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Summary
ATP binding and hydrolysis are critical for protein degradation by HslUV, a AAA+ machine
containing one or two HslU6 ATPases and the HslV12 peptidase. Although each HslU homohexamer
has six potential ATP-binding sites, we show that only three or four ATP molecules bind at saturation
and present evidence for three functional subunit classes. These results imply that only a subset of
HslU and HslUV crystal structures represent functional enzyme conformations. Our results support
an asymmetric mechanism of ATP binding and hydrolysis and suggest that molecular contacts
between HslU and HslV vary dynamically throughout the ATPase cycle. Nucleotide binding controls
HslUV assembly and activity. Binding of a single ATP allows HslU to bind HslV, whereas additional
ATPs must bind HslU to support substrate recognition and to activate ATP hydrolysis, which powers
substrate unfolding and translocation. Thus, a simple thermodynamic hierarchy ensures that
substrates bind to functional HslUV complexes, that ATP hydrolysis is efficiently coupled to protein
degradation, and that working HslUV does not dissociate, allowing highly processive degradation.
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Introduction
ATP fuels the operation of most molecular machines, including energy-dependent intracellular
proteases. ATP-dependent proteases typically consist of a barrel-shaped peptidase, with the
active sites for peptide-bond cleavage sequestered in an aqueous internal chamber, and
associated hexameric AAA+ ATPases that recognize specific protein substrates, unfold these
molecules, and then translocate the denatured polypeptide into the peptidase chamber for
degradation.1,2 AAA+ and related P-loop ATPases also operate in many other biological
processes in which mechanical work is performed on macromolecules.3,4

HslUV is an ATP-dependent protease present in roughly 60% of eubacteria and many
eukaryotic lineages.5 Functional HslUV enzymes are produced by the binding of one or two
AAA+ HslU6 hexamers to HslV12, a double-ring dodecameric peptidase that shares an N-
terminal active-site threonine and extensive structural homology with the β-subunits of the
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eukaryotic proteasome.6–8 Importantly, crystal structures of HslU6, HslV12, HslU6·HslV12,
and HslU6·HslV12·HslU6 (Fig. 1A) have been solved.8–17 Moreover, many HslU structures
differ in conformation, apparently as a consequence of differences in bound nucleotides,
providing clues about potential nucleotide-dependent movements that may drive protein
unfolding and translocation. Indeed, HslUV is the only ATP-dependent protease for which the
entire structure is known. However, several issues have hampered further understanding of this
enzyme. First, structures of HslU hexamers with six, four, or three bound nucleotides have
been solved. Which of these structures are functionally relevant is unclear. Second, whether
the nucleotide bound in different HslU crystal structures is ADP or ATP has been controversial.
18 Third, little quantitative information is available about nucleotide binding to HslU in
solution or about the functional consequences of this binding on HslU recognition of HslV
and/or protein substrates.

ClpX is a hexameric ATPase that shares about 50% sequence homology and substantial
structural homology with HslU.3,19 Under conditions of ATP saturation, hexamers of ClpX
bind only three or four molecules of ATP.20 In addition, single-chain ClpX hexamers are
functional with two subunits able to hydrolyze ATP, two hydrolytically inactive subunits
capable of assuming an ATP-bound conformation, and two subunits that mimic ATP-free wild-
type subunits.21 Studies of single-chain ClpX variants also suggest that hydrolysis is
probabilistic in the sense that different subunits hydrolyze ATP in a sequential but not
necessarily ordered fashion. If HslU and ClpX function in the same manner, then HslU
hexamers would also operate sequentially, always containing a mixture of nucleotide-bound
and nucleotide-free subunits. However, ClpX partners with ClpP, a peptidase that shares no
structural homology with HslV,22 and thus it is not obvious that ClpX and HslU will operate
by similar mechanisms. Indeed, structural studies of several other hexameric ATPases have
been interpreted as evidence that these enzymes cycle between states that are fully ATP-bound
or ADP-bound.23–25 Moreover, most HslU and HslUV crystal structures have six bound ATPs
or ADPs (Fig. 1B), apparently supporting a symmetric or concerted mechanism of ATP
hydrolysis.

Here, we demonstrate that only three or four molecules of ATP bind to the HslU homohexamer
at saturation. Thus, some of the six potential binding sites in the hexamer remain empty. ATP
binds the sites that can be filled with comparable affinities, although the kinetics of nucleotide
dissociation reveals the existence of two classes of binding sites. Our results support an ATPase
model in which HslU subunits function asymmetrically and highlight structures with three or
four bound nucleotides as being most relevant for understanding HslU function. Importantly,
a single bound ATP supports HslV binding by the HslU hexamer but does not allow ATP
hydrolysis; multiple ATPs must be bound to allow protein-substrate binding and to activate
hydrolysis. This fail-safe mechanism prevents hydrolysis of all bound ATP molecules, averting
HslUV dissociation and facilitating processive degradation. We also show that interactions
with HslV vary as subunits of the HslU hexamer transit through the ATPase cycle.

