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ABSTRACT: Members of the family of ATPases associated with various cellular activities (AAA+) typically
form homohexameric ring complexes and are able to remodel their substrates, such as misfolded proteins or
protein—protein complexes, in an ATP-driven process. The molecular mechanism by which ATP hydrolysis is
coordinated within the multimeric complex and the energy is converted into molecular motions, however, is
poorly understood. This is partly due to the fact that the oligomers formed by AAA+ proteins represent a
highly complex system and analysis depends on simplification and prior knowledge. Here, we present
nucleotide binding and oligomer assembly kinetics of the AAA+ protein ClpB, a molecular chaperone that is
able to disaggregate protein aggregates in concert with the DnaK chaperone system. ClpB bears two AAA+
domains (NBD1 and NBD2) on one subunit and forms homohexameric ring complexes. In order to dissect
individual mechanistic steps, we made use of a reconstituted system based on two individual constructs
bearing either the N-terminal (NBDI1) or the C-terminal AAA+ domain (NBD2). In contrast to the
C-terminal construct, the N-terminal construct does not bind the fluorescent nucleotide MANT-dADP in
isolation. However, sequential mixing experiments suggest that NBD1 obtains nucleotide binding com-
petence when incorporated into an oligomeric complex. These findings support a model in which nucleotide
binding to NBD1 is dependent on and regulated by trans-acting elements from neighboring subunits, either by
direct interaction with the nucleotide or by stabilization of a nucleotide binding-competent state. In this way,

they provide a basis for intersubunit communication within the functional ClpB complex.

Hspl04 and its bacterial homologue ClpB' are molecular
chaperones that have been shown to increase thermotolerance
of their respective organisms by disaggregating protein aggre-
gates (/, 2) in concert with the Hsp70 chaperone system (3, 4).
Both Hsp104 and ClpB are members of the family of “ATPases
associated with various cellular activities” (AAA+), which is a
class of enzymes involved in a diverse set of cellular actions
including protein quality control, DNA replication, and mem-
brane fusion (3, 6). Many AAA+ proteins assemble into multi-
meric complexes, mostly hexameric ring-like structures, which
are believed to be their active units. Despite their various roles in
the cell, a common mechanistic feature of AAA+ proteins is the
ability to convert the energy of ATP hydrolysis into molecular
motions that remodel their substrate (7). According to the
number of AAA+ domains on a polypeptide chain, AAA+
proteins can be grouped into class I (two AAA+ domains) and
class IT (one AAA+ domain) (8). Hspl04 and ClpB bear two
AAA+ domains on one subunit and are therefore members of
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class I AAA+ proteins. They form homohexameric rings, which
results in 12 potential active sites on one functional com-
plex (9, 10). ClpB/Hsp104-dependent protein disaggregation is
coupled to the hydrolysis of ATP. Several studies on ClpB and
Hsp104 suggest a strict coordination between the two AAA+
domains on one subunit and between AAA+ domains on
different subunits within the hexameric ring (//—16). Despite a
wealth of biochemical data and structural information, funda-
mental mechanistic aspects, such as how ATP hydrolysis is
coordinated within the hexameric ring and how the chemical
energy of ATP hydrolysis is converted into molecular motion,
remain poorly understood. A key to understanding the molecular
mechanism of ATP-dependent protein disaggregation is to
characterize the nucleotide binding features of the AAA+
domains, which form the basis of the nucleotide-dependent
mechanism. However, detailed investigations of the nucleotide
interactions are hindered by the high complexity of the system
with its 12 potential active sites, which makes a quantitative
characterization practically impossible without prior knowledge
and simplification.

In this work, we use a model system based on reconstitution of
two truncated constructs of ClpB from Thermus thermophilus (17)
that represent its major domains. One N-terminal construct
comprises the first AAA+ domain (NBD1) and a coiled-coil
domain (the M-domain) and is therefore termed NBD1-M
(Figure 1). A second construct comprises the second AAA+
domain (NBD2) and a C-terminal domain and is therefore
referred to as NBD2-C (Figure 1). Both constructs do not form
higher order oligomers on their own. However, when mixed
together they assemble into higher order complexes that even
display disaggregation activity (/7). Nucleotide binding features
of NBD2-C have been studied in detail previously, and the
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FIGURE 1: Architecture of the reconstituted ClpB system. (A) Struc-
tural model of the two constructs NBD1-M (blue) and NBD2-C (red)
using the PDB file IQVR (9). Bound nucleoteotides are highlighted in
yellow. Mutations used in this work are indicated in magenta. The
residue R322 was mutated based on a putative role in interacting with
the nucleotide in trans as proposed by Tsai and co-workers (9). The
mutation K204Q impairs nucleotide binding to NBD1 (21). A419C
was introduced for site-specific cysteine labeling of NBD1-M; this site
has been introduced successfully before (72). E831C has been intro-
duced for site-specific cysteine labeling of NBD2-C. (B) Cartoon
based on the primary sequence. The N-terminal domain has been
shown not to be essential for chaperone activity and is therefore not
included in this reconstituted system (/7, 30). (C) The individual
constructs can assemble into ClpB protomers. Several protomers
(up to six) assemble into ClpB oligomers.

fluorescent nucleotide MANT-dADP has been established for
studies of nucleotide binding kinetics due to its inability to
isomerize in contrast to the more commonly used MANT-
ADP (18). These fluorescent nucleotides have the advantage of
providing a very pronounced signal change upon binding, which
helps to establish binding mechanisms. Once a binding mech-
anism has been characterized in quantitative detail, the binding
kinetics of the unlabeled nucleotides ADP and ATP can be
derived from competition experiments. Further, MANT-dADP
and MANT-dATP bind much more tightly to NBD2-C than the
unlabeled physiological nucleotides, yet still with similar discri-
mination between di- and triphosphates observed for the
unlabeled nucleotides (ADP and ATP). This suggests that the
MANT-labeled analogues serve as appropriate models for the
physiological nucleotides (/8) and represent an important tool to
investigate the molecular mechanism of nucleotide binding and
discrimination in the context of ATP-driven protein disaggregation.

