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An unusual feature in preparations of the Caulobacter crescentus flagellar filaments is that some filaments are
surrounded by a set of three windings that form a sheath. We provide evidence that the sheath is composed of
subunits having a molecular mass of 24,000 Da. We suggest that the sheath could be composed of
protofilaments of flagellin wound around the filament.

All flagellar filaments studied to date share a common
symmetry and scheme of design and can, in many cases,
copolymerize (7, 29, 32, 36, 40-44). To date, all flagellins, the
building blocks of flagellar filaments, show a remarkable
sequence similarity at the N- and C-terminal regions and
have a variable internal region (13, 16). The variable part of
the flagellin sequence corresponds to a knobby domain
found at the outside of the filament (19, 41).

Caulobacter crescentus has three flagellins with masses of
29, 27, and 25 kDa (8, 14, 20; for complete references, see
reference 30), making them the smallest flagellins found in all
species of bacteria. The 29- and 27-kDa flagellins are located
in the hook-proximal 2 pm of the filament, with the 25-kDa
flagellin making up the bulk of the filament (6, 49). The C.
crescentus flagellin subunits in the filament lack the knobby
outer domain found in filaments of other bacteria (41). The
genes for the flagellins occur in two clusters; the a cluster
contains fig/, figK, and figL, which encode the 29-, 25-, and
27-kDa flagellins, respectively (8, 28), and the B cluster
contains figM, figN, and flgO, which all encode the 25-kDa
flagellins (as cited in reference 30).

The absence of the outer domains results in a narrow
filament about 120 A (1 A = 0.1 nm) in diameter. With the
outer knobs absent, the dominant feature is a set of nearly
vertical striations corresponding to the 11 thin protofila-
ments (or subunit strands). At their ends, some filaments
fray, suggesting that the protofilaments may be stable in
isolation (see Fig. 2 in reference 41). Structures that appear
to be single, long protofilaments, or bundles of them, are
frequently seen in micrographs of filament preparations.

What we report here is the appearance of an unusual C.
crescentus filament; it appears to consist of the usual fila-
ment but with a thin, fibrous set of helical windings wrapped
around it. Such external features on flagellar filaments are
usually called sheaths and have been seen in other strains of
bacteria. Historically, the term ‘“‘sheath’® has been used
loosely. It has been applied to integral, but perturbed, parts
(outer domains) of the flagellin monomers, such as in Pseu-
domonas rhodos (24, 25, 34, 35), Rhizobium lupini (23), and
Escherichia coli (21, 22), which were wrongly believed to be
external matter (43, 44). It has been applied also to the
external coat of flagellar filaments from Vibrio cholerae and
V. metschnikovii (9) and other gram-negative bacteria. This
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true sheath appears to be a membranous structure continu-
ous with the lipopolysaccharide layer of the cell wall. It is
not clear, however, whether it is part of this layer or not (12,
50). The sheath can be separated as an intact cylinder from
the filament.

Certain of the periplasmic flagellar filaments, for example,
those of the spirochetes, also have a sheath (3, 31). In this
case, the gene contributing to the sheath is known to be a
periplasmic protein distinct from the flagellin; it has no
sequence homology with flagellin, and unlike flagellin, it is
exported to the periplasm by the signal peptide pathway.

Lysed material attached to flagellar filaments in an irreg-
ular and patchy way, e.g., in Bacillus brevis (4) and B.
stearothermophilus (2), has been sometimes called sheath.
For a detailed description of these phenomena, see reference
38.

The function of the flagellar sheath is unclear. In the case
of complex filaments, the apparent external winding permits
infection by flagellotrophic phages (23) and also provides
increased structural rigidity (18, 26, 34, 35, 4345). In the
case of filaments covered with a true sheath, the current
hypothesis suggests its involvement in cellular attachment
with surfaces and with other cells at the initial stages of
infection (15, 27, 33, 37).

MATERIALS AND METHODS

Bacteria and media. C. crescentus CB15 was grown in
liquid medium containing (per 1,000 ml) 2 g of Bacto Pep-
tone, 1 g of yeast extract, and 0.2 g of MgSO, - 7TH,0; 10 ml
of 50 mM CaCl, was added to the medium with the inocu-
lum. Bacteria were grown for ~16 h at 30°C in a well-aerated
flask.

Filament preparation. Cells were pelleted by low-speed
centrifugation (15 min at ~8000 X g), and the supernatant
was saved. The pellet was resuspended in 100 mM aqueous
ammonium acetate (pH 6.8), and the filaments were de-
tached by vortex mixing for 60 s. After centrifugation, the
supernatant was combined with that from the first centrifu-
gation, and the filaments were pelleted at high speed (120
min at ~70,000 X g) and resuspended in 100 mM ammonium
acetate. The last step was repeated twice.

