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The hooks of the flagella of Salmonella typhimurium were purified by a newly developed method, using a
flaL mutant without a filament, and the hook components were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. As a result, we detected three protein species in addition to hook
protein. We call these three proteins hook-associated proteins (HAPs). Their molecular weights were 59,000
for HAP1, 53,000 for HAP2, and 31,000 for HAP3. The HAP1l/hook protein/HAP3/HAP2 molar ratio,
calculated from their relative amounts and their molecular weights, was 1:10:1.1:0.53. The compositions of
HAPs were analyzed in the hooks from the other filamentless mutants which were defective in H1 H2, flaV,
flaU, or flaW. Hooks from the HI H2 mutant had the same HAP composition as hooks from the flaL
mutant. Hooks from the flaV mutants contained HAP1 and HAP3. Hooks from the flaU mutants contained
HAP1. Hooks from the flaW mutants contained a very small amount of HAP3. From these results, the
process of hook morphogenesis and the genes responsible for each step were postulated. Electron
micrographs of hooks from the filamentless mutants showed that hooks which contained all three HAPs had
a sharp clawlike tip, whereas hooks lacking any HAP had a flat tip. Electron micrographs of hooks treated
with antibody against the hook protein showed that each claw-shaped end was not covered with antibody.
These results strongly suggest that all three HAPs or at least some of them are located at the claw-shaped
end and play an essential role in filament formation.

A bacterial flagellum consists of three distinct parts: a
basal body, a hook, and a filament (1, 3-6, 15, 16). The
filament, which extends from the cell body, is connected by
the hook to the basal body, which is embedded in the cell
surface layers (6, 43). The formation of bacterial flagella has
been studied as a model system for elucidating genetic
regulatory mechanisms in relation to the molecular basis of
cellular morphogenesis (9, 20, 37).

The assembly pathway of a flagellum and the genes
responsible for each step in assembly have been postulated
from observations of incomplete flagellar structures which
were detected on osmotically shocked cells or membrane-
associated fractions of various nonflagellate mutants by
electron microscopy of Salmonella species (41) and Esche-
richia coli (42). At the final step of the pathway, flagellin
molecules, i.e., the component protein of the flagellar fila-
ment, polymerize one by one at the tip of the hook, and the
filament is constructed (11, 18, 19, 40). The mutants, in
which this final step is blocked, produce a hook-basal body
structure missing the filament (41, 42). The genes responsi-
ble for this step are flaL, flaU, flaW, flaV, and Hl H2 in
Salmonella (41; Yamaguchi, unpublished data). It is thought
that the functions of these genes belong to one of the
following categories: (i) synthesis of flagellin, (ii) transport of
flagellin to the tip of the hook, or (iii) polymerization of
flagellin at the tip of the hook. Because HI and H2 are the
structural genes for flagellin (17) and flagellin mRNA is not
detected in a flaL mutant (39), HI and H2 belong to category
(i). The functions of other genes, namely, flaW, flaV, and
flaU, have not been elucidated. We considered the possibili-
ty that these genes were responsible for the production or
regulation or both of some hook-associated materials essen-
tial for the filament formation. Although it was reported that
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the hook was composed of a single kind of protein (8, 23, 34,
36), we reexamined the composition of the hook, developing
a new method for the purification. As a result, we detected
hook-associated proteins (HAPs) in the hook structure, and
the functions of flaW, flaV, and flaU were correlated to
HAPs.

MATERIALS AND METHODS

Bacterial strains and phage. All of the nonflagellate mu-
tants of Salmonella typhimurium used in the present study
are listed in Table 1. Bacteriophage used for transduction
was P221.4 (38).

Media. L broth contained (per liter of distilled water):
tryptone (Difco Laboratories), 10 g; yeast extract (Difco), 5
g; and NaCl, 5 g. L agar plates contained 1.2% agar in L
broth. Semisolid agar plates contained 0.25% agar in L
broth.

Electrophoresis. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed according
to the method of Laemmli (29).

Proteins in the gel were stained with 0.1% Coomassie
brilliant blue R250 in methanol-acetic acid-water (5:1:4) and
destained in methanol-acetic acid-water (0.5:0.7:8.8). The
destained gel was scanned at 575 nm by a densitometer
(Joyce-Loebl Chromoscan200/201).

