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ABSTRACT The cII gene product of bacteriophage l is
unstable and required for the establishment of lysogenization.
Its intracellular amount is important for the decision between
lytic growth and lysogenization. Two genetic loci ofEscherichia
coli are crucial for these commitments of infecting l genome.
One of them, hflA encodes the HflKC membrane protein
complex, which has been believed to be a protease degrading
the cII protein. However, both its absence and overproduction
stabilized cII in vivo and the proposed serine protease-like
sequence motif in HflC was dispensable for the lysogenization
control. Moreover, the HflKC protein was found to reside on
the periplasmic side of the plasma membrane. In contrast, the
other host gene, ftsH (hflB) encoding an integral membrane
ATPaseyprotease, is positively required for degradation of cII,
since loss of its function stabilized cII and its overexpression
accelerated the cII degradation. In vitro, purified FtsH cata-
lyzed ATP-dependent proteolysis of cII and HflKC antago-
nized the FtsH action. These results, together with our pre-
vious finding that FtsH and HflKC form a complex, suggest
that FtsH is the cII degrading protease and HflKC is a
modulator of the FtsH function. We propose that this trans-
membrane modulation differentiates the FtsH actions to
different substrate proteins such as the membrane-bound
SecY protein and the cytosolic cII protein. This study neces-
sitates a revision of the prevailing view about the host control
over l lysogenic decision.

Upon infection of l phage to the Escherichia coli cell, the l
genome undergoes either vegetative replication (lytic growth)
or integration into the host chromosome as a prophage
(lysogenization). The cII gene of l encodes a transcription
regulator (cII) that activates transcription of the genes for
lysogeny establishment (1, 2). Intracellular concentration of
cII, the critical determinant for lysogenization, is controlled
not only at the level of transcription, but at the level of protein
stability. The cII protein is unstable in vivo and its stability is
believed to be governed by two host genes that can mutate to
give a high frequency lysogenization (Hfl) phenotype. One of
them is hflA, which consists of two open reading frames, hflK
and hflC. These genes, together with promoter-proximally
located hflX of unknown function, constitute the hflA operon
(3). HflK and HflC, membrane proteins with a single trans-
membrane segment, form a complex (HflKC) (4–6). Because
hflA mutations stabilized cII (7, 8) and a purified HflKC
preparation exhibited a protease activity against cII (5), it has
generally been believed that HflKC is a cII-degrading protease
(9). In accordance with this notion, it was claimed that HflC

contains a sequence motif similar to that found in the active
site region of the ClpP protease (3).
Another hfl locus is hflB or ftsH (8, 10). The FtsH protein

is a plasma membrane protein having two transmembrane
segments at its N terminus and a large cytoplasmic domain,
which includes a conserved '200 amino acid module charac-
teristic of the members of the AAA family of ATPases (11) as
well as an HEXXHmotif characteristic of the zinc-binding site
of metalloproteases (12). We found that a loss of ftsH function
altered membrane topology of a SecY–PhoA fusion protein
and suggested that FtsH might have a chaperone-like activity
(13–15). On the other hand, some unstable proteins have been
shown to be stabilized in the ftsH mutants (8, 12, 16–18). In
vitro experiments directly showed that FtsH has an ATP-
dependent proteolytic activity against the s32 protein (12) and
the SecY protein (19).
Although it was reported that FtsH and HflKC participate

in independent pathways of degradation of the cII protein (8,
10), we found that FtsH and HflKC form a complex (20).
Moreover, HflKC was shown to be inhibitory against the
SecY-degrading function of FtsH in vivo and in vitro (20). The
close relationship between HflKC and FtsH, as well as the
apparent discrepancy (enhancement vs. inhibition of proteol-
ysis) in the function of the HflKC protein, prompted us to
reinvestigate the roles played by these proteins in degradation
of cII protein and lysogenization control of bacteriophage l.
We now show several lines of evidence indicating that FtsH is
the primary protease that degrades cII, whereas HflKC some-
how modulates the proteolysis from the periplasmic side of the
plasma membrane.

