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ABSTRACT In supercoiled forms of flagellar filaments, which are thought to be produced by combinations of two distinct
subunit lattices, the lattices are elastically deformed in 11 different ways, depending on their azimuthal positions on the
circumference of a tube with 11 protofilaments. Those two interactions are nonequivalent as opposed to quasiequivalent ones
in elastically deformed lattices of otherwise identical interactions. The term nonequivalence is defined to represent different
bonding interactions, and quasiequivalent is used to describe deformed but conserved bonding interactions. By using two
distinct lattices that were accurately determined by x-ray fiber diffraction, 10 possible supercoiled forms of flagellar filaments
were simulated, based on a bistable-subunit packing model. Comparison to the observed forms showed good agreement,
indicating that the model and determined lattice parameters effectively represent realistic features of the structure. The
simulated quasiequivalent lattices have been compared to the two nonequivalent lattices, revealing an interesting feature: the
maximum deviation in the intersubunit distance by elastic deformation is almost three-quarters of the difference between the
two distinct lattices, demonstrating a balanced coexistence of a well-defined conformational distinction and extensive
adaptability in the molecular structure of flagellin and its packing interactions.

INTRODUCTION

Bacteria swim by rotating the flagellar filaments. During the
straight-swimming phase, the flagellar filaments form a
bundle behind the cell body, where the filaments are all in
a left-handed supercoiled form, each acting as a propeller
driven by a rotary motor at the base of the filament (Berg
and Anderson, 1973; Silverman and Simon, 1972; Larsen et
al., 1974). Bacteria tumble frequently to change their swim-
ming directions for taxis. The tumbling is caused by quick
reversal of motor rotation, which produces a twisting torque
and transforms the filaments into right-handed supercoils
momentarily (Macnab and Ornston, 1977). The transforma-
tion first occurs at the base of the filament, where the largest
twisting torque is produced, and it propagates to the distal
end quickly. This allows the bundle to fall apart smoothly,
which then makes the propelling forces uncoordinated, re-
sulting in a rapid change of the cell’s orientation. Thus the
dynamic properties of the flagellar filaments play an essen-
tial role in bacterial chemotaxis. The flagellar filaments can
also be transformed into various but distinct polymorphic
forms, including two straight forms, in response to amino
acid replacements in flagellin (Leifson, 1960; Iino and Mi-
tani, 1966; Martinez et al., 1968; Asakura and Iino, 1972;
Iino et al., 1974; Hyman and Trachtenberg, 1991; Kanto et
al., 1991) and to chemical changes in the environment
(Kamiya and Asakura, 1976, 1977) as well as to mechanical
forces (Macnab and Ornston, 1977; Hotani, 1982).

The flagellar filament is composed of a single protein,
flagellin. The filament is a tubular structure composed of 11
protofilaments, made up of nearly longitudinal arrays of
subunits (O’Brien and Bennett, 1972), and is built by a
self-assembly process (Asakura et al., 1964). Supercoiled
forms of the filaments are thought to be constructed from a
mixture of two distinct subunit lattices arranged in a regular
manner (Asakura, 1970; Calladine, 1975, 1976, 1978).
There are actually two types of straight flagellar filaments
with distinct helical symmetries; the protofilaments are
twisted into left-handed helices in one and right-handed in
the other, and therefore they are called the L- and R-type,
respectively (Kamiya et al., 1979). The straight filaments
isolated from mutant strains SJW1660 and SJW1655, which
are point mutants of a wild-type strain SJW1103 (Hyman
and Trachtenberg, 1991; Kanto et al., 1991), have the heli-
cal symmetry of the L- and R-type, respectively, and these
two types of flagellins can be copolymerized to form dif-
ferent types of supercoiled filaments, depending on the
mixing ratio (Kamiya et al., 1980). Therefore, those two
subunit lattices, formed by either two subunit conformations
or two types of intersubunit interactions, are thought to
represent the two that coexist in the supercoiled filaments
(Kamiya et al., 1979, 1980).

