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To define the role of the Cys residues in the ATP-de-
pendent HslVU protease, mutagenesis was performed to
replace either Cys?®! or Cys?®” in HslU with Val and
Cys!®® in HslV with Ser or Ala. Whereas HslU/C261V
could hydrolyze ATP and support the ATP-dependent
proteolytic activity of HslV as well as the wild-type
HslU, HslU/C287V could not hydrolyze ATP. Neverthe-
less, HslU/C287V could support the HslV-mediated pro-
teolysis by forming the HsIVU complex in the presence
of ATP but not its absence, indicating that ATP binding
but not its hydrolysis is essential for proteolysis.
Whereas treatment of N-ethylmaleimide (NEM) resulted
in dissociation of the oligomeric HslU into monomers,
the C261V mutation, but not C287V, prevented the NEM
effect. These results suggest that Cys?®! is involved in
oligomerization and that Cys?®” is related to the ATPase
function of HslU. NEM also dissociated the dodecameric
HslV into monomers, and this effect could be prevented
by either the C159S or C159A mutation, suggesting the
involvement of Cys'®? in oligomerization of HslV. More-
over, either mutation abolished both the basal and HslU-
activated proteolytic activity of HslV and its ability to
activate the HslU ATPase and to form the HslVU com-
plex, indicating that Cys'®® is essential for the proteo-
lytic activity of HslV and its interaction with HslU.
These results suggest that the Cys residues play an im-
portant role in maintaining the structure and function
of the HslVU protease.

A fundamental feature of intracellular protein degradation is
its requirement for metabolic energy (1, 2). In eukaryotic cells,
ATP is required for ubiquitin conjugation and for function of
the 26S proteasome, which constitutes the primary site for
degradation of most cell proteins (3—-5). The catalytic core of the
26S proteasome is the 20S proteasome, which contains multi-
ple peptidase activities (6, 7) and the function of which is
regulated by a 19S component, which associates with the ter-
mini of the 20S core (8) and has multiple ATPase activities (9).
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Although Escherichia coli and other bacteria lack the ubig-
uitin-proteasome pathway, they contain a number of ATP-de-
pendent proteases (1, 2, 10—-15). Rapid degradation of many
abnormal polypeptides and various regulatory proteins re-
quires protease La (Lon), a heat-shock protein composed of four
identical 87-kDa subunits. This homopolymer exhibits both
ATP-dependent proteolysis and ATPase activity (16, 17). An-
other type of ATP-dependent protease, Ti (ClpAP), consists of
two different multimeric components, both of which are re-
quired for proteolysis (18). ClpA, which is composed of 84-kDa
subunits, contains ATP-hydrolyzing sites, whereas ClpP, which
is composed of 21-kDa subunits, is a serine protease. ClpA is a
member of a family of highly conserved polypeptides, present in
both prokaryotic and eukaryotic organisms (19). This family
contains two regions of particularly high homology, each of
which contains a consensus sequence for ATP binding (20). In
fact, the ClpP peptidase can function together with one of the
homologous ATPases, ClpX, in degradation of certain regula-
tory proteins (21-24).

Recently, we described a new type of ATP-dependent prote-
ase in E. coli, the product of the AslVU operon, which encodes
two heat-shock proteins: a 19-kDa HslV and a 50-kDa HslU
(25). HslV harbors the peptidase activity, whereas HslU pro-
vides an essential ATPase activity, both of which can function
together as a novel two-component protease (26—28). HslU
itself has ATPase activity, whereas HslV by itself is a weak
protease that slowly degrades certain hydrophobic peptides,
such as N-carbobenzoxy (Cbz)!-Gly-Gly-Leu-7-amido-4-methyl-
coumarin (AMC), and polypeptides, including insulin B-chain
and casein (27, 29). In the reconstituted enzyme, HslU mark-
edly stimulates the proteolytic activity of HslV (more than
20-fold), whereas HslV increases the rate of ATP hydrolysis by
HslU severalfold.

The primary sequence of HslV is similar to that of certain
B-type subunits of the 20S proteasomes from eukaryotes, cer-
tain eubacteria, and the archaebacterium Thermoplasma aci-
dophilum (30). In the 20S proteasomes, the N-terminal Thr
residues of the mature B-type subunits serve as the catalytic
site for proteolysis (30, 31). Like the B-type subunits of the
enzyme, HslV has two such conserved N-terminal Thr residues
(30). Furthermore, deletion of the N-terminal Thr or its re-
placement by Val completely abolishes the proteolytic activity
of the HslVU protease (32). In addition, it is inhibited by

! The abbreviations used are: Cbz, carbobenzoxy; AMC, 7-amido-4-
methyl coumarin; NEM, N-ethylmaleimide; HPLC, high pressure liquid
chromatography.
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lactacystin, a Streptomyces metabolite, which covalently mod-
ifies the N-terminal Thr residue on certain B-type subunits of
the 20S proteasome (26, 27, 29, 31). Therefore, the HsIVU
protease appears to function through a similar proteolytic
mechanism as the mammalian and archaebacterial protea-
somes, even though HsIVU does not contain a-type proteasome
subunits.