MATERIALS AND METHODS

Bacterial Strains. E. coli K-12 strains AD202 (Dlac araD
thiA rpsL relA ompT::kan; ref. 21), AD16 (Dpro-lac thiyF9 lacIq
ZM15 Y1 pro1; ref. 17), AK990 (AD16, DhflK-hflC::kan; ref.
20), AK525 (AD16, zgj-460::Tn5 zgj-525::IS1A; ref. 17),
AK863 (hflC9; ref. 20), AK865 (hflK13; ref. 20), and Y1089
(hflA150; ref. 21) were described previously. AK1301 (AD16,
DhflK-hflC::tet zgj-460::Tn5 zgj-525::IS1A) was a zgj-460::Tn5
zgj-525::IS1A transductant of AK1129 (20). AK1339 (AD16,
zjf-803::Tn5 hflA150) was constructed using zjf-803::Tn5 (20)
as a selective marker in transduction. AK1127 (AD16,
hflC::tet) was constructed by linear DNA (the 7.2-kb AvaI
fragment pKH215) transformation of a recD strain (FS1576;
ref. 22), followed by P1 transduction of the hflC::tet marker
into AD16.
Media. L medium (23), TB medium (24), and M9 medium

(25) were used. Ampicillin (50 mgyml) andyor chloramphen-
icol (20 mgyml) were included for growing plasmid-bearing
strains.
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Plasmids. Plasmid ptac-cIIY42, provided by C. Herman
(Institut Jacques Monod), was a pBR322 derivative carrying
cIIcy42 (l cII gene with its internal promoter pE inactivated;
ref. 26) under the tac promoter control. pKH146 (hflC1) and
pKH178 (hflK1-hflC1) were described previously (20).
pKH274 (carrying cII under the ara promoter control) was
constructed by cloning a 0.5-kb EcoRI–HindIII fragment of
ptac-cIIY42 into pBAD18 (27). pKH215 (hflX-hflK-hflC::tet)
was constructed by cloning a 1.5-kb blunt-ended XbaI–AvaI tet
fragment of pACYC184 into the blunt-ended SalI site of
pKH169 (20).
pKH339 carried hflCD165–200, in which an internal segment

of 108 nucleotides (for amino acid residues 165–200 of HflC)
had been deleted from hflC. The 1.3-kb HpaI–EcoRI hflC
fragment from pHflA100 (5) was cloned into SmaI–EcoRI-
digested M13mp18, and the internal deletion was introduced
(28) using a mutagenic primer (59-GAACTCCGGTTCT-
GCGGGTACAGAAGATCTGGGTATTGAAGTTGTCG-
ATGTGCG-39). The mutated hflC gene was transferred to
pMW119 (a pSC101-based lac promoter vector obtained from
Nippon Gene, Toyama, Japan) after HindIII–EcoRI diges-
tions. The mutation was confirmed by sequencing.
Preparation of Radiolabeled cII Protein. Cells of AK1301y

