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The composition of the cell wall of Streptococcus faecalis was examined for
the presence of specialised structures or components responsible for
attachment to host endocardial tissue in infective endocarditis <(IE).
Analysis of cells by sodium dodecylsulphate-polyacrylamide gel
electrophoresis  (SDS-PAGE), crossed immunoelectrophoresis (CIE) and
immunoblotting revealed that the protein and antigenic profiles of cells
grown in complex laboratory medium were different to those of cells grown
in conditions approximating to the in vivo environment. The antigenic
pattern of G. faecalis was more complex after growth in brain-heart
infusion than after growth in serum. Growth in serum resulted in expression
of three major protein antigens, 73, 40 and 37K, which were characteristic
of S. faecalis species and were absent from other streptococcal species and
Staphylococcus aureus.

The three species-specific antigens were used in a trial for the
serodiagnosis of S. faecalis endocarditis. The trial involved reaction of
immunoblots prepared from electrophoretically separated streptococcal
antigens with sera from patients with IE. This method of diagnosis was
rapid and accurate, only 3/129 false-positive diagnoses arising.

S. faecalls antigens were located at the cell surface by immunofluorescence
microscopy using cells labelled with monospecific antisera, and by
radioiodination of surface proteins. Partial characterization of antigens
was performed by proteolytic digestion; periodate oxidation; reacting
antigens on immunoblots or CIE's with anti-group D streptococcal grouping
serum; and by ligand blotting with lectins.

Preliminary isolation and purification of S. faecalis-specific antigens was
carried out by precipitation using high concentrations of ammonium sulphate
or by fast protein liquid chromatography.
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infective endocarditis
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ABBREVIATIONS

A ampere

AMPS ammonium persulphate

APL asparagus pea lectin

ATCC American Type Culture Collection

BDH . British Drug Houses

BHI brain-heart infusion broth

Bis N,N' methylene bisacrylamide
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114 Streptococei: history and classification

The genus Streptococcus is a member of the family Streptococcaceae
together with the genera Pediococcus, Leuconostoc, Aerococcus and Gemella
(Deibel and Seeley, 1974). This genus contains characteristically spherical
or ovoid microorganisms that have a Gram-positive cell wall. Cell division
occurs in parallel vertical planes and after fission cells tend to cling
together to form pairs or chains of varying lengths. Chain length is
influenced by the growth medium (Davis et al, 1980). The poorer the medium,
the greater the number of «cocci per chain. Streptococei are
"microaerophilic" - generally aerobic but usually grow better in an
atmosphere of reduced oxygen (Facklam and Wilkinson, 1981). These
organisms are non-motile, non-spore-forming and do not synthesize haem
compounds. They have complex nutritional requirements and form lactic,
acetic and formic acids, ethanol and CO.. from carbohydrates (Jones, 1978).

In 1874 Billroth first described streptococci (which he termed
"streptococcos" stemming from the Greek word "streptos", meaning twisted or
winding) as globular microorganisms growing in chains in purulent exudates
from erysipelas lesions and infected wounds of animals. The genus was
renamed "Streptococcus” by Rosenbach in 1884, in which he included chain-
forming cocci  isolated from human suppurative lesions (designated
Streptococcus pyogenes). This species was later discovered to be identical
to the "Streptococcos" isolated from earlier erysipelas cases. In the
following 20 years similar organisms were isolated from the blood in
puefpureal fever and from the throat in scarlet fever. The emerging links
between streptococci and many animal and human diseases led to attempts to

identify and classify the various species in this genus.
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The first definitive classificatioﬁ of the streptococci was produced by
Andrewes and Horder in 1906. This was modified by Orla-Jensen in 1919
using a greater number of tests for classification criteria. He grouped the
species according to fermentation characteristics; tolerance to heat and
sodium chloride; temperature limits of growth; and cellular morphology <(all
under defined growth conditions). Thereby the following species of
streptococci  were recognised and grouped: S. lactis, S. cremoris,
S. mastitidis, S. agalactiae, S. thermophilus, §S. bovis, S. inulinaceus,
S. liquefaciens, S. pyogenes, S. equinus, S. mitis, S. salivarius,
S. anginosus, and S. faecalis. Not all streptococci could be satisfactorily
grouped using Orla-Jensen's criteria, however (Orla-Jensen, 1919). In the
same year Brown (1919) developed the use of blood agar in the study of
streptococci. This grouped the species according to haemolytic properties. A
zone of complete lysis surrounding the bacterial colonies on the blood agar
plate was termed f-haemolysis. Incomplete lysis, appearing as a narrow
green zone surrounding colonies, was known as a-haemolysis. If the bacteria
had no noticeable effect on the blood agar, the streptococci were deemed
non-haemolytic (or Y-haemolytic). |

