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ABSTRACT We have isolated a new type ofATP-dependent
protease from Escherichia coli. It is the product of the heat-shock
locus hsIVU that encodes two proteins: HslV, a 19-kDa protein
similar to proteasome (3 subunits, and HslU, a 50-kDa protein
related to the ATPase ClpX. In the presence ofATP, the protease
hydrolyzes rapidly the fluorogenic peptide Z-Gly-Gly-Leu-AMC
and very slowly certain other chymotrypsin substrates. This
activity increased 10-fold in E. coi expressing heat-shock pro-
teins constitutively and 100-fold in cells expressing HslV and
HslU from a high copy plasmid. Although HsIV and HslU could
be coimmunoprecipitated from cell extracts of both strains with
an anti-HslV antibody, these two components were readily sep-
arated by various types of chromatography. ATP stimulated
peptidase activity up to 150-fold, whereas other nucleoside
triphosphates, a nonhydrolyzable ATP analog, ADP, orAMPhad
no effect. Peptidase activity was blocked by the anti-HslV anti-
body and by several types of inhibitors of the eukaryotic protea-
some (a threonine protease) but not by inhibitors ofother classes
ofproteases. Unlike eukaryotic proteasomes, the HsIVU protease
lacked tryptic-like and peptidyl-glutamyl-peptidase activities.
Electron micrographs reveal ring-shaped particles similar to en
face images of the 20S proteasome or the ClpAP protease. Thus,
HslV and HslU appear to form a complex in which ATP hydro-
lysis by HslU is essential for peptide hydrolysis by the protea-
some-like component HslV.

Proteasomes are multicatalytic proteolytic complexes present
in both the nucleus and cytosol of eukaryotic cells (1). The 26S
form of the proteasome catalyzes the degradation of ubiquitin-
conjugated proteins (2-5), and thus it plays a key role in many
cellular processes, including progression through the cell cycle
(6, 7), removal of abnormal proteins, and antigen presentation
(8). The proteolytic core of the 26S complex is the 20S (700
kDa) proteasome particle, which consists of four seven-
membered rings. The subunits of the 20S proteasome fall into
two families (9, 10): the a-type forms the two outer rings, and
P-type, which contain the active sites, forms the two inner rings
of the complex.

Proteasomes were thought to exist exclusively in eukaryotes
and certain archaebacteria (11). However, 20S proteasomes
were recently discovered in the actinomycete Rhodococcus
(12), and in the Escherichia coli genome sequencing project, a
novel heat-shock locus (hslVU) was discovered that encodes a
19-kDa protein (HslV) (13), whose sequence is similar to 3-type
proteasome subunits. This discovery of proteasome-related genes
was surprising, because several groups had failed to observe a
structure in E. coli resembling the proteasome or proteins re-
sembling ubiquitin. The hslV gene is cotranscribed with the
adjacent hslU gene, which codes for a 50-kDa protein containing
one ATP/GTP binding motif (13). Although both HslV and
HslU have close homologs in other bacteria (14), HslU is also
related to the ClpX ATPase in E. coli (about 50% identity) (13),
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which is essential for the degradation of certain proteins by the
ClpP protease (15). These findings raise the possibility that HslV
and HslU function together as an ATP-dependent protease.

In E. coli, heat-shock genes are transcribed by the RNA
polymerase holoenzyme containing either of the alternative
sigma factors, o32 or o24 (16, 17). One major group of proteins
induced in E. coli during heat-shock are the molecular chap-
erones that catalyze the refolding of heat-damaged proteins;
another group of up-regulated proteins are proteases that
catalyze the selective degradation of such abnormal proteins
(18). In E. coli, these proteases include the ATP-dependent
proteases La (Lon) (19) and ClpP (Ti) (20) and the periplasmic
protease HtrA (DegP) (21). The hslVU promoter perfectly
matches the consensus of promoters recognized by a32, and the
transcription of this operon increases on heat-shock (13). There-
fore, it seemed likely that HslV and HslU may also be involved
in the degradation of damaged polypeptides during heat-shock.
The aim of this study was to test whether hslV encodes a

proteolytic enzyme similar to the eukaryotic proteasome and
whether its function is regulated by the HslU ATPase. We
demonstrate here a novel type of protease that requires ATP
hydrolysis for peptidase function and contains both HslV and
HslU proteins.