ptac-cIIY42 were grown at 378C to an early-logarithmic phase
in 20 ml of M9 medium supplemented with 18 amino acids (20
mgyml each, other than Met and Cys), 2 mgyml thiamine, 0.4%
glycerol, and 50 mgyml ampicillin. The synthesis of cII was
induced with 1 mM isopropyl b-D-thiogalactopyranoside
(IPTG) for 10 min and cells were labeled with 3.7 MBq of
[35S]methionine (.29.6 TBqymmol; American Radiolabeled
Chemicals, St. Louis) for 1 min. The culture was then chilled
and mixed with 200 ml of 2% NaN3 and 800 ml of 2.5 mgyml
chloramphenicol. Cells were collected by centrifugation and
suspended in 640 ml of buffer I [50 mM TriszHCl (pH 8.1)
containing 2 mMEDTA, 5% glycerol, and 1 mM dithiothreitol
(DTT)], supplemented with 1 mM Pefabloc (Boehringer
Mannheim), and incubated on ice with lysozyme (200 mgyml)
for 30 min. Cells were disrupted by sonication and aggregates
of the cII protein were collected by centrifugation at 5 3 105
3 g for 45 min and dissolved in 400 ml of buffer I supplemented
with 0.05% deoxycholate, 1 M NaCl, and 0.1 M MgCl2 with
incubation at 48C for 1 hr (5, 29). After centrifugation (as
above), supernatant was subjected to buffer exchange using
NAP-10 column (Pharmacia) equilibrated with 50 mM
TriszHCl (pH 7.2) containing 10% glycerol, 5 mM MgCl2, 30
mM KCl, and 1 mM DTT. This preparation gave a single
radioactive band (apparent molecular mass 11 kDa) upon
SDSyPAGE. Identity of this protein with cII was shown by its
tac promoter-specific and plasmid-specific appearance.
In Vitro cII Degradation Assay. The radioactive cII prepa-

ration (1–1.5 3 104 cpm) was incubated with FtsH-His6-Myc
(20) in a standard reaction mixture containing 50 mMTriszHCl
(pH 7.2), 10% glycerol, 0.1% Nonidet P-40, 5 mM MgCl2, 5
mM ATP, 25 mM KCl, 1 mM DTT, 25 mM zinc acetate, and
0.5 mgyml bovine serum albumin. Preincubation of FtsH-His6-
Myc with HflKC was done as described (20). The radioactiv-
ities of the cII protein, separated by SDSyPAGE, were deter-
mined using Fujix bioimaging analyzer BAS2000 (Fuji).
Examination of in Vivo Stability of cII. Stability of cloned

and overproduced cII was examined by growing cells harboring
pKH274 (para-cII) to a logarithmic phase in M9 medium
supplemented with 18 amino acids (20 mgyml, other than Met
and Cys), 2 mgyml thiamine, 0.4% glycerol, and 50 mgyml
ampicillin, inducing cII with 0.4% arabinose for 10 min, and
pulse-labeling the cells with [35S]methionine for 0.5 min and
chasing with unlabeled L-methionine (200 mgyml) for indi-
cated periods. SDSyPAGE (15% gel; ref. 30) of total cell
proteins, directly precipitated with 10% trichloroacetic acid,
gave a well-separated band of cII. Stability of cII in l-infected
cells was determined by pulse-chase experiments as described

above, using UV-irradiated and l1-infected cells (multiplicity
of infection, about 5) as described (31). The band of cII under
the latter conditions was minor but distinct. In both cases,
intensities of cII were quantitated by using Fujix BAS2000
bioimaging analyzer.
Hfl Phenotype Tests. Lysogenization frequency of l was

measured essentially as described (8, 10). Briefly, cells were
infected with l1 at a multiplicity of infection of about 0.1 and
infectious centers were determined by plating with himA
indicator cells, whereas lysogens were determined by plating
with an excess of lcI60 phage. The frequency of lysogenization
was the ratio of lysogens to infective centers. For qualitative
tests of Hfl phenotype, propagation of lc17 phage was exam-
ined as described (8, 10). For these tests, cells had been
pre-grown in the following media: TB medium containing
0.4%maltose for cells without plasmid; TBmedium containing
1 mM IPTG and 50 mgyml ampicillin for cells harboring
pMW119, pKH146, or pKH339; TB medium containing am-
picillin with 0.4% arabinose added 1 hr before l infection for
cells harboring pBAD18 or pKH178. After the establishment
of lysis–lysogeny commitment, TB agar was used for plating all
the samples.
Determination of the Membrane Orientation of HflKC.

