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HslVU is a bacterial ATP-dependent protease distantly re-
lated to eukaryotic proteasomes consisting of hexameric HslU
ATPase and dodecamericHslV protease. As a homolog of the 20
S proteasome �-subunits, HslV also uses the N-terminal threo-
nine as the active site residue. However, unlike the proteasome
that has only 6 active sites among the 14�-subunits, HslV has 12
active sites that could potentially contribute to proteolytic activ-
ity. Here, by using a series of HslV dodecamers containing
different numbers of active sites, we demonstrate that like the
proteasome, HslV with only �6 active sites is sufficient to sup-
port full catalytic activity. However, a further reduction of the
number of active sites leads to a proportional decrease in activ-
ity. Using proteasome inhibitors, we also demonstrate that sub-
strate-mediated stabilization of the HslV-HslU interaction
remains unchanged until the number of the active sites is
decreased to �6 but is gradually compromised upon further
reduction. These results with a mathematical model suggest
HslVU utilizes no more than 6 active sites at any given time,
presumably because of the action of HslU. These results also
suggest that each ATP-bound HslU subunit activates one HslV
subunit and that substrate bound to the HslV active site stimu-
lates the HslU ATPase activity by stabilizing the HslV-HslU
interaction. We propose this mechanism plays an important
role in supporting complete degradationof substrateswhile pre-
venting wasteful ATP hydrolysis in the resting state by control-
ling the interaction between HslV and HslU through the cata-
lytic engagement of the proteolytic active sites.

ATP-dependent proteases are cellular machines that play
essential roles in the controlled turnover of regulatory proteins
and the clearance of damaged proteins. They harness chemical
energy from ATP hydrolysis, converting it into mechanical
force to unfold protein substrates and translocate them into a
proteolytic chamber for degradation. These chambers of ATP-
dependent proteases sequester proteolytic active sites from the
cytosol, thus preventing uncontrolled access of cytosolic pro-
teins to the active sites.

HslVU is one of the two-componentATP-dependent proteases
in bacteria, consisting of HslV protease and HslU ATPase (1–3).
HslV is a homolog of the�-subunit of 20 S proteasome. It forms
a barrel-shaped dodecameric complex by stacking two hexa-
meric rings of identical HslV subunits, and each of the HslV sub-
units contains an N-terminal Thr (Thr1) active site for proteol-
ysis (4–8). The hexameric HslU ATPase, which belongs to the
AAA� family of ATPases, binds to either one or both ends of
HslV dodecamer to form an HslVU complex (9–11). In the
HslVU complex, the central pores of HslU and HslV are
aligned, so that HslU transfers substrate polypeptide chains
through the pores into the inner proteolytic chamber of HslV.
ATP binding and its subsequent hydrolysis by HslU are

essential for unfolding protein substrates. It also plays essential
roles in controlling the proteolytic function of HslV and the
interaction between HslV and HslU (7, 12–15). HslV alone
shows a very weak peptidase activity toward carbobenzoxy-
Gly-Gly-Leu-7-amido-4-methyl coumarin (Z-GGL-AMC),4 a
small fluorogenic peptide substrate, but its activity increases
1–2 orders of magnitude when it binds to HslU in the presence
of ATP (13, 14). Because ATP�S, a nonhydrolyzable ATP ana-
log, stimulates the peptidase activity of HslVU even more dra-
matically, the activation of the HslV active sites by HslU
requires ATP binding to HslU but not its hydrolysis. On the
other hand, degradation of native protein substrates, such as
SulA, strictly depends on ATP hydrolysis by HslU, because
unfolding of proteins is necessary for their movement into and
subsequent degradation in the inner proteolytic chamber of
HslV (16). Chemical cross-linking analyses have shown that
ATP-bound HslU interacts with HslV to form the HslVU com-
plex, but ADP-bound HslU does not, suggesting a dynamic
interaction between HslU and HslV during the ATP hydrolysis
cycle (15). Therefore, an unresolved issue is how the HslVU
complex is maintained during a complete proteolytic cycle of
protein substrates, which would require multiple rounds of
ATP hydrolysis.
Recently, we have shown that proteasome inhibitors, such as

lactacystin or 4-hydroxy-5-iodo-3-nitrophenylacetyl-leucyl-
leucyl-leucyl-vinylsulfone (NLVS) bind to HslV in the presence
of HslU and ATP and that binding of these inhibitors to the
Thr1 residues dramatically increases the interaction between
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HslV and HslU (17). Significantly, the stability of inhibitor-
bound HslVU complexes is no longer influenced by the pres-
ence or absence of ATP. Assuming that the inhibitors mimic
the binding of a substrate to the active site, these findings pro-
vide a mechanism for the maintenance of stable HslVU com-
plexes when HslVU is engaged in substrate degradation. In
addition, deletion of the Thr1 residues (T1�) also causes a dra-
matic increase in the HslV-HslU interaction even in the
absence of ATP (17). Thus, it is clear that the Thr1 active sites
are involved in the tight interaction of HslV with HslU, in addi-
tion to the catalytic role in peptide bond cleavage.
Although ATP-dependent protease machines typically con-

tain multiple proteolytic active sites in their proteolytic cham-
ber, little is known about how their active sites are coordinated
and utilized during proteolysis. 20 S proteasomes from archaea
and some bacteria generally have 14 active sites from two
stacked heptameric rings of �-subunits. In contrast, eukaryotic
20 S proteasomes contain only 6 catalytically active subunits
among the 14 �-subunits (18–20). Although HslV has 12 iden-
tical active sites, it is not clear whether all of 12 active sites are
necessary for efficient substrate degradation or only some of
them are sufficient. Previously, we were able to produce mixed
HslV dodecamers containing bothmutant (T1�) and wild-type
subunits within the same complex in different ratios, and these
dodecamers provided us a hint that only half of the HslV active
sites might be sufficient for the full proteolytic activity (17).
However, the evidence remains inconclusive because the T1�
mutant subunit causes an unexpected, dramatic increase in the
affinity between HslV and HslU, which could compensate for
the loss of catalytic activity.
In the present study, we demonstrate that among the 12 Thr1