MATERIAL AND METHODS

Strains, Plasmids, Media, and Culture Conditions. Strain
SG12051 (C600, lonS10, clpPl::Cmr), kindly provided by S.
Gottesman (National Cancer Institute, Bethesda, MD), was
transformed with plasmids pUHE211-1 (rpoH, Apr) and
pDMI1 (lacI, Kmr) by electroporation to yield strain HSL32.
BL21(DE3) cells (Stratagene) were transformed with plasmid
pGEM-HSL (hslVU, Apr), which carries the hslVU operon under
its own promoter (strain B405). The hslVU operon was amplified
by PCR using genomic DNA form E. coli K12. The PCR
fragment, containing the hslVU operon and an additional 120 bp
upstream of the translational start ofhslVand 146 bp downstream
of the translational termination ofhslU, was cloned into pGEM-T
vector (Promega) (pGEM-HSL).

For the expression of glutathione S-transferase (GST)-fusion
proteins, the hslVand hslU genes were PCR amplified separately
using A phage 18-126 DNA bearing the hslVU operon, kindly
provided by F. Blattner (University of Wisconsin-Madison), and
cloned into the vector pGEX-2T (Pharmacia). Vector pV106
(GST-HslV) and pU206 (GST-HslU) were electroporated into E.
coli C600 cells. GST-fusion proteins were purified from strains
C106 and C206 using the GST Purification Module (Pharmacia).
To obtain antibodies, purified GST-HslV and GST-HslU pro-
teins were injected into rabbits. Polyclonal anti-HslV and anti-
HslU antibodies were then affinity purified using the GST-fusions
as ligands, and depleted of anti-GST antibodies using a GST
column.

Abbreviations: hsl, heat-shock locus; GST, glutathone S-transferase.
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All strains were grown at 37°C in Luria-Bertani broth if not
mentioned otherwise. When necessary, the medium was sup-
plemented with ampicillin (100 tug/ml), chloramphenicol (25
,Lg/ml), or kanamycin (25 jig/ml). For strains HSL32, C106,
and C206, isopropyl-P-D-thiogalactoside (IPTG) was added to
a final concentration of 1 mM to induce expression of o32 or
the GST fusion proteins during exponential growth.

Immunoprecipitation. Cells were grown in minimal medium
supplemented with essential amino acids, thiamine, and 0.5%
glucose. At mid-log phase, 50 pzCi (1 Ci = 37 GBq) per ml
culture of TranS-Label (ICN) was added in the presence of 50
,uM nonradiolabeled methionine for 2 hr. Cells were harvested
and sonicated in 50mM Tris (pH 7.6), 5 mM MgCl2, and 1 mM
ATP (buffer A). After removal of debris, immunoprecipitation
of the crude lysate was performed under nondenaturing
conditions in buffer A plus 1% Nonidet P-40. Extracts were
incubated with anti-HslV antibody for 1 hr on ice, followed by
the addition of BSA-coated protein A-sepharose beads for an
additional hour under gentle rocking at 4°C. The precipitates
were then washed repeatedly at room temperature for 1 hr
either in buffer A or buffer A plus 150 mM NaCI and 0.2%
SDS. Finally, the beads were boiled in SDS/PAGE sample
buffer and analyzed by 15% SDS/PAGE. Bands were detected
by autoradiography.

Peptidase Assays. Enzyme samples were preincubated at
room temperature for 30 min in 25 mM Tris (pH 7.6), 5 mM
MgCl2, and 1 mM DTT in the presence or absence of 1 mMATP
before addition of the peptide substrate. The peptidase reaction
(100 ,tl) was initiated by the addition of the fluorogenic peptide
(Bachem) to a concentration of 100-200 ,tM and incubated at
37°C. At different times, the reaction was terminated by the
addition of 900 0p of 1% SDS, and the fluorescence of the
reaction products was measured. Protein concentration of en-
zyme samples was determined by the method of Bradford (22).

Purification of HslV and HslU Proteins from Strain B405.
Cells were grown in a 10 liter fermenter or large-scale shaker
culture. All subsequent purification steps were performed at 4°C.
Harvested cells (20-30 g) were washed with homogenization
buffer (50 mM Tris/5 mM MgCI2/1 mM DTT/1 mM ATP, pH
7.6), resuspended in 35 ml of the same buffer, and sonicated. The
homogenate was centrifuged at 20,000 x g for 1 hr to remove
debris, and the supernatant was ultracentrifuged at 100,000 x g
for 1 hr. PEG 8000 was added to the supernatant (crude lysate)
to a final concentration of5%, and the mixture was incubated for
30 min with gentle rocking. After centrifugation at 25,000 x g for
15 min, the PEG pellet (10-12% of the total protein in the crude
lysate) was resuspended in buffer B (10 mM potassium phos-
phate/5 mM MgCl2/1 mM DTT/1 mM ATP/10% glycerol, pH
7.2) and centrifuged at 25,000 x g for 5 min to remove insoluble
material. Protein (32 mg) was loaded onto a 5-ml CHT-II
hydroxyapatite column (Bio-Rad) equilibrated with buffer B.
Bound proteins were eluted using a 10-300 mM potassium
phosphate linear gradient. Fractions of 0.5 ml were collected and
assayed for proteolytic activity against Z-Gly-Gly-Leu-AMC in
the presence of ATP. The active fractions, which eluted at
approximately 160 mM, were pooled and concentrated by cen-
trifugation in a Filtron 100. Concentrated sample (2 mg) was
loaded onto a Superose 6 HR column (1 x 30 cm, Pharmacia)
equilibrated with buffer C (25 mM Tris/5 mM MgCl2/1 mM
DTT/1 mM ATP/50 mM KCI/10% glycerol, pH 7.6). Fractions
of 0.5 ml were collected and 1 pl aliquots of each fraction were
added to a 100 1lpeptidase assay to measure activity in the
presence and absence of ATP. To determine ATP-independent
activity samples were preincubated with apyrase (5 units per ml)
to remove ATP before assaying peptidase activity