Spheroplasts and inverted plasma membrane vesicles were
prepared from AD202 as described (32). They were incubated
with 1 mgyml of proteinase K at 08C for 2 hr, followed by
termination of the digestion with phenylmethylsulfonyl f luo-
ride (final concentration, 1 mM) and precipitation of proteins
with trichloroacetic acid. Samples were then subjected to
SDSyPAGE and immunoblotting. Antisera against the puri-
fied HflKC complex and against the HflK subunit (its purifi-
cation will be described elsewhere) were raised in rabbits by
standard procedures. Anti-HflKC serum was affinity purified.
Anti-GroEL serum was described previously (13).

RESULTS

In Vitro Proteolytic Activities of FtsH and HflKC Against
the l cII Protein. Our previous studies showed that FtsH has
a protease activity against the SecY protein, whereas HflKC
inhibits FtsH (20). We examined whether these properties of
FtsH and HflKC can be extended to the proteolysis of l cII
protein in vitro. Partially purified and radiolabeled cII protein
was incubated with the purified preparation of FtsH-His6-Myc
(19, 20). It was degraded in the presence of ATP (Fig. 1A, lanes
2 and 3), but not in its absence (Fig. 1A, lanes 8 and 9) or in
the presence of a nonhydrolyzable analog (ATPgS; Fig. 1A,
lanes 5 and 6). Thus, FtsH proteolyzes cII in an ATP hydrol-
ysis-dependent manner. The reaction occurred slightly faster
at 378C than at 308C (Fig. 1B). No appreciable degradation of
cII occurred without FtsH-His6-Myc (data not shown). The
cII-degrading activity of FtsH, like its s32-degrading activity
(12), was inhibited by EDTA but not by phenylmethylsulfonyl
f luoride (data not shown). Recently, Y. Shotland, S. Koby, D.
Teff, N. Mansur, D. A. Oren, K. Tatematsu, T. Tomoyasu, M.
Kessel, B. Bukau, T. Ogura, and A. B. Oppenheim (personal
communication) reached the same conclusion that FtsH de-
grades cII in vitro. Our preparation of purified HflKC protein
(20) did not significantly degrade cII under several different
buffer conditions (data not shown). When FtsH was preincu-
bated with HflKC, the cII degradation activity of FtsH was
abolished (Fig. 1C). During this preincubation, degradation of
neither FtsH-His6-Myc nor HflKC occurred (data not shown).
These results raise a serious question about the validity of the
proposal that HflKC is a protease acting against cII (5, 7).
In Vivo Roles of FtsH and HflKC in Degradation of l cII

Protein.Hoyt et al. (7) as well as Banuett et al. (8) showed that
l cII protein that was expressed from the cloned cII gene
(under the control of the l pL promoter) was stabilized in the
hflA150, the hflA1, and the hflB29 mutants. Similar experi-
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ments using a plasmid with cII cloned under the ara promoter
control showed that cII was markedly stabilized in the
zgj-525::IS1Amutant (17) in which the expression level of FtsH
was decreased (Fig. 2A, solid triangles). In contrast, cII
remained unstable in the strain deleted for the hflK-hflC
segment of the chromosome (open diamonds). The DhflK-hflC
mutation did not further affect the cII stability when combined
with the zgj-525::IS1A mutation (compare open with solid
triangles). Thus, the absence of HflKC did not affect degra-
dation of cII. In our experiment, the hflA150 mutation did not
stabilize cII either (Fig. 2A, open circles). The hflA150 Mu
phage insertion (7) disrupts the hflC open reading frame at the
Val-234 codon (unpublished results). A. Oppenheim, Y. Shot-
land, S. Koby, and M. Gottesman (personal communication)
also observed that cII degradation was unaffected by the hflA
class of Hfl mutations.
We grew cells at 378C in all the above experiments, but the