Isolation of hooks from a filamentless mutant. A culture of
bacteria was grown to late-log phase in 30 liters of L broth.
The cells were collected by centrifugation and suspended in
150 ml of TN-buffer (50 mM Tris-hydrochloride, pH 7.8,
0.5% NaCl). Hooks were removed from cells by blending ca.
25 ml of suspension in the homogenizer (Polytoron, type
PT10/35; Kinematica) under conditions where the rotation
speed dial was set at 8 for 5 min. The cells were sedimented
by centrifugation at 10,000 X g for 20 min, and the superna-
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TABLE 1. Salmonella strains used

Strain Relevant genotype Reference
LT2 Hl-i H2-1,2 vh2* 21
SIW797 HI-gt H2-enx vh2-(H2-off) 12
SIJW1103 HI-i AH2 12
SIW900 HI-gt2187 AH2 41
SIW800 flaL1650 HI-gt H2-enx vh2~ (H2-off) 41
SIW1411 A(flaV-HI-flaL) of STW1103 S. Yamaguchi,

unpublished
SIW2149 flav2380 of SIW1103 S. Yamaguchi,
unpublished
SIW2150 flav2381 of SJW1103 S. Yamaguchi,
unpublished
MH101 flaU655(Am) of STW797 This study
KK2078 flaU::Tnl0 of LT2 K. Kutsukake,
unpublished
SIW2160 flaw2391 of SIW1103 S. Yamaguchi,
unpublished
SIW2177 flaWw2408 of SIW1103 S. Yamaguchi,
unpublished
SL4049 HI-i H2-enx vh2-(H2-off) 44; S. Yamaguchi,
unpublished
SL4060 flaU655(Am) of SL4049 44; S. Yamaguchi,
unpublished
SL4055 flaR598(Am) of SL4049 33
SIW880 flaR1656 HI-gt H2-enx vh2-(H2-on) 45

tant fluids were pooled. The sedimented cells were resus-
pended in 100 ml of TN-buffer. Hooks still attached to the
cell bodies were removed by blending the suspension under
the conditions described above. The resulting suspension
was centrifuged again and the supernatants were pooled.
These procedures were repeated twice. The pooled superna-
tants were centrifuged at 78,000 X g for 90 min. The pellet
was suspended in 90 ml of TNE-buffer (50 mM Tris-hydro-
chloride, pH 7.8, 0.6 M NaCl, 2.5 mM EDTA) and then 10 ml
of 20% Triton X-100 was added to the suspension. The
mixture was incubated at 4°C for 30 min with shaking and
then centrifuged at 15,000 X g for 15 min. The supernatant
was centrifuged again at 78,000 X g for 90 min. The pellet
was suspended in 1.5 ml of 10 mM Tris-hydrochloride (pH
7.8), and the suspension was centrifuged at 15,000 x g for 15
min. The supernatant was called the crude hook fraction.

Purification of hooks. The crude hook fraction was loaded
onto a DEAE-cellulose (Whatman DES2) column (1.3 by 4.5
cm) which was equilibrated with 10TT-buffer (10 mM Tris-
hydrochloride, pH 7.8, 0.2% Triton X-100) containing 0.04
M NaCl. The column was washed with 10TT-buffer contain-
ing 0.04 M NaCl at a flow rate of 12 ml/h and eluted at 12
ml/h with an 80-ml linear gradient of 0.04 to 0.3 M NaCl in
10TT-buffer. Each 2-ml fraction was collected. These frac-
tions were observed by electron microscopy and analyzed
by SDS-PAGE to determine which fractions contained
hooks. The fractions containing hooks were pooled and then
centrifuged at 78,000 x g for 90 min. The pellet was
suspended in 0.5 ml of TN-buffer. The suspension was
layered on 15 ml of 5 to 30% linear sucrose gradient in 50 mM
Tris-hydrochloride (pH 7.8) containing 0.3 M NaCl, 2.5 mM
EDTA, and 0.2% Triton X-100 in a nitrocellulose tube for the
Beckman SW27 rotor. Centrifugation was carried out for 7 h
at 25,000 rpm. The gradient was collected in about 30
fractions from the top. Portions of the fractions were ana-
lyzed by SDS-PAGE. The fractions containing hooks were
collected and diluted 1/10 with TN-buffer. Hooks were
sedimented by centrifugation at 78,000 x g for 7 h, and the
pellet was suspended in 0.5 ml of TN-buffer.
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Preparation of the antihook antibody. Polyhooks were
prepared from strain SJW880 by the method of Kutsukake et
al. (28). The purified polyhooks were dissociated by acid
treatment, and the resulting monomer protein was purified
by DEAE-cellulose chromatography by the method of Kaga-
wa et al. (23) and used as the antigen.

