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A periodic array structure on the cell surface of Caulobacter crescentus CB15
was revealed by electron microscopy of the cell envelope, using negative staining,
thin-sectioning, and freeze-etching. This structural layer has been isolated from
liquid cultures, in which large pieces of the two-dimensional array are shed by
cells grown to high density. Often areas of intact array corresponding to the entire
cell surface could be found. The hexagonally arranged structure was highly
ordered and had an unusual degree of complexity, as determined by optical
diffraction and computer processing of micrographs of negatively stained, isolated
surface array. Filtered, reconstructed images were obtained from both normal and
low-electron-dose micrographs demonstrating resolutions of 2.9 and 2.5 nm,
respectively. Comparison by optical diffraction and image filtering of micrographs
recorded by using either normal or minimal beam exposure techniques suggested
that the lower-resolution features of the image are very stable to electron
exposure. Gel electrophoresis indicated that isolated array preparations contain
a number of polypeptides. It appears likely that more than one of these proteins
are structural components of the array, in contrast to a single protein found in
many bacterial surface arrays. The Caulobacter surface array is also unusual in
that the repeated units are widely spaced with no apparent direct connection.
Computer spatial averaging provided information about the shape and complexity
of the connecting elements, and this was compared with some additional electron
microscopic evidence of linking structures. Thin-sectioning studies confirmed the
image features seen by other techniques, but the addition of tannic acid in the
fixation procedure was required to visualize the structure. A comparison of these
results with our current knowledge of the Caulobacter cell envelope suggests
interesting questions about the biogenesis of this membrane structure and its
involvement in the cell development process of this organism.

The existence of bacterial surface layers com-
posed of regularly aligned subunits capable of
self-assembly has been recognized for some time
(14, 31). The number of genera which are known
to exhibit these layers has grown in recent years,
apparently due to careful reexamination of var-
ious bacteria and an increasing interest in such
structures (31). Regular surface layers are found
in both gram-positive and gram-negative bacte-
ria, and despite major differences in underlying
cell wall structures, their gross appearances are
surprisingly similar. The subunits in the arrays
are usually hexagonally or tetragonally arranged
(31) and sometimes form multiple layers on an
organism (8, 40).

The molecular composition of these surface
layers usually consists of a single species of pro-
tein. This compositional simplicity is often re-
flected in the electron microscopic appearance

of the layer: the subunits make direct contact
with one another, obviating the requirement for
additional interconnecting elements.

A significant proportion of a cell’s synthetic
activity is expended in the production of these
arrays, suggesting an important role, yet in most
cases their function remains unknown. Some
bacterial species with surface layers are more
resistant to peptidoglycan hydrolases or prote-
olytic enzymes than their unadorned counter-
parts (21, 32), and for this reason, a barrier role
for these layers has often been suggested. In
Spirillum serpens, a surface layer appears to
prevent attack by parasitic Bdellovibrio cells (F.
L. A. Buckmire, Bacteriol. Proc., p. 43, 1971). In
several Clostridium species, the surface layer
prevents the release of internal toxins (31). En-
zymatic activities and attachment functions re-
siding in these layers have also been reported
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(26, 38). Thus, whereas many surface layers
share a similar appearance, the environmental
pressures which select for these structures seem
to arise from a variety of sources.

The interest in these bacterial surface layers
also extends to the general study of membrane
structure and biogenesis. Since the excreted pro-
teins remain associated with the cell and can be
visually assayed, the surface arrays may offer
tractable systems to examine mechanisms of
protein secretion, insertion into membranes, and
membrane formation and maintenance.

We have discovered a surface layer of unusual
complexity in one strain of Caulobacter crescen-
tus. We report here the isolation and character-
ization of this membrane structure and several
properties that make it unusually amenable to
in-depth analysis. Morphogenesis and develop-
ment in C. crescentus are largely expressed in
the membranes of the cell (2, 26), and therefore
an understanding of all aspects of these mem-
branes is important. Most other bacterial sys-
tems in which surface arrays have been charac-
terized have not been extensively characterized
from genetic and biochemical standpoints. In
contrast, C. crescentus is the subject of multiple
studies at these and other molecular levels (27).
Thus, the combination of array complexity and
system knowledge presents an ideal circum-
stance to study structure-function relationships
and mechanisms involved in the biogenesis of a
regular surface structure.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C.
crescentus CB15, CB13, and 15NY106 were used.
15NY106 was provided by Jeanne Poindexter and is
an “abscission” mutant of CB15 characterized by a
tendency to shed stalks, possibly due to an aberrant
placement of a division plane (23). For the production
of surface array material, cells were grown in modifi-
cations of HIGG minimal medium (23). M;HIGG con-
tains 5 mM imidazole hydrochloride (pH 7.0), 10 mM
potassium phosphate, 1% modified Hutner mineral
base (12), 0.3% glucose, 0.3% sodium glutamate (pH
7.0), and 0.05% NH.Cl; M;HIGG is identical to
M,;HIGG except that the potassium phosphate level is
reduced to 2 mM. Cells were also grown in modified
peptone-yeast extract (4, 22) or glucose minimal me-
dium (28) as indicated. Liquid cultures were incubated
at 30°C on a rotary shaker.

