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ABSTRACT

The investigations described in this dissertation are presented in

two parts.

Part I deals with the mode of segregation of the pneumococcal wall
teichoic acid during cell growth and division. Teichoic acid was labeled
with 3H-choline (a teichoic acid-specific constituent of pneumococci) or
an analogue, and its distribution among progeny cells over several gener-
ations was followed by autoradiography. The results confirm the zonal-

growth model for Gram-positive coccal cells.

In Part II, the pneumococcal Forssman antigen is identified as a
membrane lipoteichoic acid. The following lines of evidence suggest that
the teichoic acid chains of the molecule may be identical to those found
in the cell wall: (1) they are both composed of the same chemical con-
stituents, including choline; (2) they are both cleaved by periodate and
by nitrous acid into choline-containing fragments of similar size; (3)
previous investigators demonstrated serological cross-reactivity between
the two (Goebel, W. and Adams, M.H., 1943, J. Exp. Med. 77:435-449).
Membrane localization of the F—anfigen is suggested by the following ob-
servations: (1) the F-antigen is accessible from the surface of whole
pneumococci; (2) it is not solubilized by muralytic enzymes; (3) it con=-
tains lipophilic regions, and is associated with a particulate cell
fraction by hydrophobic interactions. The possibility that the lipotei-
choic acid may be a precursor to the wall teichoic acid is ruled out by

pulse-chase studies.
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INTRODUCTION

The purpose of this Introduction is to offer a brief overview of
the current general knowledge concerning bacterial surfaces, in order
to provide an appropriate perspective for the investigations which form
the basis of this dissertation. A great deal of information is current-
ly available on this subject; this overview is by no means intended to
cover the field with any degree of thoroughness. Many review articles,
on various aspects of bacterial surfaces, have recently appeared in the
literature, and the reader is referred to several of these reviews in

the paragraphs that follow.

Bacterial Envelopes

General remarks: From a simple standpoint, the bacterial enve-

lope consists of two parts: the plasma membrane, which surrounds the
cytoplasm of the bacterial cell; and the cell wall, which is located
just exterior to the plasma membrane. A mucilaginous '"capsule' may or

may not be located exterior to the cell wall.

The plasma membrane of bacteria is essentially similar to the
membranes of eukaryotic cells. It is composed primarily of lipids and
proteins. In this sections, viewed by electron microscopy, the membrane
is v 75 Z thick, and under appropriate fixation and staining conditions
appears as a ''double track.'" A substantial number of enzyme activities
which are generally associated with membranes in eukaryotic cells have
been shown to be associated with bacterial plasma membranes; these in~
clude phosphorylation (e.g., ATPase, hexokinase), transport of molecules
and ions, electron transport, lipid metabolism, etc. (Kaback, 1973;
Salton, 1964; 1967). Also, the biosynthesis and extracellular transport
of wall components (e.g., peptidoglycan, lipopolysaccharide) has been
shown to be associated with the plasma membrane (Ghuysen, et al., 1968;
Glaser, 1973; Salton, 1967). Bacterial membranes have been the subject
of several recent review articles (e.g., Machtiger, et al., 1973; Salton,
1967) .



The bacterial plasma membrane differs significantly from that of
eukaryotic cells in that, in eukaryotic cells, the membrane serves as
the direct communicator between the cell and its environment, whereas
in bacteria, this role is largely assumed by the cell wall. The cell
wall is also responsible for the maintenance of cell shape (Salton, 1964;
Weidel & Pelzer, 1964; Henning & Schwarz, 1973), and for at least some
osmotic protection of the bacterial cell; the latter is demonstrated by
the fact that spheroplasts and protoplasts (bacteria which have "lost"
their normal walls, through the action of either wall-lytic enzymes,
such as lysozyme, or inhibitors of wall syﬁthesis, such as penicillin)
require much greater osmotic protection from their environment (e.g.,
high salt or sucrose concentrations) than do the bacteria from which
they were derived (Mitchell & Moyle, 1957; Salton, 1964). Bacterial
walls seem to be of two general types, correlated with whether the bac-
terium is Gram-positive or Gram—negative. This distinction is based on
the Gram staining procedure: bacteria which retain the purple color of
the crystal violet-iodine complex, despite washing with alcohol, are
Gram-positive, while those which are discolored by the alcohol extrac-—
tion are Gram—negative. The correlation between Gram-type and wall
structure is based on empirical observation; to date, the actual basis
for the Gram-stain differentiation is not known (Salton, 1964; Bartholo-
mew & Mittwer, 1952).

