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Escherichia coli mutants lacking activities of all known cytosolic ATP-dependent proteases (Lon, CIpAP,
CIpXP, and HsIVU), due to double deletions [AkslVU and A(clpPX-lon)], cannot grow at low (30°C) or very high
(45°C) temperatures, unlike those carrying either of the deletions. Such growth defects were particularly
marked when the deletions were introduced into strain MG1655 or W3110. To examine the functions of HsIVU
and other proteases further, revertants that can grow at 30°C were isolated from the multiple-protease mutant
and characterized. The revertants were found to carry a suppressor affecting either ftsZ (encoding a key cell
division protein) or suld (encoding the SulA inhibitor, which binds and inhibits FtsZ). Whereas the fisZ
mutations were identical to a mutation known to produce a protein refractory to SulA inhibition, the sul4
mutations affected the promoter-operator region, reducing synthesis of SulA. These results suggested that the
growth defect of the parental double-deletion mutant at a low temperature was due to the accumulation of
excess SulA without DNA-damaging treatment. Consistent with these results, SulA in the double-deletion
mutant was much more stable than that in the A(clpPX-lon) mutant, suggesting that SulA can be degraded by
HsIVU. As expected, purified HsIVU protease degraded SulA (fused to the maltose-binding protein) efficiently
in an ATP-dependent manner. These results suggest that HsIVU as well as Lon participates in the in vivo
turnover of SulA and that HsIVU becomes essential for growth when the Lon (and Clp) protease level is

reduced below a critical threshold.

Protein turnover in Escherichia coli mostly depends on sev-
eral ATP-dependent proteases that are present in the cytosol
(Lon [also called La], CIpAP [Ti], ClpXP, and HsIVU) or
associated with the inner membrane (FtsH [HfIB]) (12). Some
of them (Lon and FtsH) form homo- or hetero-oligomers,
whereas others (ClpAP, ClpXP, and HsIVU) are two-compo-
nent proteases that consist of a catalytic subunit (ClpP and
HslV) and an ATPase subunit, which presumably confers sub-
strate specificity (ClpA, ClpX, and HslU). These enzymes can
degrade not only misfolded or abnormal proteins but also
some physiologically important proteins that are normally un-
stable. Among the naturally unstable proteins whose stability is
modulated by these proteases are heat shock o factor (o°2),
cell division inhibitor SulA, and transcription activator RcsA.

0>? (encoded by rpoH) is specifically required for the tran-
scription of heat shock genes and is found at a very low level
under nonstress conditions due to both its extreme instability
(half-life, 1 min) and restricted translation of rpoH mRNA; the
0 level is rapidly and transiently enhanced during the heat
shock response by both stabilization and translational induc-
tion (15, 47). Interestingly, most of the ATP-dependent pro-
teases or their subunits are heat shock proteins, and their
synthesis is coordinately regulated with that of other heat
shock proteins through transcriptional activation mediated by
o2, Conversely, the stability of o> is tightly modulated by the
DnaK/Dnal chaperones and proteases, particularly mem-
brane-bound FtsH (17, 40); however, an active role of cytosolic
proteases, including HsIVU, has been suggested by both in vivo
(25) and in vitro (24, 43) analyses.

SulA and RcsA, on the other hand, are well-known sub-
strates for the Lon protease (12). SulA (encoded by sulA/sfiA)
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is a member of the SOS regulon, and its synthesis is induced
by DNA-damaging agents, such as mitomycin C (42); when
induced, it inhibits septation by binding to FtsZ, a key cell
division protein. SulA is normally unstable in the wild type
(half-life, 1 to 2 min) but is greatly stabilized in lon mutants
(half-life, 20 to 30 min) (32), leading to an excess accumulation
that renders the cell hypersensitive to DNA damage. RcsA
(half-life, 5 min) specifically activates the transcription of cps
genes involved in colanic acid synthesis. The stabilization of
RcsA in lon mutants (half-life, 20 min) results in the overpro-
duction of capsular polysaccharide and the formation of mu-
coid colonies (41).