The structures of the two types of straight filaments were
deduced at;10-Å resolution by electron cryomicroscopy
and helical image reconstruction (Mimori et al., 1995; Mor-
gan et al., 1995). The two structures show a common feature
of domain arrangements of the flagellin subunit. The fila-
ments are composed of a densely packed core region out to
a radius of;60 Å, a central channel with a diameter of;30
Å, and well-resolved outer parts that slew out to a radius of
115 Å. There are two radial regions of high density in the
core region, from 15 to 30 Å and from 35 to 60 Å, where
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many rodlike features extend nearly parallel to the filament
axis and are packed continuously in both axial and lateral
directions. These rodlike features are interpreted as axially
aligneda-helical coiled coils. The two radial regions form
a concentric double-tubular structure, and the two tubes,
called the inner and outer tube, are connected by radial
spokelike densities. This core structure appears to play
important roles in determining and stabilizing the tubular
structure of the filament.

Direct comparison of the L- and R-type structures shows
no significant differences in the overall structure of the
subunits, and the subunit orientation is only slightly
changed, in accordance with the different tilt of the proto-
filaments (Mimori-Kiyosue et al., 1996). The structures of
straight filaments reconstituted from various types of termi-
nally truncated flagellin fragments were also analyzed, and
all of those filaments were found to have an identical
symmetry that is different from either the L- or R-type
(Mimori-Kiyosue et al., 1996). Its helical symmetry was
named the Lt-type, where L stands for the left-handed
protofilament tilt, with an angle much larger than that of the
L-type, and t for truncated fragments. In the Lt-type fila-
ment, the inner-tube domain interactions are either not prop-
erly formed or are missing, and these structural defects
appear to be responsible for formation of the Lt-type lattice.
Again, the overall structure of the subunit is identical to
those of the L- and R-type, and the subunit orientation is
changed only in accordance with the different tilt angle of
the protofilaments. Close comparison of the local subunit
lattices of the three structures at the radius of the outer tube
shows that, despite the differences in the overall symmetry
of their packaging, the Lt-type lattice is almost identical to
the R-type, indicating strong bistable (that is, two distinct
stable) interactions between the outer-tube domains and
their preference for being in the R-type in the absence of the
inner-tube structure (Mimori-Kiyosue et al., 1996; Ya-
mashita et al., manuscript submitted for publication). This
also indicates that the bistable interactions between the
a-helical segments in the outer tube are responsible for the
polymorphic properties of the filament.

Based on a bistable-subunit model (Asakura, 1970; Cal-
ladine, 1975, 1976, 1978) and using two distinct cylindrical
surface lattices at the outer-tube radius (45 Å) obtained from
the structural parameters (accurately determined by x-ray
fiber diffraction), the curvature and twist of 10 possible
supercoiled forms have been calculated (Yamashita et al.,
manuscript submitted for publication). Comparison to re-
sults from electron and optical microscopy shows good
agreement, indicating that the model and determined lattice
parameters effectively represent realistic features of the
structure (Fig. 3). In those supercoils, each strand lattice
formed by two adjacent protofilaments is elastically de-
formed in 11 different ways, depending on the azimuthal
positions of the strand lattices on the circumference of the
tube. The elastically deformed lattices of otherwise identical
interactions are quasiequivalently related, as opposed to the
two nonequivalent interactions found in the L- and R-type

filaments. The termquasiequivalencewas defined by Cas-
par and Klug (1962) to describe deformed but conserved
bonding interactions, andnonequivalenceis defined to rep-
resent distinct bonding interactions, as suggested by
Asakura (1970). In the present study, we have analyzed the
amount of deformation in the quasiequivalent lattices of the
supercoils in comparison with the difference between the
two nonequivalent ones. The results show an interesting
feature: the maximum deviation in the intersubunit distance
from each of the two distinct states is almost three-quarters
of the difference between the two, which demonstrates a
balanced coexistence of a well-defined conformational dis-
tinction and extensive adaptability in the molecular struc-
ture of flagellin and its packing interactions in the filament
structure.

