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SOLUBILIZATION OF pHAGE RECEPTOR SUBSTANCES FROl\{

CELL WALLS OF STAPHYLOCOCCUS AUREUS (STRAIN
COPENHAGEN) BY CELL WALL LYTIC ENZYMES'

YOJI MURAYAMA, SHOZO KOTANl and KEIJIRO KATO
Department of Ajicrobiology, Osaka University Dental School, Osaka
(R"centd Septembe, 26,1968)

uMMARY Phage receptor substances which irreversibly inhibit phage 3C were
solubilized and isolated from the cell walls of Staph^ococcws o111. CNS strain

BIKE:< JOURNAL \J01.11,269-291, 1968

C. panhag*" (ping, typ* 3C13B155+) using th, pont, gly. in. badg, ^PIitting conym.
of Flawobacteri'""I L-11 bacterium and the Chalaropsis (B) enzyme. There was
no phage inhibiting activity in a purified telchoic acid fraction obtained by cold tri-
chloroacetic acid extraction of the cell walls.

Chemical analyses showed that the receptor substance (BS-B fraction) isolated
by, gel filtration and ECTEOLA-cellulose column chromatography from the cell
walls solubilized by the bridge splitting enzyme was a complex of glycopeptide
interconnected in a glycan portion (with an average chaiil length of about 4 disac-
charide units) and teichoic acid. The active substance (Chala~B fraction) obtained
from a I\on-dialysable portion of the Chalaropsis enzyme digest of the \\, alls by
ECTEOLA-cellulose column chromatography \\, as a complex of telchoic acid and a
polymer of several disaccharide-peptide subunits inter connected by pentaglycine
cross bridges.

Hydrolysis of the linkages between the glycan and the peptide inoieties in these re-
ceptor substances with the L-11 enzyme containing A1-acetylmuramyl-L-alanine amid-
ase was accompanied by a marked reduction in the inhibitory activity toward phage
3C. On the other hand, either treatment of the BS-B fraction with the Chalaropsis
enzyme or hydrolysis of the Chala-B fraction witlt the L-11 bridge splitting enz me
resulted in almost complete depolymerization of the glycopeptide portion of these
fractions, but did not cause any significant loss of the phage 3C inhibiting activity.

it was concluded from these studies that all three main components of S. awretts
cell \\, alls, teichoic acid, glycan and peptide moleties, must be linked together into a
complex to exhibit an inhibitory effect against phage 3C, but polymerization of the
complex through glycosidic linkages in the glycan portion or pentaglycine bridges
in the peptide portion \\, as not ITecessary for manifestation of the phage 3C receptor

I A part of this \\. ork was read at the 39th Annual
I\teeting of the Japan Ajicrobiological Society (at
Hiroshima, in April, 1966) and at the 41st Annual

Aleeting of the same Society (at Tokyo, in April,
1968)
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INTRODUCTION

activity.
No inhibitory activity was observed in either the BS-B or Chala-B fraction against

other test phages, including phage 3B capable of Iysing cells of strain Copenhagen.

One approach to the problem of the chemical
nature of the bacterial receptor sites for phage
adsorption involves isolation of the receptor
substances from the bacterial cells and their
chemical characterization.

Several investigations along these lines on
phage receptor sites of Staphylococcus ourears
have been made since the first demonstration

of the phage Inactivating capacity of extracts
from autolyzed staphylococci by RAKiETEN,
RAKiETEx and DOFF (1936). \\nth the develop-
merit of techniques for isolation of a satisfac-
torny intact and pure cell wall fraction from
mechanicalIy disrupted bacterial cells (SALTON
and HORNE, 1951, and others), it was demon-
strated by HOTCHiN, DA\\, SON and ELFORD

toward(1952) that phage receptor activity
phage K was exclusively localized in the par-
ticulate cell wall fraction of strain Oxford and
was not solubilized o1\ disruption of the cells.
This observation was confirmed and extended
by MORSE (1962), who demonstrated that the
cell walls isolated from S. awl. errs strain NYH-6
in activated a variety of different staphylococcal
bactriophages, Irrespective of the ability of the
test phages to Iyse the cells of strain NYH-6.
He failed, however, to demonstrate phage re-
ceptor activity in either a inucopeptide (pep-
tidoglycan) or a telchoic acid fraction. Simi-
Iar results were obtained by A'TATTHE\v and
ROSENBLUM (1967). RosATo and CAMERON
(1964), on the other hand, isolated a particulate
phage receptor site for phage 77 from the cell
walls of strain 77 by vigorous sonic oscillation
and density-gradient centrifugation. They
proposed that this substance contained no
organic phosphates and was a inucopeptide
devoid of teichoic acid. This observation was

followed by a recent study of CAMERON and
OSBORNE (1967) showing that the inucopeptide

precursor, N-acetylglucosaminyl-N-acetylmu-
rainyl-peptide phDspholipid could mactivate
phage 77.