Here, we focus on the nucleotide binding features of NBD1-M.
Using a series of stopped-flow experiments, we find that NBD1-M
does not bind nucleotides in isolation, yet recovers nucleotide
binding competence when incorporated into an oligomeric com-
plex. Although our applied models are simple, they are able to
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account for many testable predictions and suggest that in con-
trast to NBD2-C nucleotide binding to NBD1-M is dependent on
trans-acting elements from neighboring subunits. This implica-
tion distinguishes NBD1 from NBD2 and enables the study of
intersubunit communication within the ClpB complex.

EXPERIMENTAL PROCEDURES

Cloning and Purification. NBD2-C and NBD1-M constructs
were described previously (/7). Mutations were introduced accord-
ing to the Quikchange protocol, and positive clones were verified
by DNA sequencing (Eurofins MWG, Ebersberg, Germany).
Proteins were purified essentially as described before (17, 18).

Stopped-Flow Experiments. Stopped-flow measurements
were performed with a Biologic SFM-400 instrument (BioLogic
Science Instruments, Claix, France) using the following delay
lines: 0-MX-0 for single-mixing experiments and 0-MX-DL2 for
sequential mixing experiments, where 0 stands for the absence of
a delay line, MX specifies the location of a mixer (a Berger-Ball
mixer), and DL2 stands for the presence of a delay line. In our
experiments delay line no. 190 was used (with an intermixer
volume of 220 uL).

The dead time for #, i.e., the minimal incubation time in the
delay loop, for the mixing sequence was estimated to be 30 ms
from a separate experiment using 2.4-dinitrophenyl acetate
(DNPA) and NaOH, and this dead time was added to a given
delay time ¢; in secondary plots. In MANT-dADP (BioLog,
Bremen, Germany) binding experiments the excitation wave-
length was 296 nm, and fluorescence was detected using a 400 nm
cutoff filter (400FG-03-25, LOT-Oriel-group). In experiments
using the Alexa-labeled variants, excitation was 478 nm and
emission was monitored using a 570 nm cutoff filter (570FG-05-
25, LOT-Oriel-group) for the acceptor fluorescence and a
combination of 515 nm cutoff and 550 nm short-pass filter
(515FG-05-25 and 550FL-07-25, respectively, LOT-Oriel-group)
for donor fluorescence. In single-mixing experiments approxi-
mately three data traces were averaged; for sequential-mixing
experiments single traces (at various delay times) were used for
subsequent data analysis. All experiments were performed in
50 mM Tris-HCIL, pH 7.5, 50 mM KCl1, 5 mM MgCl,, and 2 mM
EDTA and at 25 °C.

Data Analysis. Kinetic data were analyzed using the analysis
program Graphpad Prism (versions 4 and 5). Typically data were
reduced to 1000 data points, and the starting point ( = 0) was
corrected by subtracting 26 ms (the pushing time in the last
mixing step). Primary kinetic data were fitted to the sum of
exponential functions by a least-squares minimization proce-
dure. In global fits, the rate constants were shared among the
data set whereas all other parameters (e.g., amplitudes) were
unconstrained.

Protein Labeling. The cysteine mutants NBDI1-M A419C
and NBD2-C E831C were used for specific labeling with fluo-
rescent dyes that form FRET donor/acceptor pairs. The labeling
reaction was performed according to the manufacturer’s manual
using the thiol-reactive dyes Alexa Fluor 546 Cs-maleimide and
Alexa Fluor 488 Cs-maleimide (Invitrogen, Darmstadt, Germany)
in Tris buffer (50 mM Tris-HCI, pH 7.5, 200 mM KCI, 5 mM
MgCl,, 2 mM EDTA). The reaction was stopped after 2 h of
incubation at room temperature. Subsequently, the mixture was
applied to a NAP10 column (GE Healthcare) to separate the
product from free dye. The eluted sample was dialyzed into Tris
buffer + 2 mM f-mercaptoethanol and washed several times to
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remove residual free dye before being concentrated. Concentra-
tion and labeling efficiency were determined by UV vis spectros-
copy; the labeling efficiency was between 90% and 120%.

Gel-Filtration Experiments. Gel-filtration experiments
were performed on a Superdex 200 column (Amersham) con-
nected to an HPLC setup by Waters (Milford, MA) and a
multiangle light scattering detector (Dawn Heleos, Wyatt, Santa
Barbara, CA). The system was equilibrated to the following
buffer: 50 mM Tris, pH 7.5, 50 mM KCI, 5 mM MgCl,, and
2 mM EDTA (with and without the indicated concentration of
nucleotide). Forty microliters of a 50 uM protein solution
(NBD2-C, NBD1-M, or NBD1-M/NBD2-C complex diluted
by the respective running buffer) was applied with a flow speed of
0.5 mL/min. Data analyses of the light scattering data were
performed using the software ASTRA provided by the manu-
facturer (Wyatt). For additional reference, elution times were
also compared to the elution profile of a gel-filtration standard
(Bio-Rad, Catalog no. 151-1901) to calculate theoretical masses.
For integration of peak areas elution profiles were corrected for
baseline drifts, and peaks areas were integrated using GraphPad
Prism (version 4).

Steady-State ATPase Measurements of NBD1. Steady-
state ATP hydrolysis of NBD1 within the reconstituted com-
plex of NBDI-M and NBD2-C was measured with a coupled
colorimetric assay. The assay was performed using the NBD2-C
“trap mutant” E668A, which is unable to hydrolyze ATP due to a
mutation in the Walker B motif (79), resulting in a selective
measurement of NDBI ATPase activity in the reassembled
complex. ATPase activity of NBD1 wild type and the R322A
mutant were compared.