METHODS

Calculation of the curvature and twist of
supercoiled forms

Following a bistable-subunit model for the tubular structure
of flagellar filaments (Calladine, 1976), which has long and
short strand joints of linear-elastic properties, the curvature
and twist of supercoiled forms produced by combining two
lattices can be calculated as follows. The termstrand joint
is defined here as the lattice formed by two adjacent proto-
filaments, in the same way as the termstrandwas defined
by Calladine (1975, 1976, 1978). There are two types of
strand joints, namely the L- and R-type, and 11 strand joints
form the tubular structure of the flagellar filament. Cylin-
drical surface lattices of supercoils are made by putting
together the L- and R-type strand joints, so that some of the
11 strand joints are in the L-type and the rest are in the
R-type. Closing of those surface lattices to form the tubular
structures without misregistering the lattice disposition at
the closing interface requires the protofilament tilt angle to
be adjusted. Every change of one strand joint into the other
state results in almost the same amount of change in the
protofilament tilt angle, which determines the twist of su-
percoils. Therefore, the twists are almost equally separated
in Fig. 3 between those of the L- and R-type. This almost
equal separation comes from the fact that only a small
change in the tilt angle (;0.45°) is produced by the switch-
ing of a single strand joint, and therefore the shift of the
lattice points by the switching is always almost parallel to
the filament axis. This results in approximately the same
amount of tilt of the surface lattice for registering the lattice
points at the closing interface.

The curvature of a supercoil,kn, can be calculated by the
following equations from the repeat distances of the short
(R-type) and long (L-type) strand joints,d11-L and d11-R,
respectively, and the number of the short strand joints,n,
which varies from 0 to 11. Here the repeat distance of a
strand joint is the intersubunit distance along the strand
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joint. The curvature,kn, is obtained by

kn 5
4d z sin~np/11!

11 z sin~p/11! z d z 2r
(1)

whered is the axial component of the difference betweend11-L andd11-R,
calculated by

d 5 ~d112L 2 d112R! z cosun (2)

d is the axial distance between the two cross sections of the tube that are
slightly tilted to each other and connected by the 11 strand joints of the unit
repeat distances, calculated by

d 5 d112L z cosun 2 nd/11 (3)

and r is the radius of the tube. Here the protofilament tilt angle,un, is
defined relative to the filament axis in the plane of a cylindrical surface
lattice at the radius of the tube, where the clockwise tilt is positive. The
angleun can be well approximated by the following equation, using the two
protofilament tilt angles,uL anduR of the L- and R-type, respectively:

un 5 $~112 n! z uL 1 n z uR%/11 (5)

Equation 1 can be derived as follows. The axial component of the repeat
distance of thejth strand joint that connects the two cross sections,dj, is
determined as

dj 5 d 2 ~2d/11! z O
k50

n21

cos~2pj /112 2pk/11! (6)

wherek denotes the positions of R-type strand joints. The summation in
Eq. 6 overk results in

dj 5 d 2
2d z sin~np/11!

11 z sin~p/11!
z cos$2pj /112 ~n 2 1!p/11%

(7)

The curvature of a supercoil,kn, can be calculated fromd9, the difference
between the minimum and maximum ofdj obtained by treatingj in Eq. 7
as a real number to find the distances along the innermost and outermost
lines of the supercoiled tube. Treatingj as a real number is necessary
because one of these two lines is always between strand joints. From Eq.
7, d9 is obtained as

d9 5
4d z sin~np/11!

11 z sin~p/11!
(8)

Finally, the radius of the curvature, 1/kn, can be obtained as the distance
between the tube axis and the intersection of the extended planes of the two
cross sections of the tube, where these two lines are perpendicular to each
other. The ratio of this distance to the axial distance between the two cross
sections,d, is the same as the ratio of the tube diameter, 2r, to d9, and
therefore 1/kn is obtained by

1

kn
5

d z 2r

d9
(9)

Thus Eq. 1 can be derived from Eqs. 8 and 9.
The protofilament tilt angles of the L- and R-type straight filament,uL

and uR in Eq. 5, defined on the cylindrical surface at the radiusr, are
calculated from the twist,tL andtR, of those two filaments, respectively,
for example, by

uL 5 tan21~r z tL! (10)

The twist of a supercoil,tn, can be also calculated by Eq. 10 fromun in Eq.
5. The values used fortL andtR are25.62 and 13.44 rad/mm, respectively,

as shown in Fig. 3. The distances used ford11-L andd11-Rare 52.7 and 51.9
Å, respectively. Those values were obtained by x-ray measurements by
Yamashita et al. (manuscript submitted for publication). The tube radius,r,
is 45 Å, which is the outer-tube radius of the filament.