In contrast to the studies of CAMERON and

his colleagues, \\'oLiN, ARCHiBALD and BAD-
DiLEY (1966) presented evidence suggesting
that differences in phage susceptibility among
S. aureus mutants was parallel to chemical
differences in the telchoic acid moisties. In

agreement with this, it was demonstrated by
COYETTE and GHUYSEN (1968) that substitu-
tion of 4-0-,-(N-acetyl-D-glucosaminyl) on
the D-ribitol units of the telchoic acid molety
in a definite configuration was essential for
fixation by cell walls of S. awre"s strain Co-
penhagen of several phages selected on the
basis of differences in type series, serological
groups, morphology and infectivity.

None of the above workers succeeded in
actual solubilization of phage receptor sites
from S. awe"s walls. Further, there are
definite discrepancies between the results
reported on the chemical nature of phage re-

substances of S. awl. e"s. Thus weCGptOT
attempted to solubilize the phage receptor
sites of S. aureus strain Copenhagen cell walls
using the L-11 enzyme (KOTANi at a!., 1959;
KATo at a/., 1962; KATO and STROMiNCER,
1968; Kxro at at. , 1968) and the Chalaropsis
(B) enzyme (HASH, 1962,1963; TIFFER, STROM-
INGER and GHUYSEN, 1964; HASH and ROTH-
LAUF, 1967), and to elucidate the chemical
structure responsible for the phage mactivating
activity.
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MATERIALS AND METHODS

I. Bacteriophages gild then. proPCgoti, Ig bacteria

Staphylococcal phages, 3C (NCTC 8411), 3B
(NCTC 8410), 420 (NCTC 8414) and 53 (NCTC



8406), and propagating organisms, namely S. Qin elfs
strains 3C (NCTC 8327), 3B (NCTC 8321), 420
(NCTC 8341) and 53 (NCTC 8511) *"e, e kindl\.
supplied by Dr. K. A, TAESHiNA, Public Health
Research Institute of Kobe City, Hyogo

2. elf/till'e of S. awl elfs

S. allyei!s strains Copenhagen, Duncai\ and 3528,
in \\. hich phage inhibiting activit\. \\. as examined, and
the strains used as propagating organisms for phages,
\\'ere cultivated with shaking in nutrient broth
(pH 7.2) supplemented \\. ith 0.1 % glucose and 0.5 91,
dried yeast extract (Daigo Nutritional Chemicals,
Osaka). All cultures \\. ere grown at 37'C for 181Tr

3. Piep@ration of phage stocks

Phages \\ere propagated in the follo\\. ing \\, ay.
One hundred inI of nutrient broth supplemented
with 0.25% po\\dered agar (Nissui Seiyal<u Co. ,
Tokyo) \\, as inoculated with one in I each of a phage
stock and an overnight culture of an appropriate
bacterial strain, and incubated at 37'C on a reciprocal
shatl<er. Shaking was continued for 181, r and then
cell debris \\, as removed by centrifugation at 6,500 "
for 20 min. The superITatant containing phages \\, as
mixed with a fe\\, small pieces of thymol and stored
at 4'C. The titers of phages (PIaque forming units,
PFU!inI) in the crude Iysates obtained \\, ere as
follows : phage 3C- 8 xi0", 3B-10', 420-3 XIOB
and 53-107.

The purified phage 3C stock \vhiclt \\. as used in
most experiments \\ as obtained by CGITtrifugation of
phages in a crude phage stock in a Hitachi refrigerated
centrifuge (NIOdel SspA witlT a RF21A rotor,
Hitachi Ltd. , Tokyo) at 40,210 g f0" 60 min and b>
repeated \\, ashing of the precipitate with the original
volume of 0.01 M phosphate buffer, pH 7.2, until
the absorptions of the \\ashings at 260 and 280 in14
became negligible. The purified phage pellet \\. as
resuspended in the original \, o1ume of buffer. The
resulting purified phage suspension (10' PFU!inI) was
stored in one inI allquots at -20'C, avoiding freezing
and tha\^ing.