Results
HslU hydrolyzes ATP rapidly, complicating studies of ATP binding using the wild-type
enzyme. To avoid this problem, we mutated Glu-257 in the Walker-B box of Escherichia
coli HslU to Gln (E257Q). We anticipated that this mutant would be defective in ATP
hydrolysis because the Glu side chain appears to be close to the γ phosphate of bound ATP,
glutamate is invariant at this position in HslU orthologs, and the same mutation reduces ATP
hydrolysis markedly in related AAA+ enzymes.4,9,11,20

HslU E257Q with an N-terminal His6 tag behaved similarly to His6-tagged wild-type HslU
during purification steps involving anion-exchange chromatography and gel filtration,
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suggesting that both proteins had similar structures. However, unlike wild-type HslU, the
ultraviolet spectrum of the E257Q protein following these steps indicated the presence of bound
nucleotide, which was not added in any purification steps. This observation suggested that
nucleotide from the cell extract remained bound to the mutant, perhaps because it binds
nucleotide more tightly than wild-type HslU. Incubation with high salt, which dissociates the
HslU hexamer,10 and activated charcoal, which binds nucleotide, resulted in a spectrum of the
mutant protein that was similar to that of wild-type HslU. Moreover, in both cases, the spectra
were those expected from the tyrosine and tryptophan content of the wild-type and mutant
proteins. When wild-type HslU was treated with charcoal and high salt and then returned to a
standard buffer, we detected no changes in spectrum, ATP-hydrolysis activity, stimulation of
HslV peptidase activity, or ability to support HslV degradation of Arc repressor, a good
substrate (data not shown).

Compared to wild-type HslU,26–27 the E257Q mutant had almost no ATPase activity by itself,
or when HslV or Arc repressor and HslV were added (Fig. 1C). Indeed, ATP hydrolysis in
reactions containing the E257Q mutant was similar to control reactions lacking this protein.
Moreover, no degradation of Arc repressor was detected in the presence of HslV, E257Q HslU,
and ATP (data not shown).

HslU hexamers bind three or four ATPs
Knowing how many ATPs bind to a HslU hexamer is important for understanding mechanism
and for evaluating which crystal structures are likely to represent functional complexes. To
determine stoichiometry, increasing amounts of ATP were added to a fixed concentration of
the E257Q hexamer, and binding was assayed by isothermal titration calorimetry (ITC). As
shown in Fig. 2A, saturation occurred at an ATP/hexamer ratio between three and four. Fitting
of these data gave an average stoichiometry of 3.5 ATPs per hexamer (ΔH = –4.1 kcal/mol).
In an independent experiment, the average binding stoichiometry was 3.3 ATPs per hexamer
(ΔH = –4.1 kcal/mol). The Kd’s in both ITC experiments were poorly determined.

The binding of fewer than six nucleotides to each HslU homohexamer at saturation could be
explained in two ways: (i) once three or four ATPs bind, conformational changes in the two
unoccupied subunits preclude further binding (a type of negative cooperativity); or (ii) roughly
two thirds of HslU hexamers bind six ATPs, whereas the remaining HslU hexamers fail to bind
nucleotide because of conformational or chemical heterogeneity. In fact, ion-exchange
chromatography performed in buffer containing 100 μM ATP revealed heterogeneity with two
peaks of HslU E257Q (Fig. 2B). However, in assays that require ATP binding, HslU E257Q
from both peaks activated peptide cleavage by HslV and bound a substrate-mimic peptide (Fig.
2C). Moreover, comparison of the absorbance spectra of column fractions containing ATP but
no protein with fractions containing HslU E257Q revealed that both peaks contained about 3.8
ATPs per E257Q hexamer. When either peak-1 or peak-2 protein was rerun on the ion-
exchange column, a mixture of the same two peaks was observed, establishing that both forms
interconvert. Thus, HslU E257Q exists in discrete states with different chromatographic
properties, but both states bind ATP and are functional in ATP-dependent HslU activities.
Because we find no evidence for a form of HslU E257Q that cannot bind ATP, we conclude
that three or four subunits of the hexamer bind ATP, whereas the remaining subunits do not.

Nucleotide affinity
Nitrocellulose-filter binding was initially used to assay the affinity of E257Q HslU for 32P-γ-
ATP, titrating protein against a fixed concentration of ATP (Fig. 3A) or vice versa (Fig. 3B).
Both binding curves were fit well by a model in which four subunits in the E257Q HslU
hexamer each bind ATP with an equilibrium dissociation constant near 0.25 μM. The
corresponding equilibrium constant for ATP association gives a binding free energy of
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approximately –9 kcal/mole. Using ΔH for ATP binding determined in the ITC experiment,
TΔS for ATP binding is about 5 kcal/mol and thus the entropy of ATP association is favorable.
Displaced solvent molecules or conformational rearrangements in HslU presumably account
for this favorable binding entropy.

We also assayed binding of wild-type HslU or the E257Q mutant to N-methylanthraniloyl
(mant) derivatives of ATP, ATPγS, and ADP by monitoring changes in the fluorescence center-
of-mass of these nucleotides (Fig. 4A). E257Q HslU bound mant-ATP and mant-ATPγS with
roughly similar affinities and bound mant-ADP about six-fold more tightly (Table 1).
Competition of unmodified ATP, ATPγS, and ADP for mant-ATP binding to the E257Q
protein showed that ADP competed more efficiently than ATP or ATPγS (data not shown), as
expected from direct binding of the mant nucleotides. Wild-type HslU also bound mant-ATP
and mant-ATPγS similarly, albeit less tightly than the E257Q variant, and bound mant-ADP
about three-fold more strongly (Table 1). All of the Fig. 4A binding curves were fit well by a
simple hyperbolic function, as expected if nucleotide binding to the three or four available sites
in wild-type or E257Q HslU does not show strong positive or negative cooperativity.

