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Teichoic acid-like material extracted by cold trichloroacetic acid from lyophilized
whole cells of streptococci from groups A, D, E, 0, and T was shown to give a posi-
tive precipitin reaction with group antisera. Similar material from cells of groups
B, C, F, G, H, K, L, M, N, P, Q, R, and S did not give a positive reaction with group
antisera. The group A material also reacted with anti-E serum; however, the op-
posite did not occur. A similar result was also obtained on the group T material and
anti-O serum. The group A teichoic acid was purified by Sephadex column chro-
matography, and was shown to be free of cell wall peptidoglycan and polysac-
charide, and ribitol teichoic acid. It was composed of glycerol, phosphate, alanine,
and glucosamine. Alkaline hydrolysis showed the presence of ester-linked alanine
and glucosaminylglycerol. Phosphorus was released from ester linkage by alkaline
phosphatase. N-acetylglucosamine produced a 72% inhibition of the precipitin test
at a level of 10 ,umoles, and D-alanine methyl ester was significantly stronger than
the L-alanine ester. A single precipitin band was seen with group A serum. The data
indicate that teichoic acid of group A streptococci is a polymer composed of glyc-
erol phosphate and containing N-acetylglucosamine and alanine. Antisera to these
streptococci contain antibodies specific for the alanine and the glucosamine linkages.
The use of serum containing antibodies to alanine-polyglycerophosphate shows
that the occurrence of this type of teichoic acid is widespread among the strepto-
cocci.

Information on the teichoic acids present in
the streptococcal cell is limited to those occurring
in serological groups A, D, and N. In group D
the teichoic acid serves as the group antigen (22,
23). It is a polymer of glycerol phosphate contain-
ing glucose and alanine, and is associated with
the protoplast membrane (14, 16). A teichoic acid
from two strains ofgroup N streptococci is known
to react with group N antiserum, and is reported
to be a galactosyl glycerophosphate polymer (7).
In group A, a teichoic acid occurs in all sero-
logical types (9), but does not function as the
group antigen. It contains glycerol, phosphate,
and alanine (10). The location in the cell of the
latter two components is not known.
The antigens of streptococci are significant for

an understanding of the pathogenicity and anti-
genicity of the microorganisms and their rela-
tionship to its structure. The present study was
designed to investigate the distribution of teichoic
acids among a few strains of each of the sero-
logical groups. A reaction between the material
isolated from a group A strain and both group A
and E antisera led to a detailed study of the

composition of the substance and its immuno-
logical properties. A preliminary report has been
presented (T. Matsuno and H. D. Slade, Bacte-
riol. Proc., 1969, p. 106.

MATERIALS AND METHODS
Streptococcal strains. The cells of serological group

A (strain Richards, type 3) were obtained, through the
courtesy of Aaron Lane, from Difco Laboratories,
Detroit, Mich. Group B, C, D, E, F, G, H, K, L, M,
N, 0, P, Q, R, S, and T cells were grown in Todd-
Hewitt broth plus a glucose-salts mixture (8); they
were washed three times with water and lyophilized.