residues in HslV, only �6 of them participate in the hydrolysis
of substrates as well as in the stable interaction between HslV
and HslU. This conclusion is based on our findings that in the
presence of HslU and ATP, increasing the inactive T1A sub-
units up to �6 in a dodecamer causes little or no effect on the
proteolytic activity of HslV toward all tested substrates and on
proteasome inhibitor-mediated stabilization of the HslV-HslU
interaction.However, a further increase gradually decreases the
proteolytic activity and impairs the stable HslV-HslU interac-
tion as well. This partial utilization of the active sites seems
linked to the function of HslU; when a synthetic C-terminal
peptide of HslU was used as an allosteric activator of HslV in
place of the full-length HslU, the proteolytic activity of HslV
declined linearly as the number of the T1A subunits was
increased. Our data also suggest that each ATP-bound HslU
subunit conformationally communicates with one HslV sub-
unit, and catalytic engagement of theHslV active sites stabilizes
the HslV-HslU interaction to support efficient degradation of
substrates.

EXPERIMENTAL PROCEDURES

Materials—The enzymes necessary for DNA cloning were
purchased from New England Biolabs, Stratagene, and Takara.
Z-GGL-AMC was purchased from Bachem. Lactacystin and
NLVS were obtained fromCayman Chemical and Calbiochem,
respectively. Other reagents were purchased from Sigma, un-
less otherwise indicated.

Vectors for production of mixed dodecamers consisting of
HslV and T1A subunits were constructed, as described previ-
ously, by sequential insertions of hslV genes (restriction frag-
ments of pV-1 or pVH-1) into the poly linker site of pBR-PL (see
Fig. 2). Thr1-to-Ala mutation in the vectors was generated by
site-directed mutagenesis (QuikChange; Stratagene). All of the
mutations were confirmed by DNA sequencing.
Protein Expression and Purification—To expressHslVmixed

dodecamers, BW25113 �hslVU::kan cells (17) harboring ap-
propriate vectors were grown overnight at 37 °C in Luria broth
supplemented with ampicillin. The proteins were purified by
using Ni2�-nitrillotriacetic acid (NTA)-agarose columns as
described (17). Purified proteins were dialyzed against 20 mM

Tris-HCl buffer (pH 7.8) containing 100 mM NaCl, 0.5 mM

EDTA, 1 mM dithiothreitol, and 10% glycerol and stored at
�70 °C for further use. HslU, HslV, and maltose-binding pro-
tein-fused SulA were purified as described (3, 14). Protein con-
centration was measured by the Bradford method using bovine
serum albumin as a standard.
NTA Pull-down Analysis—Reaction mixtures (0.5 ml) that

have HslU (150 nM) and HslV-His (75 nM) in 50 mM HEPES
buffer (pH 8) containing 150 mM NaCl, 5% glycerol, and 0.04%
Triton X-100 were incubated at 4 °C for 1 h in the presence of 5
mMMgCl2 and 2mMATP. After incubation, themixtures were
added with 10 �l of 1 M imidazole and 20 �l of NTA resins and
rocked at 4 °C for 1 h. The resins were washed four times with
0.5 ml of 50mMHEPES buffer (pH 8) containing 300mMNaCl,
5 mM MgCl2, 60 mM imidazole, 5% glycerol, 0.04% Triton
X-100, and 2 mM ATP. Proteins bound to NTA resins were
eluted by SDS sampling buffer, subjected to SDS-PAGE, and
stained with Coomassie Blue R-250.
Assays—ATP hydrolysis was measured by using an en-

zyme-coupled assay (21). HslU (0.2 �M) and HslV (0.2 �M) in
100 mM Tris-HCl buffer (pH 8) containing 150 mM NaCl, 2
mM KCl, 5 mM MgCl2, and 0.5 mM EDTA were incubated at
37 °C with 2 mM ATP, 3 mM phosphoenolpyruvate, 0.5 mM

NADH, 20 units/ml of pyruvate kinase, and 20 units/ml of
lactic dehydrogenase. Absorbance at 340 nm was continu-
ously recorded using a spectrophotometer (Ultrospec2000;
GE Healthcare) equipped with a temperature controller. The
rate of ATP hydrolysis was calculated from a slope within a
linear range, based on the extinction coefficient of NADH
(�340 nm � 6.22 � 103).
Peptide hydrolysis was assayed by incubation ofHslU (10 nM)

andHslV (5 nM)with 0.1mMZ-GGL-AMC in 100mMTris-HCl
buffer (pH 8) containing 5mMMgCl2, 0.5mM EDTA, and 2mM

ATP at 37 °C. Fluorescence (�ex � 355 nm, �em � 460 nm) of
released AMC was continuously measured with a fluorometer
(FluoStar; BMG) equipped with a temperature controller. The
rate of peptide hydrolysis was then calculated from the slope
within a linear range.
The degradation of�-casein andArc proteins was assayed by

incubation of HslU (0.4 �M) and HslV (0.4 �M) at 37 °C for
appropriate periods with 100 mM Tris-HCl buffer (pH 8) con-
taining 5 mM MgCl2, 2 mM ATP, 20 mM phosphocreatine, and
10 units/ml of creatine kinase. For assaying the degradation of
SulA, maltose-binding protein-fused SulA (2 �M) was incu-
bated with 10 units/ml of Factor Xa, HslU (0.4 �M), 2 mM ATP,
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20 mM phosphocreatine, and 10 units/ml of creatine kinase for
30 min at 37 °C and then with HslV (0.4 �M) for the next 1 h.
The reactions were stopped by treatment with SDS sampling
buffer. The samples were then subjected to SDS-PAGE fol-
lowed by staining with Coomassie Blue R-250. For assaying the
hydrolysis of Arc proteins, SDS-PAGE was performed using
Tris-Tricine buffer and discontinuous 4, 10, and 16% slab gels
to improve the resolution (22). For others, SDS-PAGEwas rou-
tinely performed using 12% gels (23).