Isolation of the regular surface array. For most
experiments strain 15NY106 was used because, as
compared with other strains, this strain appears to
slough off a greater amount of intact surface array
which is largely free of sheets of underlying membrane
material. Typically, 1 liter of cells was grown in
M;HIGG medium to mid-stationary phase (optical
density at 660 nm, 3 to 4). The culture was centrifuged
three times at 6,000 X g for 30 min, with the cell pellet
being discarded each time. The supernatant was cen-
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trifuged at 15,000 X g for 30 min, and the resulting
pellet was suspended in 25 ml of 1 mM MgCl;-1 mM
CaCl;-3 mM NaNj; residual cells were removed by
centrifugation at 5,000 X g for 10 min. This final
supernatant fluid was centrifuged at 15,000 X g for 10
min, and the pellet was suspended in 2 to 3 ml of the
MgCl.-CaCl; solution and stored at 4°C.

For some experiments, strain CB15 was grown in
M,HIGG medium and the array material produced
was isolated in the same way.

Protein analysis. The proteins in the array were
examined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis by the method of Laemmli (18),
modified as previously described (41). For most exper-
iments, a gradient of 10 to 15% acrylamide was used.
For quantitation, the slab gels were dried onto clear
cellophane sheets (Bio-Rad) and were scanned with a
Joyce-Loebl recording microdensitometer MKIIC
equipped with electronic peak integration.

Electron microscopy. For freeze-etching, cells
were grown in glucose minimal or peptone-yeast ex-
tract medium, centrifuged at 12,000 X g for 10 min,
and washed by suspension and centrifugation in 0.02
M potassium phosphate buffer (pH 7.0). The cell pellet
was suspended in buffer containing 1.5% glutaralde-
hyde and fixed for 30 min at room temperature. The
fixed cells were washed twice in water and resuspended
in a small amount of water. Portions of this prepara-
tion were frozen on cardboard disks in the liquid phase
of Freon 22, which was held partially solidified by
liquid nitrogen.

Fracturing was accomplished in a Balzars 301 ap-
paratus, using standard methods (34). Etching was
done at a stage temperature of —96°C, followed by
platinum shadowing (controlled by a quartz crystal
monitor) and carbon coating. The resulting replicas
were cleaned by treatment with methanol followed by
sodium hypochlorite (33) and several changes of water.
The replicas were mounted on uncoated copper grids.

Negative staining was performed on 500-mesh cop-
per grids, using a Formvar support film stabilized by
vacuum deposition of carbon and rendered hydrophilic
by vacuum deposition of a thin layer of silicon mon-
oxide (37). Grids were floated on a droplet of the array
mixture and moved into another droplet of negative
stain, and excess fluid was removed with filter paper.

In the course of this study, the staining properties
of a variety of negative stains, including 2% ammonium
molybdate (pH 7.5 with NH,OH), 1% uranyl acetate
(pH 4.5), 2% uranyl oxalate (pH 7.0), 1% potassium
phosphotungstate (pH 7.0), 2% phosphomolybdic acid
(pH 7.5), 2% sodium tungstate (pH 7.5 with NaOH),
2% sodium silicotungstate (pH 8.0 with HCl), and 2%
ammonium tungstate (pH 7.5 with NH,OH), were
examined. The two-step technique of Horne and Ron-
chetti (16), using uranyl acetate and ammonium mo-
lybdate, was also applied to this system.

For ultrathin-section analysis, mid-logarithmic-
phase cells were centrifuged at 12,000 X g for 10 min
and suspended in 5% acrolein-1% glutaraldehyde-5
mM CaCl;-0.1 M sodium cacodylate (pH 7.0) with or
without 2% tannic acid (Sigma Chemical Co.). After
incubation at room temperature for 2 to 4 h, the cells
were centrifuged and washed in 0.1 M sodium caco-
dylate (pH 7.0) buffer containing 5 mM CaCl,. The
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cell pellet was suspended in an equal volume of 2.5%
agarose in cacodylate buffer held at 48°C. The result-
ing mixture was chilled, cut into pieces, and washed
twice with buffer.

The cells were then fixed in 1% OsO; in cacodylate
buffer containing 5 mM CaCl; and 500 pg of ruthenium
red per ml (the latter was added just before use). After
fixation, the preparation was washed once with buffer
and twice with water and treated with 0.5% uranyl
acetate for 1.5 h, followed by two additional washes
with water. The preparation was then directly dehy-
drated with acidified dimethoxypropane (20) and
embedded in Spurr resin.

Ultrathin sections were cut with an LKB Huxley
ultramicrotome, mounted on copper grids without sup-
port films, and stained with uranyl acetate and lead
citrate.

