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Cultures of wild-type Caulobacter crescentus and strains with fla mutations
representing 24 genes were pulse-labeled with 14C-amino acids and analyzed by
immunoprecipitation to study the synthesis of flagellar components. Most fla
mutants synthesize flagellin proteins at a reduced rate, suggesting the existance of
some mechanism to prevent the accumulation of unpolymerized flagellin subunits.
Two strains contain deletions that appear to remove a region necessary for this
regulation. The hook protein does not seem to be subject to this type of regulation
and, in addition, appears to be synthesized as a faster-sedimenting precursor.
Mutations in a number of genes result in the appearance of degradation products
of either the flagellin or the hook proteins. Mutations inflaA, -X, - Y, or -Z result in
the production of filaments (stubs) that contain altered ratios of the flagellin
proteins. In some flaA mutants, other flagellin-related proteins were assembled
into the stub structures in addition to the flagellins normally present. Taken
together, these analyses have begun to provide insight into the roles of individual
fla genes in flagellum biogenesis in C. crescentus.

Caulobacter crescentus undergoes a unique
developmental cycle in which the cell spends
approximately one-third of its life as a motile
swarmer cell and the remainder as a nonmotile
stalked cell (18, 19). The swarmer cell is essen-
tially an immature cell that is incapable of DNA
replication. It is characterized by a single polar
flagellum that is composed of a filament, a hook,
a rod, and five basal rings (8). As the swarmer
cell matures, the flagellum, minus the basal
rings, is released into the culture medium, (8,
20), and the cell synthesizes a stalk at the
formerly flagellated pole. The new stalked cell
begins DNA replication, elongates, and finally
synthesizes a new flagellum at the pole opposite
the stalk. The resulting predivisional cell under-
goes an asymmetric cell division yielding a new
swarmer cell and regenerating the stalked cell
(18, 19).
The flagellar filament has been found to be

composed of two proteins, a minor species with
a subunit molecular weight of 27,500 (27K) and
the major species with a subunit molecular
weight of 25K (3, 10, 13, 21). Purified hooks are
comprised of a protein with a subunit molecular
weight of approximately 70K (8, 12, 22). The
synthesis of both flagellins and of the hook
protein have been followed in synchronized cell
populations by radioimmunoassay, and both are
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synthesized coincident with their assembly (11,
15, 23). Furthermore, by using DNA synthesis
inhibitors and mutants temperature sensitive in
DNA elongation, it has been found that the
synthesis of both of these flagellar component
appears to be coupled with the completion of
DNA synthesis, although not neccessarily in the
same step (15, 16).

Recently, we have isolated approximately 70
nonmotile mutants of C. crescentus and have
identified over 30 genes that are involved in
flagellum synthesis, assembly, and rotation (7).
These include 24fia, 3 mot, and 3 ple genes (7;
Johnson and Ely, unpublished data). In this
study, we have analyzed the intracellular and
assembled flagellins in the wild type and in the
fla mutants to further our understanding of the
mechanism of temporal control of flagellin bio-
synthesis, the process of assembly of the fila-
ments, and the function of the various genes we
have identified genetically.

MATERIALS AND METHODS
Bacterial strains and media. The C. crescentus wild-

type strain CB15 and the spontaneous nonmotile mu-
tants derived from it, along with their gene assign-
ments, have been described by Johnson and Ely (7).
Complete (PYE) and minimal (M2) media have been
described previously (6).

Immunoprecipitation assay for intracellular flagelin
and hook proteins. Total intracellular flagellin and
hook protein was assayed by using a procedure similar
to the radioimmune assay described by Lagenaur and
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FIG. 1. Immunoprecipitation of puls
teins with antiflagellum and antihook <
tures were pulse-labeled with a mixture
acids for the times indicated (10', 10 n
lysed, and immunoprecipitated with eii
lum (Fla) ot antihook (Hook) antibody.
of the flagellin and hook proteins are in
left.

