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Walls of the pigmented strain of Micrococcus radiodurans showed several layers
in the electron microscope. These layers include an outermost network structure
removed by trypsin, a fragile soft layer containing hexagonally packed subunits, and
arigid layer penetrated by numerous holes. The two inner layers were separated by a
process of autolysis, trypsin treatment, and gradient centrifugation. The hexagonally
packed layer was less dense, pink in color, and it contained carotenoids, lipid,
protein, and polysaccharide. The lipid consisted of odd-numbered as well as even-
numbered fatty acids, and the polysaccharide contained rhamnose and mannose,
but it did not contain heptose. The “holey” layer was white and was composed of a
mucopeptide containing glucosamine, muramic acid, and four main amino acids
(glutamic acid, alanine, glycine, and L-ornithine, in the ratios of 1:1.7:1.8:1.2, re-
spectively). This layer also contained phosphorus, glucose, and a trace of meso-
and LL-diaminopimelic acid. A white mutant, W,, of M. radiodurans had no pig-
ment or lipid in its walls, but it contained small amounts of the “hexagonal” layer.
The holey layer, constituting the bulk of the wall, was similar in morphology and
composition to that layer in the pigmented strain. Lysozyme did not remove the
lipoprotein-polysaccharide component from the walls of the pigmented strains,
and the hexagonally packed structure was not visibly affected, except for change in a
minor structure. Most of the mucopeptide layer was solubilized by lysozyme, but a
structureless bag-shaped residue was left. This residue contained phosphorus, car-
bohydrate, and limited amino acids, but it did not contain muramic acid, glucosa-
mine, or ornithine. Aqueous phenol removed a lipoprotein component from strain
R, which contained limited fatty acids. It also removed meso- and LL-diamino-

pimelic acid.

Micrococcus radiodurans is a gram-positive
radiation-resistant coccus originally isolated by
Anderson and co-workers (3, 13). The rose-pink
organism usually grows in tetrad form. Its re-
sistance to ionizing and ultraviolet radiations
was studied by Moseley and others (7, 23, 24);
colorless mutants (strains W) are also radiation-
resistant (22). A morphologically similar pink
species of Micrococcus (now referred to as M.
radiodurans strain Sark) was independently
isolated (R. G. E. Murray and C. F. Robinow,
Abstr. 7th Intern. Congr. Microbiol., p. 427-428,
1958).

The walls of the pink species of M. radiodurans
are not typical of gram-positive cocci; they con-
tain lipoproteins, as well as a mucopeptide in
which L-ornithine is the principal diamino acid
instead of the more usual diaminopimelic acid
or lysine (38). The walls were shown to be un-
usual morphologically, when examined in whole
or broken cell preparations (14, 25, 35). Several

characteristic structures were observed, such as
hexagonal packing and regions penetrated by
many holes.

The present investigation is a morphological
and chemical study of wall preparations of pig-
mented and nonpigmented strains of M. radio-
durans. Physical separation of the layers contain-
ing the hexagonal and perforated structures
enabled us to determine the composition of these
layers. The chemical and morphological effects
of lysozyme and phenol were also studied.

MATERIALS AND METHODS

Organisms. M. radiodurans strains R; and Sark
were obtained from R. G. E. Murray; a white mutant
(W,) of strain R, was kindly donated by B. E. B.
Moseley. The cells were grown, unless otherwise
stated, at 30 C for 24 hr in 2-liter conical flasks, con-
taining 500 ml of medium, placed on a gyratory
shaker. The medium used for strains R; and Sark
contained (per liter): tryptone (Oxoid), 5 g; yeast
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extract powder (Oxoid), 3 g; DL-methionine, 1 g;
and glucose, 1 g (added after autoclaving). The
medium was adjusted to pH 7.0. For strain W,, 10
ml/liter of liver extract (Oxoid) was added. The
harvested cells were washed twice with 0.99, NaCl
and stored, if necessary, at —10 C.

Preparation of cell walls. The method used for the
preparation of cell walls was essentially that described
previously (38). Bacterial contamination during
preparation was avoided by use of chloroform-
saturated liquids throughout, except in the first step.
Four stainless-steel capsules, each containing 30 mi
of cell suspension [15 to 20 mg (dry weight) /ml], two
drops of octanol, and 30 g of Ballotini beads, were
shaken in the shaker head of a PR1 International Cen-
trifuge (32) at 2 C. Shaking was continued until
most of the cells were broken (30 to 50 min), and
then the capsules were heated for 10 min at 60 C to
inactivate lytic enzymes. The beads were removed by
filtration, and the majority of unbroken cells were
separated by centrifugation at 1,000 X g for 7 min.
The walls were sedimented at 25,000 X g for 15 min,
suspended in 200 mi of 0.1 m sodium phosphate buffer,
pH 7.8, containing 19, crude trypsin (British Drug
House, Ltd., Poole, Dorset, England) and a few milli-
grams of deoxyribonuclease, and incubated at 37 C un-
til the optical density (OD) ceased to fall (6 to 18 hr).
Any material subsequently sedimenting at 1,000 X g
was discarded, and the walls in the supernatant frac-
tion were sedimented at 20,000 to 25,000 X g for 15 to
20 min. These walls were then washed successively
with three washes each of 0.99% NaCl, 0.1 M phos-
phate buffer, pH 7.0, and water. The preparations
were lyophilized.

Density gradient centrifugation of walls. The tech-
nique (39) used for density gradient centrifugation of
walls was described by Allsop and Work (2). This
separation was usually applied to walls immediately
after trypsin treatment. The sedimented walls were
washed once with water and suspended in 1 M NaCl;
12 ml of this suspension was then layered onto a
gradient of sucrose (0 to 409, w/v, in 1 M NaCl)
contained in a 250-ml glass centrifuge bottle. The
gradients were made by the method of Ribi and
Hoyer (28). After layering the walls on top of the
gradients, the bottles were centrifuged for 30 to 60
min in a swing-out head at 1,400 X g. The individual
bands were collected by pipette and were pooled and
centrifuged. The pads were suspended in 1 M NaCl,
centrifuged on fresh gradients until free from other
fractions, dialyzed free from sucrose (negative Seli-
wanoff test for ketoses on 1 ml of washings), and
lyophilized.