Electron Microscopy. Specimens for electron microscopy
were prepared by diluting protein samples to a final concen-
tration of 10 iLg/ml in buffer C. After dilution, samples were
preincubated for 30 min at room temperature, and 5-1.d
aliquots were placed on freshly glow-discharged carbon-coated

grids for 1 min, after which excess buffer was blotted off with
filter paper. Specimens were stained with 1% (wt/vol) uranyl
acetate for 1 min and excess stain was blotted off. Grids were
allowed to dry, and specimens were viewed in a JEOL 1200 EX
or JEOL 100 CX electron microscope operating at 80 kV.
Micrographs were recorded on Kodak Electron Microscopy
Film 4489 emulsion at a nominal magnification of x53,000.

RESULTS
HsIV and HslU Form a Complex with Proteolytic Activity.

To demonstrate the existence of the putative HslVU protease,
we initially used E. coli strain SG12051, which lacks the two
major ATP-dependent proteases La and ClpP. To stimulate
the expression of the heat-shock proteins HslV and HslU at
37°C, o32 was expressed in this strain (HSL32) from an
inducible plasmid under the control of the lac promoter.
Induction of o32 with IPTG led to an approximately 10-fold
increase in the content of HslV and HslU proteins (Fig. 1A,
lanes 1 and 2). Crude lysates of this strain were assayed for
activity against fluorogenic peptide substrates of the protea-
some. The peptide Z-Gly-Gly-Leu-AMC was only hydrolyzed
in the presence ofATP. This activity was about 10-fold greater
after induction of a32, than in the parental strain not carrying
the a32 plasmid (Fig. 1B). Thus, HslV and HslU or possibly
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FIG. 1. (A) Western blot analysis of crude lysates of strains
SG12051 (lanes 1), HSL32 (lanes 2), BL21 (lanes 3), and B405 (lanes
4) using anti-HslU and anti-HslV antibodies. Equal amounts of total
protein per lane were subjected to 12% SDS/PAGE and transferred
to nitrocellulose. Membranes were incubated with anti-HslV (1:5000)
and anti-HslU (1:2500) antibodies followed by 125I-labeled protein A,
and bands were detected by autoradiography. Induction of a32 over-

expression increases protein levels of HslV and HslU about 10-fold
(HSL32) and expression of HslV and HslU from a high copy plasmid
(B405) increased protein levels of both proteins at least 100-fold, as
determined by a PhosphorImager (Molecular Dynamics). (B) Pepti-
dase activity of crude lysates of strains overexpressing 032 or HsIV and
HslU. Increased ATP-dependent peptidase activity against Z-Gly-
Gly-Leu-AMC correlates with increased protein levels of HslV and
HslU (Fig. L4). Solid bars represent ATP-dependent activity and open
bars represent ATP-independent activity. Activity was defined as

,umol of peptide substrate hydrolyzed by 1 mg of protein in crude
lysates per hour. (C) Immunoprecipitation of HslV and HslU proteins
from strain B405. HslU was coimmunoprecipitated in the presence of
ATP using an anti-HslV antibody (lane 1) but not with preimmune
serum under the same conditions (lane 3). A high salt wash (150 mM
NaCl, 0.02% SDS) significantly reduced the amount of coimmuno-
precipitated HslU (lane 2). X indicates an unidentified protein.
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some other heat-shock protein, but no known ATP-dependent
protease, appears responsible for this activity.
To prove that the increased activity is due to HslV/HslU and