Agabian (11). Cells were grown at 33°C
supplemented with 0.3% glucose to 1
(no. 54 green filter). Typically, 5 p.Ci
acids (yeast profile reconstituted protei
Amersham Corp.) was added to 2 ml c
incubation was continued for 10 min. I
chilled, collected by centrifugation, was
10 mM Tris (pH 7.5), and suspended i
mM Tris-10 mM EDTA (pH 7.5). Lys
Chemical Co.) was added to a final co
200 p.g/ ml, and the suspension was in(
min at 33°C. Triton X-100 (Sigma) was a
concenftration of 1%, and the samples
vigorously. The lysates were then shea
through a 26-gauge needle and centrifug
g for 30 min. The supernatant was collec
was added to a final concentration of 0
microliters of purified immanoglobulin
anti-C. crescentus flagella or anti-C. cre
lin rabbit serum (gifts from A. Weis
Shapiro) was added along with 3 p.g of
dissociated flagellin. Alternatively, 100
IgG from anti-C. crescentus hook go,
added along with 3 ,ug of acid-dissocia
tein. The reaction mixture was incubate
h and then overnight at 4°C.
The precipitates were collected an

layering the reaction mixture over 0.
sucrose in phosphate-buffered saline (1
phosphate, pH 7.5, plus 0.15 M NaCI)
mM EDTA and 1% Triton X-100 in 1.5
tubes. After centrifugation at 10,000 x
the top layer was removed and replac
phate-buffered saline-EDTA-Triton X
contents of the tube were aspirated tu
leaving the immunoprecipitate in the pc
cipitate was dissolved by vortexing v
heating to 1000C for 2 min in 50 ,ul of La

buffer (9). The proteins were separated by electropho-
resis on a 7.5 to 20% gradients sodium dodecyl sulfate
(SDS)-polyacrylamide slab gel (1) and examined by
autoradiography. In some cases, the gel was impreg-
nated with En3Hance (New England Nuclear Corp.) or
with a solution containing 2 g of 2-methylnaphthalene
and 0.4 g of 2,5-diphenyloxazole in 100 ml of glacial
acetic acid with gentle shaking for 1 h (17). This
treatment was followed by precipitation with water for
1 h before exposure to X-ray film (Kodak XAR) for 4
to 7 days at -70°C.

Isolation of defective filaments (stubs). Defective
filaments were isolated and purified from the growth
media by the protocol for the purification of hook
structures lacking flagellin filaments described previ-
ously (8), except that Triton X-100 and EDTA were
added to final concentrations of 1% and 10 mM,
respectively, immediately before the first ultracentri-

se-labeled pro- fugation.
antibody. Cul-
: of 14C-amino RESULTS
nin; 30", 30 s),
ther antiflagel- Wild-type flagellin and hook proteins. Purified
The positions C. crescentus flagella are comprised of two
idicated on the flagellin proteins with subunit molecular weights

of 25K and 27K, a hook protein with a subunit
molecular weight of 70K, and trace amounts of a
protein that is likely to be the rod protein and

in M2 medium has a subunit molecular weight of 32K (8). To00 Klett units examine the synthesis of these proteins, we usediof 14C-aminin hydrolysate antibodies raised against either released flagella
)f culture, and containing the hook and rod structures or hook
rhe cells were and rod structures lacking the filament and puri-
shed once with fied from mutant cell culture fluids (8) to precipi-
in 0.5 ml of 10 tate proteins from extracts of cultures pulse-
ozyme (Sigma labeled with "C-amino acids. Antibody
ncentration of prepared against released flagella precipitated
cubated for 30 the 25K, 27K, and 70K proteins (Fig. 1, lane 1).
edredto texfinad Presumably, 14C-labeled 32K protein was not

