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The enterobacterial flhDC master operon activates expression of the flagellar biogenesis gene hierarchy and
also represses cell division. During Proteus mirabilis differentiation into elongated hyperflagellated swarm cells,
fIhDC transcription is strongly but transiently increased. We show that concentration of the FIhD and FIhC
proteins is also tightly controlled at the posttranslational level. This is achieved by protein degradation, which
is most severe after differentiation when the half-life of both proteins is ca. 2 min. Degradation is energy

dependent and putatively involves the Lon protease.

Proteus mirabilis vegetative cells are short motile rods with
few peritrichous flagella, but when inoculated onto a rich solid
medium they differentiate into swarm cells: polyploid, nonsep-
tate filaments up to 40-fold vegetative cell length with a ca.
50-fold greater density of surface flagella. Swarm cells migrate
rapidly away from the colony as multicellular rafts in cycles of
differentiation, migration, and consolidation (dedifferentia-
tion) (5). A major regulatory fulcrum governing swarm cell
differentiation is the flhDC flagellar master operon (3, 7),
which in enterobacteria directs transcription of the three-tier
flagellar gene hierarchy (19, 20). The homologous Escherichia
coli FIhD and FIhC proteins have been shown to form an
FIhD,C, heterotetrameric transcriptional activator of class II
flagellar promoters, while FIhD can also act without FIhC to
repress cell division (7, 23). Compatible with these findings,
fIhDC transcription is strongly induced during Proteus swarm
cell differentiation, and artificial overexpression of flhDC in-
creases elongation and hyperflagellation in Proteus and in
swarming Serratia liquefaciens (4, 7). However, the differenti-
ation-specific increase in Proteus flhDC expression is transient,
suggesting that dedifferentiation requires additional tight con-
trol of the FIhD and FIhC proteins.

Transient high concentrations of FIhD and FIhC during
swarm cell differentiation. To assay accumulation of FIhD and
FIhC during the differentiation cycle, ca. 200 wl of a stationary-
phase culture (5 X 10® cells/ml) of wild-type P. mirabilis U6450
(17) was spread onto several 9-cm-diameter Luria-Bertani
(LB)-1.5% agar plates to generate synchronously differentiat-
ing cell populations (12). Cells were harvested from entire
plates at 30-min intervals 1.5 to 5.5 h after seeding. As a
control, mRNA was assayed by Northern blot analysis (7),
illustrating that the flhDC operon transcript concentration
peaks sharply after 3.5 to 4.0 h, when the cells are maximally
differentiated, and then rapidly decays (Fig. 1, bottom panel).
At the same time points, whole-cell extracts were prepared and
separated by sodium dodecyl sulfate (SDS)-15% polyacryl-
amide gel electrophoresis (PAGE) and immunoblotted with
FIhD and FIhC antisera, revealing (Fig. 1, top and middle
panels) that accumulation and decay of the two proteins mir-
rored the transcript kinetics, i.e., a sharp increase during dif-
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ferentiation and then rapid disappearance. There was no
steady-state protein level after transcript decay.

