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Salmonella typhimurium FliG and FliM are two of three proteins known to be necessary for flagellar
morphogenesis as well as energization and switching of flagellar rotation. We have determined FliG and FliM
levels in cellular fractions and in extended flagellar basal bodies, using antibodies raised against the purified
proteins. Both proteins were found predominantly in the detergent-solubilized particulate fraction containing
flagellar structures. Basal flagellar fragments could be separated from partially constructed basal bodies by gel
filtration chromatography. FliG and FliM were present in an approximately equimolar ratio in all gel-filtered
fractions. FliG and FliM copy numbers, estimated relative to that of the hook protein from the early fractions
containing long, basal, flagellar fragments, were (means6 standard errors) 416 10 and 376 13 per flagellum,
respectively. Extended structures were present in the earliest identifiable basal bodies. Immunoelectron
microscopy and immunoblot gel analysis suggested that the FliG and, to a less certain degree, the FliM
contents of these structures were the same as those for the complete basal bodies. These facts are consistent
with the postulate that FliG and FliM affect flagellar morphogenesis as part of the extended basal structure,
formation of which is necessary for assembly of more-distal components of the flagellum. The determined
stoichiometries will provide important constraints to modelling energization and switching of flagellar rota-
tion.

The propulsion of swimming bacteria is driven by the rota-
tion of motile organelles, the flagella. Each flagellum consists
of an external, rigid, helical filament contiguous with an elab-
orate basal body. The flagellar basal body traverses the cell
wall and cytoplasmic membrane, protruding into the cyto-
plasm. It harbors machinery for energization and switching of
flagellar rotation. The molecular motors that drive flagellar
rotation are distinct from other biological molecular motors
studied thus far in that they are capable of bidirectional force
generation and are energized by transmembrane ion gradients
instead of ATP (26).
Proteins specifically involved in motility have been identified

on the basis of the analysis of paralyzed mutants (mot) in the
enteric bacteria Escherichia coli and Salmonella typhimurium.
Five proteins have thus been identified from a total of 50 or so
proteins required for flagellation and chemotaxis (18). Two,
MotA and MotB, are integral membrane proteins whose ex-
pression determines the assembly of the intramembrane par-
ticle ring structures of the flagellar basal body (13). The other
three, FliG, FliM, and FliN, have been localized to recently
described cytoplasmic extensions of the flagellar basal body by
immunoelectron microscopy (7, 39). Mutations that give rise to
nonflagellate (fla) or nonchemotactic (che) bacteria have also
been isolated in each of these proteins (37). To account for
these and additional suppressor mutation data, it has been
postulated that these proteins form a macromolecular com-
plex, the switch complex, that comprises part of the flagellar
motor and, in addition, affects morphogenesis by virtue of its
location in the basal body (22, 36).
Here, we report a gel filtration chromatography method that

purifies and separates the precursor from mature basal bodies.
Antibodies raised against overexpressed FliG and FliM have

allowed determination of the cellular levels of these proteins,
their loss during successive stages of purification and, in con-
cert with gel filtration, estimation of their stoichiometries in
the extended basal bodies. We find that (i) the majority of
cellular FliG and FliM partitions to the flagellum-enriched
pellet fraction, (ii) FliG and FliM are present in a large num-
ber of copies and approximately equimolar ratio in the flagel-
lum, and (iii) the extended cytoplasmic structure, FliG and
FliM are found in the earliest identifiable basal bodies, imply-
ing that assembly of the switch complex, coincident with as-
sembly of the cytoplasmic structure, is complete in the earliest
stages of flagellar morphogenesis.

MATERIALS AND METHODS
Strains and media. S. typhimurium SJW1103 (wild type for motility and che-

motaxis) and SJW1368 (DflhCD) (lacking expression of all motility and chemo-
taxis proteins) have been described previously (39). Polyhook strain S. typhi-
murium SJW0880 was obtained from R. M. Macnab. The strains were grown to
late-exponential phase (ca. 73 108 cells per ml) in Luria broth (LB) in a shaking
water bath at 358C. Cell growth was monitored at an optical density of 600 nm
in a Bausch & Lomb Spectronic-20 spectrophotometer. The optical density value
was related to the number of cells per milliliter by using a hemocytometer. One
unit of optical density at 600 nm corresponded to 1.66 3 109 late-exponential-
phase cells per ml.
Protein purification. E. coli CheY and FliG proteins were purified as previ-

ously described (19, 23). S. typhimurium FliG and FliM proteins were purified
following protocols detailed in references 39 and 21, respectively. FlgE (hook
protein) was purified from polyhooks isolated from S. typhimurium SJW0880
following published protocols (1). The polyhook band was removed from the
cesium chloride gradient, dialyzed, and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The FlgE protein was electro-
eluted from the excised SDS-PAGE band with a microelution device (Centri-
luter; Amicon, Inc.). The purity of the proteins was .90% as estimated by
densitometry of Coomassie-stained SDS-PAGE gels. The proteins were lyophi-
lized (Flexi-Dry unit; FTS Systems, Inc.). Protein concentrations were deter-
mined by using the bicinchoninic acid assay (Pierce Chemical Co.).
Antibody purification. Antibodies to S. typhimurium FlgE and FliM proteins