Preparation of crude teichoic acid. Lyophilized whole
cells (1 to 3 g) from each serological group were ex-
tracted with 30 to 90 ml of 10% trichloroacetic acid
at 4 C for 17 hr with continuous stirring. The suspen-
sion was centrifuged at 4 C for 15 min at 3,000 X g,
and the extraction of the cells was repeated twice.
Two volumes of absolute ethanol were added to the
supernatant and held for 17 hr at 4 C. The precipitate
was removed by centrifugation, washed with acetone,
ethanol, and ether, and dried in a vacuum. A 1-mg
amount was dissolved in 1 ml of 0.85% saline and
tested for the presence of antigen by capillary precipi-
tin tests (20).
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Purification of group A teichoic acid. A 50-g amount
of lyophilized whole cells was extracted with 700 ml of
10% trichloroacetic acid as above.The residue was then
extracted three times with 300 ml of 10% trichloro-
acetic acid, and the extracts were combined; 2.9 liters
of absolute ethanol was added, and the mixture was
centrifuged. The supernatant fluid was concentrated
by flash evaporation at 40 C to 1.6 liters. Three liters
of acetone was added and the solution was held at 4 C
for 24 hr. The precipitate was removed by centrifuga-
tion and dissolved in 200 ml of 10% trichloroacetic
acid at 4 C; 200 ml of acetone was added. After cen-
trifugation, the precipitate was washed once with 30
ml each of acetone, ethanol, and ether, and was then
dried in a vacuum. The yield was 2.4 g. The material
was then suspended in 50 ml of water, and the insolu-
ble fraction was removed by centrifugation. The super-
natant fluid was lyophilized, dissolved in 15 ml of
water, adjusted to pH 7.0 with 1 N NH40H, and
passed through a Sephadex G50 column (40 by 1 cm).
The quantity of nucleic acid in the teichoic acid ma-
terial was measured at 260 nm after dilution, and a
qualitative determination was made of the antigen
present by the capillary precipitin test against spe-
cific group A rabbit antiserum. The positive fractions
were lyophilized to yield 72.6 mg. The ethanol residue
from the above extraction was separately purified by
a similar procedure. The yield was 8.5 mg.

Thin-layer chromatography. A 2-mg amount of
teichoic acid was hydrolyzed in 4 N HCI (1 ml) in a
sealed tube for 12 hr at 100 C. The acid was removed
by evaporation in vacuo over NaOH and P205, and
the residue was dissolved in water (1 ml). A 5-,uliter
amount (10 ,Ig) was spotted on precoated thin-layer
chromatographic plates (Cellulose F, E. Merck AG).
For the separation and identification of sugars and
amino acids, a solvent composed of n-butyl alcohol-
pyridine-water (4:6:3 v/v) was used. For glycerol,
the solvent used was n-propanol-NH3-water (6:3:1
v/v). Reducing sugars and a-glycol were detected by
AgNO3 (21), and amino acids by ninhydrin (5).

For the identification of glucosaminylglycerol, 2
mg of teichoic acid was hydrolyzed in 1 N NaOH
(1 ml) for 3 hr at 100 C. The hydrolysate was passed
through a column (2.5 by 0.6 cm) of Dowex 50 (NH4+
form) and evaporated to dryness. A 5-,Aliter amount
(10 jig) was applied to a cellulose F plate and run in
the same solvent as used for glycerol. To increase the
intensity of the color of both glycerol and the glucos-
aminyl derivative, the plates were heated at 90 to
100 C for 5 min after dipping in the AgNO3 reagent.
To detect ester-linked alanine, 1 mg of teichoic acid

was shaken at 37 C for 17 hr in 1 ml of N NH40H.
The alanine was identified on a thin-layer chromato-
graphic plate, or quantitated on a Spinco amino acid
analyzer.

Analytical methods. (i) Enzymatic. Monoester
phosphate was determined by treatment with bac-
terial alkaline phosphatase (Worthington Biochemi-
cal Corp., Freehold, N.J.). A 100-,ug amount of tei-
choic acid in 100 Aliters of water was mixed with 50
,liters of tris(hydroxymethyl)aminomethane buffer
(0.01 M, pH 10.0), and 10 ,ug of enzyme in 10 Mliters of
water was added. The mixture was incubated for 4 hr

at 37 C, and the free inorganic phosphate was deter-
mined by the addition of 1 ml of reagent. The latter
was a mixture of 9 ml of reagent A (1 ml of M sodium-
acetate, 1 ml of 2.5% ammonium molybdate, 7 ml of
water) and 1 ml of reagent B (10% ascorbic acid).
Color development was maximal at 90 min at 37 C and
was read at 820 nm.

D-Glucose was determined by the oxidase method
as previously described (17).

(ii) Chemical. Total phosphorus was determined
after 10 to 50,g of dry teichoic acid was oxidized with
100 Mliters of a mixture of 30.6 ml of H2SO4 and 6.7
ml of 70% HCI04, plus water to 100 ml. The oxida-
tion was carried out for 1 hr at 95 C and for 2 hr at
165 C. A 1-ml amount of molybdate reagent (A and
B) was added after cooling, and measurement was
made as above.
Rhamnose and total hexosamine were measured

on the HCI hydrolysate as previously described (17).
Nucleoprotein was measured chemically (13) and by
extinction at 260 nm.

