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Structure of the Cell Wall of Staphylococcus aureus, Strain
Copenhagen. IV. The Teichoic Acid-Glycopeptide Complex”

Jean-Marie Ghuysen, Donald J. Tipper, and Jack L. Strominger

ABSTRACT: A teichoic acid-glycopeptide complex has
been obtained from the cell wall of Staphylococcus
aureus after enzymatic lysis of the walls with either of
two acetylmuramidases. This complex was fractionated
into materials containing a glycopeptide component of
varying size linked to teichoic acid. Most of the glyco-
peptide was removed by hydrolysis of the complexes
with an acetylmuramyl-L-alanine amidase. After this

’I:e cell wall of Staphylococcus aureus is composed
of two polymers. The glycopeptide has a polysaccharide
backbone of alternating acetylglucosamine and acetyl-
muramic acid residues (Ghuysen and Strominger,
1963a). A complex peptide is linked to the polysac-
charide through the carboxyl groups of acetylmuramic
acid. Teichoic acid, the second polymer, is a linear
polymer of 4-O-(N-acetyl-D-glucosaminyl)-p-ribitol units
linked by 1,5-phosphodiester bridges; some of the
ribitol residues are also esterified by Dp-alanine (see
Salton, 1960, and Strominger, 1962, for reviews of
cell-wall structure). These two polymers were first
separated by means of prolonged extraction in cold 10%
trichloroacetic acid, which solubilizes the teichoic acid
leaving an insoluble glycopeptide (Armstrong er al.,
1958). In the course of study of this solubilization, it
became apparent that the separation at 4° was exceed-
ingly slow, 3 weeks being required for extraction of 9597
of the teichoic acid (Mandelstam and Strominger, 1961).
The separation, moreover, was markedly temperature
dependent. At 60°, 95% of the teichoic acid was
solubilized in 12 hours.! These data suggested that the
separation could be caused by cleavage of covalent
bonds in acid.

A second approach to the study of the polymer as it
exists in the wall has therefore been employed. In
these studies, the wall has been solubilized through the
action of acetylmuramidases which hydrolyze all of the
linkages of acetylmuramic acid and of N,O-diacetyl-

* From the Service de Bactériologie, Université de Liege,
Liege, Belgium, and the Department of Pharmacology, Uni-
versity of Wisconsin Medical School, Madison. Received
September 28, 1964. This work was initiated at Washington
University School of Medicine, St. Louis, Mo., and has been
supported by research grants from the U.S. Public Health
Service (A1-06247) and the National Science Foundation (GB-
1823). A preliminary account has appeared (Strominger and
Ghuysen, 1962).

1 M. H. Mandelstam and R. Wishnow, unpublished data.

treatment, a native teichoic acid with a weight-average
molecular weight of about 20,000 and a number-average
molecular weight of 12,000-16,000 was obtained. These
data suggest that the largest molecules of the teichoic
acid contain forty to fifty repeating units and that some
smaller molecules also exist in the preparation. Chemical
and physical analyses of native teichoic acid and vari-
ous teichoic acid—glycopeptide complexes are presented.

muramic acid in the wall. Two acetylmuramidases have
been employed, the 32 enzyme from Streptomyces
albus (Ghuysen ef al., 1962a) and the B enzyme from
Chalaropsis (Hash, 1963 ; Tipper et al., 1964b). Lysis
by either of these enzymes is accompanied by formation
of two major polymers, a glycopeptide and a teichoic
acid-glycopeptide complex, the separation of which by
paper electrophoresis has already been reported
(Ghuysen and Strominger, 1963a).

The present paper is a full account of the preparation
and properties of the teichoic acid~glycopeptide complex
from S. aureus, strain Copenhagen, and of the further
enzymatic hydrolysis of this complex to yield a teichoic
acid. These materials have been compared with the
teichoic acid obtained by acid extraction.

Methods and Materials

The methods and materials were identical to those
used in previous studies of cell-wall structure from this
laboratory (Sanderson er al., 1962; Ghuysen and
Strominger, 1963a,b; Tipper er al., 1965), except as
detailed in individual experiments following.

Results

Preparation of the Teichoic Acid-Glycopeptide Com-
plex. In previous studies (Ghuysen and Strominger,
1963a) the glycopeptide and teichoic acid—glycopeptide
complex present in the lysate of cell walls obtained with
an acetylmuramidase (the ‘32"’ enzyme) were separated
by paper electrophoresis. A detailed analysis of this
separation is illustrated in Figure 1. A column of
ECTEOLA-cellulose is more convenient for this purpose
and is also better suited for large-scale work. When the
cell-wall lysate was passed over this column, the
glycopeptide came through in the water effluent. The
teichoic acid—glycopeptide complex was retained on the
column and was then eluted with 0.3 M LiCl (pH 5.5)
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FIGURE 1: Separation of glycopeptide and teichoic acid-
glycopeptide complex by paper electrophoresis. S.
aureus strain Copenhagen cell walls (300 mg) were
digested for 12 hours at 37° in 4 ml of 0.025 M acetate,
pH 4.7, containing 0.5 mg of Chalaropsis B enzyme.
The soluble high molecular weight fraction of the
digest (254 mg) was isolated free of salt and low molecu-
lar weight material by filtration on Sephadex G-50,
medium grade. This material was then applied across
the width of a sheet of Whatman 3MM filter paper, and
subjected to electrophoresis in 0.1 M pyridine-acetate
buffer, pH 3.8, at 100 v/cm for 45 minutes. The paper
was then air-dried and cut into strips parallel to the
origin, of 13- or 26-mm. width. These strips were
eluted with water, and aliquots of the eluates were
analyzed for reducing power (glycopeptide), total phos-
phate (teichoic acid), and free amino groups (ester

alanine of the teichoic acid).