previous experiments used the temperature shift conditions (7,
8). We indeed observed a slight stabilization of cII in the
hflA150mutant at 308C or after a shift of 308C3 438C3 308C
(Fig. 2B, compare open and closed circles with the solid line).
At 438C, there was no hflA150 effect (Fig. 2B, broken lines).
These results are difficult to interpret in terms of the proteo-
lytic function of HflKC. In contrast, stabilization of cII by the
ftsH-lowering zgj-525::IS1A mutation was much clearer and
observed at any temperature conditions examined.
To examine the roles of FtsH and HflKC in the stability

control of cII under more physiological conditions, UV-
irradiated cells were infected with l and cII was pulse-labeled
and chased. Under these conditions, cII in wild-type cells was
degraded with a half life of about 1.5 min at 378C (Fig. 3A, solid
circles). It was stabilized to half lives of about 5 min both in the
zgj-525::IS1A (solid triangles) and in the DhflK-hflC cells (solid
squares). At 308C, where the zgj-525::IS1Amutant had severer
cellular defects (17), cII in this mutant was nearly completely
stabilized (Fig. 3B, solid triangles). Stabilization of cII in
l-infected hflA mutant cells was also reported previously (7).
Curiously, however, when HflKC was overproduced in wild-
type cells, cII was stabilized to a similar extent as observed in
the DhflK-hflC strain (Fig. 3A, open diamonds). When an FtsH

overproducer was infected with l, cII was hardly detected even
at the 0.5-min chase point, due presumably to an accelerated
degradation. These results are fully consistent with FtsH being
the cII degrading protease. However, the HflA effects were
more complicated, since both its absence and overproduction
gave similar cII-stabilizing effects.
Paradoxical Effects of hflKCMutations and HflKC Overex-

pression on the Lysogenic Decision.We measured l lysogeni-
zation frequencies using different host strains. As reported
previously by Herman et al. (10), the DhflK-hflC mutation
increased the lysogenization frequency from a few percent in
wild type to about 40% (Table 1, experiment 2). The
zgj-525::IS1A mutation (pre-grown at 308C) with a decreased
FtsH content did so much more pronouncedly (about 80%
lysogenization; Table 1, experiment 5). Interestingly, the
HflKC-overproducing plasmid, in contrast to the empty vec-
tor, also increased the lysogenization to a similar extent as the
hflK-hflC deletion (Table 1, experiment 7). These results agree
well with the cII stability data obtained in the l-infected cells.
The hflC9 and the hflK13mutations, which had been identified
as SecY-stabilizing and partially dominant mutations (20), did
not significantly increase the l lysogenization frequency (Ta-
ble 1, experiments 3 and 4). They did not stabilize the
overproduced cII protein (data not shown). All the results of
lysogenization were confirmed by lc17 growth tests (Table 1;
refs. 8 and 10). We constructed an hflX deletion mutant and
found that it did not give any Hfl phenotype (A.K., unpub-
lished results).
The Proposed Serine Protease Active-Site Region Can Be

Deleted from HflC Without Major Dysfunction. It was noted
that E. coli HflC has a ClpP-like sequence motif and that the

FIG. 1. FtsH degrades cII and HflKC antagonizes the degradation
in vitro. (A) Purified FtsH-His6-Myc (5 mg) and [35S]methionine-
labeled cII (about 15,000 cpm) were incubated at 378C in the presence
of 5 mM ATP (lanes 1–3), 5 mM ATPgS (lanes 4–6), or 50 unitsyml
apyrase (lanes 7–9) for 0 (lanes 1, 4, and 7), 1 (lanes 2, 5, and 8), and
2 (lanes 3, 6, and 9) hr. (B and C) Purified FtsH-His6-Myc (0.8 mg)
alone (B) or FtsH-His6-Myc (0.8 mg) and HflKC (3.2 mg) (C) were
preincubated at 08C for 1 hr. [35S]Methionine-labeled cII (about
10,000 cpm) was then added to each sample and incubated for 0 (lane
1), 5 (lane 2), 10 (lane 3), 20 (lane 4), 40 (lane 5), and 80 (lane 6) min
at 308C or at 378C, as indicated at right. After SDSyPAGE, cII was
visualized by autoradiography. FIG. 2. Stability of cII overexpressed from the cloned gene. Cells