Lysozyme treatment of walls. Walls were suspended
in 0.1 M sodium phosphate buffer, pH 6.8. Lysozyme,
dissolved in the same buffer, was added to give a
final concentration of 100 ug/ml, and the mixture
was incubated at 37 C. At various times, the opacity
of the suspension was measured, and samples were
removed, cooled, and centrifuged at 2 C, washed
once with water, treated with phosphotungstic acid,
and examined in the electron microscope. Larger
scale digestions were carried out as previously de-
scribed (38).
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Phenol treatment of walls. Walls (50 mg) were
shaken for 4 hr at 18 C with water-saturated phenol
(5 ml). Solids were separated by centrifugation, and
the supernatant solution was freed from phenol by
dialysis.

Ultrasonic treatment of walls. Walls suspended in
1 M NaCl in a test tube were subjected to mild ultra-
sonic vibrations by use of an ultrasonic generator,
model T-40C1 (Ultrasonic Industries Inc., Albertson,
L.I, N.Y.), for periods of up to 20 min.

Optical measurements. The opacity of suspensions
was measured in the EEL portable colorimeter,
model A (Evans Electroselenium Ltd., Halstead,
Essex, England), using filter no. 623. Other measure-
ments were made in Unicam Spectrophotometers
SP500 and SP600.

Analyses. Extractable lipids were estimated by
measuring the difference between the weights of dried
material before and after two 0.5-hr extractions at
room temperature with a mixture of equal parts
(v/v) of chloroform and methanol. Fatty acid analy-
ses were made by gas-liquid chromatography of fatty
acid esters (19); phosphorus was determined by
methods described elsewhere (1, 9). Amino acids
and hexosamines were examined after hydrolysis in
4N HCI at 100 C for 18 hr. These substances were
then subjected to paper chromatography or electro-
phoresis and were developed with ninhydrin.
Methanol-water-pyridine-12 N HCl (32:7:4:1, v/v)
was used as a solvent to identify lysine, ornithine,
and the isomers of diaminopimelic acid by their
mobilities and by the characteristic colors produced by
this solvent when the spots were developed with 0.1,
ninhydrin in acetone (27, 29). Hexosamines were
identified on paper previously washed with 0.1 m
BaCl; irrigated for 48 hr with butanol-pyridine-water
(6:4:3), or they were identified by paper electro-
phoresis (300 v) in 1 M acetic acid. Two-dimensional
chromatograms in aqueous phenol (ammonia atmos-
phere) and butyl alcohol-acetic acid-water (63:10:27,
v/v) separated other amino acids. Quantitative amino
acid and hexosamine estimations were made auto-
matically (34) by use of a Technicon analyzer (Tech-
nicon Co., Inc., Chauncey, N.Y.).

Total carbohydrate was estimated by the phenol-
sulfuric acid method (11), with glucose as a stand-
ard, as described by Allsop and Work (2). Sugars
were identified by paper chromatography after hy-
drolysis with 1 N H.SO; for 4 hr at 105 C and subse-
quent neutralization with Ba(OH).. The solvents
were butyl alcohol-acetic acid-water, as above;
butyl alcohol-pyridine-water (6:4:3, v/v); and ethyl
acetate-pyridine-water (5:2:7, v/v, top layer). Sugar
spots were revealed by silver nitrate reagent (36).
Glucose and galactose were estimated enzymatically by
specific oxidases (16, 30) in the eluted neutral sugar
fraction remaining after removal of hexosamines by
paper electrophoresis. The delayed reaction with L-
cysteine and sulfuric acid (10) was used as a test
for heptose sugars in whole walls.

Electron microscopy. Specimens were examined in
a Philips 100 microscope (M.E.L. Equipment Co.,
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Ltd., Crawley, Sussex, England). Photographs were
taken at instrumental magnification of 7,000 to 14,000
on Ilford Fine Grain Safety Positive 35-mm film,
with an accelerating voltage of 60 kv.

Negative staining. One drop of bacterial wall sus-
pension was mixed on a carbon-coated microscope
grid with one drop of 2%, (w/v) potassium phospho-
tungstate, adjusted to pH 7 with 1% potassium
hydroxide. After approximately 1 min, most of the
solution was drawn from the grid by a Pasteur pipette
so that a thin film remained on the grid. This was
left to dry before examination.

Thin sectioning. Whole cells and wall fractions
were fixed in Veronal-buffered osmium tetroxide
(18) and then mounted in agar and washed in 2%
(w/v) buffered uranyl acetate. After dehydration in
ethyl alcohol, the specimens were embedded in
methacrylate or Epon 812 and sectioned with glass
knives mounted in a Huxley microtome.

RESULTS

Thin sections of whole cells of M. radiodurans
R; and W:. Thin sections prepared from cells of
M. radiodurans R; resembled those shown by
Thornley et al. (35) with the exception that the
cells were usually in groups of only 2 or 4. Figure
1 shows a stage in the development of a tetrad,
with newly forming septa invaginating into two
contiguous cells and with nuclear material in the
process of separating into the daughter cells. An
outer structureless layer, termed the sheath (35),
did not form part of the internal septa but was
continuous over the outer surface; the inner
“wall” layer, together with cytoplasmic mem-
brane, can be seen in the septa. Where the inner
wall layer was cut radially, regular structures
comprising alternating light and dark radiating
bands are visible (arrow, Fig. 1). The thickness
of this wall layer is about 160 A. The sheath
varies in thickness (from 160 to 300 A), giving
the bacterium an irregular convoluted outline.