,red repeatedly present in sufficient amounts in the cell extracts
;ed at 30,000 x to be detected in these experiments. In addition
cted, and NaCl to these proteins, several other bands were
.15 M. Fifteen detected. The protein with a subunit molecular
G (IgG) from weight of 68K appeared to be related to the 70K
'scentus flagel- hook protein (see below). The remaining protein
;sborn and L. band observed in Fig. 1, lane 1, can be precip-
f purified acid- itated by some preimmune rabbit sera (25). The.l of purified same intensity of labeling of flagellin and hook
ted hook pro- protein bands was obtained when the antiflagel-
d at 37hC for 1 lin antibody precipitate was coprecipitated with

goat anti-rabbit IgG serum in the absence of
Id purified by unlabeled carrier flagellin, indicating that our
.5 ml of 1 M carrier-mediated assay quantitatively recovers
0 mM sodium flagellin and hook proteins (data not shown).
containing 10 Additional bands could be observed in the auto-i-ml microfuge radiograms, but are unlikely to be related to
g for 10 min, flagella since they are unaffected by fla muta-
-100, and the tions (see below) and are not precipitated by

the bottom both antiflagellum and antihook antibody. In
ellet. The pre- some experiments the pattern of high-molecular-
igorously and weight bands appeared similar to the surface
Lemmli sample array proteins observed by Smit et al. (25) and
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FIG. 2. Immunoprecipitation of flagellin and hook proteins after brief labeling periods. (a) Cultures of the wild
type and SC235 (flaQ) were pulse-labeled for 1 min, filtered through a 0.45-p.m filter, suspended in fresh medium,
and either put on ice (1 min, 1') or incubated for 10 min at 33°C (10'). Cells were then lysed and
immunoprecipitated with antiflagellum antibody. (b) Cultures of SC507 (with deletion offlaEF) and SC514 (with
deletion offlaEF) were pulse-labeled for 10 min, lysed and immunoprecipitated with antiflagellum antibody. (c)
Cultures of SC548 (flaP) were pulse-labeled for 30 s (30") or 10 min, lysed, and immunoprecipated with antihook
antibody.

could be due to copurification of small amounts
of the array with flagella.
When cells were pulse-labeled for 1 min or 30

s, the 68K protein was labeled intensely, and the
70K protein was barely detectable (Fig. 1, lanes
3 and 5). After 10 min, the intensity of the 68K
protein band was reduced, whereas the intensity
of the 70K hook protein band was significantly
increased (Fig. 1, lane 1). Furthermore, after 10
min of growth in the absence of label, the 68K
protein band had nearly disappeared, indicating
that it is only transiently present (Fig. 2). These
results suggested that the 68K protein could be a
precursor to one of the other proteins, perhaps
the 70K protein. To test this hypothesis, we
used antibody raised against purified hook struc-
tures to precipitate proteins from extracts of
cells pulse-labeled for 10 min, 1 min, or 30 s (Fig.
1, lanes 2, 4, and 6). Antihook antibody would
be expected to precipitate flagellin monomers
that have been assembled onto hook structures,
and little difference was observed with the 25K
and 27K flagellin bands. When the 68K and 70K
proteins were examined, the 68K protein band
was again more heavily labeled, and the 70K
protein was barely detectable with short labeling

periods (Fig. 1, lanes 4 and 6). Since none of the
other bands was precipitated by both antibodies,
these results are consistent with the idea that the
68K protein is a precursor of the 70K protein.
The 68K protein is not a flagellin protein since
experiments with antibody raised against puri-
fied flagellin did not result in the precipitation of
a 68K band (data not shown).