NBDI1-M (12.5 uM) and NBD2-C (10 uM) were incubated at
25 °C in assay buffer (50 mM Tris-HCL, pH 7.5, 100 mM KCl,
2 mM EDTA, 2 mM DTE, 0.4 mM phosphoenolpyruvate,
0.4 mM NADH, 0.1 g/L BSA, 4 units/mL pyruvate kinase,
6 units/mL lactate dehydrogenase, and 3 mM ATP). The reaction
was started by adding 7 mM MgCl,. The decrease in 434 was
monitored with a JASCO V-650 spectrophotometer, and the
maximal slope was used to determine the ATPase rate.

RESULTS

Isolated NBDI1-M Does Not Bind MANT-dADP. Pre-
vious studies indicated that the C-terminal construct of ClpB7 -
comprising the second AAA+ domain and the C-terminal
domain (NDB2-C; see Figure 1) is able to bind nucleotides very
tightly in its monomeric form. This finding suggests that all of the
amino acids that are important for tight nucleotide binding are
cis-acting, i.e., on the same subunit that binds the nucleotide (18).
For NBDI the situation is different. The separately purified
construct NBD1-M, comprising NBD1 and the M-domain (see
Figure 1B), binds MANT-ADP with very weak affinity only (/7).
Low nucleotide affinity was also apparent for MANT-dADP or
MANT-dATP binding in stopped-flow experiments, where no
change in signal upon mixing of NBD1-M with MANT-dADP or
MANT-dATP was observed. To test whether this observation
was due to a lack of signal rather than a lack of binding,
analytical gel-filtration runs were performed in the presence of
10 uM MANT-dADP. Elution was monitored at 280 and 356 nm
for protein and MANT absorption, respectively. NBD2-C, as
expected, eluted with significant peaks at 280 and 356 nm,
suggesting that MANT-dADP is bound, whereas NBDI1-M
showed almost no signal at 356 nm, confirming that NBD1-M
has very low affinity to MANT-dADP (Figure 2A).
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Disaggregation activity of ClpBs,, requires two binding-
competent nucleotide binding domains, and mutations in the
Walker A motif, which impair nucleotide binding at NBD1 or
NBD2, lead to loss of activity (20). So, the finding that separately
purified NBD1-M and NBD2-C reconstitute a functional
chaperone (/7) suggests that NBD1-M could recover into a
functional nucleotide binding site when incorporated into a
multimeric ClpB complex including NBD2-C. When coelution
experiments were performed with premixed NBD1-M and
NBD2-C, the integrated area of absorption at 356 nm was
~60—70% larger than the sum of NBD1-M and NBD2-C alone
(Figure 2A), suggesting that nucleotide binding to NBD1 is
indeed recovered in an oligomeric complex.

The average oligomeric state of reconstituted protomers is, as
for full-length ClpB7,,, nucleotide dependent (17, 20, 21). In the
absence of nucleotides or in the presence of ATP, higher order
oligomers are populated, whereas the presence of ADP triggers
disassembly to lower order oligomers (Figure 2B and ref 17). In
the presence of MANT-dADP, the reconstituted system of
NBDI-M and NBD2-C protomers was found to be in equilib-
rium between monomers and dimers (Figure 2B).

Sequential Mixing Experiments Correlate MANT-dADP
Binding to NBD1 and Complex Assembly. To investigate
how nucleotide binding to NBDI is recovered upon formation
of ClpB protomers and oligomers, we performed a series of
sequential mixing experiments with a reconstituted complex of
NBDI-M and NBD2-C using MANT-dADP.

Sequential mixing experiments consist of two mixing steps. In
a first mixing step solutions are mixed and incubated in a delay
loop, where they can react for a certain delay time (f;). The
reaction mixture is then mixed with another solution in the
second mixing step, and this reaction can then be monitored in
the cuvette. The advantage of sequential mixing experiments is
that the processes that occur after the first mixing step (which
happen in the delay loop) can be correlated with those that are
observed after the second mixing step. In this way sequential
mixing experiments could also be employed to detect processes
that are spectroscopically not detectable or species that populate
only transiently in the reaction.

In a first experiment 4 yuM NBD2-C was mixed 1:1 with
5uM NBDI-M and then incubated for various delay times from
130 ms to 50 s. In a second mixing step this solution was mixed 1:1
with 20 uM MANT-dADP, and binding traces were monitored
by fluorescence.

The reaction system including NBD1-M, NBD2-C, MANT-
dADP, and reconstituted (probably heterogeneous) oligomers
cannot be described by a first-order differential equation for
analysis because some of the reactions involved are not (pseudo)-
first-order, in particular the assembly of the oligomeric complex.
Consequently, the following analysis with exponential functions
is only an approximation that describes the data traces and aims
at assigning the underlying physical processes qualitatively
rather than determining the microscopic rate constants of
these reactions.

The data were fitted semiglobally to the sum of four exponen-
tial functions as described below (see Figure 3A). In a first
hypothesis, the two fast phases were assigned to the binding of
MANT-dADP (with observed rate constants ~80 and 145 ') to
the two different nucleotide binding domains; these phases will be
referred to as phase; and phase, and their observed rate constants
as A, and 1,, respectively. The slower phases (phase; and phasey,
with the observed rate constants A3 = 0.5s 'and A, = 0.12s ",
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FiGure 2: (A) Coelution of MANT-dADP with NBD1-M (orange), NBD2-C (green), and a complex of NBD1-M and NBD2-C (blue)
monitored by MANT-specific absorption at 356 nm. The integrated areas for the specific peaks, which are proportional to the amount of coeluted
MANT-dADP, are presented as numbers in the same color code as above. Each chromatogram represents an individual experiment. Elution
profiles were corrected for baseline drifts. (B) Oligomerization of the NBD1-M/NBD2-C complex in the presence (green) and the absence (red) of
10uM MANT-dADP. Average molecular weights as determined from multiangle light scattering data that were recorded in parallel are presented
and the corresponding average oligomeric state (M., divided by 82 kDa). The part of the chromatogram used for these calculations is indicated for
each individual peak (absence of MANT-dADP, red area; presence of 10 uM MANT-dADP, green area). In addition, theoretical elution times of
oligomers (monomer (M), dimer (D), trimer (Tr), tetramer (T), pentamer (P), and hexamer (H)) calculated from a gel-filtration standard are
indicated by black lines. Each chromatogram represents an individual experiment.