All of the ATP-dependent proteases in E. coli described above
show protein-activated ATPase activity. Moreover, inhibitors of
the ATPase activity also prevent the protein degradation by the
enzymes. For example, N-ethylmaleimide (NEM) inhibits ATP
hydrolysis by HslU, and the NEM-treated HslU is unable to
support the HslV-mediated degradation of both polypeptide
and small peptide substrates (27, 32). Therefore, it has been
suggested that hydrolysis of both ATP and protein substrates
occurs in a tightly coupled process. However, it has recently
been revealed that B,y-imido-ATP and ATP+yS, both of which
are nonhydrolyzable ATP analogs, can support the proteolytic
activity of the HsIVU protease (33, 34). These findings suggest
that proteolysis by HsIVU can be uncoupled from ATP cleavage.

Whereas HslV has a single Cys residue in its C-terminal
region, HslU contains two Cys residues in the second half of the
ATP binding domain (25). In order to define the role of the Cys
residues of HslU in ATP hydrolysis and to clarify further the
inhibitory effect of NEM, site-directed mutagenesis was carried
out to replace either the 261st or the 287th residue (Cys) in
HslU with Val. We also replaced the 159th residue (Cys) in
HslV with Ser or Ala to examine the effects of the mutations on
the proteolytic function of the HsIVU protease. In addition, we
determined the cleavage specificity of the enzyme using insulin
B-chain as a model substrate.

EXPERIMENTAL PROCEDURES

Materials—All reagents for the site-directed mutagenesis and re-
striction endonucleases were purchased from Promega. Peptide sub-
strates were obtained from Bachem Feinchemikalien AG, Bubendorf,
Switzerland. All other reagents were purchased from Sigma, unless
otherwise indicated. HslV, HslU, and their mutant forms were purified
as described previously (27).

Mutagenesis—The pGEM-T vector carrying the hslVU operon
(named pGEM-T/HsIVU) and the pBluescript KS™ vector containing
the coding region for HslV only (named pBS/HslV) were constructed as
described previously (27, 32). Site-directed mutations were created by
the PCR method, which consists of two sequential PCRs, using pGEM-
T/HsIVU for HslU and pBS/HslV for HslV as the templates.

The primary PCRs were carried out using mutagenic primers, which
were designed to replace Cys'®® of HslV with Ala or Ser and Cys*®! or
Cys?®7 of HslU with Val (Fig. 1). Reaction mixtures contained 10 ng of
the template plasmids, 0.5 unit of Taq polymerase, 1X PCR buffer, 0.2
mM each of dNTPs, and 20 pmol of the primers. The reactions were
performed for 30 cycles using a DNA Thermal Cycler (Perkin-Elmer).
Prior to the secondary PCRs, the same amounts (0.1 ug each) of primary
PCR fragments were mixed and subjected to annealing between the
fragments by denaturation-renaturation reactions. The DNAs with re-
cessed 3'-OH ends were extended using a Klenow fragment and used as
the templates for the secondary PCRs. After the secondary PCR, the
mutated fragments were ligated into pGEM-T vector. For HslU mu-
tants, the resulting plasmids were digested with Nrul and BglII, fol-
lowed by ligation of the restriction fragments into the pGEM-T/HsIVU
plasmids that had also been digested with the same enzymes. The
resulting plasmids were transformed into E. coli strain XL2 Blue.
Substitutions of the nucleotides by mutagenesis were confirmed by
DNA sequencing.

Assays—Protein breakdown was assayed using '?*I-labeled insulin
B-chain as the substrate as described previously (35). Radioiodination
of insulin B-chain was performed as described previously (35, 36).
Reaction mixtures (0.1 ml) contained 10 ug of insulin B-chain and
appropriate amounts of the purified HslV and HslU proteins in 0.1 M
Tris-HCI (pH 8), 10 mm MgCl,, 0.25-2.5 mm ATP, 1 mm dithiothreitol,
and 1 mm EDTA. Incubations were performed for 1 h at 37 °C. After
incubation, radioactivity released into trichloroacetic acid-soluble form
(final concentration, 10% (w/v)) was determined using a gamma coun-
ter. Peptide hydrolysis was assayed using Cbz-Gly-Gly-Leu-AMC (0.1

Mutagenesis of Cys Residues in HslVU Protease

(C159A) (C1598)
Ala or Ser
Thri Thr2 Cys159 175
HslV |
4 249 307 443
HslU E=mww 45—»#— !