RESULTS

Effect of Thr1-to-Ala Mutation in HslV on Peptide and ATP
Hydrolysis—To investigate the effects of gradual inactivation of
the 12 Thr1 active sites in an HslV dodecamer on peptide and
ATP hydrolysis by HslVU, we first generated a catalytically
inactivemutant ofHslV (T1A) inwhichThr1 is replaced byAla.
We chose to mutate Thr1 to alanine because this amino acid is
the structurally closest to threonine but lacks the catalytically
essential hydroxyl group. To facilitate the purification of T1A
as well as wild-type HslV (shortly, HslV), a poly histidine tag
(His6) was attached to the C terminus, and the resulting pro-
teins are referred to as T1A-His and HslV-His, respectively.
HslV proteins (HslV, T1A, HslV-His, and T1A-His) were then
purified to apparent homogeneity (Fig. 1A). In accord with our
previous report (17), both HslV and HslV-His cleaved the
Z-GGL-AMC at a similar rate in the presence of HslU andATP

(Fig. 1B, left panel). In addition, HslV-His could also degrade
various protein substrates, such as �-casein, Arc repressor, and
SulA, as well as HslV (data not shown), indicating that the
C-terminal His tag does not interfere with the activity of HslV.
On the other hand, as expected, neither T1A nor T1A-His was
able to hydrolyze Z-GGL-AMC. However, both T1A and T1A-
His could stimulate the basal ATPase activity of HslU to a sim-
ilar extent as HslV (Fig. 1B, right panel). These results suggest
that the T1Amutationmimics a proteolytically inactive state of
HslV without perturbing intrinsic interactions between HslU
and HslV.
Generation of Mixed Dodecamers Having Varied Numbers of

T1A and HslV Subunits—We have recently developed a proto-
col that can produce mixed dodecamers having different num-
bers of T1� subunits in place ofHslV subunits (17). By using the
same approach, we generated mixed dodecamers consisting of
increasing numbers of T1A subunits in place of HslV subunits
(Fig. 2A). Briefly, this protocol utilizes the fact that the effi-
ciency of translation initiation in Escherichia coli varies
depending on the start codon of the gene, and the order of
efficiency is ATG � GTG � TTG (24, 25). We constructed a
series of vectors having multiple hslV and/or t1A genes with
different combinations of the start codons to control the rela-
tive expression level of each subunit (Fig. 2, B and C). These
constructs enable the co-expression of HslV and T1A subunits
and their co-assembly into a dodecamer in vivo in a random
configuration. We expressed these constructs in �hslVU::kan
cells and purified mixed dodecamers. The average molar ratios
between T1A-His and HslV subunits in purified dodecamers
could be determined by densitometry on Coomassie-stained
gels, because their motilities differ on SDS-PAGE. By this
approach, we obtained six different mixed dodecamers con-
taining increasing numbers (i.e. from�2 to 10) of T1A subunits
(Fig. 2D).
Effects of Increasing the Numbers of T1A Subunits in an HslV

Dodecamer on Peptide Hydrolysis—To determine the effect of
gradual replacement of HslV subunits by T1A subunits in an
HslV dodecamer on peptide hydrolysis, each of the purified
mixed dodecamers were incubated with Z-GGL-AMC in the
presence of HslU and ATP. Peptide hydrolysis by mixed
dodecamers increased linearly with the time, similar to that by
HslV dodecamers (Fig. 3A). Remarkably, the rate of peptide
hydrolysis by the mixed dodecamers having up to on average
�6 inactive T1A subunits (indicated by trace a–c) was nearly
identical to that byHslV dodecamers (W12). However, a further
increase in the number of T1A-His subunits led to a propor-
tional decrease in the rate of peptide hydrolysis, as revealed by
plotting the observed rates of peptide hydrolysis against the
average number of HslV subunits per dodecamer (Fig. 3B).
These results suggest that approximately half of the 12 Thr1
active sites of HslV are sufficient for exhibiting its full peptidase
activity, but a further reduction in the number of Thr1 residues
leads to a decrease in peptide hydrolysis, presumably because of
a lack of the active sites.
Recently, we have shown the deletion of Thr1 caused a dra-

matic increase in affinity between HslV and HslU (17). Addi-
tionally, increasing the number of T1� subunits in a dodecamer
led to a proportional increase in the affinity between HslV and