Electron microscopy. Electron microscopy was carried out
at the European Molecular Biology Laboratory, Heidelberg,
Germany, using a Philips EM 400 microscope equipped with
an anticontaminator as described by Homo et al. (11).
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FIG. 1. (a) Frozen-hydrated flagella of C. crescentus CB15 suspended over a hole in a carbon film. The filled arrowhead marks an
unsheathed filament; the open arrowhead marks a sheathed filament. The sheath consists of a well-ordered, outer three-start winding around
the filament. The hook (H) shows clearly the helical grooves not seen in the filaments in panels a and b. (b) Same preparation as in panel a
but in which we see thin fibers embedded in the ice (see arrow). Bar = 1,000 A.

Cryomicroscopy was carried out by using a Gatan model 626
cryo-holder. A thin layer of filament suspension was pro-
duced on a holey carbon film and vitrified by being plunged
into liquid ethane as described by Trachtenberg and
DeRosier (40). Negatively stained specimens were prepared
on unsupported carbon films, using 1% uranyl acetate as
described by Trachtenberg et al. (44).

STEM. Scanning transmission electron microscopy
(STEM) studies were carried out at Brookhaven National
Laboratory (48). Specimens were prepared as described by
Trachtenberg et al. (43). Linear mass density measurements
were carried out according to Hainfeld et al. (10), using
tobacco mosaic virus as a mass standard.

Digital image processing. Negatives were digitized on an



6200 TRACHTENBERG AND DeROSIER

J

. BACTERIOL.




VoL. 174, 1992 _ HELICAL SHEATH IN C. CRESCENTUS 6201

FIG. 2. (a) Negatively stained flagellar filaments. The filaments are embedded in a thin film of uranyl acetate which is suspended over a
hole in the carbon film. Unsheathed filaments are indicated by a filled arrowhead, and sheathed ones are indicated by an open arrowhead.
Flattened sections of the filaments reveal clearly the protofilaments (thin arrows). Thick arrows mark thin, free, long fibers which we think
may be protofilaments. The hooks (H) show clearly the coarse five-start helical grooves. (b) Unsheathed (filled arrowhead) and sheathed (open
arrowhead) flagellar filaments supported by a carbori film and negatively stained with uranyl acetate. The protofilaments withir the filaments
are seen clearly as thin lines almost parallel to the filaments’ axes. The sheath around the filaments in the center is clearly visible but not as
well ordered as the one in the vitrified specimen. A frayed end is marked with a thin arrow. Bar = 1,000 A.

Optronics Photoscan P-1000 densitometer at a sampling RESULTS
interval of 25 wm, corresponding to 4.5 A on the specimen.
Diffraction patterns were calculated from the digitized data The appearance of the sheath. Sheathed filaments are

as described by DeRosier and Moore (5). found in most filament preparations. They tend to occur in
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FIG. 3. Bundle of about 12 fibers. Some fine substructure is
visible in the individual fibers at the end (arrows). The diameter and
general appearance of these fibers are similar to those seen in Fig. 2.
Bar = 1,000 A.

patches surrounded by unsheathed filaments. The propor-
tion of sheathed filaments is nearly impossible to determine
quantitatively because of the variability in the preparations,
but we guess that they represent less than 10%. The differ-
ence between sheathed and unsheathed filaments is clear in
Fig. 1. In Fig. 1a, the filament marked by a filled arrow is
quite smooth, whereas that marked by the open arrow
appears rough. Often, what appear to be pieces of the sheath
are seen in the background (Fig. 1b). The sheath is visible
both in negative stain (Fig. 2) and in ice (Fig. 1). In stain, the
drying deforms and stretches the filament and also appears
to unravel the sheath into pieces similar to those in Fig. 1b.
The outer windings that have frayed from the sheath are
similar in size to the protofilaments of subunits sometimes
seen at the ends of filaments (cf. Fig. 2 in reference 41). In
rare cases, we see bundles of what appear to be protofila-
ments (Fig. 3). Whether these arise from the fraying or by
the aggregation of material from the medium is unclear.

