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Sensing Structural Intermediates in
Bacterial Flagellar Assembly by Export
of a Negative Regulator

Kelly T. Hughes,* Karen L. Gillen, Melinda J. Semon,
Joyce E. Karlinsey

The ability of a regulatory protein to sense the integrity of the bacterial flagellar structure
was investigated. In response to a defective hook—basal body complex, the anti-o28 FIgM
protein inhibits flagellin transcription. In cells with a functional hook-basal body complex,
the flagellin genes are transcribed normally and the FIgM protein is expelled into the growth
medium. In strains with a defective hook—basal body structure, FIgM is absent from the
media. The presence of flagellin protein in the media is substantially reduced in strains
carrying a FIgM-LacZ protein fusion, suggesting that the fusion is blocking the flagellar
export apparatus. These results suggest that the FIgM protein assesses the integrity of the
flagellar hook—basal body complex by itself being a substrate for export by the flagellar-

specific export apparatus.

In both prokaryotes and eukaryotes, devel-
opmental pathways involving the synthesis
and assembly of structures often proceed
through structural intermediates. The syn-
thesis of the flagellar organelle in bacteria
provides a model system to study the coor-
dination of transcriptional regulation with
the assembly of structural intermediates.
The flagellum is composed of a basal body
structure, located in the cell membrane,
and an extracellular hook, which acts as a
flexible joint to which the flagellar filament
is attached (Fig. 1). The genetics and bio-
genesis of the bacterial flagella have been
recently reviewed (I). Components of the
basal body complex are assembled into a
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structure that includes a motor driven by a
proton pump, a switch complex that deter-
mines the direction of flagellar rotation, a
rod structure that transverses the two mem-

Fig. 1. Biosynthesis of
the S. typhimurium fla-
gellar structure. The
genes required for syn-
thesis of flagella are
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branes and the cell wall, ring proteins
embedded within the membranes that sta-
bilize the structure, and a flagellar-specific
export apparatus at the cytoplasmic base.
Assembly of the extracellular component of
the flagellum involves the transport of in-
dividual components through a pore in the
basal body structure (2). A flagellar-specific
export pathway (3) determines which pro-
teins are exported by what may be an
ordered assembly mechanism (I). The hook
subunits are exported and assembled to
complete the hook-basal body structure,
and then the export apparatus is possibly
modified to stop the export of hook subunits
and begin the export of flagellin subunits to
be assembled into the flagellar filament (4).

The genes required for flagella synthesis
and chemotaxis in the bacterium Salmonella
typhimurium are organized into a regulatory
hierarchy of three classes (5). Each class is
required for expression of the next. The
early class includes two master regulatory
genes that respond to global signals such as
cAMP (adenosine 3',5'-monophosphate)
levels (6, 7), and when induced they turn

\
Cap

Flagellin
filament

~ N .
grouped into three  Early Middie H°%'Lter Late Hook-associated protems
classes (5). The early %5 P08 o [T membrane 98NS —g=p——
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middle class genes.

apparatus

The middle class genes are required for the structure and assembly of the hook-basal body
complex (7). Included in the middle class genes is the fliA gene, which encodes the alternative
sigma factor, a28 (8). This sigma factor is specific for the transcription of the late class genes, which
encode the flagellin filament genes, hook-associated proteins, and the flagellar cap protein. The
flgM gene is transcribed from both middle and late class promoters (76).
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on expression of the middle class of genes.
The middle class genes are required for the
structure and assembly of the hook-basal
body complex (Fig. 1). Included in the
middle class of flagellar genes is the fliA
gene, which encodes an alternative sigma
factor, o®® (8), required specifically for
transcription of the late class of genes (5).
The late class includes flagellin, chemotax-
is, and motility genes, as well as two hook-
associated protein (HAP) genes and a gene
for the cap protein that is found at the distal
end of the flagellum (5). The flagellin
subunits are assembled between the HAPs
attached to the end of the hook structure
and the cap protein (9). Flagellar structures
missing the HAP proteins or the cap pro-
tein do not assemble flagella, and excrete
flagellin subunits into the medium (10). In
addition to this structural role in flagellar
assembly, cap-defective mutants are dere-
pressed for expression of the late class of
flagellar genes (5).

