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74 BACTERIAL CELL WALLS 1

requires careful preparation of ammonia-free substrates. The donor of
glycine for the formation of the pentaglycine chain is alycyl-sRNA®1#2,
The participation of sSRNA in this reaction was the first demonstrated
example of the role of SRNA in any process other than protein synthesis.

conlv\_u_.zbnlna:sumZ
P k./m-u:Owujo:uE icﬂZb.nTwanumuanmu.n.m-ugmuso:Dﬁ
CY A |~ UDP-GleNAC
-P-phospholipi
o uce

GleNAC-MurNAc-(deca-
peptide amide)-AcCceplon

mﬁnzbn-251z>ﬂﬁ-um3ﬂubmu¢um._ -p-P-phospholipid
[

/
ATP, NHy
Acceptor \f

GleNAc-MurNAC( -decapeptide amide)-  GleNAC -MUrNAc(-pentapeptide amide)-
P-P-phospholipd /Ml/\ P-P-phospholipid
SANA Glycyl - SRNA

Fig. 8. The phospholipid cycle in the biosynthesis of the peptidoglycan of En no.: wall m:.

Staphvlococeus adrens. In addition to the common part of the cycle shown in Hu._m. 7, this

reaction mechanism includes reactions for modification of the lipid by EER,EOH of the

a-carboxyl group of glutamic acid and addition of an open pentaglycine chain to the &-
amino group of lysine in the pentapeptide.

Among the many questions still to be answered about this system is the
question of whether the sRNA molecule which participates in cell wall
synthesis is the same sRNA molecule which carries glycine for incorporation
:H;o protein. It is conceivable that a specific SRNA molecule is present .on
activation of glycine for cell wall synthesis, but the answer to this question
will require much further purification of the gomponents of this system. The
activation of glycine in this manner is not a phenomenon which is restricted
to S. aureus. It has also beSfi demonstrated|that threonine is activated as
threonyl-sRNA by enzyme preparations obtained from M. roseus for in-
corporation as the first amino acid in the bridge!®°. Thus, it is possible that
activation of amino acids as SRNA derivatives is a general feature of cross-
peptide bridge synthesis in bacteria. .

In M. lysodeikticus a slightly different reaction sequence occurs (Fig. 9).
In this organism a single glycine residue is added to the e-carboxyl group of
glutamic acid®®-'91+1%2, The glycine incorporated has a free carboxyl group.
Although it has not yet been possible to demonstrate that ADP and inorganic
phosphate arc the adenine nucleotide reaction products in the forward
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direction due to contamination of the enzyme preparation by ATPases, it
has been shown that in the reverse direction the arsenolysis of the glycine
containing product specifically requires ADP*%*, This provides presumptive
evidence that ATP is split to ADP and inorganic phosphate in the reaction.

UDP -MuriNac-pentapeptide UMP

MurNAc(-pentapeptide)-P-P-phospholipid
UDP-GleNAC
P-phospholipid /m
upP

\

GleNac -MurNAc(-pentapeptide) -P-P-phospholipid

B Glycine + ATP
ADP+P
P-P-phospholipid GleNAc-MurNac(-hexapeptide)-P-P-phosphelipid
GleNAc-MurNAc (-hexapeptide)-Acceptor Acceptor

Fig. 9. The phospholipid cycle in the biosvnthesis of the peptidoglycan of the cell wall of

Micrococeus Iysodeikticus. In addition to the common part of the cycle shown in Fig. 7,

this reaction cycle includes a reaction in which the lipid is modified by addition of glycine
to the e-carboxyl group of glutamic acid.

So far as is known no further modification of the disaccharide hexapeptide
is required before its utilization for formation of the lincar glycopeptide
strands.

The phospholipid intermediates were originally detected as radioactive
compounds which ran near the solvent front in paper chromatograms of
incubation mixtures. They have subsequently been isolated by chromatog-
raphy on columns of DEAE-cellulose and analysis of one of the lipid inter-
mediates from both M. lysodeikticus and S. aureus indicate that they are
both complex glycerophosphatides related to the cardiolipins*®®. Small
differences in the analyses of the intermediate from the two sources as well
as some apparent differences in stability of the two compounds have been
apparent. At the present time no definite conclusions can be made as to
whether the two lipid intermediates are identical or not. This question re-
quires very careful investigation. The particulate enzyme preparation which
catalyzes these reactions is believed to be derived from cell membrane. It
contains both the phospholipid acceptor and the enzymes which catalyze
these reactions. The lipid and protein components of this enzyme have been
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76 BACTERIAL CELL WALLS 11

separated by extraction with chloroform-methanol at low temperatures®®.
They could be reconstituted in the presence of low concentrations of deoxy-
cholate.