The Gram-positive wall: In electron-microscopic cross-section,

the walls of Gram-positive bacteria generally appear as uniformly-
staining structures, 150-800 & thick (Salton, 1964). The plasma mem-
brane appears to make frequent contact with the inner face of the wall.
The walls exhibit no obvious differentiation into layers, although some-
times the inner and/or outer faces appear slightly darker-staining than

the rest of the wall.

The cell wall is composed of cross-linked polymers; it is the
high degree of cross-linking which presumably imparts the characteristic
rigidity of shape to the wall. The "ubiquitous" cell wall structural
polymer is the peptidoglycan (murein); in a typical Gram-positive



organism (Diplococcus pneumoniae), this comprises v 507 of the dry weight

of the isolated wall (Mosser & Tomasz, 1970). The peptidoglycan consists
of "glycan'" strands of alternating N-acetyl-D-glucosamine and N-acetyl-
muramic acid (unique to bacterial walls) in B-1,4 linkage (Ghuysen, 1968;
Ghuysen, et al., 1968; Salton, 1964). Attached via amide linkage to the
carboxyl groups of at least some of the muramic acid residues are short
peptides whose amino acid sequences vary from species to species; exam-
ples of typical structures for such peptides are: muramyl-L-alanyl-D—-

glutamyl-y-L-lysyl-D-alanine (e.g., Staphylococcus aureus, Streptococcus

pyogenes), or muramyl-L-alanyl-D-glutamyl-y-diaminopimelyl-D=~alanine

(e.g., Bacillus subtilis). Cross-linking of the peptidoglycan is achieved

by the covalent linkage of these peptides to one another, either directly
(via amide linkage between the carboxyl terminal of one peptide and a
free amino group, e.g., on lysine or diaminopimelate, on the other), or
through a "bridging" peptide (Ghuysen, 1968; Ghuysen, et al., 1968;
Salton, 1964).

In addition to the peptidoglycan, the Gram—-positive wall may also
contain additional polymeric wall components, such as carbohydrates (e.g.,
the Group-specific somatic carbohydrates of streptococci) (Lancefield,
1941; McCarty, 1970; Salton, 1964), proteins (e.g., the type-specific M
proteins of streptococci) (Lancefield, 1941; 1962; Salton, 1964), ‘
teichoic acids (polymers of ribitol phosphate or glycerol phosphate,
discussed in greater detail below), and teichuronic acids (uronic acid-
containing polymers) (Glaser, 1973; Salton, 1964; Wu & Park, 1971). Such

"auxiliary" wall polymers are probably all covalently bound into the wall.

The Gram—negative wall: 1In electron-microscopic cross-section,

the Gram-negative cell envelope is seen to consist of three distinct
layers: the rigid, thin peptidoglycan layer (Salton, 1964; Weidel &
Pelzer, 1964) (¢ 20-30 K) is sandwiched between two membranes, the plasma
membrane and the outer, or wall, membrane. As is the case in Gram-
positive bacteria, the plasma membrane makes frequent contact with the
peptidoglycan layer (Bayer, M.581968; Bayer, M.E., 1968). The outer

membrane is a true membrane: under appropriate staining conditions, it



appears as a 75-85 Z bilayer in cross-section, .and it is rich in phospho-
lipids and proteins; the structural integrity of this membrane is highly
dependent on divalent cations. The outer membrane contains the lipopoly-
saccharide (LPS) of the Gram—negative envelope. The LPS is a complex
heteropolysaccharide; covalently bound to a specific glycolipid known as
"lipid A." The polysaccharide portion consists of a "core" region of
invariant structure, and an "O-antigen" region which determines the anti-
genic specificity (serotype) of the bacterial strain. The structure and
biosynthesis of LPS has been extensively reviewed elsewhere (Osborn, 1969;
Nikaido, 1973).

In E. coli, an interesting "structural protein' has been described,
which is covalently bound at one end to peptidoglycan and at the other
end to a lipid which is believed to be associated with the outer membrane;
this protein thus serves as a "bridge" between these two envelope. layers
(Braun & Bosch, 1972; Glaser, 1973). It is likely that such '"vertical"

components exist in the envelopes of other bacteria.

The Walls of extreme halophiles: The halobacteria (Halobacterium

halobium, H. salinarium) require high environmental salt concentrations

(4M) in order to maintain the structural integrity of their walls; in
solutions of low molarity, these bacteria lyse (Stoeckenius & Kunau, 1968;
Stoeckenius & Rowen, 1967). The extremely halophilic cocci (Sarcina

litoralis, S. morrhuae) do not lyse in dilute solutions, but do lose their

Gram-positive character (Brown & Cho, 1970; Henning & Schwarz, 1973).