(39) and to E. coli FliG (23) and CheY proteins were used in this study. The FlgE
and FliM antisera were initially purified by preadsorption against the vesicular* Corresponding author.
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high-speed fraction (39). The FliG and CheY antisera were affinity purified
against the purified proteins immobilized on Sepharose columns (23).
No further purification of the FliG antibody was required. However, the FlgE,

FliM, and CheY antisera reacted with proteins other than their antigens in total
cellular lysates. Blots of preimmune antisera indicated that these reactions were
due in part to other antibodies still present after the affinity purification step.
Presumably, these antibodies cross-reacted with the column-immobilized pro-
teins. These antisera were further incubated with total cellular lysates from
DflhCD strain SJW1368. The expectation was that stable complexes formed by
the cross-reacting antibodies with antigenic determinants present in these lysates
would preclude their reaction with these determinants in the wild-type lysates.
The formation of these complexes resulted in a significant reduction in the
number of background bands, partially fulfilling the expectation.
Preparation of extended flagellar basal bodies. Cells were typically lysed by

EDTA-lysozyme digestion together with detergent (Triton X-100; Boehringer-
Mannheim) solubilization. Mechanical disruption (shearing) was routinely em-
ployed for reducing the amount of vesicular contaminants. The disruption of
contaminants by alkaline pH treatment (7) or their differential removal by cycles
of high-speed (60,000 3 g, 60 min) and low-speed (12,000 3 g, 10 min) centrif-
ugation (25) was also investigated. For estimation of cytoplasmic protein pools,
cells were concentrated (1 liter of exponential-phase culture resuspended in 5 ml
of 0.5 M sucrose–0.1 M Tris-HCl [pH 8.0]) and then lysed by sonication (three
1-min 100-W bursts; Heat Systems Ultrasonics model W185 sonicator), and the
membranes were pelleted (300,000 3 g for 1 h in a Beckman model TL-100
ultracentrifuge) (35). Centrifugation runs were carried out at 48C. Sedimentation
coefficients for pelletable material for any given centrifugation run were calcu-
lated from the rotor radius, run speed, and time (32). Kinematic viscosities of the
lysates were measured with a Cannon-Ubbelholde viscometer, as previously
described (12), and the sedimentation coefficients were expressed as the corre-
sponding values in water at 208C (S20,w). Samples and buffers were kept on ice
during preparation. In all cases, flagella were fragmented by blending before lysis
in order to enable isolation of basal flagellar fragments (11). Sonication did not
disrupt extended basal structures as monitored by electron microscopy of basal
flagellar fragments.
The sheared, detergent-solubilized samples were further processed for gel

filtration chromatography. Flagellar structures in the sheared suspension were
spun down (60,000 3 g, 1 h) after low-speed centrifugation (12,000 3 g, 10 min)
to remove vesicular aggregates. The resulting pellet was the flagellar pellet. The
pellet was resuspended in modified TET buffer (10 mM Tris-HCl [pH 8.0], 0.1 M
NaCl, 5 mM EDTA, 0.1% hydrogenated Triton X-100 [Sigma Chemical Co.]).
This buffer was also used as the elution buffer. The sample was loaded onto a
Sephacryl S-1000 gel filtration column (80-ml bed volume). Fractions were col-
lected at a flow rate of 0.25 ml/min. Recovery of flagellar basal bodies from the
column, as determined from immunoblot quantitation of the amounts of FlgE
and FliG proteins loaded on and eluted from the column, was typically 40 to
50%.
Gel electrophoresis. The purity of the preparations was monitored by Coo-

massie- or silver-stained SDS-PAGE. To obtain a quantitative measure of con-
taminant proteins, pellets obtained by centrifugation (60,000 3 g, 1 h) of deter-
gent-solubilized lysates of DflhCD strain SJW1368 were used. The dilution series
of this material were run as standards together with the flagellar samples. Con-
tamination levels in the latter samples were estimated by densitometry and
comparison of the integrated 30- to 50-kDa porin band intensities, after subtrac-
tion of the FlgE band, since outer membrane porins were the major contami-
nants (1).
Reduction by dithiothreitol (5 mg/ml) was used to achieve more-uniform silver

staining of the proteins (20) after fixation of the gels in 20% trichloroacetic acid
for at least 30 min. The trichloroacetic acid was rinsed off with 10% ethanol, and
the gels were rinsed extensively with deionized water before and after dithio-
threitol treatment. The sensitivity of detection of this silver stain procedure was
0.1 ng, as established by staining marker proteins (Bio-Rad SDS-PAGE broad-
range molecular weight standards). Immunoblot analyses were carried out by
using the enhanced chemiluminescence (ECL) assay (39). 125I-protein A immu-
noassays (23) were used to double check some of the data. For ECL immuno-
assays, the secondary antibody (used at a 1:5,000 dilution from stock [Amer-
sham]) was incubated for 1 h at 48C. Quantitative estimates by ECL required that
the purified proteins be run as standards on the same gel.
The purified proteins were also used to check whether contaminant proteins