Relationship of the sheath to the lattice of the filament. The
symmetry of the sheathed filaments can be deduced from the
diffraction patterns of the images (Fig. 4). The data pre-
sented here are from vitrified specimens in which the exter-
nal sheath seems best preserved. A normal filament, a hook,
and a sheathed filament are shown in the left-hand column of
Fig. 4; their computed diffraction patterns are shown in the
middle column; the corresponding meridionally projected
diffraction patterns are shown in the right-hand column. A
strong layer line at {~1/100 A~! is clearly visible in the
sheathed filament but not in the diffraction patterns of the
hook or unsheathed filament. This additional layer line is
halfway between the equator (n = 0) and the n = 6 layer line
at {~1/50 A~1, which is seen only in negative stain (41). This
marks it as a layer line of order n = 3 (see Fig. 6). Thus, there
is one winding for every two six-start rows of flagellin
subunits in the filament.

Mass per unit length of the sheathed filament. STEM data
from freeze-dried filaments are shown in Fig. 5. Note that a
small subpopulation of 20 filaments has a linear mass density
which is about 1.5 times that of the main population’s
average. We know that the lower mass density peak corre-
sponds to the more numerous unsheathed filaments (41) and
conclude that the smaller but denser peak corresponds to the
mass density of the rarer sheathed filament.

FIG. 4. Digital images (left) of a vitrified normal filament (A), a
hook (B), and a sheathed filament (C), their computed diffraction
patterns (center), and the projection of the diffraction onto the
meridian (right). A prominent layer line at about 1/102 A~lin the
diffraction pattern of the sheathed filament corresponds to a layer
plane having threefold rotational symmetry, i.e., a J; Bessel order
(17). This layer line is not present in the diffraction pattern of the
hook (note the strong Jq at 1/53 A~Y) or in that of the filament. The
filaments of C. crescentus, especially those embedded in ice, diffract
very weakly. Compare the vitrified filament’s diffraction patterns
with the negatively stained ones in studies by Wagenknecht et al.
(46, 47) and Trachtenberg and DeRosier (41). Thus, for some of the
data needed for this study, we used the layer line spacings obtained
previously from filaments embedded in uranyl acetate (41).
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FIG. 5. Histogram showing the distribution of linear mass den-
sity measurements of C. crescentus flagellar filaments. A small
discrete peak (obtained from 20 filaments) of a higher mass corre-
sponds to the sheathed filaments.

10.0

DISCUSSION

From the results, we will argue that the sheath is made up
of a component having a molecular mass of about 24 kDa. To
begin with, the sheath is not a domain of the flagellin
monomer as is the case in R. lupini. If it were, then the mass
of the subunit in the sheathed filament should be 24 kDa (the
mass of the flagellin monomer), while that of the unsheathed
filament should be significantly less. We determined the
molecular mass of the subunits from the linear mass densi-
ties. The unsheathed filament has a linear mass density (M)
of 6.24 (standard deviation = 0.49) kDa - A~1. The axial rise
per subunit (3;) is 3.82 A (41). From these data, we calcu-
lated a molecular mass (M) for the filament subunit: M; =

M,; - 8; = 6.24 - 3.82 = 24 kDa. This is the same value that
we obtained previously (41), and it equals the molecular
mass of the intact flagellin monomer. Thus, the subunit of
the unsheathed filament is the whole flagellin monomer, not
a fragment remaining after the sheath is cleaved off. We find
a second, denser population of filaments which we suggest
must be the sheathed filaments. (Fine features such as the
sheath cannot be seen in freeze-dried preparations used for
mass measurements.) The denser filaments have a higher
linear mass density (M) than do the unsheathed filaments,
i.e.,9.34kDa - A~1. We can use the difference in linear mass
density of the denser and lighter filaments and the symmetry
of the sheath to estimate the mass of the sheath subunit. If
we assume, from the reduced symmetry of the sheath

relative to the filament, that there is one sheath subunit for

every two flagellin monomers (Fig. 6), then the rise per

sheath subunit (3,) is exactly twice that for the flagellin

subunit (3;) (i.e., 3.82 - 2 = 7.64 A). The mass of the sheath
subunit (M) is, then: M, = (M, — M) -8, = (9.34 —
6.24) - 7.64 = 24 kDa.