These halophiles contain no peptidoglycan and no muramic acid. The walls

of the halobacteria are composed of proteins (Stoeckenius & Kunau, 1968;
Stoeckenius & Rowen, 1967); those of the halophilic Sarcinae seem to con-
sist largely of polysaccharides containing relatively little amino sugars
(Brown & Cho, 1970).

Teichoic acids: Teichoic acids are found among the Gram-positive

bacteria (and some closely-related Actinomycetes) (Archibald & Baddiley,
1966). In their simplest form, they consist of either polyglycerophosphate
or polyribitolphosphate. Most teichoic acids contain additional substi-

tuents, usually amino acids (e.g., D-alanine in ester linkage) and/or



sugars (in glycosidic linkage) as side chains attached to hydroxyl groups
of the glycerol or ribitol residues; less frequently, substituents may be
intercalated into the linear backbone of the polymer (Archibald & Baddi-
ley, 1966; Archibald, et al., 1968; Knox & Wicken, 1973).

The teichoic acids occur in two forms: as "wall" teichoic acids
and "membrane'" teichoic acids. The wall teichoic acids are covalently
associated with the peptidoglycan, probably through a phosphate bridge to
muramic acid residues in most or all cases (Knox & Wicken, 1973;
Archibald, et al., 1968); they may account for up to 50% of the dry weight
of the wall (Archibald & Baddiley, 1966; Salton, 1964). It has been re-
ported that walls of Gram-positive bacteria do not always contain teichoic
acids (Archibald & Baddiley, 1966; Glaser, 1973; Knox & Wicken, 1973) and
it has been reported that sometimes more than one "species" of teichoic
acid may occur in the wall of a single bacterium (Glaser, 1973; Knox &
Wicken, 1973); some bacteria produce wall teichoic acids only under par-
ticular growth conditions (Glaser, 1973; Knox & Wicken, 1973), and it may
be that some bacteria produce different kinds of teichoic acids under
different conditions. In general, each species of Gram-positive bacteria
seems to produce a characteristic wall teichoic acid (Archibald & Baddi-
ley, 1966; Archibald, et al., 1968). The teichoic acids are usually anti-
genic, and sometimes account for certain species-characteristic antigenic
activities (e.g., the somatic C carbohydrate of pneumococci, the group D
antigen of streptococci, the '"polysaccharide A" of staphylococci)
(Archibald & Baddiley, 1966; Knox & Wicken, 1973; Salton, 1964). In some
bacteria, the wall teichoic acids serve as receptor sites for bacterio-

phages (Glaser, 1973).

The membrane teichoic acids, or lipoteichoic acids, are associated
with the plasma membranes of the cells; they are presumably anchored in
the membrane structure by the lipid moieties (glycolipid) to which they are
covalently bound (Coley et al., 1972; Knox:&<Wicken, ‘1971; 1973; Toon et al.,
1972) . Lipoteichoic acids are believed to occur in all Gram—positive
bacteria, whether or not the bacteria contain wall teichoic acids (Knox &
Wicken, 1973; Archibald & Baddiley, 1966; Archibald, et al., 1968). Until



recently, the only lipoteichoic acids known were all of the polyglycero-
phosphate variety (Archibald & Baddiley, 1966; Archibald, et al., 1968;
Knox & Wicken, 1973); although some ribitol-containing teichoic acid was
occasionally found in non-wall fractions, such materials were considered
to be contaminants due to partial disintegration of walls during the
cell-fractionation procedure (Archibald & Baddiley, 1966). However, it
is now known that pneumococci possess a ribitol-containing lipoteichoic
acid (Briles & Tomasz, 1973; see Part II of this dissertation), and it
is likely that ribitol-containing lipoteichoic acids will be found in

other bacteria also.

Not very much is known about the biosynthesis of teichoic acids.

Teichoic synthetases have been found in Bacillus subtilis and B. licheni-

formis (Glaser, 1973; Mauck & Glaser, 1970) which catalyze the formation
of polyglycerophosphate from CDP-glycerol precursors; these enzymes are
firmly associated with the plasma membranes of these bacteria. Recently,
the B. subtilis enzyme has been solubilized with non-ionic detergents
(Mauck & Glaser, 1970), and was shown to require a heat-stable "acceptor"
molecule which is probably the membrane lipoteichoic acid; the signifi-
cance of the requirement of this eﬁzyme for a "primer" is not yet clear.
Undecaprenol phosphate, a lipid involved in the biosynthesis of peptido-
glycan (Ghuysen, et al., 1968; Osborn, 1969), has been implicated in the
biosynthesis of wall teichoic acids (Glaser, 1973), but its role is still

a matter of controversy.