(Figure 2a) or by a LiCl gradient. This procedure makes
use of the strong negative charge of the teichoic acid-
glycopeptide complex compared to the neutral glyco-
peptide, as did the separation of these polymers by
electrophoresis.

When the teichoic acid-glycopeptide complex was
placed on the column, both components were retained
and were eluted by a LiCl gradient (Figure 2B). None
of the glycopeptide was separated from the complex
by this procedure. A mixture of glycopeptide (from
the water effluent of the ECTEOLA-cellulose column,
Figure 2a) and teichoic acid, prepared by acid extraction
of cell walls, was also placed on the column. In this
case the glycopeptide came through the column in the
water effluent and the teichoic acid, eluted with a
gradient of LiCl, retained none of it (Figure 3). It is
thus apparent that the components of the teichoic
acid-glycopeptide complex cannot be separated by
repeated chromatography on ECTEOLA-cellulose
although an artificial mixture of glycopeptide and the
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FIGURE 2: Isolation of the teichoic acid—glycopeptide
complex by column chromatography. (a) Fractionation
of the mixture of glycopeptide and teichoic acid-glyco-
peptide complex on ECTEOLA-cellulose. Cell walls of
S. aureus strain Copenhagen (4000 mg) were incubated
at 37° in 50 ml of 0.03 M triethylamine-acetate buffer,
pH 4.7, containing 10 mg of Chalaropsis B enzyme.
After 6 hours, insoluble material (240 mg) was removed
by centrifugation, and the supernatant solution was
lyophilized. A portion (10 mg) of the product (3760 mg)
was dissolved in water (1 ml) and applied to a column of
ECTEOLA-cellulose (1.2 X 8 cm) which had previously
been equilibrated with 0.5 m LiCl, pH 5, and then
washed with water until the eluent was salt free. The
column was eluted at 0.5 ml/min with water and then
with 0.3 M LiCl, pH 35, as indicated. Aliquots of the
fractions (10 ml) were analyzed for reducing power
(glycopeptide) and organic phosphate (teichoic acid).
(8) Gradient elution of the teichoic acid—glycopeptide
complex from ECTEOLA-cellulose. A sample (4.5 mg)
of the teichoic acid-glycopeptide complex was dissolved
in water (1 ml) and applied to the same column as
above. After elution with water as indicated, a linear
gradient of increasing LiCl concentration was started
with 70 ml of water initially in the mixing vessel, and
70 ml of 0.5 M LiCl, pH 4.5, in the reservoir. Aliquots
of the fractions (16 ml) were analyzed for reducing
power (glycopeptide) and organic phosphate (teichoic
acid).

acid-extracted teichoic acid are readily separated by this
technique. Moreover, comparison of Figures 28 and 3
indicates that complex rich in glycopeptide was eluted
at lower LiCl concentrations than acid-extracted teichoic
acid.

The teichoic acid-glycopeptide complex obtained
through the action of the Chalaropsis B enzyme on cell
walls followed by fractionation on ECTEOLA-cellulose
was desalted first by extraction of the lyophilized solid
with methanol and then by passing a solution over a
column of Sephadex G-50. Fractionation of the teichoic
acid-glycopeptide complex obtained by electrophoresis
(Figure 1) on the same column is illustrated in Figure
4. The skewed distribution of the teichoic acid-gly-
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FIGURE 3: Fractionation of a mixture of glycopeptide
and acid-extracted teichoic acid on ECTEOLA-
cellulose. A mixture of glycopeptide (0.8 mg) and acid-
extracted teichoic acid (1.0 mg) in water (1.2 ml)
was applied to a column of ECTEOLA-cellulose (1.2 X
8 cm) previously equilibrated with 0.5 m LiCl, pH 3,
and then washed with water until the eluate was salt
free. After elution with water as indicated, a linear
gradient of increasing LiCl concentration was started
with 100 ml of water initially in the mixing vessel and
100 ml of 0.5 m LiCl, pH 4.5, in the reservoir. Ali-
quots of the fractions (13 ml) were analyzed for re-
ducing power (glycopeptide) and organic phosphate
(teichoic acid).

copeptide complex measured by its organic phosphate
or ester alanine content in the effluent suggested that
the material was heterogeneous, and measurements of
reducing power or acetylamino sugar? indicated that the
materigl apparently consisted of a continuous spectrum
of compounds with a ratio of reducing groups to phos-
phate varying from 0.4 to 0.025. The material with the
highest reducing power was eluted first from the column.
The mixture of materials with the highest reducing
power (35-68 ml, Figure 4) and that with the
lowest reducing power (69-100 ml) were pooled and are
referred to as Chal. TA-GP I and Chal. TA-GP 1I,
respectively. The same continuous fractionation of
glycopeptide-rich from glycopeptide-poor complex on
ECTEOLA-cellulose can be seen in Figure 2B.