A 0.1-mg sample solution of the purified hook protein in
Freund complete adjuvant was injected into about 10 sites in
the footpads of a rabbit and injected again into the back of
the rabbit after 2 weeks. The rabbit was bled 2 weeks after
the second injection. After clotting of the blood, serum was
collected by centrifugation. Saturated (NH4),SO, solution
was added to the serum to 40% saturation. After 30 min at
0°C with stirring, the resulting precipitate was collected by
centrifugation at 10,000 x g for 15 min. The pellet was
suspended in a two-thirds volume of distilled water against
the original volume of the serum, and saturated (NH,4),SO4
solution was added to the suspension to 33% saturation.
After 30 min at 0°C with stirring, the resulting precipitate
was collected by centrifugation at 10,000 X g for 15 min. The
pellet was suspended in one-third volume of distilled water
against the original volume of the serum. The suspension
was dialyzed against 10 mM phosphate buffer (pH 7.2)
containing 0.15 M NaCl.

Preparation of hook-basal body structure. Hook-basal
body structure was prepared by the method of Suzuki et al.
(41) with the following modifications. A 1-liter culture of
bacteria was grown to exponential phase in L broth. The
cells were sedimented by centrifugation and suspended in
120 ml of 0.1 M Tris-hydrochloride (pH 7.8) containing 0.75
M sucrose. Then, 2 ml of a 20 mg/ml solution of lysozyme
was added into the suspension, and the mixture was incubat-
ed for 60 min at 30°C without shaking. Spheroplasts thus
formed were lysed by adding 20 ml of a 10% aqueous
solution of Brij-58, and then 0.8 ml of a 10 mg/ml solution of
DNasel and 0.8 ml of 1 M MgSO, were added. The mixture
was incubated at 30°C for 5 min, and 4 ml of 2.5 mM EDTA
was added. The resulting Brij-58 lysate was centrifuged at
30,000 X g for 90 min. The pellet was suspended in 80 ml of
TNE-buffer, and 16 ml of 20% Triton X-100 was added.
After 30 min at 4°C with shaking, the suspension was
centrifuged at 18,000 X g for 30 min. The supernatant was
centrifuged at 78,000 X g for 90 min. The pellet was
suspended in 2 ml of 10 mM Tris-hydrochloride (pH 7.8)
containing 1% Triton X-100 and 2.5 mM EDTA, and then 18
ml of distilled water was added into the suspension. The
mixture was centrifuged at 18,000 X g for 30 min, and the
supernatant was centrifuged at 78,000 X g for 90 min. The
pellet was suspended in 0.1 ml of distilled water and ob-
served by electron microscopy.

Electron microscopy. Negative staining was carried out as
follows. A 5-pl sample was put on a carbon-coated 400 mesh
copper grid and then 5 pl of 1% potassium phosphotungstate
(pH 7.2) or 1% uranyl acetate (pH 4.2) was added. Excess
fluid was removed after 2 min.

When the hook structure was fixed by glutaraldehyde
before the negative staining, a 5-ul sample was put on a
carbon-coated grid. After 5 min, 5 pl of 6% glutaraldehyde
was added, and the grid was washed with distilled water.

Antibody labeling of hooks was carried out as follows. A
5-pl sample was put on the carbon-coated grid and then 5 ul
of the antihook antibody was added. After 5 to 10 min, the
grid was washed with TNE-buffer and then with distilled
water. The sample was then negatively stained.

The specimens were observed in a JEM100C electron
microscope (JEOL).
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FIG. 1. SDS-PAGE of the crude hook fraction from a flaL
mutant (SJW800). The crude hook fraction was prepared as de-
scribed in the text. A 50-ul portion was analyzed by electrophoresis
in 12% polyacrylamide gel. The arrows on the right side show the
positions of molecular weight markers: bovine serum albumin
(68,000 [68K]), ovalbumin (43K), chymotrypsinogen (25.7K), and
cytochrome ¢ (11.7K).