Severe lability of FIhD and FIhC, especially during dedif-
ferentiation. To assess the lability of the two transient proteins
during the differentiation cycle, cells were harvested from
seeding plates at peak differentiation (3 h 30 min) and imme-
diately resuspended in LB medium containing spectinomycin
to inhibit translation. Samples taken immediately (time 0 min)
and at 15 and 30 min were immunoblotted as described above
(Fig. 2A), showing that the concentrations of FIhD and FIhC
decreased rapidly. To determine accurate half-lives and estab-
lish if lability changed during the cycle, this assay was repeated
with cells collected in the early stage of differentiation (2 h 45
min, 1 h before the peak) and shortly after peak differentiation
(4 h 15 min). This established (Fig. 2B) that whereas FIhD and
FIhC had half-lives of ca. 6 and 5 min, respectively, in the early
stage of differentiation, the half-lives of both decreased to ca.
2 min after differentiation.
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FIG. 1. Immunoblot of P. mirabilis whole-cell extracts with FIhD and FIhC
antisera (upper panels). The lowest panel is a corresponding Northern blot of
total mRNA with an flhDC probe (7). Cells were recovered from 1.5% agar
plates at 0.5-h intervals spanning the early, peak, and postdifferentiation periods.
Aliquots were resuspended in loading buffer (2% SDS, 50 mM Tris-HCI [pH
6.8], 100 mM dithiothreitol), and equivalent amounts of protein extract were
separated by SDS-15% PAGE and electrotransferred to nitrocellulose filters.
Immunoblots with affinity-purified FIhC and FIhD antisera were developed with
horseradish peroxidase-conjugated goat anti-rabbit antibody and a chemilumi-
nescent substrate (Pierce). Antisera were raised (Scottish Antibody Production)
against His-tagged proteins generated from pET15b plasmids (Novagen) in E.
coli BL21 (DE3) (27) carrying the flhD::Tnl0 mutation (19) transferred by P1
transduction.
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FIG. 2. Decay of P. mirabilis FIhD and FIhC proteins after translation arrest.
(A) Immunoblot of extracts from cells harvested at peak differentiation (3.5 h on
seeding plates). Cells were immediately resuspended in LB to an A of 1.0, and
translation was blocked by addition of 200 pg of spectinomycin per ml. Samples
were taken and transferred immediately (time zero) and after 15 and 30 min of
incubation at 37°C into 10% (final concentration) trichloroacetic acid and cen-
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Increased lability of FIhC and FlhD expressed individually.
FIhD and FIhC act together as a 70-kDa heterotetrameric
FIhD,C, transcriptional activator (23), and the above-de-
scribed assays show that they are coordinately degraded. To
assess whether they might be more labile when not in the
FIhD,C, complex, mid-exponential-phase Proteus LB cultures
carrying recombinant plasmids that express FIhD and FIhC
together or individually from an arabinose-inducible promoter
(7, 13) were pulse-labeled for 2 min with [**S]methionine in an
isogenic fIhDC null mutant made by deletion and insertion of
the streptomycin resistance omega cassette (6). Radiolabeled
FIhD and FIhC were immunoprecipitated and quantified after
separation by SDS-15% PAGE. The concentrations of pulsed
FIhD and FIhC were equivalent and comparable when ex-
pressed alone or together. The half-lives of the radiolabeled
proteins were in each case considerably longer than those
observed as described above following native expression of
fIhDC in Proteus. This presumably reflected lower efficiency of
the degradation machinery on the excess substrate, as FIhD
and FIhC levels were at least 10-fold higher than in the native
Proteus parent strain when the proteins were expressed from
multicopy pBAD plasmids. Such a titration effect has been
noted for energy-dependent protease activity in E. coli (2).
Notwithstanding this, the results in Fig. 3 indicate that when
the two proteins were synthesized together (from pBAD18DC),
each had a half-life three to four times longer (ca. 35 to 50 min)
than when it accumulated alone (ca. 11 to 14 min). This indi-
cates that coexpression stabilizes FIhD and FIhC. Such an
effect has been proposed for unstable regulatory proteins RcsA
and SulA in E. coli upon interaction with partner proteins
ResB and FtsZ, respectively (10).

FIhC and FIhD turnover is energy dependent. To assess the
energy dependence of the degradation process, respiration and
energy generation were inhibited in Proteus by dinitrophenol
or sodium azide (22). Each reagent completely inhibited FIhD
and FIhC degradation (Fig. 4), suggesting that this process is
directed by an energy-dependent protease(s). Such proteases
have been characterized biochemically and genetically in E.
coli and been shown to be central to the turnover of major
regulatory proteins controlling bacteriophage infection (P1
PhD, \o) or cellular physiology, e.g., sigma factors RpoS and
RpoH, which are degraded by ClpXP and FtsH, respectively
(8). Other examples are the transcriptional regulator RcsA and
the cell division inhibitor SulA, both of which are degraded by
Lon protease (10).

Putative involvement of the Lon protease in FIhD and FIhC
turnover. As there are no Proteus mutants defective in energy-
dependent proteases, we tested the stability of P. mirabilis
FIhD and F1hC expressed from pBAD18DC in E. coli mutants
specifically lacking ClpA, ClpB, ClpP, ClpX, FtsH (HflB), or
Lon activity. This approach was appropriate, as the amino acid
sequences of FIhD and FIhC from E. coli and P. mirabilis are
closely conserved (67 and 76% identity, respectively) and Pro-
teus flhDC expressed in trans restores motility to the E. coli
fIhDC mutant (7). Pulse-chase assays with [*>S]methionine,
immunoprecipitation, and SDS-PAGE migration revealed that
FIhD was stabilized in only two mutants, lon-146::Tet" and
Alon-510::Tet" (Fig. 5A). While the half-life of FIhD in the E.
coli wild-type background was 20 min, in the absence of Lon