Model building

Once the curvaturekn and twist tn are determined as above for 10
supercoils composed ofn R-type strand joints and 112 n L-type strand
joints, wheren is 1–10, models of the supercoils and two straight filaments
are constructed by putting rectangular tiles 25 Å wide and 50 Å long on the
surface of the outer tube. The rectangular tiles representa-helical coiled
coils that are oriented with their long axes along the protofilaments.

The pitch, P, and radius,R, of a supercoil are calculated by the
following two equations:

P 5 2ptn/~t n
2 1 k n

2! (11)

R5 kn/~t n
2 1 k n

2! (12)

The contour line of the supercoil is defined by these values. The local
lattice of the cylindrical surface of the supercoil can be produced by putting
together 112 n L-type andn R-type lattices, keeping the local subunit
arrangements of the L- and R-type lattices unchanged. This local surface
lattice is transformed into the surface lattice of the supercoil by transform-
ing the straightz axis of the former into the helical contour line of the
supercoil. The coordinates of four corner points of rectangular plane tiles
are calculated according to the produced lattice, and the solid surface of the
tiles is colored and shaded to produce the models shown in Fig. 2. The
graphic representation of the models was done using a Silicon Graphics
workstation with OpenGL graphic library routines.

RESULTS AND DISCUSSION

Polymorphic model

Fig. 1 is a reproduction of a model by Namba and Vonder-
viszt (1997), which describes a plausible switching of the
subunit interactions involved in flagellar polymorphism.
Numbered units represent outer-tube domains of flagellin
subunits comprisinga-helical coiled coils that are aligned
roughly parallel to the filament axis and packed closely in
all directions. In this model the subunits do not show any
conformational switching, but only the subunit packing
mode switches between the L- and R-type lattice, as inferred
from the structural information on the two types of straight
filaments, revealed by x-ray fiber diffraction (Namba et al.,
1989; Yamashita et al., manuscript submitted for publica-
tion) and electron cryomicroscopy (Mimori et al., 1995;
Morgan et al., 1995; Mimori-Kiyosue et al., 1996). Accord-
ing to this model, 12 possible polymorphic forms of the
flagellar filaments are drawn in Fig. 2 as tubular structures
formed by rectangular blocks that represent the outer-tube
domains. The diameter of the tube is 90 Å, and the size of
each rectangular block is;50 Å by 25 Å. Each of 11
interfaces of two adjacent protofilaments is colored either
blue or red. When the lattice formed by two adjacent pro-
tofilaments is the L-type, the interface is colored blue; when
the lattice is the R-type, the interface is colored red.

The curvatures and twists of those model tubes shown in
Fig. 2 were calculated by the equations and structural pa-
rameters given above, and they were compared with ob-
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served values (Yamashita et al., manuscript submitted for
publication), which is reproduced in Fig. 3. For this calcu-
lation, the essential features of the model are the two distinct
lattices and linear-elastic properties of the protofilaments in
the structural deformation when they form supercoils, as
described by Asakura (1970) and Calladine (1975, 1976,
1978). The comparison shows good agreement, indicating
that the model represents the essential features of flagellar
polymorphism and that the two distinct structural parame-
ters obtained by experimental measurements are quantita-
tively sound.

Here the important values are the two distinct intersub-
unit distances along the protofilaments, 52.7 Å and 51.9 Å
for the L- and R-type, respectively. The small difference
between the two, namely 0.8 Å, is responsible for the
curvatures of the filaments shown in Fig. 3. In the model of
Fig. 1, the switching is represented as mutual sliding of the
rectangular blocks along the protofilament interface by two
distinct short distances. The two distances are 1.8 and 2.6 Å
at two different interface sites, namely sitesA andB in Fig.
1, respectively. The difference between these two distances

produces a change in the intersubunit distance of 0.8 Å.
These two distances, or at least the larger one, 2.6 Å, is
thought to be somehow related to the pitch of thea-helix,
because the switching appears to be mutual sliding between
a-helical coiled coils over one turn of thea-helix with some
adjustment of side-chain interactions, although no direct
experimental evidence has been obtained yet.