affected estimates of CheY, FlgE, FliG, and FliM levels. Fixed concentrations of
the purified proteins were mixed with various amounts of SJW1368 (DflhCD) cell
lysates. In all cases, enhancement of band intensity was observed with the in-
crease in the amount of background protein, even though its extent varied with
the protein and was most marked for FliM. The enhancement increased as the
amount of the sample or the sample/background protein ratio decreased, with an
increase of as much as twofold under certain conditions. The reasons for this
phenomenon are not presently understood. Nevertheless, estimation of the pro-
tein contamination levels in the flagellar samples, obtained as detailed above,
allowed corrections to be made on the basis of the enhancement observed with
the purified proteins.
Band intensities on ECL films or cellophane-wrapped wet gels were quanti-

tated by densitometry (Molecular Dynamics model 300A densitometer and Im-
age Quant analysis software) with volume integration. Cumulative error arising

from variability in the sample load, background intensity, and demarcation of
band boundaries was estimated by densitometric analysis of gels containing a
single sample run in multiple lanes. This error was 20% 6 10% for silver-stained
gels and 30% 6 10% for ECL films.
Electron microscopy. The flagellar pellets were negatively stained with 2%

uranyl acetate as previously described (11) and examined at 80 kV on a JEOL
model 100CX electron microscope. The samples were labelled with 5 nm protein
A-colloidal gold after 30 min of incubation at 48C with FliG and FliM antibodies
as previously described (39).

RESULTS

FliG and FliM levels in wild-type cells. FliG and FliM levels,
as well as CheY and FlgE (hook) protein levels, were deter-
mined in whole-cell lysates (Fig. 1). The CheY protein was
used as a marker for soluble cytoplasmic proteins. The FlgE
(hook) protein was used as a marker for flagellum-associated
protein. The enhancement due to background proteins was
evaluated and corrected (see Materials and Methods).
The estimated CheY copy numbers per cell were ca. twofold

higher than the previously published estimate (15). The esti-

FIG. 1. Cellular levels of FliG and FliM proteins. Cell copy numbers were
determined by immunoblot gel analysis. CheY and FlgE were used as markers
for soluble and flagellar material, respectively. Arrows denote the positions of
the proteins. Amounts were determined by using purified protein standards
(lanes 1 to 6) that encompassed a 64 (26)-fold concentration range. DflhCD
(SJW1368) and wild-type (SJW1103) whole-cell lysates were blotted in lanes 7
and 8, respectively. The means 6 standard errors of determinations made for
four independent experiments are shown.
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mated FliM level was similar to that determined for E. coli
(30), but the FliG level was threefold lower (23). Our cultures
were grown in rich medium (LB at 358C), while minimal me-
dium and tryptone broth at 308C were used in the earlier CheY
(15) and E. coli FliG (23) studies, respectively. Flagellar and
chemotaxis protein expression may be sensitive to differences
in growth conditions (2). In addition, the effect of background
proteins was not evaluated in the previous studies. For CheY,
part of the discrepancy may result from the fact that the E. coli
CheY protein and antibody were used to determine S. typhi-
murium CheY levels. However, E. coli and S. typhimurium
CheY have 96.8% amino acid sequence identity; the crystal
structures are essentially isomorphous (33), and it is difficult to
see why S. typhimurium CheY would react more strongly with
the antibody raised against the E. coli protein. The E. coli and
S. typhimurium FliG proteins also have a high degree of
(91.8%) sequence identity (23). In this case, about 50% more
S. typhimurium FliG than E. coli FliG was required to produce
an equivalent reaction with antibody raised against the E. coli
protein.
FlgE, FliM, and FliG levels were comparable to each other

and lower than CheY levels by almost an order of magnitude.
An upper limit for the number of flagella per cell could be
estimated from the FlgE content, given 130 (6 10%) FlgE
subunits per hook structure (8, 28). This upper limit was 7 6 1,
comparable to the number measured by electron microscopy
for E. coli grown under similar conditions (13).
FliG and FliM cosediment with flagellar basal bodies. In

detergent-treated cell lysates about two-thirds of FliG and
FliM could be sedimented by ultracentrifugation (Fig. 2). The
majority (ca. 80%) of the sedimented FliG and FliM proteins
was found in the large particulate fraction. This behavior was
analogous to that of the FlgE protein. In contrast, the CheY
protein could not be sedimented under these conditions. Elec-
tron microscopy showed that while rare examples of hook-
basal body complexes were found in the intermediate particu-
late fraction, basal flagellar fragments were exclusively present
in the large particulate fraction. In contrast, outer membrane
vesicular contaminants were present in roughly a 1.5-fold-
greater extent in the intermediate particulate fraction than in
the large particulate fraction, as determined by the amount of
porins present in the two fractions. Thus, sedimentation of
FliG and FliM was not due to nonspecific association with
vesicular contaminants, since in such a case the proteins would
be predominantly found in the intermediate, rather than the
large, particulate fraction.
In order to estimate soluble cytoplasmic pools, cells were