A second series of experiments was carried out with
a teichoic acid-glycopeptide complex obtained after
lysis of cell walls with the ““32” enzyme and separation
by paper electrophoresis. Salt, eluted from the paper
strips with the complex, was removed on a Sephadex
G-50 column. In this case, however, a self-fractionating
system appeared to be set up, so that two components

2 The glycopeptide component of the complex is degraded
into disaccharide units having acetylmuramic acid residues with
free aldehyde groups. These disaccharides are held in a polymer
by the polypeptide (see Discussion). The aldehyde groups can
be measured either by reduction of ferrieyanide or by the color
formed in the Morgan-Elson reaction, given by acetylamino
sugars with a free aldehyde group.
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FIGURE 4: Gel filtration of the teichoic acid-glyco-
peptide complex. The teichoic acid-glycopeptide com-
plex, prepared from S. aureus strain Copenhagen cell
walls and fractionated by electrophoresis as described
in Figure 1, was dissolved in water (120 mg in 10 ml)
and applied to a column of Sephadex G-50, medium
grade (2 X 40 cm). The column was eluted with water
at 0.6 ml/min, and aliquots of the fractions (1.6 ml)
were analyzed for organic phosphate (teichoic acid),
reducing power (glycopeptide), and amino-terminal
groups (ester alanine of the teichoic acid). ©On the
column used, materials with K, values of 0 and 1
would be eluted at 44 and 115 ml, respectively.

were separated with X, = 0 (called “32”” TA-GP I) and
K, = 0.6, perhaps owing to heavy loading of the
column (Figure 5A). Examination, however, indicated
that these materials also represented an apparently
continuous distribution of components varying in the
ratio of acetylamino sugar with free aldehyde groups
to phosphate. These components were separately placed
on the Sephadex column. TA-GP I again behaved as a
single component with K, = 0 (Figure 5B). The material
with K, = 0.6, however, was again separated into two
components, one with K, = 0 (called **32” TA-GP II)
and the other with K, = 0.6 (called *“32” TA-GP III)
(Figure 5¢). “32” TA-GP II and 32 TA-GP III were
placed separately on the Sephadex column; each now
behaved as a single component with K, = 0 (Figures
5p and 5e). As will become evident, these three com-
pounds (“32” TA-GP I, “32” TA-GP II, and “32”
TA-GP III) are teichoic acid-glycopeptide complexes
which differ strikingly in the average ratio of acetyl-
amino sugar or amino acids to phosphate. Close exami-
nation of the data (Figure 5) indicates that each repre-
sents material with a continuous distribution of ratios of
acetylamino sugar (with free aldehyde groups) to phos-
phate.

3 The Kp is a measure of the distribution of the solute between
the interior and exterior solvent volumes of the Sephadex gel.
A substance which is completely excluded from the gel has Kp =
0 and a substance with the same elution volume as salt has
Kp = 1 (see Flodin, 1961).
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FIGURE 5: Gel filtration of teichoic acid-glycopeptide complexes. (a) The teichoic acid-glycopeptide complex (135
mg) obtained from a digest of cell wall with the ““32” enzyme was applied to a column of Sephadex G-50, medium
grade, 2 X 45 cm, and eluted with water. (8 and ¢) The material in the two peaks from a were refiltered on the same
column. (D and E) The material in the two peaks from c were refiltered on the same column. Measurements of
organic phosphate (teichoic acid), amino-terminal groups (ester alanine of the teichoic acid), and acetylamino
sugar with free aldehyde groups (glycopeptide) were carried out. Note the progressive decrease in the glycopeptide
component in the three fractions, ‘32 TA-GP I (B), “32”" TA-GP II (D), and “32” TA-GP III (g). All parts: a,
organic phosphate; O, NH.-terminal groups; @, acetylamino sugar.
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FIGURE 6: Determination of diffusion constants of vari-
ous teichoic acids. Here 4 = area, and H = height of
the peak in the ultracentrifuge diagram. Measurements
were made at 0.25% and 0.5% in 0.1 M phosphate,
pH 7. The D is calculated from the slopes of the lines.

Separation of the Teichoic Acid from the Complex by
the Action of Acetylmuramyl-L-alanine Amidase. After
treatment of Chal. TA-GP or “32” TA-GP with this
enzyme, three components were formed: a teichoic
acid, a peptide fraction, and a disaccharide fraction
(see Discussion). When the enzymatic digests were
placed on a column of Sephadex G-25, the teichoic acid
and peptide were eluted together with X, = 0 and the
disaccharide fraction was eluted later (see Ghuysen
and Strominger. 1963a, Figure 9). Separation of the
peptide and teichoic acid was then effected by chroma-
tography on ECTEOLA-cellulose (carried out as
described in Figure 2). The peptide fraction came
through the column in the water effluent and the teichoic
acid was eluted with LiCl.4 Finally, these teichoic acid
preparations (‘‘32”-amidase teichoic acid and Chal.-
amidase teichoic acid, also referred to as native teichoic
acids) were desalted on a column of Sephadex G-25,
and then lyophilized.