Flagellin proteins produced by mutants lacking
a normal flagellum (fla). Johnson and Ely (7)
divided 61 fla mutants into 26 linkage groups
based on transductional mapping. Recent ex-
periments with more refined genetic mapping
techniques suggested that flaG and flaT are in
the same linkage group and that flaP and flaU
are in the same linkage group (Ely et al., manu-
script in preparation). Representative nonmotile
mutants defective in each of the 24 fla genes
currently identified were assayed for the pres-
ence of flagellin and hook proteins by immuno-
precipitation with antiflagellum antibody. Every
mutant examined, except SC507 and SC514, had
reduced levels of the 25K and 27K proteins,
suggesting that flagellin synthesis was reduced
in strains incapable of assembling a flagellum.
SC507 and SC514 contain extended deletions in
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FIG. 3. Immunoprecipitation of pulse-labeled fla-
gellin and hook proteins fromfla mutants. Cultures of
various fla mutants were pulse-labeled for 10 min,
lysed, and immunoprecipitated with antiflagellum anti-
body before SDS-polyacrylamide electrophoresis.
Mutant strains used were SC229 (flaA), SC264 (flaA),
SC239 (flaC), SC515 (flaG), SC270 (flal), SC269 (flai),
and SC272 (flaN).

the flaEF region (7) and synthesized the flagel-
lin-related proteins at a rate equal to or greater
than that observed with the wild type (Fig. 2).
Also, it can be observed in Fig. 3 and 4 that a
third flagellin-related protein with a subunit mo-
lecular weight of 29K was present in the wild-
type strain and also in many of the mutants. This
protein is not detectable in the wild-type flagel-
lar filament and is not precipitated by all antifla-
gellum antibody preparations (Fig. 1). However,
it appears to be a flagellin protein, since (i) it is
synthesized at the same time in the cell cycle as
the other flagellum proteins (11), (ii) its synthesis
was altered by flaA, -G, or -R mutations (Fig. 3
and 4), (iii) strains containing certain flaA muta-
tions assembled a defective flagellar structure
containing the 29K protein (see below) and (iv)
the 29K protein was not precipitated by anti-
hook antibody (except when it was assembled
into defective flagellar structures).
A mutation in any one of three genes, flaA,

-G, and -R, resulted in the production of a novel
protein with a subunit molecular weight of 22K
and was usually correlated with the loss of the
29K and 27K flagellins and a reduction of the
25K flagellin (Fig. 3 and 4). When the labeling
period was reduced to 30 s for these mutants, the
amount of radioactivity in the 22K protein was
reduced severely, and at longer labeling periods
it increased in parallel with the intensity of
labeling of the 25K protein (data not shown).
Since we also have observed that a 22K protein

is an in vitro degradation product of purified 25K
and 27K flagellins (data not shown), we con-
clude that the 22K protein observed in these
mutant extracts is a degradative intermediate of
one or more of the flagellin proteins. An addi-
tional set of novel flagellin proteins was ob-
served when SC175 was examined. In this mu-
tant, all three of the wild-type flagellins are
missing and are replaced by three bands, each
migrating slightly faster than its wild-type coun-
terpart (Fig. 4). No other strains were observed
to produce flagellin proteins that migrated at this
position.
Hook proteins produced by fla mutants. A

number of strains contain mutations that affect
the synthesis of the hook proteins. For instance,
SC235 and SC307 have mutations in the flaO
gene and overproduced the 68K protein relative
to the amount observed in the wild type. This
overproduction could have resulted from accu-
mulation of the 68K protein since pulse-chase
experiments indicated that the 68K protein was
much more stable inflaQ mutants than it was in
the wild type (Fig. 2). Strains with mutations in
five genes,flaB, -C, -D, -P, and -V, were unable
to synthesize a hook structure and in addition
produced a set of novel proteins with subunit
molecular weights of 64K and 66K. All of these
proteins were precipitated by either antiflagel-
lum or antihook antibody (Fig. 2 and 4, Table 1).
The 64K protein was often seen in wild-type
extracts at barely detectable levels, but the 66K
protein has never been observed. When SC548
containing the flaP165 mutation was examined
after a 30-s labeling period, the 64K and 66K
proteins were not observed even though the 68K
protein was labeled intensely (Fig. 2). Thus, the
64K and 66K proteins are not synthesized as
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FIG. 4. Immunoprecipitation of pulse-labeled fla-
gellin and hook proteins fromfla mutants. Cultures of
the wild type, SC175 (flaZ), SC271 (flaD), SC513
(flaD), and SC516 (flaB) were pulse-labeled for 10 min,
lysed, and immunoprecipitated with antiflagellum anti-
body.
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TABLE 1. Flaggelin and hook prbtein synthesis and assembly in C. Crescentus fla mutants
Mutant Assembled fill s