lyzed by sonication rather than detergent solubilization. All of
the CheY protein remained in the supernatant, consistent with
its existence as a soluble, monomeric species (29). In contrast,
less than 25% of FlgE, FliG, and FliM remained in the super-
natant after sedimentation of the .67-S20,w material. The
amount of this fraction was comparable, within 20%, to that of
the fraction left in the supernatant after sedimentation of the
.108-S20,w material from detergent-treated cell lysates (Fig.
2). This implied that the FliG and FliM proteins, like the FlgE
protein, were not sequestered to an appreciable extent in the
cytoplasmic membrane. In such a case, solubilization of the
membrane after detergent treatment would have been ex-
pected to result in substantially higher levels of these proteins
in the supernatants of the detergent-treated lysates than in the
supernatants of the sonicated lysates. This was not observed.
Further purification of extended flagellar structures from the

large particulate fraction by removal of vesicular material was
quantitated by gel densitometry. FliG and FliM proteins that
were aggregated or associated with vesicular material in addi-

tion to the proteins that were part of extended flagellar basal
bodies could all constitute pelletable FliG and FliM proteins.
As noted earlier, it was unlikely that FliG and FliM were
predominantly associated with vesicular material. Quantitation
of the succeeding purification steps reinforced this conclusion.
The quantitation was also used to set limits on the amount of
FliG and FliM proteins associated with vesicular material. Ve-
sicular contaminants, tracked by monitoring the decrease in
outer membrane porins, were reduced by using available meth-
ods for purification of extended basal structures (Table 1). The
levels of FliM, rather than FliG, were monitored since FliM is
a more sensitive indicator of preservation of extended basal
structures than FliG (39). Significant purification was achieved
by most simply employing three low-speed–high-speed centrif-
ugation cycles (25). However, recovery of flagellar material was
low, presumably reflecting cumulative losses incurred during
each cycle. High recovery and reduction of vesicular contam-
inants were achieved both by mechanical disruption (11) and
by pH 10.0 treatment (7) followed by one low-speed–high-
speed centrifugation cycle. Extended basal structures, visible
and free of debris in the electron microscope after such treat-
ment, were present in ca. 70 and 90% of basal flagellar frag-
ments obtained by mechanical disruption and alkaline pH sol-
ubilization, respectively. Therefore, mechanical shearing pre-
sumably caused some disruption of the extended structures in
addition to the disruption obtained after resuspension of the

FIG. 2. Differential sedimentation of FliG and FliM proteins. Protein distri-
butions (amounts) in different cell sediments are expressed as a fraction of the
amounts present in the whole-cell lysates. Open segments, fraction present as
soluble (,67-S20,w) material; stippled segments, fraction present as intermediate
particulate (,108 to 432-S20,w) material; closed segments, fraction present as
large particulate (.432-S20,w) material. Estimates of soluble material were ob-
tained from sonicated cell lysates; estimates of particulate material were ob-
tained from detergent-solubilized cell lysates. CheY was present exclusively
(109% 6 15%) in the soluble fraction. The small amount of CheY found in the
large (,5%) and intermediate (,1%) particulate fractions probably represents
solution associated with the wet pellets. FlgE was predominantly present (70%6
6%) in the large particulate fraction rather than in the soluble fraction (13% 6
3%). The small amount (5%) of FlgE found in the intermediate particulate
fraction may represent hook basal bodies that were not spun down as part of the
large particle pellet because of association with vesicular material. The distribu-
tion of the FliG and FliM proteins mimicked that of the FlgE rather than the
CheY protein. FliG (54% 6 7%) and FliM (52% 6 4%) were found in the large
particulate fraction. Somewhat more FliG than FliM was found in the interme-
diate particulate (18% 6 3% versus 10% 6 2%, respectively) and in the soni-
cated, soluble fraction (25% 6 1% versus 16% 6 3%) relative to the amount of
FlgE.
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flagellar pellets. After correction for the reduction in yield as
estimated by the loss of hook protein, there was an impressive
(5- to 10-fold) decrease in outer membrane porins by both
procedures, correlated in each case with a modest reduction
(,2-fold) in the amount of pelletable FliM protein. FliG lev-
els, determined for the mechanical disruption procedure, were
reduced even less (Table 1). Even if all the lost FliM protein
were associated with outer membrane vesicular contaminants,
such contaminants would account for ,5 and 15% of the FliM
protein found in the resultant sheared and pH 10.0-treated
flagellar pellets, respectively.
Separation of basal flagellar fragments from precursor ex-