The following years saw refinement of established tests and
development of new tests in an attempt to improve the classification of the
streptococci. Several workers wused bacteriophages to differentiate
streptococci (Hadley and Dabney, 1926; Lancefield, 1932 and 1933; Evans,
1936) with varying degrees of success. Other laboratories used properties
such as bacterial motility (Schieblich, 1932; Kloblmiiller, 1935), bile
tolerance (Houston, 1934) or fibrinolytic activity (Tillet and Garner, 1933)
to distinguish certain species of streptococci. The most widely accepted
streptococcal classification scheme of that time was introduced by Sherman
in 1937. This was the first time an attempt had been made to segregate the

genus into homogeneous divisions.
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Sherman recognised ft;)ur main physiological groups of streptococci. His
divisions were based on such properties as temperature limits of growth;
tolerance to salt and methylene blue; ability to grow at pH 9.6; reducing
ability; production of ammonia from peptone and type of haemolysis produced
on blood agar. Using these criteria, Sherman divided the streptococci into
"pyogenic", "viridans", "lactic" and "enterococcus" groups. Initial
assignation of épecies into one of these groups was followed by further
tests to identify particular species within each group (see table 1).

The "pyogenic" group included most of the streptococci at that time
recognised as being pathogenic to man (apart from S. pneumoniae; Deibel and
Seeley, 1974). Generally, Sherman's pyogenic streptococci were B-haemolytic,
sensitive to temperature extremes, non-tolerant to salt and produced
ammonia from peptone. The "viridans" group were so named because of the
tendency of some species to prlﬁduce greening on blood agar (x-haemolysis).
Species in this group grew at 45°C but not at 10°C, had weak reducing
activity, were non-tolerant to methylene blue, salt and alkali, and did not
produce ammonia from peptone. "Lactic" streptococci (so named because of
their long association with dairy products) were non-haemolytic, grew at
10°C but not at 45°C, were non-tolerant to salt or alkali and did not
produce ammonia from peptone. The "enterococcus" division included
streptococcli that were characteristically temperature-, salt-, alkali- and
methylene blue-tolerant. Species in this group were also strongly reducing
and had the ability to produce ammonia from peptone. All enterococci
possessed the Lancefield Group D antigen (Lancefielld, 1633; see section
1.1.2.

Nowadays these broad divisions are somewhat obsolete since many
recently recognised species cannot be assigned to a particular group using

Sherman's criteria (Deibel and Seeley, 1974). However, the tolerance tests
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used by Sherman (1937) to subdivide species within his divisions are still
used today in the routine identification of streptococei.

Twenty-one species of streptococci are now officially recognised and

listed in the eighth edition of Bergey’s Manual of Determinative
Bactericlogy (1974):-
S. pyogenes, S. equisimilis, S. zooepidemicus, &. equi, S. dysgalactiae,
S. sanguis, S. pneumoniae, S. anginosus, S. agalactiae, S. acidominimus,
S. salivarius, S. mitis, S. bovis, §. equinus, S. thermophilus, S. faecalis,
S. faecium, S. avium, S. uberis, S. lactis and S. cremoris (Deibel and Seeley,
1974)>. Identification of the individual species is based on serological and
physiological tests, arising from the knowledge of streptococcal
classification gained over the past century (listed extensively by Facklam
and Vilkinson, 1981). Species lacking a group antigen are identified by
physiological tests only and nominally placed in a serological group on the
basis of physiological similarities to species possessing a group antigen.

Several anaerobic species have been excluded from the genus
Streptococcus in Bergey's Manual because they are not facultative anaerobes.
Such species include S. intermedius, 8. constellatus, S. morbillorum,
S. hansenni and S. pleomorphus. The placement of these species in the genus
Streptococcus is questinnaﬁle and more work needs to be performed before a
common agreement is reached on their taxonomic status (Jones, 1978).
Several other unlisted (in Bergey's Manual) species include . rattus,
S, sorbrinus, S. cricetus and S, ferus, which are all varieties of S. mutans
(Jones, 1978).

