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Electron microscopy of the cell envelope of Spirillum putridiconchylium, using
negatively stained, thin-sectioned, and replicated freeze-etched preparations,
showed two superficial wall layers forming a complex macromolecular pattern on
the external surface. The outer structured layer was a linear array of particles
overlying an inner tetragonal array of larger subunits. They were associated in a
very regular fashion, and the complex was bonded to the outer, pitted surface of
the lipopolysaccharide tripartite layer of the cell wall. The relationship of the
components of the two structured layers was resolved with the aid of optical
diffraction, combined with image filtering and reconstruction and linear and
rotary integration techniques. The outer structural layer consisted of spherical
1.5-nm units set in double lines determined by the size and arrangement of 6- by
3-nm inner structural layer subunits, which bore one outer structural layer unit
on each outer corner. The total effect of this arrangement was a double-ridged
linear structure that was evident in surface replicas and negatively stained
fragments of the whole wall. The packing of these units was not square but
skewed by 2° off the perpendicular so that the ‘“‘unit array” described by optical
diffraction and linear integration appeared to be a deformed tetragon. The verity
of the model was checked by using a photographically reduced image to produce
an optical diffraction pattern for comparison with that of the actual layers. The

correspondence was nearly perfect.

Regular macromolecular surface arrays (RS)
have been demonstrated on the cell walls of
both gram-positive and gram-negative bacteria
(13). Among gram-positive genera, RS layers
have been identified on species of Bacillus (11,
16, 21, 31) and Clostridium (13). A larger
number of gram-negative genera show RS layers
and diversity of structural arrangements, e.g.,
species of Spirillum (5, 6, 30), Rhodospirillum
(13), Azotobacter (13), Cardiobacterium (32),
Selenomonas (13), Ectothiorhodospira (13),
Acinetobacter (36, 39), and Lampropedia (8).
These are usually single layers of complex
protein subunits (7, 18, 38, 40) arranged in one
of two patterns, hexagonal or tetragonal (5, 13).
In the case of the gram-positive cell, these
regular arrays appear to position themselves
along the outer surface of a homomorphic cell
wall containing peptidoglycan, teichoic acid,
and other components (18, 31), whereas those of
the gram-negative cell lie external and adjacent
to the outer lipopolysaccharide (LPS) mem-
brane (6, 7, 30, 32, 36, 40). There are a few
examples of the superimposition of these super-
ficial arrays of macromolecules, such as the
juxtaposition of hexagonal and tetragonal pat-

terns on the walls of Nitrosococcus (Nitrosocys-
tis) oceanus (41) and in the spore coats of some
Bacillus species (16). These patterned layers are
superficial cell wall constituents and are associ-
ated in some formal way with underlying com-
ponents of the wall; in the case of Spirillum
serpens, there is evidence of bonding to the
immediately adjacent LPS layer (6, 7), but in
most cases the nature of the association is
unknown. They appear to be distinct from the
much less regular arrays of the lipoprotein
component of the walls of the Enterobac-
teriaceae, which lie between the mucopeptide
and LPS layers of the cell wall (2, 3, 4).

The techniques of linear and rotary integra-
tion (27, 28) and optical diffraction (19, 20, 37)
have given the morphologist powerful tools to
resolve form and arrangements in these RS
layers, which are of such paracrystalline regu-
larity that these techniques can be applied.

Spirillum putridiconcylium provided us with
an example of a very complex arrangement
requiring high resolution. At first sight it pre-
sented a linear superficial array, but, on closer
examination, was found to overlie and be inte-
grated with a layer of a different arrangement
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and spacing. This paper describes the struc-
tures and the interpretation of their interrela-
tions.

MATERIALS AND METHODS

Organisms. S. putridiconchylium (ATCC 15279)
was obtained from N. R. Krieg (Department of
Biology, Virginia Polytechnic Institute, Blacksburg,
Va.); strain #21 was derived from it after ni-
trosoguanidine treatment (1) and selected as a colony
variant which exhibited a deficiency in the structure
of the outer layer of the cell wall.

Cultivation. Both organisms were maintained at
30 C in peptone-succinic acid-salts-yeast extract
semisolid medium consisting of 0.75% peptone
(Difco), 0.1% succinic acid (Fisher Scientific), 0.1%
yeast extract (Difco), 0.1% MgSO,.7TH,0, 0.1%
(NH,),SO,, 0.0002% FeCl,-6H,0, 0.0002%
MnSO,-H,0, 0.111% CaCl, (all salts were reagent
grade, McArthur Chemical Co., Montreal, Que.), and
0.15% agar (Difco). This medium was adjusted to pH
7.0 with 1 N KOH. For electron microscopic studies
the cells were grown in 50 ml of peptone-succinic
acid-salts-yeast extract broth at 30 C on a rotary
shaker until either mid or late logarithmic growth was
established (mean generation time = 51.2 min).
Calcium (1 mM CaCl,) in the medium was essential
to maintain the integrity of the RS components.