We recently identified HsIVU as a protease that can partic-
ipate in the in vivo turnover of o> as well as of heterologous
proteins, such as human prourokinase (25). HsIVU consists of
two rings of six catalytic subunits (HslV) flanked by rings of six
or seven ATPase subunits (HslU) on both sides (5, 26, 31, 33,
34, 46). In the course of characterizing mutants lacking all
known cytosolic proteases, we found mutants (derived from
strain MG1655 or W3110) that exhibit clear growth defects at
both low (30°C) and very high (45°C) temperatures. These
findings prompted us to further dissect the function of HsIVU
by isolating and characterizing revertants that can grow at
30°C. We found that HsIVU plays at least an auxilliary role in
the degradation of SulA.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli K-12 strains and plasmids used are
listed in Table 1. Each deletion of the chromosomal protease genes was trans-
duced into wild-type strain MG1655 (or W3110) from derivatives of FS1576
(C600 thy recD1009) carrying the deletion (25). To construct an ftsZ2691 mutant
with the wild-type (protease-positive) background, the lews::Tn5 mutation (kana-
mycin resistance) of CBK012 (44) was first transduced into KY2691, and the
closely linked leu:Tn5 and ftsZ2691 mutations were then transduced into
MG1655 by selection for kanamycin resistance; the resulting ftsZ2691 transduc-
tants (temperature sensitive) were confirmed by nucleotide sequencing. To con-
struct the multiple-protease mutant lacking SulA (KY3052), the sul4::Tn5 mu-
tation of GC2597 (9) was transduced into KY2350 at 42°C, and one of the
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TABLE 1. Bacterial strains and plasmids used

Source or
reference

Strain

or plasmid Relevant genotype

E. coli K-12 strains

MG1655 Prototrophic E. coli K-12 B. Bachmann
KY2966 MG1655 AhslVUI1172::tet This study
KY2347 MG1655 A(clpPX-lon) This study
1196::cat
KY2350 KY2347 AhslVUI1172::tet This study
KY2691 KY2350 ftsZ22691 This study
KY2981 KY2350 sulA2981 This study
KY3052 KY2350 sulA::Tn5 This study
CBKO012 thyA leu::Tn5 44
GC2597 sulA::TnS pyrD thr leu his 9
lac gal malB srl::Tnl0
sfiC str
Plasmids
pMW118 ori(pSC101) bla lacZo
pKV1238 pMW118 Alacp This study
pTrc99A ori(pMB1) bla lacl trcp
pKV1025 pTrc99A hslV This study
pKV1022 pTrc99A hslU This study

kanamycin-resistant transductants lacking SulA (confirmed by immunoblotting)
was established as KY3052. Phage P1 or T4GT7 was used for all transduction
experiments.

Plasmids pMW118 and pTrc99A were obtained from Nippon Gene, Tokyo,
Japan, and Amersham Pharmacia Biotech, respectively. To delete the lac pro-
moter from pMW118, the plasmid was cut with HindIII, partially digested with
Apall, blunted with T4 DNA polymerase, and ligated to obtain pKV1238. The
hslVU operon was cut out from pKV1004 (25) and ligated to pKV1238 to obtain
pKV1238-hslVU. pKV1238-lon carrying a 2.9-kb Ncol-Mun] fragment that con-
tains the entire lon operon or pKV1238-clpPX carrying a 2.8-kb Sp/I-HindIII
fragment that contains the entire c/pPX operon was constructed by excising the
respective DNA fragments from Kohara’s \ clone 148 (28). The promoterless
hslV or hslU was inserted under the control of the frc promoter on pTrc99A
lacking the initiation codon (ATG) within the Ncol site (pKV1025 or pKV1022,
respectively).

Media and chemicals. L broth was described elsewhere (39); ampicillin (50
pg/ml), kanamycin (10 pg/ml), chloramphenicol (10 pg/ml), or tetracycline (10
pg/ml) was added when necessary. Mitomycin C (final concentration, 2.5 pg/ml)
was used to induce the synthesis of SulA. Chemicals were obtained from Nacalai
Tesque, Kyoto, Japan, or Wako Pure Chemicals, Osaka, Japan.

Protein purification. Cells of strain KY2691 harboring pKV1025 or pKV1022
were grown to the mid-log phase in L broth, and the production of HslV or HslU
was induced by the addition of isopropyl-B-p-thiogalactopyranoside (IPTG; final
concentration, 1 mM). After 1.5 h of incubation at 37°C, cells were harvested by
centrifugation, suspended in 50 mM Tris-HCI (pH 7.5)-1 mM EDTA-1 mM
dithiothreitol-10% (vol/vol) glycerol (buffer B) (26), and sonicated. All purifi-
cation steps were carried out at 4°C. After precipitation with polyethyleneimine
as described previously (26), the supernatant was loaded onto a HiLoad Q-
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Sepharose column (Amersham Pharmacia Biotech), and proteins were eluted
with buffer B containing a linear gradient of KCI.