(iii) Chromatographic. Glucosamine was identified
and determined in the HCI hydrolysate on a Beckman-
Spinco amino acid model 116 analyzer (19). Glycerol
was released from the teichoic acid (1 mg) by hy-
drolysis in 1 ml of 2 N HCI for 3 hr at 100 C. Water
(2 ml) was added and the pH was adjusted to 9.0 with
NH40H. Intestinal phosphatase (0.5 mg; Worthing-
ton Biochemical Corp.) was added, and the solution
was held at 37 C for 17 hr. Enzyme protein was re-
moved by the addition of trichloroacetic acid to a
final concentration of 3%. The acid was removed by
six extractions with 2 ml of ether and dried. A solution
(100 ,liters) containing 1 ml of pyridine, 0.2 ml of
1,1,1,3,3,3-hexamethyl disilizane, and 0.1 ml of
chlorotrimethylsilane was added (18). After 5 min at
room temperature, 1 to 2,liters was injected into a
Varian Aerograph model 1200 gas chromatograph;
100 ,g of glycerol was used as a standard.

Serological procedures. The quantitative precipitin
determination was described previously (17). The
procedure for the inhibition of this determination was
as follows. To 25 Mliters of group A antiserum was
added 1 to 10 Mliters of M alanine (or its derivative)
or glucosamine, and 0.85% NaCI to a total volume of
45 Mliters. The tubes were incubated at 37 C for 30
min. Teichoic acid (12.5 Ag in 5 Mliters of saline) was
added, and the solution was incubated at 37 C for 90
min, followed by 17 hr at 4 C. The quantity of anti-
gen-antibody precipitate was determined as pre-
viously described (17).

Agar-diffusion analysis of the antigen-antibody
complex was carried out as described by Ouchterlony
(1 1).

Sources of sera and chemicals. Alanine methyl ester
and glycosamine-6-phosphate were obtained from
Sigma Chemical Co., St. Louis; D-alanine methyl ester
from Cyclo Chemical Co., Los Angeles, Calif,; D-
glucosamine HCI from Phanstiehl Chemical Corp.,
Waukegan, Ill.; and N-acetylglucosamine HCI from
Mann Research Laboratories, New York, N.Y. The
L-alanyl-L-alanine and the D-alanyl-D-alanine pep-
tides were kindly provided by Francis Neuhaus. Grove
Wiley kindly supplied a serum active against alanine-
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polyglycerophosphate (ala-PGP; see Wilson and
Wiley, 25). This serum was obtained by the injection
of whole group A type 39 streptococcal cells into
rabbits. In some cases we adsorbed this serum with
lyophilized group A or H streptococcal cells (40 mg of
cells/ml of serum). Streptococcal group antiserum
was obtained from the National Communicable Dis-
ease Center, Atlanta, Ga., or prepared as previously
described (15).

RESULTS
Lyophilized cells from all the known strepto-

coccal groups were extracted with cold trichloro-
acetic acid (6). Extracts of A, D, E, 0, and T
cells reacted with specific rabbit antiserum (Table
1). The intensity of the reaction varied, however;
the time required for the antigen-antibody pre-
cipitate to form was considerably less with group
O than the other four sera. The yield of material
in each case from 1 g ofwhole cells was as follows:
group A, 5 mg; group D, 19 mg; group E, 4 mg;
group 0, 21 mg; and group T, 5 mg. As shown by
further studies on the A and E material, quantities
of inactive material were present in each case.
Table 1 shows that the material extracted from A
cells reacted with E as well as A antiserum, and
that T material also reacted with 0 serum. In the
case of E and 0 extracts, however, no cross-reac-
tion was seen. Consequently, our attention was
directed toward a study of the immunologically
active material present in the A cells.
When quantities of lyophilized cells (50 to