Preparations for electron microscopy. (i) Nega-
tive staining technique. Samples of the cell suspen-
sion or wall fragments were mixed either 1:2 with 1%
ammonium molybdate, 1:1 with 2% uranyl oxalate, or
1:2 with 0.1 M sodium zirconyl glycolate (6). All
negative stains contained 1 mM CaCl,. Each stain
was filtered through a Swinnex-13 filter holder con-
taining a 0.45-um membrane filter (Millipore Corp.)
immediately before use. The stain-cell suspensions
were well mixed and spread by breaking a thin film in
a 3.5-mm loop over the surface of a 3-mm carbon-
Formvar-coated 400-mesh copper grid.

(ii) Fixing, embedding, and sectioning tech-
nique. Prefixation was attained by adding 0.1 ml of
10% acrolein (Eastman Kodak Co., Rochester, N.Y.)
in 0.2 M cacodylic acid buffer, pH 7.2, and 0.1 ml of
8% glutaraldehyde (Polysciences Inc., Warrington,
Pa.) in distilled water to 10 ml of broth culture and
mixing and incubating at 23 C for 15 min. The
suspension was then centrifuged into a pellet and
resuspended for fixation in 0.1 M cacodylic acid buffer
(pH 7.2) containing 1 mM CaCl, (CAC buffer), 5%
acrolein, and 4% glutaraldehyde for 1 h at 23 C. The
cells were then washed five times with 10 ml of CAC
buffer, enrobed in 2% Noble agar (Difco) in CAC
buffer, cut into 1-mm blocks, and postfixed with 1%
0s0, in CAC buffer for 2 h at 23 C. After postfixation
the material was washed twice with 10 ml of CAC
buffer for 30 min each and stained for 2 h in either 2%
uranyl acetate or 1% uranyl magnesium acetate (K &
K Laboratories Inc., Plainview, N.Y.). After staining,
the agar blocks were washed twice with 1 mM CaCl,
for 15 min.

A fixation procedure utilizing ruthenium red (Brit-
ish Drug Houses Chem. Ltd., Poole, England) was
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also used. In this case 500 ug of ruthenium red per ml
was incorporated into both the fixative and postfixa-
tive solutions in CAC buffer. In a few instances, 1%
alcian blue 8GX (Taab Lab., Reading, England) was
substituted for ruthenium red in the fixative sched-
ule.

Four embedding media were used with various
handling techniques: Vestopal W (Martin Jaeger,
Vesenaz, Geneva, Switzerland), Epon (Ladd Re-
search Industries, Burlington, Vt.), hydroxypropyl
methacrylate (HPMA) (Polysciences Inc., Warring-
ton, Pa.), and Durcupan (Fluka AG, Buchs SG,
Switzerland). For Vestopal embedding, the agar
blocks were first dehydrated in increasing concentra-
tions of acetone containing 1 mM CaCl,, infiltrated
with monomer, and cured (15, 34) under vacuum at
60 C for 56 h. For Epon 812 embedding, the blocks
were dehydrated through increasing ethanol concen-
trations and then through increasing propylene oxide
concentrations (15, 23). Curing occurred under vac-
uum at 60 C for 56 h. For HPMA embedding, the agar
blocks were dehydrated by means of two changes of
85% HPMA followed by two changes of 97% HPMA
(each containing 1 mM CaCl,). Two changes (30 min
each) of prepolymerized solutions (95% HPMA con-
taining 0.1% azobis-iso-butyronitrile and heated to
120 C for 5 to 10 min) preceded the final embedding.
They were cured at 4 C under ultraviolet light (315
nm) for 56 h (15, 22). For Durcupan embedding, the
agar blocks were put in a 70% aqueous solution of
component A (the water-soluble aliphatic polyepox-
ide), containing 1 mM CaCl,, for 30 min, followed by
a 90% component A-1 mM CaCl, solution for 30 min
and then by two changes of 100% A for 1 h each.
The blocks were then put into a complete Durcupan
embedding mixture and left for 1 h at 23 C and then
changed once and refrigerated at 4 C overnight. The
blocks were then brought to 23 C, embedded in fresh
complete Durcupan, and cured at 40 C for 56 h (15).

All embeddings were cut on a Reichert model
OMU2 ultramicrotome with glass knives, and sections
were collected on carbon-Formvar-coated 200-mesh
copper grids. The sections were stained with either 1%
uranyl acetate and lead citrate (33) or with 500 ug of
ruthenium red per ml.

For silver methenamine stains, the sections were
treated according to the procedure of de Martino and
Zamboni (10).

(iii) Freeze-etching technique. Samples for
freeze-etching were processed according to Buckmire
and Murray (6). Samples were stored in liquid nitro-
gen for no longer than 48 h. Etching times varied
between 30 to 90 s. Cryogens were not utilized, since
both surface structure damage and inappropriate
cleavage resulted. The apparatus used was a Balzers
model BA510M (FL-9496 Balzers, Fiirstentum Liech-
tenstein).

Electron microscopy. A Philips EM-300 electron
microscope operating at 60 kV was used throughout.
Micrographs were taken on Kodak fine-grain positive
film. Negatively stained catalase crystals (Worthing-
ton Biochemicals Corp., Freehold, N.J.) were used as
a calibration standard (9).

Linear integration. Linear integration was per-
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formed according to Markham et al. (28). Positive
transparencies (10 by 8 inch [ca. 25.4 by 20.3 cm)) of
both uranyl oxalate- and ammonium molybdate-
stained structures were integrated. Magnifications of
approximately 300,000 to 600,000x were commonly
used. Results were recorded on Polaroid 4 by 5 inch
(ca. 10.1 by 12.7 cm) type 55 P/N film.