to simplify enzyme purification, we also studied strain B405,
which carries the hslVU operon under its own promoter on a
high copy plasmid (pGEM-HSL). In this strain, HslV and
HslU levels were about 100-fold higher (Fig. 1A, lanes 3 and
4) and ATP-dependent peptidase activity in crude lysates was
about 140-fold greater than in the parental BL21 cells that
lacked the plasmid (Fig. 1B). Moreover, an antibody against
HslV inhibited this proteolytic activity (see below).
To test whether HslV and HslU form a complex that is

responsible for this activity, we used an affinity purified
antibody against HslV. Even though this antibody did not
cross-react with HslU (data not shown), it precipitated both
HslV and HslU (identified with an affinity purified HslU
antibody) from radiolabeled cell extracts of strain B405 (Fig.
1C, lane 1). Similar results were obtained with strain HSL32.
Extensive washing of the immunoprecipitate with 150 mM
NaCl and 0.02% SDS released HslU from the the HslV-
antibody complex (Fig. 1C, lane 2). In certain experiments, an
unidentified protein of 80-90 kDa was also coimmunoprecipi-
tated (Fig. 1C, lane 1), suggesting that at least one additional
protein may also associate with HslV or HslU. Together, these
findings indicate that HslV and HslU form a complex that is
responsible for the observed peptidase activity.

Isolation of the HslVU Protease. To isolate this protease, we
initially subjected crude lysates of strain HSL32 to 5% PEG
precipitation. Appreciable HslV/HslU antigens and ATP-
dependent activity against Z-Gly-Gly-Leu-AMC were recov-
ered in the precipitate, whereas over 80% of the cell proteins
remained in the supernatant (data not shown). The resus-
pended pellet was subjected to gel filtration in the presence of
ATP on Superose 6, and the eluted fractions were assayed for
this activity. One broad peak was obtained that eluted at an
apparent molecular mass of 650-700 kDa between the markers
thyroglobulin (669 kDa) and purified Thermoplasma protea-
some (700 kDa) (Fig. 2). Western blot analysis confirmed the
presence of HslV and HslU proteins in the active fractions
(Fig. 2). The rather broad distribution of this activity and of the
HslV and HslU proteins suggest that these proteins can
associate in large, heterogeneous complexes either with them-
selves, with each other, and perhaps with other proteins.
SDS/PAGE analysis showed that the active fractions con-
tained at least 15-20 additional proteins (not shown). Attempts
to further purify the active complex were unsuccessful because
HslV and HslU proteins were separated by ion-exchange as
well as hydroxyapatite chromatography. This behavior is sim-
ilar to that of protease ClpAP or ClpXP, whose two loosely
associated components (ClpA or ClpX, and ClpP) are readily
separated by such procedures (23).

Efforts to isolate the active protease were more successful
using strain B405 carrying HslV and HslU on a high copy
plasmid. Crude cell extracts were subjected to 5% PEG
precipitation, and the resuspended pellet was loaded on a
hydroxyapatite column. One large peak of peptidase activity
was obtained, and the active fractions were concentrated and
subjected to gel filtration chromatography on Superose 6. A
sharp peak of peptidase activity was found that contained only
two major proteins on SDS/PAGE. These bands were con-
firmed to be HslV and HslU by Western blot analysis (Fig. 3).
Most of the HslV and HslU proteins eluted broadly in two
distinct but overlapping peaks, and ATP-dependent peptidase
activity was detected mainly in those fractions containing large
amounts of both HslV and HslU. In these fractions, ATP
stimulated Z-Gly-Gly-Leu-AMC hydrolysis up to 150-fold
(Fig. 3). HslV was clearly necessary for this proteolytic activity
because it could be inhibited by the anti-HslV antibody in a
concentration-dependent manner. However, the antibody
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FIG. 2. Isolation of HslVU protease from strain HSL32. Har-
vested cells were homogenated in 50 mM triethanolamine (pH 7.5), 5
mM MgCl2, 1 mM DTT, 1 mM ATP, 10% glycerol, and sonicated.
Crude lysates were subjected to 5% PEG precipitation and the pellet
was resuspended in the buffer A. Sample (2 mg) was loaded onto a
Superose 6HR column (Pharmacia) equilibrated with 25mM Tris (pH
7.5), 5 mM MgCl2, 1 mM DTT, and 1 mM ATP. Markers: a,
thyroglobulin (669 kDa); b, Thermoplasma proteasome (700 kDa).
Fractions were assayed for peptidase activity in the presence (0) and
absence ofATP (A). Activity was defined as /mol of peptide substrate
hydrolyzed by 1 ml of fraction per hour. Note that samples were not
preincubated in the presence of apyrase, which leads to an overesti-
mation of ATP-independent peptidase activity against Z-Gly-Gly-
Leu-AMC. Active fractions (20 pl) were analyzed by 12% SDS/PAGE
and transferred to nitrocellulose. Membranes were incubated with
anti-HslV (1:5000) and anti-HslU (1:2500) antibodies followed by
alkaline phosphatase-conjugated anti-rabbit-IgG (Promega, 1:7500)
and developed using nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate (BCIP).