The teichoic acids have been the subject of several recent review
articles, to which the reader is referred for more detailed information

(Archibald & Baddiley, 1966; Knox & Wicken, 1973; Archibald, et al., 1968).

Growth of the Bacterial Surface

Growth of the membrane: The problems of membrane growth and assem-

bly are far too complicated to be dealt with in this Introduction; the
reader is referred to a recent review article which provides a good sum-
mary of the questions involved and the kinds of experiments which have

been performed in efforts to answer them (Machtiger & Fox, 1973). The



interpretation of many of these experiments, particularly those which try
to answer the question of whether or not membrane growth occurs at a limi-
ted number of fixed sites on the cell surface (Green & Schaechter, 1972;
Lin, et al., 1971; Machtiger & Fox, 1973), is made especially difficult
by the fact that the plasma membrane is fluid; that is, diffusion readily
occurs in the plane of the membrane, and thus randomization of membrane
elements may occur even if the initial incorporation of these elements

into the membrane is not itself a random process.

In the special case of the outer membrane of Gram—-negative organ-
isms, the elements of this membrane (e.g., lipopolysaccharide) are syn-
thesized at the plasma membrane, and must be transported through the
rigid layer of the wall to the outer membrane (Glaser, 1973; Kulpa &
Leive, 1972; Nikaido, 1973); again, the possibility of diffusion in the
planes of both membranes makes detection of fixed sites of transport

(should they exist) virtually impossible.

Growth of the wall: The biosynthesis of peptidoglycan and of

lipopolysaccharide (LPS) are understood in rather elaborate detail
(Osborn, 1969; Nikaido, 1973); however, the mode of assembly of the cell
wall is not nearly so well understood. The method by which bacterial
cells increase their surface area during growth and division has been a

subject of investigation and some controversy for some time now.

It is generally believed that coccal-shaped bacterial walls grow
in a manner that is significantly different from rod-shaped walls. This
belief is based in part on empirical evidence (see below), and in part
on the notion (which is probably an oversimplification) that the rod-shape
is more complex than the coccus, because it consists of '"coccus-type" ends
Plus cylindrical midportions. There is some evidence for this topological
distinction: Hartmann, H61ltje, and Schwarz (1972) have observed that
there are two distinct targets of penicillin action in E. coli, one of
which seems to be involved with cellular elongation (cylinder formation),
while the other seems to be involved with cell division (septum or

"coccus-shaped end" formation).



The early experiments on cell-wall growth are reviewed in detail
by Cole (1965). Studies in which "o0ld" and "new" cell surfaces were
visually differentiated by staining with fluorescently-labeled antibodies
suggested that, in Gram-positive cocci (e.g., streptococci, pneumococci)
(Cole & Hahn, 1962; Wagner, 1965), old walls were conserved as intact
hemispheres, while new wall material was inserted between the o0ld hemi-
spheres of the growing cells. Similar immunofluorescence studies on
Gram-negative bacilli (e.g., E. coli, Salmonella) suggested that "new"
and "o0ld" wall materials were randomly mixed on the cell surface (Cole,
1965; May, 1963). Such a result might have been expected, because the
antigenic sites to which the labeled antibodies were directed were situ-
ated in the outer membrane and could thus probably diffuse in the plane
of that membrane. However, the autoradiography experiments of Van
Tubergen and Setlow (1961), in which tritiated diaminopimelic acid was
used to specifically label the peptidoglycan of E. coli, seemed to be in

agreement with the immunofluorescence findings on this organism.

The conclusion drawn from these results was that Gram—positive
cocci increased their surface areas by the addition of new wall materials
at "growing zones'" located at the bacterial equators, while Gram—negative
rods increased their surface areas by the addition of new wall material

at points all over the surfaces of the cells.

More recent experiments, in which "o0ld" wall was distinguished
from "new'" wall by wall-specific radiolabel (Barak & Tomasz, 1970; Briles
& Tomasz, 1970; see Part I of this dissertation), resistance to a muraly-
tic enzyme (Tomasz, et al., 1971), or differences in wall thickness
(Shockman & Higgins, 1971), have amply confirmed the zonal-growth model
for coccal walls. Interestingly, this model seems to apply only to the

normal growth of the wall surface area; e.g., under abnormal growth condi-

tions, wall synthesis per se need not necessarily be limited to an equa-
torial region of the cell (Higgins & Shockman, 1970; Shockman, 1965;
Shockman & Higgins, 1971).