Cys261 Cys287
vy

Val Val
(C261V) (C287V)

Fic. 1. Schematic presentation of the primary structures of
HslV and HslU. The Cys residues subjected to mutagenesis are indi-
cated. The gray boxes in HslU indicate the ATP binding domain, which
is homologous to that in the HSP100/Clp family.

mM) as the substrate by incubating the similar reaction mixtures for 10
min at 37 °C but containing only Y10 the amount of the HslV and HslU
proteins (27).

ATP hydrolysis was assayed by incubating the similar reaction mix-
tures at 37 °C but in the absence of the peptide or protein substrate.
After incubation, 0.2 ml of 1% SDS (w/v) was added to the samples, and
the phosphate released was determined as described (37). Proteins were
quantified by their absorbance at 280 nm or by the method of Bradford
(38) using bovine serum albumin as a standard.

Cross-linking Analysis—Aliquots (4 ug each) of the HslU or HslV
proteins or their mixture were incubated in 0.1 M HEPES buffer (pH
7.5) containing 10 mm MgCl,, 1 mm EDTA, and 0.4% (v/v) glutaralde-
hyde in the presence and absence of ATP in a total volume of 0.1 ml (34).
After incubations for 20 min at 37 °C, the samples were mixed with 30
ul of 0.75 M Tris-HCI (pH 6.8) containing 7.5% SDS and 10% (v/v)
2-mercaptoethanol. They were then subjected to polyacrylamide gel
electrophoresis on 4—-8% (w/v) gradient slab gels containing SDS and
2-mercaptoethanol (39). Proteins in the gels were then visualized by
silver staining.

Determination of Cleavage Specificity—Oxidized insulin B-chain (10
ng) was digested with the purified HslV (2 ug) and HslU (8 pg) proteins
for 2 h at 37 °C in the presence of 1 mm ATP. The cleavage products (0.2
ml each) were analyzed by reverse phase HPLC (LC10AS, Shimadzu)
using a Bondsphere column (2.1 X 150 mm, Waters). The peptides were
eluted with an acetonitrile gradient using solution A, containing 0.1%
(v/v) trifluoroacetic acid, and solution B, containing 0.09% trifluoroace-
tic acid in 80% (v/v) acetonitrile. With solution B, elution was carried
out for 0—60 min at 2-37.5%, 60—-90 min at 37.5-75%, and 90—-105 min
at 75-98% acetonitrile. Elution of the peptides was monitored by their
absorbance at 214 nm. Amino acid sequences were then determined by
Edman degradation using a peptide sequencer (model 491, Perkin-
Elmer) and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (Voyager RP, PerSeptive Biosystems).

RESULTS

Effects of the Cys Mutations on the Ability of HslU in ATP
Hydrolysis and in Supporting HslV-mediated Proteolysis—In
order to determine the effects of Cys mutations on the ATPase
activity of HslU, site-directed mutagenesis was performed to
replace either Cys?! or Cys?®” in HslU with Val (Fig. 1). The
resulting proteins were purified to apparent homogeneity and
are referred to as HslU/C261V and HslU/C287V, respectively
(Fig. 2). We then examined the effects of Cys mutations on the
ATPase activity of HslU. Fig. 3A shows that the rate of ATP
hydrolysis by HslU/C261V is nearly identical to that of the
wild-type HslU. In contrast, HslU/C287V was not capable of
hydrolyzing ATP at all. Prolonged incubation with excess of the
mutant protein (e.g., incubation for 4 h with 20 ug of HslU/
C287V) did not show any ATP-cleaving activity either (data not
shown). HslV has been shown to stimulate ATP hydrolysis by
the wild-type HslU 2—4-fold (27). To examine whether HslV
can also activate the ATPase activity of the mutant forms, ATP
hydrolysis was assayed in the presence of increasing amounts
of HslV. As shown in Fig. 3B, the HslV-mediated increase in
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Fic. 2. Polyacrylamide gel electrophoresis of the purified
HslV and HslU and their mutant forms. The purified HslV (lane a),
Hs1V/C159A (lane b), HslV/C159S (lane c), HslU (lane d), HslIU/C261V
(lane e), and HslU/C287V (lane f) were electrophoresed in 13% (w/v) slab
gels containing SDS and 2-mercaptoethanol. The gels were then stained
with Coomassie Blue R250. Each lane contains 5 ug of protein.

02 A B H0.3
< <
] 102 >
2 L)
= 2
g 0.1+ §
=S o
i Joa T
E =
< q <

0.04 Ad—A A ; A 100

0 20 40 60 0 1 2 3 4
Time (min) HslV (ug)

Fic. 3. Hydrolysis of ATP by HslU and its mutant forms. A, ATP
hydrolysis was assayed by incubating 4 ug of HslU (e ), HslU/C261V
(O), or HslU/C287V (A) and 1 mM ATP for various periods at 37 °C. B,
assays were performed as above, except that 1 ug of the HslU proteins
was incubated for 1 h in the presence of increasing amounts of HslV.

the ATPase activity of HslU/C261V occurred in parallel with
that of the wild-type HslU. However, ATP hydrolysis by HslU/
C287V was not evident even in the presence of HslV. Thus,
Cys287 but not Cys?! appears to be involved in the ATPase
function of HslU.