Analyses of the Teichoic Acid-Glycopeptide Com-
plexes. Several methods have been employed to measure
the amino acid and amino sugar content of various
preparations (Table I). It is apparent that the samples
with a high ratio of Morgan-Elson color to total phos-
phate contained a large fragment of glycopeptide com-
ponent. After treatment with the acetylmuramyl-r-
alanine amidase, the teichoic acid was virtually free of
glycopeptide.® The analyses indicate that the glycopep-
tidemoieties of the teichoic acid—glycopeptidecomplexes
had virtually the same composition as that of the glyco-
peptide itself, i.e., the ratio Glu:Lys: Ala:Gly was about
1:1:2:4.6. The content of ester pD-alanine in the com-

¢ These components have also been separated by paper elec-
trophoresis at pH 3.8 (Ghuysen and Strominger, 1963a).

s This material did, however, contain a small amount of
residual glycopeptide. Two preparations were made (Table I).
One of these was treated a second time with amidase, but this
failed to remove these traces of glycopeptide.
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FIGURE 7: Validation of determination of diffusion con-
stants. The slope of each of the lines is equal to 0.5 (see
Dieu and Oth, 1954)., The symbols are the same as
those used in Figure 6.

plexes was about 0.4 residue per phosphate, about the
same as found in the acid-extracted teichoic acid.

Physical Studies of the Teichoic Acid-Glycopeptide
Complexes. In order to estimate the molecular weights
of these complexes, sedimentation constants have been
estimated using a synthetic boundary cell (Table I).
The components sedimented as single symmetrical
peaks. From the spreading of the boundaries, the dif-
fusion constants have also been estimated (see Svedberg
and Pederson, 1940) (Figure 6, Table I).¢ This method is
valid when the material is a single compound. If,
however, as in this case, the material is polydisperse, it
is necessary to ascertain that the broadening of the
peak is caused only by diffusion and not by any separa-
tion of the components of the system by the centrifugal
force. When log [area (4)/height (H)] of the peaks was
plotted against log time, a straight line was obtained
with slope 0.50 for all of the compounds examined
(Figure 7). If the broadening of the peak had been
caused by centrifugal separation of the components,
then the slope would have gradually increased to ap-
proach 1.00 (Dieu and Oth, 1954).

In addition, the partial specific volume of a mixture
of Chal. TA-GP I and Chal. TA-GP II was measured
by pycnometry (5 = 0.63). From these data, the molecu-
lar weights of the various teichoic acid-glycopeptide
complexes was estimated using the relationship,
mw = RTS/D( — 7p).

The validity of the method was tested using crystalline
egg albumin. The diffusion constant in 0.2 M acetate
buffer, pH 4.5, was found to be 7.3 X 10~7 cm?/sec (Fig-
ures 6 and 7), the same value as that found by Lamm
and Polson (1936) by other methods. The measured
sedimentation constant was s = 2.80 and, together

6 It has been shown by Lamm (1929) that a small correction
is necessary to obtain the true diffusion constant from the dif-
fusion constant obtained on sedimentation, D = Dgeg(l —
w?st.). In the present work, however, this correction was less
than 0.001 and has been ignored.
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FIGURE 8: Relationship of molecular weight of various
teichoic acid preparations to the size of the glyco-
peptide component. The values plotted are from
Table I.

with the diffusion constant and partial specific volume
(0.76), a mw of 43,100 was calculated.

The weight-average molecular weights of the com-
plexes were related to the amount of the glycopeptide
component, varying between 18,900 (for a preparation
obtained after treatment with the amidase) to 41,500
(for the largest of the teichoic acid-glycopeptide com-
plexes). When molecular weight was plotted against
the minimal molecular weight of the glycopeptide com-
ponent (calculated from amino acid and disaccharide
content, Table I) a line was obtained which extrapolated
to a value for the weight-average molecular weight of
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FIGURE 9: Paper electrophoresis of alanine-free teichoic
acid preparations. Samples were subjected to a potential
gradient of 20 v/cm for 90 minutes in the Electro-
rheophor apparatus (Pfleuger, Antwerp) in pyridine-
acetate buffer, pH 5.8, and were detected by the perio-
date-Schiff spray.

20,000 for the teichoic acid itself (Figure 8), correspond-
ing to an average number of repeating units in the
teichoic acid of about 40.

Electrophoretic Mobility. Further evidence for the
nonseparability of the components of the teichoic acid-
glycopeptide complexes by physical methods was ob-
tained by paper electrophoresis at pH 2.2, 3.7, 5.8, 7.8,
and 9.1. Moreover, to ensure that the ester-linked
alanine played no rolei‘in the linking of the two compo-

TaBLE I11; Electrophoretic Mobilities of Various Teichoic Acids at Different pH Values.?

