N2 was not detected.

MANT-ATP MANT-ADP
ClpB variant K, "y K, "y
[ M
Wt 3.6 + 0.2 1.7 =014  34=*02° 1.7 = 0.1°
4.6 = 0.2° 1.4 +0.1°
32+ 0.2° 14 *0.1°
T1T2 3.3+ 027 1.6 0.1 32=*03% 1.8 = 0.2°
4.4 +0.3° 1.3+0.1°
49 + 0.4° 1.1 +0.1°
TIN2 - - - -
N1T2 3.3 +0.1° 1.6 0.1 ND ND
44 +0.3° 1.4 +0.1°
33 +0.1° 1.4 *0.1¢

“ 10 uMm protein in 15 mm KCL
2 10 um protein in 50 mm KCl buffer.
¢ 5 uM protein in 500 mm KCl buffer.

methods that, provided that the protein remains hexameric, are
sensitive to ligand binding to this site. The first one is partial
proteolysis of ClpB by thermolysin (20). Nucleotide binding to
WT ClpB protects the chaperone against proteolysis, and
impairment of nucleotide binding to NBD1 abolishes this effect
in N1T2 (supplemental Fig. S3A) and N1 (20) regardless of the
ability of these protein variants to bind or hydrolyze ATP at
NBD2. Therefore, protection of full-length hexameric ClpB
against proteolytic degradation primarily reflects nucleotide
binding to NBD1. The relative affinity of the NBD1 of different
protein variants for nucleotides has been estimated by quanti-
fying the digestion rates of their full-length forms at increasing
nucleotide concentrations (Fig. 44). Initial rates of proteolysis
are determined from the linear part of the curves during the
first minutes of the reaction (Fig. 4B). The values obtained for
T1N2 are higher than those of WT ClpB and T1T2, indicating a
higher susceptibility of that mutant to protease digestion (Fig.
4B). They decrease with increasing nucleotide concentration,
following saturation kinetics, due to ligand binding to the
NBD1 that protects the chaperone against protease digestion.
Assuming that thermolysin has a similar affinity for the apo-
forms of these protein variants, the nucleotide concentration
dependence of the initial proteolysis rate would reflect the
apparent affinity of their NBD1s for nucleotides. Analysis of the
curves obtained in the presence of ATP (T1T2 and T1N2) or
ATPyS (WT ClpB) with the Hill equation yields apparent K,
values of 160 and 60 um for TIN2 and WT ClpB or T1T2,
respectively and Hill coefficients close to 1 in all cases (Fig. 4C;
Table 4). These data show that the affinity of NBD1 for nucle-
otides is 10—50 times lower than that of NBD2 at 50 mm KCl
(Table 4). Conditions that favor oligomer dissociation (i.e. 300
mwm KCl) result in a lack of protection against protease diges-
tion, suggesting that nucleotide binding to the NBD1 requires
protein oligomerization (supplemental Fig. S3), in contrast to
NBD2, which binds nucleotide in the monomeric state of the
protein (supplemental Fig. S2). The 2-fold increase of the K,
values observed by partial proteolysis at 150 mm KCl (not
shown) might be due to the salt-induced destabilization of the
protein hexamer (19, 39), which could hinder ligand binding to
the NBD1. This interpretation agrees with the previously
reported importance of nucleotide binding in hexamer stabili-
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zation (20). Interestingly, when nucleotide binding to the NBD2
is impaired (T1N2), the affinity of NBD1 for ATP dropped sig-
nificantly (Fig. 4C; Table 4). These results indicate that ATP
binding to NBD2 regulates the affinity of NBD1 for this ligand,
which in turn reflects allosteric communication between the
NBDs. However, a different picture was obtained for ADP (Fig.
4D; Table 4). The affinity of NBD1 for this ligand remains sim-
ilar regardless of the ability of the protein variant to bind ADP at
the NBD2, indicating that ADP does not promote the same
allosteric communication between the NBDs, as compared
with ATP. Therefore, allosteric signaling between both NBDs is
sensitive to the nature of the bound nucleotide, as reported for
ClpB1, (19) and Hsp104 (40).