In order to determine the ability of HslU and its mutant
forms in supporting the HslV-mediated proteolysis, HslV was
incubated with increasing amounts of the HslU proteins. Fig.
4A shows that HslU/C261V supports the hydrolysis of 12°I-
labeled insulin B-chain by HslV as well as the wild-type HslU.
Surprisingly, HslU/C287V, which is unable to hydrolyze ATP,
could also support the HslV-mediated proteolysis in the pres-
ence of ATP, although to extents much less than those seen
with HslU or HslU/C261V at low protein concentrations. With-
out ATP, however, only the basal activity of HslV could be seen
whether or not HslU and its mutant forms were present (data
not shown). Similar data were obtained for the hydrolysis of
Cbz-Gly-Gly-Leu-AMC (data not shown). These results indicate
that ATP binding but not its hydrolysis is essential for the
proteolytic function of the HsIVU protease and further support
the previous suggestion that ATP hydrolysis can be uncoupled
from cleavage of peptide bonds by HsIVU (33, 34).

Effects of the Cys Mutations on the Affinity of HslU to ATP
and Interaction with HslV—The HslVU protease shows a max-
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Fic. 4. Ability of HslU and its mutant forms to support the
proteolytic activity of HslV. A, degradation of ?I-labeled insulin
B-chain (10 ug) was assayed by incubating 1 ug of HslV and 1 mm ATP
for 1 h in the presence of increasing amounts of HslU (e ), HsIU/C261V
(O), or HslU/C287V (A). The radioactivity released into acid-soluble
products was then measured and expressed as a percentage of the total
radioactive protein added to the reaction mixtures. B, proteolysis was
assayed as above, except that 1 ug of HslV and 4 g of the HslU proteins
were incubated in the presence of increasing concentrations of ATP.

imal proteolytic activity against insulin B-chain or casein when
HslV and HslU are incubated at a mass ratio of 1:4, which is
approximately equivalent to a molar ratio of 1:2 (29, 40). To
achieve the maximal activity with HslU/C287V, however, an at
least 2-fold higher amount of the protein was required as com-
pared with HslU or HslU/C261V (i.e., at a mass ratio of 1:8; see
Fig. 4A). This finding raised a possibility that the C287V mu-
tation results in reduction of the affinity of the HslU protein for
ATP and hence in the decrease in the affinity between the HslU
subunits and/or between the HslU and HslV oligomers. To test
this possibility, HslV was incubated with HslU/C287V at a
fixed mass ratio of 1:4 and in the presence of increasing con-
centrations of ATP. As shown in Fig. 4B, the ATP concentration
required for the half-maximal activity in the presence of HslU/
C287V was at least 5-fold higher than that with the wild-type
HslU or HslU/C261V. Thus, it appears that the requirement of
high amounts of HslU/C287V in supporting the HslV-mediated
proteolysis is due to its decreased affinity for ATP.

In order to determine whether the reduced affinity of HslU/
C287V for ATP indeed influences the interaction between the
HslU subunits and/or between the HslU and HslV oligomers, a
cross-linking analysis was performed by incubation of HslU/
C287V with glutaraldehyde in the presence of 0.5 or 2 mm ATP.
As a control, HslU and HslU/C261V were also subjected to the
same cross-linking analysis. In the presence of 0.5 mm ATP,
both HslU and HslU/C261V formed an oligomeric complex of
300-350 kDa, which is likely to represent a hexameric or
heptameric form of HslU, whereas more than 60% of HslU/
C287V remained as a monomer of about 50 kDa (Fig. 5A4). On
the other hand, all of the HslU proteins were cross-linked to the
high molecular mass, oligomeric form in the presence of 2 mm
ATP. When the same experiment was performed in the pres-
ence of HslV, the amounts of the HsIVU complex formed by
incubation of HslU/C287V and HslV in the presence of 0.5 mm
ATP was much less than that seen with 2 mm ATP (Fig. 5B).
Moreover, the amounts of the HsIVU complex formed by incu-
bation of HslU/C287V and HslV in the presence of two different
ATP concentrations were approximately proportional to the
amounts of the mutant HslU oligomers formed in the absence
of HslV. On the other hand, HslU/C261V formed the complex
with HslV nearly as well as the wild-type HslU at both ATP
concentrations. Thus, it appears that the reduced ability of
HslU/C287V in supporting the HslV-mediated proteolysis is
due to its reduced ability in oligomerization at low ATP con-
centrations but not to any defect in the interaction between the
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Fic. 5. Cross-linking analysis for the assembly of the HslVU
complex by the purified HslV and HslU/C261V or HslU/C287V. A,
aliquots (4 ug each) of HslU (lanes a and d), HslU/C261V (lanes b and
e), or HslU/C287V (lanes ¢ and f) were incubated with 0.4% glutaralde-
hyde for 20 min at 37 °C in the presence of 0.5 mMm (lanes a—c) or 2 mMm
ATP (lanes d—f). The samples were then electrophoresed under dena-
turing conditions followed by silver staining. The open arrowhead indi-
cates the HslU monomer. B, experiments were performed as above but
in the presence of 4 pg of HslV. The dot may represent two HslU
oligomers flanked by a HslV dodecamer. C, as a control, 4 ug of HslU
(lane a) and HslV (lane b) by themselves were also analyzed, but in the
absence of ATP. The closed arrowheads indicate the cross-linked inter-
mediates of HslV: from top to bottom, hexamer, tetramer, trimer, and
dimer, respectively.