FIGURE 1. Effect of Thr1-to-Ala mutation in HslV on peptide and ATP hy-
drolysis. A, purified HslV, T1A, and their His6-tagged proteins and HslU were
subjected to SDS-PAGE on 12% slab gels followed by staining with Coomassie
Blue R-250. Each lane contained 2 �g of protein. The lane m indicates size
markers. B, peptide hydrolysis was assayed by the incubation of HslU (10 nM),
0.1 mM Z-GGL-AMC, and 2 mM ATP with 5 nM HslV (F), HslV-His (E), T1A (Œ), or
T1A-His (‚) for various periods. The peptidase activity seen with HslV by incu-
bation for 5 min was expressed as 1.0, and the others were as its relative
values (left panel). ATP hydrolysis was assayed by incubating HslU (0.2 �M) and
increasing amounts of HslV (F), HslV-His (E), T1A (Œ), and T1A-His (‚) pro-
teins for 10 min. The ATPase activity seen with HslU alone was expressed as
1.0, and the others were expressed as its relative values (right panel).
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HslU and to the activation of theHslUATPase.Although a pure
T1A dodecamer could stimulate the HslU ATPase activity to
the same extent as a wild-type HslV dodecamer (Fig. 1B), we
examined whether increasing the number of T1A subunits in a
dodecamer might influence the ability of the remaining HslV
subunits to stimulate the HslU ATPase activity. Each of the
mixed dodecamers stimulated the ATPase activity of HslU

almost to the same extent seen with the wild-type HslV
dodecamer, regardless of the number of T1A subunits (Fig. 3C),
suggesting that T1A subunits in mixed dodecamers interact
with HslU as well as wild-type HslV subunits. To confirm this
finding, each of mixed dodecamers was incubated with HslU
followed by NTA pull-down analysis. The amounts of HslU
co-precipitated withmixed dodecamers were the same, regard-
less of the number of T1A-His subunits in a dodecamer (Fig.
3D). These results indicate that the observed effect on peptide
hydrolysis caused by increasing the number of T1A subunits in
a dodecamer is not due to the influence of T1A subunits on the
intrinsic affinity between HslV and HslU.
Effects of Increasing Numbers of T1A Subunits in an HslV

Dodecamer on Protein Degradation—We next examined the
effect of increasing the numbers of T1A subunits in a do-
decamer on protein breakdown by using two different types of
substrates: SulA and Arc as a model for folded proteins and
�-casein and Arc/I37A as a model for unfolded protein (26).
SulA is a bacterial cell division inhibitor protein (27, 28), and
Arc is a bacteriophage P22 protein that functions as a transcrip-
tional repressor (29). Arc normally folds as a dimer, but the
I37Amutation (Arc/I37A) causes it to behave as amolten glob-
ule by disrupting the dimerization (30, 31). Both SulA and Arc
require an energy-dependent unfolding step for their translo-
cation into and subsequent degradation in the inner chamber of
HslV (30). On the other hand, hydrolysis of �-casein and Arc/
I37A by HslVU does not strictly depend on ATP hydrolysis;
these substrates can be degraded in the presence of ATP�S, a
nonhydrolyzable ATP analog, although less efficiently than
with ATP (Table 1).
As shown in Fig. 4, similar to peptide hydrolysis, the activity

of mixed dodecamers having up to �6 inactive T1A-His sub-
units (indicated by lanes a–c) were nearly the same as that of an
HslV dodecamers (W12) toward all of the tested protein sub-
strates. Upon a further increase in the number of T1A-His sub-
units (lanes d–f), the activity decreased linearly. These results
suggest that approximately half of the 12 active sites are suffi-
cient for the full proteolytic activity regardless of the substrate
(i.e. peptides, unfolded polypeptides, or native folded proteins).
A possible explanation for these observations would be that
HslVU utilizes a maximum of �6 active sites at any given time.
Effects of Increasing the Numbers of T1A Subunits on the

Inhibitor-mediated Increase in the Interaction of HslV with
HslU—We have recently shown that in the presence of ATP,
proteasome inhibitors, such as lactacystin andNLVS,markedly
increase the interaction between HslV and HslU and cause the
activation of the HslU ATPase (17). Considering that the bind-
ing of the inhibitors (particularly of peptide inhibitors) to the
Thr1 active sites likely mimics the substrate-bound state of
HslV, we have suggested that substrate binding stabilizes the
HslVU complex and that this stabilization might be required
for substrate unfolding byHslU and translocation into the inner
chamber of HslV (17).
Because T1A does not have the catalytic hydroxyl group that

is required for inhibitors to form a covalent bond to HslV, it is
unlikely that the inhibitors bind stably to the active sites of T1A.
However, we cannot exclude the possibility that the inhibitors
still bind noncovalently to the active sites of T1A subunits and

FIGURE 2. Generation of mixed dodecamers having varied numbers of
HslV and T1A subunits. A, schematic diagram shows mixed dodecamers
consisting of increasing numbers of wild-type HslV (W) and mutant T1A sub-
units (M). B, each of the hslV gene segments contains its original promoter and
Shine-Dalgano (SD) sequence. Underlining indicates the nucleotides mutated
from the original sequences to generate different start codons and T1A.
C, vector constructs (lines a–f) used for in vivo generation of mixed dodecam-
ers are listed. The start codons used in the constructs were GTG in hslV, ATG in
hslV*, TTG in hslV**, GTG in t1A, and ATG in t1A*. D, 2 �g each of purified HslV
(W12), T1A (M12), and mixed dodecamers (lines a–f) was subjected to SDS-
PAGE followed by staining with Coomassie Blue R-250. The intensity of each
band was scanned by using a densitometer for the estimation of the number
of HslV subunits (indicated by numerals below the gel panel) in each
dodecamer. Lane m indicates size markers.
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thereby affect the interaction between HslV and HslU. To
address this possibility, we first examined whether lactacystin
and NLVS influence the ability of T1A dodecamer to stimulate
the ATPase activity of HslU. As previously reported (17), treat-
ment with lactacystin or NLVS led to a dramatic increase in
HslV-stimulated ATPase activity of HslU (Fig. 5A). In contrast
to HslV, the proteasome inhibitors caused little or no effect on
the T1A-stimulated ATPase activity of HslU. It also had no
effect on the ATPase activity of HslU itself. These results sug-
gest that the inhibitors cannot induce the formation of a stable
complex between T1A and HslU, most likely because of the
inability of T1A to bind the inhibitors.
Next, we extended the ATPase assays to a series of mixed

dodecamers. Strikingly, lactacystin- or NLVS-mediated increase
in theATPase activity of HslU remained unaltered until the num-
ber of T1A subunits was increased to on average �6/dodecamer
and sharply declined upon further increase (Fig. 5B). We also
tested the effects of the inhibitors on the interaction between