RESULTS

Isolation and purification of the hooks from a flalL. mutant.
The SDS-PAGE profile of the curde hook fraction showed
that it contained many species of proteins from low to high
molecular weight (Fig. 1). Most of these proteins were not
thought to be part of the hook structure. For example, the
proteins detected in the largest quantity had molecular
weights of around 40,000, and they were regarded to corre-
spond to the major outer membrane proteins (32). We
performed DEAE-cellulose chromatography to separate the
hook structure from the contaminating proteins.

The crude hook fraction was loaded onto a DEAE-
cellulose column. The column was washed with a sufficient
volume of 10 mM Tris-hydrochloride (pH 7.8) containing
0.04 M NaCl and then eluted with a linear gradient of NaCl.
Absorbance of the fractions eluted from the column was
monitored at 235 nm for detection of proteins. The wave-
length of 235 nm was chosen to eliminate the disturbance
caused by the absorbance of Triton X-100 contained in the
elution buffer. Three peaks were identified by this procedure
(Fig. 2). The fractions of these three peaks were observed by
electron microscopy, and hooks were found to exist in the
peak II fraction. The concentration of NaCl in the peak II
fraction was 0.18 M. Proteins contained in the peak II
fraction and in fractions around it were analyzed by SDS-
PAGE (Fig. 3). The peak II fraction contained more hook
protein than the other peaks on SDS-PAGE, and three
additional proteins were copurified with the hook protein.
The molecular weights of these three proteins estimated by
SDS-PAGE were 59,000, 53,000, and 31,000.

Fractions around peak II (see Fig. 4) were pooled together
and purified further by sucrose density gradient centrifuga-
tion. Portions of these fractions were analyzed by SDS-
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PAGE (Fig. 4). The SDS-PAGE profiles showed that these
three proteins copurified with the hook protein. This result
strongly suggests that the hook structure contains three
species of protein in addition to the hook protein. We called
these three proteins HAP1 (59,000), HAP2 (53,000), and
HAP3 (31,000).

Composition of proteins in hooks isolated from filamentless
mutants. The hooks were isolated as described above from
the filamentless mutants (Table 1), each with a defect in a fla
gene other than the flaL gene. The purification step of the
sucrose density gradient centrifugation was omitted. Com-
positions of proteins in those hooks were determined by
SDS-PAGE (Fig. 5). All three HAPs were detected in hooks
from the H/ H2 mutant, which had defects in the structural
genes of the flagellin. This profile was the same as that of
hooks from the flalL mutant. However, in hooks from a
mutant with a defect on flaR, flaU, flaV, or flaW, all or some
HAPs were not detected. In hooks from the flaV mutant,
HAP1 and HAP3 were detected but HAP2 was not. The
hooks from the mutant with the defect covering the HI, flaV,
and flaL genes and the defect of the H2 gene gave the same
SDS-PAGE profile as hooks from the flaV mutant. In hooks
from the flaU mutants, HAP1 was detected but not HAP2 or
HAP3. In hooks from the flaW mutants, hook protein and a
very small amount of HAP3 were detected. None of the
HAPs was detected in polyhooks from the flaR mutant.

Relative amounts of hook protein and HAPs in hooks from
the filamentless mutants. Relative amounts of HAPs were
estimated by measuring the absorbance of stained bands on
the SDS-PAGE profiles. The amount of HAP was much
smaller than that of hook protein. If the proper amount for
measuring the peak area of hook protein was analyzed by
SDS-PAGE (Fig. 6), peak areas of HAP were too small to
measure correctly. Therefore, various amounts of hooks
were analyzed by SDS-PAGE, and their peak areas were
coordinated with each other. The results gave the relative
amounts of HAP3, HAP2, and hook protein against HAP1 in
the hooks from the filamentless mutants (Table 2). The
relative amount of HAPl/hook protein/lHAP3/HAP2 was
regarded as the same between the hooks from the HI H2
mutant and from the flal mutant. The relative amounts of
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FIG. 2. Chromatography on DEAE-cellulose of the crude hook
fraction from the fluL mutant. The crude hook fraction was applied
to the DEAE-cellulose column, and the column was eluted with a
linear gradient of 0.04 to 0.3 M NaCl. Fractions of 2 ml were
collected. Hooks were observed in the fraction of peak II by
electron microscopy.
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FIG. 3. SDS-PAGE of DEAE-cellulose fractions of the crude hook fraction from the flaL mutant. Samples (50 ul) from DEAE-cellulose
fractions (see Fig. 2) were analyzed by electrophoresis in a 12% polyacrylamide gel. The small arrow indicates hook protein and large arrows
indicate HAPs. The arrows on the right side show the positions of the moleculer weight markers (see legend to Fig. 1).