ATP-bound HslU/C287V and HslV oligomers.

Effect of NEM on the ATPase Activity of HslU and Its Oli-
gomerization—We have previously shown that pretreatment of
NEM blocks not only the ATPase activity of HslU but also its
ability to support the HslV-mediated proteolysis, and we there-
fore suggested that hydrolysis of both ATP and peptide bonds
occur in a tightly linked process (27). This result is contradic-
tory to the present findings that the HslV-HsIU/C287V complex
can hydrolyze protein and peptide substrates without ATP
hydrolysis and to the previous findings that nonhydrolyzable
ATP analogs can support the proteolysis by HsIVU (33, 34). In
order to clarify the discrepancy, we first compared the effect of
NEM on the ATPase activity of HslU/C261V with that of the
wild-type HslU. The HslU proteins were treated with 1 mm
NEM for 30 min at 4 °C. The resulting samples were incubated
with 3 mum dithiothreitol to inactivate unreacted NEM and then
assayed for ATP hydrolysis in the presence and absence of
HslV. Table I (Experiment I) shows that both the basal and
HslV-stimulated ATPase activities of the wild-type HslU were
strongly inhibited by NEM to a similar extent (i.e., by about
80%) in accord with our previous report (29). In contrast, the
same NEM treatment resulted in less than 15% reduction of
the ATPase activities of HslU/C261V. Similar data were ob-
tained when assayed for the hydrolysis of insulin B-chain with
and without the treatment of NEM (Table I, Experiment II).
Furthermore, upon the NEM treatment, the ability of HslU/
C287V to support the insulin B-chain degradation by HslV was
inhibited to an extent similar to that seen with the wild-type
HslU. Thus, it appears that, of the two Cys residues, Cys26! is
the major site that is responsible for the NEM-mediated inhi-
bition of ATP hydrolysis by HslU and for the HslU-activated
proteolytic activity of HslV. On the other hand, Cys?®” may be
buried inside the HslU protein and therefore not be easily
accessible to the sulfhydryl blocking reagent. However, we
cannot exclude the possibility that Cys2®” may also be co-
valently modified by NEM and that the modified HslU protein

Mutagenesis of Cys Residues in HslVU Protease

TaBLE 1
Effect of NEM on the ATPase activities of HsIU and HsIU/C261V
and on their ability to support the proteolysis by HsIV

Aliquots (4 ug each) of HsIU, HsIU/C261V, and HsIU/C287V were
incubated with 1 mm NEM for 1 h at 4 °C. After incubation, 3 mm
dithiothreitol was added to the mixtures, and the mixtures were further
incubated for 10 min at the same temperature. The samples were then
assayed for ATP hydrolysis (Experiment I) and for degradation of *?°I-
labeled insulin B-chain by incubation with 2 mm ATP and 1 ug of HsIV
for the next 30 min at 37 °C. The activity seen with HsIU only was
expressed as 100%, and the others are expressed relative to that value.

Relative Activity

Without With
NEM NEM

Proteins

%
Experiment I: for ATP hydrolysis

HsIU 100 20
HsIU/C261V 94 82
HsIU plus HsIV 286 55
HsIU/C261V plus HsIV 275 239
Experiment II: for Hydrolysis of insulin B-chain
HsIU plus HsIV 100 17
HsIU/C261V plus HsIV 104 91
HsIU/C287V plus HsIV 89 15

is still capable of hydrolyzing ATP, although this possibility is
much less likely because HslU/C287V lacks the ATPase
activity.