against HslU (or against ClpP or protease La) or preimmune
serum had no inhibitory effect (Table 1).
On gel filtration in the presence ofATP (Fig. 3), both HslV

and HslU appear to form homopolymers. Although the HslV
monomer is 19 kDa, the fractions with the highest HslV content
(fractions 30 and 31) eluted at a molecular weight of -280-320
kDa, which suggests a complex of 14-16 subunits (perhaps two
rings with seven subunits). The HslU monomer is 50 kDa, but in
the presence of ATP, the fraction with the highest HslU content
(fraction 29) eluted at an apparent molecular mass of 480-520
kDa, which suggests a complex of at least 10 subunits.

Properties of the HslVU Protease. Using the Superose
fractions, which had the highest ATP-dependent peptidase
activity (Fig. 3), we studied the ability of different nucleotides
to support proteolysis. As was found with crude lysates from
strain HSL32, the purified HslVU protease hydrolyzes the
peptide Z-Gly-Gly-Leu-AMC only in the presence of ATP.
CTP, GTP, UTP, ADP, AMP, and the nonhydrolyzable ATP
analog AMP-PNP did not support peptidase activity (Table 2).
Thus, this activity appeared to require ATP-hydrolysis. Inter-
estingly, when added together with ATP at equimolar concen-
trations (1 mM), ADP caused a marked inhibition of the activa-
tion by ATP, but AMP had no such effect.
To define the nature of the proteolytic mechanism, we

studied the effects of various protease inhibitors on Z-Gly-
Gly-Leu-AMC hydrolysis. Several types of inhibitors that
block the mammalian proteasome inhibited the HslVU pro-
tease, including the peptide aldehydes Z-Leu-Leu-norleucinal
(MG132) and acetyl-Leu-Leu-norleucinal (calpain inhibitor I).
This activity was also inhibited by 3,4-dichloroisocoumarin
and, to a lesser extent, by lactacystin (Table 3). With longer
incubation, the degree of inhibition by lactacystin increased,
reaching 35% after 45 min (data not shown). In mammalian or
archaebacterial proteasomes, these agents modify the N-
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FIG. 3. Purification of HslV and HslU using strain B405. Peptidase
activity of Superose 6 fractions against Z-Gly-Gly-Leu-AMC in the
presence (-) and absence ofATP (A). Markers: 1, thyroglobulin (669
kDa); 2, Thermoplasma proteasome (700 kDa); 3, apoferritin (443
kDa); 4, 3-amylase (200 kDa); 5, alcohol dehydrogenase (150 kDa).
Active fractions (4 tpl) were analyzed by 12% SDS/PAGE and Western
blotting.
terminal threonine. Therefore, we tested whether the N ter-
minus of HslV is a threonine. N-terminal sequencing of the
purified protein using a ProSequencer 6600 (MilliGen) dem-
onstrated that the N-terminal methionine was missing and that
the protein starts with a threonine (data not shown). There-
fore, the threonine hydroxyl could serve as a nucleophile and
be accessible for modification by 3,4-dichloroisocoumarin and
lactacystin. N-ethylmaleimide also caused a significant inhibi-
tion of this activity, which suggests that a sulfhydryl group is
essential for the peptidase or ATPase activity. By contrast, a
variety of inhibitors of metalloproteases (bestatin, O-
Table 1. Inhibition of ATP-dependent peptidase activity by
anti-HslV antibodies

% remaining
Antibody Dilution activity

No antibody 100
Anti-HslV 1:1000 55

1:500 16
1:100 2

Anti-HslU 1:1000 80
1:500 92
1:100 92

Preimmune serum 1:100 106
Anti-ClpP 1:100 114
Anti-Lon 1:100 120

An enzyme sample, 0.4 jig of Superose fraction no. 30 (Fig. 3), was
incubated 30 min at room temperature in the presence of ATP and
different antibodies. After preincubation, Z-Gly-Gly-Leu-AMC was
added to a final concentration of 200 jiM and the mixture was
incubated at 37°C for 15 min before reaction was stopped and
fluorescence was measured. For affinity-purified anti-HslV and anti-
HslU antibodies, 1:100 is 24 izg/ml final concentration. For other
polyclonal antisera, 1:100 is 0.6 mg/ml.