The regulation of genes in the flagellar
biosynthetic pathway may involve the abil-
ity of the negative regulatory protein FlgM
to respond to defects in the hook-basal
body structure (11). When a middle class
gene involved in the structure or assembly
of the hook-basal body is defective, the
FlgM protein prevents expression of the late
class of genes. It has been reported that

Table 1. Effect of FIgM and FIliA levels on
flagellin transcription in wild-type flagella back-
grounds and in strains defective in genes re-
quired structure or assembly of the hook-basal
body complex (fla~). Transcription from the
flagellin (FIjB) promoter occurs in an otherwise
wild-type strain (strain 1). In strains defective in
the formation of the hook-basal body complex
(fla~ strains, strain 2), transcription of flagellin
genes is inhibited by the action of the FIgM
protein (77), which inhibits the o2® protein
required for transcription of the flagellin gene
(8, 12). Transcription is restored either by the
loss of the FIgM negative regulator or by over-
expression of the fliA gene that encodes the
a28 protein (strains 3 and 4). Overexpression of
the figM gene results in loss of flagellin expres-
sion in a wild-type strain (strain 5).

) . Flagellin
Strain Genotype transcriptiont
1 fljB-lac +
2 fla= fljB-lac -
3 flgM~ fla=fljB-lac ++
4 pfliA*/fla~ fljB-lac ++
5 pfigM*[fijB-lac -

*The fla- alleles include mutants in the following
genes: figA-J, flhA, fIhB, and fliE-R. tFlagellin tran-
scription was measured by production of B-galacto-
sidase from a fljB-lac operon fusion present in all
strains tested on lactose-tetrazolium indicator plates
(77). The actual B-galactosidase activities are as
follows (in Miller units): Strain 1, 260 units; strain 2, 19
units; strain 3, 1700 units; strain 4, 3600 units; strain 5,
17 units. The plasmid carrying the fliA gene used in
this study is pMS531 (74). The plasmid carrying the
flgM gene used in this study is pMH71 (17).
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FlgM prevents late gene expression of the
flagellin genes by interacting with the o8
factor specific for late gene transcription
(12). It was not clear how the FIgM protein
could assess the integrity of the hook—basal
body structure in order to control late gene
expression in strains with a functional hook—
basal body complex and prevent late gene
expression in strains with a defective hook—
basal body complex. One model predicts

that when the hook-basal body complex is
completed and competent for export and
assembly of flagellin subunits, it also be-
comes competent for export of the FlgM
negative regulator (13). This would provide
a means for FIgM to sense structure and
effect regulation accordingly. Here, evi-
dence is presented in support of this model.