In fact, a wide variety of phospholipid intermediates in glvcopeptide syn-
thesis can be isolated differing in the precise nature of the substituents on the
sugar fragment. Many of them have been isolated and shown to be utilized
as substrates in the absence of added uridine nucleotides, thus proving their
role as true intermediates in the reaction nmﬂ%m.

Three antibiotics, vancomycin, ristocetin and bacitracin, interfers in this
reaction cycle. At low concentrations the only reaction inhibited is the utili-
zation of the phospholipid intermediate for peptidoglycan synthesis, the last
reaction in the cycles shown in Figs. 7-9. The enzyme which catalyzes this
last reaction and is inhibited by these substances is termed peptidoglycan
synthetasc. At low concentrations (20 pe/ml) of ristocetin or vancomycin
these substances inhibit peptidoglycan synthetase but do not interfere with
the synthesis of the lipid intermediate®®?*. At/ much higher concentrations
(100 ug/ml or greater) inhibition of some of the reactions which lead to the
synthesis of lipid intermediates can also be demonstrated®®+?2-25-%7, The
precise manner in which these substances interfere with peptidoglycan syn-
thetase is presently unknown. The effects of bacitracin are more complicated
than those of vancomycin and ristocetin, and, although it appears to inter-
fere at some point in this reaction mechanism, much more information about
it is required.

(¢) Cross-linking of peptidoglycan strands

After completion of the structural studies described above, it seemed obvious
that in some manner terminal D-alanine residues of UDP-acetylmuramyl-
pentapeptide which were retained in the formation of the linecar peptidogly-
can strands were lost in some manner in the final formation of the cross-
linked peptidoglycan. In all organisms examined the peptide bridge was at-
tached at its N-terminal end to the carboxyl|group of the subterminal D-
alanine of the pentapeptide. Thus, it seemed possible that this bridge-form-
ing reaction was a transpeptidation in which the bond energy of the terminal
peptide bond in the pentapeptide was utilized for the formation of the cross-
link, with the releasc of the terminal D-alanine residue. Efforts to demon-
strate this transpeptidation in the two organisms which had been extensively
studied from a biosynthetic standpoint, umBo“E S. aureus and M. lysodeik-

W
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.:Q\au were completely unsuccessful. The reason why this activity is lost dur-
g preparation of the particulate cnzyme system remains obscure. How-
ever, Hao._. other reasons, attention was directed to the synthesis of the peptido-
glycan in the cell wall of E. coli. It was immediately apparent that the E. cofi
muaﬁou.m catalyzed not only the formation of the linear glycopeptide strands
Qmmmﬁdna above but also the cross-linking of these strands®®*. For these ex-
periments labeled uridine nucleotides containing DAP rather than Iysine were
employed. Initial reactions were similar or identical to those which occur in S.
aureus and M. lysodeilcticus except for the substitution of DAP for lysine in the
various intermediates, asin Fig. 7. Theseenzyme preparations also catalyzed the
cross-linking reaction (Fig. 10). In this reaction the terminal p-alanine of

\-
GleNAC -MurNAc-L-ala-D=glu-meso- CAP-D-ala-D-ala
\ +
leNAc -MurNAc- L-ala- D-glu- meso-DAP- D-ala-D-ala

\

w m
GleNAC -MurNAc-L-ala- O-glu- meso-DAP-D-ala
\ ’
GleNAC -MurNAc-L-ala. D-glu- ..jﬂanOb.n.?m -D-ala + D-ala
1
12
— 1
CleNAC-MurNAc-L-ala-C-glu- meso -DAP: D -ala

— —

GleNAc-MurNAc-L-ala-D -glu-meso-DAP D-ala + D-ala

\\

\o\

(7 Glycopeptide transpeptidase
(2) C-alanine corboxypeptidase

Fig. 10. Formation of peptide-linked dimers i i

2. 10. F : in the peptidoglycan of the cell wall of

Escherichia coli catalyzed by (1) peptidoglycan transpeptidase and (2) b-alanine carboxy-
peptidase.