Quasiequivalence and nonequivalence

Although the difference between the two types of subunit
packing is very small as described above, the distinction
between the two appears to be well defined. Therefore, the
two states can be called nonequivalent states, where differ-
ent bonding interactions are likely to be involved. On the
other hand, in supercoiled forms, the repeat distances of the
11 strand joints are all different from either of the two
states; the lengths are not only different between the proto-
filaments in the two different states, but also different even
within a group of identical states. The differences are caused
by elastic deformations, which are necessary to form a
closed tubular structure with 11 strand joints having two
distinct repeat distances and lateral dispositions. Strand
joints of an identical state but different repeat distances can
be called quasiequivalent.

These differences are due to the stretch or compression of
strand joints caused by the long- and short-type strand joints
on the circumference of the tube. Although the free energy
is increased by having two different intersubunit interac-
tions and elastic strains produced by those changes in the
repeat distances of strand joints, a relatively large negative
energy is gained by bonding the protofilament interfaces to
close the tubular structure. Thus the free energy of the
whole system is decreased by forming the tubular filament
of supercoiled forms.

As discussed by Namba and Vonderviszt (1997), it ap-
pears from the structure of the filament that the relative
disposition between the inner-tube and outer-tube domain
interactions is designed to define the protofilament tilt
somewhere between those of the L- and R-type, and at a
given tilt angle the tube cannot be closed without misfitting
the protofilament interface if all of the strand joints are in
one of the two lattices. It is possible to close the tube only
by having some number of the R-type strand joints as well
as the L-type ones, which results in a particular curvature
and twist, which in turn create a supercoil with a particular
pitch and diameter. Thus quasiequivalent states are a feature
of the molecular design of the flagellar filament that is
essential for forming supercoils.

We have analyzed the quasiequivalent states in various
supercoils to estimate how large a deformation is allowed in
the structure without having one state turn into the other.
For each supercoiled form simulated in Fig. 2, which has a
curvature and twist given in Fig. 3, the repeat distances of
the 11 strand joints are plotted in Fig. 4, with the type of
each strand joint identified by either blue (L-type) or red

FIGURE 1 A plausible model of switching involved in flagellar poly-
morphism. (A) Subunit packing in the L-type. (B) Subunit packing in the
R-type. The filament axis is vertical. The model represents the subunit
interactions in the outer tube. The elongated building blocks represent
a-helical bundles aligned nearly parallel to the filament axis. Subunits are
numbered accordingly inA andB. Two hypothetical binding regions of the
subunits are labeledA andB, where the blue-gray interaction represents the
L-type packing and the red-gray interaction represents the R-type. The
distances between the red and blue sites are 1.8 Å for theA region and 2.6
Å for the B region, which makes the intersubunit distance along the
protofilament (between subunits 0 and 1) 0.8 Å longer in the L-type than
that in the R-type, as observed. The only essential feature of the binding
sites is the two discrete relative dispositions, and any alternative bonding
arrangements that fulfill this feature would be satisfactory.
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(R-type). Because the strand joints of an identical-type
cluster on one side of the tube for minimizing the strain
energy over the whole filament, all of the R-type (short)
strand joints have shorter repeat distances than any of the
L-type (long) strand joints. However, the deformations
reach up to 0.6 Å, which is almost three-quarters of the
difference between the two states, 0.8 Å. This indicates that
flagellin molecules have relatively high conformational
flexibility and adaptability in either of the states, while
having two well-defined and distinct states of subunit
interactions.

Quasiequivalence is found not only in the lengthwise
deformation, but also in the twisting deformation of the
protofilaments. Although the protofilament helix is left-

handed in the L-type filament and right-handed in the R-
type, the protofilaments of supercoils can be left- or right-
handed regardless of the type of strand joints they form, as
indicated in the models shown in Fig. 2 and by the proto-
filament twist in Fig. 3. This means that the protofilaments
can be twisted in both directions regardless of the confor-
mational state. A much clearer example is found in the
structure of the Lt-type filaments, which are reconstituted
from terminally truncated flagellin fragments (Mimori-
Kiyosue et al., 1996). The protofilament of the Lt-type
filament has a left-handed twist, but much greater than that
of the L-type filament, and yet the local subunit interactions
including the repeat distance of the strand joint are almost
identical to those of the R-type. This is possible because the