Compound pH 2.2 pH 3.7 pH 5.8 pH 7.8 pH 9.1 Average
“32” TA-GP L, 11, 0.132 0.119 0.150 0.134
and III (mix-
ture)
“32”’-Amidase teichoic 0.198 0.168 0.180
acid
Trichloroacetic acid- 0.156 0.132 0.162 0.150
teichoic acid
Ester alanine-free compound
““32” TA-GP I 0.276 0.288 0.222 0.284 0.258 0.266
*32” TA-GP II 0.372 0.300 0.306 0.318 0.324 0.324
*32” TA-GP 111 0.372 0.318 0.306 0.324 0.366 0.331
“32”-Amidase teichoic 0.372 0.312 0.372 0.366 0.372 0.359
acid
Trichloroacetic acid- 0.396 0.360 0.372 0.396 0.384 0.382

teichoic acid

@ The buffers employed were 0.2 N formic acid (pH 2.2), pyridine-acetic acid-water (2:10:1000, pH 3.7; or 7:1 :1000,
pH 5.8), collidine-acetic acid-water (7:1:1000, pH 7.8), and 0.02 N ammonium acetate, pH 9.1. Electrophoresis was
carried out in the Electrorheophor apparatus, Pfleuger, Antwerp, at a potential gradient of 20 v/cm for 90-120 min-
utes. Data are expressed as mobility toward the anode in cm/hr per volt per cm.
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FIGURE 10: Measurement of phosphomonoester end
groups in various teichoic acids. Samples of acid-
extracted teichoic acid (trichloroacetic acid-teichoic
acid (TCA-TA), 440 mumoles as organic phosphate) or
of teichoic acid-glycopeptide complex (Chal. TA-GP
11, 1400 mumoles) or native teichoic acid (Chal.-amidase
teichoic acid, 1050 mumoles), or mixtures of these were
incubated at 37° with E. coli phosphomonoesterase (20
ug, obtained from Sigma Chemical Co., St. Louis) in
0.04 M Tris, pH 8.5 (125 ul). At the indicated inter-
vals, aliquots (11 ul) containing 39 mumoles of trichlo-
roacetic acid—teichoic acid, 123 mumoles of Chal.-
amidase teichoic acid, 163 mumoles of Chal. TA-GP II,
or mixtures of these were removed and frozen. They
were subsequently analyzed for inorganic phosphate;
0.2 mumole could be measured easily under the condi-
tions used.

nents of the complexes, the electrophoretic behavior
after removal of the ester alanine (by treating solutions
of the complexes with an equal volume of concentrated
NH,OH at room temperature for 30 minutes) was also
examined. Removal of the ester alanine also greatly in-
creased the mobilities of the compounds and hence en-
hanced the differences between them. The mobilities of
the various compounds were related to their content
of glycopeptide, that with the highest content having the
lowest mobility at every pH and that containing only a
trace of glycopeptide (obtained after amidase treatment)
having virtually the same mobility as the material ob-
tained by acid extraction (trichloroacetic acid—teichoic
acid). Each of the compounds was eluted from the
paper after electrophoresis at all pH values employed
and subjected to hydrolysis in 6 N HCI at 100° over-
night. The amino acid components were then examined
by two-dimensional paper chromatographyin!-butanol-
acetic acid-water (3:1:1) and pyridine-water (4:1). In
every case the amino acid components of the glyco-
peptide had not been separated from the teichoic acid.
The electrophoretic mobilities are given in Table II and
are illustrated in Figure 9. Since the mobilities were not
markedly pH dependent in the range employed, the
average mobilities have also been calculated (Table II).

Phosphomonoester End-Group Determinations. A
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FIGURE 11: Measurement of formaldehydogenic end
groups in teichoic acids. The formaldehyde produced
during periodate oxidation was measured on un-
reduced and reduced samples of Chal. TA-GP 11, Chal.-
amidase teichoic acid, and ¢“32”-amidase teichoic acid.
The latter two preparations gave nearly identical results
and only one of them is shown. Samples (containing
500 mumoles of phosphate) were reduced at room
temperature in 0.25 M NaBH, (30 ul). After 5 hours,
1.0 M acetic acid (15 ul) was added, giving a final pH
of 4.5. Samples of these reduced teichoic acids (con-
taining 250 mumoles of phosphate) and the unreduced
teichoic acids (containing 500 mumoles of phosphate)
were oxidized at room temperature in 0.001 M periodate
(200 ul) containing 0.01 M acetate, pH 4.5. At the indi-
cated intervals, aliquots (20 wul) were removed for
formaldehyde determination. Under these conditions,
the production of formaldehyde from 4-O-N-acetyl-
D-glucosaminyl-D-ribitol and N-acetylmuramitol is
complete in 30 and 10 minutes, respectively. After 30
minutes, formaldehyde production proceeded at a
barely perceptible rate, presumably owing to some
overoxidation. Values were obtained by extrapolation
of the plateaus to zero time. The reciprocal of the inter-
cept is the number of phosphates per formaldehydo-
genic end group. The importance of careful kinetic
analysis to obtain the correct end point cannot be over-
emphasized. In 0.01 M periodate, at room tempera-
ture, the increased rate of overoxidation was sufficient
to give erroneously high results unless a careful kinetic
study was made. In 0.001 M periodate at 2°, oxidation
was slow and erroneously low results would be ob-
tained if oxidation were not continued for 4-6 hours.