HslU and mixed dodecamers by
NTA pull-down experiments. Simi-
larly to the ATPase assay results,
treatment with either of the inhibi-
tors led to a dramatic increase in the
amount of HslU co-precipitated
with HslV-His, and this increase
remained unchangeduntil the num-
ber of inactive T1A-His subunits
reached on average �6/dodecamer
(Fig. 5, C and D, points a–c). A fur-
ther increase in the number of T1A-
His subunits (points d–f) led to a
sharp decrease in the amounts of
co-precipitated HslU, finally reach-
ing the level seen with HslV or T1A
dodecamers in the absence of inhib-
itor. These results indicate that the
ability of inhibitor-bound HslV to
form a stable complex with HslU is
highly correlated with its ability to
activate HslU ATPase and that
approximately half of the 12 active
sites of HslV are sufficient for
maintaining a stable HslVU com-
plex when they are occupied by
inhibitors.

Effects of Increasing the Numbers of T1A Subunits on Peptide
and Protein Degradation by C10-peptide-activated HslV—Of
interest are the findings that virtually the samenumber of active
sites (i.e. �6) are necessary and sufficient for the full activity of
HslVU in several different assays. These results indicate that
whenHslVU is hydrolyzing substrates, amaximumof�6 active
sites in a dodecamer are catalytically active at any given
moment. This limited utilization of the active sites might be
attributed to a possible intrinsic property of HslV. However,
considering thatHslUdramatically affects the proteolytic activ-
ity of HslV in a nucleotide-dependent manner, it is more likely
that the limitation originates fromHslU rather thanHslV itself.
To uncouple the activity of HslV from the allosteric control

byHslU,we took advantage of a syntheticC-terminal peptide of
HslU (termed C10-peptide). The C10-peptide alone can acti-
vate the HslV active sites to some extent by binding to the
HslV-HslV subunit interfaces, and this allows HslV to hydro-
lyze peptides and unfolded proteins in the absence of HslU and
ATP (32, 33). Therefore, if HslU limits the number of the HslV
active sites on their simultaneous utilization, using the C10-
peptide instead of HslUmay allow unrestricted utilization of all
of the available active sites regardless of their number in a
dodecamer. To test this possibility, we first compared the activ-
ities of mixed dodecamers against Z-GGL-AMC in the pres-
ence of C10-peptide with those with HslU. In contrast to the
activity pattern seen with HslU, the rates of peptide hydrolysis
continuously decreased as the number of T1A subunits
increased (Fig. 6A). Hydrolysis of �-casein or monomeric Arc/
I37A in the presence of the C10-peptide also showed a contin-
ued decrease as the number of T1A subunits increased (Fig. 6,B
and C), in contrast to those seen with HslU (Fig. 4). These

FIGURE 3. Effects of the increasing numbers of T1A subunits in an HslV dodecamer on peptide hydrolysis.
A, 5 nM each of HslV (W12), T1A (M12), and mixed dodecamers (lines a-f) was incubated with HslU (10 nM) in the
presence of 2 mM ATP and 0.1 mM Z-GGL-AMC at 37 °C for various periods. The peptidase activity seen with HslV
dodecamer (W12) by 8 min of incubation was expressed as 1.0, and the others were as its relative values. B, the
observed rates of peptide hydrolysis in A were plotted against the numbers of HslV subunits in a dodecamer.
C, ATP hydrolysis was assayed by incubation of HslU (0.2 �M) with 0.2 �M each of HslV, T1A, and mixed
dodecamers. The ATPase activity seen with HslV dodecamer (W12) was expressed as 1.0, and the others were
expressed as its relative values. D, 75 nM each of HslV, T1A-His, and mixed dodecamers was incubated with HslU
(150 nM), 5 mM MgCl2, and 2 mM ATP at 4 °C for 1 h. The samples were then subjected to NTA pull-down analysis
as described under “Experimental Procedures.” For the control experiment (lane C), the incubation and pull-
down analysis were performed in the absence of HslV.

TABLE 1
Hydrolysis of protein substrates by HslVU in the presence of ATP or
ATP� S
HslV (0.4 �M) andHslU (0.4 �M) were incubated with �-casein, Arc, or monomeric
Arc/I37A in the presence of 2 mM ATP or 0.5 mM ATP� S at 37 °C for 60, 10, and 5
min, respectively. The sampleswere then subjected to SDS-PAGE followed by stain-
ing with Coomassie Blue R-250. The extents of protein degradation were then
determined by scanning the gel bands using a densitometer. Similar data were
obtained by three independent experiments.

Proteins (concentrations)
Degradation

ATP ATP� S

%
�-Casein (5 �M) 68.8 35.0
Arc (10 �M) 23.9 0.1
Arc/I37A (10 �M) 72.6 23.7
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results suggest that in the absence of HslU, all 12 active sites
may participate in the peptide bond cleavage. Thus, it appears
that in the HslVU complex, HslU somehow restricts the full
utilization of 12 active sites.
Mathematical Models for Stochastically Assembled HslV