Rotary integration. A stroboscopic method of
rotary integration was used (17, 27). In general, a disk
speed of 400 rpm was used with stroboscopic flash
frequencies of 400 to 2,500 cycles/min. The images
were recorded on Kodak Panatomic X 35-mm film
developed in Kodak D19 for 4 min to increase con-
trast.

Optical diffraction. Optical diffraction (19, 20, 37)
was performed upon selected parts of micrographs
enlarged upon a 3%- by 4-inch (ca. 8.5- by 10.2-cm)
sheet of electron image film (Ester Thick Base,
Canadian Kodak Co. Ltd., Canada) or a 5- by 4-inch
(ca. 12.7- by 10.2-cm) sheet of Cronar Ortho A litho
film (E. I. duPont de Nemours & Co., Inc., Wilming-
ton, Del.) using a Polaron optical diffractometer
(Polaron Instruments Ltd., London, England) with a
Spectra Physics, model 132, helium-neon laser as a
light source. Optical diffraction patterns were re-
corded on Kodak Panatomic X 35-mm film.

A mask to allow optical reconstruction using se-
lected diffraction points was obtained by exposing a 4-
by 4-cm square of Kodak Panalure F photographic
paper to the diffraction image. The developed, fixed,
and dried print of the diffraction transform was then
taped to a 4- by 4-cm square of blackened (light
exposed and developed) film. The diffraction spots on
the print were then drilled through the photographic
film; the size of the drill bit was chosen in proportion
to the diameter of the spot. The drilled photographic
film was then mounted on a prepunched, blackened, 4
by 4 cm, cardboard square, the punched holes being of
slightly larger diameter but exactly positioned with
respect to the holes in the photographic film.

We found that this method of mask production
resulted in an exact reproduction of the optical
diffraction pattern and gave a smooth, clean mask
hole and minimal aberrations without allowing stray
laser emissions through. The optical reconstructions
were recorded on Kodak Panatomic X 35-mm film.

Model system. The model used for optical diffrac-
tion was drawn with India ink on white paper at a
scale of 1 cm = 1 nm. This was photographed with
Kodak Ortho high contrast 35-mm film. The image
was then reduced, using a Durst S45 enlarger as a
camera, to a size such that the spacing was close to
that of the electron microscope transparencies. This
image was then used for confirmatory optical diffrac-
tion.

RESULTS

Negatively stained preparations. Nega-
tively stained cells of S. putridiconchylium
demonstrated regular arrays of macromolecules
overlying the outer membrane surface. Trials
with a variety of metal salts showed that am-
monium molybdate and uranyl oxalate were the
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negative strains of choice for demonstrating
detail in these RS layers, (i.e., both had small
particle size, good penetration between sub-
unit arrays, and no discernible deleterious ef-
fect on subunit integrity). The structure was
poorly preserved, unless calcium salts were in-
cluded in both the growth medium and the
negative stain. As a result, 1 mM CaCl, was
routinely added throughout this study.

Observations of log-phase cells in ammonium
molybdate (pH 7.2) demonstrated linear arrays
of small subunits, oriented in parallel to the cell
axis, which completely encompassed the cell
surface (Fig. 1, 2). Accurate measurement and
interpretation of these units on the intact cell
was difficult because of their small size, super-
imposition of structures, and distortion due to
drying. Useful information was obtained from
the cell margins (Fig. 2, 25, 27) where the layers
were flattened and folded over. These micro-
graphs showed 3- to 5-nm units of 7-nm perio-
dicity separated from the wall profile by ap-
proximately 8 nm. It was clearly a superficial
structured layer. Phosphotungstic acid likewise
effectively demonstrated the structure, but the
larger particle size of this stain was undesirable
for resolution and measurement.

Staining procedures using aqueous solutions
of uranyl acetate or uranyl magnesium acetate
(pH ca. 4.5) effectively disrupted the superficial
structure and left a loosely attached and amor-
phous material. A series of preparations using
0.1 M sodium zirconyl glycollate, which is
stable over a wide pH range, adjusted to pH 7.0
— 4.0, demonstrated the dissociation of RS at
pH 4.5 in the presence of 1 mM CaCl,. Uranyl
acetate containing 0.05 M oxalic acid can be
adjusted to pH neutrality with ammonium
hydroxide (14, 29) without discernible loss of
stability. This stain revealed a surface structure
and periodicity comparable to that seen with
ammonium molybdate, indicating that it is the
low pH and not the uranyl ion which exerts this
deleterious effect.

A small proportion of stationary-phase cells
showed areas of wall devoid of structure (Fig. 3),
and corresponding fragments of RS were re-
covered from the medium by centrifugation.
The fragments were appropriate for resolution
of the subunit arrangement using both ammo-
nium molybdate (Fig. 4A) and uranyl oxalate
(Fig. 4B). Ammonium molybdate was the more
effective and showed that small subunits of
approximately 3-nm periodicity contributed the
linear elements to the array. The pairs of
delicate lines formed by these elements were
about 3 nm apart, and each of the pairs was
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Fic. 1. Ammonium molybdate-stained cell. RS seen as striations running along the cell surface. Bar = 1 um.
(All figures except 12 and 13 are of strain ATCC 15279).

separated by a stain-filled space 4 to 5 nm wide.
Rotation of Fig. 4A at eye level exposes two
major series of subunit alignments at 70° and
106° and one intermediate alignment at 88°
with respect to the primary longitudinal (linear)
alignment. These alignments may also be seen,
but less clearly, in uranyl oxalate preparations
(Fig. 4B). Similar fragments were retrieved
from the medium of late stationary-phase cul-
tures. A small number showed a tetragonal
arrangement (Fig. 5) which was entirely unex-
pected and remarkably different from the linear
structure.