characteristic property of the acid-extracted teichoic
acid is its content of phosphomonoester end groups.
The determination of these end groups has in fact been
used to estimate the molecular weight of the acid-
extracted teichoic acids. However, all of the teichoic
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FIGURE 12: Hydrolysis of phosphodiester bonds of
teichoic acid in 109 trichloroacetic acid at 3° and at
60°. A preparation of teichoic acid extracted with
trichloroacetic acid and containing 1 phosphomono-
ester end group per 7 phosphates was incubated in 107
trichloroacetic acid at 3° or 60°. Aliquots containing
29 mumoles of organic phosphate were removed at
intervals. After incubation with Escherichia coli phos-
phomonoesterase at 38° for 1 hour at pH 7.5, inorganic
phosphate was measured.

acid-glycopeptide complexes and the teichoic acid
prepared from these complexes by treatment with
amidase were totally devoid of detectable phospho-
monoester groups (Figure 10). By the method employed,
one phosphomonoester group per 500 organic phos-
phate residues would have been readily detected. As
previously reported (Sanderson er al., 1962) the teichoic
acid extracted from cell walls of S. aureus by trichloro-
acetic acid had one phosphomonoester group per
fourteen organic phosphate residues.

The phosphomonoester end group of the acid-
extracted teichoic acid was readily measured by the
method employed. In order to ensure that the presence
of glycopeptide in the complexes did not significantly
inhibit the phosphomonoesterase, a sample of the
teichoic acid-glycopeptide complex and of acid-
extracted teichoic acid was mixed and treated with
phosphomonoesterase. Again the phosphomonoester
was liberated from the acid-extracted teichoic acid and
no additional inorganic phosphate which could have
been derived from the complex was produced (Figure
10). It was also established that none of the enzymes
employed in preparation of the various teichoic acids
(Chalaropsis B enzyme, ‘32" enzyme, and acetyl-
muramyl-L-alanine amidase) had detectable phospho-
monoesterase activity when tested on the acid-extracted
teichoic acid as substrate. Thus a phosphomonoester
group could not have been removed by these enzymes
during preparation of the various teichoic acids.

Formaldehydogenic End-Group Determination. The
nonphosphorylated end of the teichoic acid is a 4-O-
glycosyl-p-ribitol-5-phosphate which may also be
substituted on the 2- or 3- position of the ribitol by an
alanine ester. If the ester alanine is removed in dilute
alkali, periodate will rapidly oxidize the C,-C, diglycol
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of the end-group ribitol, producing formaldehyde.
Measurement of this group has been used to estimate the
chain length of teichoic acids. No other primary hy-
droxyls which could yield formaldehyde are present in
the molecule.

A second source of formaldehydogenic end groups
is present, however, in the teichoic acid-glycopeptide
complexes or in the native teichoic acid obtained from
these materials after treatment with amidase. The di-
saccharides present in the glycopeptide or the single
disaccharide unit presumed to remain in the native
teichoic acid (see discussion) do not yield formaldehyde
under the conditions of periodate oxidation used here
since the pyranose ring of the reducing end group
(acetylmuramic acid) is stable under these conditions.
Reduction with NaBH,, however, opens the pyranose
ring. Periodate then produces formaldehyde from oxida-
tion of the diglycol at Cs-Cs in the reduced acetyl-
muramic acid (see Tipper er al., 1965). It is therefore
possible to measure two formaldehydogenic end groups
in the teichoic acid complexes. One of these is derived
from the ribitol unit at the nonphosphorylated end of
the teichoic acid molecule and the other, measured
after NaBH, reduction, is derived from the acetyl-
muramic acid residues in the disaccharides.

The formaldehydogenic end groups of Chal. TA-GP
II, Chal-amidase teichoic acid, and ‘32”-amidase
teichoic acid have been measured (Figure 11). Before
reduction, these preparations yielded 1 mole of formal-
dehyde per 31, 26, and 26 phosphates, respectively,
presumably a measure of the ribitol end groups in the
teichoic acids. After reduction, the increase in formalde-
hyde production due to the disaccharide units was 1
per 17, 27, and 33 phosphates for the three compounds,
respectively. Chal. TA-GP II contains an average of
approximately rwo disaccharide-peptide units in the
glycopeptide moiety of each teichoic acid molecule
(Table I). Therefore, on this basis, the value of 1 di-
saccharide end group per 17 phosphates is equivalent to
1 glycopeptide moiety per 34 phosphates for this
preparation. The virtual equivalence of the ribitol end
group and the disaccharide end group in Chal.-amidase
teichoic acid and “32”-amidase teichoic acid lends
strong support to the concept that the native teichoic
acid is substituted at one end by a single disaccharide
unit. These end-group determinations (1 per 26-34
phosphates) yield number average molecular weights of
12,000-16,000.