The cells of M. radiodurans W, grew in large
flat groups, and individual cells were larger than
M. radiodurans R, (1.9 u diameter, as compared
with 1.2 u for R;). The wall layer was thicker,
up to 700 A (Fig. 2), and the light and dark
radiating bands were again clearly visible in
radial sections (arrow). The sheath was bounded
by a 75 to 100 A convoluted membrane, and it
had the same range of thickness as that of M.
radiodurans R;.

Morphology of walls of M. radiodurans. No
significant morphological differences were ob-
served between the walls of pink R; and Sark
strains. The two strains will therefore be described
indiscriminately. Walls prepared by the standard
method resembled coccal cell walls in their
shape but were larger (up to 2 u diameter). They
sometimes occurred as single cell envelopes with
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a visible equatorial plane of fracture; more fre-
quently, pairs of envelopes were seen. There
were two characteristic patterns in negatively
stained preparations of the walls (Fig. 4), the
most common being a spotted pattern previously
termed “holey”’ (35), which usually covered
most of the wall surface. The other, a hexagonal
pattern, was seen in fragments of various sizes
either covering portions of the wall surfaces or
separated from them.

During certain preparations of walls (desig-
nated preparations 11 and 12), the materials
were examined in the electron microscope at
each stage of the preparation. The unsedimented
broken cells, examined before or after the initial
heat treatment, were often characterized by a
structure which appeared as a network of curved
double white lines surrounding darkly stained
areas (in Fig. 5, the network is seen in profile at
the folded edge of the wall, indicating that it
was located on the outside of the wall). Three
other types of structures were observed in these
broken cell preparations, either the holey pattern
(shown faintly in Fig. 5), the hexagonal pattern,
or a composite pattern (Fig. 6). Treatment of
the broken cells with trypsin removed the net-
work structure; with minimal subsequent han-
dling, whole walls completely covered with the
composite pattern (as in Fig. 6) were occasion-
ally obtained. Other such preparations showed
various mixtures of holey and hexagonal patterns
(Fig. 7a, 7b). Some preparations, examined
immediately after trypsin treatment (i.e., before
washing), showed a hexagonally packed layer as
a hemisphere, which appeared to be either un-
folding from around the spherical holey layer
(Fig. 7a) or emerging from inside it (Fig. 7b).
Subsequent washing processes usually resulted in
the progressive fragmentation and gradual loss
of hexagonal patterns.

Physical separation of two layers from walls.
After trypsin treatment of one preparation (12)
of walls of strain R;, the pad sedimenting at
20,000 X g had an unusual appearance in the cen-
trifuge tube. Instead of containing the usual
homogeneous pink material, the pad consisted of
two distinct regions, an opaque whitish lower
region and a translucent pink upper band, which
had the physical properties of a soft jelly. The
components of the two regions were easily
separated by density-gradient centrifugation. A
narrow bright pink transparent band remained
on top of the gradient, and a wide opaque creamy-
white band was located almost immediately
below this. In addition, a mixed pink and white
deposit was separated from the bottom of the
white band by a completely clear region occupy-
ing the bottom third of the gradient.



Fi1G. 1. Thin section of Micrococcus radiodurans Ry. Stained with osmium tetroxide. X 61,400.

FiG. 2. Portion of thin section of cell of Micrococcus radiodurans W, showing thick inner wall (w) with cross
striations, under which the cytoplasmic membrane (m) is located. Stained with osmium tetroxide. X 228,000.

FiG. 3. Sections (transverse and tangential) from purified white band of preparation 12 from walls of Micro-
coccus radiodurans R,. Stained with osmium tetroxide. X 83,200.
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FiG. 4. Part of preparation of wall from Micrococcus radiodurans (Sark). Two types of patterns are visible,
holey and hexagonally packed. Negatively stained. X 103,000.

FiG. 5. Surface of wall of Micrococcus radiodurans R, preparation 11. Cells were broken and heated as in Ma-
terials and Methods, then washed twice with saline and three times with water; no treatment with trypsin. “Net-
work structure” and a region of holes can be seen. Negatively stained. X 79,000.

FiG. 6. Walls of Micrococcus radiodurans Ri, preparation 11. Broken cells treated with trypsin as usual and
examined without further processing. Surface is covered with “composite” pattern. Negatively stained. X 36,000.
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Fi1G. 7. Walls of Micrococcus radiodurans R,, preparation 12; examined immediately after trypsin treatment,
negatively stained. (a) Walls have not been sedimented or washed and still contain some intracellular contents;
the rigid holey layer is apparently surrounded by a sheet of hexagonally packed material which perhaps has just
unfolded. X 36,000. (b) The walls have been sedimented and the soft pink top region of the pad, containing a mix-

ture of structures, was examined. Here the hexagonally packed material may be emerging from the spherical holey
structure. X 36,000.
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The top pink band consisted mainly of irregu-
larly shaped masses of hexagonally packed
material with some fragments of holey material,
whereas the white band and deposit contained
mostly holey material having the shape of
whole cells, with a minor proportion of hexago-
nal structures. Reasonably homogeneous prepa-
rations of each of these bands were achieved
after numerous gradient centrifugations and a
further treatment of the white band with trypsin.
The final preparation of the white band con-
tained mainly unfragmented walls showing the
holey structures (Fig. 8). The pink band con-
sisted entirely of masses of irregularly shaped
plates of hexagonally packed material inter-
spersed with amorphous material (Fig. 9).

The experiments just described resulted in a
physical separation of each of the two types of
structures usually found together in the normal
cell wall preparation of strain R; after trypsin
treatment. The separation had not occurred be-
fore. Usually, after trypsin digestion, the pad
was homogeneous in appearance, and density-
gradient centrifugation did not produce the two
discrete pink and white bands. Instead, there was
a gradual merging from a dark pink opaque
material at the top of the gradient to a wide
orange-shaded opaque region which occupied
most of the bottle. A dark pink deposit was
always obtained. In attempts to repeat the sepa-
rations, the walls were subjected, before heating
or trypsin treatment, to ultrasonic disintegration
for up to 20 min, a technique used for detaching
a surface patterned layer from walls of Lampro-
pedia hyalina (8). The ultrasonic-treated prepara-
tions were subsequently treated with trypsin and
gradient centrifugation but did not separate into
bands. Preparations digested with Pronase (0.25
mg per ml of 0.05M phosphate buffer, pH 6.8)
at 45 C for 4.5 hr did not separate into bands
either.