To purify HslV, fractions from the ion-exchange chromatography were loaded
onto a HiTrap Blue column (Amersham Pharmacia Biotech), and proteins were
similarly eluted with a linear KCI gradient. Ammonium sulfate (final concentra-
tion, 1 M) was added to the fractions containing HsIV, which were then applied
to a HiTrap Phenyl-Sepharose HP column (Amersham Pharmacia Biotech)
equilibrated with buffer B containing 1 M ammonium sulfate. The flowthrough
fraction was concentrated and applied to a HiPrep Sephacryl S-300 column
(Amersham Pharmacia Biotech) equilibrated with buffer B plus 0.2 M KCI, and
the HslV fractions were concentrated and stored at —70°C. The purity was
estimated to be >95% by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) followed by staining with Coomassie brilliant blue.
HslU was purified by directly loading the fractions from the ion-exchange chro-
matography (HiLoad Q-Sepharose column) onto a HiPrep Sephacryl S-300
column. The resulting HslU fractions of about 90% purity were similarly stored
at —70°C. Protein concentrations were determined by Bradford protein assays
(Bio-Rad) (2).

Enzyme assays. The reaction mixture (60 wl) for enzyme assays contained 50
mM Tris-HCI (pH 8.0), 0.1 M KCl, 1 mM dithiothreitol, 0.02% Triton X-100, 25
mM MgCl,, 4 mM ATP, 0.96 pg of HslV, 2.4 ng of HslU, and 2.4 g of substrate.
The mixture was incubated at 37°C, and the reaction was terminated by mixing
with an equal volume of 2X SDS-PAGE sample buffer. Proteins were separated
by SDS-PAGE and stained with Coomassie brilliant blue. MBP-SulA (SulA
fused to maltose-binding protein [MBP]) and MBP-LacZa (o fragment of LacZ
fused to MBP) were kindly donated by Y. Ishii and Y. Kato (Kyushu Institute of
Technology, Fukuoka, Japan).

Other procedures. Nucleic acid manipulation (35), SDS-PAGE (39), and im-
munoblotting (25) were performed as described previously. Antisera against
SulA and Lon were generously supplied by M. Maurizi and S. Gottesman (Na-
tional Cancer Institute, Bethesda, Md.).

RESULTS

Isolation of suppressors from the multiple-protease mutant.
The E. coli double-deletion mutant [AhsIVU A(clpPX-lon)]
lacking all cytosolic ATP-dependent proteases (Lon, CIpAP,
ClpXP, and HsIVU) was isolated from wild-type strain
MG1655 as described in Materials and Methods and desig-
nated KY2350. This mutant exhibited clear growth defects at
or below 37°C or at a very high temperature (45°C); the effi-
ciency of plating on L agar was markedly reduced compared to
those of MG1655 or isogenic single-deletion mutants lacking
Lon, CIpAP, and ClpXP (KY2347) or HsIVU (KY2966) (Ta-
ble 2). [Note that the A(clpPX-lon) deletion eliminated the
activities of ClpAP, ClpXP, and Lon.] Such growth defects
presumably result from the excessive accumulation of one or
more protein substrates that are normally degraded by these
proteases. When a moderately low-copy-number plasmid
(pKV1238) carrying lon, cIpPX, or hslVU was introduced into
this mutant, the resulting strains all grew at 30°C (data not
shown), suggesting that a certain common substrate(s) for
these proteases accumulates in the original mutant (K'Y2350)
and inhibits growth at the restrictive temperatures. In order to

TABLE 2. Relative efficiency of plating”

No. of colonies formed at temp (°C) of:

Strain
20 30 37 42 44 45

MG1655 (wild type) 15 1.5 1.4 1 0.88 1.4
KY2966 (AhslVU) 0.8 13 0.88 1 ND 0.97
KY2347 [A(clpPX-lon)] 0.72° 0.22° 0.41 1 1.5 1.6
KY2350 [AhsIVU A(clpPX-lon)] 1.4 X 107 33 %10 1.0 X 1072 1 1.5 1.6 X 107*
Revertants

KY2691 (class T) 0.67° 0.62° 1.2 1 0.34¢ <10*

KY2981 (class II) 0.82° 1.2 1.1 1 0.91 0.56¢

@ Cells were grown in L broth at 42°C, diluted, and plated on L agar. Plates were incubated at the indicated temperatures for 24 h (30 to 45°C) or for 72 h (20°C)
to score the numbers of colonies. The numbers obtained were normalized to that at 42°C. ND, not determined.