Table 2. Nucleotide requirement for the hydrolysis of
Z-Gly-Gly-Leu-AMC by the HslVU protease

Addition Concentration % activity
ATP 1 mM 100
CTP 1 mM 2
GTP 1 mM 2
UTP 1 mM 3
AMP 1 mM 5
AMP + ATP 1 mM (each) 85
ADP 1 mM 2
ADP + ATP 1 mM (each) 5
AMP-PNP 1 mM 4
None 3
Apyrase 5 units per ml 0.7
EDTA 10 mM 0.2

An enzyme sample, 0.4 ,ig of Superose fraction no. 30 (Fig. 3), was
incubated 30 min at room temperature in the presence of ATP, CTP,
GTP, UTP, AMP, ADP, AMP-PNP, apyrase, or EDTA before
addition of peptide substrate. The mixture was incubated with 200 tLM
peptide at 37°C for 15 min before reaction was stopped and fluores-
cence was measured.

phenanthroline) and serine or sulfhydryl proteases (chymo-
statin, leupeptin, E-64) had no effect and phenylmethylsulfo-
nyl fluoride showed little inhibition. Similar data were ob-
tained using crude lysates and fractions obtained after gel
filtration from strain HSL32 (data not shown).

Several observations suggest that the HslVU protease is a
new ATP-dependent protease. The activity was found in strain
HSL32, which lacks ClpP and protease La, and thus it was not
due to contaminations by these proteases. Moreover, protease
La did also not elute close to the peak of peptidase activity
(Fig. 3) isolated from strain B405 as judged by Western blot
analysis (data not shown). Furthermore, purified protease La
is not able to hydrolyze Z-Gly-Gly-Leu-AMC, and agents that
inhibit protease La were not able to inhibit the HslVU
protease (data not shown). Similarly, purified ClpAP is not
able to hydrolyze Z-Gly-Gly-Leu-AMC in an ATP-dependent
manner (data not shown), and the HslVU protease does not
hydrolyze Suc-Leu-Tyr-AMC, which is the preferred peptide
substrate of the ClpAP protease (24).
Although the HslVU protease degraded Z-Gly-Gly-Leu-

AMC rapidly, it hydrolyzed Suc-Ala-Ala-Phe-AMC and Suc-
Leu-Leu-Val-Tyr-AMC very slowly, which are rapidly hydro-
lyzed by chymotrypsin and proteasomes from Thermoplasma
(11, 25) or Rhodococcus (12) (Table 4). In addition, ATP
activated Z-Gly-Gly-Leu-AMC hydrolysis up to 150-fold and
stimulated cleavage ofSuc-Ala-Ala-Phe-AMC and Suc-Leu-Leu-
Val-Tyr-AMC only 3- to 5-fold (data not shown). No cleavage of

Table 3. Inhibitors of the ATP-dependent peptidase activity of
the HslVU protease

Inhibitor Concentration % inhibition

Z-Leu-Leu-norleucinal (MG132) 10 p,M 97
acetyl-Leu-Leu-norleucinal 10 JiM 90
3,4-Dichloroisocoumarin 200 jiM 50
Lactacystin 100 iLM 24
N-ethylmaleimide 100 /iM 62
Bestatin 10 tpM 0
Chymostatin 100 JiM 0
E 64 1 mM 0
Leupeptin 10 ILM 0
O-phenanthroline 100 jLM 0
Phenylmethylsulfonyl fluoride 1 mM 10
An enzyme sample, 0.4 jig of Superose fraction no. 30 (Fig. 3), was

preincubated 30 min at room temperature in the presence of various
inhibitors and ATP before adding Z-Gly-Gly-Leu-AMC to a final
concentration of 200 jiM. The mixture was incubated 15 min at 37°C
before the reaction was stopped, and fluorescence was measured.
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Table 4. ATP-dependent hydrolysis of synthetic peptide substrates
by the HslVU protease

Substrate

Hydrophobic substrates
Z-Gly-Gly-Leu-AMC
Suc-Ala-Ala-Phe-AMC
Suc-Leu-Leu-Val-Tyr-AMC
Bz-Arg-Gly-Phe-Phe-Leu-MNA
Glt-Ala-Ala-Ala-MNA
Suc-Phe-Leu-Phe-3NA
Suc-Leu-Tyr-AMC
Z-Gly-Pro-AMC

Acidic substrates
Z-Leu-Leu-Glu-MNA
Ac-Tyr-Val-Ala-Asp-AMC

Basic substrates
Boc-Leu-Arg-Arg-AMC
Boc-Gly-Lys-Arg-AMC
Bz-Phe-Val-Arg-AMC
Z-Gly-Gly-Arg-AMC
Z-Arg-AMC

/xmol h-l mg-1

76.6
0.6
0.2
0
0
0
0
0

0
0

0
0
0
0
0

Superose fraction no. 30 (Fig. 3) was tested for its ability to hydrolyze
various peptide substrates. Activity was defined as /imoles peptide
substrate hydrolyzed by 1 mg of enzyme per hour. AMC, 7-amido-4-
methylcoumarin; Boc, t-butyloxycarbonyl; Bz, benzoyl; Glt, glutaryl;
MNA, 4-methoxy-f-naphthylamide; PNA, f-naphthylamide; Suc, suc-
cinyl; Z, benzyloxycarbonyl.
various acidic or basic peptide substrates, which are cleaved by
mammalian proteasomes, could be detected (Table 4).