respectively) disappeared at longer delay times, which suggests
that they might reflect formation of the oligomeric complex in the
delay loop (Figure 3C). To facilitate comparison, this numbering
of the phases and the observed rate constants will be kept
consistent throughout this report. The observed rate constant
of the fastest phase (4;) was fitted locally, as NBD2-C binds
MANT-dADP in isolation and becomes only modulated upon
complex formation (with 4, changing from ~110 to ~70 s~ ).
NBDI1-M does not bind MANT-dADP in isolation, and there-
fore A,, A3, and A4 were fitted globally because only the amplitudes
of the corresponding phases and not their rate constants should
vary significantly with delay time. We therefore describe the fit as
semiglobal, because three rate constants (4,, 43, 44) were shared
among the data sets and one rate constant (4;) and all other
parameters were left unconstrained.

The secondary plot shows that the amplitudes of both fast
phases increased with delay times (Figure 3C), suggesting that
NBDI-M binds nucleotides in the assembled complex and that
binding to NBD2-C is associated with higher amplitude.

To substantiate the initial assignment of the binding kinetics to
NBDI1 and NBD2, another sequential mixing experiment was
performed. Here, 4 uM NBD2-C was preincubated with an equal
amount of MANT-dADP and then mixed 1:1 with 5 M NBD1-M
in a first mixing step, and the mixture was incubated for various
delay times (¢,). In a second mixing step this solution was mixed
1:1 with 20 uM MANT-dADP, and the binding process was
monitored by increase of the fluorescence signal. If the initial
assignment of the kinetic phases is correct, mainly binding to

NBDI should be observed, since NBD2, with a nanomolar
Kp (18), was already saturated with MANT-dADP, leading to
a loss of phase;. The primary traces could indeed be fitted
globally to the sum of three exponential functions where all of
the rate constants were shared among the data sets and all other
parameters left unconstrained (Figure 3B). With short delay
times, phases and phases (43 = 0.5s ', 44 = 0.1 s~') dominated
the binding traces; as the delay time increased, the amplitudes of
these phases decreased (Figure 3C), and this decrease was an
exponential function of the delay time, characterized by rate
constants Ay, = 0.9s ' and A4 = 0.2s~ ' (the index “s” denotes
that these rate constants have been derived from secondary plots;
see Supporting Information for further explanation). The fact
that 13 and A3 as well as A4 and A4 differ by only a factor of
~2 (which represents the difference of NBD1-M and NBD2-C
concentration between delay loop and cuvette) suggests that
phase; and phases in the primary traces and in the amplitude
plots monitor the same process (assuming that the protomers
assemble mainly to dimers as suggested by gel filtration).
Although this finding may sound trivial, there are other theore-
tical scenarios that could lead to a different behavior, where the
observed rate constants of the primary plots and those deter-
mined from the secondary plots do not correspond. Indeed, this is
the case for phase,. At longer delay times phase, (1, = 145 ')
became predominant, and the amplitudes increased with a rate
constant () of 0.2 s~ (see Figure 3C). Here A, is much slower
than A,, and it coincides with one of the observed rate constants
of the assembly phases (44).
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FiGure 3: MANT-dADP binding to the reconstituted NBD1/NBD2 complex. (A) Sequential mixing experiment with a 1:1 incubation of 4 uM
NBD2-C and 5 uM NBD1-M in the first mixing step followed by a 1:1 mixing with 20 uM MANT-dADP. Three example traces are given for a
delay time of 0.13, 1, and 50 s (from bottom to top). The fits (see Results section for details) are shown as red lines. Residuals of all traces recorded
are presented below. (B) Sequential mixing experiment with 4 uM NBD2-C preincubated with 4 uM MANT-dADP and 5 uM NBDI1-M
incubated 1:1 in the first mixing step followed by a 1:1 mixing with 20 uM MANT-dADP. Three example traces are given for a delay time of 0.13, 1,
and 50 s (from bottom to top). The fits (see Results section for details) are shown as red lines. Residuals of all traces recorded are presented below.
(C) Secondary plot of fitted amplitudes from data described in (A) and (B) versus delay time after the first mixing step. Data for the experiment that
included preincubation of NBD2-C with MANT-dADP are presented in black; data without preincubation of nucleotide with NBD2-C are
presented in red. The amplitudes are associated with the following rate constants as determined from the primary data: ~80 s~ (1, red squares),
14 57" (A5, red diamonds), 0.5 s~ (A, red triangles), 0.1 s~! (A4, red circles), 14 s~" (1,, black diamonds), 0.5 s~' (15, black triangles), and 0.1 s~
(A4, black circles). The amplitudes of the fastest phase (red squares) are underestimated as they approach the limits of the dead-time of this
experiment. Lines represent fits to single exponential functions. (D) Secondary plot of data described in (B) (but with 20 M final MANT-dADP)
plotted in black and data taken from an equivalent experiment using NBD1-M K204Q plotted in blue. Symbols are as described in (C). The fast
phase is missing for the data using the mutant, confirming that this phase can be assigned to nucleotide binding of NBD1.