the pentapeptide is rcleased. No external energy source, such as ATP, is
required. Presumably this cross-linking reaction occurs outside of the “Qw:
membrane at the site of the cell wall and may have been evolved by bacterial
cells as a means of catalyzing an important synthetic reaction at a site where
no ATP is available. In addition to the transpeptidation the enzyme prepa-
rations from E. coli contain a D-alanine carboxypeptidase which removes a
D-alanine residue from the second strand involved in the cross-linking (Fig.
10). As indicated above the cell wall of the peptidoglycan of E. coli does not
contain peptide-linked oligomers larger than the dimer. Apparently the b-
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73 BACTERIAL CELL WALLS 11

alanine carboxypeptidase provides the means by which the size of the peptide
oligomers is controlled, since rernoval of the D-alanine residue in this manner
prevents further transpeptidation and further enlargement of the polypeptide
network.

Penicillins and cephalosporins are specific E_ﬁmgmoa of this cross-linking
reaction. Initially it was shown in cxperiments with whole cells by a number
of investigators'®® ~'1! that in the presence of penicillin uncross-linked cell
walls were formed. Of particular interest is the original demonstration by
Martin'05+196 that cells of Proteus mirabilis in the presence of penicillin
continued to grow, but as spheres rather than rods. The sphere form
contained a normal cell wall quantitatively but the wall which was present
appeared to be uncross-linked. The reason why this particular bacterial cell
will continue to grow and divide with an uncross-linked wall, while other
bacterial cells are unable to grow in this manner, remains obscure.

1t was further hypothesized that penicillin is an analog of the p-alanyl-D-
alanine at the end of the linear peptidoglycan strand'*®+! 9 Molecular models
revealed a striking similarity in structure between penicillins or cephalo-
sporins and the end of this strand (Fig. 11). In particularit should be pointed
out that the highly reactive: CO-N bond in the p-lactam ring of penicillin is
the analog of the peptide bond in U-Emuw?d-&manw which is involved in the
transpeptidation. A reaction mechanism for the transpeptidation (Fig. 12)
was proposed and it was suggested that mnumnm.mc acylates the transpeptidase
through the f-lactam ring at the active site involved in the transpeptidation.

When the cell-free preparation which catalyzed transpeptidation was ob-
tained from E. coli'®?, it was possible to demonstrate directly that this en-
zyme was irreversibly inactivated by low concentration of penicillin G, other
penicillins and cephalosporins. The sensitivity of these enzymes to various
penicillins and the sensitivity of the growth of E. coli cells to penicillins is
summarized in Table L. It md¥ be noted that with one exception the sensitivi-
ty of growth of the cells to penicillins was paralleled by the sensitivity of
peptidoglycan transpeptidase to these substances. The important exception
is penicillin G, where it may be noted that the enzyme was 10 times more
sensitive to this substance than were the cells, These data appear to indicate
that penetration of the antibiotic to the site of the sensitive enzyme may be an
important factor in determining antibiotic sensitivity. Failure of penetration
could explain the relative insensitivity of most Gram-negative bacteria to
some penicillin preparations. However, another factor appears to operate
variations in the nature of the transpeptidases themselves. For example, the
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Fig. 11. The molecular structure of a icilli
[ ulz penicillin (left) and of the p-alanyl-p-alanine end
of a _wmusan mc.c.:Eﬁ in Gn peptidoglycan (right). Dreiding stercomodels are shown. The
correspondence in position .Om the CO-N bond in the f-lactam ring of penicillin and the
peptide bond in p-alanyl-p-alanine is particularly noteworthy.

transpeptidase of E. coli is virtually insensitive to methicillin, but it is well
known that cells of S. aureus are very sensitive to this antibiotic. It may be

E,.omﬁsna that the transpeptidase in S. aureus, when it can be demonstrated
will prove to be equally sensitive, u
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The p-alanine carboxypeptidase present in E. coli was even more sensitive
to penicillins than was the transpeptidase. Its inhibition cannot be a lethal
reaction since it was inhibited at oouomﬁnw.ﬁinm far below the growth in-
hibitory concentrations for penicillins. Also mwn_;ﬁ in Table Lis the fact that
the peptidoglycan synthetase in E. coli is far more sensitive to ristocetin,
vancomycin and bacitracin than are the cells. Once again it appears that the
cells contain the sensitive component but the antibiotics must have failed to

penetrate to its site within the cell. _
|
|
|

R-CONH S,
_#* CONH-D-ala—C-NH-D-cla _ JlﬂIWA
0 COOH et
s

\h NHCO-gly-NH2 COOH

\ PENICILLIN

Transpeptidase _
(Enz) |\, R-CONH
i | S,
_ CONH-D~ola-C-Enz iy mz-ka\uNA

D-ola + 0 | o NH
\ NHCO-gly-NHz S
|

| PENICILLOYL ENZYME

CONH-D-ola-C=0

/

\nz...ooé.«..z:
CROSS-LINKED GLYCOPEPTIDE | .
- | - - g s, - eyase
Fig. 12. The proposed mechanism of transpeptidation and its inhibition by penicillins.