Unfortunately, the question of how the wall surface area is in-

creased during cell growth and division has not yet been as unambiguously
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answered for rod-shaped bacteria as it has been for cocci. Uniform dis-
persion of old wall among E. coli progeny cells, first observed by Van
Tubergen and Setlow (1961), has recently been confirmed by Lin, et al.
(1971). However, by labeling "new'" wall with a pulse of tritiated dia-
minopimelic acid, Ryter, et al. (1973) have shown that, in isolated
sacculi (rigid peptidoglycan layer) of E. coli, new material first
appears at a "growth zone'" at the center of the cell, but that this new
wall material becomes rapidly redistributed over the whole surface (with-
in a quarter of a generation-time). Mauck and Glaser (1972) and Glaser
and Mauck (1973) have reported that "old" wall material of B. subtilis
and B. megaterium (Gram-positive rods) becomes uniformly dispersed among
progeny cells, as is the case for Gram—negative rods. However, these
bacteria are unusual in that they exhibit a remarkably high rate of wall
turnover; 507 of the peptidoglycan and teichoic acid is lost per genera-
tion, and this loss seems to occur randomly over the whole cell surface

(Mauck & Glaser, 1970; Glaser, 1973).

Muralytic enzymes probably play a significant, though as yet
relatively obscure, role in wall growth and morphogenesis; the reader
is referred to several recent articles in the literature for more de-
tailed information (Heptinstall et al., 1970; Tomasz, 1968; Tomasz &
Westphal, 1971; Tomasz, et al., 1971; Glaser, 1973).

With respect to the question of whether the entire wall is assem-
bled in a synchronous fashion, the early immunofluorescence data on strep-
tococci suggested that this was the case (Cole, 1965); however, more re-
cent studies by Swanson, et al. (1969) and by Shockman and Higgins (1971)
and Higgins and Shockman (1970) on M-protein incorporation and peptido-
glycan incorporation, suggest that, at least under special circumstances,

wall components can be added to pre-existent wall.

The Pneumococcal Cell Surface

Capsules: Bacterial capsules are composed of polymer gels located
exterior to the cell wall. These gels are usually composed of highly-
hydrated polysaccharides (containing 907 water), and shrink drastically
upon desiccation; fully hydrated, they are usually at least 2000 R thick.
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Their presence on the bacterial surface is not readily visualized by di-
rect microscopy, due to their low density and high water content; but they
can be made visible by light microscopy, either by negative staining with
India ink, or by reaction with capsule-specific antibodies (Neufeld's
"swelling" reaction). Capsules are generally not necessary for bacterial
viability; encapsulated bacteria ("S," or smooth-colony-forming strains)
can be stripped of their capsules, either mechanically or enzymatically,
with no loss of viability; and non-encapsulated ("R," or rough-colony-
forming) mutant strains can be isolated (Salton, 1964; Burger, 1950;
Davis, et al., 1967; White, 1938; Wilkinson, 1958).

The pneumococcal capsule consists solely of the type-specific poly-
saccharides plus water. The type-specific capsular polysaccharides are of
tremendous historical significance, since they figure prominently in the
development of modern immunochemistry, genetics, and the pre-antibiotic
methods of treatment and prevention of bacterial diseases (Burger, 1950;

Davis, et al., 1967; White, 1938; Heidelberger, 1956; Corner, 1964).

Until the discovery, by Avery and Heidelberger (Avery & Heidel-
berger, 1923; Heidelberger & Avery, 1923), that the pneumococcal capsular
antigens were carbohydrates, it had been generally believed that all
immunogens were proteinaceous. This fundamental breakthrough in immuno-
chemistry paved the way for the now-classical studies on the relationship
between the specific chemical structure of an antigen and the recognition

of that antigen by antibodies (Heidelberger, 1956; Davis, et al., 1967).

The ability of pneumococci to undergo genetic "transformation" had
been recognized as early as 1928. The experiments of Griffith (1928),
Dawson and Sia (1931), and Alloway (1933) demonstrated the existence of a
"transforming principle" which was capable of transferring heritable cap-
sule properties from one strain of the bacteria to cells of another strain.
The classical work of Avery, MacLeod, and McCarty (1944) established that
the "transforming principle" consisted of DNA; their study represents the

first implication of DNA as the source of genetic information.