Regulation of late gene expression is
determined by the relative levels of 028 and
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Fig. 2. Export of FIgM protein into the media (30). All strains carry a Mud-/ac fusion in the fjB
flagellin gene (17). Sample preparation and gel running conditions were as described (30). FigM
protein was purified as described (72) and added to the molecular size markers. (A) FIgM protein
is present in the spent growth media of the wild-type strain (lane 1), a strain defective in both
flagellin genes, fljB and fliC (lane 6), and a strain defective in the gene that codes for the flagellar
cap fliD (lane 7). FIgM is transcribed from both o?8-dependent and o 28-independent promoters
(16); however, there is no FIgM protein visible in the AflIABCD strain (lane 5), which is missing
the 028 gene (fliA), both flagellin genes, and the cap gene. Approximately 80% of figM gene
transcription is from the o-28-dependent promoter (16). FIgM protein is absent in the spent growth
media of both a strain defective in basal body formation (AflgGHIJKL, lane 3), which was found
to express high amounts of FIgM protein (76), and a strain defective in hook formation (fliK, lane
8). Mutant strains that do not produce FIgM protein, figM (lane 2) and AflhCD (lane 4), as
expected do not exhibit a FIgM band in the spent growth media. (B) The spent growth media was
also examined on the same set of strains as in (A) by protein immunoblot analysis with antibody
to purified FIgM protein (37). (C) The spent growth media was also examined on the same set of
strains as in (A), except that the strains carried a FliA-producing plasmid (pMS531) (74) and that
25 pg of protein was loaded in each lane as compared to 50 ng loaded in each lane for (A). This
gave identical results as in (A) except that, by visual determination, more FIgM protein was found
in the media for strains lacking flagellin genes (lanes 5 and 6) even though one-half of the amount
of protein was loaded in (C). The presence of the fliA*-containing plasmid complements the fliA
mutation [compare (A) and (C), lanes 5]. Overexpression of o28 caused by the presence of this
plasmid leads to increased transcription of the fiIgM gene (16). NH,-terminal amino acid
sequencing (24) was done on the band in the pfliA*/AfliA-D strain [(C), lane 5] that comigrates
with FIgM and was found to be SIDXTSPLKP (33); this is identical to the NH,-terminal sequence
predicted for the figM gene product (17) except that the NH,-terminal methionine is missing. (D)
Some FIgM protein was present in the spent growth media of a hook mutant strain (figk, lane 2).
FIgM protein was also found in the spent media of HAP mutant strains (figk and figL, lanes 3 and
4), in apparently smaller amounts than were found in a strain defective in both flagellin genes, fjB
and fliC (lane 5). FIgM was not found in the media of a strain defective in the flagellar export
pathway (flil, lane 6). Purified FIgM protein (1 wg) was loaded with molecular size markers.
Molecular size markers are indicated on the right (in kilodaltons).
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FIgM in the cell (Table 1). A strain defec-
tive in the hook-basal body complex (fla~)
does not express flagellin (Table 1, strain 2)
(5, 11). This negative regulation is over-
come by inactivation of the flgM gene
(Table 1, strain 3) (11). In addition, fla-
gellin expression is also restored in fla~™
strains by the introduction of a plasmid
expressing the fliA (02%) gene from its own
promoter (14) (Table 1, strain 4). These
results support the idea that the relative
levels of FIgM and o2® are important in the
regulation of late gene expression. Because
FlgM negative regulation can be overcome
by overexpression of the fliA gene, overex-
pression of the flgM gene may inhibit nor-
mal o?8 function. Indeed, introduction of a
plasmid expressing the flgM gene from its
own promoters (15) into the wild-type fla-
gellar strains results in the inhibition of
flagellin expression (Table 1, strain 5).

If the relative levels of FlgM and a?® are
important in late gene expression, regula-
tion could be achieved by varying the
amounts of FlgM. The FlgM anti-sigma
factor inactivates o?®-dependent transcrip-
tion, in vitro, when FlgM is present in
stoichiometric amounts with 28 (12). One
means to regulate FlgM amounts would be
to export FlgM out through a functional

hook—basal body structure, because it has
been shown that flgM gene transcription
does not increase in response to the hook—
basal body structure (16). Thus, by export-
ing enough FlgM to reduce FlgM amounts
with respect to a2, the late genes would be
transcribed.

As a test of this model, various S.
typhimurium strains were grown in a liquid
medium, and the spent growth media was
assayed for protein by polyacrylamide gel
electrophoresis (PAGE). The results pre-
sented in Fig. 2 support the model that
FlgM is exported through the flagellar struc-
ture into the medium. FlgM protein is
present in the medium for strains that have
a functional hook-basal body complex.
These include a wild-type strain (Fig. 2A,
lane 1) and strains that do not express
either flagellin (fliC and fljB) (Fig. 2A,
lane 6), the flagellar Cap (fliD) (Fig. 2A,
lane 7), or the hook-associated proteins
(Fig. 2D, lanes 3 and 4), although a func-
tional fliA (o?8) gene is required [Fig. 2, A
(lane 5) and C (lane 5)]. Protein immuno-
blots performed on the gel in Fig. 2ZA with
an antibody to FIgM confirmed that these
bands represent FlgM protein (Fig. 2B).
The FIgM protein was not found in either
the spent medium of a flgM mutant strain