Some success in separating hexagonal and
holey structures was obtained if, immediately
after breaking, the cells were held for some time
at a temperature below 60 C. In preparation 14,
the broken cells, still in the steel capsules in
which they were broken, were incubated at 37 C
for 4 hr prior to the usual heat treatment at
60 C. Subsequent separation of two layers
occurred after trypsin treatment, and, after
numerous density-gradient centrifugations and
further trypsin treatment of the white bands,
homogeneous pink and white bands were ob-
tained.

A preparation (15) of walls of strain W;, made
in the usual way, separated on a density gradient
into a deposit and two sharp bands, a very
scanty colorless top band having the transparent
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appearance and jellylike consistency of the pink
top band obtained from strain R;, and a middle
white cloudy band well separated from the top.
Since there was very little in the top band (5 mg),
the materials were not subjected to further
gradient centrifugations but were washed and
examined in the electron microscope. The top
transparent band was morphologically identical
to the crude pink band obtained from strain
R;, and it contained hexagonally packed pegs
with occasional fragments of holey structures
(Fig. 10). The lower cloudy band consisted
mainly of complete walls covered with spotty
patterns and a few hexagonal sheets. Other
samples of walls from strain W, (e.g., prepara-
tion 17) did not separate into two bands on
density gradients. The usual deposit was ob-
tained, and the rest of the material formed a
very wide single opaque white band each time it
was subjected to a gradient.

Fine structure of wall fractions. The hexago-
nally patterned material, which was isolated in
the pink band from strain R, (Fig. 9), apparently
fragmented easily and formed irregularly shaped
masses bearing no relation to the shape of the
whole bacterial wall. The pattern itself was very
regular and distorted little during preparation.
The margins of fragments frequently followed
the line of the pattern so that fragments usually
had some straight edges. The pattern in this and
other negatively stained preparations was formed
by lightly stained pegs arrayed in hexagonally
packed rows (Fig. 15¢,d); at the center of each
peg there was usually a dark dot. Each peg was
connected to its neighbors by lightly stained
spokes. The dimensions of the pattern units are
shown in Fig. 16.

Two types of Moiré patterns were often seen
superimposed on the basic pattern (Fig. 7b, 10,
13). The pattern with smaller periodicity (Fig.
14b) was observed more frequently than the
larger pattern (Fig. 14c).

On sectioning, the material in the pink band
showed no differential staining but appeared as
homogeneous patches with no regular shape or
thickness. The hexagonal layer could not there-
fore be recognized in sections.

The hexagonally packed structures seen in the
scanty top transparent band from strain Wi
(Fig. 10) were similar to those from the pink
band of strain R; walls. Similar structures were
occasionally seen in routine wall preparations
from strain Wy, so it must be concluded that
they are normally present in this strain, although
in small amounts.

The white band from strain R; contained pat-
terned envelopes which retained the spherical
shape of the individual pairs of bacterial cells



FiG. 8. Walls from final fractionation of white band obtained by density gradient centrifugation of preparation
12 of Micrococcus radiodurans Ry. The spherical walls with visible planes of division are covered with holey pat-
tern, and occasional sheaves are visible. X 39,500.

FI1G. 9. Portion of refractionated top pink band from density gradient centrifugation of Micrococcus radio-
durans Ry wall preparation 12. Collection of sheets or bags with hexagonal packing, some straight edges, and
Moiré patterns, also spheres of unpatterned material. X 64,000.

F1G. 10. Part of unfractionated top transparent band from Micrococcus radiodurans W, preparation 15, show-
ing typical hexagonally packed structure with fragment of holey material. X 34,800.

FiG. 11. Portion of a wall of Micrococcus radiodurans Ry present in white band obtained from density gradient
centrifugation of preparation 14. A collection of sheaves is seen. X 133,000.
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FiG. 12. Effect of lysozyme on unfractionated wall preparation 17 of Micrococcus radiodurans R.. (a) Holey
portion, after 5 min with lysozyme, showing disappearance and deformation of holes. X 84,240. (b) Hexagonally
packed structure after 30 min with lysozyme; pegs and spokes clearly visible, but no dots remain at center of
pegs. X 80,400.

F1G. 13. Detail of a fragment of hexagonally packed material from walls of Micrococcus radiodurans strain
Sark showing two types of Moiré patterns. X 87,200.

FiG. 14. Diagrammatic illustration of origin of Moiré patterns in two hexagonally packed transparent layers.
(a) Patterns perfectly aligned. (b) One pattern displaced 5°. (c) One pattern displaced 30°.
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FiG. 15. Detailed morphology and relationship of the three 1ypes of patterns seen in trypsin-treated walls of
Micrococcus radiodurans. (a) Holey pattern in preparation 14 of strain Ry. The holes can be seen in profile at the
folded edge of the wall. X 133,000. (b) Diagram of distribution of holes. (c) Hexagonal pattern in an enlarged
portion of Fig. 7b. X 93,600. (d) Fragments from wall preparation 17 from strain Ry after 5 min digestion with
lysozyme. All parts of the pattern are clearly visible. Short digestion has rendered the pattern sharper but
has not yet removed the central dots. X 101,200. (e) Diagram of hexagonal pattern. (f) Composite pattern in
an enlarged portion of Fig. 6. Note light pegs in dark areas with spokes radiating from them (arrow). X 150,000.
(g) Diagram of composite pattern which resulted from the superimposition of Fig. 15b and e.
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Fi1G. 16. Dimensions of “hexagonal” patterns.