The pneumococcal capsule is responsible for the pathogenicity of
this bacterial species; rough strains are nonpathogenic, presumably be-

cause the absence of the capsule permits the bacteria to be ingested by
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the phagocytic cells of the immune system. Encapsulated bacteria resist
phagocytosis unless they are coated with capsule-specific antibodies.
Prior to the introduction of antibiotics (e.g., sulfonamides, penicillin)
in the late nineteen-forties, pneumococcal pneumonia was treated (in the
first half of the twentieth century) by the administration of type-
specific antiserum (usually obtained from horses). Such treatment re-
quired the precise serological identification of the infecting pneumo-

coccal "type" (Burger, 1950; Corner, 1964; White, 1938; How, et al., 1964).

Studies of the type-specific antigenic properties of pneumococci
led to the discovery, by Tillet and co-workers in 1930, of a "somatic"
or "C"-antigen, which is common to all pneumococci regardless of encap-
sulation (Tillet & Francis, 1930; Tillet, et al., 1930). The C-antigen
is now known to be the wall teichoic acid of the pneumococcus, and is

discussed in greater detail below.

The pneumococcal cell wall: The pneumococcal cell wall is typical

of Gram-positive coccal walls in general. It is 170 & thick (Tomasz, et

al., 1964), and contains a peptidoglycan essentially similar to those of

Staphylococcus aureus or Streptococcus pyogenes (see above) (Mosser, 1970;
Mosser & Tomasz, 1970). The peptidoglycan accounts for A 50% of the dry
weight of isolated (trypsin-treated) cell walls (Mosser, 1970; Mosser &
Tomasz, 1970); the remaining 507 is accounted for by the teichoic acid
(Mosser, 1970; Mosser & Tomasz, 1970). The pneumococcal teichoic acid is
perhaps the most complex teichoic acid studied to date, and contains
phosphate, ribitol, glucose, galactosamine, choline, and a trideoxydiamino-
hexose (in molar ratio 2:1:1:1:1:1) (Brundish & Baddiley, 1968). The pre-
cise structure of this teichoic acid is not yet known; however, Brundish
and Baddiley have demonstrated that the ribitol (as ribitol phosphate) and
diaminotrideoxyhexose residues are both in the linear backbone of the
chain, and that there is a B-linked phosphogalactosaminylglucose disaccha~-
ride unit either within the linear backgone or as a side-chain substituent
(Brundish & Baddiley, 1968). The teichoic acid chains are covalently
linked to the glycan strands of the peptidoglycan, probably through phos-
phate bridges at muramic acid residues (Liu & Gottschlich, 1967; Knox &

Wicken, 1973). The wall is susceptible to the action of an endogenous
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muralytic amidase (autolytic enzyme) (Mosser, 1970; Mosser & Tomasz, 1970).
This enzyme hydrolyzes the amide bond between the muramic acid of the
glycan and the N-terminal alanine of the peptide (Mosser, 1970; Mosser &
Tomasz, 1970), releasing soluble peptides and soluble glycan-teichoic acid
complexes. The glycan-teichoic acid complex has been shown to be identical
to the "C-carbohydrate'" isolated by Tillet, and others (Mosser, 1970;
Mosser & Tomasz, 1970; Brundish & Baddiley, 1967; 1968; Tillet & Francis,
1930; Tillet, et al., 1930); the C-antigenic activity has been shown to
reside in the teichoic acid (Brundish & Baddiley, 1967; 1968). The wall
is also believed to contain protein antigens (Austrian & MacLeod, 1949),
analogous to the M proteins of the Group A streptococci; these proteins
might account for the presence of small but significant amounts of certain
non-peptidoglycan amino acids in acid hydrolysates of isolated pneumo-

cocal walls (Mosser, 1970; Mosser & Tomasz, 1970).

The presence of choline residues in the teichoic acid is very in-
teresting, since this is not a usual component of polysaccharides.
Pneumococci have an absolute nutritional requirement for choline (Tomasz,
1967); they can neither synthesize nor degrade this molecule. 857 of the
choline taken up from the medium becomes incorporated into the wall
(Tomasz, 1967; Briles & Tomasz, 1973). In Part II of this dissertation,
evidence will be presented indicating that most, if not all, of the re-
maining choline of the cell is found in the membrane lipoteichoic acid -
(Briles & Tomasz, 1973). There is no detectable lecithin or sphingomyelin
in the pneumococcus (Tomasz, 1967; unpublished results); the only other
choline-containing compounds detected in the cell to date are phosphoryl-
choline and CDP-choline (Bean, 1970), which are presumed to be biosynthetic
intermediates in teichoic acid synthesis. This unusual situation with
respect to choline offers the opportunity of using radioactively-labeled
choline as a tag for teichoic acid; in this dissertation, experiments will

be described which take advantage of this opportunity.