After negative staining, electron micrographs of active
fractions containing only HslV and HslU revealed a homoge-
neous population of ring-shaped particles with an approximate
diameter of 11 nm (Fig. 4). The particles appear to have 6- to
7-fold rotational symmetry and appear very similar to top
views of the 20S proteasome (10) and of ClpP and ClpA (26).
In addition to the ring-shaped particles, occasional larger
structures were evident which could be side images of two rings
stacked along the axis of symmetry. These structures may
represent side views of HslV or HslU and multiple stacked
rings may represent the HslVU complex.

DISCUSSION
The new ATP-dependent protease from E. coli is related to the
proteasome 3-subunits based on sequence similarities with
HslV and its apparent mode of action. Interestingly, the HslVU
protease does not contain subunits similar to the proteasome

100 nm
I-~~~~~~~~~~~

FIG. 4. Electron micrographs of the HslVU protease. Samples
containing HslV and HslU were negatively stained with uranyl acetate.
(Bar = 100 nm.)

a-type subunits. Although no additional component was required
for activity, we cannot rule out definitely the existence of proteins
resembling a-subunits in E. coli. hslV and hslU genes are also
found in Haemophilus influenzae (27), and the recent sequencing
of its complete genome made it possible for us to search for such
a-type sequences. No such gene was found in H. influenzae. In
archaebacteria and yeast, a-subunits are necessary for the for-
mation of the 3-rings, and they appear to limit the access of
cytosolic proteins to the proteolytic sites on the 3-subunits (28).
Presumably, HslV forms such rings spontaneously or these func-
tions of the a-rings are provided by HslU.
DNA sequences similar to hslV and also to P-type proteasome

genes have been reported in Pasteurella haemolytica and Bacillus
subtilis (14), as well as in H. influenzae (27). From their DNA
sequences, all these HslV proteins contain, following the initiat-
ing methionine, a conserved N-terminal threonine, whose hy-
droxyl group could serve as the active-site nucleophile in a
proteolytic mechanism similar to that of the eukaryotic and
archaebacterial proteasome /3-subunits (29-31). We have shown
that the initial methionine of HslV is removed in vivo exposing a
N-terminal threonine, and the activity of the HslVU protease is
inhibited by the peptide aldehyde inhibitors Z-Leu-Leu-
norleucinal (MG132) and acetyl-Leu-Leu-norleucinal (calpain
inhibitor 1), which are reversible transition-state inhibitors of the
proteasome, as well as serine and cysteine proteases. In the
Thermoplasma proteasome, the N-terminal threonine was found
to form a hemiacetal intermediate with the aldehyde residue of
the acetyl-Leu-Leu-norleucinal (29). The peptidase activity of
HslVU was also inhibited by 3,4-dichloroisocoumarin and, to a
lesser extent, by lactacystin. This inhibition by lactacystin in-
creased with time, which suggests a covalent reaction between the
inhibitor and enzyme. Lactacystin has been shown to react
selectively with the N-terminal threonine of subunit X of the
mammalian proteasome, but not to inhibit serine or cysteine
proteases (30). Similarly, 3,4-dichloroisocoumarin becomes
linked to the N-terminal threonine of 3-type subunits of the
Thermoplasma proteasome in a time-dependent fashion (T. Ako-
pian and A.L.G., unpublished work). By contrast, phenylmeth-
ylsulfonyl fluoride, an inhibitor of serine proteases, had little
effect on HslVU activity, and E64, a potent inhibitor of cysteine
proteases, or inhibitors of metalloproteases, such as 0-
phenanthroline or bestatin, had no effect. Like other P-type
proteasome sequences, HslV contains a Gly-Ser-Gly motif. How-
ever, the Ser in this motif does not act as a nucleophile in the
catalytic mechanism, because its elimination by site-directed mu-
tagenesis did not affect the proteolytic activity in Thermoplasma
(31). Because this is the only highly conserved Ser in the HslV
sequence, it seems unlikely that HslV is a serine protease. Taken
together, these data indicate that the HslVU protease, like other
proteasomes, has a threonine-dependent catalytic mechanism.