As an alternative method to estimate the affinity of NBD1 for
nucleotide, we have followed the formation of chaperone-
MDH complexes. The study of the contribution of the two
NBDs of ClpB (20) and Hsp104 (41) to substrate binding clearly
demonstrates that formation of stable chaperone-substrate
complexes requires ATP binding to NBD1 in the absence of
nucleotide hydrolysis at either NBD. In agreement with these
observations, our data show that only the ClpB variants T1T2
(27) and T1IN2 are able to prevent aggregation of thermally
denatured MDH, whereas protein variants that hydrolyze
nucleotide at one or both NBDs (WT ClpB, T1, T2, and N2; Fig.
5A) cannot avoid it. Complex formation can also be achieved in
the absence of nucleotide binding to NBD2 (T1N2), as found
for a similar Hsp104 mutant that binds reduced and carboxym-
ethylated a-lactalbumin (41). The estimated K, values for the
interaction of T1T2 and T1N2 with partially unfolded MDH
(0.21 £ 0.02 and 0.78 = 0.08 uM, respectively) point out a pre-
viously unnoticed 3—4-fold reduction of the chaperone affinity
for denatured MDH when nucleotide binding to NBD2 is
impaired (Fig. 54). We next analyzed the affinity of the NBD1 of
T1T2 and TIN2 for ATP by following complex formation at
increasing ATP concentration. Protein concentration is fixed (4
and 12 uM for T1T2 AND T1N?2, respectively) to compensate
the different affinity of these ClpB mutants for the substrate.
The protein variant T1T2 prevents MDH aggregation at lower
ATP concentrations than TIN2 (Fig. 5B). Data analysis with the
Hill equation gives K, values of 61 = 3 and 363 = 12 um ATP for
the interaction of T1T2 and T1N2 with thermally denatured
MDH, respectively, thus reinforcing the hypothesis that the
affinity of NBD1 for ATP and, hence, for substrate proteins
depends on the nucleotide status of NBD2 (Fig. 5C). The Hill
coefficient, n;;,is 3.7 = 0.6 and 1.3 = 0.1 for complex formation
with T1T2 and T1N2, indicating that nucleotide binding to
NBD2 allows the cooperative interaction of ATP and denatured
MDH with NBD1. It is worth mentioning that this cooperative
effect is not observed when ATP binding is analyzed in the
absence of protein substrate by proteolysis experiments (see
above). Because the affinity of ClpB for denatured MDH is
higher than for ATP, nucleotide binding is the limiting step in
ClpB-MDH complex formation. The different K, values
obtained in these experiments as compared with proteolysis
might be due, among other things, to the effect that substrate
could have on the nucleotide binding properties of NBD1.
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FIGURE 4. ATP, but not ADP, binding to NBD2 regulates the affinity of NBD1 for the corresponding nucleotide. A, shown are representative gels of
partially digested T1T2 (upper) and T1N2 (lower) in the presence of increasing ATP concentrations, obtained after 10 (T172) and 4 (T1N2) min incubation with
thermolysin at a chaperone/protease ratio (w/w) of 135. B, shown are kinetics of the proteolysis of 5 um T1T2 (upper panel) or TIN2 (lower panel) by thermolysin
atincreasing ATP concentrations and a chaperone/thermolysin ratio (w/w) of 135. Samples were incubated at 25 °C, and the time dependence of the reaction
was analyzed by 15% SDS-PAGE. The amount of full-length protein protected against proteolysis was estimated by densitometry using the value obtained in
the absence of protease as 100%. C, shown is the initial proteolysis rate of WT ClpB (O) and mutants T1T2 (filled circle) and TIN2 ((J) in the presence of increasing
concentrations of ATP+yS (WT ClpB) and ATP (T1T2 and T1N2). Analysis with the Hill equation (solid lines) gives the K and Hill coefficient values shown in Table
4. D, experimental procedures were as in C, in the presence of ADP. Experimental conditions were as detailed in B. The solid lines correspond to data analysis
with the Hill equation. Data are the means = S.D. (n = 2-3).