HAP1 and HAP3 in hooks from the flaV mutant and the HI
flaV flaL mutant were regarded as the same. A mutation on
the flaV gene gave not only a defect of HAP2 but also an ca.
40% decrease of HAP3 as compared with HAPs of the flaL
mutant or the H/ H2 mutant. Because the hooks from the
flaW mutants did not have HAP1, the amount of hook

protein instead of the amount of HAP1 was used as the
standard for the comparison. The relative amount of HAP3
versus hook protein in hooks from the flaW mutant was
about 1/10 as compared with HAP3 of the flaL or Hl H2
mutant.

The molar ratio of HAP1/hook protein/HAP3/HAP2 in the
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FIG. 4. SDS-PAGE of fractions of a sucrose density gradient in the hooks from the flaL mutant. The DEAE-cellulose fraction 25 to 29
(Fig. 3) were pooled and the centrifuged at 78,000 X g for 90 min. The pellet was suspended in 0.5 ml of TN-buffer. The suspension was lay-
ered on a 5 to 30% linear sucrose gradient. After centrifugation, the gradient was displaced at 0.5-ml fractions from the top. Portions (50 w.l) of
the fractions were anlayzed by electrophoresis in 12% polyacrylamide gel. The arrows on the right side show the positions of molecular weight

markers (see legend to Fig. 1).
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FIG. 5. Composition of proteins in hooks isolated from filament-
less mutants. The hooks were isolated from: lane A, SJW800
(FlaL™); B, SJW900 (H1~ H27); C, SJW2150 (FlaV™); D, SJW1411
(H1™ H2", FlaL~, FlaV~7); E, MH101 (FlaU"); F, KK2087
(FlaU™); G, SIJW2160 (FlaW™); H, SIW2177 (FlaW™); I, SL4055
(FlaR ™). The resultant 50-ul suspensions were analyzed by electro-
phoresis in 10% polyacrylamide gel. The arrows on the right side
show the positions of molecular weight markers (see legend to Fig.
1).

hook of the flaL mutant, as calculated from relative amounts
and molecular weights, was 1:10:1.1:0.53.

Electron microscopic observations of the hooks. The hooks
from the filamentless mutants were found to have different
HAP compositions. Therefore, we examined by electron
microscopy whether their protein compositions reflected the
structural difference among the hooks from the various
filamentless mutants (Fig. 7). Hooks from the flaL mutant
and the Al H2 mutant had one end which was sharp, with a
crack at the tip like a claw, and the other end was convex. In
hook-basal bodies isolated from the HI H2 mutant, the
shape of the distal end in the hook was also like a claw (Fig.
8). Therefore, in hooks from the flaL mutant as well as from
the HI H2 mutant, it is likely that the claw-shaped end is the
distal end, and the convex end is the proximal end which is
attached to the basal body. The claw-shaped ends were not
observed in hooks from the flaV, flaU, or flaW mutant. In
these hooks, distal ends were rather flat. We could not
detect any difference in the shape of these ends among the
three mutants. When these results were compared to the
protein compositions of the filameéntless mutants (Fig. 5), it
was concluded that a hook which contains all three HAPs
has the claw shape at the distal end, and a defect in any of
the HAPs gives the flat end.

The hooks were treated with the antibody against hook
protein and observed by electron microscopy. Only the tops
of the claw-shaped ends of the flaL and HI H2 mutants were
not covered with the antibody (Fig. 9). Parts which were not
covered with the antibody could not be observed in the
hooks from the flaV, flaW, or flaU mutants. This result
strongly suggests that the claw-shaped end of the hook is a
structure made of materials different from hook protein,
most probably the HAPs.