The same experiment was repeated by preincubating more system of linear ordinary differential equations with a corre-
MANT-dADP with NBD2-C (4 uM NBD2-C and 6 uM sponding exact solution. Moreover, the observed phases are most
MANT-dADP) to test whether 1, could be explained by a small probably coupled, which means that they are not independent of
percentage of free NBD2-C. Although we observed a slight the other reactions that take place. So the kinetic phases observed

reduction of amplitude, the results resemble the previous experi- in these experiments should not be considered as reporting
mental data, suggesting that 4, does not arise from binding of isolated events. However, the biochemical constraints imposed
small fractions of free NBD2-C (data not shown). on the system (preincubation of NBD2, mutagenesis of NBD1)

Additionally, the same experiment was performed using an led to disappearance of phase; and phase,, suggesting that their
NBDI-M variant bearing a mutation in the Walker A motif major contributions originate from the molecular processes
(K204Q). This mutant should be impaired in nucleotide binding. assigned to these phases. In this assignment phase; represents

Consequently, if the assignment of the hypothetical NBD1-associated mainly the binding of MANT-dADP to NBD2, whereas phase,
phase is correct, phase, should not be observed. Indeed, as shown in represents mainly binding of MANT-dADP to NBDI.

Figure 3D phase, is missing, suggesting that NBD1-Mguq is unable To investigate whether 1, is a second-order binding rate
to bind MANT-dADP, but the putative assembly phases, phase; and constant, different MANT-dADP concentrations in the second
phasey, are still present, suggesting that the complex assembles. mixing step (10 and 40 uM) were used. 1, was indeed dependent

As mentioned above, the reaction system is not strictly first on the concentration of MANT-dADP (Figure 4A,B) whereas

order or pseudo first order and can thus not be described by a the rate constants associated with the slower phases (13 and 14)
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Ficure 4: Concentration dependence of phases extracted from sequential mixing experiments. (A) Experiments as described in Figure 3B using
10, 20, and 40 uM (from bottom to top) in the last mixing step to characterize the concentration dependence of the phase that was assigned to
nucleotide binding of NBD1. The final concentrations in the stopped-flow cuvette were therefore 5, 10, and 20 uM MANT-dADP, respectively,
1.25uM NBD1-M, and 1 uM NBD2-C (MANT-dADP). Only the first 1 s of each trace with a delay time of 50 s is shown. Gray lines represent the
global fits as described. To facilitate comparison of the traces, the offset was subtracted, and they all start from zero. (B) Secondary plot showing
the MANT-dADP concentration dependence of the fast rate constant (4,, black squares). (C) Dependence of the small rate constants associated
with NBD1—NBD2 assembly on the concentration of NBD1-M used in the experiments. Whereas the 45 (black circles) increases with increasing
NBD1-M concentration, 4,4 (black triangles) remains constant. The rate constants were extracted from the global fits of the primary data. (D) Plot
of the rate constants (43 (circles) and A4 (triangles)) extracted from single exponential fits of the secondary amplitude plots. The amplitude of
phase; (circles) decreased (as a function of delay time) more rapidly at higher NBD1-M concentrations, whereas the dependence of the amplitude
of phase, (triangles) on delay time was concentration-independent. The data presented in (C) and (D) suggest that A5 represents the formation of
the NBD1—NBD2 protomer and A4 represents the formation of the oligomeric complex.

were not. The kinetic Kp (kof/kon) of MANT-dADP binding to
NBDI1 is approximately 5.5 uM, which is in good agreement with
that determined for the NBD2 Walker A mutation (K601Q) of
full-length ClpB (6.0 uM (21)). Further, the extrapolated dis-
sociation rate constant (ko = 4.9 s~') agrees well with one of
three exchange rate constants of MANT-dADP, determined by
chasing prebound MANT-dADP in the reconstituted NBD1—
NBD2 complex with excess unlabeled ADP (1o = 4.9 s ',
dewr = 0.287!, and Aeg3 = 0.045s7"; data not shown). It is also in
agreement with exchange rates determined for full-length ClpB
(ext = 585 1 dewo = 0.76 571, and Aegs = 0.0365' (18)).
The picture resulting from these sequential mixing experiments
isinagreement with the following model: NBD1-M does not bind
MANT-dADP in isolation, and for binding of nucleotide the
assembly of the NBD1—NBD2 complex is rate limiting. There-
fore, slow nucleotide-independent phases, which could represent
complex assembly, can be observed at short incubation times.
At longer delay times, major fractions of the complex have
assembled, and NBD1 binds MANT-dADP as indicated by a fast,
nucleotide-dependent phase. NBD2-C, however, binds in the
assembled and in the unassembled form, and therefore binding
kinetics become only slightly modulated upon complex forma-
tion. In this model, two phases (phase; and phases) were assigned
to the assembly process of the complex, and nucleotide binding to
NBDI coincides with the slower of these phases (phasey).
NBDI1-M and NBD2-C Assemble in Two Steps. Based on
the behavior of the individual constructs, which show a reduced

tendency to assemble into higher order oligomers, a simple model
of NBD1-M and NBD2-C assembly can be proposed. Two
processes take place for reconstitution of the ClpB complex.
NBD1-M and NBD2-C bind each other to form CIpB protomers,
and these protomers assemble into oligomeric complexes
(Figure 1C). The gel-filtration data suggest that in the presence
of MANT-dADP these oligomers are mainly dimers.

If phases reflects the formation of the NBD1—NBD2 proto-
mer, A3 should increase with higher concentration of one of the
reactants (NBDI-M or NBD2-C). Thus, in order to study the
assembly process in more depth, sequential mixing experiments
with higher concentrations of NBDI1-M were performed.
Increasing the NBD1-M concentration in the first mixing step
from 5 uM (before mixing) to 10 and 20 uM affected only A3. The
slowest rate constant observed (14) remained unaffected by the
NBDI1-M concentration used in the first mixing step (Figure 4C),
and the rate constants (135 and A4,) extracted from the secondary
amplitude plots showed the same behavior (Figure 4D).