(Fig. 8). In negatively stained preparations, the
pattern which covered the whole surfaces of the
spheres appeared as scattered, darkly stained,
roughly circular spots on a light background. In
profile (Fig. 15a), the spots were seen to be
holes filled with phosphotungstate. Sometimes
the holes occurred in rows alternating with those
immediately above and below. However, it was
usually difficult to detect any such regularity,
which suggests (Murray, personal communica-
tion) that the layer became distorted during
preparation. The holes varied in size and shape,
having diameters of 80 to 150 A. In certain
preparations from strain R; which had been put
on several gradients, there were also short
ribbonlike inclusions (sheaves) lying across the
holes (Fig. 8, 11), sometimes singly but more
often in bundles.

When fixed in osmium tetroxide and sectioned,
the holey layer showed up well as a single mor-
phological unit in both transverse and tangential
sections (Fig. 3). The holes were similar in size
and arrangement to the black spots observed in
negatively stained preparations. In this case,
however, the holes were white, whereas the back-
ground was stained. The holes had aa average
diameter of 100 A (range 80 to 120 A), and the
layer was about 240 A thick. In profile, the holes
were occasionally seen to extend right through
the layer; more frequently, the holes were cut
obliquely and appeared as depressions at one of
the boundaries.

Origins of Moiré and ‘“‘composite”’ patterns.
The Moiré patterns in the hexagonal layer can
be shown to originate from slight dislocations of
two or more superimposed identical hexagonally
packed layers, as shown diagrammatically in
Fig. 14a—c. At least two layers can be seen in
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various fragments of the hexagonal layer. Some-
times one layer overlaps or folds over a smaller
fragment of a different shape (Fig. 4, 13), or,
more frequently, the two layers have almost
identical shapes and are distinguishable only by
the fact that a single row of pegs of one layer is
visible outside the boundaries of the other layer
(Fig. 7b, 9, 10, 15c). Sometimes one fragment
shows two Moiré patterns of different periodici-
ties, as well as the basal hexagonal pattern
(Fig. 10, 13). At other times, a single Moiré
pattern is apparent (Fig. 7b, 9), but usually the
two layers are in perfect register and only the
hexagonal pattern is seen (Fig. 4, 9, 15c). Slight
dislocations of the two layers, resulting in a dis-
placement of about 5°, would create the pat-
tern with the small period (Fig. 14b). Rarer,
larger displacements (up to 30°) would produce
patterns with larger periods, one of which is
shown in Fig. 14c.

The composite pattern is more complex and
was observed infrequently. Its possible origin is
illustrated in Fig. 15a-f. Scale models (Fig.
15b,e) of the holey and hexagonal patterns
(Fig. 15a,c,d) were photographed. A print
(Fig. 15g) was made from the two negatives
superimposed so that each black spot of the
holey pattern was over a peg of the hexagonal
pattern. A new pattern emerged, consisting of
darkly stained areas surrounded by white rings
of pegs. Each dark spot contained one peg and
its attendant radiating spokes. An enlargement of
a portion of a wall containing the composite
pattern (Fig. 15f) showed the presence of all
these features. Darkly stained areas of various
sizes were surrounded by white rings of unstained
pegs. In some of the dark areas a lighter stained
peg and its spokes were visible, and the central
dark spot in the unstained pegs could sometimes
be seen (the arrow points to both structures).
The pattern was much less regular than that of
the model, owing no doubt to the distortion of the
holey pattern.

Chemistry of strair Ry crude walls. Different
preparations of crude unfractionated walls of
strain R; gave variable analytical results, prob-
ably because variable proportions of the fragile
pink layer were retained during preparation.
Figures are therefore given for one preparation
of strain R; only (Table 1). This preparation
contained 4.39, extractable lipid, 19, phos-
phorus, 3.39, carbohydrate consisting mainly of
D-galactose (2.6%) and p-glucose (0.59,), and
smaller amounts of rhamnose and mannose. A
minor amount of an unidentified reducing sub-
stance was found. This unidentified substance
was found in the neutral fraction after separation
of glucosamine by electrophoresis and had the
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following chromatographic mobilities relative to
glucose: butyl alcohol-acetic acid-water, 0.66;
butyl alcohol-pyridine-water, 0.78; and ethyl
acetate-pyridine-water, 0.65. It was not further
investigated. There was no reaction for heptose
(a constituent of lipopolysaccharides from gram-
negative bacteria). Trichloroacetic acid (109,
w/v) extraction for 48 hr at 2 C did not remove
any phosphorus-containing material, suggesting
the absence of teichoic acids. The amino acids
present in whole walls, consisting of all the pro-
tein amino acids and L-ornithine, were described
elsewhere (38).

Chemistry of strain Ry pink band. The materials
from the top pink band from R; (preparations
12 and 14) contained carotenoids, lipids, carbo-
hydrates, and proteins. Approximately 259, of
the material was extractable into lipid solvents
(Table 1). After extraction of lipids, the remain-
ing white material contained 17 to 209, of car-
bohydrate, the main reducing sugars being glu-
cose, galactose, rhamnose, and mannose. There
was insufficient material from the lipid-free
residues for quantitative phosphorus and amino
acid analysis, but paper chromatography showed
an amino acid pattern typical of a protein hy-
drolysate with little or no proline. Glucosamine
was present, but no ornithine or muramic acid
was detected (indicating absence of mucopep-
tide constituents). The fatty acid analysis of the
extractable lipids of the pink layers is shown in
Table 2. The main components were palmitic,
hexadecenoic, and octadecenoic acids, but there
were also significant quantities of odd-numbered
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saturated and mono-unsaturated straight-chain
fatty acids, which are not common components
of bacteria. Branched chain and cyclopropane
fatty acids were not observed. These results are
similar to those reported for whole cells of M.
radiodurans R, (19).