When negatively stained specimens were examined
under conditions of minimal electron irradiation, the
basic technique of Williams and Fisher (42) was used.
A JEOL 100B microscope, operating at 60 kV, was
used; exposures were recorded on Kodak 4463 film
developed for “maximum” speed. For all other elec-
tron microscopy, a Phillips EM201 microscope was
used, operated at 60 or 80 kV. Micrographs were
recorded on 4463 film, exposed, and developed for
“medium” speed.

A precise determination of the center-to-center
spacing of the array elements was made by adding
uniform-diameter latex spheres (0.109 pm, standard
deviation, 2.7 nm; Pelco) to a standard negatively
stained preparation. As an additional standard, mag-
nification was calibrated by using a grating replica
(54,800 lines per in.; ca. 21,600 lines per cm).

Image processing. Micrographs of the negatively
stained periodic surface array were screened for fur-
ther computer processing by optical diffraction meth-
ods to select those images demonstrating the highest
preservation of periodicity. Images thus selected were
scanned on a Perkin-Elmer PDS 1010A scanning mi-
crodensitometer, using 30-, 50-, or 100-um scanning
rasters, depending on micrograph magnification, and
were computer processed by using the Lawrence
Berkeley Laboratory image processing system. Dis-
crete Fourier transforms of image areas about 280 nm
on a side were calculated for the high-dose images,
and areas 570 nm on a side were used from the mini-
mal-beam images. Structure factors and phases were
retrieved from these Fourier transforms. No correc-
tions were made to the amplitudes to account for the
effect of the contrast-transfer function. All of the
diffraction orders fell within the first contrast-transfer
zone, so phase corrections were unnecessary. The
phase origins of the transforms were refined assuming
a minimal planar symmetry of p6. Filtrations were
done using both actual and symmetrized data. Data
from the high-dose images were combined into one set
by a linear least-squares scaling of amplitudes, as were
data from the minimal-beam images. Final filtrations
were done from these sets.

RESULTS

Negative staining analysis. There was lit-
tle indication of the presence of a periodic sur-
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face structure in intact negatively stained CB15
cells due to the density contributed by the thick-
ness of the cell. The periodic array can, however,
be seen on ruptured cells where most of the
underlying cell contents have been extruded
(Fig. 1). The array network encompassed the
entire swarmer or stalked cell, including the
stalk region. Interestingly, it was only found in
strain CB15 and not in the other commonly used
C. crescentus strain, CB13.

In cultures grown to high density, enough
sloughed-off intact surface array material accu-
mulated to permit its isolation by differential
centrifugation. C. crescentus 15NY106 was pri-
marily used for these preparations because large
pieces of surface array, often about 1 pym in
diameter, were shed by this mutant (Fig. 2). The
parent and other strains did not slough off as
much of the material, and membrane material
remained attached to the isolated array as sheets
or large vesicles (Fig. 3), making it more difficult
to see the fine structure details by negative
staining. The cells were grown in modified HIGG
media, which supported the growth of cells to
very high densities (about 10'° cells per ml),
thereby increasing the yield of sloughed-off ar-
ray.

The isolated surface array was a very stable
complex. Excellent optical diffraction patterns
could be obtained from micrographs taken many
months after the complex was isolated. The
addition of Mg?* and Ca®* ions during the iso-
lation and storage seemed to enhance that sta-
bility, and therefore they were included at all
times.

A variety of negative stains were evaluated for
suitability in staining the isolated array. The
commonly used stains, uranyl acetate and po-
tassium phosphotungstate, completely disrupted
the array, leaving almost no indication that a
preparation contained the structure. Uranyl ox-
alate yielded an acceptable image, suggesting
that uranyl acetate may be unsuitable because
of its low pH. No rules could be deduced from
staining with tungsten compounds; sodium sili-
cotungstate destroyed the array, whereas am-
monium tungstate provided adequate staining
and sodium tungstate yielded very good results.
These latter stains were all used at approxi-
mately neutral pH. Phosphomolybdate also
stained the array without destruction, but the
best stain in terms of contrast, penetrability, and
reproducibility was ammonium molybdate. Ac-
cordingly, this stain was used for most of the
work described herein.

The main feature of the array when viewed by
the negative staining procedures was distinct,
circular rings arranged at precise intervals in a
hexagonal array (Fig. 2). Regular, geometric
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F16. 1. Negative-stain electron microscopy of a ruptured CB15 stalked cell, which was occasionally found
in cell cultures. The absence of cytoplasmic contents allows visualization of a periodic structure on the cell
surface. Note that the surface layer covers the entire cell, including the stalk. Negatively stained with 2%
ammonium molybdate. The bar in this and subsequent micrographs indicates 0.2 um, unless otherwise noted.
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F1G. 2. Isolated surface array from strain 15NY106 as seen by negative staining with ammonium molybdate.
This micrograph was recorded by normal (high-electron-dose) electron microscopy. The highly ordered
structures are the small rings. The amorphous stain-excluding vesicles are somewhat randomly interspersed
in the isolated membrane-free array and do not contribute to the diffraction pattern. Inset shows the optical
diffraction pattern obtained from this micrograph, indicating the regularity of the repeated structures.
Compare this diffraction pattern with the one for the low-electron-dose image in Fig. 7.
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Fi16. 3. Isolated surface array from the parent strain CB15. This lower-magnification micrograph shows
the variety of structures seen when a large amount of the relatively intact, underlying membrane remains
attached. Various forms of membrane, including sheets, tube structures, and small vesicles, can be seen. A few
flagella are also visible. The inset shows a higher-magnification view of a tube structure, demonstrating a
side view of the attached surface array. The height of the repeating elements can be judged, and some
indication of the connecting structures is seen. The material in both images was negatively stained with