Fig. 3. Behavior of S. typhimurium flgM mutants on motility plates (32). (A) A Mud-/ac
translational fusion in the figM gene (16) (right) has reduced motility as compared with that of the
wild-type strain LT2 (left). (B) The reduced motility phenotype of the FIgM-LacZ protein fusion
(bottom left) is dominant to the presence of a wild-type figM* gene (bottom right). The wild-type
strain (top) was included for direct comparison. (C) A strain carrying a FIgM-LacZ protein fusion
reverts to motility (Mot*). There are three classes of Mot* revertants. One class is Lac~ on the
chromogenic indicator for B-glactosidase activity and maps to the figM locus. The other classes
are Lac™ in the presence of X-Gal and include revertants that map to the figM locus and those

that do not (76).

Intracellular Extracellular

Fig. 4. Export of FIiC flagellin protein into the media. 1 2 3 1 2 3

All strains are defective in the cap protein (fliD2380).
Sample preparation and gel running conditions were
as described (30). FliC protein was identified by
protein immunoblot analysis with antibody to FIiC
flagellin (Difco) that was purified by serum affinity
chromatography (32). In the cap mutant strain, FliC is
released into the media (lane 1). Release of FIiC in the
cap mutant strain was also assayed in the presence of
either a lacZ operon fusion or a lacZ gene fusion to the

flgM gene (lanes 2 and 3, respectively). The presence

of a FiIgM-LacZ protein fusion in the cell results in a reduction in the amount of FIiC released into
the media (lane 3). No substantial amount of flagellin was observed to accumulate intracellularly
in these strains. These results support the model that the FIgM-LacZ fusion protein blocks the

flagellar export pathway.
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(Fig. 2A, lane 2) or in the spent medium of
strains defective in the hook—basal body
complex, which are not export-competent
for flagellin (Fig. 2A, lanes 3, 4, and 8).
There was one exception, however: FlgM
was found in the spent media in a hook
mutant strain (Fig. 2D, lane 2), although at
lower amounts than were seen for strains
missing the hook-associated or flagellin pro-
teins (Fig. 2D, lanes 3, 4, and 5). This
finding was unexpected because no FlgM
was found in a strain defective in hook-
length control (Fig. 2, A and C, lanes 8).
This may be because the allele of the hook
structural gene used in this study is leaky. It
will be necessary to obtain a deletion of the
hook gene to determine whether FIgM is
exported in such a mutant strain.

The presence of FlgM is enhanced in
strains carrying a plasmid with a functional
fliA gene and lacking the flagellin genes
(Fig. 2C, lanes 5 and 6). Transcription of
the flgM gene is substantially increased in
the presence of this plasmid (16), presum-
ably because the flgM gene is itself under
the control of a o?8-dependent promoter
(17). Furthermore, in strains defective for
both flagellin genes, FlgM would not com-
pete with flagellin subunits for export,
which would explain why more FlgM is
found in the spent growth media.

The model in which FlgM has the ability
to be exported predicts that a fusion of
FlgM to a bulky protein might maintain the
signals for export, but fail to be exported. If
the fusion protein was able to block the
export apparatus, no other protein subunits
would be exported and the cells would be
nonmotile. As a test of this idea, fusions of
the Escherichia coli lacZ gene, which en-
codes B-galactosidase, to the COOH-termi-
nus of FlgM were constructed with the
Mud-lac transposon (MudIl1734) (18).
Cells expressing these fusions were defec-
tive in motility as compared with cells of a
wild-type strain (Fig. 3A). This motility
defect was dominant to the presence of a
flgM™ gene (Fig. 3B). Revertants that re-
gained motility arose and included cells
that both lost and retained the FlgM-LacZ
fusion as evidenced by behavior on lactose
indicator plates (Fig. 3C). These results
support the model that the FlgM—B-galac-
tosidase fusion proteins block the flagellar
export pathway and can interfere with fla-
gellar assembly.