100 g) were extracted, ethanol precipitated only
small quantities of material from the acid-soluble
fraction, whereas much larger quantities were
precipitated with acetone. Figure IA shows the
elution pattern of the serologically active acetone
precipitate and the nucleoprotein after passage
through Sephadex G50. The active material
began to appear soon after the void volume of the
column had been collected. It is evident that a
large part of the active material was present with
nucleoprotein. The first 30 ml was concentrated
and passed again through the same column after
the column was washed with NaCl and water.
The first 20 ml was concentrated and again passed
through the column. The elution pattern after
the third passage is shown in Fig. lB. This first 18
ml of eluate was lyophilized and used for chemical
analysis and immunological activity. It is evident
that most of the nucleoprotein was removed, and
analysis showed a content of only 1.1 %. The
glucose content was 1.1 %.

Table 2 shows the compounds which were
detected on thin-layer chromatographic plates in
the acid and alkaline hydrolysates. The absence of
rhamnose and muramic acid in the acid fraction
indicates the absence of group A-specific poly-

TABLE 1. Precipitin reactions between teichoic acid-
like materials and streptococcal group antiseraa

Trichloroacetic acid extract Group antiserum

Group Strain A D E 0 T

A Richards + - + _
D 8177 - + - - -
E K129 - - 2+ - -
0 B357 - - - 2+ -
T 6496/62 - - 3+ +

a Material extracted from lyophilized cells with
cold trichloroacetic acid was precipitated with
ethanol and washed with acetone, ethanol, and
ether. Extracts of cells from groups B, C, F, G, H,
K, L, M, N, P, Q, R, and S were also tested against
specific antisera and were found to be negative.

I 2

i8
a
8I

IS 20 25
FsIUm! ~*A numbe

'I

FIG. 1. Patternl of acetone-precipitated teichoic
acid on elution with water from G50 Sephadex column.
Pyramid portion represents inttensity of precipitin test
against group A antiserum. *, Nucleo-protein content
offractions; 3 ml in each fraction. Cross-hatched areas
were subjected to further purification. A, First passage
through column; B, third passage.

saccharide and cell wall peptidoglycan in the
teichoic acid preparations. Chemical determina-
tions of rhamnose were also negative, and the
Spinco amino acid chromatogram was negative
for muramic acid. The presence, however, of
glycerol and glycerol phosphate indicates a glyce-
rol-type teichoic acid, and the negative ribitol
value indicates that the former is the only teichoic
acid present.
The alkaline hydrolysate (Table 2) contained

glucosaminylglycerol, indicating that glucosamine
is a part of the teichoic acid and directly attached
to the glycerol unit. The resistance of 2-0-glucos-
aminyl-glycerol to alkaline hydrolysis has been
shown (12).
Chemical and enzymatic analysis of the teichoic

acid material is shown in Table 3. The large
quantities of glycerol, phosphorus, alanine, and
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TABLE 2. Compounds present in acid and alkaline
hydrolysates as shown by thin-layer chroma-

tography

Compound hyAcid AlkalineComi,ound ~hydrolysate hydrolysate

Glycerol .................. + +
Glycerol phosphate........ + +
Ribitol ...................
Alanine ................... + +
Glucose ................... +
Galactose .................
Rhamnose.................
Glucosamine .............. +
Galactosamine ............
Glucosaminylglycerol ......

Muramic acid..............

TABLE 3. Chemical analysis ofgroup A streptococ-
cal teichoic acid

Compound Per cent (dry wt) oMoles/mg(avg)

Glycerol ............... 15.6 -17.0a 1.77
Total phosphorus....... 15.9 -17.8 5.42
Monoester phosphorus.. 0.42- 0. 66b 0.17
Ester alanine ........... 4.8 0.54
Glucosamine ......... 6.6 - 6.7 0.37

a Range of several assays on two separate prep-
arations.

b These values represent 2.6 to 3.7% of the total
phosphorus.

glucosamine provide further evidence of the
presence ofa teichoic acid.