TABLE 1 |

COMPARISON OF THE ANTIBIOTIC SENSITIVITY OF CELLS OF Escherichia coli AND
OF SEVERAL ENZYMES OBTAINED IN CELL-FREE PREPARATIONS

Concenfrations required for uw.._\u inhibition (pg/ml)

Antibiotic Growth Glycopeptide Glycopeptide D-Alanine
synthetase :.m.ﬁﬁﬁq:.mﬁn carboxypeptidase

Ampicillin 3 —_ 3 0.04
Penicillin G 30 — | 3 0.02
Cephalothin 50 — | 50 1
Methicillin 1000 — 1000 1
Ristocetin 1000 3 _ — —_—
‘Vancomycin 100 10 — -
Bacitracin 1000 40 — —
—, Not inhibited

£ NON-PEPTIDOGLYCAN COMPONENTS 81
4. Non-peptidogiycan components of cell walls of Gram-positive bacteria

The bacterial cell wall is defined operationally as that component of the
bacteriai cell which remains easily sedimentable after mechanical rupture of
the cellular “envelope™. Thus the nature of its components depends to some
extent on the preparation procedure, such as the vigor and length of appli-
cation of the disruptive force and the extent of subsequent washing. In
particular, enzyme digestion with nucleases and trypsin (EC 3.4.4.4) is often
used in order to remove cytoplasmic and membrane components from cell
walls, and may concomitantly remove true wall substituents. In general,
materials that can be removed by washing at neutral pH in the absence of
detergents are not regarded as cell wall components even though they may
exist outside the plasma membrane. This category includes capsular materi-
als and also applies to enzymes like invertase (EC 3.2.1.26) in yeast and
Neurospora and the so-called “intracellular™ glycerol teichoic acid of strep-
tococci, all of which are located between the plasma membrane and the wall
proper, and are released in soluble form on disruption of the cells.

A chemical definition of Gram-positive cell walls can only be attempted in
those cases which have been most extensively studied. It would describe the
walls as an insoluble polymeric complex of the recognized cell wall compo-
nents in their characteristic ratios. Thus, in the case of S. awreus strain
Copenhagen, a cell wall unit consisting of one unit of the peptidoglycan with
one unit of the teichoic acid has a molecular weight of 2080, so that 1 mg of
a cell wall containing nothing but these components, in a 1:1 ratio, should
contain 0.48 pmole of each unit. Analyses of several preparations yield
analyses varying between 0.45 and 0.47 umole/mg, but these were all trypsin-
treated preparations. Non-irypsin-treated preparations of S. awrews cell
walls will autclyze completely, and presumably also carry Jensen’s antigen
A, a trypsin-positive polypeptide antigen (see below). Many cell wall prep-
arations which have not been “killed” by heat or detergent treatment will
autolyze, and so contain Iytic enzymes, which are part of the cell wall ac-
cording to the operational definition. Other enzymes, such as those involved
in the terminal reactions of cell wall biosynthesis, may be so integrated with
their product that they also occur in cell wall preparations, however well
they are washed. One example may be a uridylic acid phosphatase which
occurred in a preparation of Staphylococcus aureus cell walls*'®. Presuma-
bly such cell wall components arc removed by trypsin treatment. Treatment
of S. aureus cell walls with an impure pancreatic DNAase preparation''®
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82 BACTERIAL CELL WAILLS 1

results in the solubilization of a peptide aggluti

nogen (sce below). As a result

of the frequent use of trypsin in cell wall prepdrations, the bulk of available

information on noa-glveopeptide cell wall ¢
carbohvdrate polymers, and & review of this i
major part of this section. The structure of
teichoic acids will be briefly discussed. becd
relationship to ccll wall teichoic acids.

mponents is concerned with
nformation will comprise the
the *intracellular™ glycerol
use of their close structural