A further unusual situation, which is exploited in some of the ex-
periments to be described, is that under conditions of choline deprivation,
the pneumococcus can be coerced into:incorporating certain choline ana-

logues (e.g., ethanolamine; N-monomethylethanolamine; N,N-dimethylethano-
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lamine) in lieu of choline. The substitution of ethanolamine (or N-
monomethylethanolamine) for choline is accompanied by several dramatic
pleiotropic effects: the bacteria become unable to completely separate
after cell division (thereby forming chains), they lose their character-
istic "solubility" in bile acids and detergents, they become resistant to
the action of penicillin, and they become unable to become genetically
transformed by exogenous DNA (Tomasz, 1968; Tomasz & Westphal, 1971).

It is possible that most, if not all, of these effects can be explained
by the observation that ethanolamine-containing walls are completely
resistant to the action of the pneumococcal autolytic enzyme (Tomasz &
Westphal, 1971). The significance of this observation is not entirely
clear; it may be that the choline-containing teichoic acid serves as an
allosteric ''recognition" site for the enzyme. In this regard, it is
interesting to note that normal (choline-containing) walls which have
been stripped of their teichoic acid by TCA or hot formamide treatment

do not serve as substrates for the autolytic enzyme (Tomasz & Westphal,
1971). Furthermore, when ethanolamine-containing walls, which are resis-
tant to the enzyme, are chemically methylated under conditions whereby
the ethanolamine residues become fully N-methylated (i.e., converted to
choline), they become susceptible to the action of the autolytic enzyme

(J.-V. Holtje and A. Tomasz, personal communication).

The pneumococcal Forssman antigen: Many bacteria contain antigenic

determinants which cross-react with the Forssman mammalian cell surface
antigens (Buchbinder, 1935; Jenkins, 1963; Springer, 19 ). Pneumococci,
regardless of capsular type, possess such an antigen (Bailey & Shorb, 1931;
Goebel & Adams, 1943; Goebel, et al., 1943).

Forssman antigens are generally defined as anything that is immuno-
logically cross-reactive with sheep red blood cells (or boiled sheep RBC
stromata). Such antigens are distributed widely through nature (Buchbinder,
1935). Recently, the Forssman hapten of sheep red cells and of horse
kidney has been identified as a ceramide polyhexoside, with a specific
hexose sequence of a-N-acetyl-D-galactosaminyl-1,3-8,D-galactosyl-1,
4-B,D-galactosyl-1,4-D-glucosyl-ceramide (Ando & Yamakawa, 1970). It is

likely that antibodies may recognize this hapten in more than one way,
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since many Forssman antigens in nature cross-react with the hapten but
not with each other (Buchbinder, 1935); therefore, it should not be ex-
pected that all Forssman antigens are ceramide polyhexosides. Not all
mammals carry the Forssman determinant; those that do are called
Forssman-positive (e.g., sheep, horses, cats, guinea pigs, foxes, dogs,
goats, whales; human type A blood group; etc.) (Buchbinder, 1935), while
those that do not are Forssman-negative, and are capable of producing
anti-Forssman antibodies when injected with Forssman antigens (e.g., rats,
pigs, rabbits, cattle, baboons; human types B and O blood groups; etc.)
(Buchbinder, 1935). Anti-Forssman antibodies are occasionally called
"heterophile" antibodies; however, the term "heterophile" can also be
used to describe any immunologically cross-reacting response between
dissimilar organisms, regardless of whether or not the antigens in

question are Forssman cross-reactive.

The pneumococcal Forssman antigen (F-antigen) was first accurately
described in detail by Goebel, Shedlovsky, Lavin, and Adams in 1943
(Goebel & Adams, 1943; Goebel, et al., 1943). They reported that the
F-antigen was serologically cross-reactive with the C-carbohydrate (wall
teichoic acid; see above) (Goebel & Adams, 1943). Upon elemental analy-
sis, they found that the F-antigen was similar to the C-carbohydrate;
however, the F-antigen contained 6 1/2% (by weight) of fatty acids which
the C-carbohydrate did not contain, and the two had different electro-

phoretic mobilities (Goebel, et al., 1943).