» Mucoid colonies.
¢ Small colonies.
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identify such a potential substrate(s), pseudorevertants that
can grow at 30°C due to extragenic suppressors were isolated
and characterized.

When mutant cells grown in L broth at 42°C were plated at
30°C, spontaneous revertants were obtained at fairly high fre-
quencies (107 to 10~*) after 24 h. Among the 60 independent
fast-growing revertants tested, 3 showed defects in growth at 44
to 45°C on L agar plates, unlike the others. Quantitative anal-
yses revealed that the former revertants (class I) exhibited
markedly reduced efficiencies of plating at 45°C, whereas the
rest (class II) showed almost normal efficiencies of plating
(Table 2). Both the class I and the class II revertants formed
mucoid colonies at 30°C, as did the A(c/pPX-lon) mutant
(KY2347), suggesting that the ResA activator which is suppos-
edly stabilized by the A(clpPX-lon) mutation remained stable
in the revertants. It thus appeared unlikely that the revertants
gained novel Lon-like proteolytic activities that can degrade
RcsA. All the class I revertants and several class II revertants
were further examined to analyze the mechanisms underlying
the defective growth of the parental multiple-protease mutant
(KY2350).

Identification of suppressors in class I revertants. Two dis-
tinct possibilities as to the nature of the suppressors were
considered. First, a suppressor may represent a mutation that
reduces the level or activity of a common substrate of the
proteases whose excessive accumulation inhibits cell growth.
Such a suppressor would be recessive to the wild-type allele.
Second, a suppressor may represent a dominant mutation that
renders a multiple-protease mutant resistant to inhibition by
excess protease substrates. To discriminate between these pos-
sibilities, DNA extracted from the parental mutant (K'Y2350)
was partially digested with restriction enzyme Sau3AlI (average
fragment size, 7 kb) and ligated with BamHI-treated plasmid
pKV1238, and the resulting DNA library was introduced into a
class I revertant (KY2691). Although approximately 5,000 am-
picillin-resistant transformants obtained at 42°C were tested
for cold sensitivity by replica plating, none of them was cold
sensitive. On the other hand, when a DNA library from strain
KY2691 was introduced into strain KY2350, many transfor-
mants were obtained at 30°C on L agar containing ampicillin.
These results suggested that the suppressor in revertant
KY2691 represents a dominant mutation.

Restriction analysis of several plasmids which conferred
upon KY2350 cells the ability to grow at 30°C revealed that all
contained the same DNA fragment derived from KY2691.
Nucleotide sequencing revealed the presence of a 3’ portion of
ftsA and the entire ftsZ gene, suggesting that the suppressor
affected FtsZ, which plays a critical role in cell division. Indeed,
an insertion of 6 bp (TCGGCG) found near the 5" end of the
ftsZ coding region (ftsZ2691; Fig. 1A) resulted in the addition
of two amino acid residues. This result was reminiscent of
those of previous work on suppressors of lon mutants that were
hypersensitive to DNA damage due to the accumulation of cell
division inhibitor SulA; such suppressors affected either sulA/
sfiA and produced inactive division inhibitor SulA or ftsZ/sulB/
sfiB and produced FtsZ which was refractory to SulA inhibition
(1, 8, 10, 11, 13, 21, 22, 30). The above results therefore sug-
gested specifically that excessive SulA accumulated in KY2350
cells in the absence of DNA-damaging treatments and that
ftsZ2691 rendered the FtsZ protein resistant to the SulA in-
hibitor at a low temperature. In fact, ftsZ2691 was found to be
identical to ftsZ9, known to produce FtsZ that cannot interact
with SulA (20). When the ftsZ2691 mutation was transduced
into the wild type (MG1655) by selection for the nearby
leu::Tn5 marker (44), the expected fraction (30%) of transduc-
tants showed little growth at 45 or 46°C (efficiency of plating,

J. BACTERIOL.

A fisZ+ ATCGGCGTCGGCGGCGGC
Ile Gly Val Gly Gly Gly
16 17 18 19 20 21

fts22691  ATCGGCGTCGGCGTCGGCGGCGGC
Ile Gly Val Gly Val Gly Gly Gly

B #1
#2 JC #18)
* #19) *

sulA ATGTACTGTACATCCATACAGTAACTC
17 e 1 1
; 10 region |

SOS box

FIG. 1. Nucleotide (or amino acid) alterations caused by suppressor muta-
tions isolated in this study. (A) The ftsZ2691 allele of a class I revertant con-
tained a 6-bp insertion near the 5’ end of the ftsZ coding region: TCGGCG
(underlined) was repeated three times, instead of twice in the wild type. Numbers
represent amino acid residues, starting from the N-terminal methionine (not
shown). (B) All four class II revertants tested contained a mutation within the
promoter-operator region of sul4. Arrows pointing up indicate mutational
changes observed, and numbers in parentheses indicate independent revertants.
The transcription start sites (6) are indicated by arrows pointing to the right; the
first base of the longer transcript is base 1.