Figure 2 illustrates the antigen-antibody pre-
cipitin curves obtained when the teichoic acid
reacted with group A-specific antiserum and an
antiserum containing antibodies against ala-PGP
(25). In both cases peaks were obtained with only
5 to 8 ,ug of the teichoic acid material.

Agar-gel diffusion (Fig. 3) showed that the
group A teichoic acid produces a single band of
precipitate upon reaction with A serum, whereas it
showed no reaction with antisera to streptococci
known to possess the group-specific teichoic
acids, D and N. Antisera against groups E, 0,
and T were also negative.
To obtain an indication of the relationship of

the constituents of the teichoic acid to its ability
to react with antibody, various compounds were
tested for their ability to inhibit the reaction. The
results are given in Table 4. It is apparent that
alanine methyl ester, glucosamine, and N-acetyl-
glucosamine possess significant activity, with the
latter most active. The absence of activity by
alanine as compared to the alanine ester indicates
that the ester linkage in the antigen is important

for its immunological specificity. Of even greater
significance, however, is the role of N-acetylglu-
cosamine in the specificity and antigenicity of
the teichoic acid. It is a major determinant.

DISCUSSION
Table 1 shows that crude teichoic acid from

group A cells, prepared by ethanol precipitation
of cold trichloroacetic acid extracts, cross-reacts
with group E antiserum. In contrast, the acetone-
precipitated and purified teichoic acid did not
react with the same serum. The ethanol material
was found to contain 8.7% nucleoprotein in
addition to glycerol teichoic acid. This prepara-
tion was not as readily soluble in water as that
prepared by acetone precipitation. The ethanol
material may be combined with nucleoprotein as
reported for teichoic acids from group D strepto-
cocci and lactobacilli (6, 22). After treatment of
the ethanol teichoic acid preparation with ribo-
nuclease, the cross-reaction with group E anti-
serum disappeared. The nucleoprotein free of
teichoic acid did not react; consequently, it is
possible that antibodies are present which are
directed against a teichoic acid-nucleoprotein
combination.

5
, , ,I _

2.0

1.5 / \-

21.0 - /

5 10 15 20 25 30

"g9 -_
FIG. 2. Precipitin curves of teichoic acid against;

A, group A antiserum; B, alanine-polyglycerophos-
phate antiserum. For curve A, 25 ,uliters of antigen
solution and 25 ;liters ofserum were used; for curve B,
50 j.liters of antigen solution and 50 ,lAiters of serum
were used.
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FIG. 3. Reaction in agar of group A leichoic acid
(acetone precipitate) and anti-A serum. Center well
contained 5 Aliters ofsaline containing I ,ug ofantigenl
,uliter. The outer wells containied antisera specific to
the streptococcal groups designated by the letters.

An attempt has been made to determine the
location of the group A teichoic acid antigen in
the streptococcal cell. The material employed for
chemical and serological studies was extracted
from whole cells; however, cell walls extracted in a
similar manner yielded only a trace of sero-
logically active material based on the precipitin
test with specific antiserum. Consequently, it is
likely that this teichoic acid is associated with the
protoplast membrane, as has been demonstrated
with a group-specific teichoic acid of a group D
streptococcal strain (14, 16).
A membrane teichoic acid from Staphylococcus

aureus H is reported to contain as many as 35
glycerol units (12) based upon the ratio of mono-
ester phosphate to total phosphate. In the present
case, the average ratio is 32; however, it is not
certain that the non-ester phosphate is also a part
of the polymer chain. In all cases, values on the
length of the repeating unit are subject to the
method of extraction employed. The use of ex-
tracting agents other than trichloroacetic acid
has been shown to release polymers with a varia-
ble number of repeating units (4). The quantity
of phosphate in the teichoic acid (Table 3) is of
interest. A 1:2 ratio of glycerol to phosphate has
been shown in S. lactis 13 (2). In that case two

glycerol-phosphate ester linkages were present,
the second involving N-acetylglucosamine. Addi-
tional studies are required to establish the nature
of the phosphate in the present case.
Table 3 shows that 4.8% alanine is released by