of AD16 (hflK1 hflC1; F), AK1339 (hflA150; E), AK990 (DhflK-hflC;
e), AK525 (zgj-525::IS1A; å), and AK1301 (DhflK-hflC zgj-525::IS1A;
Ç) were transformed with pKH274 (para-cII), induced for the ara
transcription, and pulse-labeled with [35S]methionine for 0.5 min
followed by chase for 0.5, 10, 20, and 40 min. After SDSyPAGE
separation, radioactivities associated with cII were quantitated. Values
relative to that at 0.5-min chase point are shown for each curve. (A)
Cells were grown at 378C throughout. (B) Cells were grown first at
308C, shifted to 438C for 4 min, pulse-labeled at this temperature, and
chased at 308C (solid lines) or at 438C (broken lines).
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Ser-197 residue could serve as a serine protease active site (3).
Recently, genes for homologs of HflK and HflC were discov-
ered in Haemophilus influenzae (33). Although the HflC
homolog in H. influenzae shows high overall sequence simi-
larity to the E. coli counterpart (58% identity and 82%
similarity), it lacks a 36 residue segment that overlaps the
ClpP-like domain. We deleted this 36 amino acid segment
(Glu-165 to Ala-200) fromHflC by constructing the hflCD165–
200 mutation on a plasmid. This plasmid was able to lower the
l lysogenization frequency observed in the hflC::tet strain from
31% (with the empty vector) to 6.7% (Table 1, experiment 10).
The hflC1 plasmid gave a lysogenization frequency of 4.5%.
Thus, HflC with the D165–200 internal deletion retains the
ability to maintain l losogenization frequency to a low level.

The ClpP-like domain in HflC is dispensable for its function
as a lysogenization controller.
The Major Domains of HflK and HflC Are Periplasmically

Oriented.Both theHflK protein and theHflC protein contain,
at their N-terminal regions, a hydrophobic stretch that can
traverse the membrane. However, their orientations have not
been determined experimentally. The protease hypothesis
implicitly assumes that the C-terminally located main hydro-
philic domains of these proteins are located in the cytoplasmic
side, since cII is a cytosolic protein. We directly examined
orientations of the HflK and the HflC proteins by protease
digestion experiments. When intact spheroplasts were treated
with proteinase K, both HflK (45.5 kDa) and HflC (37.6 kDa)
disappeared (Fig. 4A, lane 2). Since GroEL, an internal control
for a cytosolic protein, remained undigested unless Triton
X-100 was added (Fig. 4A Bottom), it was suggested that HflK
and HflC are located externally. When inverted membrane
vesicles, prepared by passing the spheroplasts through the
French pressure cell, were treated with proteinase K, a mem-
brane-protected 40-kDa band (HflK* in Fig. 4B) was produced
that reacted with anti-HflK (Fig. 4B Lower). This is consistent
with a digestion of a part of the N-terminal hydrophilic
segment (79 residues) from the cytoplasmic side. The HflC
band was almost completely protected from digestion in the
inverted membrane vesicles, consistent with the presence of
only three amino acids that are located N terminally to the

FIG. 4. HflK and HflC reside on the periplasmic side of the
membrane. Spheroplasts (A) and inverted membrane vesicles (B)
prepared from AD202 were incubated at 08C for 2 hr in the absence
(lane 1) or presence (lanes 2 and 3) of 1 mgyml proteinase K. Lanes
3 received 1% Triton X-100 before digestion. Proteins were analyzed
by SDSyPAGE and immunoblotting using antisera directed against the
HflKC complex (Upper), the HflK subunit (A Middle) or (B Lower),
and the GroEL protein (A Bottom). (C) Schematic representation of
the topographical arrangements of HflK and HflC.