ammonium molybdate.
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spacing of these units, extending for large dis-
tances, was commonly observed. The rings are
about 12.0 nm in diameter, with a center-to-
center spacing of 23.5 nm. Little information
about the components connecting the rings or
the three-dimensional aspects of the structure of
these subunits was obtained by viewing in the
normal fashion (i.e., perpendicular to the array
plane). However, when the isolated array re-
mained attached to membrane material, as was
frequently the case in parent strain CB15, elon-
gated vesicles were often formed. At the edge of
these vesicular structures, the array could be
examined in side view (inset, Fig. 3). From this
perspective, the circular rings are seen as short
tubular or rodlike structures attached to the
surface of the membrane material. These rods
are about 11.0 nm tall. In this view, one can also
see some evidence of components at the outer-
most surface which seem to connect the rings
and which are presumably involved in maintain-
ing their precise spacing. It is difficult to resolve
the nature of the connections between the rings,
but it is clear from the negative staining and
thin-section analysis (see below) that the con-
nection does occur at the outermost surface.
Occasionally, at the edge of an array patch
and with optimal thickness of the negative stain,
rodlike or fibrous structures were visible at the
torn edge of the patch (Fig. 4). These rods ap-
peared to be semirigid; they had a uniform de-
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gree of curvature, and measurements indicated
a uniform tip-to-tip distance of 50.0 nm. The
regularity of these structures was quite striking,
and their close association with array patches
suggests that they are contained in the isolated
complex. However, we are unable to say whether
they were derived from a structural component
of the periodic surface layer or whether they
represent an additional component sloughed off
the cell along with the array.

The array material isolated from 15NY106
also contained numerous pieces of stain-exclud-
ing material, which seemed to be arranged in a
quasi-regular pattern relative to the true (pe-
riodic) lattice of ringlike subunits. The stain-
excluding pieces of material tended to be trian-
gular in shape, with the vertices of the triangles
apparently making contact with the ringlike sub-
units (Fig. 2). This material most likely is outer
membrane, which formed vesicles after removal
from the cell surface. This interpretation is sup-
ported by thin-section microscopy of array ma-
terial, which revealed bilayer vesicle structures
20 to 30 nm in diameter (data not shown). In
contrast, arrays isolated from CB15 contained
many large membrane sheets or vesicles and
appeared qualitatively to have more outer mem-
brane attached (Fig. 3). The apparent difference
in the appearance of the membrane layers be-
tween these two cells types is not understood;
however, this observation may indicate a subtle

F1G. 4. Elements seen at the edge of an isolated array patch. They have a uniform curvature, resulting in
a tip-to-tip distance of 50.0 nm, and a diameter of 2.5 to 3.0 nm. At the upper left is a small portion of the
nearby array patch. At the lower left is a segment of a flagellar filament, included for size comparison.
Negatively stained with ammonium molybdate.
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alteration in the association of the array struc-
tures with the outer membrane or in the physical
properties of the outer membrane itself.

Thin-section analysis of C. crescentus.
Conventional cell preparations for thin-section
analysis do not indicate the presence of a surface
structure exterior to the outer membrane in C.
crescentus (24). Although the addition of ruthe-
nium red to the 0sO, fixative significantly im-
proved the contrast of the inner and outer mem-
branes and of the well-defined peptidoglycan
layer, there was still no indication of the surface
array (Fig. 5a). However, addition of tannic acid
to the aldehyde fixation step dramatically re-
vealed tbe presence of the periodic structure
(Fig. 5b) in detail comparable to that seen by
negative staining (Fig. 3). Available evidence on
the mechanism of action of tannic acid suggests
that it functions by binding to the array, render-
ing it stainable with OsO, (29). It is possible that
the binding of tannic acid also prevents loss of
the surface array during fixation. It was not
possible to further resolve the cross-sectional
appearance of the surface layer; even in thin
sections (i.e., 60 to 80 nm), two or three rows of
array elements are contained within the plastic
section, and their superposition may contribute
to the inability to discern precise structural de-
tails.