The mant-nucleotide binding experiments have implications for ATP hydrolysis by wild-type
HslU. For example, wild-type HslU bound mant-ATP and mant-ATPγS with similar affinities
but bound mant-ADP more tightly, suggesting that mant-ATP is not hydrolyzed to produce
mant-ADP at a significant rate during the binding experiment. We were initially surprised by
this result, as mant-ATP supported HslUV degradation of protein substrates (data not shown).
As shown below, however, HslU hydrolyzes ATP very slowly at the low nucleotide
concentrations (0.1 μM) used in these binding assays, and we assume that the same is true for
hydrolysis of mant-ATP.

E257Q HslU bound mant-ATP, mant-ATPγS, and mant-ADP more tightly than the wild-type
enzyme (Fig. 4A; Table 1). Stronger binding by the mutant is probably a consequence of
replacing the negatively charged glutamate in the nucleotide-binding site with uncharged
glutamine, thereby reducing electrostatic repulsion with the β and γ phosphates. This result is
consistent with our finding that the mutant but not the wild-type protein purifies with bound
nucleotide. Moreover, comparing the affinities of E257Q HslU for ATP and mant-ATP
indicates that the mant group weakens binding about 6-fold. By applying a correction for the
destabilizing effect of the mant group, we estimate that ATP and ATPγS bind accessible sites
in wild-type HslU with an affinity of 0.6–0.7 μM, whereas ADP binds with an affinity of 0.2
μM (Table 1). This stronger binding of ADP relative to ATP helps explains why ADP is a
potent inhibitor of HslU activity.28–29

Multiple classes of ATP binding sites
To determine the kinetics of nucleotide dissociation, we allowed complexes containing
approximately three mant-ATP molecules per E257Q HslU hexamer to form, added excess
unmodified nucleotide to block further mant-ATP binding, and assayed the rate of dissociation
of the fluorescent nucleotide. As shown in Fig. 4B, when ATP was used as the competitor, the
dissociation kinetics were biphasic. The same result was observed with competing ADP (data
not shown). In each experiment, the fast phase had a time constant of roughly 20 s and the slow
phase had a time constant of about 150 s. These dissociation experiments suggest a minimum
of two classes of ATP-bound HslU subunits. Dissociation remained biphasic in the presence
of HslV (fast phase 22 s; slow phase 107 s) or HslV and Arc substrate (fast phase 12 s; slow
phase 88 s). Overall, these results support the existence of three classes of HslU subunits. One
class fails to bind ATP. Of the two types that bind ATP, one class of subunits releases ATP
more slowly than the other.
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ATP hydrolysis
To probe nucleotide interactions with HslU under conditions where ATP hydrolysis provides
an additional route for nucleotide escape, we measured changes in the steady-state rate of
hydrolysis as a function of ATP concentration (Fig. 4C). Half-maximal hydrolysis activity was
observed at a free ATP concentration of roughly 10 μM. Because this value is about 10-fold
higher than the ATP concentration needed for half-maximal binding in the absence of
hydrolysis, most bound ATP molecules must leave HslU via hydrolysis and subsequent release
of ADP/Pi rather than by dissociation of ATP (see ref. 30). Importantly, the Fig. 4C data were
fit poorly by the standard Michaelis-Menten equation (dashed line) but were fit well by the
cooperative Hill form of this equation (solid line; rate=Vmax/(1+(KM/[ATP])n) with a Hill
constant of 2.0 ± 0.2. Because we did not observe strong positive cooperativity in ATP binding
to HslU, this result suggests that more than one ATP must bind to an HslU hexamer before the
rate of hydrolysis becomes significant.

Linkage between ATP and peptide binding
We used binding of HslU and HslU E257Q to the substrate-mimic peptide gt1
(MRYFFKKKLRFY) to probe the relationship between recognition and ATP binding.27 In
fluorescence-anisotropy assays performed in the presence of saturating ATP or ATPγS, HslU
E257Q bound fluorescein-labeled gt1 peptide about 5-fold more weakly than did wild-type
HslU (Fig. 5A). The presence of HslV in addition to HslU or the mutant in these binding
reactions strengthened peptide binding modestly (Fig. 5A). The finding that the E257Q
mutation reduces affinity for gt1 suggests that the Glu-257 side chain in the Walker-B motif
of wild-type HslU plays a role in linking the energy of ATP binding to the conformational
changes that allow binding of this substrate-mimic peptide.

Next, we used a fixed concentration of E257Q HslU and assayed the dependence of gt1-peptide
binding on ATPγS concentration (Fig. 5B; top panel). Although ATPγS binding was required
for peptide binding, the total concentrations of ATPγS and HslU subunits were too close to
calculate free concentrations in a model-independent fashion, and thus to determine if peptide
and nucleotide binding were cooperatively linked. To obviate this problem, we used N6-
methyl-ATP (Fig. 5B; lower panel), a derivative that binds more weakly to HslU. In this
experiment, peptide binding occurred at N6-methyl-ATP concentrations in excess of HslU
sites, and thus the free and total nucleotide concentrations were similar. The resulting binding
curve showed clear cooperativity with a Hill constant of 1.8 ± 0.15, supporting the idea that
the conformational changes needed to support substrate recognition require binding of at least
two ATP molecules to HslU. When binding was assayed in the presence of HslV12, the
concentration of N6-methyl-ATP required to support binding to the gt1 peptide was reduced
more than 10-fold (Fig. 5B). Thus, the HslU·HslV complex must bind nucleotide more tightly
than free HslU binds nucleotide.