HslU is a hexamer or heptamer in the presence of ATP, but
it behaves as monomer or dimer in its absence (27, 40—42).
Because oligomerization of HslU is essential for its interaction
with HslV and hence for supporting the proteolytic activity of
HslV, it appeared that NEM may influence oligomerization of
HslU rather than blocking its catalytic function. To test this
possibility, the wild-type HslU and its mutant forms were
incubated with NEM for 30 min at 4 °C and then subjected to
gel filtration on a Superose-6 column. Upon NEM treatment,
both HslU and HslU/C287V dissociated into monomeric forms
even in the presence of ATP (Fig. 6, A and C). On the other
hand, HslU/C261V remained as an oligomer whether or not
NEM was treated (Fig. 6B). These results indicate that inhib-
itory effect of NEM on protein breakdown is mediated by dis-
sociation of oligomeric HslU into monomers and therefore by
blocking the formation of the HslVU complex. These results
also confirm that NEM interacts with Cys?! and the C261V
mutation prevents the binding of the reagent. However, it still
remains uncertain whether Cys?®7 is not accessible to NEM or
the NEM binding at this site has little influence on oligomer-
ization of HslU.

Effect of the Cys Mutation on the Proteolytic Activity of HslV
and Its Interaction with HslU—Because HslV contains a single
Cys residue at the position 159, we also examined the effect of
the Cys mutation on the catalytic function of HslV by substi-
tution of Cys'®® with Ala or Ser (see Fig. 1). The resulting
proteins were purified to apparent homogeneity and are re-
ferred to as HsIV/C159A and HslV/C159S, respectively (see Fig.
2). As shown in Fig. 7A, either the C159A or C159S mutation in
HslV completely abolished the ATP-dependent proteolytic ac-
tivity of the HsIVU protease against ?°I-labeled insulin B-
chain. HslV is a weak protease, which alone also can degrade
the polypeptide, although to extents much less than those seen
in the presence of HslU and ATP (27, 29). The same mutations
also abolished the basal proteolytic activity of HslV (data not
shown). Similar data were obtained when the same experi-
ments were performed using Cbz-Gly-Gly-Leu-AMC as the sub-
strate (data not shown). Thus, Cys'®® appears to be critical for
the catalytic function of HslV.

To determine whether the Cys mutations also influence the
ability of HslV to stimulate the ATPase activity of HslU, ATP
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Fic. 6. Effect of NEM on oligomerization of HslU and its mu-
tant proteins. The purified HslU (A4), HslU/C261V (B), or HslU/C287V
(C) (0.2 mg each) was incubated in the absence (e ) and presence of 5 mMm
NEM (O) for 30 min at 4 °C. After incubation, 2 mMm ATP was added, and
the mixtures were further incubated for 10 min at 4 °C. Each of the
samples was then chromatographed on a Superose-6 column (1 X 30
cm) that had been equilibrated with 20 mm Tris-HCl (pH 7.8) buffer
containing 1 mM EDTA, 1 mum dithiothreitol, 5 mm MgCl,, 1 mMm ATP,
and 10% glycerol. The size markers used were as follows: a, thyroglob-
ulin (669 kDa); b, ferritin (440 kDa); ¢, aldolase (153 kDa); d, ovalbumin
(45 kDa).
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Fic. 7. Effect of the C159S mutation on the ability of HslV in
proteolysis and in activation of ATP hydrolysis by HslU. A,
degradation of '?*I-labeled insulin B-chain (10 ug) was assayed by
incubating 1 pg of HslV (e ), HsIV/C159A (A), or HsIV/C159S (W), 4 ug
of HslU, and 1 mm ATP for various periods at 37 °C. B, ATP hydrolysis
was assayed by incubating 4 ug of HslU and 1 mMm ATP in the presence
of increasing amounts of HslV (e ), HsIV/C159A (A), or HsIV/C159S (W).

hydrolysis by HslU was assayed by incubation with increasing
amounts of HslV/C159A or HslV/C159S. Unlike the wild-type
HslV, both of the mutant proteins could not stimulate the
ATPase activity of HslU (Fig. 7B), suggesting that they cannot
interact with HslU. In order to clarify further whether Cys!®®
in HslV is required for the interaction between HslV and HslU
and hence for the assembly of the HslVU complex, a cross-
linking analysis was performed by incubation of HslV and its
mutant forms with glutaraldehyde in the presence and absence
of HslU (Fig. 8). Like the wild-type HslV, HslV/C159A alone
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Fic. 8. Cross-linking analysis for the assembly of the HslVU
complex by HslV or HslV/C159S and HslU. Aliquots (4 pg each) of
HslV (lanes b and d) or HsIV/C159S (lanes ¢ and e) were incubated with
0.4% glutaraldehyde and 1 mm ATP for 20 min at 37 °C in the absence
(lanes b and c) and presence (lanes d and e) of HslU. After incubation,
the samples were electrophoresed under denaturing conditions followed
by silver staining. As a control, HslU (4 pg) was also treated as above
(lane a). The arrowheads indicate the cross-linked intermediates of
HslV.

could form various cross-linked intermediates as well as do-
decamers. However, it could not form the HsIVU complex in the
presence of HslU and ATP, unlike the wild-type HslV. Similar
data were obtained with HslV/C159S (data not shown). These
results indicate that Cys!®® in HslV is essential for the inter-
action with HslU and hence for the formation of the HsIVU
complex.