Cross-sectional analysis gave no indication of
additional wall layers between the outer mem-
brane and the surface array structure. Therefore,
we assume provisionally that the membrane ma-
terial adherent to the array preparations only
represents portions of the outer membrane shed
along with surface array structures. This is in
contrast to the additional “backing” layer pro-
posed for the surface arrays of Spirillum meta-
morphum (6), S. serpens (9, 11), and Micrococ-
cus radiodurans, a gram-positive organism (5).

Freeze-etching studies. Freeze-etching
analysis of CB15 also revealed a periodic struc-
ture on the surface (Fig. 6), but there was poor
long-range order. Little fine structure of the
array could be resolved by this method, and
alterations in metal shadowing methods did not
improve the appearance. Resolution of the sur-
face array by this technique might be obscured
by a meshwork of interconnecting elements
which prevents sufficient relief of the ring struc-
tures. Alternatively, penetration of the surface
array by outer membrane polysaccharide chains

or a thin layer of capsular material may be

obscuring the array. Finally, distortion of surface
features might have occurred during the freeze-
etching process (which is actually a freeze-
drying), although this technique has been used
to obtain excellent images of other bacterial
surface arrays (31).
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Optical diffraction and computer Fourier
analysis. Images obtained from normal micros-
copy (high electron dose) and minimal beam
exposure microscopy (low electron dose) were
selected on the basis of their optical diffraction
patterns and analyzed further by computer pro-
cessing. The optical diffraction patterns dem-
onstrated that structural periodicity was main-
tained at least to the seventh order (Fig. 2) in
the case of the high-dose images and to the ninth
order in optimal-low-dose images (Fig. 7).

A general analysis of the optical diffraction
patterns of the array indicate a very high degree
of structural regularity. To generate such a pat-
tern, the basic structural units must be accu-
rately aligned with respect to one another. The
amorphous islands of material (probably outer
membrane vesicles, as discussed above) were not
retained in the image, after the application of
the techniques of spatial averaging, because they
are not arranged in a regular way over the lattice.

The images that were used for computer av-
eraging revealed a trigonal periodic planar lat-
tice (| a* | = | b* | to within 1%; the included
angle equal to 60°, within 1°). An assumption of
p3 planar symmetry was made and the coordi-
nate origin was moved onto the presumed three-
fold axis at the center of the ringlike subunit. In
both sets of images, the resulting phases were
quite close to 0 or 180°, and therefore the phases
were subsequently refined to p6 symmetry. For
the high-dose micrographs, the average absolute
deviation from p6 phase symmetry was 36° out
to the resolution limit of the micrographs (2.9
nm). For the minimal-beam images, this devia-
tion was only 27° out to 2.5-nm resolution. These
values of phase error are typical in image-pro-
cessing work with negatively stained specimens.

- There was no evidence of p6m symmetry, since

there was marked asymmetry of the hk, kh
terms.

Comparison between optical diffractograms
recorded from normally exposed micrographs
and those from minimal beam exposure condi-
tions showed a definite improvement of resolu-

“tion in the low-dose images. Consistently higher

diffraction orders were recorded from minimal-
exposure micrographs, and some alterations in
intensities of reflections of lower orders were
also noted (Fig. 2 and 7). Yet the high-dose and
minimal-beam filtered images demonstrated
basic similarities. There were six discrete sub-
units within each ring, and a fainter, triangular
density, perhaps corresponding to the intercon-
necting elements of the lattice, was found in the
region of the threefold axis. The higher-resolu-
tion, minimal-beam filtered image showed a
somewhat elliptical, slewed shape of the six sub-
units within the rings (Fig. 8). The subunits had



F16. 5. Thin-section electron microscopy of strain CB15 showing the effects of the addition of tannic acid
to the fixation protocol. (a) Cells were fixed and stained as described in the text with no added tannic acid.
The membranes and cytoplasmic contents are well preserved and have good contrast, yet no additional layers
are evident. (b) This cell was fixed in the same way as in (a) except tannic acid was included in the fixation
procedure. A surface structure comparable to that seen by negative staining is seen. The insets for both figures
are higher magnifications of cell wall regions of the same micrographs. Inset bars indicate 0.05 ym.
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F1c. 6. Freeze-etching of strain CB15. (a) This is an early stalk cell, apparently showing the first signs of
stalk formation. In this typical view, there are indications of a periodic structure on the surface, but the
impression of precise, long-range order was not seen. (b) This image of a portion of a cell surface shows that
occasionally good order of the repeated structures can be obtained. It is likely that the resolution of the
technique, which includes such considerations as the amount of metal shadow necessary for adequate
contrast, prevents visualizing individual elements of the six-member rings. Arrows indicate the direction of

shadowing.

dimensions of about 4.5 by 2.5 nm and formed a
hole of 3.0 to 3.5 nm.