Knowledge accumulated from almost a century of study has not yet led
to the development of a universally accepted classification scheme for the
genus Streptococcus. Most of the existing systems are less than ideal 1in
that they concentrate on too narrow a spectrum of characteristics to be

applied to such a large group of diverse species (Jones, 1978). In order to
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produce a satisfactory classification scheme for the streptococei,
exhaustive broad biological and chemical studies of species from all
sources must be carried out under defined growth conditions and taking into
account the effect of plasmid-carriage upon the organism. Only thus may a
reliable identification and classification system may emerge which can be

applied to all streptococcal species and their many varieties.

1.1.2 Serological grouping

In 1924 Hitchcock observed the soluble specific substance upon which
the serological grouping of streptococci came to be based (Hitchcock,
1924a). This "residue antigen" was initially believed to be common to almost
all haemolytic streptococci but 4in 1933, Lancefield discovered the
serological specificity of this substance. This led to the development of
her grouping system for streptococci which divided the genus into
approximately 20 groups, each assigned a letter of the alphabet (Lancefield,
1933). Members of each Lancefield group are generally biochemically uniform
(except for group C which contains recognisably different biotypes) and
cause similar diseases in a characteristic host range (Parker, 1975)

The group-specific antigen (or "C substance") was detected
serologically by precipitin techniques using antisera prepared by injecting
whole cells into rabbits (Hitchcock, 1924a and 1924b; Lancefield, 1928a and
1033). This led to a better understanding of the antigenic structure of
streptococci (Lancefield 1928a, b, ¢, d and e).

In common with most classification systems the Lancefield serological
grouping scheme has limitations, in that it is inapplicable to certain
species. In sdme cases this is because the organism possesses an incomplete
group antigen, an antigen with dual group specificity,. or lacks a group
antigen altogether. Such non-typable species include S. acidominimus, &S.

anginosus-constellatus, S. mitis, S. morbillorium, S. mutans, S. salivarius,

_24._



S. sanguis and S. uvberis (Lerner, 1975; Parker and Ball, 1976; Facklam, 1977;
Facklam and Wilkinson, 1981). Cross-reaction may occur between certain
species of streptococci. Recently, strains of S. faecalis have been reported
that react with group G serum as well as group D (Birch et al, 1984; Harvey
and M<Illmurray, 1984). This gives rise to the 1likelihood of
misidentification if the Lancefield grouping technique is used as the sole
identification criterion. Ideally the serological grouping should be carried
out in conjunction with biochemical tests when classifying or identifying
streptococci. However, the Lancefield grouping technique is widely accepted
as providing an excellent means of initial "sorting out" of ;streptocnccal
species prior to more detailed identification.

The grouping procedure is relatively simple to perform. Lancefield's
original method involves extraction of the group-specific antigen by
incubating streptococcal cells in 0.2F HC1 at 100°C for 10 minutes. The
acid-extract is then neutralized and separated from residual whole cells by
centrifugation (Lancefield, 1933). The precipitin test is carried out on the
extracted antigen as follows: a sterile capillary tube is dipped into
Lancefield grouping serum and a co}umn of approximately lcm is drawn up.
An equivalent amount of antigen extract is drawn up in the same way. The
lower end of the capillary tube is sealed with a plasticine plug without
mixing the reactants. The tube is then inverted a-nd the open end sealed
with plasticine. Within five minutes a ring of white precipitate should form
at the interface between the extract and its homologous grouping serum
(weaker reactions may need up to 30 minutes to develop).

The group-specific antigen may be obtained from streptococci by other
methods including enzymatic extraction using lysozyme (Vatson et al, 1975),
pronase B (Ederer et al, 1972) or an enzyme from Streptomyces albus
(Maxted, 1948a); extraction with nitrous acid (El Kholy et al, 1974) or by

autoclaving (Rantz and Randall, 1955). The Lancefield, Fuller, Rantz-Randall
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and Watson methods are suitable for extraction of groups A, B, C, D, F and
G streptococci but the E1 Kholy and Maxted extraction methods are not
suitable for group D streptococci. Antigen extracts obtained by the pronase
B method (Ederer et al, 1972) must be grouped using high quality sera in
the precipitin test in order to gain a satisfactory result (Facklam and
Wilkinson, 1981).