Table 1. Effect of hfl mutations on lysogenization of l

Exp. Strain
Relevant
genotype Plasmid carried

Lysogenization
frequency, %

lc17
propagation†

1 AD16 WT — 2.4 1
2 AK990 DhflKC — 40.6 2
3 AK863 hflC9 — 1.7 1
4 AK865 hflK13 — 1.5 1
5 AK525 zgj-525::IS1A — 81.9 2
6 AD16 WT pBAD18 (vector) 3.0 1
7 AD16 WT pKH178 (hflK1C1) 42.8 2
8 AK1127 hflC::tet pMW119 (vector) 31.3 2
9 AK1127 hflC::tet pKH146 (hflC1) 4.5 1
10 AK1127 hflC::tet pKH339 (hflCD165–200) 6.7 1

Cells were pregrown either at 308C (for experiments 1–5) or at 378C (for experiments 6–10), but
lysogenization frequencies were all measured at 378C. SeeMaterials and Methods for further details about
the media and other growth conditions before infection.
†Cells were cross-streaked with lc17 on TB agar and cell lysisyplaque formation was scored after
overnight incubation at 378C. This phage cannot propagate in cells in which lysogenization is preferred
(8, 10). WT, wild type.

FIG. 3. Stability of cII in l-infected cells. Cells of AD16 (wild-type;
F), AK990 (DhflK-hflC; m), AK525 (zgj-525::IS1A; å), AD16y
pBAD18 (vector; E), and AD16ypKH178 (para-hflKC; {) were grown
at 378C (A) or at 308C (B) to a mid-logarithmic phase. To the latter
two strains, 0.4% arabinose was added 1 hr before UV irradiation.
Cells were UV-irradiated and infected with l. After 5 min (378C) or
8 min (308C), cells were pulse-labeled for 1 min with [35S]methionine
and chased as indicated. Total labeled proteins were precipitated by
trichloroacetic acid and separated by SDSyPAGE. Radioactivities
associated with the cII band were quantitated, and values relative to
those without chase are presented.
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transmembrane segment. Thus, the HflC protein, the sus-
pected protease subunit, contains virtually no cytosolic resi-
dues. These results, that the large hydrophilic domain of each
of these proteins resides in the periplasmic space, indicate that
HflKC exerts transmembrane modulation over the proteolytic
activity of FtsH.

DISCUSSION

It is clear that FtsH (HflB) plays an essential role in degra-
dation of l cII protein, the crucial determinant for the
lysogenic pathway. In vitro, it catalyzes ATP-dependent pro-
teolysis of cII. In vivo, a lowered cellular content of FtsH
markedly stabilizes the cII protein, which was synthesized
either from a cloned cII gene in the absence of other l gene
products or from the l genome under the conditions of
infection. Overproduction of FtsH accelerates the cII degra-
dation. These observations, together with the results of Op-
penheim and colleagues (Shotland et al., personal communi-
cation), establish that cII is degraded by the FtsH protease.
In contrast, the roles played by the HflKC protein in the

lysogenic decision and cII degradation control are much more
complicated. We were unable to reproduce the results that
HflKC had a serine–protease-like activity to degrade cII (5).
The exact reason for this discrepancy is unknown, but it is
generally difficult to exclude a possibility of contamination.
We detected a serine–protease-like activity that degrades cII
from detergent extracts of membranes from the DhflK-hflC
strain. Such a protease might have contributed to the prote-
olysis observed previously (5). Although it was proposed that
HflC contains a serine–protease-like sequence motif (13), the
H. influenzae HflC homolog (33) lacks it. Although the role of
the HflC homolog in H. influenzae is totally unknown, we
demonstrated that the removal of the proposed protease active
site from the E. coliHflC does not abolish the function of HflC
as a l lysogenization controller. The compelling evidence
against the notion that HflK and HflC proteins act as a
protease for cytosolic proteins came form our direct determi-
nation of their topography. Contrary to the expectation, both
the HflK and HflC proteins have their large hydrophilic
domains exposed to the periplasmic space. Thus, they could
not catalyze proteolysis of cII.
We showed that HflKC is actually inhibitory against the