Replicated freeze-etched preparations.
Cells frozen without the use of cryogens exhib-
ited a preference for cleavage in the cell wall,
whereas those frozen with the aid of glycerol
exhibited a preference for cleavage at or in the
plasma membrane. Cleavages along a plane
exposing the RS usually revealed its exterior
convex surface (Fig. 6).

The individual units of the linear array were
not resolved by this technique, although the

linear arrangement was verified; however, the
impression was given of a series of depressions
along the length of each linear order at 7-nm
intervals, which was approximately twice the
periodicity of the units stained by ammonium
molybdate.

Cleavages between the superficial structure
layers and the surface of the LPS membrane
were common (Fig. 6, 7TA). This surface was
covered with 4-nm pits having an approximate
center-to-center spacing of 7 nm. Optical dif-
fraction of selected areas of this layer suggested
that these pits are arranged hexagonally (Fig.
7B), which was a greater order of regularity than
observed in the same situation for S. serpens.
Since only selected areas of the total exposed
LPS surface exhibited this hexagonal character,
it is difficult to make a definitive statement as
to the arrangement of these pits.

Mutants with defective superficial cell wall
layers were obtained with nitrosoguanidine
treatment (1). One of these (mutant #21) pos-
sessed as disrupting superficial structure (Fig.
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Fi16. 2. Ammonium molybdate-stained cell showing the linear array running parallel to the cell axis. The RS

profile may be seen at the cell edge. Bar = 0.1 um.

Fic. 3. Ammonium molybdate-stained, stationary-phase cell demonstrating the fragmentation of RS from

the outer membrane (OM). Bar = 0.1 um.

13). Freeze-etching of this strain revealed a
linear array identical to the parent strain and
an underlying tetragonally packed arrangement
of subunits (Fig. 12) similar in size, shape, and
periodicity to those seen in Fig. 5. The latter
was often overlayed with small fibrils (arrow,
Fig. 12), presumably remnants of the disrupting
outer layer. This suggested two morphologically

distinct macromolecular layers, namely, the
possibility of an outer structured layer (OSL) of
linearly arranged particles which covered an
inner structured layer (ISL) of tetragonally
packed subunits. Cleavages which ran between
these two RS layers were not found in freeze-
etched preparations of the parent strain.

Thin sections. Visualization of the two RS
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FiG. 4. (A) Ammonium molybdate-stained intact RS fragment on which the subunit alignment angles (70°,
88°, and 106°) are shown. The longitudinal axis runs along the direction of the linear array. Bar = 0.1 um. (B)
Uranyl oxalate-stained, intact RS fragment. Bar = 0.1 um.
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Fi16.5. Ammonium molybdate-stained, partially intact RS fragment on which the ISL is clearly seen. Bar =
0.1 um.



FiG. 6. Nonreversed, freeze-etched replica showing the linearity of the B3 and the underlying pitted surface
of the OM. The hydrophobic plasma membrane (PM) is studded by many particles. The large arrow denotes
the shadow direction. Bar = I ym.

Fic. 7. (A) Nonreversed, freeze-etched replica demonstrating the pitted surface of the OM. A mesosome (M )
can be seen in the underlying cytoplasm. The large arrow denotes the shadow direction. Bar = 1 um. (B) Optical
transform, derived from the OM surface of Fig. 7A, which demonstrates the hexagonal array of pits.
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layers in thin section proved extremely difficult
by normal preparatory techniques. Walls of
cells embedded in either Epon 812 or Vestopal
W contained no evidence of these structures and
presented a “‘typical’”’ gram-negative cell wall in
cross section (Fig. 8). Negatively stained prepa-
rations of cells during the fixation and dehydra-
tion steps showed that the RS was susceptible
to even small concentrations of the organic
solvents used for dehydration, despite the main-
tenance of the suitable Ca?* concentration
throughout the series. As a result, two water-
soluble embedding media were tried, Durcupan
and HPMA, even though the cells were distort-
ed. Again, 1 mM CaCl, was required throughout
the fixation, block staining, and initial aliphatic
polyepoxide infiltration procedures. The addi-
tion of ruthenium red, but not alcian blue, to
the aldehyde fixation and OsO, postfixation
appeared to encourage the retention of the
structure (Fig. 10, 11). Cross section of the RS
layers suggested two RS layers and revealed 8-
by 3- to 6-nm ISL subunits immediately overly-
ing the LPS-tripartite membrane. (Fig. 10, 11).
One and one-half nm OSL units rested on the
upper corners of most ISL subunits (Fig. 9-11).
Some sections suggested that the ISL subunit
narrowed at its middle (see arrows, Fig. 11),
whereas others suggested a simple ‘brick”
shape (Fig. 10).