A comparison between the unsymmetrized
and symmetrized filtrations was made to assess
the effects of symmetrization. Symmetrization
of the data in the Fourier transform is a math-
ematical procedure for averaging the images of
symmetry-related subunits. Viewed in this way,
symmetrization may be expected to reinforce
true features of the structure, while reducing or
“averaging out” random features. As a caution,

one should note that any prominent feature that
is present in just one subunit will necessarily
show up in all subunits after symmetrization.
Thus, it is possible that the averaging procedure
can produce images of pleasing and convincing
symmetry which nevertheless are artifacts of the
symmetrization operation. However, all of the
basic features found in the symmetrized version
were present in the unsymmetrized filtration
(Fig. 8).

It is presumed that the minimal exposure
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F1c. 7. Isolation surface array from strain 15NY106 recorded by minimum beam exposure techniques.
Although detail is not seen as clearly as in normal exposures, reduced effects of electron exposure resulted in
a superior optical diffraction pattern. Inset demonstrates the optical diffraction pattern recorded from this
image. When compared to an optical diffractogram of a normal exposure (Fig. 2), higher diffraction orders,
smaller diffraction spots, and more variable spot intensities are seen. These factors indicate that more
accurate information is available for computer processing. Data from this micrograph were used in the

computer reconstructions shown in Fig. 8b and c.

techniques revealed the truest image of the ar-
ray, since migration of the negative stain is min-
imized by this method (42). However, in general,
the changes between the low-dose and high-dose
filtered reconstructed image were relatively mi-
nor, indicating that the negatively stained array
is a comparatively beam-stable structure. This
observation also indicated that routine micros-
copy provided a fairly accurate view of those

elements that are already visible without the aid
of spatial averaging techniques. It should be
emphasized, however, that the spatial averaging
technique revealed information about possible
connecting structures between the rings that
were not visible in an unprocessed micrograph
and also revealed the morphology of the sub-
units within the rings.

Protein analysis of the isolated array.
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FiG. 8. Superimposed gray scale and contour plots of spatially averaged images from micrographs taken
under conditions of normal (high) and minimal (low) electron dose. In this representation, darker regions
correspond to areas of greater stain exclusion, which is a reverse of contrast from negatively stained images.
Center-to-center spacing between the dark rings is 23.5 nm. The minimum contour level was chosen subjectively
to emphasize connectivity and does not imply protein boundaries. (a) A translationally and rotationally
averaged high-electron-dose image. Data from Fig. 2 and another image were combined to produce this plot.
(b) A translational average of Fig. 7 (a low-electron-dose image). The departures from p6 symmetry can be
assessed visually as an adjunct to numerical measures of the discrepancy from symmetry. (c) A translationally
and rotationally averaged low-dose image. Symmetrized data from Fig. 7, together with data from another
ordered area on the same micrograph, were used. A single unit cell has been outlined, and the locations of the
twofold (@), threefold (A), and sixfold (@) rotational symmetry axes are indicated.

The protein composition of isolated surface ar-
ray preparations was analyzed by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(Fig. 9). The majority .of the protein was ac-
counted for by polypeptides of 130,000 (130K),
74K, and 20K apparent molecular weights. Sev-

eral other proteins were represented in repro-

ducible but lesser amounts. Although a few fla-
gella are present in the preparations, there was
generally not enough to produce a band in the
25K region, where the major flagellin subunit
protein migrates (19). The protein compositions
of array materials from both 15NY106 and CB15
were identical, indicating that the ease in obtain-
ing large arrays that were relatively free of intact
outer membrane sheets in 15NY106 was not due
to a major change in protein composition.
Some outer membrane material appeared to
be present in all array preparations; hence, the
question of which of the proteins revealed by gel
electrophoresis actually form the array struc-
tures and which are integral membrane proteins
must be approached with some caution. Thus
far, we have been unable to separate the regular
repeated structure from adherent membrane by
using guanidine hydrochloride treatment, as was
reported for S. serpens (9). Instead, only a partial
solubilization of the component proteins has
been effected in various attempts. The 130K
protein is the predominant protein found in the
cell; at any time in the cell cycle approximately
7% of the *C-amino acids incorporated into cel-

lular protein is found in this peptide (data not
shown). Outer membrane material, isolated by
sucrose density gradient centrifugation, contains
very little 130K proteins (3). Moreover, in mac-
roscopic debris that often forms in high-density
cultures, large amounts of the 130K protein are
present (data not shown). It seems probable
then that the 130K protein is the main compo-
nent of the surface layer and that much of the
periodic surface layer is lost from the outer
membrane during preparation procedures. The
20K protein is also likely to be a component of
the surface array, since it too is not represented
in sucrose gradient-isolated outer membrane
preparations (3).