Dodecamers—Our results of mixed dodecamers strongly sug-
gest that HslVU utilizes only some of its proteolytic active sites
at any given moment. Because the activity of HslVU decreases
only when the number of the active sites is reduced to less than
on average �6, simultaneous use of the active sites might be
limited to �6/HslVU complex. However, the stochastic nature
of mixed dodecamers used in this study does not allow us to
make a simple conclusion. For example, purified HslV proteins
containing on average 6 wild-type HslV subunits/dodecamer
should also include some other complexes with different num-
bers of HslV subunits. In addition, the distribution of HslV
subunits andT1A subunits in two hexameric rings of dodecam-
ers is not always uniform; in an extreme case, some dodecamers
may contain all 6 HslV subunits in the first ring and all 6 T1A
subunits in the second ring. These dodecamers would contrib-
ute differently to the overall proteolytic activity of a mixed
population.
In an effort to address this issue, we designed a mathemat-

ical model (see supplemental material, Model A), by which
we can predict the proteolytic activity of stochastically
assembled dodecamers, and compared it with our experi-
mental data. For the sake of simplicity, we initially assumed

that there is no catalytic cooperativity either among HslV
subunits in the hexamer or between two HslV hexamers. We
also assumed that two HslV hexamers in the dodecamer con-
tribute equally and independently to the proteolytic activity,
which is in fact not necessarily the case (see “Discussion”).
Using this model, we derived a set of curves presenting the
average number of wild-type subunits/dodecamer versus
predicted proteolytic activity (Fig. 7). Each curve represents
each of the individual cases where we assume that the simul-
taneous utilization of the active site is limited to certain
numbers. The comparison between these curves and the
experimental data indicates that the data fit well with the
model, which assumes a hexameric ring of HslV uses maxi-
mally �3 active sites (�6/dodecamer) at any given time.
Despite a decent fit between the model and the data, we

cannot completely exclude other possible scenarios because
of simplifications we used for the mathematical model. A
major concern might be potential cooperativity among HslV
subunits (in addition to thatwithHslU subunits) in a hexameric
ring and/or between two hexameric rings ofHslV. For example,
one might consider that an HslV hexameric ring would not

FIGURE 4. Effects of increasing numbers of T1A subunits in an HslV
dodecamer on protein degradation. A, �-casein (5 �M) was incubated with
HslU (0.4 �M), 2 mM ATP, 20 mM phosphocreatine, 10 units/ml of creatine
kinase, and 5 mM MgCl2 in the absence (C) and presence of 0.4 �M each of HslV
(W12), T1A (M12), or mixed dodecamers (lanes a–f) at 37 °C for 1 h. The samples
were then subjected to SDS-PAGE followed by staining with Coomassie Blue
R-250 (upper panel). Extents of casein degradation, which were determined
by scanning the gel bands using a densitometer, were plotted against the
numbers of HslV subunits in a dodecamer (lower panel). B and C, experiments
were performed as in A, but by incubation with monomeric Arc/I37A (indi-
cated by mArc) or wild-type Arc (10 �M) for 15 min, respectively. D, maltose-
binding protein-fused SulA (2 �M) was incubated with 10 units/ml of FXa,
HslU (0.4 �M), 2 mM ATP, 20 mM phosphocreatine, and 10 units/ml of creatine
kinase for 30 min at 37 °C. The samples were then further incubated with HslV
(0.4 �M) for the next 1 h for assaying the degradation SulA.

FIGURE 5. Effects of increasing numbers of T1A subunits on proteasome
inhibitor-mediated increase in the interaction between HslV and HslU.
A, HslU (0.2 �M) was incubated for 30 min at 37 °C with HslV or T1A dodecam-
ers (0.2 �M) in the absence and presence of 20 �M lactacystin or 20 �M NLVS.
The ATPase activity of HslU seen with HslV dodecamer was expressed as 1.0,
and the others were expressed as its relative values. B, 0.2 �M each of HslV,
T1A, and mixed dodecamers was incubated with HslU (0.2 �M) and 2 mM ATP
in the presence of 20 �M lactacystin and 20 �M NLVS for 30 min at 37 °C. The
ATPase activity of HslU seen by incubation with HslV in the presence of lacta-
cystin (E) or NLVS (F) was expressed as 100%, and the others were expressed
as its relative values. C, 75 nM each of HslV (W12), T1A (M12), and mixed
dodecamers (a–f) was incubated with HslU (150 nM) and 2 mM ATP in the
presence of 20 �M lactacystin (upper panel) and 20 �M NLVS (lower panel) at
4 °C for 1 h. The sample mixtures were then subjected to NTA pull-down
analysis. D, the intensities of the HslU bands in C were determined by using a
densitometer and plotted against the numbers of HslV subunits in a
dodecamer. The intensity of the HslU band seen by incubation of HslV
dodecamer (W12) with lactacystin (E) or NLVS (F) was expressed as 100%, and
the others were expressed as its relative values.
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display any proteolytic activity if the number of wild-type sub-
units in a ring is less than a certain number (possibly because of
catalytic cooperativity among subunits in a hexameric ring). In
another case, HslV dodecamersmight exhibit the same proteo-
lytic activity as long as they contain a same number of active
sites; this would be true, although unlikely (see “Discussion”), if
the binding of an HslU hexamer can activate both rings in an
HslV dodecamer. To address this issue, we also included the
all-or-none-fashion cooperativities in the mathematical model
(see supplemental material, models B and C). Although we
found these cooperativities affect the model curves to some
extents, our experimental data still fit well with the model if
assumed utilization of active sites is limited to either 2/hexamer
(supplemental Fig. S1A) or �6/dodecamer (supplemental Fig.
S1B). Thus, taken together, we conclude that HslVU utilizes no
more than 6 active sites at any given time. Although further
studies are necessary to verify such allosteric cooperativities,

the true nature of HslVU might
include some intermediate cooper-
ativity among subunits.