TABLE 4

Estimation of the affinity for nucleotides of the NBD1 of WT ClpB and
selected protein variants by partial proteolysis
Experiments were repeated at least three times.

activities are assayed at 50 mm KCl to stabilize the population of
functional hexamers.

The bichaperone network used in these experiments fails to
reactivate aggregated MDH below 100 um ATP, when the

Nucleotide ClpB K, ny X i K . .
NBD2 ring of ClpB is saturated and the NBD1 ring is partially
M
ATP 78 Wt 50’; 6 10+ 02 occupied by the nucleotide (Fig. 6A). Failure is not due to a
ATP T1T2 61+5 0.9+0.1 defective activity of the KJE system at this nucleotide concen-
ADP ENZ égsiif }é i gé tration, as under the same experimental conditions it refolds
TIT2 43+ 4 0.9 = 0.1 guanidinium-HCI-denatured luciferase in the absence of ClpB
TIN2 39+3 0.9 0.1

(Fig. 6C), as can be expected from the affinity of DnaK for nucle-
otides (K, values ranging from 7 to 150 nm) (42-46). The K,
value for MDH reactivation is 230 = 7 um, and the Hill coeffi-
cient is 3.7 * 0.3. Interestingly, a similar ATP dependence is
observed for the reactivation of another aggregated substrate,

Dependence of the Chaperone Activity of ClpB on ATP
Concentration—Finally, we asked how nucleotide filling of the two

NBDs affects the chaperone activity of ClpB. Impairment of the
ATPase activity at any of the two NBDs abolishes or severely
reduces the chaperone activity of ClpB, indicating that coupling of
the activity of both NBDs is required to extract and reactivate
aggregated substrates (20). As mentioned above, reactivation
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G6PDH (Fig. 6B). The Hill analysis of GGPDH reactivation data
givesa K, 0f 392 = 26 uM and a Hill coefficient, n,;, 0of 3.7 = 0.3.
Taken together these data suggest that at least four subunits of
the protein hexamer cooperate to bind thermally denatured
MDH and to efficiently process both substrates.
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FIGURE 5. ATP binding to NBD2 allows cooperative binding of ATP to the
NBD1 in the presence of a substrate protein. A, shown is the percentage of
protection against aggregation of thermally denatured MDH (6 um) by
increasing concentrations of T1T2 and T1N2. Experiments were performed at
47 °Cin 50 mm Tris-HCl, pH 7.5, 20 mm MgCl,, 150 mm KCl, 2 mm DTT, and 2 mm
ATP. Data corresponding to WT ClpB, T1, T2, and N2 indicate that they cannot
form stable complexes with denatured MDH. B, aggregation of 6 um MDH in
the presence of 4 um T1T2 (solid lines)or 12 um T1N2 (dashed lines) at increas-
ing ATP concentration is shown. Experiments were carried out as in A. Scat-
tering values are normalized to controls obtained without ATP. C, extent of
protection against aggregation of 6 um MDH by 4 um T1T2 or 12 um TIN2 as
a function of ATP concentration is shown. Experiments were carried out as
described in B. Analysis of the data with the Hill equation gives K, values of
61 +3and 363 + 12 umand n, values of 3.7 = 0.6 and 1.3 = 0.1 for T1T2 and
T1N2, respectively. Data are the means = S.D. (n = 3).