Intracellular Intracellular hook Possible defect
gene(s) flagellins proteins

Wild type Flagella with 27K and 25K 29K, 27K, 70K, 68K None
flagellins and hook with 25K
70K protein

flaA Stubs with 29K, 27K, 25K 29, 27K (trace 70K, 68K Filament assembly
(often doublet), and 22K or absent),
proteins and hook with 25K, 22K
70K protein

flaX, -Y Stubs with 27K, 25K (flaX 29K, 27K, 70K, 68K Filament assembly
has doublet), and 70K pro- 25K
tein

flaG, -R Hook with 70K protein 25K, 22K 70K, 68K Filament assembly
flaE, -F, -H, Hook with 70K protein 29K, 27K, 70K, 68K Filament assembly

-N 25K
flaZ Stubs with 70K protein 28K, 26K, 70K, 68K Flagellin modification

24K
flaJ Large hook with 70K protein 29K, 27K, 70K, 68K Hook assembly

25K
flaQ Hook with 70K protein 29K, 27K, 70K, 68K (over- Hook protein modification

25K produces)
flaB, -C, -D, None 29K, 27K, 70K (trace), Hook protein modification

-P, -V 25K 68K, 66K,
64K

flaK, -0, None 29K, 27K, None Hook protein synthesis
-W, -S 25K

flaL, -M None 29K, 27K, 70K (trace) Hook protein synthesis
25K

flaI None 29K 68K Unknown

rapidly as the 68K or flagellin proteins. The 70K
protein is barely detectable in these strains.

Mutations in several other genes affected the
two hook proteins. For instance mutations in
flaC, -I, and -M result in the production of trace
amounts of the 70K protein, and flaI and
-M mutants result in reduced amounts of the
68K protein as well (Fig. 3). Strains containing
mutations in flaK, -0, -S, or -W do not produce
either of the two hook proteins (data not shown).
Therefore, it is possible that one of these four
genes is the structural gene for the hook protein.

Defective structures produced by fla mutants.
Johnson et al. (8) showed that many mutants
lacking an intact flagellum synthesized an appar-
ently normal hook structure. These hook struc-
tures were released into the culture medium and
could be isolated and examined either by elec-
tron microscopy or by SDS- polyacrylamide gel
electrophoresis. We have used both methods to
examine culture fluids from mutants repre-
sentative of each linkage group. Hook structures
were not present in culture fluids from strains
containing mutations in flaB, -C, -D, -I, -K,
-L, -M, -0, -P, -S, -V, and -W. In contrast,
culture fluids from strains with mutations in
flaE, -F, -G, -H, -N, -Q, -R, -Z, and some with
flaA mutations contained structures that ap-
peared to be normal except for the lack of the
flagellar filament. Other strains produced aber-

rant structures. For instance, we had shown
previously that SC269 produced hook structures
that contained normal proteins, but had an ab-
normal morphology (8). The remaining strains,
SC255 (flaX), SC288 (flaX), SC274 (flaY), SC175
(flaZ), SC176 (flaA), SC230 (flaA), SC260 (flaA),
and SC285 (flaA), produced apparently normal
hook structures, but contained only small pieces
of the flagellar filament (stubs). Stubs from these
mutants were purified and examined by SDS-
polyacrylamide gel electrophoresis to determine
their protein content. Preparations obtained
from the flaA mutants contained small amounts
of 29K and 22K proteins in addition to the 25K
and 27K proteins (Fig. 5). In some instances, the
25K protein could be resolved into a doublet
(Fig. 5; SC230, 33°C). This phenomenon was
never observed with wild-type flagellum prepa-
rations even when very small amounts were
loaded on the gel. The observation of the 29K
and 22K proteins in assembled flagellar struc-
tures provides additional evidence that these
proteins are related to the 25K and 27K proteins.