tended basal bodies. Mechanical disruption proved most ef-
fective in reducing the outer membrane vesicular contaminants.
The resulting material was used for further characterization of
flagellar basal structures. A priori, these structures could con-
sist of (i) complete basal bodies, (ii) partial basal bodies still
under construction or obtained by disruption of the complete
structures, and (iii) basal body protein complexes to be used
for construction of basal bodies or aggregates produced artifi-
cially by detergent solubilization (17). Electron microscopy of
the sheared flagellar pellets showed that basal bodies contain-
ing the belled cytoplasmic extensions but lacking the filament
and other features characteristic of hook-basal body complexes
were common in the preparations. Corresponding numbers of
flagellar fragments containing hook and filament but lacking
basal bodies were not observed. Thus, these structures did not
result from disruption of basal flagellar fragments. Presumably,
therefore, these structures were precursor basal bodies in var-
ious stages of construction.
Gel filtration chromatography allowed the separation of pre-

cursor basal bodies and their morphological and immuno-
chemical characterizations. Immunoblot analysis of the gel-
filtered fractions showed that the FliG and FliM protein
distributions were superimposable with each other but differ-
ent from the distribution of the FlgE protein, the amount of
which, relative to the amounts of the other two proteins, was
progressively less in the later fractions (Fig. 3). Electron mi-
croscopy of the fractions clarified the immunoblot data. The
leading fractions eluting close to the void volume consisted
exclusively of basal flagellar fragments (Fig. 4). Later fractions
revealed a progressive transition towards shorter flagellar frag-
ments as noted previously (10), together with the appearance
of hook-basal bodies and precursor structures. At twice the
void volume, the precursor basal bodies were predominant;
basal flagellar fragments were absent.
The leading fractions (Fig. 3, fractions 30 to 39) were used

for estimation of FliG and FliM basal body stoichiometries by

relating the levels measured in immunoblots to the levels of the
hook (FlgE) protein. We assumed that all FliG and FliM
proteins present in these fractions were part of extended struc-
tures. This assumption was consistent with the electron micro-
scopic observation (e.g., Fig. 4) that these fractions were free
of large aggregates which may have comigrated with the basal
flagellar fragments. SDS-PAGE analysis confirmed that basal
flagellar fragments were the predominant macromolecular
complexes that eluted in these fractions. Flagellar proteins
were the major proteins present (Fig. 5). In addition, a prom-
inent band was present at the position, determined from the
immunoblots, of the FliG and FliM proteins. This was consis-
tent with both FliG and FliM being major proteins of the basal
body as indicated by the estimated stoichiometries. These stoi-
chiometries were 41 6 10 and 26 6 9 for FliG and FliM,
respectively. About 30% of the basal flagellar fragments lacked
the extended belled structures, as noted earlier. Loss of the
belled morphology has been shown to correlate with loss of the
FliM protein (39). Correction for this loss yielded a stoichi-
ometry of 37 6 13 copies for FliM.
Characterization of precursor extended basal bodies. In our

early work with Sephacryl-S1000 columns (11), the column
step was preceded by percoll gradient centrifugation. Percoll
particles eluted from the column not far behind the leading
fractions containing basal flagellar fragments (10), preventing
examination of later fractions. Optimization of the shearing
procedure (26-gauge instead of 21-gauge needles; 10% instead
of 1% Triton X-100) (11, 39) combined with one low-speed–
high-speed centrifugation cycle (25) resulted in a more effec-
tive reduction in the amount, as well as the size, of particulate
debris. This removed the need for percoll gradient centrifuga-

FIG. 3. Gel filtration of flagellar structures. The fractionation of flagellar
structures on a Sephacryl S-1000 column is shown. Fractions (1.1 ml) were
collected, and five successive fractions were pooled. Part of each of the pooled
fractions were lyophilized. The lyophilized samples were used to quantitate the
amounts of the FlgE (open bars), FliG (heavily stippled bars), and FliM (lightly
stippled bars) proteins by immunoblot gel analysis. Purified proteins were used
as standards as described in the legend to Fig. 1. Part of each of the pooled
fractions was spun down (60,0003 g, 1 h). The pellets were examined by negative
stain electron microscopy. Electron microscopy data on pooled fractions 35-39
and 70-74 (horizontal bars) is presented.

TABLE 1. Purity and yield of flagellar extended basal
structure preparationsa

Treatment [FlgE]norm [FliM/FlgE]norm [OMPs/FlgE]norm

Mechanical
disruption

0.79 6 0.16 0.51 6 0.18 0.08 6 0.02

Alkaline pH 0.62 6 0.15 0.68 6 0.13 0.22 6 0.05
Centrifugation
cycles

0.20 6 0.03 0.45 6 0.20 0.26 6 0.05

a Amounts of FlgE (hook) and FliM proteins before (pre) and after (post)
treatment were determined by ECL immunoassay. The amounts of outer mem-
brane porins (OMPs) were determined by densitometry of Coomassie- or silver-
stained gels (see Materials and Methods) by the following equations: [FlgE]norm
5 [FlgE]pre/[FlgE]post, [FliM/FlgE]norm 5 [(FliM)post/(FliM)pre]/[FlgE]norm, and
[OMPs/FlgE]norm 5 [(OMPs)post/(OMPs)pre]/[FlgE]norm, where norm is normal-
ized. For the protocol utilizing mechanical disruption, the [FliG/FlgE]norm ratio
was 0.6 6 0.23.
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tion, enabling clear views of the flagellar structures present in
the later fractions (Fig. 6).
Clusters of basal bodies, attached to each other and to small