DISCUSSION

The ATPase cycle of molecular chaperones regulates the
transition between different conformations with distinct affin-
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FIGURE 6. ATP-dependent processing of aggregated MDH and G6PDH
suggests the cooperation of at least four protein subunits. Shown is the
percentage of MDH (A) and G6PDH (B) reactivation as a function of nucleotide
concentration. Protein activity was recorded after 120 min of reactivation at
increasing ATP concentrations. The solid line represents the best fit of the data
to the Hill equation. The estimated K,,,and n,, valuesare 230 = 7 umand 3.7
0.3 for MDH and 392 =+ 12 um and 3.7 = 0.3 for G6PDH. Similar values were
obtained for 60- and 90-min reactivation. Data are the means = S.D. (n = 3).
Insets, shown is time dependence of MDH and G6PDH reactivation at increas-
ing ATP concentrations. C, shown is reactivation of aggregated luciferase (25
nm) that was denatured with guanidinium-HCI by the DnaK system (1 um
DnaK, 1T um DnaJ, and 1.2 um GrpE) at different ATP concentrations. Experi-
ments were carried out in 50 mm Tris-HCl, pH 7.5, 15 mm MgCl,, 50 mm KCl,
and 5.5 mm DTT at 25 °C, and luciferase activity was measured after a 2-h
reactivation.

ities for nucleotides and substrate proteins (26, 41, 47). This
nucleotide-driven conformational transition includes allosteric
interactions essential for the chaperone activity of these pro-
teins. The functional hexamer of ClpB (16, 48) contains 12
nucleotide binding sites arranged in two-tiered rings, which can
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establish intra- and intersubunit allosteric communication
(19-21, 23, 49). Understanding how this oligomeric machine
couples ATP binding and hydrolysis with substrate remodeling
and disaggregation is necessary to unravel its mechanism of
action. The contribution of individual binding domains to the
overall properties of the protein has been characterized to
describe the complex allosteric interactions within the ClpB
hexamer (18,20 -23, 49). Although this strategy has aided com-
prehension of how the disaggregase activity of ClpB and other
members of the Hsp100 family (Hsp104 and ClpB,) occurs,
the process is still far from being understood at a molecular
level due to the complexity of the protein and the difficulty to
work with protein aggregates. Herein, we further explore allo-
steric communication in this complex protein particle.

The first finding of this work is that both NBDs of ClpB show
apronounced difference in affinity for nucleotides. One piece of
experimental evidence supporting this finding is the binding
stoichiometry found for WT ClpB and selected protein variants
at low nucleotide concentration (below 50 um), which indicates
that only one of the two NBDs is occupied by nucleotides. The
unambiguous assignment of this binding event to filling of
NBD2 states that its affinity for nucleotides is higher than that
of NBD1. The stoichiometry of nucleotide binding to ClpB
seems to contradict a previous ITC study (50). This work sug-
gested that full-length ClpB was able to bind only one molecule
of ATPvS at the NBD2 of each subunit, whereas both NBDs
could interact with ADP with affinities similar to those shown
here. The reason for this discrepancy might be the presence of
KCl in our experiments, which is known to modulate the pop-
ulation of functional protein oligomers (19, 51). As recently
reported (36), the lack of a quantitative description of the prop-
erties of each of the 12 available nucleotide binding sites and of
the inter- and intrasubunit signaling that might communicate
them makes difficult the use of an appropriate binding model to
fit the experimental data. The model used herein considers
ligand binding to equivalent and independent NBD2 sites. The
assumption of independent NBD2 sites is based on their ability
to bind nucleotides with similar affinity in oligomeric and
monomeric full-length ClpB. This finding is in agreement with
the effective capacity of truncated, monomeric NBD2 of
ClpBy, to bind nucleotides (47). Our data also show that the
affinity of NBD2 for nucleotides can be 10 —50 times (see below)
higher than that of NBD1. A similar difference in K, values has
also been described for the NBDs of Hsp104, based on analysis
of the kinetics of ATP hydrolysis (18).