Effects of NEM on Oligomerization of HslV—HslV is a do-
decamer of 19-kDa subunits, consisting of two hexameric rings
(27, 40—43). In order to determine whether NEM may also
influence the oligomeric nature of HslV, the sulthydryl blocking
reagent was incubated with HslV or its mutant forms for 30
min at 4 °C. The samples were then subjected to gel filtration
on a Sephacryl S-300 column. Upon NEM treatment, the wild-
type HslV protein was eluted in the fractions corresponding to
about 20 kDa (Fig. 9A4), indicating that the NEM treatment
results in complete dissociation of the dodecameric complex
(about 250 kDa) into monomers. In addition, this NEM-treated,
monomeric HslV showed little or no activity against insulin
B-chain or Cbz-Gly-Gly-Leu-AMC whether or not HslU is pres-
ent (data not shown). However, the HslV protein carrying ei-
ther the C159A or the C159S mutation behaved as a dodecamer
whether or not NEM was treated (Fig. 9B; data not shown),
indicating that Cys!®® is the site for modification by NEM.
These results suggest that Cys!®® is involved in oligomerization
of HslV, and introduction of a bulky alkyl group to the residue
prevents the formation of the HslV dodecamer.

Peptide Bond Specificity of HslVU Protease—In order to de-
termine the cleavage specificity, insulin B-chain was incubated
with the HsIVU protease and ATP for 2 h. Upon reverse-phase
HPLC of the reaction products on a C;4 column, five peptide
peaks were detected by absorbance at 214 nm (Fig. 10A). The
cleavage sites on insulin B-chain were then determined by
mass spectrometric analysis of each peptide peak. From the
estimated molecular masses of the peptides and from the
known amino acid sequence of insulin B-chain, the cleavage
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Fic. 9. Effect of NEM on oligomerization of HslV and HslV/
C1598. Aliquots (50 pg each) of the purified HslV (A) and HsIV/C159A
(B) were incubated in the absence (e ) and presence (O) of 5 mM NEM for
30 min at 4 °C. Each of the samples was then subjected to gel filtration
on a Sephacryl S-300 column (1 X 47 cm) that had been equilibrated
with 20 mm Tris-HCI (pH 7.8) buffer containing 1 mm EDTA, 5 mm
MgCl,, and 10%(w/v) glycerol. Proteins eluted from the column were
assayed by the dye binding method (38). The size markers used were as
follows: a, apoferritin (443 kDa); b, catalase (232 kDa); ¢, bovine serum
albumin (66 kDa); d, carbonic anhydrase (29 kDa).
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FiG. 10. Determination of the cleavage sites in insulin B-chain.
Oxidized insulin B-chain (10 pg) was digested with the purified HslV (2
png) and HslU (8 ug) for 2 h at 37 °C in the presence of 1 mM ATP. The
cleavage products were then separated (A), and their amino acid se-
quences were determined (B) as described under "Experimental Proce-
dures.“ The asterisk indicates the position at which intact insulin B-
chain was eluted. The cleavage sites are indicated by the vertical arrows.

sites in the polypeptide were deduced. Fig. 10B summarizes the
amino acid sequences of the peptides and the cleavage sites by
the HsIVU protease. These results indicate that the HslVU
protease preferentially cleaves on the carboxyl side of certain
hydrophobic amino acids in insulin B-chain (i.e. the peptide
bonds of Leu’-Val®, Ala''-Leu'?, Tyr'*-Leu'®, and Leu'8-Val'?).
Nearly identical data were obtained when HslV was incubated
with HslU/C287A and ATP or with the wild-type HslU and

Mutagenesis of Cys Residues in HslVU Protease

ATP~S (data not shown). Thus, ATP hydrolysis does not seem
to influence the cleavage specificity of the HsIVU protease.

DISCUSSION

The present studies have demonstrated that the Cys resi-
dues in both HslV and HslU play important roles in maintain-
ing the structure and function of the HslVU protease. The
single Cys residue at position 159 of HslV appears to be in-
volved in oligomerization of its subunits, interaction with HslU
for assembly of the HsIVU protease, and the proteolytic func-
tion of the enzyme complex. Treatment of NEM resulted in
complete dissociation of the dodecameric HslV into monomers.
However, involvement of Cys'®® in the HslV oligomerization
seems to be indirect, because its substitution with Ala or Ser,
which abolishes the NEM effect, did not interfere with the HslV
oligomer formation. Perhaps the Cys residue is located close to
the contact region of one HslV subunit to the contiguous sub-
unit, and the introduction of the bulky alkyl group to the
sulfhydryl residue upon NEM treatment may sterically inter-
fere with the subunit-subunit interaction.