3.4 X 10~ *); marked filamentation (>70%) occurred after 60
min of incubation in liquid media. Thus, the temperature-
sensitive growth of the class I revertant KY2691 can be as-
cribed to the ftsZ2691 mutation itself. Two other class I rever-
tants also contained a mutation identical to ftsZ2691; such
recurrent mutations might be related to the fact that we ini-
tially picked only fast-growing revertants.

Identification of suppressors in class II revertants. Since it
seemed likely that the class II revertants carry a suppressor
mutation at or around suld4, we determined the nucleotide
sequence of the sul4-containing DNA fragment derived from
several independent revertants. As expected, all the revertants
tested contained a T-to-C transition at the —10 promoter re-
gion of sul4 (Fig. 1B). sul4 is a typical SOS gene whose ex-
pression is normally repressed by the LexA repressor by bind-
ing to the operator commonly referred to as an SOS box (42).
Since the SOS box of sul4 overlaps with the —10 promoter
region (6) and since the suppressor altered the consensus se-
quence of the operator, the suppressor could affect either the
promoter or the operator or both. However, as shown below,
the mutation primarily reduced promoter activity, resulting in
reduced synthesis of SulA and increased survival at a low
temperature (30°C) and at a very high temperature (45°C) as
well. To confirm such a possibility, a sul4::Tn5 null mutation
(9) was introduced into the parental Ahs/VU A(clpPX-lon) mu-
tant (KY2350) at the permissive temperature (42°C). The re-
sulting triple mutant (KY3052) could grow at both 30 and
45°C, although the growth at 45°C was slightly slower than that
of the above revertants carrying the sul4-repressing promoter
mutation. This result indicated that excessive SulA function is
mainly responsible for the growth defects of the parental mu-
tant. All the results presented here are in good agreement with
the known properties of lon suppressors revealed under con-
ditions of induced DNA damage. The revertant carrying
sulA2981 (#1 in Fig. 1B) was designated K'Y2981 and was used
for most subsequent experiments.

SulA accumulates in the multiple-protease mutant and in
class I revertants. In view of the above findings, the cellular
levels of SulA in several mutants and revertants were deter-
mined by immunoblotting. SulA was hardly detected in ex-
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MG1655 KY2966 & & KY2691 KY2981

42 §0 42 30 42 4; 42 30 42 30°C

B MG1655 KY2350  KY2691 KY2981
mitomycin — 4+ — 4+ - 4+ — +

SulAl>=, -

FIG. 2. Immunoblotting of SulA in the representative protease mutants stud-
ied, with or without suppressors. (A) Cells were grown in L broth at 42 or 30°C
to the mid-log phase, and whole-cell proteins were prepared and analyzed by
SDS-PAGE (13% polyacrylamide gel) followed by immunoblotting. (B) Cells
were grown in L broth at 42°C and treated with mitomycin C. Samples were
taken before (—) and 30 min after (+) the addition of mitomycin C. Whole-cell
proteins were prepared and analyzed as described for panel A. Asterisks indicate
a nonspecific band immediately below SulA. MG1655, wild type; KY2966,
AhslVU; KY2347, A(clpPX-lon); KY2350, AhsiVU A(clpPX-lon); KY2691 and
KY2350, ftsZ2691; KY2981 and KY2350, sul42981.