particulate debris, were common. However, clear views of sin-
gle, as well as clustered, basal bodies were not difficult to
obtain. These structures contained morphological features in-
distinguishable from those of the basal flagellar fragment-ex-
tended cytoplasmic structures. A common structure was one

composed of the belled cytoplasmic structure contiguous with
a 30-nm stem, or rivet, feature (Fig. 6B). This feature was
identified in morphological analyses of basal bodies isolated by
conventional protocols from flagellar assembly mutants (14) as
the proximal rod part of the FliF protein complex (31). Exam-
ples of extended basal bodies lacking the rivet were also seen.
Since their width was comparable to their length, these pre-
cursor structures frequently settled on the grid in an en face
orientation. Images of the common en face orientation (Fig. 6)
consisted of apparently unconnected outer ring and inner rod
structures separated by a stain-filled cavity. Presumably, these
represented views of the cytoplasmic face of the belled ex-
tended structures, since the MS-ring was not visible. Three
dimensional reconstruction of these en face-oriented struc-
tures may help resolve the ambiguity regarding the presence of
an inner substructure in our extended basal body preparations.
As noted previously (11), an inner substructure is routinely
visible in upwardly tilted, but not side, views of basal bodies
attached to flagellar fragments (see, for example, Fig. 4).
Immunoelectron microscopy established that these as well as

other incomplete flagellar structures contained both proteins,
since they could be labelled with both FliG and FliM antibod-
ies. As found for basal flagellar fragment-extended structures
(39), labelling with anti-FliG was profuse (Fig. 7). Immuno-
electron microscopy provided a qualitative demonstration that
FliG and FliM were present in multiple copies in the precur-
sor, as well as in the extended basal bodies. Immunoblots of
the gel-filtered fractions (Fig. 3) provided quantitative esti-
mates. Assuming, as before, that all FliG measured in the
immunoblot profile of the gel-filtered fractions (Fig. 3) was
part of the extended flagellar structures, the amount of FliG
protein present in the precursor basal bodies, (FliG)p, was
calculated from the following equation: (FliG)p 5 (FliG)T 2
r(FlgE)T, where (FliG)T and (FlgE)T are total amounts of the
FliG and FlgE proteins, respectively; r being the FliG/FlgE
ratio in the early fractions (fractions 30 to 39). The amount of
FliM protein present in the precursor basal bodies, (FliM)p,
was similarly estimated. The amounts of total protein were
determined by integration of the immunoblot profile (Fig. 3).
(FliG)p/(FliG)T and (FliM)p/(FliM)T were 26 and 31%, re-
spectively. These fractions were comparable to the fraction of
basal structures that lacked the hook (32.5%) as determined by
morphometry of flagellar pellets (Fig. 7). Thus, the FliG and

FIG. 4. Gel-filtered flagellar basal fragments. A negatively stained electron micrograph of basal flagellar fragments which eluted near the void volume of the
Sephacryl S-1000 column (fractions 35 to 39) is shown. Note the extended basal bodies and lengths of filament attachments. Bar, 100 nm.

FIG. 5. Protein composition of silver-stained basal flagellar fragment frac-
tions by SDS-PAGE. Lanes: M, molecular mass markers (97, 66, 45, 31, 21, and
14 kDa [from top to bottom]); C, large particulate vesicular debris (.432 S20,w)
present in detergent-solubilized SJW1368 DflhCD cell lysates; 1, sample loaded
on Sephacryl S-1000 gel filtration column after shearing treatment; 2, eluate from
early fractions 35 to 39 containing basal flagellar fragments. The amount of total
protein loaded in lanes C and 1 was ca. 200 ng. The amount of sample loaded in
lane 2 was adjusted such that the amount of FlgE protein was comparable, within
a factor of 2, to that in lane 1. The positions of the FliF (MS ring), FliC
(flagellin), and FlgE (hook) proteins are indicated. The arrowhead denotes the
position of the FliG-FliM proteins as determined by immunoblot gel analysis. An
increase in purity of the early gel-filtered fraction (lane 2) relative to the total
sample loaded on the column (lane 1) is evident by comparison of the intensities
of the FliC, FliF, and FlgE bands relative to the contaminant outer membrane
porin bands (30- to 50-kDa molecular mass bands seen in lane C). The porin
containing vesicular debris eluted in the later fractions.
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FliM stoichiometries in the precursor basal bodies, estimated
in this way, were comparable to those for the mature struc-
tures, consistent with the fact that FliG and FliM were present
in an equimolar ratio in all the gel-filtered fractions (Fig. 3).
FliG/FlgE and FliM/FlgE protein ratios in the flagellar pellet
samples yielded 72 6 7 and 110 6 33 copies of FliG and FliM,
respectively, per hook basal body. The difference between
these inflated numbers versus the true copy numbers could be
almost entirely accounted for by the population of hookless
basal structures in the case of FliG but not FliM. About half of
FliM remained unaccounted for, suggesting that FliM may
form presently uncharacterized, particulate aggregates in ad-
dition to being part of flagellar basal bodies.