In addition to the presence of the novel pro-
teins, the stubs often contained altered ratios of
the 25K and 27K proteins. Normally, the wild-
type flagellum contains the 25K and the 27K
flagellins in a ratio of 4:1 (10, 21). However,
stubs from the flaA strains generally contained
nearly equal quantities of the two flagellins, and
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FIG. 5. SDS-polyacrylamide gel elec
purified stubs. Stubs released from c

indicated fla mutants were purified an

SDS-polyacrylamide gel electrophoresir
SC230 (flaA) and SC274 (flat) are teml
tive for motility and were grown both
room temperature. SC255 (flaX), SC285
(flaA), and SC176 (flaA) were grown at
on the far right contained C. crescentus
ase, hooks, and flagella as molecular we
(1, 8).

those from the flaX and fla Y mutai
little or no 27K flagellin (Fig. 5).
cance of thes alterations is not clea
flagella isolated from the temperal
motility mutants SC174 (fla n) or S(
a temperature permissive for motil
altered ratios of the 25K and 2
relative to that observed with wild
(Fig. 5). The step responsible for
ratios appears to be at the level
since the levels of the intracellular
flagellins show no correlation wit
bled ratios (data not shown).

DISCUSSION
Johnson and Ely (7) found that

any one of a large number of gene
flagellum morphogenesis in C. cr4

have examined each of these mu

presence of assembled structures
ability to synthesize the flagellin a

teins. The results of these experim
marized in Table 1. Immunoprecipi
ments of pulse-labeled cells shc
addition to the 27K and 25K flagel
22K proteins were synthesized. Si
66K, and 64K proteins were s)
addition to the 70K hook protein.
29K proteins appear to be flagelli
from flagellins, since (i) they wert

by antiflagellum antibody, but nol

antibody, (ii) production of the 2
proteins was affected by mutations
the absence of a flagellum (iii) stu
duced by some flaA mutants tha

22K and 29K proteins and (iv) the 22K and 29K

fi,K proteins were synthesized with the same period-
_ K icity as the 25K and 27K flagellins (11). The

results from short pulse-labeling periods indicat-
2 K ed that the 29K protein is not a precursor to

_ --~ t6ik either the 27K or the 25K flagellins since all
three proteins are observed after a 30-s labeling
period as well as after a 1-min labeling period

_*K with a 10-min chase with unlabeled amino acids

2
(Fig. 2). These results, along with the data

-7 SK showing that the 25K and the 27K flagellins are
encoded by two distinct genes (4, 27), suggest

ftrophoresis of that there may be three genes for the three
ult°ures ofi the flagellins. This conclusion is consistent with the
d subjected to observation of Milhausen et al. (14) that cDNA
s. The mutants made from flagellin mRNA hybridizes to three
perature sensi- discrete regions of the C. crescentus chromo-
at 33°C and at some. In contrast to the 29K flagellin, the 22K
(flaA), SC260 protein appears to be a breakdown product of

330C. The lane the 25K and 27K flagellins since it appears
RNA polymer- during storage of partially purified preparations
ight standards of whole flagella and does not appear to be

synthesized before the other flagellins. A similar
suggestion has been made by Lagenaur and
Agabian (11), and a 22K protein has been ob-

nts contained served in immunoprecipitation experiments with
The signifi- ple mutants (2).