Chemistry of strain Ry, white fractions. The
materials from the white band and deposit were
similar in composition (Table 1) and were mainly
mucopeptides with ornithine as the diamino
acid. When compared with the pink layer, the
white fractions contained much less lipid (1 to
29,) and carbohydrate (29,) (Table 1). In addi-
tion, no rhamnose or mannose was found, and
the main reducing substances, besides the hexosa-
mines, were glucose or galactose or both, and a
small amount of the unidentified neutral reduc-
ing substance referred to earlier. The main
amino acids and amino sugars were glutamic
acid, glycine, alanine, ornithine, glucosamine,
and muramic acid (Tables 3, 4). Material from
the white band had the following molar ratios
relative to glutamic acid 1: glycine, 1:8, alanine,
1:7, ornithine, 1:2, glucosamine, 0:97, and
muramic acid, 1:1. All other amino acids oc-
curred in concentrations of less than 109, of
those of the main four amino acids. Traces
(too small to be estimated) of diaminopimelic
acid and galactosamine were also detected.

Chemistry of strain W. Unlike strain R;, W,
had no detectable protein or extractable lipid in
its unfractionated walls. The small amount of
hexagonally packed material in the top band
(obtained by gradient centrifugation, prepara-

TABLE 1. Composition of walls and fractions from M. radiodurans R, and W,

5 . ’ White Lysozyme Phenol
Crude walls Pink band White band deposit | residue from | extract from
crude walls | crude walls
Component
pre};:l 11 pre‘glll 16 Rla[x)lrgr;g 1 preﬁxll 12 pre}‘)‘nl 15 preprll 12 Ri Ri
Lipid (%¢)............... 4.3 —a 26, 24 1 — 2.0 15 12
Carbohydrate (G¢)....... 3.3 6.1 15,13 2.1 3.5 2.2 6.2 6.1
P Co) oo 1.0 0.6 ND* | ND ND | 1.0 1.6 1.3
Proteinc................. + — + | — — — + +
Ornithinec.. ... ... ... ... + + —_ + + + — —
p-Galactose (%¢)........| 2.6 1.6 ND ND ND ND ND ND
p-Glucose (%).......... 0.5 1.1 + + + ND ND
Mannose®. . ............. + — + — — ND ND ND
Rhamnosec. . .......... .. bt — + -— — ND ND ND
Unknown neutral sugar..| + + ND l tr ND ND ND ND
Glucosaminec............ + + tr 4+ + + — —
Muramic acide. . ....... .. |+ + ‘ — ‘ + | + + — —

¢ Not found.
b Not looked for.

< Identified by paper chromatography or paper electrophoresis.

4 Trace.
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TABLE 2. Fatty acids of fractions from walls of TABLE 3. Amino acid and hexosamine composition of

Micrococcus radiodurans Ry (%, w/w, of total farty
acid methyl esters)

Micrococcus radiodurans wall fractions
(moles per 10* g)

Pink band
Fatty acid Phenol
carbon no. extract
Prepn 12 Prepn 14

12:0° 0.7 0.4 . 1.0
14:0° 0.8 0.9 3.2
15:0¢ 1.2 1.2 4.5
16:02 28.5 34.4 46.2
17:0° 3.25 4.8 13.6
18:0° 3.0 12.2 7.5

14:1% 0.3 0 0

15:1% 1.2 1.2 0
16:1° 45.0 22.1 1.3
17:1® 7.45 10.1 5.3

18:1% 7.45 13.2 0
branched 15 5.5
17 5.2

e Saturated straight chain acids.
b Monoenoic acids destroyed by bromination.

tion 15) was colorless and also contained no ex-
tractable lipids. There was insufficient material
for a full analysis of the top band, but it appeared
to consist mainly of carbohydrates. The mucopep-
tide constituents of purified wall preparation 15
from strain W,; (the deposit was removed by
gradient centrifugation) showed very similar ra-
tios (Table 4) to those found in the crude un-
fractionated walls (preparation 16), but the con-
centration of mucopeptide constituents was
higher in preparation 15. Both of the preparations
resembled the white band from strain R, , and
they contained no trichloroacetic acid-extractable
phosphorus.

Effect of lysozyme on wall structure and chem-
istry. When unfractionated walls of strain R;
were incubated with lysozyme, there was a rapid
change in morphology concomitant with a fall in
OD. After 5 min, when the OD of the suspension
had decreased slightly, the black spots in the
“holey” layer became larger, irregular, and less
well defined (Fig. 12a), whereas the hexagonal
patterns were more clearly delineated (Fig. 15d).
With longer digestion, the black spots gradually
became more diffuse and rare. After 2 hr (339,
fall in OD), the whole structure, although still
rigid and of the same shape as the original cell,
lost its characteristic appearance and showed
little ultrastructure. The dots in the middle of the
pegs of the hexagonal structures disappeared
after 30 min (Fig. 12b), but the connecting
spokes, although difficult to detect, were always
present. Even digestion for 21 hr did not alter
the exact alignment of the pegs, and Moiré
patterns could still be detected. However, the

R white/W: crude | _ W1
X . ban walls punﬁ%d Sark
Amino acid (plrze)pn (plrg)pn ‘Ev[;r;el):m p?p;lt‘i:doeb
Aspartic acid. . ... 0.88 | 0.24 | 0.24 | 0.90
Threonine.......| Q.48 | 0.19 | 0.23 | trace
Serine............ 0.43| 0.61| 0.22| 0.75
Glutamic acid....| 6.98 | 4.56 | 7.62 | 8.06
Proline........... 0.24| 0 trace | 0
Glycine. . ....... 12.65 | 9.83 | 14.80 | 19.85
Alanine. ......... 11.55 | 7.66 | 13.05 | 14.90
Half-cystine. . .. .. 0 0 trace | trace
Valine.......... 0.48 | trace | 0.22 | trace
Diaminopimelic
acid............ trace | trace | trace | 0.42
Methionine. .. .... 0.24| 0.17 | 0.28| 0.12
Isoleucine .. ...... 0.24 | trace | 0.10 | trace
Leucine. .. ... . 0.56 | 0.11 | 0.34 | trace
Tyrosine. . . . ... 0.16 | trace | trace
Phenylalanine. ...| 0 0 0 0
Lysine........... 0.44| 0.60| 0.39| O
Ornithine. .......| 8.17 | 5.08 | 9.60 | 11.6
Histidine. .......| 0.09| O 0 0
Arginine. . ... ... 0.32 | trace | O trace
Glucosamine. . . .. 6.80| 460 7.50| 6.94
Galactosamine. . .| 0.32 | 0.09 | trace | 1.34
Muramic acid....| 7.78 | 5.52 | 8.85| 8.81
Nitrogen (%).....| 8.8 6.0 7.3 |12.8
e Density gradient centrifugation, deposit