Other serological methods of grouping streptococci have been dev;alnped
in addition to the Lancefield's original capillary tube technique. The
double-diffusion method of Rotta et al (1971) dispelled the need for the
use of absorbed antisera. However this test had its main application in
typing of group A streptococci according to M protein serotypes (see
section 1.2). Dajani (1973) developed a grouping method which involved
counter-current  immunocelectrophoresis. This method was rapid and
inexpensive, with reputedly no cross-reactions or false positive results
occurring. A method involving immunofluorescence with labelled F(ab"=
fragments of anti-group IgG was introduced by Cars et al (1975)., This
method had the advantage that cross-reaction with staphylococcal protein A
did not occur and excluded non-specific reactions between normal rabbit IgG
and streptococci of groups A, C and G. Improved specificity and strength of
the grouping reactions has been made possible with the advent of
monoclonal antibody technology (Nahm et al, 1980).

The group-specific antigens of streptococci are either polysaccharides
(@as in groups A, B, C, E, F, G, H, K, L, P and U) or teichoic acids (as in
groups D and N). Polysaccharide group-specific antigens are located in the
cell wall (Krause,1963), attached to N-acetylmuramic acid residues in the
peptidoglycan network via a phosphodiester linkage. For some streptococcal
groups the chemical nature of the antigen has now been established. The
group antigen in group A and B streptococci is composed of L-rhamnose and

N-acetylglucosamine; in group C streptococci the antigen is rhamnose and
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H?acetylgalactcsamine (Hammond et al, 1984). The amino sugar is responsible
- for the antigenic specificity of the polysaccharide. In group G streptococci
the rhamnose backbone of the group antigen is thought to be the specific
antigenic detérminant (Krause, 1963).

Group D and group N streptococci possess a teichoic acid group-specific
antigen (Elliott, 1960; Jones and Shattock, 1960; Wicken et al, 1963).
Detailed studies have led to the conclusion that the group antigen is a
membrane- or lipoteichoic acid (Archibald and Baddiley, 1966: Wicken and
Knox, 1975a). Although not strictly associated with the cell wall, the
membrane teichoic acid group antigen is thought to traverse the cell wall
and extend into the external environment from the surface of the
streptococcal cell (Knox and Vicken, 1973; Beachey, et al, 1983; Orefici et
al, 1986). The immunodeterminant in the teichoic group antigen of group D
streptococei is glucose-a-142-glucose, whereas in group N streptococei it
1s a-D-galactose (Wicken and Knox, 1975a and b). The cellular location and
chemical characteristics of some streptococcal group antigens are shown in
table 2.

The group-specific antigens of some streptococcal species have been
implicated in the process of pathogenicity or virulence (see section 1.2.2

for teichoic acid antigens and section 1.2.3 for carbohydrate antigens).
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Some chemical characiersalica and cellular location of streplococcal anligens
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1.2 Structure and composition of the streptococcal cell wall
and its relation to pathogenicity

The structure of the cell wall of Gram-positive bacteria (figure 1la) is
much less complexlthan that of Gram-negative bacteria (figure 1b). In the
Gram-staining procedure the Gram-positive cell wall retains the dye-iodine
complex whereas Gram-negative bacteria are decolourized by alcohol. This is
thought to be due to differences in cell-wall permeability (Salton, 1964).
The structure and composition of major components of the streptococcal cell

wall will be discussed with reference to the virulence of streptococei.

1.2.1 Peptidoglycan

Peptidoglycan (PG) is the only cell wall polymer common to both Gram-
negative and Gram-positive bacterial cells. Although only a minor component
of Gram-negative walls (x10%), it is the major component of Gram-positive
cell walls, comprising =50% of the total dry weight of the wall. The
remainder of the cell wall consists of teichoic acids (section 1.2.2),
polysaccharides (section 1.2.3) and proteins (section '1.2.4), a proportion of -
which are covalently bound to the PG (Schleifer and Kandler, 1072).

PG, alternatively known as niucopeptide. glycopeptide, basal structure,
murein or glycosaminopeptide (Ghuysen, 1968; Schleifer and Kandler, 1972),
forms a thick layer (approximately 20-50nm) around the cell outside the
cytoplasmic membrane. The PG forms a three-dimensional network which gives
strength and rigidity to the bacterial cell (Baddiley, 1972; Wicken and
Knox, 1980; Rogers, 1970; Shockman and Barrett, 1082). This network is
composed of glycan strands cross-linked by peptide subunits, which are

themselves joined by interpeptide bridges. The glycan strands are made up
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Figure la Representation of Gram-positive bacterial cell wall.