These results are in agreement with the proposed model, in
which protomer formation is assigned to phases; followed by
formation of the oligomeric complex assigned to phases. The
finding that A4 is independent of the NBDI1-M concentration
agrees with the fact that in the formation of the oligomeric
complex the concentration of (assembled) protomer is limited by
the concentration of NBD2-C and was thus constant in this series
of experiments and that NBD1-M and NBD2-C form a tight
protomer complex.
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FIGURE 5: Assembly pathway monitored by fluorescence resonance energy transfer. (A) Rapid mixing of fluorescently labeled NBD2-C
constructs (0.5 uM each) and unlabeled NBD1-M (1.25 uM). Donor fluorescence (Alexa-488, green) shows an initial increase followed by a slower
decrease, whereas traces of acceptor fluorescence (Alexa-546, pink) only increase in fluorescence. The traces were fitted to the sum of two
exponential functions with global rate constants of 1.9and 0.1 s~ and local amplitudes (black lines). Traces in light green and light pink represent
control experiments where the two pools of labeled NBD2-C were mixed without NBD1-M. (B) Rapid mixing of fluorescently labeled NBD2-C
(Alexa-546, 1 uM) and NBD1-M (Alexa-488, 1.25 uM). Color code as in (A). Traces were fitted as in (A) to the sum of two exponential functions
with the rate constants 0.5 and 0.07 s~ Only data in the absence of MANT-dADP are shown, but similar traces were observed in the presence of

MANT-dADP (see text).

We aimed at confirming this model using a different probe and
used NBD2-C and NBD1-M cysteine mutants for labeling with
fluorescent dyes that form a FRET pair. The cysteine mutants
were labeled in two different pools with Alexa-488 and Alexa-546
(Ry ~ 65 A) and subsequently used for reconstitution experi-
ments. In a first experiment, two pools of labeled NBD2-C (with
Alexa-488 and Alexa-546) were mixed with wild-type NBD1-M. If
two NBD2-C molecules with donor (Alexa-488) and acceptor
(Alexa-546) dye come into proximity, this should result in a
decrease in donor fluorescence and a concomitant increase in
acceptor fluorescence due to fluorescence resonance energy trans-
fer. In stopped-flow traces a first increase of donor fluorescence
was observed, followed by a pronounced decrease (Figure SA).
Although donor and acceptor signals deviated slightly from a
global fit to the sum of two exponential functions with shared rate
constants, the kinetic rate constants were comparable to those
observed in sequential mixing experiments (with 1.9 s~ for the
initial increase and 0.1 s~ for the decrease). In agreement with our
model, a decrease of donor fluorescence associated with energy
transfer was observed for the slower process (0.1 s~ ). Similar
kinetics were observed when this experiment was conducted in the
presence of MANT-dADP, with observed rate constants of
0.7and 0.06s~". In a control experiment using only donor-labeled
NBD2-C a biphasic increase in fluorescence was observed with
pronounced amplitude of the fast phase, suggesting that formation
of the NBD1-M/NBD2-C complex is associated with a change
of the environment of the fluorophore, possibly due to partial
shielding, which explains the initial fluorescence increase in FRET
experiments (data not shown).

A second experiment was performed by mixing Alexa-488-
labeled NBD1-M and Alexa-546-labeled NBD2-C (Figure 5SB).
Again, two phases were observed, but here donor fluorescence
decreased in both of these phases with rate constants comparable
to those observed before (0.5 and 0.07 s™"). This is again in
agreement with the proposed model as mixing Alexa-labeled
NBDI1-M and NBD2-C constructs would bring the fluorescent
donor—acceptor pair into proximity, even when they are still
protomers.

In summary, our data are in agreement with an assembly of
NBDI-M and NBD2-C in two steps. First, NBD1-M/NBD2-C
protomers are formed followed by assembly of these proto-
mers into oligomers in a second step. MANT-dADP binding
to NBDI-M coincides with formation of oligomers, and this
suggests that nucleotide binding to NBDI depends on trans-
acting elements from neighboring subunits.

The Role of R322 as a Potential Trans-Acting Element.
The proposed model suggests that binding of nucleotides to
NBDI1 is dependent on trans-acting amino acids, either due to
direct interaction with the nucleotide or due to stabilization of a
binding-competent state of the domain. Based on structural data
for full-length ClpB, a promising candidate for trans-acting
interactions is arginine 322. This amino acid has been pro-
posed to act as an arginine finger contacting the nucleotide of
a neighboring subunit in a hexameric ClpB model based on cryo-
EM reconstructions and the available monomeric X-ray crystal
structure of ClpB (9). A similar arginine in Escherichia coli ClpB
has been shown to impair oligomerization (22). By mutation of
this arginine to alanine we aimed to answer whether arginine 322
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could be the postulated trans-acting element that is crucial for
binding of MANT-dADP to NBDI.

Sequential mixing experiments using NBD1-M R322A,
NBD2-C,and MANT-dADP were performed as described above
(Figure 6). The secondary plots derived from fitting the primary
data to multiple exponentials showed a decrease in amplitudes for
the phases assigned to oligomerization and MANT-dADP bind-
ing to NBD1, phase4 and phase,, respectively. The corresponding
rate constants showed only small variations (Figure 6A). Phase;,
assigned to the process of protomer assembly of NBD1-M and
NBD2-C, was not affected (Figure 6A). Thus, the introduced
mutation R322A influences both the oligomerization phase
(phase,) and the nucleotide binding phase (phase,) assigned to
NBDI. Due to the many coupled processes in this system,
amplitude information is difficult to interpret; nevertheless, it
suggests that oligomerization and nucleotide binding to NBD1
are affected by the mutation.

In order to confirm the importance of R322 in the process of
oligomerization, we performed gel-filtration and static light
scattering experiments (as described above) with a complex of
NBDI-M R322A and NBD2-C. The degree of oligomerization
was reduced significantly to 2.1 in case of the R322A mutation
compared to the results obtained for wild-type protein that are
shown in Figure 2B.