The influence of growth conditions and phase of growth on the structure
of isolated cell walls has been little studied. but may be profound, especially

on the ratio of peptideglvean to non-peptidog

Jveun constituents. The rate of

cell wall svnthesis in B. megarerium seems to vary less with medium compo-

sition than does the rate of cytoplasmic synth
growing cells have Jess cell wall'*®, The cel

¢sis. with the result that faster
|| wall compositions were not

extensively studied. Deprivation of Streprocodeus faecalis of a non-cell wall
amino acid required for growth results in a thickening of the walls without

cell division*'®. p-Serine is incorporated into

the cell wall peptidoglycan of

M. lysodeikticus when it is added to the medium, and glycine incorporation
is decreased®'”. When sub-optimal amounts of lysine are present, hydroxyly-

sipe is incorporated into the peptidoglycan in

cus faecalis and Leuconostoc mesenteroides®|

and Bacillus couzulans grow {aster at 3537 tha
cell walls with a decrease in both techoic
fragilin'*”. Bacillus subtilis (168 17C") cell
galactosamine content during log phase and
in normal medium. and 1o have very low galag

place of lysine by Streprocoe-
3. Bacillus stearothermophilus
n at 37° and at 35° produce
acid content and mechanical
walls were found to vary in
early stationary phase growth
tosamine contents when grown

in supplemental media'?®. Teichoic acid itself was not measured in these

studies. Galactosamine in these walls fracti
after autolysis, but it is not known if it is an
component' . ~e

Finally, cell wall preparations can be examj
and are scen as preparations of collapsed sucs

onates with the teichoic acid
integral part of this cell wall

ned in the clectron microscope
whose shape derives from that

of the parent cell, and which should be visidbly free of other kinds of fragments

such as membranous residues. This gives sQ

me evidence of the purity of

wall preparations. While clectron microscopy has given much data on the
snatial interrelationships of the various components of Gram-negative cell

walls, Gram-positive cell walls in general rey
Tare.

Knowledge of this ficld has recently been detailed in an excellent review

¢al no interpretable fine struc-

12
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and this chapter follows a similar pattern with the addition of more recent
information. The reader is referred to this review for references to older work
which are not included here.

(@) Protein anligens

The most extensive information available on protein antigens of bacterial
cell walls comes from studies of group A Streptococci. especially of the M
protein. Most human infections are due to group A Streprococci, which are
defined on the basis of a common carbohydrate antigen. Immunity and
protection are not related to this antigen.

(i) The M protein

The M proteins of group A Streprocoeci'®2, together with hyaluronic acid
capsules, determine the virulence of these organisms. They have in commeon
the property of greatly retarding phagocytosis of the organisms, thus pro-
tecting them from destruction in the early phase of the infectious process.
The M protein is also the type-specific antigen that differentiates the diverse
groups of Streptococei in group A. M protein can only be removed from
the cell wall by mild acid hydrolysis or treatment of the walls with enzymes**?,
suggesting a covalent linkage to the peptidoglycan. Protoplasts of group A
Streptococei. growing in dilute agar medium after removal of the cell
wall with [ytic enzymes, release an antigen into the medium which is in-
distinguishable from M protein’?®*. M proteins are completely destroyed
by proteolytic enzymes without effect on cell wall integrity or cell viability.
which suggests that they are localized at the outside of the cell wall. In grow-
ing cells they are available for reaction with fluorescent antibedy, and after
treatment with trypsin. newly synthesized M protein is demonstrable by
this technique only in areas of new cell wall production, indicating a chemi-
cal integration of cell wall and antigen synthesis’*%. Analysis of the products
of digestion of isolated cell walls with lytic enzymes'** showed the solubilized
M protein to be antigenic, resistant to short-term hydrolysis at pH 2 and
100°, alcohol-soluble. susceptible to proteolytic enzymes, and to have a p/
of about 5.3. M proteins extracted from isolated cell walls by mild acid
hydrolysis were purified by chromatography on CM cellulose and shown to
contain about 3%, pentose, 1.4-3.2%} phosphorus but no detectable amino
sugars'3®,
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84 BACTERIAL CELL $.P+5 i
(if) Other protein entigens of group A .3&303__2& cell walls

Lancefield identified two antigens, both distinet from M protein, in cells
of group A Streprococei, and showed them _ao occur in the isolated wm:
walls'**. They were designated T and R antigens, and shown to be proteins,
though they are much more resistant to @noﬁno_va._o digestion than M wao@n.
They lack antiphagocytic activity and play Do demonstrable role in viru-
lence. |