HslU binds HslV more weakly during ATP hydrolysis
HslU-HslV binding can be assayed by increases in the cleavage of a Z-Gly-Gly-Leu-AMC
peptide by HslV31. When we titrated HslU6 against 15 nM HslV12 in the presence of saturating
ATP, the resulting increase in peptidase activity fit well to a binding model with an apparent
Kd of approximately 75 nM (Fig. 6A, upper panel). In the presence of saturating ATPγS,
binding was substantially stronger (Kd ≤ 15 nM; Fig. 6A, upper panel). This result could mean
that HslV is bound more strongly by HslU·ATPγS than by HslU·ATP. Alternatively, HslU
may bind HslV less tightly when its subunits cycle through the different states of ATP
hydrolysis, because a significant period of time is spent in lower-affinity states in which some
ATP has been hydrolyzed. Importantly, however, ATP and ATPγS supported HslV binding
by the hydrolysis-defective E257Q HslU6 mutant equally well (Fig. 6A, lower panel),
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supporting the idea that HslU states with lower HslV affinity are populated during the ATPase
cycle (see Discussion).

Using surface-plasmon resonance (SPR) to measure HslU·HslV affinity in the presence of
ATPγS, Azim et al. reported a Kd of approximately 1 μM,32 a value far weaker than we observe.
It is possible that interactions of HslU and/or HslV with the SPR chip surface resulted in an
underestimate of affinity. Alternatively, buffer differences may explain the weak binding
observed in the SPR experiments, which used Ca++ rather than Mg++. Indeed, Ca++·ATP
supports HslU activation of HslV peptidase activity against Z-GGL-AMC only about 1% as
well as Mg++·ATP.33

We also titrated HslV against HslU and assayed binding by changes in the rate of ATP
hydrolysis. These experiments were performed at 37 °C, because ATP hydrolysis was too slow
to obtain reliable data at 25 °C, the temperature of other experiments. HslU·HslV affinity was
about 140 nM when just HslU and HslV were present but became 10-fold stronger when an
excess of protein substrate was added (Fig. 6B).

HslU6·ATP activates HslV
To probe the role of nucleotide in HslU activation of HslV, we titrated increasing HslU against
100 nM HslV12 in the presence of 100, 200, 400, and 800 nM ATPγS and measured Z-GGL-
AMC cleavage (Fig. 6C). In this assay configuration, two HslU6 hexamers can bind each
HslV12 dodecamer, and thus saturation should require binding of 200 nM HslU6, as Kwon et
al. have shown that binding of an HslU hexamer activates only the cis but not the trans HslV
ring.16 Notably, similar total concentrations of HslU6 resulted in half-maximal activation at
each nucleotide concentration, indicating that binding of ATPγS, HslU6, and HslV12 are nearly
stoichiometric under these conditions. Starting with 100 nM ATPγS, 100 nM HslV12, and 1
μM HslU6, we found that an additional 8-fold increase in HslV12 did not increase peptidase
activity (Fig. 6D). Because nucleotide and HslV binding are linked, this result establishes that
almost no free ATPγS or HslU6·ATPγSn are present under these conditions. Moreover, because
we do not observe strong cooperativity in ATPγS binding to HslU, the dominant nucleotide-
bound species in the 100 nM ATPγS curve in Fig. 6C should be HslU6·ATPγS·HslV12 (or
HslU6·ATPγS·HslV12·HslU6·ATPγS). Thus, binding of a single ATPγS to an HslU hexamer
appears to support HslV binding/activation. If this model is correct, then activation should
show a hyperbolic dependence on nucleotide concentration. Indeed, E257Q HslU activation
of HslV peptidase activity increased hyperbolically with N6-methyl-ATP concentration (Fig.
6E), as shown by the excellent fit of these data (R= 0.997) to a non-cooperative binding model.

By the arguments in the previous paragraph, 100 nM ATPγS should support HslU6 binding to
half of the HslV rings in 100 nM HslV12, with nucleotide being the limiting factor. Consistently,
increasing the ATPγS concentration increased the observed peptidase activity (Fig. 6C). By
our model, however, most if not all of the HslV12 rings should have two HslU hexamers bound
in the presence of 200 nM ATPγS, and yet peptidase activity continued to increase when
ATPγS was increased to 400 and 800 nM ATPγS. There are two potential explanations. First,
binding of more than one ATPγS to an HslU hexamer might increase the peptidase activity of
the HslV ring to which it binds (see Discussion). Second, binding of the second HslU hexamer
to HslV12 might be negatively cooperative, but the doubly bound species could have more than
twice the peptidase activity of the singly bound species.

Discussion
Our results demonstrate that an HslU hexamer binds with substantial affinity to no more than
four ATPs. Thus, two potential binding sites in the hexamer appear to be empty, even when
nucleotide is saturating. Binding of ATP to the three or four available nucleotide sites occurs
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with an equilibrium constant of roughly 1 μM. However, two phases are observed in
dissociation experiments, suggesting the existence of at least two classes of ATP-binding sites.
These results suggest that HslU operates by an asymmetric mechanism, with different subunits
in the hexamer serving different functional roles. Based on results with other AAA+ enzymes,
it is likely that ATP hydrolysis occurs in one or two HslU subunits at a time, with the roles of
individual subunits changing in a sequential fashion as repeated cycles of ATP binding,
hydrolysis, and ADP/Pi release take place.21,34 An important implication of this model is that
an all-ADP state or a fully nucleotide-free state of HslU is not part of the normal ATP cycle.
Rather, the structural changes in HslU that power translocation and protein unfolding must
occur as the enzyme cycles through a saturated ATP state (with 3 or 4 bound ATPs), a mixed
ATP/ADP state, and a partially saturated ATP state.