Linear integration of negatively stained
RS fragments. Further resolution of the com-
ponent structures of ammonium molybdate-
stained RS fragments required reduction of
“noise’”’ and more favorable contrast, which was
obtained by mechanical image averaging (linear
integration) using multiple exposures while
moving the image through defined repeat inter-
vals to identify periodicities along axes of
symmetry. A repeating structure at 7- to 8-nm
intervals was identified in the 4- to 5-nm space
between the pairs of tracks (Fig. 14). These 3-
by 5-nm subunits appeared to lie below the
double track subunits of the OSL, since they
were partially hidden by the stain and only the
reinforcement of their image by this technique
suggested their existence. Concentrating on
these newly exposed subunits and neglecting
the overlying double track, it was evident that
the tetragon formed by nine subunits (Fig. 14)
was the minimal array needed to describe the
three axes of alignment (cf. optical diffraction
reconstruction, Fig. 17). The axes of the tetra-
gon were slightly skewed in a clockwise direc-
tion so that the three alignment angles, other
than the longitudinal (linear aligned) axis,
occured at 106°, 88°, and 70°, respectively.
Linear integration at suitable periodicities
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along these axes also increased the contrast of
these subunits and supported the view that
these alignment angles were real (Fig. 15, inte-
gration performed 70° off the longitudinal axis).
It was noted that the dimensions of these
subunits were of the same order as for the
tetragonal array in late-stationary wall frag-
ments (Fig. 5), but the spacing and alignments
were different.

It was evident that the underlying units (ISL)
bore a regular relationship to the units compris-
ing the linear tracks (OSL) forming a bridge
between a lateral pair of OSL units of adjacent
tracks (see diagrams, Fig. 15). In essence, it
appeared that the best interpretation of the
images placed each of the OSL units on the
outer corners of the larger and somewhat rec-
tangular ISL units. The shape of the ISL units
could not be further resolved with any degree of
accuracy and, for simplicity, have been repre-
sented as blocks proportional to the space they
occupy. The “unit array” of the ISL (see Fig.
14) produced a corresponding skew in the OSL
alignment (Fig. 15), suggesting an intimate
relationship between OSL and ISL units. This
is represented diagrammatically in Fig. 20 and,
given the correct proportions for the ISL unit,
reproduced the angles (70°, 88°, and 106°) of
reinforcement that were identified visually in
Fig. 14 and 15.

Optical diffraction and reconstruction of
image of RS fragments. Optical diffraction
was performed on selected areas of micrographs
of negatively stained intact fragments (Fig. 4A,
4B) to resolve the OSL-ISL alignment further.
Ammonium molybdate- and uranyl oxalate-
contrasted fragments gave similar. diffraction
patterns (Fig. 16). Catalase crystals, stained in
a similar manner, were used to calibrate the
diffractometer (17) and to insure accurate mea-
surement of the OSL-ISL subunit periodicities.
The skewed tetragonal “unit array” of the ISL,
found by linear integration, was described by
spots_indexed 200, 110, 020, 110, 200 110, 020
and 110 Indexes 610, 410, 320, 410, 610, 610,
410, 320, 410, and 610 described the ahgnment
of the OSL pair resting on longitudinally adja-
cent ISL subunits, whereas indexes 500, 300,
300, and 500 described the linearity of the RS.
Analysis of these transforms suggested that the
ISL consisted of 6- by 3-nm subunits with a
1.5-nm OSL subunit residing on each corner.
Taking series 020, 000, 020 as the base line of the
transform we found the remaining spots skewed
2° to 4° off the perpendicular in an anticlock-
wise direction. Small angular discrepancies (ca.

4°) were also seen between the intersections of
series 110, 000, 110 and series 110, 000, 110 with
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Fic. 8. Thm section of the cell envelope of an ethanol- dehydrated and Epon 812-embedded cell. Although the
plasma membrane (PM), mucopeptide (M), and LPS can clearly be seen, the RS is conspicuously absent. Bar =

0.1 um.

F16. 9. Thin section of the cell envelope of a water-miscible, Durcupan-embedded cell. Although the cell
envelope is stain-clogged, a RS (OSL) can be seen overlying the LPS. Bar = 0.1 um.

FiG. 10. Thin section of the cell envelope of a ruthenium red-treated and Durcupan-embedded cell. Both the
OSL and the ISL can be seen overlying the LPS; in this instance, the ISL profile is rectangular in shape (see
circled unit). Bar = 0.1 um.

Fic. 11. Thin section of the cell envelope of a cell treated as in Fig. 10; in this instance, the ISL profile is
narrowed at the waist (see circled unit). Bar = 0.1 um.

F16. 12. Nonreversed, freeze-etched replica of OSL defective mutant (strain #21) demonstrating the ISL
surface. In this preparation the tetragonal shape of the ISL units can be seen, whereas in Fig. 6 they are partially



FiG. 14. Multiple exposure after linear integration along the longitudinal axis of an ammonium molybdate-
stained, intact RS fragment. This photograph has been slightly underexposed to demonstrate the skewed
tetragonal array of the ISL. Number of exposures = 18; stroboscopic frequency = 7 nm; bar = 10 nm.