In related studies, we have demonstrated that the HslVU
complex hydrolyzes ATP at significant rates. This function
must be provided by HslU, because purified GST-HslU (used
to obtain anti-HslU antibodies) by itself exhibits ATPase
activity (unpublished results). In principle, N-ethylmaleimide
may inhibit the ATP-dependent peptidase activity by reacting
with the sulfhydryl group on the one cysteine in HslV or the
two cysteines in HslU. We have found that the purified
ATPase HslU is sensitive to N-ethylmaleimide (unpublished
results) as are other ATPases, such as p97 (32).
ATP hydrolysis seems to play a different role in the function

of HslVU than in other known ATP-dependent proteases.
Unlike HslVU, protease La requires ATP binding and not
hydrolysis for peptidase activity, i.e., nonhydrolyzable ATP
analogs fully support peptide hydrolysis by protease La (33).
For ClpP, neither ATP binding nor hydrolysis is essential for
the cleavage of small peptides, but ATP hydrolysis allows deg-
radation of larger peptides or proteins (34). Our data indicate that
under the present conditions, ATP hydrolysis is an absolute
requirement for the peptidase function of the HslVU protease.
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Possibly, ATP consumption is required for formation ofthe active
enzyme or is linked to peptide hydrolysis, or for both processes,
as is true of protease ClpAP and the 26S proteasome. However,
more rigorous analysis is required to define more precisely the
nucleotide requirement of this new enzyme in the presence of
different types of substrates.
One other interesting feature of the HslVU protease is that

ADP is an inhibitor of peptide hydrolysis, and at equivalent
concentrations, shows a dominant inhibitory effect over ATP.
ADP (but not AMP) is also a potent inhibitor of protease La
(35), which in vivo is maintained in an inactive state with an
ADP bound to each subunit, until the binding of a protein
substrate allosterically releases the ADP and activates prote-
olysis (36). Future studies should clarify whether ADP might
act in a similar fashion to control the HslVU protease.
The coimmunoprecipitation of HslV and HslU from crude

cell extracts using an anti-HslV antibody indicates that they
associate with each other in vivo, although this association
appears to be weak even in the presence ofATP. Both subunits
appear necessary for activity and, in related studies, we have
been able to reconstitute this ATP-dependent peptidase ac-
tivity from pure HslV and HslU proteins (unpublished results).
HslV and HslU are readily separated by various chromato-
graphic methods, as is the ClpAP protease complex, which also
dissociates rapidly into its components (ClpA and ClpP) (23).
Similarly, ClpP and ClpX cannot be purified as a complex.
Interestingly, we were not able to isolate a high molecular
weight form (>700 kDa) of the activity from the strain expressing
HslV and HslU on the high copy plasmid (B405), as we could
from strain HSL32 that overexpresses a32. Possibly, some addi-
tional factor or some modification of HslV or HslU promotes the
formation or stability of the active complex.

In E. coli, B. subtilis, and H. influenzae, the hslV gene occurs
in an operon with a hslU-related sequence. The hslU gene is
highly conserved among these various gram positive and gram
negative bacteria, and it is also related to clpX. Unlike ClpA HslU
has only one ATP-binding site and shows no obvious sequence
similarity to the ATPases of the eukaryotic 26S proteasome,
which are related to the ATP-dependent metalloprotease FtsH in
E. coli (37). The structural organization of the E. coli ClpAP
protease and the 26S proteasome appear similar in several
respects and may function in a similar ATP-dependent fashion
(26). However, ClpAP protease does not appear to have been an
evolutionary precursor of the 26S proteasome because ClpP lacks
any sequence similarity to the P-type proteasome subunits and,
unlike HslV, is a serine protease (38).

Gel filtration data and electron micrographs suggest that the
structure of the HslVU protease is similar to that of the ClpAP
protease, in which ClpP is composed of two rings of seven
subunits that are flanked by complexes ofClpA consisting of rings
of six subunits (26). The limited electron microscopic findings and
gel filtration data would be consistent with HslV forming two
seven-membered rings, similar to the P-type proteasome subunits
or to ClpP, and with HslU forming a large complex of at least 10
subunits. Because HslV is related to 3-type proteasome subunits,
and HslU is an ATPase similar to ClpX, the HslVU protease thus
appears to exhibit properties intermediate between those of the
ClpAP family of proteases and the 26S proteasome. Earlier
studies of the simple 20S proteasome in Thermoplasma acidophi-
lum have greatly contributed to our knowledge about the struc-
ture and mechanism of the eukaryotic proteasome. Similarly,
careful study of the mechanisms of this novel bacterial protease
complex should serve as a useful model system to further
elucidate how ATPases may regulate the 20S proteasome within
the 26S complex and to expand our understanding of the evolu-
tion of the proteasome.
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