FIGURE 2 Polymorphic model of
flagellar filament. Short (A) and long
(B) segments of the tubular structures
are drawn for the L- and R-type
straight filaments at the extreme left
and right, respectively, and for 10
supercoils between the two. The
tubes shown inA represent the outer-
tube lattices at a diameter of 90 Å,
where rectangular tiles represent out-
er-tube domains of flagellin subunits,
just as shown in Fig. 1. Colors around
the protofilament interface indicate
the type of lattice formed by two ad-
jacent protofilaments (strand joint):
blue, the L-type; red, the R-type. The
diameter of the long filaments inB is
400 Å, to display a certain thickness
of the filaments with colors of the L-
and R-type strand joints on the outer
and inner sides of the supercoiled
tubes, respectively. The numbers be-
low the models indicate the number
of the R-type strand joints,n, used in
the equations in Methods. The short
segments inA are composed of 70
tiles, for which the scale bar is 100 Å.
The long filaments inB are com-
posed of 10,680 tiles, which produce
exactly two turns of normal filament
(n 5 2). The three-dimensional coor-
dinates of the tiles are calculated by
the procedure described in Methods.
The pitch and radius of the filaments
in B are listed in Table 1. Scale bar, 1
mm.

TABLE 1 The pitch and radius of the supercoil models shown in Fig. 2

n 1 2 3 4 5 6 7 8 9 10

P 1.576 2.233 0.901 1.429 1.361 1.087 0.881 0.733 0.621 0.535
R 0.040 0.196 0.563 0.350 0.156 0.080 0.044 0.024 0.012 0.005
NS 303 485 696 500 321 229 177 144 120 103

The number of the R-type strand joints in each supercoil is listed asn. The pitch,P, and radius,R, of each supercoil are calculated from its curvature and
twist by Eqs. 11 and 12, and are listed inmm. The curvature and twist are calculated by Eqs. 1 and 10, respectively, from the two twists and intersubunit
distances along the protofilament obtained for the L- and R-type lattices. The number of subunits in the length of a protofilament in one turn of the supercoil
is listed asNS. The range of the lengths and total numbers of subunits in typical flagellar filament are from 10 to 15mm and from 21,000 to 32,000,
respectively.
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Lt-type lattice is related to the R-type lattice by a recon-
structive transformation, which involves breaking the bonds
at a protofilament interface, mutual translation of protofila-
ments at the interface by one subunit, and closing the
interface. This transformation requires a relatively large
amount of twisting of the outer tube without changing the

local arrangement of the cylindrical surface lattice of the
R-type. If the outer-tube domain were a thin rigid tile with
a size of;25 Å by 50 Å, the twisting deformation of the
outer tube would produce the maximum shearing of 2.4 Å at
the domain interface. This shearing, however, must be ad-
justed by the flexibility and adaptability of flagellin subunits
to conserve the bonding interactions. Thus the outer tube
structure also has a large flexibility and adaptability in the
twisting deformation to be in a wide range of quasiequiva-
lent states, so that the outer tube is able to form stable
supercoils.

As a result of the large amount of left-handed twist in the
outer tube of the Lt-type compared to that of the R-type, the
inner-tube lattice becomes largely deformed. This is most
likely to be related to the absence of the inner-tube structure
in the Lt-type filament, indicating that proper interaction
between the terminal regions in the intact-filament lattice is
essential to construction of the inner-tube structure. This
also means that in intact filaments the mutual dispositions of
the inner- and outer-tube domain interactions determine the
twist of the protofilaments within a range defined by the L-
and R-type structures, which in turn determines the number
of the L- and R-type protofilament lattices to be mixed to
form a tubular structure without a mismatch at the proto-
filament interfaces, which as a result determines that the
filament structure will be a particular form of supercoil. It is
also important to note that the local lattice of the inner tube
remains virtually invariant, even when the outer tube con-
nections are switched between the L- and R-type lattices,
which suggests that the inner-tube interactions may not
necessarily be involved in the same nonequivalent switch-
ing as the outer-tube ones and that there may be only
quasiequivalent deformations in the inner tube. This appears
to be a plausible mechanism of flagellar polymorphism.
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original work by Yamashita et al. (manuscript submitted for publication).
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