A recent molecular dynamic simulation of a hexameric
model of ATP-bound ClpB might explain the different affinities
of the NBDs for nucleotides (29). This study shows that the rim
of the ATP binding pocket of NBD1 is negatively charged,
building an interface that is complementary in shape and
charge to the surface of a neighboring NBD1. The two neighbor
monomers provide ATP-interacting residues. These properties
would result in a low affinity of NBD1 for nucleotides due to
unfavorable electrostatic interactions and in the observed sen-
sitivity of nucleotide binding to the stability of the protein hex-
amer. A truncated monomeric variant of ClpB.,, containing the
NBD1 and the M domain of the protein also fails to bind nucle-
otides and recovers nucleotide binding competence in the olig-
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omeric complex that forms when mixed with purified NBD2
(28). Although the NBD2 is also located at the interface
between two adjacent subunits, only one of them seems to pro-
vide residues to interact with ATP (29). Our data support this
model as the affinity for nucleotides of the NBD2 of full-length
hexameric and monomeric ClpB is similar. A more hydropho-
bic NBD2 together with its positively charged entrance might
explain its higher affinity for nucleotides.

The second interesting finding of this study is that the affinity
of NBD1 for nucleotides is regulated by the nucleotide state of
NBD2. ATP, but not ADP, binding to NBD2 enhances the affin-
ity of NBD1 for the corresponding nucleotide. This effect
reflects transmission of the allosteric signal generated upon
ATP binding to NBD2 toward the nucleotide binding ring close
to the substrate entrance, the NBDI1 ring. Communication
between the NBDs has been described for ClpBg_, (20), Hsp104
(18), and ClpB,;, (24, 26). However, only in the case of Hsp104
has it been demonstrated that the nucleotide bound at the
NBD2 affects to the catalytic properties (18) and affinity (25) of
NBD1 for nucleotides. If, as proposed for ClpB (52) and Hsp104
(53, 54), the substrate is threaded from the N to the C terminus
of the central cavity, ATP binding to NBD2 would favor prim-
ing of the protein particle with substrates. The fact that ADP
binding to NBD2 does not modify the affinity of NBD1 for this
nucleotide points out that the ATP- and ADP-induced allo-
steric signal transmitted from NBD2 to NBD1 is different, and
therefore, it could help to establish the asymmetric functioning
of both NBDs in the hexamer. Functional asymmetry has been
recently proposed for Hsp104, as the T<<->R transition at both
NBDs seems to be inversely linked (25). Data presented here
also indicate that ATP binding to NBD2 induces an allosteric
signal that promotes cooperative binding of ATP and sub-
strates to the NBD1 ring. Thus, it seems that interplay between
the NBDs is necessary for the coordinated translocation of sub-
strates that would require the concerted action of a minimum
number of subunits of the functional oligomeric assembly. The
modulation of the cooperativity of nucleotide and substrate
binding to the NBD1 ring by the nucleotide status of NBD2 was
previously unnoticed. Because this cooperative effect is not
observed in the absence of substrate, it might be caused by its
nucleotide-dependent interaction with several chaperone
monomers that must cooperate to process it. It is worth men-
tioning that the minimum number of subunits estimated to
cooperate in substrate binding and processing is around 4, the
same value obtained in a recent study using hybrid ClpB hex-
amers containing WT and mutant subunits (23). A similar
number of active subunits has been estimated for the unfol-
dases ClpX (37, 55) and HslU (56). These related hexamers,
which contain six nucleotide binding sites, appear to bind a
maximum of four ATPs in solution under saturating nucleotide
concentration, and based on the x-ray structures of several
forms of ClpX, it was suggested that they could function asym-
metrically (55). Similarly, the asymmetry that allosteric com-
munication between the two NBD rings and between different
monomers might promote could provide the structural basis of
the unidirectional translocation of polypeptides through the
central cavity from the N-terminal to the C-terminal exit of
ClpB.
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In summary, our data demonstrate that the two NBDs of
ClpB display different affinity for nucleotides, that of NBD1
being regulated by the nucleotide state of NBD2. ATP, but not
ADP, binding to the high affinity site, the NBD2, generates an
allosteric signal that increases the affinity of NBD1 for ligands
(ATP and substrates) and modifies intersubunit communica-
tion so that several subunits cooperate to bind and reactivate
aggregated substrates.
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