Key:

CM cytoplasmic membrane
GP glycoprotein

LTA lipoteichoic acid

dLTA deacylated LTA
iLTA inverted LTA

P protein
PG peptidoglycan
TA telchoic acid

Figure 1b Representation of Gram-negative bacterial cell envelope.

Key:

A outer membrane protein A

CX cytoplasmic membrane

CPS capsular polysaccharide

LP Braun lipoprotein

LPS lipopolysaccharide

¥DO membrane-derived oligosaccharide
0).§ outer membrane

P protein

PAL peptidoglycan-associated lipoprotein
PG peptidoglycan

PL phospholipid

POR porin protein

PPS periplasmic space (periplasm)
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of alternating molecules of N-acetylglucosamine and N-acetylmuramic acid
Joined through B-1+44 links (Ghuysen, 1968; Schleifer and Kandler, 1972). The
structure of the glycan strands shows 1little variation but may
occassionally show O-acetyl substitution on the Cs of some N-acetylmuramic
acid residues (Rogers, 1970). The short peptide subunits which link the
glycan strands are usually composed of L-alanine (joined to the N-
acetylmuramic acid residue) linked to D-glutamic acid which is itself
linked by its Y¥-carboxyl group to an L-diamino acid (this is L-lysine in
the case of S. faecalis), followed by D-alanine (Schleifer and Kandler,
1972). The distal amino group of the L-diamino acid is involved in
formation of an interpeptide bridge with D-alanine on an adjacent peptide
subunit (Ghuysen, 1968; Schleifer and Seidl, 1977). In a few Gram-positive
organisms the link between the L-diamino acid and D-alanyl residues on
adjacent peptide chains is direct and not via an interpeptide bridge. The
amino acid composition and sequence of the interpeptide bridge varies
greatly among Gram-positive species. In S. faecalfs PG the composition is
L-lysine-L-alanine-L-alanine-L-alanine (Deibel and Seeley, 1974). A
representation of the structure of S. faecalis PG is shown in figure 2.

The variation in the composition of interpeptide bridges in bacterial
PG has been used as a means of classifying species. Kandler et al (1968)
noted two different characteristic sequences of amino acids in the PG
interpeptide bridges of enterococcal strains. Kandler's group differentiated
S. faecalls (interpeptide chain type: L-lysine-D-alanine-L-alanine-L-
alanine-L-alanine) from . faecium (interpeptide chain type: L-lysine-D-
alanine-D-asparagine). Also by this method S. liquefaciens and S. durans
were 1dentified as being varieties of the former and latter species,

respectively. This method of bacterial classification showed good
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p-ala L-ala

L-ala
N R,
.D-ala

Figure 2 Representation of peptidoglycan structure of Streptococcus faecalis
cell wall.

Key:

D-ala D-alanine

D-glut D-glutamic acid

L-ala L-alanine

L-1ys  L-lysine

N-ac F-acetylglucosamine

N-mur  N-acetylmuramic acid
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correlation with the classification systems of Andrewes and Horder (1906)
and Orla-Jensen (1919). Other such studies have successfully distinguished
organisms on the basis of their PG composition and structure (Schleifer and
Kandler, 1967; Ghuysen, 1968; Slade -and Slamp, 1972; Schleifer and Kandler,
19072). These studies have shown that PG structure and composition can be
used to divide members of an immunological group into subgroups and also
to establish a relationship between members of the same genus not related
immunologically (Slade and Slamp, 1972).

The composition of PG is relatively stable but may be affected in
exceptional circumstances by the medium in which the bacterium is grown
(Shockman and Barrett, 1983). Hydroxylysine may be incorporated into the PG
polymer of S. faecalis in place of lysine. However this can only happen if a
high concentration of hydroxylysine is added to the growth medium and the
lysine content is limited (Smith and Henderson, 1064).

In unencapsulated streptococci the PG has a surface location in the
bacterial cell. Surface-exposed PG is protected from the action of lysozyme
and other lytic enzymes by O-acetylation of the glycan strands and by
covalently bound teichoic acids and polysaccharides (Schwab, 1979:
Rosenthal et al, 1982).