Furthermore, stopped-flow FRET experiments were repeated
using NBD1-M R322A and a mixture of the fluorescently labeled
species NBD2-C Alexa-488 and NBD2-C Alexa-546. In agree-
ment with the gel-filtration results, the amplitude of the second
phase that was assigned to the oligomerization of protomers was
smaller compared to the wild-type control (Figure 6C).

In the light of these results a decrease in amplitude for the
phase assigned to MANT-dADP binding to NBD1 (phase,)
observed in the sequential mixing experiments could have two
possible causes: R322 could have a direct role in stabilizing the
nucleotide and the mutation therefore changes the nucleotide
binding affinity, or the effect of the mutation on oligomerization
could reduce the number of binding-competent NBDI sites and
therefore reduce the amplitude. In order to place the effect of
R322A within these two extreme cases, the binding affinity for
MANT-dADP to NBDI R322A in the reassembled ClpB com-
plex was estimated based on the concentration dependence of 4.
The estimated Kp for the R322A mutant differed slightly
compared to the wild type, yielding a K (Y-axis intercept versus
slope) of ~14.1 uM for MANT-dADP binding to NBDI in the
oligomeric ClpB complex (Figure 6B) (compared to ~5.5 uM for
the wild type). This modest effect of R322A on binding of
MANT-dADP cannot account for the trans-acting element that
we propose in this work, i.e., an element from a neighboring
subunit that enables nucleotide binding at NBDI.

However, ATPase assays of the reconstituted system using
NBDI-M and a hydrolysis-deficient NBD2-C mutant (E668A)
show a 15-fold decrease in maximum ATPase rate of NBD1 in
case of the R322A mutation compared to the wild-type control.
This suggests that arginine 322 could still serve as a classical
arginine finger by accelerating nucleotide hydrolysis at a neigh-
boring NBD1.

In conclusion, the effects of the R322A mutation on the
amplitude of nucleotide binding in our sequential mixing experi-
ments are likely to reflect both: changes in oligomerization of the
protomers and changes in the affinity of this mutant for MANT-
dADP. However, the change in affinity due to the mutation is
relatively small (a factor of ~2.5), and we therefore conclude that
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FI1GURE 6: Influence of the R322A mutation on oligomerization and
nucleotide binding. (A) Sequential mixing experiments as described
in Figure 3B were performed using NBD1-M R322A (green symbols)
and compared to equivalent experiments with NBD1-M wt (black).
Symbols were used as in Figure 3C. The corresponding rate constants
were obtained from the primary data fits with A,(R322A) = 145!,
23(R322A) = 0.557 ", and 14(R322A) = 0.08 s, and A,(R322A) =
0.1457", 13(R322A) = 095 ', 24(R322A) = 0.15s ! for the fits of
the secondary plot. (B) The concentration dependence of 4, for wild-
type NBDI1-M (black circles) and NBD1-M (R322A) (green open
circles). The calculated ratios of axis intercept and slope (koft/kon)
estimatea Kp of ~5.5uM for NBD1-M wtand ~14.1 uM for NBD1-
M (R322A). (C) Rapid mixing FRET experiments as described in
Figure SA were performed using NBD1-M R322A and a mixture of
the two fluorescently labeled NBD2-C species (Alexa-546 and Alexa-488).
Donor and acceptor fluorescence are displayed as green traces; con-
trol experiments using wild-type NBD1-M are presented in gray.
Traces were fitted as described in Figure 5 (A) to the sum of two
exponential functions. Amplitudes corresponding to the oligomer
assembly phases were significantly reduced in case of the presence of
the R322A mutation.

arginine 322 does not serve as a trans-acting element in the sense
that it provides crucial binding energy for nucleotide binding to a
neighboring NBD1 domain.

DISCUSSION

The modular ClpB system presented here allows for the first
time a closer analysis of the nucleotide binding properties of the
individual AAA+ domains of ClpB. This revealed a complex
interplay between oligomerization and nucleotide binding features,
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FIGURE 7: Model for the assembly of the NBD1—NBD2 complex. The stopped-flow experiments presented suggest a mechanism for the assembly
of NBDI1-M (blue) and NBD2-C (red). NBD2-C can bind nucleotide (represented by a yellow circle) in its monomeric form. When the two
constructs are mixed, the protomer forms first; shortly afterward, the protomers form oligomeric complexes. NBD1 nucleotide binding occurs
when the complex is formed, indicated by the parallel change of amplitudes of the oligomer assembly described by 14 and MANT-dADP binding
to NBD1 described by 4, in secondary plots of sequential mixing experiments. The model implies that nucleotide binding to NBD1 includes either
direct interaction of trans-acting residues with the nucleotide (model A) or oligomer assembly stabilizes a nucleotide binding-competent state
(model B). Although this mechanism intuitively suggests a stochiometry of one bound MANT-dADP per dimer, there is so far no direct

experimental evidence for this conclusion.

with implications of these features on the regulation of the ClpB
ATPase cycle as discussed below.

In this reconstituted system, the two major domains, NBD1-M
and NBD2-C, assemble into protomers before assembling to
oligomeric complexes; these processes are described by two slow
kinetic phases. Further, our data suggest that nucleotide binding
to NBD1-M can be recovered when it is mixed with NBD2-C and
that nucleotide binding does not depend on protomer forma-
tion; instead, it coincides with the slower assembly process, which
was assigned to formation of the oligomeric, in the presence of
ADP mostly dimeric, complex. A model that visualizes these
interpretations and the assignments of the kinetic phase is
presented in Figure 7. Thus, it appears that nucleotide binding
to NBD1 involves trans-acting amino acids, either in stabilization
of a binding-competent state or in direct interactions of trans-
acting amino acids in nucleotide binding (Figure 7). This feature
represents a difference between nucleotide binding of NBD1 and
NBD?2, since the latter binds nucleotides also in its monomeric
form and binding is only modulated in an oligomeric com-
plex (18); this difference reflects a highly coordinated reaction
mechanism of ATP-driven protein disaggregation by ClpB.