DISCUSSION

The flagellar switch complex is a remarkable macromolecu-
lar complex. Specific mutations in each of the three switch
complex proteins impair flagellar morphogenesis, motility, or
chemotaxis. Overexpression of the FliG, FliM, and FliN pro-
teins from cloned genes (21, 23) and the development of pro-
tocols for the isolation of extended flagellar basal bodies con-
taining the switch complex (7, 11) have made possible direct
chemical analysis of switch complex protein structure and func-
tion. In this study, we have used antibodies raised against
purified FliG and FliM proteins as a bookkeeping aid to eval-
uate the purification of extended basal structures. We have
determined that the distributions of these proteins in cell frac-
tions track that of the hook protein, FlgE, and not that of the
soluble, chemotaxis protein, CheY, or outer membrane protein
vesicular contaminants (Fig. 2; Table 1). We have used gel
filtration chromatography to separate and identify precursor-
extended basal bodies from basal flagellar fragments. We have
estimated FliG and FliM basal body stoichiometries from the
early fractions containing basal flagellar fragments. Visual in-
spection of electron micrographs shows that the precursor
basal bodies have a morphology similar to that of complete
hook basal body complexes. The FliG and FliM content of the
late fractions, as well as the immunoelectron microscopy (Fig.
7), is consistent with FliG and FliM being present to similar
extents and ratios in the precursor and mature extended basal
bodies. Taken together, these facts suggest that assembly of the
extended cytoplasmic structure is complete in the earliest
stages of morphogenesis.
Morphological and biochemical analyses of partial basal

FIG. 6. Precursor-extended basal bodies. Electron micrographs of negatively
stained precursor basal bodies which eluted in fractions 70 to 74 from the
Sephacryl S-1000 gel filtration column are shown. Basal bodies lacking the hook
were predominant in this fraction, while basal flagellar fragments were absent.
(A) Aggregates of these structures were frequent. 1, two basal bodies plus
hook-basal body complex; 2, basal body plus hook-basal body complex; 3, three
basal bodies; 4, four basal bodies. Bar, 100 nm. (B) Two separated basal bodies
lacking the hook and L-P rings and a hook-basal body complex. A rivet feature
is evident in the side view of one of the former structures. Note the morpholog-
ical identity of the extended structures found in the precursor basal bodies and
the hook-basal body complexes. En-face views of these structures were common
(arrowheads). The same magnification was used for both panels.

FIG. 7. a-FliG-labelled precursor-extended basal bodies. Immunolabelled
examples of the three categories of precursor structures found in the prepara-
tions are shown. The same magnification was used for all three panels. Bar, 50
nm. I, basal body lacking hook and L-P rings; II, basal body lacking hook; III,
hook-basal body complex. Over 500 basal bodies were counted in electron mi-
crographs obtained from two different preparations, with the number of precur-
sor basal bodies expressed as a percentage of the total population of basal bodies.
Category I was found most frequently (22.5%), followed by category II (10%)
and then category III (7%).
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structures isolated from nonflagellate mutants by older meth-
ods (14 and references therein) have elucidated the pathway of
flagellar assembly. Partial basal bodies thus isolated from non-
flagellate fliG, fliM, and fliN mutants were observed to lack the
distal basal structures (i.e., rod and P rings). The simplest
model suggested by these observations was that mutations in
fliG, fliM, or fliN that give rise to the nonflagellate phenotype
do so by preventing formation of the switch complex, thus
blocking assembly of more-distal components of the flagellum.
The documentation of precursor basal bodies containing the
belled extended structure, FliG, and FliM but lacking the rod,
hook and P ring components (Fig. 6 and 7) supports such a
model. Our observations do not rule out the possibility that
alternatively, or in addition, FliG and/or FliM affects flagellar
morphogenesis by modulating expression of late flagellar genes
(38). Nevertheless, at least for S. typhimurium, it is not neces-
sary to invoke this possibility. It remains to be seen whether
FliG and FliM are mechanistically important in determining
export of flagellar proteins or whether their nonflagellate phe-
notype is simply a consequence of their location, analogous to
other structural proteins of the flagellum (e.g., FlgE).
The steady-state distribution of precursor structures is diag-