As a test of this hypothesis, flagellin
(FIiC) export was assayed in the presence of
a FlgM-LacZ protein fusion (Fig. 4). In a
cap mutant strain, FliC is released into the
media (Fig. 4, lane 1). Either a lacZ operon
fusion or protein fusion to the flgM gene
was introduced into the cap mutant strain,
and FliC release into the spent growth
media was determined. The presence of a
flgM-lacZ operon fusion did not affect FliC
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release (Fig. 4, lane 2), whereas the FlgM-
LacZ protein fusion did reduce the amount
of FliC protein found in the spent media
(Fig. 4, lane 3). However, because there
was no accumulation of flagellin intracellu-
larly in the presence of the FlgM-LacZ
protein fusion (Fig. 4, lane 3), it is still
possible that expression of the flagellin gene
was affected. This result is consistent with
the model that a FlgM-LacZ protein fusion
blocks the flagellar export pathway.

One alternative model suggests that
flgM gene transcription is regulated in re-
sponse to structure (16). The results of
studies on the regulation of flgM gene
transcription and translation have shown
that the flgM gene is transcribed from both
middle and late class promoters and that
flgM gene expression is not increased in
strains defective in the hook-basal body
complex (16). Thus, cells do not repress
late gene transcription by increased expres-
sion of the flgM gene. Other models pro-
pose that FlgM protein is modified or de-
graded in response to structure or that FlgM
protein is sequestered into the completed
structure (I1). To date, no modifying ac-
tivity for FlgM has been described, nor has
FlgM protein been found associated with
the isolated flagellar structure. Still, these
last three models remain formal possibilities
and could account for FlgM-dependent reg-
ulation in addition to regulation by export.

It seems improbable that the role of
FlgM is to sense a defective flagellar struc-
ture and prevent late gene transcription. It
is more likely that FlgM plays a role in
normal flagellar function and regulation.
We suggest that FlgM protein is important
in wild-type cells both for temporal control
of flagellar assembly and for regulation of
flagellar length. The flgM gene is expressed
from both middle and late class promoters
(16). After initial induction of the flagellar
regulon, both FlgM and FliA are expressed,
either preventing or reducing late gene
expression in the absence of functional
hook-basal body structures. This would
prevent intracellular accumulation of fla-
gellin subunits that may be deleterious to
cell growth or to synthesis of the hook—
basal body complex. When functional
hook-basal body structures are assembled,
FlgM is exported outside the cell, which
would result in instantaneous transcription
of the late genes at a time when their gene
products are needed. At some point, a
steady state of FliA and FIgM levels would
be attained as a result of the fact that the
flgM gene is transcribed by the same sigma

1280

factor that it inhibits (17) and that flagellar
proteins are assembled normally in response
to these levels. However, if at any time the
cell is subjected to forces that shear off the
flagella, accumulated intracellular FlgM
would be immediately exported through the
hook-basal body structures present, and
transcription of the late genes would be
initiated as a result of the presence of the
FliA sigma factor and the absence of the
FlgM anti-sigma factor. In the bacterial en-
vironment, it is likely that forces are often
encountered that shear off the flagellar fila-
ment. The ability to respond quickly and
resynthesize the full-length structure would
restore motility rapidly and provide a surviv-
al advantage. In addition, FIgM protein may
also serve to regulate flagellar length. As the
flagella increase in size, it becomes increas-
ingly more difficult for proteins, including
flagellin subunits and FlgM, to travel down
the length of the flagella. Thus, the flow of
FIgM protein outside the cell would be re-
duced, resulting in inhibition of late gene
expression and thus limiting the final size of
the flagellar structures.
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