If NBD1 binds ADP in its oligomerized form only, then one
would expect the presence of ADP to in turn promote the
assembly of the ClpB complex. However, in ClpB7,, oligomer-
ization of higher order oligomers occurs even in the absence of
nucleotides, and the presence of ADP and MANT-dADP even
reduces the average number of subunits within the ClpB complex
(Figure 2 and refs 20 and 21). It is possible that there are two
opposing effects of ADP binding to ClpB, one that leads to
disassembly, possibly through binding to NBD2, and one that
supports assembly through NBDI. Gel-filtration experiments
with ClpB7,;, conducted at 55 °C showed that a double Walker A
mutation in NBD1 (K204A/T205A) does indeed not only affect
ATP-induced assembly but also makes the ADP-induced disas-
sembly more pronounced than in the wild type or the equivalent
mutant of NBD2 (K601A/T602A) (20). The energy provided by
binding of ADP to NBDI1 in ClpB oligomers might counter-
balance the energy released at NBD2 upon ADP-induced disassembly.

Consequently, by impairment of ADP binding to NBD1, the loss
of binding energy results in an even more pronounced dis-
assembly. The data are, however, in more direct agreement with
the oligomerization properties of E. coli ClpB (ClpBg ;). Here,
both nucleotides promote assembly of the ClpBg .,; complex,
although ADP does so to a smaller extent. A mutation of the NBD1
Walker A motif impairs this nucleotide-driven assembly, indicating
that nucleotide binding to NBDI favors oligomerization (22).

This balance of energies and their different fine-tuning in
different ClpB orthologues may be the cause of opposing
observations regarding the role of NBD1 and NBD?2 in oligo-
merization of the hexameric complex. It should be noted that, in
line with this model, the amplitude of phases (representing
formation of the oligomeric complex) at long delay times (50 s)
in experiments described in Figure 4B increases with increasing
concentrations of MANT-dADP (data not shown), suggesting
that binding of the nucleotide at NBD1 could indeed favor
oligomer assembly.

The data are also in agreement with the active site architecture
of the ClpB relative ClpA, a AAA+ protein involved in bacterial
protein degradation. In ClpA from E. coli the first AAA+
domain has been proposed to trigger oligomerization upon
binding of ATP, based on mutational analysis (23) and on
analysis of an ADP-bound crystal structure (24). In line
with our model presented in Figure 7, the building blocks of
ATP-induced CIpA assembly were proposed to be dimers that
assemble to hexamers via a tetrameric intermediate (25).

The results presented here imply mechanisms of regulating
nucleotide binding to NBDI. If NBDI binds nucleotides only
when embedded in an oligomeric complex, then disassembly of
the complex, which was shown to be reasonably fast, should
trigger nucleotide release. Although the kinetic studies so far
suggest that nucleotide release from NBDI is not rate limiting
and faster than disassembly, intersubunit contacts may coordi-
nate the ATPase cycle at NBD1 and help to impose directionality
on the disaggregation process. With NBD1 and NBD2 acting as
antagonists via the subunit interface, they provide the basis of a
counterbalanced two-stroke engine, which avoids the trapping of
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either module in an energy minimum. Further, variations in
stabilizing a nucleotide binding-competent state could represent a
way to modulate the ATPase cycle at NBDI. This process could
involve the M-domain, which was shown to be highly flexible
(9, 12, 26) and a modulator of the ClpB—ATPase cycle (27, 28).
Structurally the M-domain is an insertion of NBDI at the
C-terminal end (29), and thus it might modulate nucleotide
binding and the ATPase cycle as proposed for the C-terminal
domain that follows NBD2 (/8).

To date, no high-resolution crystal structures of the hexameric
ClpB complex are available, which makes it difficult to speculate
on the molecular nature of the trans-acting components proposed
in this study. Under these circumstances it is particularly difficult
to identify potential trans-acting amino acids that interact with
the nucleotide directly. On the basis of the hexameric model
of T. thermophilus ClpB from Tsai and co-workers (9) we have
tested the influence of an arginine that appeared to be
interacting directly with the nucleotide in trans. The correla-
tion between oligomerization of protomers and MANT-
dADP binding to NBDI underlined by experiments with
NBDI1-M R322A helped to confirm our interpretations of the
sequential mixing data.

However, binding of MANT-dADP was only modestly affected
for this mutant, indicating that arginine 322 cannot account for the
full contribution in binding energy provided by elements from
neighboring subunits as implied by our experiments.

The fact that steady-state ATPase activity is affected, however,
is in agreement with the proposed role of an arginine finger,
but given the impaired oligomerization behavior of this
mutant, interpretations of our steady-state ATPase data are
not straightforward.

In this work we present the use of a reconstituted system in
combination with sequential mixing experiments to dissect dif-
ferent features of ClpB—nucleotide binding and oligomerization.

By using this model system we were able to constrain and
perturb the reactions involved in nucleotide binding and oligomer
assembly specifically: by preincubating with MANT-dADP,
mutating individual domains selectively, or changing their con-
centrations. This approach facilitates a separation of coupled
events and allows to describe their complex interdependence. Our
model of the nucleotide binding features of the two AAA+
domains is likely to be a starting point for more elaborate models.
These could include more than two different nucleotide bind-
ing sites (one for each AAA+ module) as indicated by three
nucleotide exchange phases, which could result from nonidentical
nucleotide binding domains within an oligomeric complex.
Further, it is of great interest to investigate how nucleotide
binding to one domain influences the binding features of other
domains. The system presented here provides an experimental
toolbox suited to tackling these questions and to learning more
about the working cycle of ClpB and its nucleotide-dependent
coordination.
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