Our results highlight two crystal structures of the HslU hexamer that show partial occupancy
of nucleotide-binding sites.9 In the 1do0 dimer-of-trimers structure, adjacent subunits in each
trimer are nucleotide-free, ATP-bound, and ATP·Mg++-bound, respectively. This structure
contains three distinct types of subunits and is thus most compatible with our results. Why is
the ATP in this structure not hydrolyzed? One possibility, raised by Wang and colleagues, is
that the four ATPs were misidentified in the crystallographic analysis and are actually ADPs.
18 If just the Mg++-free nucleotides were ADP, then this structure might also be inactive if
more than two bound ATPs are needed to support hydrolysis. Our results suggest that ATP
hydrolysis requires at least two HslU-bound ATPs, but this is a minimum estimate. Another
HslU structure (1do2) is trimer-of-dimers hexamer, with alternating nucleotide-free and
AMPPNP-bound subunits.

In apparent contrast to our results, six nucleotides are bound to the HslU hexamer in 11 crystal
structures at resolutions of 3.5 Å or better.9–11,13,15,16 How can we reconcile our finding
that HslU binds a maximum of four ATPs in solution with structures showing six bound
nucleotides? One possibility is that conformational changes required for HslU to bind six
nucleotides occur slowly during the long periods required for crystallization but are not
accessible on the much shorter time scales used for solution experiments. Another possibility
is that that six nucleotides molecules can bind HslU if Mg++ is absent, as most structures with
six bound nucleotides do not have Mg++ in the nucleotide-binding site. In either case, based
on our studies, it is unlikely that HslU structures with six bound nucleotides represent functional
species in the normal ATPase cycle. Although six nucleotides can obviously bind HslU under
some circumstances, this enzyme binds HslV and protein substrates, hydrolyzes ATP, and
supports active proteolysis at ATP concentrations where no more than four sites in the hexamer
are occupied.

Huang and Goldberg found that low micromolar ATP concentrations activated peptide
cleavage by HslUV, whereas 100-fold higher ATP concentrations were required for
degradation of casein, and proposed that that ATP binding to a high-affinity site in HslU
reduced affinity for other sites.33 We find no evidence to support this proposal. Indeed, the
three or four HslU subunits that bind nucleotide do so with similar affinities. Rather, we propose
that binding of one ATP molecule to HslU supports a conformational change that allows HslV
peptidase activation but not robust ATP hydrolysis or the binding of protein substrates. The
binding of additional ATPs to the HslU hexamer then drives a second set of conformational
changes that activate hydrolysis and substrate binding. When ATP is hydrolyzed, however,
apparent “affinity” becomes weaker because dissociation of ADP/Pi rather than ATP becomes
the main route of nucleotide release (i.e., if ATP hydrolysis is substantially faster than
dissociation, then KM will be substantially greater than Kd). Our model also explains the results
of Yoo et al., who concluded that HslU affinity for ATPγS was roughly 20-fold stronger than
for ATP.35 By contrast, we find that the actual affinity of HslU for these nucleotides is almost
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identical. Again, ATP appears to bind HslU more weakly than ATPγS because bound ATP
dissociates rapidly from the enzyme via hydrolysis, whereas bound ATPγS does not.

Several of our results support a model in which HslU conformational changes required for
HslV activation can occur independently from the structural changes needed for other
activities. First, ATP hydrolysis and substrate-mimic binding by HslU require binding of two
or more ATPs, whereas HslV activation is supported by a single bound ATP. Second, compared
to wild type, the E257Q mutation reduces HslU affinity for the gt1 substrate-mimic peptide
but does not reduce affinity for HslV. Thus, different structural changes appear to be involved
in these distinct activities.

ATP or ATPγS binding to HslU is generally required to activate HslV peptidase activity.28,
31,35 Nevertheless, an isolated C-terminal peptide of HslU can activate HslV in the absence
of nucleotide.36,37 In some HslUV crystal structures, this C-terminal peptide assumes an
extended conformation that packs between HslV subunits, thereby stabilizing the active
conformation of the catalytic site for peptide-bond cleavage.11,13,16 In other HslU or HslUV
structures, this peptide folds back against the rest of HslU and is not positioned to interact with
HslV (Bochtler et al, 2000; Song et al, 2000; Wang et al, 2001a). Because HslU·ADP·HslV
complexes are observed in crystal structures,9–10,15 ATP is clearly not required for HslU
binding to HslV. However, crosslinking studies show that HslU·ATPn·HslV complexes are
more stable than HslU·ADPn·HslV complexes.35 We find that the affinity of HslU for ATP
increases when HslV is present. By thermodynamic linkage, ATP-binding must also stabilize
HslU·HslV binding. This finding is expected if ATP-dependent conformational changes in
HslU release its C-terminal peptides to interact with HslV, thereby stabilizing and activating
the proteolytic complex.11,18 An apparent challenge to this model is the finding that the C-
terminal tails of an HslU variant lacking the intermediate domain interact with HslV in an
ADP-bound form.16 However, each nucleotide site in this structure (1ofh) contains both ADP
and Pi, which may mimic ATP.