removed.
b Nonprotein, nondialyzable fraction from
lysozyme digest (38).

TABLE 4. Molar ratios of mucopeptide constituents

. Sark Wi

Constituent Rl')::]}gte pl:;fiod-e “{,:Vgﬁ;de D;;lﬂsead
Glutamic acid....| 1.0 1.0 1.0 1.0
Glycine. . ....... 1.8 2.5 2.1 1.9
Alanine. ......... 1.7 1.9 1.7 1.7
Ornithine. . ......| 1.2 1.4 1.1 1.2
Glucosamine. ....| 0.97 | 0.93| 0.96 | 0.98
Muramic acid. . . .| 1.1 1.1 1.2 1.2

e See Table 3.

outlines of the structures were no longer clear-cut
and a lot of structureless background was pres-
ent. Some sheaves were still visible in portions
of residues that retained the cell shape.

Between 80 and 909, of the wall weight was
solubilized by incubation with lysozyme for 21
hr, but no color went into solution. The residue
was pink and was apparently composed mainly
of lipoprotein-polysaccharide (Table 1); it con-
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tained 159, extractable lipids, 6.39, carbohy-
drate, and only the amino acids of proteins. No
muramic acid or ornithine was present, indicating
that the mucopeptide component had been re-
moved.

The white holey layers from fractionated walls
of strains R, and W; (preparations 12 and 15)
were not completely solubilized by lysozyme.
Very small resistant residues (less than 59, of
starting weight) remained. These residues con-
tained no muramic acid and only traces of glu-
cosamine, but their other sugar components were
the same as those of the original wall fraction. A
change in amino acid composition from the
typical mucopeptide pattern of untreated ma-
terial was, however, noted by paper chroma-
tography. Lysozyme-resistant residues not only
had lost all their ornithine, but also contained
considerably more aspartic acid and threonine
relative to glutamic acid, glycine, and alanine
(still the dominant amino acids); valine and
leucine became slightly more prominent, and
cystine and arginine appeared.

Detailed analysis was carried out on the solu-
ble lysozyme digest of crude walls of strain
Sark, after removal of soluble protein and di-
alyzable substances (38). This fraction is desig-
nated as “soluble mucopeptide.” The propor-
tions of amino acids and amino sugars (Tables
3, 4) were remarkably similar to those found in
the white band from strain R;, except for smaller
proportions of nonmucopeptide constituents in
the soluble mucopeptide.

Effect of aqueous phenol on cell walls. Treat-
ment of whole walls of M. radiodurans R, with
aqueous phenol for 2 hr removed all the hexago-
nally packed structures. Structures resembling
myelin figures were sometimes observed micro-
scopically, lying beside the walls. These struc-
tures probably represent the dissolved lipopro-
tein which had not been washed away (5). Short
treatments of only 2 min did not remove the
hexagonal structures. When the material was
shaken for 4 hr with phenol, all the diamino-
pimelic acid and most of the protein were re-
moved. Extractable material was apparently
partly lipoprotein in nature (Table 1); lipid,
protein amino acids, and meso- and LL-diamino-
pimelic acid were major constituents, but there
was no ornithine or muramic acid. The fatty
acids were fairly similar to those of the lipopro-
tein pink layer (Table 2), except that palmitoleic
acid was greatly decreased, C17:0 was increased,
and some branched-chain acids were observed.

DIScUSSION

This investigation shows that the walls pre-
pared from pink strains (R; and Sark) of M.
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radiodurans consist of at least three layers which
differ morphologically and chemically. The mor-
phological results agree with those of Murray
(personal communication) and Thornley et al.
(35), except for the absence in our wall prepara-
tions of a smooth membranous outer layer
observed by Thornley in cell preparations disin-
tegrated for a very short time. The outer struc-
ture in the walls we observed was the “network,”
and this structure was removed by trypsin.
Therefore, the ‘“network’ may either contain
protein or have peptide bonds binding it to the
rest of the wall.

The Moiré patterns observed in the hexagonally
packed regions are artifacts, shown here and else-
where (15) to originate from displacement of two
identical superimposed hexagonal patterns. These
regions, containing peglike structures packed in
hexagonal arrays, were soft and fragile and were
partly detached during handling. They may be
located in the wall either as two layers exterior
to the holey layer, or, as suggested by Glauert
(15), as a single exterior layer which is folded in
places, or as one innermost layer, visible as a
collapsed bag with its opposite sides pressed
together (a situation analogous to that observed
in collapsed phage polyhead tubes; 17). It is
impossible to decide on any one of these alterna-
tives. Figure 7a suggests that there is a double
layer outside the “holey” layer; Fig. 7b could be
interpreted as showing fragments emerging from
within the wall, whereas Fig. 9 suggests that
separated fragments may themselves form bags
since single rows of pegs are visible all around
the boundaries of many fragments.