trifuged, and the pellets were washed with 80% acetone and resuspended in
loading buffer. (B) Decay of P. mirabilis FIhD and FIhC proteins in the early and
postdifferentiation periods (2 h 45 min and 4 h 15 min, respectively). Mean values
were derived from three experiments carried out as described for panel A, by
scanning of immunoblot signal strengths (Kodak Digital Science, NIH Image 1).
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FIG. 3. Decay of P. mirabilis FIhD and FIhC together or individually from
recombinant plasmids pBAD24C, pBAD18D (7), and pBAD18DC (13), which
express flhC, flhD, and flhDC, respectively, from an arabinose-inducible pro-
moter in a AflhDC::Q Proteus null mutant (6). Previously unpublished plasmid
pBAD24C contains flhC, amplified by PCR using Pfu polymerase, under the
control of the arabinose-inducible promoter in the vector pBAD24 (11). Midex-
ponential LB cultures were harvested, washed, and resuspended in minimal
medium (M9) containing 0.1% arabinose, 20 pM amino acids (minus methio-
nine), and 1 mM MgSO,. After 5 min of incubation at 37°C, cells were pulse-
labeled for 2 min with 20 p.Ci of [**S]methionine per ml and chased with 2 mM
unlabeled methionine and 2% glucose. Equivalent amounts of cells were then
removed immediately (time zero) and at intervals, centrifuged, and resuspended
in lysis buffer (2% SDS, 50 mM EDTA, 50 mM Tris-HCI [pH 7.4]). After heating
at 90°C for 5 min, 20 pl of cell extract was diluted with 1.3 ml of buffer I (50 mM
EDTA, 0.1 M NaCl, 0.1% Nonidet P40, 50 mM Tris-HCI [pH 7.4]). The labeled
FIhD or FIhC was immunoprecipitated with 5 pl of antiserum (4°C, 90 min).
Protein A-Sepharose beads (Sigma) were added (50 pl of a 25% suspension),
and after 30 min of incubation at 4°C, precipitates were washed three times with
buffer I and once with buffer IT (10 mM EDTA, 0.3 M NaCl, 20 mM Tris-HCI
[pH 7.4]). Proteins were eluted from beads in loading buffer (5 min, 90°C) and
separated by SDS-15% PAGE. Signal strength was detected using a cyclone
phosphorimager and quantified using OPTIQUANT software (both from Pack-
ard). The experiment was performed three times, and there was no significant
variation in the results.

NOTES 835

LB +DNP  + NaN3
1 0'3 815303 815303 8 15 30 min
FinC [ R SA——

FIND ey (et

FIG. 4. Decay of FIhD and FIhC proteins in differentiating P. mirabilis har-
vested into LB alone or LB containing 5 mM dinitrophenol (DNP) or 5 mM
sodium azide (NaN;). Half-lives were determined as described in the legend to
Fig. 2.

this was reproducibly increased to 58 min (lon-146) or 61 min
(lon-510). In the other E. coli mutants, stability was unaffected
(Fig. 5B). The results indicate that the Lon protease partici-
pates in FIhD and FIhC degradation (closely comparable re-
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FIG. 5. Decay of P. mirabilis FIhD in E. coli mutants lacking ClpA, ClpB,
ClpP, ClpX, FtsH, or Lon activity. FIhD expression was induced from
pBADI18DC as cells were pulse-chased with [**S]methionine for 1 min, in the
wild type and isogenic mutants, FIhD was immunoprecipitated, and decay was
assayed as described in the legend to Fig. 3. The clpA::Tet", AclpB::Km" (25),
AclpP::Cm" (15), clpX::Km* (9), hfIBI (Ts) zgj::Tnl0 (14), lon-146::ATnl0, and
Alon-510 zba-1091::ATnl10 (21) alleles were transferred by P1 transduction to
MC4100 (1).
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sults were obtained when the FIhC protein was assayed [data
not shown]). FIhD was not completely stabilized in the two E.
coli lon mutants, but it is possible that additional energy-de-
pendent proteases are involved, as has been shown with the E.
coli Xis protein, which is degraded by both Lon and FtsH (18).
Furthermore, native Proteus Lon may degrade Proteus FIhD
and FIhC more efficiently.

Concluding remarks. Our results indicate that in addition to
strong stage-specific transcriptional control of the flhDC mas-
ter operon during swarming, the two gene products are subject
to severe posttranslational control at the level of protein deg-
radation. As FIhD and FIhC are destroyed with a half-life of 2
min, i.e., 1/10 of the cell doubling time, they belong to the small
group of potent central regulators of cell physiology known as
timing proteins (10). They also indicate that FIhD and FIhC
may have a role analogous to that of the transcriptional regu-
lator CtrA of Caulobacter crescentus (24), which is central to
the control of cell division, as well as the transcriptional reg-
ulation of flagellar biogenesis, and the lability of which is mod-
ulated during the Caulobacter cell cycle by the ClpXP protease
(16). In Proteus, FIhD and FIhC degradation is maximal after
differentiation into swarm cells, suggesting that there could be
a stage-specific increase in the protease activity responsible,
possibly coupled to dissolution of the FIhD,C, complex. Our
indication that the Lon protease may be at least partly respon-
sible may mesh with findings (26) that a constitutively elon-
gated swarmer mutant of Vibrio parahaemolyticus had lesions
in the lonS (Lon protease) gene and that lon mutants of C.
crescentus are defective in cell division (28).
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