nostic of the rate-limiting steps during flagellar morphogene-
sis. The frequency of occurrence of the three categories of
structures shown in Fig. 7 implies that some assembly step
prior of formation of the P rings is rate limiting. It is consistent
with the suggestion based on more-detailed morphological
classification of incomplete basal bodies isolated from wild-
type bacteria that the assembly of the distal rod, as evidenced
by conversion of the 30-nm rivet to a 45-nm extended rivet, is
a rate-limiting process (14). Smaller basal structures that might
be expected to be assembled before the extended structure,
such as the MS ring plus rivet (i.e., FliF alone) structure or
thickened MS ring plus rivet (i.e., FliF plus FliG [6, 39]), if
present, were not found, implying that construction of the
extended cytoplasmic structure might not be rate limiting. De-
ductions regarding assembly kinetics based on isolated struc-
tures are limited by the assumption that the partially con-
structed structures are not differentially degraded during the
purification. They will need to be verified by analysis of basal
structures isolated from the appropriate nonflagellate mutants.
The gel filtration chromatography procedure described here
may be particularly valuable for such study.
The estimated stoichiometries are qualified by the assump-

tion that FliG and FliM levels measured in immunoblots of the
fractions represent protein that forms part of extended basal
body structures. As we have argued, it is unlikely that a signif-
icant amount of FliG or FliM is associated with vesicular con-
tamination in the flagellar pellets. Further, SDS-PAGE anal-
ysis shows that flagellar proteins are the major components of
the early gel-filtered fractions used to estimate the stoichiom-
etries (Fig. 5), consistent with electron microscopy evidence
(Fig. 4) that contaminant material is negligible. The biochem-
ical data do not rule out the possibility that particulate aggre-
gates of these proteins are present. However, in our view, this
possibility is unlikely for the early fractions. First, FliM and/or
FliG aggregates large enough to comigrate with long basal
flagellar fragments would be substantially larger than the
flagellar basal bodies themselves and would need to be gener-
ated as a nonphysiological artifact during the isolation. Second,
aggregates of this size were not seen in samples of the early
fractions that were examined with the electron microscope, nor
did we observe in the corresponding immunolabelled samples
examples of large (more than five) gold particle clusters that
might indicate such aggregates (see reference 10 for low-mag-
nification fields of view of immunolabelled basal flagellar frag-

ments). The possibility of aggregates is more serious for the
later fractions containing the smaller precursor structures and
is, for two reasons, particularly problematic for FliM. First,
small particulate debris, either vesicular or proteinaceous in
nature, visibly comigrated with the precursor basal bodies. This
debris had sizes comparable to the two- or three-immunogold-
particle aggregates common in the immunolabelled samples.
The immunogold aggregates were comparable to the decora-
tion of extended structures produced with the FliM antibody
used in our study, which was typically less profuse than that
with FliG antibody (39). Second, the discrepancy between the
FliM stoichiometry estimated from the samples loaded on, and
the fractions analyzed from, the gel filtration column could not
be accounted for by the fraction of basal bodies unattached to
the hook. This discrepancy might be due to the existence of
particulate, dissociable FliM assembly intermediates that ei-
ther get stuck on or elute very late from the column. Never-
theless, it presently adds to uncertainty regarding the esti-
mated FliM stoichiometries. These must, therefore, be
considered less definite than the corresponding estimates for
FliG. We are also presently unable to determine whether the
extended basal structures are composed partly or entirely of
the switch complex proteins. Resolution of both issues will
require development of more rigorous criteria for evaluation
of the purity of the extended structures.
Our estimate of FliG copy number in the flagellar basal body

is compatible with the deduction based on motile FliF-FliG
fusion mutants that FliF and FliG are present in an equimolar
ratio (6). In vitro, FliF also binds FliG in a 1:1 ratio but binds
FliM in a 5:1 ratio (21). In vitro work is invaluable for piece-
wise analysis of the chemistry governing protein-protein inter-
actions in a multisubunit complex. However, as the investiga-
tors were careful to note, use of binding interactions of purified
proteins to determine parameters, such as the subunit stoichi-
ometry characteristic of the native complex, is fraught with
difficulty.
The stoichiometries of all five proteins (FliG, FliM, FliN,

MotA, and MotB) involved in motility, when available, will
provide important constraints to mechanism. Regarding force
generation, such data will complement structural studies seek-
ing to define intersubunit repeats of the motor machinery and
place limits on fundamental mechanistic parameters such as
the size of elementary displacements and its relationship to the
number of protons utilized. Most immediately, the fact that
FliG and FliM are present in large copy numbers has impor-
tance for switching of rotation sense. Genetic evidence indi-
cates that FliG and FliM play key roles in this process (9, 24,
27). A salient feature of switching events is that they frequently
occur abruptly (,1 ms), with little detectable change in rota-
tion speed (3). An explanation in molecular terms of the ap-
parently synchronous switching of the independently operating
force-generating units of the flagellar motor (4) has focussed
on the cooperativity of CheY-motor interactions. Cooperativ-
ity, with a Hill coefficient of 5.5, has been inferred from plots
of motor bias as a function of the CheY concentration (16). If
switching is based on phospho-CheY binding to FliM, as seen
in vitro (34), then significantly greater cooperativity might be
built into this interaction, given the FliM copy numbers. In
addition to switching kinetics, this would affect the dwell-time
distributions and resting phospho-CheY levels estimated from
computer models of the chemotactic response (5).
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