DISCUSSION

The hook is structurally more stable than the filament.
Conditions of low pH or high temperature, which completely
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FIG. 6. Absorbance of stained bands on the SDS-PAGE profile
of hook purified from the flaL mutant.

dissociate the filament, have little effect on the hook. There-
fore, low pH or heat treatment has been used for the
separation of the hook from the filament (2, 5, 7, 23, 31, 33,
34). However, some materials which are supposed to attach
to the hook structure might be dissociated from the hook in
addition to the filament during this treatment. To avoid this,
we chose filamentless mutants, which lack the filament and
have hooks attached to the basal body. Thus, it was not
necessary to dissociate the filament for the isolation of the
hook. It has been reported that the hook in S. typhimurium is
composed of single polypeptide subunit whose molecular
weight is 42,000 (23) and whose structural gene cotresponds
to a single gene, flaFV (28). However, when hooks were
prepared from either a flaL mutant or a H! H2 mutant by the
method developed in this study, three protein species
(HAPs) were copurified with the hook protein. The failure to
detect HAPs in previous studies may be explained by
suggesting that the HAPs were released from the hook
during the heat or low pH treatment or were overlooked
because their amounts are too small to detect as minor
components in the hook protein preparation. The present
results do not rule out the possibility that intact flagella do
not contain HAPs, because the possibility remains that
HAPs are similar to scaffolding proteins in bacteriophage,

TABLE 2. Relative amounts of hook protein and HAPs in hooks
from filamentless mutants

Relative amount

Strain HOOK
HAP1 PROTEIN HAP3 HAP2
SIW900 1 ND* 0.56 0.43
SIW800 1 7.0 0.58 0.49
SIW2149 1 7.1 0.21
SJw1411 1 ND 0.23
MH101 1 7.1

4 ND, Not determined.
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s mutants: A, SJW900 (H1~ H27); B, SJW800 (FlaL™); C, SJW2150 (FlaV™);

D, MH101 (FlaU"); E, SJW2160 (FlaW ™). Negatively stained with 1% uranyl acetate (pH 4.2). Arrows indicate distal ends of the hook. Bar,

50 nm.

which function catalytically in capsid assembly and are
absent from the mature phage (10, 24).

In Caulobacter crescentus, the hook was purified from the
culture of a filamentless mutant because the hook was
released from the cell with the rod during a stage of the cell
cycle (35). It was reported that a few kinds of protein were
copurified in trace amount with the hook (22, 30). The
possibility was discussed that these trace proteins might be
components of the rod structure or minor components of the
hook. However, it was not clarified whether the Caulobacter
hook contains proteins like the HAPs which were found in
this study.

Genetic studies have shown the presence of more than 25
fla genes in S. typhimurium (20, 27) and E. coli (25, 37).
Functional homology between the fla genes in these two
bacterial species has been examined through intergeneric
complementation tests, and it has been shown that the
chromosomal alignment of functionally homologous genes is
entirely the same in these two bacterial species (27; Kutsu-
kake unpublished data). It was found in this study that flaV,
faU, flaW, and flaR of S. typhimurium controlled the
existence of HAPs in the hook. The correspondence of these
Salmonella genes to E. coli genes has been established: flaV
to fibC, flaU to flaT, flaW to flaS, and flaR to flakE (27;
Kutsukake unpublished data). The gene products of flaS and
flaT of E. coli have been identified through specific protein

synthesis by lambda hybrid phages carrying these fla genes,
and the molecular weights of their polypeptides as estimated
by SDS-PAGE were 60,000 for flaS and 35,000 for flaT (26).
It has been reported that both of them are components of the
hook-basal body (13, 14). Therefore, considering that HAP1
and HAP3 are components of the hook, the corresponding

FIG. 8. Electron microéraph of hoék basal bodies isolated from
the H] H2 mutant. Negatively stained with 1% uranyl ‘acetate (pH
4.2). Arrows indicated distal ends of the hook. Bar, 50 nm.
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FIG. 9. Electron micrographs of hooks treated with antihook anti
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body. Hooks were isolated from the filamentless mutants: A, STW900

(H1~ H2"); B, SIW800 (FlaL"); C, SJW2150 (FlaV~); D, MH101 (FlaU~); E, SIW2160 (FlaW ™). Negatively stained with 1% potassium
phosphotangstate. Arrows indicate distal ends of the hook. Bar, 50 nm.