mild alkaline hydrolysis and, as such, is present
in ester linkage. We have found that, when etha-
nol is used as a precipitant after cold trichloro-
acetic acid extraction, the teichoic acid obtained
contained 8.6% ester-linked alanine. The lability
of this linkage in a group A streptococcal prepa-
tion has been reported (10). In addition to the
lability of the ester alanine linkage, the present
results also illustrate that the presence of glucos-
amine is affected by the extraction procedure
employed. Studies in another laboratory on group
A teichoic acid showed the presence of a poly-
glycerophosphate polymer (9) which contained
alanine (10). No glucosamine was present. The
extraction procedure employed 0.2 M acetate (pH
6.0) at 37 C for a total of60 min. Glucosamine is a
major constituent of the teichoic acid isolated by
cold trichloroacetic acid (Table 2). When the
streptococcal cells used in the present study were
extracted with pH 6 acetate buffer, the teichoic
acid obtained did not contain glucosamine;
however, the same buffer had no effect on the
glucosamine content of our purified teichoic acid.
It is likely that the action of a glucosaminidase
was responsible for the removal of the amino
sugar in the work reported (10). The possibility
of the presence of a second teichoic acid, similar
in all respects except for the absence of glucos-
amine, must also be kept in mind.
The occurrence of a polymer of glucosamine-6-

phosphate as found in S. lactis 13 and Micrococcus
hyicus (3) is not indicated in the present case be-
cause of the lack of any inhibition (Table 4). The
inhibition obtained with alanine methyl ester

TABLE 4. Specific inhibition of teichoic acid pre-
cipitin reaction

Inhibition observed
with

Compound

10 imoles 5 gmoles

L-Alanine...................... 0 0
D-Alanine ......... ........... 0O
L-Alanyl-L alanine 0
D-Alanyl-D alanine 0
L-Alanine methyl ester......... 20.0 7.5
D-Alanine methyl ester. 31.5 19.4
D-Glucosamine . 40.0 17.0
N-acetylglucosaminea........... 72.0 50.0
D-Glucosamine-6-phosphate 0

Inhibition with 1 jumole was 18.7%.
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indicates the importance of this linkage in the
immunological specificity, and as was to be ex-
pected, the D isomer was more effective than the L
isomer. The absence of inhibition with either
alanine or alanyl-alanine peptide further substan-
tiates these results. Consequently, the group A
material as isolated in the present case contains
specificities against the glycerophosphate poly-
mer, ester-linked alanine, and N-acetylglucos-
amine.
The chemical analysis as shown in Table 3

indicates that the group A teichoic acid is a
polymer composed of glycerol, phosphate, ester-
linked alanine, and glucosamine. The alanine
could exist in a glycerol-2-0 linkage or in a glu-
cosamine-6-0 linkage. The 2-0 linkage appears
more likely because it has been isolated free of
glucosamine but containing alanine (10). If such
is the case, of each 10 glycerol units, 3 would
possess a 2-0 ester linkage with alanine, 2 would
possess a 2-0 glycerol linkage with glucosamine,
and 5 would be unsubstituted.

It is apparent from the present results and those
of others (9, 10) that the glycerophosphate poly-
mers of the streptococci from different serological
groups do not display the same ease of extraction
from the cell. Association with the protoplast
membrane would not necessarily require a com-
mon behavior on extraction. Although all group
A strains contain a glycerophosphate polymer
only a limited number are capable of serving as
antigens, or adsorbing antibodies from sera (10).
Similarly, immunologically specific cell wall
polysaccharide antigens of the streptococci show
differences in location (24) and in ease of extrac-
tion under the same conditions (17).
Serum containing antibodies against ala-PGP

has been obtained by the injection of whole cells
of a type 39 strain of a group A streptococcus
(25). This serum has been found to give a positive
precipitin reaction with trichloroacetic acid ex-
tracts of A, E, F, H, M, Q, and T cells. After
adsorption of the serum with whole cells of group
A or H, these extracts no longer reacted with the
adsorbed serum. These results indicate that an
ala-PGP-type teichoic acid occurs in many strep-
tococcal groups.
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