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Abstract

The bacterial flagellar filament is a helical propeller made of 11 protofilaments of a single protein, flagellin. The
filament switches between left- and right-handed supercoiled forms when bacteria switch the swimming mode between
running and tumbling. Supercoiling is produced by two different packing interactions of flagellin caled L and R. In
switching from L to R, the intersubunit distance (~52 A) along the protofilament decreases by 0.8 A. We solved the
2.0 A resolution crystal structure of a 41-kDa fragment of Salmonella flagellin. The crystal contained pairs of
antiparallel straight protofilaments having the R-type repeat. By simulated extension of the protofilament model, we
identified possible switch regions responsible for the bi-stable mechanical switch.
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Fig. 1 Schematic diagram of the bacterial flagellum. Different colors
represent different protein components. Labels on the left are
the names of proteins and those on the right are the names of
structural parts, where red labels indicate functions.
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Fig. 2 Three-dimensional structure of the R-type straight flagellar
filament. (a) Solid surface rendering, (b) contoured density
map. The cross section is 50 A thick and the longitudinal
section is 30 A thick. Blue contour lines represent the surface of
the molecules, and red contour lines show the density twice
higher than that of the blue contour. The resolution of the map
is9A.

oooonoong——-

ooobooobobobooobooboboooon
gobobz2200b0ooooboboooboboooon
ggobobuoogb4atbbbooobbobooaoon
goooooboobilob20 b3 0ooboonogon
gpodz2000booooooblboooobogon
ggobobooobobuooobobuoooboboon
gobooooooboobooNgobcobouobo
gopooboobidbbe 00Ob0DOOD20D30O
0oopoOO0O0O00OOOooOooOOoOOOnEsdeT

3n0ogoooooboogooooo
gogbobooobobooobbooobboon
goooobobbbobbobioooooooogd
gbooboobboobobooobooboobo
goooooobobobboooooooooooo
gogobobooobobooobbooobboon
gogobobooobobooobbooobboon
gogobobooobobooobboooboboon
gogobobooobobooobboooboboon
oobspooo0o0ooooooooo
gobobooobobooobobooobboon
Fig3DlOoOo2000000000ooogiResn
gooobonopoooodoooooooooon

-',-\F/T
revee )

pe et )
e ~
i
I
XTI i i b

Fig. 3 Model of polymorphic supercoiling of the flagellar filament.
Upper panel show the filament shape and lower panel show the
subunit packing arrangement. The types of the filaments (from
left to right): L-type straight; normal (the left-handed helix of the
wild type); curly (the right-handed one produced upon reversal
of the flagellar motor rotation); R-type straight. Two different
colors of subunits represent two distinct conformations, where
the repeat distance of the protofilaments in red is shorter than
that in brown, which produces the curvatures.

SPring-8 0000 0020010000378



FROM LATEST RESEARCH

goobooooobobooobobboooooboo
gobobooooobboooobbooobobooo?
ggboboobooobobobooobboooboboobooan
ggboboobooobobobooobboooboboobooan
ggboboobooobobobooobboooboboobooan
gobobooooobboooobbooobbooo?
ggboboobooobobobooobboooboboobooan
ggboboooboogdoabood
gobobooobobooooobobooooboboan
gboo2200oobobooooboboooooobg
0000ooooooooooooiegooooo
gooooobobiwooobbobobbbbn
gogboboobooobobobooobbobooobbobooon
goood
20000Db000b0bboooboboooboo
O000LO0O0O0OROOOODOOO OB Fig3(m
goboboooobbobooobbooobbboon
gogboboooobobobooobbooobboboon
gobooboooboooboooboobLLoos27od
ROOS190000000000800O0O0O0O0O10

gbooboooboobobooobooboooboobon
oo000O0oooooooingooooooo
gbobooguboouoboobioooboooboon
ociaooboobOobooono

A00o0boaooooan
gdbobooodoboooobbooobboood
ggbobooobboooobbuoooboboaon
ggbobooobboooobbuoooboboaon
gbobooobobooooboboooos2ogn
4000000000041kDa0000O00O0OF4]
gobobooobboooobbooobboaon
gobooooobobgoooobobooooboon
gobobooobobooobbooobbooon
gooboooooboooobobo3nbooon
OO00OSPring-80 ESRFOODOODOOODOODOODO
gobobooobobooobbooobbooon
BL4SXUD OO ODODOOODOOoOoOoooDbOooaono
00000000000000000B20sg
FAlOOOFig4ODDOODOOODOODOOODODOS

D3 D2 D1
%08 o L Sapn
L;L\I 4 1;|: s . L
=1 e . 1 (4
pza g L
=
Dzb LU AT
LK
L\E?
50
= 53 F41 450
1 ’ ' a0
I I | [
o | D1 |o2] D3 | D2 | oo ] oo
I ——
L L c ¢ Lcc R

Fig. 4 Molecular structure of the F41 fragment of flagellin. (a) Ribbon diagram of the Ca backbone in stereo. Color changes gradually from
the N-terminus (red) to the C-terminus (blue). (b) Distribution of hydrophobic side chains showing the three domains. (c) Distributions of
various structural features along the amino acid sequence. From top to bottom: the region of F41 (dark blue line); three regions of 3 -
folium (orange); secondary structures identified in the F41 model (o -helix, yellow; 3 -structure, green; 3 -turn; purple); tic mark at every
50 residues; region corresponding to each domain; region involved in axial subunit contact within the protofilament (cyan); well-conserved
regions (red); positions of mutations that produce various helical and straight forms (c, curly; L, L-type straight; R, R-type straight); ribbon

diagram of three 3 -folia.
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Fig. 5 Molecular packing in the F41 crystal and superposition of the
protofilament model on an EM density map. (a) Upper panel is
the view along the a-axis and lower panel shows the view along

ooooobobooooobob2000COOO the b-axis of the F41 crystal. Amino acid residues involved in
0000000000000 0ooooooooon polymorphic mutations are indicated. (b) Docking of the
0000000000000 000000000n protofilament model in an EM density map. Upper panel, a

cross section; lower panel, a longitudinal section. Both are 50 A

bodo thick. IT and OT indicate the inner and outer tube region,
oooooooooo4s50000000000 respectively, and these two high-density regions are painted
0000000000000 0000oooooon light blue to indicate that these regions are filled, not empty.
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Fig. 6 Simulated extension of the protofilament model. (a) Three subunits as a protofilament model. (b) Superposition of Ca backbones at
different steps of the simulated extension colored from blue to green to yellow to red. The 3 - hairpin in domain D1 makes a small but
significant jump in its conformation from 4.5 A to 4.7 A extension. (c) Magnified image of the B - hairpin portion in stereo at extensions of
4.5 A (cyan) and 4.7 A (dark pink). The conformational jump of the B - hairpin is clearly shown.
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