The location of the 74K protein is more diffi-
cult to assess, but is also thought to be located
in the superficial array structure because of its
partitioning characteristics in isolation proce-
dures. It was found at reproducible levels in
array preparations; when 15NY106 and CB15
were compared (Fig. 3), quantitative densitom-
etry always showed a precise 2:1 ratio of the
130K to the 74K protein in both preparations
(data not shown), in spite of the fact that CB15
preparations appeared to contain more outer
membrane material as intact sheets rather than
as vesicles. The 74K protein is also a major
protein in isolated outer membrane preparations
(2, 3) and is present in levels comparable to a
number of peptides that migrate between 74K
and 130K proteins (2, 3). However, in the array
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Fi16. 9. Sodium dodecy! sulfate-polyacrylamide gel
electrophoresis of isolated surface array proteins.
Lane a, Array isolated from strain 15NY106, which
was largely free of underlying sheets of intact outer
membrane material, but had abundant quantities of
outer membrane vesicles. Lane b, Array isolated from
the parent strain CB15. This latter preparation con-
tained significant amounts of intact membrane ma-
terial (Fig. 3). Note that the amounts of all proteins
are similar in both preparation. The proteins dis-
cussed in the text are identified, but the minor species,
which are not discussed, are also reproducibly found
in all preparations. Lane ¢, Molecular weight stand-
ards: phosphorylase b (92.5K), bovine serum albumin
(66.5K), alcohol dehydrogenase (41K), DNase I (31K),
RNase A (13.6K) and ubiquitin (8.5K).
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preparations, 74K is a far more dominant species
(Fig. 9) relative to those larger polypeptides.
This suggests that 74K protein adheres more
strongly to the outer membrane than does 20K
or 130K protein, but is nevertheless a surface
array protein. This logic also implies that several
or all of the minor proteins migrating between
74K and 130K proteins may be outer membrane
proteins. The above interpretation must remain
tentative, however, as other explanations are
possible. For example, it could be that 74K is
indeed an integral outer membrane protein
which attaches to surface array components. As
such, it could well be uniformly enriched in array
preparations, without having any role in the
structure of the array.

DISCUSSION

A description of a surface array structure has
not been previously published for Caulobacter
species, despite the fact that this organism has
been studied extensively, both morphologically
and biochemically. The reason for this became
obvious during the course of this investigation.
The Caulobacter surface array was completely
invisible by standard methods for fixing and
staining of cells. It could not be determined with
certainty whether the array was completely dis-
rupted by fixation procedures lacking tannic acid
or whether it was simply not stained by the
heavy metal salts. There was no evidence of any
organized elements remaining on the surface or
present in the surrounding medium, and in light
of the destructive effects of many negative stains
on the array, we prefer the former explanation.
Studies with S. metamorphum (6), in which the
surface array may be visualized by the use of
tannic acid, suggested the use of this component.
In contrast to the partial success obtained in S.
metamorphum, the appearance of the Caulo-
bacter array was significantly stabilized by this
treatment; all of the Caulobacter cells in each
preparation showed a continuous and uniform
layer of surface array.

Parenthetically, these results with tannic acid
fixation point out once again the basic limitation
of the use of electron microscopy as the sole
criterion of purity for an isolation procedure in
an otherwise uncharacterized system. As yet
another example, examination by electron mi-
croscopy of a concentrated array preparation
using uranyl acetate as negative stain indicated
only a relatively pure preparation of the few
flagella that remained in the sample, since they
are unaffected by the stain.

The Caulobacter surface array is a structure
of unusual complexity and has features that both
distinguish and correlate this layer with the
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surface arrays of other bacteria. The periodic
components of the surface layer display p6
planar symmetry with a six-subunit ring struc-
ture. The size of the six-membered ring is similar
to that found in S. serpens and several other
organisms (13, 31). The instability at low pH,
the presence of a high-molecular-weight protein
as a major component, and the beneficial fixa-
tion effects of tannic acid are also features com-
mon to other surface arrays (6-8, 9, 10, 14, 17,
30). The stabilization effects of divalent cations
and the observation that quantities of intact
array are sloughed off the cells have also been
reported in other systems (7, 8, 31). The Caulo-
bacter surface array was dissimilar to other ar-
ray systems in the large distance found between
the repeating units and the evidence of being a
multipeptide complex (31).

The optical diffraction and computer process-
ing data indicated that the rings, although not
directly attached to one another, are positioned
with a high degree of precision, both in the unit
spacing (or lattice constant) and in the absence
of rotational freedom of the subunits within the
ring. Thus, structural elements must be present
between the rings, although no connecting struc-
tures were revealed by freeze-etching or in the
unprocessed, perpendicular views of negatively
stained array patches. For freeze-ethching, this
is explained by the lower resolving capabilities
of the technique. In perpendicularly viewed neg-
ative-stained specimens, the absence of intercon-
necting structure was probably due to a high
ratio of entrained stain relative to the size of the
interconnecting elements. Interconnecting struc-
tural elements were only poorly resolved by
thin-sectioning and edge views of negatively
stained membrane vesicles with attached surface
array.