Our results show that affinity for HslV is stronger when ATP/ATPγS is bound to HslU but is
not hydrolyzed. As discussed above, HslU must cycle through states with three or four bound
ATPs, with a mixture of ATP/ADP, and with sub-saturating ATP during hydrolysis. Because
affinity for HslV deceases when ATP is hydrolyzed, HslU appears to spend the majority of
cycle time in one of the latter states. Indeed, because ADP is a potent inhibitor of HslU-
catalyzed ATP hydrolysis,29 and binds HslU more tightly than ATP, it would be surprising if
ADP release were not the rate-limiting step in ATP hydrolysis. By this model, the mixed ATP/
ADP state would be most highly populated because it precedes the rate-determining step. If
the C-terminal tails or other regions of ADP-bound HslU subunits in hexamers containing
ATP/ADP mixtures did not interact with HslV, then this would provide a straightforward
structural basis for the decrease in HslV affinity during ATP turnover. In the related ClpXP
system, contacts between the ATPase and peptidase also appear to change dynamically
throughout the ATPase cycle.38 Moreover, if HslU hexamers are asymmetric during the
ATPase cycle, then interactions with HslV may also be asymmetric. The number or strength
of molecular contacts with HslV could also vary depending on the number of ATPs bound to
an HslU hexamer, explaining the graded activation of HslUV peptidase activity that we
observe.

Several aspects of this system favor assembly of productive HslUV·substrate complexes over
assembly of HslU·substrate complexes and minimize wasteful ATP hydrolysis. First, binding
of HslU to HslV occurs with nanomolar affinity and requires only a single bound ATP. By
contrast, the binding of protein substrates to HslU or HslUV requires several bound ATPs and
typically occurs with micromolar affinity. Thus, if ATP were scarce, intact protease complexes
would assemble, but neither these complexes nor free HslU would bind substrate. Moreover,
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because several bound ATPs are also required to activate ATP hydrolysis, little energy would
be wasted via non-productive hydrolysis under these conditions. At higher ATP concentrations,
both substrate binding and ATP hydrolysis can occur. Because HslUV complexes bind ATP
more tightly than HslU6 alone, however, the intact HslUV protease would out compete free
HslU6 for binding available ATP and substrate. This feature of the system should diminish the
probability of free HslU hexamers binding substrates, unfolding them at a significant cost in
terms of ATP hydrolysis, and translocating them back into solution to refold and/or rebind.
Thus, a simple thermodynamic hierarchy ensures that HslU binds one ATP, then binds HslV,
and then binds additional ATP and protein substrate prior to hydrolysis-driven unfolding and
translocation of the substrate into HslV for degradation.

When ATP is plentiful under normal cellular conditions, HslUV complexes would be stable
and have, on average, three to four bound ATPs. However, species with fewer ATPs would be
populated transiently as a consequence of hydrolysis and ADP/Pi dissociation. Under these
conditions, the need for multiple ATPs for hydrolysis but just one ATP for binding HslV
provides a fail-safe mechanism, which may be especially important for an enzyme that binds
ADP more tightly than ATP. If, for example, just one ATP remained bound to HslUV during
substrate degradation, then hydrolysis/degradation would cease and the complex would remain
intact but catalytically inert until additional ATPs could bind. Both this mechanism and the
fact that ATP-dependent binding of protein substrate increases HslU·HslV affinity would
combine to make degradation highly processive, as is observed.39

Materials and Methods
Buffers and materials

Buffer D contains 20 mM Tris-Cl (pH 7.5), 1 mM EDTA, and 10% (v/v) glycerol. Nickel-
wash buffer contains 50 mM NaHPO4 (pH 8), 300 mM NaCl, and 10 mM imidazole. Nickel-
elution buffer contains 50 mM NaHPO4 (pH 8), 300 mM NaCl, and 250 mM imidazole. PD
buffer contains 25 mM HEPES-KOH (pH 7.6), 5 mM KCl, 5 mM MgCl2, 0.032% (v/v) Igepal
CA-630 (NP-40), and 10% (v/v) glycerol; PDN buffer lacks NP-40 but is otherwise identical.
Lysis buffer contains 50 mM Tris-Cl (pH 7.5), 300 mM NaCl, 1 mM EDTA, and 10% (v/v)
glycerol. Immediately prior to use, charcoal buffer was prepared by adding 4 M NaCl, 50 mM
Tris-Cl (pH 7.5) to 10 g of activated charcoal (Sigma C-2764) to a final volume of 50 mL. The
mixture was shaken for 30 min at room temperature, and the liquid phase was decanted for
use.

Sodium salts of ATP and ADP were purchased from Sigma (St. Louis, Missouri);
concentrations were determined by absorbance at 259 nm using an extinction coefficient of
15400 M−1cm−1. The lithium salt of ATPγS was purchased from Roche Diagnostics
(Indianapolis, Indiana). Triethylammonium salts of mant-ATP, mant-ATPγS, and ADP were
purchased from Jena Biosciences GmbH (Jena, Germany); concentrations were determined by
absorbance at 355 nm using an extinction coefficient of 5,800 M−1cm−1. N6-methyl ATP was
purchased from TriLink BioTechnologies (San Diego, CA); concentration was determined by
absorbance at 265 nm using an extinction coefficient of 15,567 M−1cm−1. Z-Gly-Gly-Leu-
AMC was purchased from Bachem.