tracts from the wild type (MG1655) or the AhsiVU (KY2966)
or A(clpPX-lon) (KY2347) mutant grown at 42°C, whereas an
appreciable amount of SulA was found in the parental double-
deletion mutant (KY2350) (Fig. 2A). This result strongly sug-
gested that the HsIVU protease can degrade SulA and that the
increased level of SulA in the parental mutant is primarily
responsible for its inability to grow at a low temperature. The
SulA level found in the class I revertant (KY2691) was com-
parable to or higher than that found in the parental mutant
(K'Y2350) at 42°C, consistent with the nature of the suppressor
involved. When grown at 30°C, none of the strains tested,
including the class I revertant (K'Y2691), produced detectable
amounts of SulA. However, when cells of KY2350 grown at
42°C were shifted to 30°C, an appreciable fraction of cells (ca.
30%) elongated within 60 min; this fraction increased to 50%
after 120 min, suggesting that the increased SulA level due to
multiple protease deficiencies most probably explained the
lack of growth at a low temperature (30°C). It seemed possible
that cells exhibit greater sensitivity to SulA or hyperactive SulA
at a low temperature. The SulA-FtsZ interaction may actually
be stronger at a low temperature (4). In contrast, such fila-
mentation was not observed when KY2350 cells were shifted
from 42°C to 45°C. Since the suld-repressing promoter muta-
tion (class II revertants; see below) as well as the sul4 null
mutation restored the growth of KY2350 cells at both 30 and
45°C, it appeared evident that the growth defect of KY2350
was due to excess SulA and the consequent division inhibition.

To further substantiate the above findings, cells were treated
with a DNA-damaging agent (mitomycin C) to facilitate the
detection of SulA. After 30 min of incubation with mitomycin
C (2.5 pg/ml), SulA was detected even in the wild type at 42°C.
The mitomycin C-induced SulA levels in the multiple-protease
mutant (KY2350) and in the class I revertant (KY2691) were
much higher than that in the wild type (Fig. 2B), in agreement
with the results shown in Fig. 2A. In contrast, the SulA level in
the class II revertant (KY2981) was detectable upon mitomy-
cin C treatment but was much lower than that in the wild type,
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suggesting that the sul42981 mutation reduced promoter ac-
tivity while maintaining at least some operator activity.

HsIVU degrades SulA in strains lacking Lon and Clp pro-
teases. The above results suggested that HsIVU as well as the
Lon protease is involved in the turnover of SulA in E. coli. To
further examine this possibility, the SulA levels in AsiVU"
(KY2347) and AhsIVU (KY2350) strains, both lacking Lon and
Clp protease activities, were compared. Upon induction with
mitomycin C, the SulA levels increased rapidly and markedly
in both strains, but the level of accumulation was appreciably
higher in the AasIV’U mutant (KY2350) (Fig. 3A). To compare
the stability of SulA under these conditions, spectinomycin (1
mg/ml) was added to stop protein synthesis 30 min after the
addition of mitomycin C, and samples taken at intervals were
analyzed for remaining SulA levels by immunoblotting (Fig.
3B). The half-life of SulA was about 20 min in the AsilVU "
strain (K'Y2347), comparable to that reported previously for a
lon mutant (32), but was much longer (>60 min) in the AasiVU
mutant (K'Y2350). Similar results were obtained when specti-
nomycin was added 15 min after mitomycin C induction (data
not shown). It thus seemed apparent that HsIVU participates
in the in vivo turnover of SulA, at least in cells lacking Lon and
Clp proteases. The data also suggested that the almost normal
growth and survival of the AslVU" A(clpPX-lon) mutant at a
low temperature depend on the (proteolytic) effect of HsIVU
on SulA.

We next investigated the effect of the Aas/l’U mutation on
SulA levels in lon™ strains. When mitomycin C was added to
cells of the wild type (MG1655) or the isogenic Ahs/V’U mutant
(K'Y2966), the SulA levels increased in both strains. The SulA
level in the wild type increased very rapidly and reached the
maximum within 15 min, followed by a gradual decrease,
whereas the SulA level increased more slowly in KY2966 and
reached the maximum at about 30 min (Fig. 4). Mitomycin
C-induced SulA was almost equally unstable (half-life, 1 to 2
min) in both strains (data not shown). This finding first ap-
peared paradoxical but actually was not unexpected, because
the AhslV’U mutation was previously shown to increase o> and
heat shock protein levels as well (25). Thus, the slower appear-
ance of SulA in the AAs/VU mutant seemed to be explained by
the increased level of Lon protease. As shown in Fig. 4, the