Degradation of Teichoic Acid in Trichloroacetic Acid.
The absence of phosphomonoester groups in the teichoic
acid prepared after enzymatic lysis of cell walls sug-
gested that their presence in the acid-extracted material
might have been owing to cleavage of phosphodiester
linkages in the native teichoic acid. In order to examine
this point, a sample of teichoic acid which had been
obtained by acid extraction was exposed to 109 tri-
chloroacetic acid at 3° and at 60°. At both these tem-
peratures the number of phosphomonoester groups
increased progressively with time (Figure 12), indicating
that phosphodiester bonds were being cleaved under
these conditions, the same conditions as those usually
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employed for “‘extraction” of teichoic acid from the
cell wall,

Discussion

The isolation of the various compounds described
here may be visualized through a diagrammatic
representation of the structure of the wall (Figure 13).
The wall is represented here as a series of polysaccharide
chains, the acetylmuramic acid residues of which are
linked to tetrapeptides (Ghuysen et al., 1964). The
tetrapeptides are in turn linked to each other by poly-
glycine bridges, resulting in a two-dimensional network.
An important point in consideration of this structure
is the fact that analyses (to be published in a following
paper) indicate that the various polymers which com-
prise this structure have natural breaks in them, per-
haps random in nature. Conceivably, these are the
consequence of the natural biosynthetic process, but
they may also be the consequence of action of autolytic
enzymes during preparation of the walls. Thus, it may
not be possible to obtain undegraded walls by the proce-
dures employed.” After hydrolysis of the acetylmuramyl-
acetylglucosamine linkages by the acetylmuramidases,
the wall is degraded into disaccharides held into a
polymer by the cross-linked peptides. The size of this
polymer will depend on the integrity of the polypeptide
chain involving the glycine cross-bridges. This degraded
glycopeptide may be represented as

Xoy_o XY, XY, XY

RSNV SV

To some of these degraded glycopeptide molecules
teichoic acid may be attached, similarly represented as

ih

T

[
X=Y_ XY XY XzY,

RN/ S o

The size of the glycopeptide moiety of this teichoic
acid-glycopeptide complex will again vary, as already de-
scribed. Treatment of the complex with amidase results
in cleavage, represented by dashed lines, as a con-
sequence of hydrolysis of the bonds indicated. The
products are disaccharide, polypeptide, and a native

7 The possibility was considered that the varying size of the
glycopeptide portion of the complexes was caused by con-
tamination of the acetylmuramidases employed to lyse the
walls by a peptidase splitting the glycine cross-bridges. Two dif-
ferent acetylmuramidases, the “32” enzyme from Streptomyces
and B enzyme from Chalaropsis, have yielded identical prod-
ucts, however, and would thus have to be contaminated to the
same extent by a peptidase. Moreover, the teichoic acid—glyco-
peptide complexes have also been isolated after brief and incom-
plete lysis of cell walls by the ‘“32” enzyme. These complexes
were separated into two components and had the same properties
as those prepared after prolonged lysis. They are indicated in
Table I as 32 TA-GP I, and 32 TA-GP IIL,.

AN INTERPRETATION OF CELL WALL STRUCTURE
AND THE ORIGIN OF THE TEICHOIC ACID—
GLYCOPEPTIDE COMPLEXES
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X=N-ACETYLGLUCOSAMINE
Y=N-ACETYLMURAMIC ACID OR NO-DIACETYLMURAMIC ACID
O=AN AMINO ACID OF THE TETRAPEPTIDE OR PENTAPEPTIDE
A 2A PENTAGLYCINE CROSS-BRIDGE
—---=BONDS CLEAVED BY ACET YLMURAMIDASE
— =RANDOM BREAKS IN THE STRUCTURE

FIGURE 13: A representation of a possible structure of
the cell wall of S. aureus and of the origin of the teichoic
acid-glycopeptide complexes. It should be emphasized
that this structure is a working hypothesis which is
compatible with the known facts. It may have to be
modified as additional information is obtained. The
teichoic acid is shown linked to acetylglucosamine for
the purpose of this illustration, but data presently
available do not indicate to which of the sugars it is
linked or how such linkages are distributed in the cell
wall. Studies of the peptide structure will be presented
in following papers. No attempt has been made to
represent a three-dimensional structure but one could be
built up by polyglycine cross-bridges extending to a
plane in front of or behind this page.

teichoic acid in which one disaccharide blocks the
phosphomonoester end. Only one such disaccharide
exists per 30-35 phosphate residues (about 2% of the
weight). A small amount of disaccharide was detected
by chemical analysis (Table I) and its presence was
confirmed by the appearance of new formaldehydogenic
end groups after NaBH, reduction.

The teichoic acid obtained after enzymatic lysis of
cell walls differs markedly from the preparation which
is obtained by solubilization with trichloroacetic acid.
The enzymatically prepared material is a higher molecu-
lar weight substance associated with a fraction of the
glycopeptide from which it cannot be disassociated by
several physical methods: chromatography on
ECTEOLA-cellulose, electrophoresis, and ultracen-
trifugation. An artificial mixture of the acid-extracted
teichoic acid and glycopeptide is, however, readily
separated by the first two of these techniques. These
data suggest that the two components of the complex
are linked by forces stronger than ionic bonds, pre-
sumably by a covalent linkage.
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The molecular weight of the separated complexes
depends largely on the size of the glycopeptide com-
ponents. The teichoic acid itself may also vary somewhat
in size, however. Its weight-average molecular weight
was about 20,000 while the number-average molecular
weight was 12,000-16,000. These data suggest that the
maximum size of the teichoic acid molecule may corre-
spond to forty to fifty units but that some smaller
molecules must also be present. Since the cell walls
used in these studies were obtained from cultures in
the logarithmic phase of growth, these could represent
molecules in the process of assembly.