The 130K protein, which is the most abundant
of the proteins seen in the array material, has a
pl of 4.6 as determined by two-dimensional gel
electrophoresis (M. Milhausen and N. Agabian,
manuscript in preparation). The large size or
acidic nature, and often both, are properties
common to the major proteins in a number of
bacterial surface arrays including Clostridium
sp. (30), Bacillus sphaericus (17), and Acineto-
bacter sp. (39). In these bacteria, this type of
protein forms the highly visible unit that is
responsible for strong reflections in optical dif-
fraction analysis. It may be that the 130K pro-
tein forms the individual subunits of the six-
member ring in the Caulobacter array. How-
ever, in most of the above organisms, the re-
peated units form a closely packed structure,
and the protein contained in the units is the only
species present in the layer. In contrast, the
Caulobacter array may well have a number of
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peptides, and there is a considerable space be-
tween units, likely tequiring additional linking
molecules to maintain the precise arrangement
as discussed above. Thus, the structure of the
Caulobacter array may be significantly different
from that of other organisms, making assump-
tions based on general features of bacterial ar-
rays impossible.

There are also other limitations at this stage
of the surface array analysis. Although there
appear to be a number of polypeptides in the
structure, their exact number is not known. It is
also not known whether all of the linking ele-
ments are visible in the computer reconstruc-
tions. Since the correspondence between visible
structures and polypeptide components cannot
be made, we cannot ascertain whether all of the
structural elements have been catalogued.
Therefore, the physical, visual, and computer
averaging information cannot be unequivocally
compared, and the true nature and complexity
of the interconnecting mechanisms must await
further resolution.

The surface array of CB15 having been char-
acterized, it was possible to determine that
CB13, the other Caulobacter strain commonly
used in developmental studies, has no visible
evidence of an array. Freeze-etching, negative
staining of whole cells, and thin-sectioning with
tannic acid provided no evidence of a regular
surface structure (data not shown). However,
there was some indication that certain elements
or vestiges of an array may be present in this
strain. For example, material can be pelleted by
centrifugation from CB13 culture supernatants
that is greatly enriched for a 22K protein similar
in size to the 20K protein described for strain
CB15 (data not shown). In high-density cultures
of both strains, a macroscopic, fibrous debris
often forms. In CB15, this debris is almost en-
tirely 130K protein. In CB13, the debris is com-
posed almost entirely of a protein of about 75K
(data not shown). Although differing in size,
other less quantitative characteristics, such as
detergent solubility and a characteristic streaked
migration pattern in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, are also
shared by these two proteins. It seems possible
that CB13 has lost some elements of a surface
array while retaining others. In support of this
possibility is the 1967 report of Poindexter et al.
(25) that the CB13 membranes contained “cell
wall subunits.” Although not identified as part
of a regular surface structure, there are indica-
tions that these subunits were regularly aligned
(J. Poindexter, personal communication). Since
both strains have been in laboratory culture for
many years, it may be that the absence of an
environmental stress has resulted in the disap-
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pearance of the structure in CB13. Examination
of culture collections may resolve this point.

The function of the Caulobacter surface array
is unknown. In some bacteria, such as B. sphaer-
icus, intensive efforts to‘isolate strains devoid of
the structure have failed (17), suggesting that
the presence of the layer is mandatory. In other
genera, such as Spirillum (31), presence of an
organized layer may be optional, since some
strains have one, and others do not. The genus
Caulobacter appears to be of this latter type.

Recent work with other bacterial species has
led to the proposal that their surface layers may
represent a physical barrier to large “unfriendly”
molecules, presenting only 2- to 3-nm holes in
the cell surface (35, 36). Although the Caulobac-
ter array also appears to have a hole of similar
dimensions in its repetitive unit, the large spac-
ing between the units argues against an analo-
gous barrier role.

This surface array may present an excellent
system for studying questions concerning the
mechanisms of membrane protein insertion and
membrane biogenesis. The proteins involved are
produced in larger amounts than any other class
of proteins in the cell and are translated from a
family of stable mRNA’s (2). This information
and the ability to readily isolate the array
in biochemically significant quantities permit
many approaches to the purification of individ-
ual proteins and facilitate their physical char-
acterization and the eventual study of their reg-
ulation of expression. The fact that these mem-
brane proteins form structures that are distin-
guishable by visual techniques provides an assay
not available to most membrane systems stud-
ied. For example, it should be possible to localize
the proteins to specific structural elements of
the array by specific-antibody labeling tech-
niques. Using recently developed methods, it is
possible to treat a specimen with an antibody
directed to individual proteins and determine
the average binding position by using spatial
averaging techniques, such as those described in
this study (1). The highly ordered structure,
high-beam stability, and ability to work with the
large areas of material make the Caulobacter
surface array especially amenable to such a
study. C. crescentus also provides a system for
the study of complex events in membrane struc-
ture and function. The cellular stalk of this
organism has been thought to be biochemically
inert, since the internal region contains no ribo-
somes and appears to be isolated from the re-
mainder of the cell by an ill-defined “plug” at
the base of the stalk (24). Yet we noted that the
surface array also extends over the entire stalk
(Fig. 1). An understanding of how the array
arrives at this location could reveal mechanisms
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of both membrane biogenesis and the formation
of this membrane structure.
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