The experimental error of this measurement is probably
the same as that of the unsheathed filament, about 2 kDa.
However, systematic errors, such as partial loss of the labile
sheath, could make this estimate of error too low. A related
observation, strengthening this point, occurs in studies of
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FIG. 6. Unrolled helical net corresponding to the filament (cir-
cles) and sheath (diamonds) showing the reduction in the filament’s
symmetry due to the sheath’s presence. The figure is a helical net
derived from a diffraction pattern of negatively stained filaments.
One helical repeat (C = 570 A) is shown, The perimeter (P) of the net
corresponds to a circumference of 377 A, the outside circumference
of the filament. The subunit spacing along the 11-start lattice lines at
this circumference is 42.75 A, and that along the 6-start lattice lines
is essentially the same, 42.59 A. In contrast, the subunit spacing
along the five-start helical line is significantly smaller, 38.34 A.
Thus, a sheath composed of protofilaments could make specific
interactions if wrapped about the filament along the six-start but not
along the five-start lattice direction. The former situation is shown
by the three rows of diamonds. Note there is one sheath subunit
(diamond) for every two filament subunits (circles).

Fab-decorated Salmonella typhimurium flagellar filaments
(39). The mass of Fab fragments (~58 kDa) is very close to
that of S. typhimurium flagellin (~52 kDa). The linear mass
density of a filament decorated to saturation is ~1.5 times
that of an undecorated filament, suggesting that the binding
ratio Fab/flagellin is 1:2. The Fab units generate an external
three-start set of windings akin to the sheath. This is evident
in the strong n = 3 layer line at 1/100 A~ in the diffraction
patterns taken from electron micrographs. Thus, the binding
of an additional protein, in this case an antibody fragment,
can produce similar threefold windings and an analogous
change in linear mass density.
The sheath we describe here, then, is different from that in
R. lupini, in which the outer windings arise from the pairwise
interactions among outer domains. Instead, in C. crescentus
filaments, it must result from an additional component that
binds to the filament, is easily removed, and hence is not
often seen. The puzzle is, where does the material come
from? The sheath seems to be distinct from the more
substantial sheaths derived from the outer membrane, al-
though we cannot be positive in this case. Since the filament
undoubtedly grows at its distal tip, it is hard to see how it
could recruit periplasmic subunits. We have no proven
answer to the identity of this extra matter, but we do have an
interesting, plausible hypothesis: the outer windings are
strands of flagellin monomers (i.e., protofilaments). Such a
possibility recalls the structures found by Abram and Koffler
(1) in the reassembly of flagellin from Bacillus pumilis into
filaments. Under some conditions, the flagellin subunits
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assembled into fine fibers similar, if not identical, to proto-
filaments. In addition, they found that some of the filaments
had a kind of flagellin sheath about them, although not
obviously in the form of a set of windings. Thus, there is a
precedent for filaments interacting with flagellin protofila-
ments. There are several pieces of evidence in favor of the
view that the C. crescentus sheath is made of flagellin. For
example, the molecular mass of the putative sheath subunit
(24 kDa) is about the same as the masses of flagellins (29, 27,
and 25 kDa). We know that flagellin can be exported from
the cell and assembles at the distal tip. Perhaps it is possible
that the flagellin subunits exported from the cell can assem-
ble into two kinds of protofilaments, one making up the
filament and the other making up the windings. Alterna-
tively, the filaments may pick up flagellar protofilaments
from the medium, perhaps during filament purification. If the
protofilaments indeed form the sheath, then they must
interact with the subunits in the filament in a regular way. To
do so, the spacing of subunits along the protofilament should
be equal to the subunit spacing along the six-start helices (at
the outside of the filament). Using a value of 60 A for the
outer radius, we calculated the distances between subunits
taken along the protofilament (the 1l-start direction) and
along the 6-start direction, and, for comparison, the 5-start
direction. This is done by measuring distances in an unrolled
helical net corresponding to a diameter of 120 A (Fig. 6). The
spacing along the protofilament of 42.75 A and that along the
six-start helix of 42.59 A are the same, given some uncer-
tainty in the exact filament diameter. The ‘s&pacing between
subunits along the five-start helix is 38.34 A, much smaller
than the other two. Thus, the subunit spacings along the
protofilament and six-start direction are the same, within
1%, as required.

All of the available data are consistent with the notion that
the sheath is made of protofilaments of one or more of the
flagellin. (i) The mass of the sheath subunit is 24 kDa, which
is the same as the mass of any one of the flagellins within
experimental error; (ii) Caulobacter flagellins appear to exist
in the form of protofilaments which have dimensions com-
parable to those of the windings that make up the sheath; and
(iii) the spacing of the subunits along the protofilament is
exactly that required to interact with the filament along the
six-start helical rows. It may be that C. crescentus is unique
in having such a sheath because it is the narrowest filament.
If the filament were wider, the spacing along the six-start
would be proportionately longer and the specific interactions
between protofilaments and filaments would not be possible.
C. crescentus is also unusual in having three flagellins.
Perhaps one of these makes up the outer winding.
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