Proteins
Arc substrates were gifts from Eyal Gur (MIT) and Randy Burton (MIT). HslV-H6 was purified
as previously described.27 Cells over-expressing H6-HslU were lysed as described,27
substituting nickel-wash buffer and nickel-elution buffer for buffers A and B. Following elution
from Ni2+-NTA resin (Qiagen), fractions containing protein were identified by the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, California), pooled, and loaded onto a
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Sephacryl-300 HR26/60 gel-filtration column (Amersham) equilibrated with buffer D
containing 0.1 M NaCl. Fractions containing HslU were pooled, loaded onto a HR16/10 Q-
Sepharose column equilibrated in buffer D containing 0.1 M NaCl, and eluted with a linear
gradient between buffer D containing 0.1 M NaCl and 1M NaCl. Fractions containing HslU
were pooled, concentrated, exchanged into buffer D containing 0.25 M NaCl by PD-10 column
chromatography (Amersham), and frozen at −80 °C. H6-HslU E257Q was purified like the
wild-type protein with one exception. Following the nickel column, the eluate containing H6-
HslU E257Q was mixed 1:1 with charcoal buffer for 30 min at 4 °C, and then passed through
a 0.2 μm Acrodisc syringe filter (PN4612, Pall Life Sciences, Ann Arbor, Michigan) to remove
charcoal particles before continuing the purification. Protein concentrations were determined
by UV absorbance at 280 nm using extinction coefficients in units of M−1cm−1as follows:
HslU6, HslU E257Q, and HslU lacking 7 residues from its C-terminus, 140,820; HslV12,
129,720; Arc-IA37-st11-titin-ssrA, 15,220.

Assays
Unless noted, all assays were performed at 25 °C in PDN buffer. Isothermal titration
calorimetry was performed and analyzed as described,20 using a Microcal VP-ITC instrument
(Amherst, Massachusetts). All components were degassed, and 159 μM ATP was loaded into
a 300-μL syringe and injected in 15 μl aliquots at 10 min intervals into a 1.4-ml cell containing
E257Q H6-HslU (7 μM hexamer). Binding of E257Q H6-HslU to γ-labeled 32P-ATP (GE
Healthcare) was assayed by nitrocellulose-filter binding as described (Hersch et al, 2005).
Fluorescence was measured using a PTI QM-2000-4SE spectrofluorimeter (Lawrenceville,
New Jersey). Binding of mant nucleotides to HslU was assayed by changes in the fluorescence
center-of-mass (excitation 340 nm; emission 400–500 nm). To assay dissociation kinetics, 2
μM E257Q HslU hexamer was preincubated with 10 μM mant-ATP. At time zero, non-
fluorescent competitor (5 mM ATP or ADP) was added to prevent rebinding of dissociated
mant-ATP and the time course of dissociation was monitored by changes in fluorescence
(excitation 340 nm; emission 445 nm). In some dissociation experiments, HslV (2 μM) or Arc-
IA37-st11-titin-ssrA (10 μM) were also present in the preincubation. For equilibrium-
competition experiments, 3 μM E257Q HslU was added to 100 nM mant-ATP and different
concentrations of unmodified ATP, ATPγS, or ADP were added for 5 min before determining
the degree of competition by the reduction in fluorescence.

Ion-exchange chromatography on a MonoQ PC 1.6/5 column (GE Healthcare) was conducted
using a SMART system (Pharmacia). The column was equilibrated in 50 mM Tris-Cl (pH 7.5),
100 mM NaCl, 5 mM MgCl2, 10% glycerol, and 100 μM ATP. 50 μL of 15 μM HslU (hexamer)
was loaded and eluted using a linear gradient between equilibration buffer and equilibration
buffer with a final concentration of 500 mM NaCl.

ATP hydrolysis was assayed using a coupled system at 25 °C or 37 °C in PD buffer.30 Binding
of fluorescein-labeled gt1 peptide to HslU was assayed by changes in fluorescence anisotropy
(excitation: 467 nm; emission: 520 nm) using motorized Glan Thompson polarizers.27 Data
were collected over 120 s and averaged. When titrating protein against fixed nucleotide,
anisotropy values were corrected for scattering. Cleavage of Z-Gly-Gly-Leu-AMC by HslV in
the presence or absence of HslU was assayed by changes in fluorescence (excitation: 380 nm;
emission: 455 nm) as described.33