A KY2347 KY2350
0 30 60 9 120 0 30 60 90 120min

SulA = -_— e e e -‘--

B KY2347
0 10 20 4 60 O

KY2350
10 20 40 60min

AT - - —

FIG. 3. Stability of mitomycin C-induced SulA in A(clpPX-lon) and AhsiVU
A(clpPX-lon) mutants. (A) Time course of accumulation of SulA upon addition
of mitomycin C. Cells were grown in L broth at 42°C, and mitomycin C was
added at time zero. Samples were taken at intervals, and whole-cell proteins were
analyzed as described in the legend to Fig. 2A. (B) Stability of mitomycin
C-induced SulA. Cells were grown in L broth at 42°C and treated with mitomycin
C for 30 min, and spectinomycin (1 mg/ml) was added at time zero. Samples were
taken at the times indicated, and the remaining SulA level was determined by
immunoblotting. KY2347, A(clpPX-lon); KY2350, AhsiVU A(clpPX-lon).
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MG1655
30 45 60 O 15

KY2966
30 45 60min

0 15

SulAC=>

LonE =y o 0 = == e e w4

032 >

T S — — ——— —,
— SN —— - Y e

FIG. 4. Cellular levels of SulA, Lon, and o*?> upon mitomycin C treatment of
the wild type (MG1655) and the Ahs/V’U mutant (KY2966). Cells were grown in
L broth at 42°C, mitomycin C was added, and samples taken at intervals were
analyzed by SDS-PAGE and immunoblotting as described in the legend to Fig.
2A. Asterisks indicate a nonspecific band.

levels of Lon and 2 in the wild type were low during steady-
state growth at 42°C and rapidly increased upon the addition of
mitomycin C. In contrast, the levels of Lon and o2 in the
AhslVU mutant were constitutively high and were comparable
to those in mitomycin C-treated wild-type cells. The above
interpretation was also consistent with the finding that when
excess Lon was supplied to wild-type cells by means of
pKV1238-lon, mitomycin C induction of SulA was hardly ob-
served (data not shown).

HsIVU protease degrades SulA in vitro. Finally, we tested
whether purified HsIVU protease directly degrades SulA in
vitro by using an MBP-SulA fusion protein as a substrate. This
fusion protein was known to function as a cell division inhibitor
in vivo, like authentic SulA, and the purified fusion protein
could bind to FtsZ and was degraded by Lon in vitro (18, 19,
36). When separately purified HslV, HslU, and MBP-SulA
proteins were mixed and incubated at 37°C in the presence or
absence of ATP, the MBP-SulA fusion protein was degraded
only in the presence of both HslV and HslU in an ATP-
dependent manner (Fig. 5A). The degradation of the MBP-
SulA fusion protein seemed to be specific, since the MBP-
LacZa fusion protein was hardly affected under the conditions
in which MBP-SulA was rapidly degraded (Fig. 5B).

DISCUSSION

The present study of pseudorevertants isolated from a mul-
tiple-protease mutant revealed that the inability of the latter
mutant (K'Y2350) to grow at a low temperature is probably due
to the accumulation of cell division inhibitor SulA (Fig. 2).
Evidence suggested that at least in the absence of Lon and Clp
proteases, HsIVU can degrade SulA, thus functionally substi-
tuting for Lon (and possibly Clp). It became evident that the
amount of SulA, which is very low in the wild type, is enhanced
to a level sufficient to inhibit cell growth in the parental double-
deletion mutant grown at restrictive temperatures. In other
words, unlike the SulA level in the lon mutant, which exhibits
defective growth only upon DNA-damaging treatment, the
SulA level in the multiple-protease mutant is elevated during
normal growth, apparently independent of DNA damage. The
possibility that the multiple-protease mutations caused consti-
tutively high expression of the SOS regulon and indirectly
enhanced the SulA level seemed unlikely, since the level of
RecA, one of the SOS gene products, appeared to remain
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unaffected, as judged by staining of the protein after SDS-
PAGE (data not shown).

The in vivo comparison of SulA levels and stability in the
hslVU* and AhsIVU strains lacking Lon (and Clp) (Fig. 3) as
well as in vitro proteolysis experiments with purified proteins
(Fig. 5) established that HsIVU protease can degrade SulA, at
least under the conditions used here. The fact that HsIVU is
essential for growth at a low temperature (and at a very high
temperature) in the absence of Lon and Clp proteases suggests
that even in the lon™ strain, HsIVU plays a significant role in
modulating the SulA level, at least in the presence of limited
levels of active Lon (and Clp) proteases possibly resulting from
titration by excess potential substrates. It was recently reported
that the overexpression of HsIVU endows the lon mutant with
marked resistance to DNA-damaging agents, suggesting that
HsIVU can functionally replace Lon, at least partially (27). On
the other hand, our results with the lon™ strains showed a
lower (rather than a higher) accumulation of SulA in the
AhsIVU mutant than in the AslVU" control during the early
phase of induction with mitomycin C (Fig. 4), suggesting that
the role of HsIVU in SulA turnover during the steady-state
growth of wild-type E. coli is limited.