A single T or R antigen may occur in mﬂnr.pw of several different types
characterized by different M proteins, and different strains of a single M
type may have different R antigens. Other pre tein antigens may exist mmaﬂw
ing farther dimensions for variation within w_ given M type. Kaplan™=""°*
has identificd an antigen occurring only in fertain members of group A
strains type 5 and 19, which cross-reacts with _unmm..ﬁm in human and rabbit
myocardium. The antigen is a protein component of the cell walls a.ﬁﬁ can
be extracted by mild acid hydrolysis. The presence of circulating antibody
specific for this antigen has been found in mi sera of a majority of patients
who had a streptococeal infection with assocjated subscquent scarlet fever,
rheumatic heart disease or glomerulonephrosis. The antigen was also found
in patients with none of these novanwmcE_. The heart-related antigen is
separable from M antigen. |

(iit) Proteins in other cell walls 7

Bacillus licheniformis strain 6346 contains a protein which makes up
7-10%, of the cell wall weight and which is ucwn solubilized by trypsin, pepsin
or lysozyme treatment of the isolated cell walls. although the latter enzyme
solubilizes the rest of the cell wall'*?13°, Cell walls of Corymebacterium
diphtheriae contain a protein antigen that % probably Jﬂo.%.mnﬁn. since
antisera agglutinate only those cell walls ﬁnmﬁm?d from organisms of the
immunizing strain'3. Stapiffdococcus aureus cell walls which ww«o. not been
digested with protease contain 30%; by weight of protein, and this is solu-
bilized on dicestion of the cell walls with “Dornavac”, a commercial prep-
aration of beef pancreas DNAase’'®. The extract contained at least two
protein antigens, and one of them was purified and shown to be the w%unﬂ&
staphylococcal surface compenent Rv.voumET for agglutination. It is noﬂ1
mon to all the recognized pathologic serotypes, and is identical to Jensen's
“antigen A" (¢f- ref. 132). It is a protein with a molecular weight of about

13 00C and a p/ between 7.4 and 8.6. The n_mEH of the bonds hydrolyzed

by “Dornavac” in its release are unknown.

4 POLYSACCHARIDE COMPONENTS

0
i

(b} Pelysaccharide components

The studies of Cummins and Harris'*? have shown that isolated cell walls of
most Gram-positive bacterial species contain carbohydrate components
other than glucosamine and muramic acid. and that these components are
often a specics-specific characteristic. Although it is probable that these
carbohydrates are components of polvsaccharide antigens, this has only been
demonstrated in a few species, principally Streprococci, Prneumococci, and
Lactobacilli. Even in these instances, while the isolated cell walls can elicit
the production of specific antibodies, the isolated polysaccharides are only
antibody-precipitating haptens.

(i) Streprococcal cell wall polysaccharides

Hemolytic Streprococci were originally classified by Lanceficld** into
groups on the basis of specific precipitating haptens extracted from the cells
by boiling at pH 2. These were later identified as the cell wall polysaccharide
in the more common groups, but as the “intracellular™ glyeerol teichoic
acid in group D (see below). The cell wall carbohydrates appear to be the
type-specific antigens within group D*?%, and probably also in group N3¢,

The polysaccharides can also be extracted by autoclaving in 0.9¢; saline
and by treatment with anhvdrous formamide at 170°. Alter Jysis of isolated
cell walls with enzymes which degrade the peptidoglycan, the native poly-
saccharides isolated contain peptidoglvcan components from which they
cannot be separated by physical means, indicating a covalent linkage be-
tween the two. The products obtained by all these procedures have similar
serological activity. Since the high-molecular weight polysaccharides isolated
by the extraction procedures listed above are virtually devoid of peptidogly-
can components, the extraction procedures must involve hydrolysis either
of linkages to peptidoglycan or within a terminally linked polymer. Linkage
of the reducing terminus of the polysaccharide to the peptidoglycan via 2
phosphodiester has been demonstrated in Lactobacillus casei*®® and cova-
lent linkage of ribitol teichoic acid to peptidoglycan has also been demon-
strated in S. aureus’®713% ) B subtilis'** and Arthrobacter crysiallopoietes™™.
Periodate degradation studies demonstrate that this linkage cannot be
multiple’*?1*% and it may be that linkage of antigenic, non-peptidoglycan
components to the peptidoglyvean by covalent bonds at one end of the an-
tigen is a general feature of Gram-positive cell walls. Evidence is included
in the sections dealing with various specific cell wall components. Biosyn-

References p. 109
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