The infrequency with which the hexagonal and
holey layers were completely separated suggests
that they are closely associated in normal prepa-
rations and are probably only visible after tear-
ing of the fragile hexagonal layer. The holey
layer, which contains the mucopeptide compo-
nent, retains the shape of the cell, although its
pattern appears to be deformed during prepara-
tion. When the original alignment of the unde-
formed holey and hexagonal patterns is main-
tained, the rarely observed composite pattern
probably results. The axial position of these two
layers in the wall cannot be revealed by thin sec-
tioning, owing to the fact that the hexagonal
layer cannot be identified in section, as it shows
no differential staining.

Components characteristic of lipoproteins and
polysaccharides were present in the soft hexago-
nal layer, and mucopeptide components were
present in the more rigid holey layer. The pres-
ence of lipid, protein, and polysaccharide, in
addition to mucopeptide, although exceptional
in walls of gram-positive bacteria, is common-
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place among gram-negative bacteria. Several
such layers were described in Escherichia coli
(20); they were not separated intact, but their
structure and chemistry were deduced after step-
wise removal of each component (20). Regular
patterned layers in the outer structures of Lampro-
pedia hyalina and Spirillium serpens showed hex-
agonal packing (8, 26) but the fine structures of
these organisms differed from those of M.
radiodurans. A second layer exhibiting a very
regular distribution of holes was also found in
L. hyalina, but it bore no relation to the holey
layer of M. radiodurans, either in appearance or
function, since it occurred in a delicate envelope
surrounding groups of cells. It is probable that
the lipid-containing layer of M. radiodurans
walls does not contain the lipopolysaccharides
characteristic of walls of gram-negative bacteria,
as no heptoses could be found. Carotenoids,
responsible for the pink color, are known to be
present both in the cells (22) and in the walls
of M. radiodurars R, (Work, unpublished data).
Other pigmented gram-positive cocci possess
carotenoids localized in the cytoplasmic mem-
branes (31), the site of almost all the lipids of
gram-positive bacteria.

The physical separation of the pink and white
components of the walls of M. radiodurans R,
apparently required two enzymatic steps, autolysis
and digestion with trypsin. In the normal prepa-
ration of walls, the suspension was heated
immediately after cell breakage to destroy auto-
lytic enzymes. In a preparation (12) in which
separation occurred, morphological investiga-
tions resulted in the broken cells being left at
room temperature for an unrecorded period of
time (not more than 2 hr). To repeat the separa-
tions, it was necessary to incubate the broken
cells for as long as 5 hr at 37 C. The results
of preparation 12 cannot be explained.

Autolysis was also observed in whole cells
stored as pads at 2 C. In one preparation only,
where whole cells were stored as pads for 5 days,
a subsequent separation of wall components
occurred after trypsin treatment. Glauert (15)
reported that an unheated fragmented wall
preparation of M. radiodurans, stored for 2.5
years at 5 C, lost its entire “holey”’ layer. Unex-
plained potentiation of autolysis by trypsin was
observed in Streptococcus (6, 33). The site of
attack on M. radiodurans by its autolytic system
was different from the site of attack of lysozyme,
since the dark dots in the middle of the pegs in
the ‘“hexagonal” layer were not affected by
autolysis, whereas these dark dots disappeared
during lysozyme treatment.

Lysozyme did not solubilize the entire holey
mucopeptide layer; there remained a bag-shaped
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residue which had lost all its muramic acid and
glucosamine and had a different amino acid pat-
tern from the original mucopeptide. It is not
possible to say whether this lysozyme-resistant
component is another layer on which the holey
structure is superimposed, or whether the lyso-
zyme-resistant component is evenly dispersed in
the holey fraction. It is noteworthy that the
sheaves or ribbonlike inclusions were also un-
affected by lysozyme (Fig. 11, 12a). No explana-
tion of these inclusions can be made.

The chemical composition of the walls confirms
that M. radiodurans is an atypical gram-positive
bacterium, as suggested by Work (38). Separa-
tion of the lipoprotein-polysaccharide fraction
resulted in confirmation of the mucopeptide com-
position previously deduced from examination of
the soluble nondialyzable lysozyme digest (38).
The diamino acid of the mucopeptide, L-ornithine,
was identified in one other species (21); D-orni-
thine was present in the walls of several species of
bacteria (12, 27, 37). Glycine was found in some
staphylococcal and micrococcal mucopeptides,
but most species contained aspartic acid and
serine instead (4). Ribose, a common sugar in
coccal walls, was not found in M. radiodurans
walls. The lipoprotein-polysaccharide was un-
usual in that it contained significant amounts of
odd-numbered fatty acids, which are not fre-
quently found in bacteria. Rhamnose is known to
be associated with bacterial lipid and polysacchar-
ide fractions.

The constant occurrence of small amounts of
meso- and LL-diaminopimelic acid in the muco-
peptide fractions of walls of M. radiodurans is
puzzling, since this amino acid is seldom found
in conjunction with other diamino acids. A lipo-
protein fraction extracted by aqueous phenol from
walls of strain R, (but not from W,), was rela-
tively rich in this amino acid but contained no
detectable ornithine. This suggests that diamino-
pimelate is not associated with mucopeptide in
M. radiodurans.

Comparison of pink parent R; strain and the
white W; mutant suggests that their mucopeptides
are similar but that the lipoprotein component is
largely absent from strain W;. However, a small
amount of a component exhibiting typical hex-
agonal packing was observed in walls from strain
W, (Fig. 9). This component was once separated
as a colorless lipid-free preparation, suggesting
that the lipid component is not responsible for the
hexagonally packed pegs and spokes of the wall
of strain Rj. Strain Wi, although highly resistant
to radiation, had an exponential survival curve
to X-rays, instead of the sigmoidal curves shown
by pink strain Ry (22, 23). It is not known if the
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loss of the carotenoid and lipid components are
responsible for this difference.

This investigation of wall morphology and
chemistry did not provide any direct clue to
explain the high radiation resistance of M. radio-
durans. The only features entirely specific to the
walls of this organism are the holes, which com-
pletely traverse the mucopeptide layer and pos-
sibly align with other holes in the center of the
pegs in the hexagonal layer.
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