Salmonella genes, i.e., flaU and flaW, might be the structur-
al genes of HAP3 and HAPI, respectively. The estimated
molecular weights of these corresponding products of E. coli
and S. typhimurium are different: 59,000 instead of 60,000,
and 31,000 instead of 35,000, respectively. These differences
may be attributed to differences in the SDS-PAGE condi-
tions employed or to slight differences in the molecular
weights of functionally homologus proteins of S. typhimur-
ium and E. coli.

Compositions of HAPs in the hooks differed among the
mutants (Fig. 5). The hooks from the flaV mutants contained
HAP1 and HAP3 but not HAP2, and the relative amount of
HAP3 decreased to about 40% of that found in hooks
containing all of HAPs. We suppose that HAP3 is not
completely assembled into the hook of flaV mutants because
of their defect in HAP2. This may show that HAP3 and
HAP?2 are located close to each other and interact with each
other in the hook. The hooks from the flaU mutants con-
tained only HAP1. HAP3 may be essential for the attach-
ment of HAP2 to the hook. The hooks from the flaW mutants
contained a very small amount of HAP3. HAP1 may be
essential for the attachment of HAP3 to the hook and the
association of HAP3 might be abnormal in the flaW mutants
in which HAP1 is defective. It is possible to infer the process
of hook morphogenesis and the genes responsible for each
step as shown in Fig. 10 by assuming that the hook is

constructed from simple one to more complex and that flaV,
flaU, and flaW control the presence of HAP2, HAP3, and
HAP1 in the hook respectively. It is most probable that flaV,
flaU, and flaW are the structural genes for HAPs.

Some other proteins in addition to hook protein and HAPs
were detected on SDS-PAGE profiles (Fig. 5). Among these
proteins, a protein with a molecular weight of 50,000 that
appeared in some mutants was thought to depend on a
bacteriophage, because this protein was in larger amounts
detected when many phage particles were observed by
electron microscopy. This protein was separated from the
hooks if they were purified by the sucrose density gradient
centrifugation (Fig. 4). The proteins of molecular weight
about 40,000 are supposed to be the major outer membrane
proteins (32), which were not excluded, completely by
chance. The other minor proteins may be degradation prod-
ucts of hook protein, minor components less than HAPs of
the hook structure, or basal body components joined with
the hooks. The flaR gene product which controls the hook
length, has been thought to be present in the hook (36, 40).
However, we could not find such a product in the hook in
this study.

The electron micrographs of the hooks from the flaL and
HI H2 mutants, which contained all HAPs, showed that
each of the hooks had a sharp tip with crack like a claw in the
distal end (Fig. 7). On the other hand, the electron micro-
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FIG. 10. Hypothetical process of hook morphogenesis. H1 and
H2 are the structural genes for flagellin (17), flaFV is the structural
gene for hook protein (28), flaR regulates the length of the hook (33,
40), and flaL controls the transcription of mRNA for flagellin (39).
Abbreviations: BAB, basal body; HOB, hook-basal body; poly-
HOB, polyhook-basal body; IF, intact flagellum. Nomenclature for
the component structures has been described previously (5, 41).

graphs of the hooks from the flaV, flaU, and flaW mutants
showed that each of them had a rather flat tip in the distal
end. Considering the hypothetical process of hook morpho-
genesis (Fig. 10), absence of HAP2 from the hook is inferred
to result in the change of the claw-shaped end to a flat end.
HAP2 must be essential to make the claw shape. The
electron micrographs of hooks treated with the anti-hook
antibody showed that the claw-shaped ends were not cov-
ered with the antibody. This result strongly suggests that all
HAPs or at least some, most probably HAP2, are located on
the distal end. Our presumption based on the above discus-
sions is that all HAPs are located on the distal end of each
hook and play an essential role in filament formation.
Although hooks from flaV mutants contained HAP1 and
HAP3, the electron micrographs of the hooks showed no
parts which were not covered with the antibody against hook
protein. This is perhaps because the parts defective in HAP2
are composed of a smaller amount of protein and are not
characteristically claw shaped, and therefore we might not
have been able to recognize the parts by electron microsco-
py under the resolution power of the present experiment.
The present results do not completely rule out the possibility
that HAP1 or HAP3 or both are cross-reactive with hook
protein or that the sites where HAP1 or HAP3 or both are
located are not confined to the distal ends.
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