Fi6. 15. Multiple exposure after linear integration of an ammonium molybdate-stained, intact RS fragment

along the 70° alignment axis, demonstrating the lateral alignment of OSL and ISL units. Number of exposures
= 12; stroboscopic frequency = 9.4 nm; bar = 10 nm.

masked by the linearity of the small OSL units. The fibril overlying the ISLis supected to be the disrupted OSL.
The large arrow denotes shadow direction. Bar = 0.1 um.

Fic. 13. Ammonium molybdate-stained RS fragment from mutant strain #21 showing the friable nature of
the structure (probably both OSL and ISL). Bar = 1 um.



FiG. 16. Optical transform derived from an ammonium molybdate-stained, intact RS fragment. The indexes
responsible for the unit array are circled by the stippled line.

Fi1G. 17. A reconstructed image using only the indexes responsible for the general shape and alignment of the
RS (those which are labeled ““unit array” in Fig. 18). The unit array of 9 ISL particles is circled by the stippled
line. Bar = 10 nm.

FiG. 18. A reconstructed image using the total transform (Fig. 16). The ISL and OSL are clearly seen and are
aligned at the proper alignment angles. The OSL-ISL complexes have been diagrammatically added to aid
interpretation. The unit array is encircled by the stippled line. Bar = 10 nm.
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the base line. These peculiarities confirmed the
skewed tetragon revealed by linear integration
and also suggested an intimate association be-
tween OSL and ISL subunits.

Reconstruction techniques, using masks to
allow the passage of selected indexes, have
allowed sequential reconstruction of the two RS
arrays. The image constructed by the unit array
indexes (200, 110, 020, 110, 200, 110, 020, 110,
and 000) exposed the general shape and packing
of the ISL (Fig. 17). Addition of the remaining
indexes exposed the OSL and clarified the ISL
(Fig. 18). The OSL units could not be individ-
ually resolved by reconstruction (lens aberra-
tion and focusing difficulty), and it appeared
that each OSL globule actually consisted of two
OSL units (see diagram, Fig. 18). Total recon-
struction of the ISL suggested a complexity
hitherto unseen (Fig. 18) and raised the possi-
bility of substructure for each ISL unit (see
large arrow, Fig. 18).

Optical diffraction of partially intact frag-
ments (Fig. 5) presented the transform seen in
Fig. 19. The existence of spots 110 and 110
suggested that this was not a simple tetragonal
packing system. In fact this transform was
similar to that given by the intact fragment
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(Fig. 16), except that those indexes describing
the OSL (610, 410, 320, 410, 610, 610, 410, 320,
410, and 610) were absent, and four spots
(0X0, YZO, 0XO, and YZO) prev10usly un-
detected were seen. For convenience the posi-
tion of 110 and 110 are also indicated in Fig. 19.

Model system. From the previous data on the
OSL-ISL complex the model seen in Fig. 20 was
drawn. In this model 6- by 3-nm ISL subunits
are aligned at 70° and 106° to the longitudinal
axis, while spherical 1.5-nm OSL subunits are
situated at each of the ISL subunit’s corner
apexes. No attempt was made to further define
the shape of the ISL and OSL subunits other
than the rectangular and spherical forms
shown, although these were drawn to scale. Due
to the observed skew in the ISL alignment, the
lateral ISL alignments of 70° and 106° have
been incorporated into the model. This necessi-
tated a reciprocal skew of 2° off the perpendicu-
lar for every third laterally opposed subunit
(Fig. 20).

Figure 21 shows the transform derived from a
reduced transparency of the model, the reduc-
tion corresponding exactly with the magnifica-
tion of the OSL-ISL fragment which gave the
transform in Fig. 16. The spacings and diffrac-

200 300
@ O

500
®

Fic. 19. Optical transform derived from a partially intact RS fragment (Fig. 5). Indexes 110 and 110,
although not present, have been added to aid interpretation.
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Fic. 20. Diagrammatical model, drawn to scale, of the surface of the OSL-ISL complex. The alignment angles
and dimensions (in nm) have been added. The ISL units have been drawn as rectangular blocks, the OSL units
as simple spheres. To aid interpretation the OSL units have not been filled in. The longitudinal (linear) axis

runs from the bottom to the top of the page.

tion angles of the model system corresponded
exactly to those given by the intact fragment.
Only the spots indexed 520 and 520 (see small
arrows, Fig. 21) were unaccounted for and
appeared to describe an extremely small spac-

ing aspect of the OSL in our model which was
not found in the intact fragment. Changes in
subunit size and/or alignment failed to rectify
this problem and brought about drastic altera-
tion in the diffraction pattern. Since the OSL
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Fic. 21. Optical transform derived from a photographically reduced image of the model seen in Fig. 20. The
correspondence between it and the transform from the intact RS fragment (Fig. 16) is almost exact. The indexes
responsible for the unit array are encircled by the stippled line.