Earlier analyses of cell walls (Mandelstam and
Strominger, 1961) had suggested, as one possibility for
the linkage, a peptide bond between the amino group
of the ester alanine of the teichoic acid and the free
carboxyl group at the end of the peptide chain linked
through its amino end to acetylmuramic acid. This
possibility had been suggested because of some anom-
alies in the overall analyses of cell walls, It is clear,
however, from these studies, as well as those of others
(Armstrong ef al., 1961), that most, at least, of the amino
groups of the ester alanine are free and hence could not
be involved in a covalent linkage. The conditions of
enzymatic lysis of the cell walls (pH 5) could not be
expected to break peptide bonds, freeing the amino
group of alanine, and there is no evidence for the oc-
currence of a specific peptidase in the acetylmuramidases
employed. The fact that the teichoic acid remains linked
to the glycopeptide, after removal of the ester alanine
in the complexes by treatment with ammonia, also
argues against involvement of the ester alanine in the
linkage to the glycopeptide.

The present data, moreover, strongly suggest another
possibility. The repeating unit of the teichoic acid is a
substituted D-ribitol-5-phosphate, and the polymer
should therefore end in a phosphomonoester group.
The absence of such a phosphomonoester suggests that
this end of the molecule may be involved in a phospho-
diester linkage to some group in the glycopeptide. Other
possibilities to explain the lack of a phosphomonoester,
although they are not excluded by the present data,
seem unlikely. For example, the teichoic acid might be
synthesized normally without a phosphomonoester end;
it could be a cyclic ribitol phosphate polymer, or the
end-group phosphomonoester phosphate could be
removed in a normal biosynthetic process, or the end
group itself could be a cyclic phosphate. As synthesized,
the end group might also be blocked by some hitherto
undetected small molecule. None of these possibilities
seems as likely an explanation, however, as the
hypothesis that the end-group phosphate is involved in
a phosphodiester linkage to the glycopeptide.

The presence of phosphomonoester groups in the
teichoic acid, prepared by acid extraction, is clearly
the consequence of hydrolysis of phosphodiester bonds
in acid. The lability of such bonds to acid may be further
support for the hypothesis that the teichoic acid is linked
to the glycopeptide by a phosphodiester. Possibly the
phosphodiester linking the teichoic acid to the glyco-
peptide is especially acid labile. However, the number
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of phosphomonoester groups in a teichoic acid is
directly related to the time employed in acid extraction.
A small amount of teichoic acid can be solubilized by
exposure to cold trichloroacetic acid for 2-3 minutes.
About 2 mg of this material was obtained from 200 mg
of cell walls. It contained low but measurable phospho-
monoester groups (1 per 120 organic phosphate resi-
dues ) (Sanderson et al., 1962). After hydrolysis in 6 N
HCI it was, moreover, found to contain all of the amino
acids which are characteristic of the glycopeptide
(Ala, Glu, Lys, and Gly) and presumably was primarily
teichoic acid-glycopeptide complex extracted by acid.
Exposure to 109 trichloroacetic acid for 6 hours at
60° solubilized about three-fourths of the teichoic acid.
This material had one phosphomonoester group per
10-20 phosphates and had a molecular weight of about
8000 (s5p = 0.79, Dsyy = 14 X 1077 cm?/sec). The
material obtained between 6 and 12 hours at 60° had
one phosphomonoester group per 7-10 phosphatesand a
molecular weight of about 5000 (Table I). Still further
exposure to acid (Figure 12) resulted in cleavage of
virtually all of the phosphodiesters in the molecule.

It has been repeatedly suggested that the teichoic acid
is held to the cell wall of S. aureus by an ionic linkage
(Archibald er al., 1961 ; Baddiley et al., 1962; Critchley
et al., 1962). No data, however, have been produced to
support this assumption. Moreover, the glycopeptide
is a neutral molecule, containing few positively or
negatively charged groups. It is difficult to imagine that
so strong an affinity as is present in the teichoic acid—
glycopeptide complex could be brought about only
through the agency of electrostatic forces. Final proof of
the covalent linkage, however, depends on the isolation
of the “linking group,” i.e., the phosphodiester which
is presumed to link ribitol to some group in the glyco-
peptide and represents only 1-2 9 of the weight of the
cell wall. This goal has recently been accomplished
through a series of degradative procedures (Tipper
et al., 1964a; Ghuysen er al., 1964) and full details will
be published when the precise nature of this link com-
pound has been elucidated.

Similar complexes of glycopeptides with poly-
saccharides or teichoic acids have been obtained by
enzymatic lysis of the cell walls of other bacteria. These
include a glycopeptide-teichoic acid complex from
Bacillus subtilis (Young et al., 1964), a polysaccharide-
glycopeptide complex from Streptococcus hemolyticus
(Krause and McCarty, 1961, 1962), and a glycerophos-
phate polymer linked to the glycopeptide in Bacillus
megaterium (Ghuysen et al., 1962a; Ghuysen, 1964).
The covalent linkage of these components to glyco-
peptide appears to be a general feature of the architec-
ture of bacterial cell walls,
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