Various biological activities have been attributed to bacterial PG:-
adjuvant activity, endotoxin-like properties, arthrogeneity and
immunogenicity (Schwab, 1979; Seidl et al, 1983)., Schleifer and Seidl (1977)
have shown there to be at least three antigenic determinants in PG. These
antigenic sites are contained in the glycan strands, the peptide subunits
and the interpeptide bridges. N-acetylglucosamine is the immunodominant
group on the glycan strand rather than the N-acetylmuramic acid (Seidl et

al, 1983). In the peptide subunits it 4is the carboxyl terminal



D-alanine-D-alanine group which is immunclogically active (but only on
peptide subunits which are not cross-linked with interpeptide bridges). The
interpeptide bridge stimulates production of antisera acting specifically
against each type of interpeptide bridge (Seidl et al, 1983). Antibodies to
PG are present in normal human and animal sera (Heymer at al, 1973) - with
railsed titres in Gram-positive infections <(Zeiger et al, 1981; Vergeland
et al, 1984) - and a strong antibody recponsze can be elicited by injection
of PG preparations <(Heymer and Rietschel, 1977; Rotta et al, 1982)., In
addition to being immunogenic independently, PG can act as an
immunoadjuvant. When administered as a water-in-oil emulsion with unrelated
antigens, PG stimulates antibody production and induces delayed
hypersensitivity. A muramyldipeptide is the active subunit of PG in its
capacity as an immuncadjuvant (Haymer and Reitschkel, 1977; Rotta et al,
1983).

Other virulent actions of PG are summarized as follows:- Group A
streptococcal cell wall fragments cause a chronic inflammatory response
when injected intradermally into rabbits (Schwab, 1979). In particular it is
a PG-polysaccharide complex which is responsible for this effect. Group D
cell wall .fragments only produce a short-lived reaction. The PG-
polysaccharide complex of group A streptococei 1is resistant to
biodegredation because the PG 1is protected by the group-specific
polysaccharide. Such protection 1s not afforded group D PG because of the
absence of a group-specific polysaccharide, thus +the PG 1s quickly
eliminated (Stimpson et al, 1986>. The alternate complement pathway is
activated by PG (Greenblatt et al, 1978; Schwab, 1979)., PG is known to be
pyrogenic <(Heymer and Reiltschel, 1977). This endotoxin-like activity is

most pronounced with a muramyldipeptide PG fragment (Rotta et al, 1982,



pyrogenicity lessening with increasing peptide chain length. PG may inhibit
phagocytosis of bacteria by rabbit and human polymorphonuclear leukocytes,
due to a direct toxic action on phagocytes (Jones and Schwab, 1970; Leong
and Cohen, 1984). PG can also cause B-cell mitogenicity (Damais et al,
1975); cytotoxic activation of macrophages(Schwab, 1979); cardiac necrosis
(Heymer and Reitschel, 1977; Parker, 1975; Davis et al, 1980); and lysis of

red blood cells and platelets (Ryc and Rotta, 1975).

1.2:2 Teichoic Acids

Teichoic acids' (TA) are water-soluble, phosphate-containing polymers
associated with the cell wall or cytoplasmic membrane of Gram-positive
bat.:teria. These polymers are amphipathic - having both hydrophilic and
hydrophobic regions (Vicken and Knox, 1980). The TA's associated with the
cytoplasmic membrane, initially known as "intracellular TA's" were thought
to be located in the cell membrane or between the membrane and the PG
network (Shattock and Smith, 1963; Wicken et al, 1962). The intracellular TA
was renamed "membrane TA" (also known as lipoteichoic acid {(LTA)) by
Archibald and Baddiley (1966) because of their linkage to the cytoplasmic
membrane (Shockman and Slade, 1964),

Vall-associated TA is not common to all Gram-positive species and its
presence in a particular bacterial cell may depend upon composition of the
growth medium, or upon the rate of growth (Ellwood and Tempest, 1972; Knox
and Wicken, 1984). Under phosphate limitation wall TA may be replaced by an
acidic polysaccharide, teichuronic acid (Ellwood and Tempest, 1972). The
structure of wall TA's varies widely between bacterial species. Basically
they are polymers of glycerol- or ribitol phosphate, covalently linked

through a specialized linkage unit wvia a phosphodiester bond to the
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