units of our model were hollow (an intentional
artifact to separate the OSL and ISL units),
these indexes could describe this aspect. Recon-
struction of the image using only indexes 110,
020, 110, 200, 110, 020, 110, 200, and 000 verified
that these descrlbed the ISL subunits (Fig. 23,
“unit array” is indicated), since the unmasked
image contained OSL elements (Fig. 22). Addi-
tions of indexes 610, 410, 320, 410, 810, 610, 410,
320, 410, and 610 _which describe the OSL, plus
indexes 500, 300, 300, and 500 which give the RS
its linearity, reconstructed an image (Fig. 24)
comparable to the unfiltered image (Fig. 22).
Reconstruction did not tell us what dimensijonal
aspects were described by spots 520 and 520; in
all other respects this tool proved a powerful
means of verifying the validity of our model.
Negatively stained cell margins. Some in-
formation was obtainable from the cell edge-
stain interface of negatively stained cells, since
the margin represented a profile of units as they
travelled over the edge. Given an indication of
the orientation of the edge relative to the
alignment angles of the OSL and ISL subunits
we could predict and verify the aspects ob-
served. Because of this, we expected that only
those cell-edge stain interfaces which followed
along alignment angles would have the OSL-
ISL subunits “in phase” and, therefore, easily
recognizable. When the longitudinal axis was
parallel to the cell edge, the OSL could clearly

be seen, but the individual subunits were not
resolved (Fig. 2 and 27). The ISL showed a
profile depth of about 7 to 8 nm. When the
OSL-ISL longitudinal axis was at right angles
to the cell edge, the profile showed a scalloped
edge formed by the OSL units projecting from
the outer corners of the ISL units (Fig. 25). Our
model suggested that, in this circumstance,
there should be a gradual progression of alter-
nate ISL untis going “in phase” and ‘“out of
phase.” This was, in fact, hard to confirm. Two
OSL-ISL complexes, thought to be in phase,
are circled in Fig. 25. A greatly enlarged nega-
tive image of one of these complexes (Fig. 26)
suggested a Y configuration, the OSL forming
the arms and the ISL the base. The ISL unit ap-
peared to have a constricted center region. This
profile was quite different than that seen on
margins which had OSL-ISL arrays parallel to
the cell edge (Fig. 27). In this case, the ISL units
appeared rectangular, and the OSL units com-
pacted into a single adjacent layer.

Rotary integration of reassembled OSL-
ISL-LPS vesicles. Another source of informa-
tion concerning the OSL-ISL profile was ob-
tained from the natural reassemblies of the
surface structures on an LPS-like component to
form tubes or vesicles after RS extraction (un-
published observation). Figure 28 demonstrates
a LPS-like vesicle surrounded by reassembled
OSL-ISL subunits. Rotary integration of this
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Fic. 22. Reconstruction of image of the model from the transform of Fig. 21 without mechanical filtration of
light. In this and the following reconstructions the OSL-ISL units appear as a negative image to those seen in
Fig. 17 and 18, and the stippled line encircles the unit array.

Fic. 23. Reconstruction of image using only those indexes responsible for the unit array (those encircled by
stippled line in Fig. 21). Only the ISL units may be seen.

Fic. 24. Reconstruction of image using the total optical transform of Fig. 21. The ISL unit is a definite
rectangular block, and traces of the OSL units can be seen at the ISL corners. These would be more definite if

we had filled in the OSL spheres of our model.
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Fi6. 25. Ammonium molybdate-stained cell edge at right angles to the linear array showing the profile of
OSL-ISL units. “In phase” OSL-ISL units are circled. Bar = 0.1 um.

Fic. 26. High magnification and negative image of one of the “in phase’” OSL-ISL units from Fig. 25. Notice
the narrowed waist of the ISL profile. Bar = 10 nm.

Fic. 27. Ammonium molybdate-stained cell edge showing the profile of OSL-ISL units running parallel to
the longitudinal (linear) axis. Note that the ISL units appear to be simple, rectangular blocks. Bar = 0.1 um.

Fic. 28. Ammonium molybdate-stained, reassembled OSL-ISL-LPS vesicle. The OSL-ISL units can be seen
as circumferential particles around the vesicle. Ribbons of “naked” LPS can be seen surrounding the vesicle.
Bar = 0.1 um.

FiG. 29. (A) Image formed after rotary integration of the OSL-ISL-LPS vesicle (Fig. 28). The ISL units have
a narrowed waist. The OSL globules, although not further resolvable, actually consist of two OSL units. Disk
speed = 260 rpm; stroboscopic frequency = ca. 2,600 cycles/min; bar = 10 nm. (B) High magnification of one
OSL-ISL unit from (A) showing narrowed ISL waist. Bar = 10 nm.
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micrograph emphasized the OSL-ISL profile
(Fig. 29A). Although the individual OSL sub-
units were not visualized, the profile of the ISL
subunit consisted of a broad head and base
connected by a thinner neck (Fig. 29A, B) which
substantiated that seen in Fig. 26. We suggest
that each OSL globule actually consists of two
unresolved neighboring OSL subunits, each
displaced towards each other and slightly off
their respective ISL subunits by the action of
the stain, since the diameter measurement of
each globule is twice that of the OSL subunit
from our model.

DISCUSSION

Many spirilla exhibit close-packed (hexago-
nal) arrays of macromolecules on the external
surface of their cell walls, and S. serpens is a
prime example (30); some of these have an
additional RS layer (e.g., S. sinuosum, unpub-
lished observations in this laboratory). Other
species show completely different surface pat-
terns, and an example is demonstrated in this
paper: S. putridiconchylium, a fresh-water spi-
rillum, possesses a novel arrangement of two
morphologically distinct surface RS compo-
nents forming a predominantly linear structure.
This complex but highly ordered arrangement
lies external and adjacent to the LPS outer
membrane. This is the first detailed study of a
double RS layer on a Spirillum species not
involving a hexagonal array.