Non-linear least-squares fitting of binding and kinetic data was performed using algorithms
implements in KaleidaGraph 3.6.2 (Synergy Software).
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Figure 1.
HslU. (A) Two HslU6 ATPases (blue) can assemble with the HslV12 peptidase (magenta).
(B) HslU hexamers have six potential nucleotide binding sites, located at domain and subunit
interfaces. From 3–6 nucleotides bind HslU6 in different crystal structures. (C) Hydrolysis of
ATP (2.5 mM) was measured at 37 °C in PD buffer in the presence/absence of HslU or E257Q
HslU (0.3 μM hexamer), HslV (0.8 μM dodecamer), and Arc-IA37-st11-titin-ssrA
substrate27 (10 μM). Reactions components were preincubated with 10 μM ATPγS to promote
HslU or HslUV association prior to addition of ATP.
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Figure 2.
Binding stoichiometry. (A) ATP binding to the HslU E257Q mutant was assayed by ITC. 7.5
μL aliquots of ATP (131 μM) were injected into 1.5 mL of a solution of E257Q hexamer (7.2
μM) at 25 °C in PDN buffer. The solid line is a non-linear least squares fit of the data to a
single set of sites model (n = 3.5 ± 0.05, ΔH −4.1 kcal/mol,= KD < 0.5 μM). (B) The HslU
E257Q mutant (50 μL of a 12.5 μM solution of hexamer) was loaded onto a 0.1 mL Sepharose
mono-Q column equilibrated in 50 mM Tris·HCl (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 10%
glycerol, and 100 μM ATP Equilibration buffer was run for 1 mL and then a linear gradient
(2.3 mL total) from equilibration buffer to 50 mM Tris·HCl (pH 7.5), 500 mM NaCl, and 10%
glycerol was run. (C) HslU (1 μM hexamer with or without 1 mM ATPγS) or HslU E257Q
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from the pooled peak-1 or peak-2 samples in panel B were used in assays of HslV cleavage of
Z-Gly-Gly-Leu-AMC or in binding of the fluorescein-labeled gt1 peptide (100 nM).
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Figure 3.
Nitrocellulose filter-binding assays. (A) Binding of increasing E257Q HslU to 0.1 μM 32P-γ-
ATP. The solid line is a fit assuming that four of six subunits in the E257Q HslU hexamer bind
ATP with an equilibrium dissociation constant of 0.27 ± 0.04 μM per site (B) Binding of
increasing 32P-γ-ATP to 0.1 μM E257Q HslU hexamer. The solid line is a fit to a non-
cooperative model assuming four identical ATP binding sites per HslU hexamer with an
equilibrium dissociation constant of 0.21 ± 0.05 μM per site. Fitting of these data to the Hill
equation gave an n-value of 1.1 ± 0.2. Binding assays were performed at room temperature in
PD buffer. Some HslU·nucleotide complexes dissociated during the separation of bound and
free ATP in these experiments, which may lead to an underestimate of affinity.
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Figure 4.
Nucleotide binding, dissociation, and hydrolysis. (A) Equilibrium binding of HslU or E257Q
HslU (EQ) to 100 nM mant-ATP (circles), mant-ATPγS (triangles), or mant-ADP (squares).
The fitted lines are for non-cooperative binding. (B) Dissociation kinetics. Following
preincubation of E257Q HslU (2 μM hexamer) with mant-ATP (10 μM), excess ATP (5 mM)
was added and dissociation was monitored by changes in fluorescence. The fitted line is a
double exponential with time constants of 22 ± 1 s (amplitude 70%) and 193 ± 8 s (amplitude
30%) for the two phases. (C) The rate of ATP hydrolysis by HslU (0.3 μM hexamer) was
measured as a function of ATP concentration in PD buffer at 25 °C. The solid fitted line is a
non-linear least-squares fit to the Hill form of the Michaelis-Menten equation (half-maximal
activity 9 ± 0.6 μM; Hill constant 2.0 ± 0.2. The dashed line shows the best fit to the non-
cooperative Michaelis-Menten equation.
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Figure 5.
HslU binding to FL-gt1, a fluorescent substrate-mimic peptide. (A) Binding of FL-gt1 (100
nM) by wild-type HslU or E257Q HslU in the presence/absence of HslV12. Binding reactions
contained 500 μM ATPγS (HslU) or 500 μM ATP (E257Q HslU) and were performed at 25 °
C in PD buffer. The fitted lines are for non-cooperative binding with Kd’s of 0.76 μM (HslUV),
0.93 μM (HslU), 3.0 μM (E257Q HslUV), and 5.6 μM (E257Q). (B) Binding of E257Q HslU
(1.5 μM hexamer) to FL-gt1 (0.1 μM) as a function of ATPγS concentration (top panel) or N6-
methyl-ATP concentration (bottom panel). The data were fitted to the Hill equation. Half-
maximal binding occurred at 0.8 μM ATPγS (n = 2.3 ± 0.23), 34 μM N6-methyl-ATP without
HslV (n = 1.8 ± 0.15), and 2.3 μM N6-methyl-ATP with 3 μM HslV12 (n = 1.5 ± 0.12).
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Figure 6.
HslU·HslV binding. (A) Binding of HslU (top) or E257Q HslU (bottom) to HslV12 (15 nM)
was assayed by changes in the rate of Z-Gly-Gly-AMC peptide cleavage. Reactions contained
1 mM ATPγS or 1 mM ATP and were performed in PD buffer at 25 °C. Data were fit to a
quadratic form of a hyperbolic binding isotherm. Apparent KD values were 12 ± 2 nM (HslU;
ATPγS), 78 ± 10 nM (HslU; ATP), 19 ± 5 nM (E257Q HslU; ATP) and 21 ± 2 nM (E257Q
HslU; ATPγS). (B) The presence of a protein substrate27 (10 μM Arc-IA37-st11-titin-ssrA)
strengthened binding of HslV to HslU (0.3 μM hexamer), as measured by changes in the rate
of HslU ATP hydrolysis. HslUV·Arc complexes were preassembled by incubating for 5 min
with 10 μM ATPγS at 37 °C. Reactions in PD buffer at 37 °C were initiated by addition of
ATP and a regeneration system. (C) HslU activation of HslV12 (100 nM) cleavage of Z-Gly-
Gly-Leu-AMC (200 μM) was assayed in the presence of 100, 200, 400 or 800 nM ATPγS.
(D) Rates of Z-Gly-Gly-Leu-AMC (200 μM) cleavage were assayed in the presence of 1 μM
HslU hexamer, 100 nM ATPγS, and increasing HslV12. (E) N6-methyl-ATP supports
hyperbolic activation of HslU6 (50 nM) stimulation of HslV12 (200 nM) cleavage of Z-Gly-
Gly-Leu-AMC (200 μM). The solid line is a fit (R = 0.997) to the equation activity = 100/(1+
([0.85 μM][N6-methyl-ATP])).
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