Despite the finding that the replacement of Cys'®® with Ala
or Ser shows no effect on the oligomeric nature of HslV, the
HslV protein carrying either of the mutations was unable to
stimulate the ATPase activity of HslU or to form the HsIVU
complex. Therefore, it appears that Cys!®®, particularly its
sulthydryl group, plays an important role in the interaction
with HslU. This Cys residue also appears to be important for
the catalytic function of HslV, because the same mutation
abolished both the basal and HslU-activated proteolysis by
HslV. However, whether HslU and ATP are present or not,
HslV was not sensitive to other inhibitors of the cysteine pro-
teases, such as leupeptin or E64. Thus, the mechanism for
involvement of Cys'®® in the catalytic function of the HsIVU
protease remains unknown. Perhaps it is located close to the
active site Thr residue of HslV and thereby provides an atmo-
sphere that is appropriate for the catalytic function of the
N-terminal Thr residue. In fact, it has recently been demon-
strated by x-ray structural analysis that Cys'®® in HslV is
proximal to the Thr residue (43).

The two Cys residues in HslU appear to also play critical
roles in maintaining the structure and function of the HsIVU
protease. Of these, Cys2®! of HslU seems to be involved in
oligomerization of its subunits, because treatment of NEM,
even in the presence of ATP, resulted in complete dissociation
of the hexameric or heptameric HslU into a monomer. Similar
to the case of HslV, however, involvement of the Cys residue in
the HslU oligomerization seems to be indirect, because its
substitution with Val, which eliminates the NEM effect, did not
interfere with the ATP-dependent oligomer formation.

Of particular interest is the finding that the HslU protein
carrying the Cys2®7 to Val substitution is not capable of hydro-
lyzing ATP at all but still can support the proteolytic activity of
HslV. Therefore, it seems clear that ATP binding but not its
hydrolysis is essential for the proteolytic function of the HsIVU
protease, unlike that of other ATP-dependent proteases, in-
cluding protease La and protease Ti. However, unlike the
C287V mutation, the HslU mutant proteins carrying either Ser
or Ala in place of Val, which we have also generated using the
same mutagenic approach, could hydrolyze ATP and support
the HslV-mediated proteolysis nearly as well as the wild-type
HslU (data not shown). Therefore, the size and/or hydrophobic-
ity of the side chain of amino acid 287 appears to be critical for
the ATP-cleaving reaction by HslU. Possibly, introduction of
the relatively bulky side chain of Val at position 287 may alter
the geometry of ATP bound to the Walker A type ATP binding
region, as evidenced by reduction in the affinity to ATP, and
lead to impairment of ATP cleavage reaction by HslU.
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What is the role of ATP hydrolysis by the HsIVU protease? In
the first place, ATP hydrolysis may be required for the chap-
erone function of HslU. This assumption is based on the fact
that HslU is a member of HSP100/Clp family (44), most of
which are known to also function as chaperones (45, 46). In
addition, similar to ClpA and protease La, of which the protein-
activated ATPase activities are essential for the chaperone
activities (45, 47), HslU harbors the ATPase activity that can
be activated by proteins (29). However, no evidence exists at
present for the chaperone function of HslU.

The second possibility is that ATP hydrolysis by the HsIVU
protease may be required for unfolding of its protein substrates
for channeling into the central cavity of HslV, where the Thr
active site is located (43), as well as for exposing the scissile
bonds, as is the case for protease Ti and the 26S proteasome
(48-51). However, the HsIVU protease has been shown to
degrade insulin B-chain and casein even more rapidly in the
presence of ATP+yS, a nonhydrolyzable ATP analog, than with
ATP (34). Moreover, the HslU mutant protein lacking the
ATPase activity can support the proteolytic activity of HslV
nearly as well as the wild-type HslU when ATP is present
above 2 mm. Nevertheless, the possibility cannot be ruled out,
because the polypeptide substrates used in this experiment are
known to lack any appreciable secondary structure. In fact,
protease La has been demonstrated to degrade the unfolded
form of CcdA, but not its native form, without ATP hydrolysis
(52).

Finally, ATP hydrolysis may play an important role in the
recycling of the HsIVU protease in the process of protein break-
down. It has previously been demonstrated that the ADP-
bound form of HslU, although it can form an oligomer, is
unable to interact with HslV to generate an active form of the
HslVU protease complex (34). In addition, ADP has a much
higher affinity for HslU than ATP. Therefore, after cleaving the
scissile bonds in a protein substrate, ATP hydrolysis and sub-
sequent generation ADP may promote the dissociation of the
HsIVU protease into the HslU and HslV oligomers so as to be
available for the next round of proteolytic attack. In this pos-
sibility, protein substrates are assumed to alter the conforma-
tion of HslU in such a way to increase the affinity for ATP to
replace the bound ADP. In fact, the affinity of ATP for protease
La has been reported to increase upon binding of protein sub-
strates (17). Therefore, when protein substrates are no longer
available, HslU may remain as an ADP-bond form, which can-
not interact with HslV. This manner may prevent excess or
inappropriate degradation of normal cell proteins.
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