Recently, Fujiwara (1968; 1969) re-investigated and confirmed the
cross-reactive relationship between the pneumococcal "F-antigen" and the
mammalian Forssman haptens. Anti-pneumococcal-F-antigen-antibodies (of
rabbit origin) were shown to bind to the Forssman antigen of guinea pig
kidney; this binding was inhibitable with the Forssman hapten (ceramide
polyhexoside) of sheep red cells. However, the binding of anti-sheep
red cell antibodies to guinea pig kidney was not inhibitable with the
isolated pneumococcal F-antigen (Fujiwara, 1968); this is consistent with
the hypothesis that the pneumococcal F-antigen determinant shares some
structural features with the mammalian hapten, but that the two are not

identical. Fujiwara also reported that pneumococcal F-antigen was unable
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to elicit a hemolytic antibody response (as tested against sheep red cells)
in two Forssman-positive species (guinea pig and mouse), but did elicit a
hemolysin response in two Forssman-negative animals (rat and rabbit); this

is consistent with Forssman specificity (Fujiwara, 1969).

Fujiwara also corroborated and extended the findings of Goebel, et
al. (1943), and showed that the F-antigen contains ribitol, phosphate,
glucose, and galactosamine (in molar ratio 1:2:1:1), plus additional nitro-
gen which he could not account for (Fujiwara, 1967). Simultaneously and
independently, Brundish and Baddiley (1968) found the same components in
the C-carbohydrate that Fujiwara (1967) had found in the F-antigen, plus
choline and diaminotrideoxyhexose (see above). If it is assumed that the
diaminotrideoxyhexose and choline are also present in the F-antigen, then
that would account for almost all (80%) of the nitrogen that Fujiwara
could not account for. The presence of choline residues in the F-antigen
has now been established (Briles & Tomasz, 1973; see Part II of this

dissertation).

Studies presented in this dissertation: The investigations which

form the basis for this dissertation are presented in two parts.

Part I deals with the mode of segregation of the pneumococcal wall
teichoic acid during cell growth and division. Teichoic acid was labeled
with tritiated choline (or an analogue), and its distribution among
progeny was followed by autoradiography over several generations. The
results confirm the zonal-growth model for Gram—-positive coccal walls

(see above) (Barak & Tomasz, 1970; Briles & Tomasz, 1970).

In Part II, the pneumococcal Forssman antigen is identified as a
membrane lipoteichoic acid (Briles & Tomasz, 1973); evidence is presented
suggesting that the teichoic acid chains of this molecule may be identical
to those found in the pneumococcal wall (C-carbohydrate). The possibility
that the lipoteichoic acid may be a precursor to the wall teichoic acid is

ruled out by pulse-chase studies.
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METHODS

Chemical compounds used in these studies were all commercial

reagent-grade products, except as specifically otherwise noted.

" 'Growth of Bacterial Cultures

For the studies described in Part I of this dissertation,

Diplococcus pneumoniae, R36A (Avery, et al., 1944), clone R6, was rou-

tinely grown in a chemically-defined liquid medium (Cd-enriched). This
medium contains, per liter in distilled water: glycine, 47.5 mg;
L-alanine, 87.5 mg; L-valine, 180 mg; L-isoleucine, 190 mg; L-proline,
290 mg; L-serine, 147.5 mg; L-threonine, 112.5 mg; L-methionine, 77.5 mg;
L-tryptophan, 35 mg; L-aspartic acid, 180 mg; L-glutamic acid, 550 mg;
L-cysteine, 37.5 mg; L-histidine, 80 mg; L-tyrosine, 15.25 mg; L-
arginine, 100 mg; L-leucine, 250 mg; L-phenylalanine, 137.5 mg; L-lysine,
217.5 mg; sodium chloride, 2 g; sodium acetate (crystals), 2 g; magnesium
chloride (crystals), 500 mg; manganese sulfate (crystals), 22.5 ug;
calcium chloride (anhydrous), 2.5 mg; glucose (anhydrous), 2 g; sucrose,
250 mg; adenosine, 20 mg; uridine, 20 mg; L-glutamine, 25 mg; sodium
pyruvate, 250 mg; L-asparagine, 35 mg; biotin, 0.001 pg; nicotinic acid,
0.96 mg; pyridoxine HC1l, 1.12 mg; calcium pantothenate, 3.84 mg;

thiamine HCl, 0.73 mg; riboflavin, 450 ug; manganese chloride (crystals),
500 ug; ferrous sulfate (crystals), 800 Ug; copper sulfate (crystals),
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