The existence of the two morphological RS
entities (the OSL and ISL) was not confirmed
until these units were individually resolved by
applying image averaging techniques to micro-
graphs of intact, negatively stained RS frag-
ments. Combination of the information from
the optical transforms of partially intact frag-
ments (Fig. 5) and linear integration of intact
fragments (Fig. 14, 15) suggested the existence
of the ISL below the more obvious OSL. Par-
tially intact fragments released from cells in
stationary cultures provided isolated pieces of
the ISL (not obtainable by any mechanical
means, such as sonication), but they were rare
and they appeared to be in various states of
disrepair. This may explain the difficulty we
experienced in obtaining optical transforms of
selected areas of these fragments containing all
the index points that described the intact unit
array (i.e., in Fig. 19 indexes 110 and 110 are
missing); many showed more obvious deformi-
ties in the unit array. The OSL was more friable
and was not found by itself.

Optical diffraction provides a precise tech-
nique for checking the validity of our interpreta-
tion of subunit arrangement; this consists of
comparing the optical diffraction pattern of
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drawn models, reduced to appropriate dimen-
sions, with that of the intact fragment. The
transform (Fig. 21) arising from our model (Fig.
20) is remarkably similar and validated most of
our assumptions. To our knowledge, this is the
first example of such an approach to the inter-
pretation of biological structures.

Information derived from study of folded
edges of RS layers suggests that the profile of
the ISL unit might differ according to the
alignment of the units to the fold. When the RS
alignment is parallel to the margin, the ISL unit
appears as a rectangular body devoid of other
structure (Fig. 27), yet when it is perpendicular
to the edge the unit appears to have a narrow
waist (Fig. 25, 26). It is possible that this latter
image is due to reinforcement from the units
immediately preceding and succeeding the mar-
ginal ISL unit, but rotary integration of a small
OSL-ISL-LPS vesicle, i.e., with circumferential
RS, provides a similar waisted profile of the ISL
unit (Fig. 29A, B). We must interpret rotary
integration with caution (12), but our calcula-
tions of expected numbers of circumferential RS
units and the images formed by slight strobo-
scopic frequency changes suggest that the im-
ages of Fig. 29A and B are not totally artifac-
tual. Some thin sections of RS also demonstrate
a similar aspect of the ISL (Fig. 11), and here the
orientation of the section is critical. In all cases,
whether sectioned or negatively stained, the
OSL units appear to occur at the external
corners of the ISL subunits. If our interpretation
of this data is correct, it would seem that the
profile of the ISL unit depends upon the direc-
tion of view; if viewed parallel to the cell axis, it
would have a solid rectangular shape, whereas
from the perpendicular it would have a nar-
rowed waist.

As with S. serpens, the RS of S. putridicon-
chylium requires Ca?* for stability, indicating
that non-covalent bonding is a factor in main-
taining integrity and wall retention (6, 7). The
ability of the RS to slough off the wall in late
logarithmic and stationary cultures may indi-
cate depletion of stabilizing Ca?*. Retention of
the RS on embedded and sectioned cells was
increased by the addition of ruthenium red,
although neither alcian blue (35) nor silver
methenamine (10) demonstrated polysaccha-
ride in the RS. It seems possible that ruthenium
red acts as a polyvalent cation to stabilize the
RS. Its size (ca. 1.1 nm [24]) would allow it to fit
between the ISL units, and its charge (6+)
could form strong salt bridges within the RS,
thus increasing resistance to the disruptive
influences of the embedding technique.

The stabilizing influence of Ca?* suggests
that the RS units are anionic and they are
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probably proteinaceous (T. Beveridge and R. G.
E. Murray, unpublished observations on frac-
tions). The susceptibility of the RS to pH € 4.6
indicates that under these acidic conditions the
RS anion has been either saturated with H* or
amphoterically altered, thereby resulting in a
disruption of the macromolecular arrangement.
The RS was also damaged by organic solvents as
shown by the loss of this structure when cells
are dehydrated with either acetone or ethanol
before embedding in Vestopal W or Epon 812
(Fig. 8). It is not clear what component(s) of the
RS or the substrate outer membrane might be
extracted or denatured by these solvents. This
susceptibility was not exhibited by S. serpens
(5, 6) but has been demonstrated in parallel
experiments in our laboratory on S. metamor-
phum and, to a lesser degree, on the Spirillum
“Ordal.”

It is of interest to note that McElroy and
Krieg (26) found nonreciprocal cross-agglutina-
tion using antisera derived from the thermola-
bile antigens of S. putridiconchylium (ATCC
15278) and the whole cells of two strains of S.
serpens, one of which was a VH strain. Of the
two VH strains in our laboratory, one (VHA)
possesses a hexagonal RS and the other (VHL)
is a “naked” mutant strain. The RS layers of
both VHA and S. putridiconchylium are ther-
molabile (7; T. Beveridge and R. G. E. Murray,
unpublished data). Since we have just demon-
strated that the superficial wall structure of S.
putridiconchylium is morphologically different
than that of S. serpens, it appears remarkable
that such a relationship could exist, unless,
independent of the RS components, a common
thermolabile antigen (i.e., flagella or outer
membrane component) accounts for this sero-
logical cross-reaction.
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