r since whole The 64K, 66K, and 68K proteins appear to be
ture-sensitive related to the 70K hook protein, since they are
C230 (flaA) at precipitated by antihook and antiflagellum anti-
lity also have bodies. Although these three proteins could be
27K proteins fortuitously precipitated by the two antibodies,
1-type flagella it is more likely that they are related to the hook
these altered protein since their synthesis is affected by muta-
of assembly, tions that affect the production of the hook
r pools of the structure. Pulse-labeling experiments for short
h the assem- periods indicate that the 68K protein is synthe-

sized before the other hook-related proteins and
turns over rapidly. The 64K, 66K, and 70K
proteins all appear to be relatively stable. These

a mutation in results suggest that the 68K protein might be a
s could affect precursor to the 64K, 66K, and 70K proteins.
escentus. We Since the 64K and 66K proteins are found in
tants for the significant quantities only in certainfla mutants
and for the that have greatly reduced quantities of the 70K

.nd hook pro- hook protein, it is possible that they are degrada-
tents are sum- tion products of one or both of the other two
itation experi- hook proteins.
)wed that in One other mutant, SC175, produced altered
llins, 29K and proteins. In this case, all three flagellin proteins
imilarly, 68K, appeared to be slightly smaller on SDS-poly-
ynthesized in acrylamide gels. Since the three flagellins are
The 22K and encoded by at least two separate genes (4, 27),
ns or derived the size difference could not be due to a single in
e precipitated phase deletion. Therefore, we conclude that the
t by antihook SC175 mutant provides evidence for some sort
22K and 29K of processing of the flagellin proteins.
that result in One feature that was common to almost all of
ibs were pro- thefla mutants was the reduced synthesis of the
t contain the 25K and 27K flagellin proteins. For example, in
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strain SC269, where the presence of the flaJ
mutation appears to result in a defect in the
assembly of the hook structure (8), a reduced
rate of synthesis was observed. This phenome-
non was not observed with che or mot mutants
where flagellar filaments were assembled.
Therefore, we propose that in the absence of the
assembly of a flagellar filament, the intracellular
accumulation of flagellin subunits somehow re-
duces the rate of flagellin synthesis. The excep-
tional mutants, SC507 and SC514, produce fla-
gellin proteins at a rate that appears to be the
same as or faster than that of the wild type.
Since these two mutants are deletions that do
not recombine with the flaE or flaF genes, it is
likely that the deletion removes a region that is
responsible for the reduction of flagellin synthe-
sis. Synthesis of the hook protein does not
appear to be subject to this type of regulation
since many mutants with reduced rates of flagel-
lin synthesis as well as SC507 and SC514 have
normal rates of hook synthesis. Furthermore,
the inability to assemble a hook structure does
not necessarily lead to a reduced rate of synthe-
sis of the hook protein since large amounts of the
degraded hook proteins are synthesized by flaB,
-C, -D, - P, and -V mutants. Phenomena similar
to that described above have been observed with
Escherichia coli and Salmonella typhimurium
(24, 26). In both of these organisms, no detect-
able flagellin is observed in fla mutants, and
Suzuki and lino (26) have shown that there is no
detectable flagellin mRNA as well. In contrast,
the hook structures are assembled normally in
the absence of the flagellin protein (5). Thus,
regulation of flagellin and hook protein synthesis
appears to be similar in all three organisms,
although the reduction of flagellin synthesis in C.
crescentus fla mutants is less extreme than that
observed in the other two bacteria.

Recently, it has been shown that the 27K
flagellin is assembled preferentially at the proxi-
mal end of the flagellum produced by wild-type
cells (3, 11, 27). Similarly, the distal portion of
the flagellum is comprised primarily of the 25K
flagellin. The reason for this spatial arrangement
is not understood, although the 27K flagellin
may be required for the efficient assembly of the
filament. As discussed by Weissborn et al. (27),
the altered ratios of the flagellin proteins found
in the stub mutants and in the intact flagella of
temperature-sensitive mutants may provide
some clues toward understanding the spatial
arrangement and assembly of the flagellar fila-
ment.
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