DISCUSSION

In the present study, we demon-
strated that in the presence of HslU
and ATP, �6 of 12 active sites
of HslV are sufficient for its full pro-
teolytic activity. This finding was
obtained by using mixed HslV
dodecamers that have an increasing
number of inactive T1A subunits in
place of wild-type HslV subunits.
The proteolytic activity of mixed
dodecamers with up to on average 6
T1A subunitswas nearly identical to
that of a wild-typeHslV dodecamer,
regardless of the substrate tested
(i.e.Z-GGL-AMCpeptide, unfolded

proteins (�-casein and monomeric Arc/I37A), or folded pro-
teins (Arc and SulA). Upon a further increase in the number of
T1A subunits, the activity toward all tested substrates
decreased linearly. Moreover, the same number of active sites
was required in different assay conditions; the number was not
affected by varying the substrate concentrations or the molar
ratio of HslU to HslV, although these concentrations altered
overall proteolytic rates (supplemental Fig. S2). Thus, it is
unlikely that constant proteolytic activity observed for do-
decamers with more than 6 active sites is caused by diffusion
limitation of substrates into the HslV proteolytic chamber.
Therefore, the phenomenon would be explained if approxi-
mately half of the 12 active sites are able to participate in sub-
strate hydrolysis at the same time, whereas the other half
remains catalytically dormant.
To verify this idea, we devised mathematical models with

different assumptions. Indeed, the models well agree with the
data if we assume only�6 of the 12 active sites of HslV (or up to
3/hexameric ring) are sufficient for exerting its full catalytic
activity. Thus, our results strongly support the partial utiliza-
tion of the HslV active sites. Because of the limited effects of
tested cooperativities on the model, however, the data did not
allow us to draw a definitive conclusion on whether this num-
ber is determined by the number of active sites (up to 3) per
hexameric ring or the total number (�6) of active sites in a
dodecamer. The latter case would be more relevant if an HslU
hexamer can activate the proteolytic activity of the distal ring of
HslV aswell as the proximal ring in an asymmetricHslVU com-
plex (U6V6V6). However, we disfavor this scenario, because the
activation of an HslV subunit probably requires direct binding
of the C-terminal tail of an adjacent HslU subunit and because
hexamericHslU and dodecamericHslV require amolar ratio of
approximately 2:1 for optimal activity (14). More importantly,
the cooperative interaction between two HslV rings is also
argued against by the finding that in a crystal structure of an
asymmetric U6V6V6 complex, only the HslU-complexed HslV
ring reacts with NLVS inhibitors, whereas the uncomplexed
distal ring does not (14). Therefore, it seems more proper to

FIGURE 6. Effects of increasing numbers of T1A subunits on peptide and �-casein degradation by C10-
peptide-activated HslV. A, 5 nM each of HslV (W12), T1A (M12), and mixed dodecamers (points a–f) was incu-
bated with 30 �M C10-peptide (F) or 10 nM HslU (E) for 10 min at 37 °C and then with 0.1 mM Z-GGL-AMC for the
next 10 min. The peptidase activity seen with HslV dodecamer (W12) was expressed as 1.0, and the others were
expressed as its relative values. B, 0.4 �M each of HslV, T1A, and mixed dodecamers was incubated with 30 �M

C10-peptide for 10 min at 37 °C and then with 5 �M �-casein for the next 1 (E) and 3 h (F). After incubation, the
samples were subjected to SDS-PAGE followed by staining with Coomassie Blue R-250 (upper panels). The
extents of casein degradation, which were determined by scanning the gel bands using a densitometer, were
then plotted against the numbers of HslV subunits in a dodecamer (lower panel). C, experiments were carried
out as in B, but by incubation of monomeric Arc/I37A (10 �M) for 1 (E) and 2 h (F).

FIGURE 7. Comparison of the proteolytic activities predicted by a mathe-
matical model with the experimental data. A mathematical model was
devised to predict the proteolytic activity of stochastically assembled HslV
dodecamers (see supplemental materials for details) and compared with the
experimental data. In the model, cooperativity among HslV subunits was
ignored. The letter N indicates the number of active sites/hexameric HslV ring
assumed to be required for the full proteolytic activity of the ring.
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conclude that an HslV hexamer is limited to use a maximum of
3 active sites at any given time.
The partial utilization of the active sites appears to be asso-

ciated with the function of HslU. When the C10-peptide
instead of HslU was used as an allosteric activator to mixed
dodecamers, we observed that both the peptidolytic and pro-
teolytic activities declined linearly as the number of T1A sub-
units increases throughout the entire range of T1A-to-wild-
type HslV subunit ratios. This finding indicates that all existing
Thr1 sites in a dodecamer equally participate in substrate bind-
ing and hydrolysis when they are bound to the C10-peptides
(33). On the other hand, when an HslU hexamer docks to a
hexameric ring of HslV, HslU may not simultaneously activate
all 6 of the Thr1 sites of the neighboring ring of HslV, possibly
because of restrictions in conformational motions.
Considering the tight linkage between the nucleotide-bind-

ing states of HslU and the proteolytic activity of HslV, the
restricted utilization of the HslV active sites is likely associated
with the way HslU binds and hydrolyzes ATP. The peptidase
activity of HslV, which is very weak by itself, is dramatically
stimulated by HslU, and this stimulation strictly requires the
presence of ATP or ATP�S. Because ADP does not allow HslU
to stimulate the peptidase activity of HslV at all, only the ATP-
bound HslU appears capable of exerting allosteric activation of
HslV. In addition, as shown by x-ray crystal structures of
HslVU, the binding of ATP to HslU is conformationally linked
with the insertion of its C-terminal tails into the HslV-HslV
subunit interfaces (7, 34). Therefore, utilization of the HslV
active sites might depend on how many ATP molecules in an
HslU hexamer bind at any given moment. By using a mutant
defective in ATP hydrolysis, both HslU and ClpX (a similar
ATPase in the ClpXP protease complex) have been shown to
bind a maximum of three or four molecules of ATP/hexamer
(35). In case of the ClpX hexamer, individual ClpX subunits
have also been shown to function in a random and independent
manner, arguing against sequential and concerted ATP hydro-
lysis models for this enzyme (35, 36). Considering the close
architectural similarities between HslU and ClpX, it is likely
that the HslU ATPase operates in a similar manner. Therefore,
our observations on the partial utilization of the active sites
during proteolysis may be explained by the fact that an HslU
hexamer binds only�3ATPmolecules at a time, assuming that
ATP binding to an HslU subunit is allosterically linked to the
proteolytic activation of one contacting the HslV subunit. This
notion is further supported by the report that binding ofATP to
HslU is noncooperative (37). A little discrepancy in the num-
bers could be due to the fact that in our system we used wild-
type HslU, which continuously hydrolyzes ATP.
We have typically viewed the allosteric interactions between