Similar results on the role of HsIVU in SulA degradation
were obtained by Wu et al. (45), who compared the SulA levels
among lon, hslV, and hslU single mutants and lon hslV and lon
hslU double mutants. However, the fact that the level of Lon
increases appreciably in the Aas/VU mutant (Fig. 4) makes it
difficult to evaluate quantitatively the potential contribution of
the HsIVU protease to SulA degradation by such comparisons
alone. The possible contribution of Clp proteases to SulA
degradation was suggested by the observation that the low-
copy-number plasmid expressing clpPX (pKV1238-cipPX)
could suppress the growth defect of the multiple-deletion mu-
tant at 30°C, although the extent of suppression was lower than
that with pKV1238-lon or pKV1238-hs/V’'U (data not shown).
However, the level of SulA that accumulated in the double-
deletion mutant carrying pKV1238-clpPX upon mitomycin C
induction was not significantly lower than that in the same
mutant carrying the vector alone (data not shown). Thus, the
contribution of Clp proteases to SulA degradation appears to
be small, if significant at all.

A HslV + = + +
HslU + + = +
ATP + + + =

B 0 5 10 20 30min

MBP-SulA [ I

MEFLITO = S

FIG. 5. In vitro degradation of SulA by purified HsIVU protease. (A) Puri-
fied HsIV (0.96 ug), HslU (2.4 ug), and MBP-SulA (2.4 pg) were mixed in a
reaction mixture (60 wl) with or without 4 mM ATP as described in Materials
and Methods. Samples were analyzed by SDS-PAGE before (lanes 1, 3, 5, and 7)
or after (lanes 2, 4, 6, and 8) incubation at 37°C for 2 h. (B) Time course of
degradation. HslV, HslU, MBP-SulA, and MBP-LacZa (2.4 ng) were mixed
essentially as described for panel A and incubated at 37°C in the presence of 4
mM ATP. Samples were withdrawn at the indicated times before (0 min) and
after incubation at 37°C and analyzed by SDS-PAGE.
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Since all the known ATP-dependent proteases (except
ClpA) are heat shock proteins under o2 control (15) and many
proteases (except ClpXP) appear to participate significantly in
the turnover of 07 (25), a decrease in the level of any of these
proteases that could result from titration by excess substrates
can be compensated for by enhanced synthesis of these pro-
teases by an autoregulatory mechanism through the stabiliza-
tion of 0>2. When the substrate levels are sufficiently reduced,
the proteases become present in a relative excess, and the
synthesis of the proteases is repressed through the destabiliza-
tion of 02, Such a negative feedback circuit may be illustrated
in part by the results shown in Fig. 4. The treatment of wild-
type cells with mitomycin C initially enhanced the level of
SulA; this effect was followed shortly by an increase in the
levels of ¢°* and Lon and by a subsequent decrease in the
levels of SulA and 2. However, other unstable proteins, be-
sides SulA, that are induced by mitomycin C (e.g., UmuC and
UmuD) may also play roles in modulating protease levels. In
addition to the proteases, the DnaK chaperone team (Dnak,
Dnal, and GrpE) is known to be required for the rapid deg-
radation of o2 and other proteins, including abnormal pro-
teins (23, 37, 38). These protein substrates can therefore titrate
the DnaK chaperones as well as proteases away from o2,
resulting in increased stability and level of 2, which in turn
can trigger the induction of heat shock proteins, including
proteases and chaperones (3, 7).

The coordinated synthesis of ATP-dependent proteases
through the stabilization of o> would appear to be further
strengthened if the substrate specificity of the proteases over-
lapped appreciably, because such a situation should effectively
accelerate the degradation of the critical common substrates.
Our results suggest that the regulation of at least two proteases
(Lon and HsIVU) involving the stabilization of o> is likely to
operate in modulating the cellular level of the inhibitor SulA.
Besides SulA examined in this study, Xis of phage \ (29),
SsrA-tagged proteins (14, 16), and most abnormal proteins
(12) are thought to be degraded by more than one protease. In
all these cases, coordinated and interdependent regulation
among ATP-dependent proteases is expected to operate
through stability control of o2 The participation of multiple
proteases in modulating the stability of o> is likely to play an
important role in the maintenance of appropriate levels and
activities of proteases under a variety of physiological and
environmental conditions.
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