FtsH-dependent proteolysis of cII in vitro. Similar results were
obtained previously for the proteolytic degradation of the
SecY protein (20). Both HflK and HflC, when expressed as a
single subunit, are unstable, but this degradation is not FtsH
dependent, as expected from their localization (A.K., unpub-
lished results). HflKC is not an in vitro substrate of FtsH either.
Thus, the possibility that HflKC is simply competing with the
substrate can be excluded. In vivo mutational and overproduc-
tion effects of HflKC were complicated. Its deletion increased
lysogenization and stabilized cII under the conditions of l
phage infection. Puzzlingly, overproduction of HflKC also
increased the l lysogenization (Table 1) and stabilized cII in
the l-infected cells (Fig. 3) as well as in cells with the cloned
cII (data not shown).
There is a clear distinction in the actions of HflKC with

respect to stability control of SecY and cII. Whereas the
deletion of hflK-hflC accelerated the degradation of the
SecY24 mutant protein (20), it stabilized cII at least under the
conditions of l phage infection. The hflK13 and the hflC9
mutations stabilized SecY (20) but did not give an Hfl
phenotype. These results, taken together, suggest that HflKC
modulates the substrate specificity of FtsH. This action should
be exerted from the periplasmic side of the membrane and
transmitted to the cytosolic protease domain of FtsH. How-
ever, HflKC could interact directly with a periplasmic domain
or a transmembrane segment of a membrane protein as well.
This could explain the differential effects of HflKC exerted to

SecY and cII. In this regard, the in vitro inhibitory action of
HflKC against the proteolytic action of FtsH needs some
reservation, since HflKC and a cytosolic protein can meet
directly in vitro but not in vivo.
Why do both the absence and the excess presence of HflKC

stabilize cII? In view of the in vitro FtsH-inhibiting ability of
HflKC, its high concentration may lead to general inhibition
of FtsH. In contrast, at a physiological concentration, HflKC
may differentially inhibit the protease activities against differ-
ent substrates. There might be two classes of FtsH substrates.
The SecY class of proteins will be destabilized, whereas the cII
class of proteins will be stabilized in the absence of HflKC.
Cheng and Echols (34) reported the results of two-dimensional
gel electrophoresis showing that some 13 proteins were stabi-
lized in the hflA mutant. These could be cII-like substrates of
FtsH. Although these authors did not discuss the following,
their results also indicate some proteins, especially those at the
basic region of the gel, decreased or disappeared in the mutant
cells. The latter proteins could be the SecY class of the FtsH
substrates. We propose that HflKC, at the normal concentra-
tion, preferentially suppresses the proteolytic activity of FtsH
against the SecY class of proteins. If hflK-hflC is deleted, now
FtsH is directed toward the SecY-like substrates and, as a
consequence, cII-like substrates have decreased opportunities
of degradation.
The cII protein synthesized from the cloned gene in the

absence of other l gene products (or the l genome) was not
clearly affected by the hflK-hflC deletion, and the effects were
somewhat variable at different temperatures. The variable
results could be explained by the different expression levels as
well as by the presence or absence of other l gene products and
the lDNA to which cII may bind. In particular, the l cIII gene
product is another inhibitor of FtsH (7, 12, 18) and should
affect the cII stability. It should also be noted that FtsH is
subject to heat shock regulation (18), and protein degradation
in vivo can be affected by concentrations of various chaperones
as well. Potentially, FtsH itself might exert a chaperone-like
activities against some proteins (13–15). In spite of these
complexities, it became clearer that FtsH is a regulated
protease. Our findings that the protease activity of FtsH is
modulated by the periplasmically located HflKC protein com-
plex suggest that intracellular proteolysis for biological regu-
lation can be controlled by events that occur on the surfaces
of the cell.
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