HslU and HslV as a conformational communication from the
ATP-bound state of HslU to the active sites in HslV. However,
it is also possible that the effects occur in the opposite direction;
the catalytic states of the HslV active sites may affect the ATP
binding and/or ATP cleaving activity of HslU and the interac-
tion between HslV and HslU. Because structured protein sub-
strates need to be unfolded and threaded into the inner cham-
ber of HslV prior to their complete hydrolysis, themaintenance
of a stable HslVU complex is critically required to prevent dis-

engagement of partially degraded proteins during the proteo-
lytic processes. We proposed this model based on our recent
observations that covalent modification of the Thr1 residues in
HslV by proteasome inhibitors markedly stabilizes the HslVU
complex, which otherwise might be highly transient (17). Fur-
thermore, in the presence of the inhibitors, we also observed a
dramatic increase in the ATPase activity of HslU, which would
facilitate the substrate unfolding. These findings suggest that
the inhibitor-bound state of the active site, which likely mimics
the acyl-intermediate state during proteolysis, enhances the
association ofHslVwithHslU aswell as theATPhydrolysis rate
of HslU.
The results in Fig. 5 give additional quantitative information

on the involvement of the active sites in maintaining the stable
HslVU complex. Using a series of mixed dodecamers of which
different numbers of the active sites can be occupied by the
inhibitors, we show that increasing the number of the inhibitors
bound to the active sites causes a gradual enhancement of the
interaction betweenHslV andHslU aswell as theATPase activ-
ity of HslU. Remarkably, these enhancements reach a plateau
after the number of Thr1 residues in a dodecamer is increased
to approximately on average of 6 and stay constant despite a
further increase. These results suggest that the interaction
betweenHslV andHslU becomesmaximally stable when�6 of
the 12 active sites are occupied by the inhibitors or possibly also
by substrates. It is unclear, however, whether in mixed
dodecamers withmore than 6 active sites, the inhibitors bind to
all of the available active sites or only to a maximum of 6 active
sites. The latter case would be possible if an HslU hexamer can
activate only half of HslV subunits in the contacting hexameric
ring of HslV, and those activated subunits are permanently
fixed as “activated” by the inhibitor modification. Finally, it is
noteworthy that even though the NLVS and lactacystin can
induce a tight binding between HslV and HslU, this process
requires the presence of ATP in the reactions (38, 39). There-
fore, it is unlikely that a substrate first binds to the active site
before the allosteric activation by HslU, and then this leads to a
tight binding between HslV and HslU; rather, it is more likely
that there exists a concerted conformational linkage among the
catalytic activation of the active sites, a tight binding between
HslU and HslV, and subsequent stimulation of the ATPase
activity.
Taken together, we propose a revised model for how the

active sites of HslV monitor their engagement in proteolytic
events and control the interaction betweenHslV andHslU (Fig.
8). In this model, HslVU stays in a transient complex in its
resting state; this enables lower ATP consumption when it is
not engaged in proteolysis. When HslU recognizes a protein
substrate, it begins to unfold that protein substrate, and a basal
interaction between HslU and HslV probably allows HslU to
thread the partially unfolded polypeptide into the inner cham-
berHslV. As theHslV active sites start to engage in cleaving the
polypeptide chain, the interaction between HslV and HslU
becomes tighter through a conformational communication
from the active sites to HslU. This tight binding should be
enhanced further by an increase in the number of the active
sites that are engaged in proteolytic reactions until it reaches
�6. At the same time, the tight binding betweenHslV andHslU
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would accompany the stimulation of ATP hydrolysis by HslU,
thus promoting the unfolding of the protein substrate. Upon
the completion of a proteolytic cycle,HslVUwould turn back to
its basal state or dissociate to HslV and HslU. This active site-
directed switching between a transient interaction and a tight
binding of HslV with HslU would help minimize wasteful ATP
hydrolysis during the resting state, while supporting high pro-
cessivity for proteolysis when it is engaged with substrates.
Interestingly, the inhibitor-mediated stabilization of ATP-de-
pendent protease complexes has also been observed in eukary-
otic proteasomes (40) and bacterial ClpXP (41). Therefore, it is
possible that a similar mechanism exists for these machines.
Finally, it is interesting that inmany organisms, proteasomes

contain catalytically inactive �-subunits with noncanonical N
termini in place of the functional Thr1 residue. Although
archaeal 20 S proteasomes have 14 identical Thr1 active sites,
many archaea also have additional, distantly related�-type sub-
units, and some of them are catalytically inactive (42). Further-
more, in eukaryotic 20 S proteasomes, only 6 N-terminal Thr
residues are catalytically active among the 14 �-subunits (18–
20). This number correlates well with the number of HslV
active sites of that can be replaced by a catalytically inactive
form without any alteration in the activity of the HslVU com-
plex. Thus, it seems possible that during evolution, some of
�-subunits became catalytically inactive while gaining other,

regulatory functions, probably because such a partial loss of
active sites does not result in the deterioration of proteolytic
activity.
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