55 +. The PTOnase-treated cell walls used in most
experiments had the following chemical coinposi-
tion (in pmoles!ing, moles!mole of total glutamic acid
residues in parenthesis) : inuramic acid 420 (0.8),
glucosamine 710(1.4), alaine 1,010(2.0), glutamic
a. id 500(1.0), lysine 590(1.2), glycine 2,475(5.0) and
organic phosphorus 614(1.2). The amount of all<aji-
Inbile D-alanine residues kno\\IT to be ester-linked to

the ribitol units of telchoic acids was on I\, 0.1 mole

of glutamic acid

5. Cell 2,011 Iyt!c elfsy"Ies

Flatobnclei'1117, I L-11 bacterium \\ as gro\\'n with
aeration in 216 glucose brotlT. A crude enz}, nTe
(lot 2) \\. as prepared by precipitation of the culture
supernatant \\. itIT ammonium sulfate. * A speci-
men of the L-11 enzyme (unfractionatcd)
obtained by gel filtration of this enzyme solutioiT on
columns of Sephadex G-75 and G-25 connected in
series by polyethylene tubing. This enzyme speci-
men had N-acetylmuramyl-L-allanine amidase acti-
vity as \\'ell as D-alanyl-glycine-, and glycyl-glycine-
endopeptidase acti\. ities toward the cell \\, alls of S.
o111'ei, s strain Copenltagen, as reported by 1< ATo and
STORMINGER (1968) and 1<ATo at a/. (1968). This
enzyme specimen was further fraction ated by Am-
herlite IRC-50 column chromatography and an en-
zyme preparation (the L-11 endopeptidase, or the
bridge splitting enzyme) \\, Ilich ITad endopeptidase
activities but lacked the amidase activity \\. as sepal rat-
ed. The details of the isolation procedures used
and characterization of the L-11 endopeptidase will
be published elsewhere

The Chalaropsis (B) enzyme \\, as a generous gift of
Dr. P. A. MILLER, (LEDERLE Laboratories, Amen-
can Cyanamid Co. , New York, USA)

4. S. au, ei, s cell fun//s

Specimens of pronase-treated, or trypsinized cell
walls of S. allyeiis straiit Copenhagen \\, ere prepared
as described in previous papers (SUGiNAKA at a!.,
1967 ; KATo at o1. , 1968 ; SUGiNAKA at a/,, 1968)
A phage type of strain Copenhagen \\, as shown by
the standard procedure of phage typing to be 3C!3B/

\\. as

6. ENQ-,-A'-acetylg/11cos",, 11'11idose

This enzyme was prepared from a pig epididymis
by the method of FINDLAY, LEvvY and IVIARSH (1958).
Five A1 of a stock solution of the enzyme specimen
obtained \\, as shown to hydrolyze 50 in A ntoles of
p-nitrophenyl~N-acetyl-,-D-glucosaminide (Pierce
Chemi. al Co. , Rockford, 111. USA) completely in 2
hr under the assay conditions defined by the authors,
except that buffers \\. ere used at one fifth the con-

centratioiT in the original report. Free N-acetyl-

MURAYAMA, Y. at al. Solttb, fibat, '0, I of ph@tie ,'ecepto, 's of S

2 This crude enzyme specimen \\, as prepared in the
Fuji pilot plant (Mishima, Shizuoka) at the Kyowa
Fermentation Industry, Tokyo.
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glucosamine residues liberated by hydrolysis were
estimated by the method of REissio, STROMiNCER and
LELoiR (1955) with a heating time of 7 min. The
stocl< enzyme solution was dispensed and stored in a
deep freezer before use.

7. Phoge inhibit, on test

The ability of test specimens to inhibit bacterio-
phages was tested as follows. The assay, system

nutrient brothcontained a phage suspension in
(104 PFUlml), a solution of test specimens in de-
ionized water or deionized \\, ater in the control, and
nutrient broth or broth supplemented with 002 M
CaCl" in the volume ratio of I : I : 3. This \\, as put
into an L-shaped glass tube (internal diameter 1.5 cm
and length of horizontal part 15 cm). The tube was
incubated with shaking in a water bath at 30 C.
After 30 min (or if necessary, 60,120 or 180 min)
incubation, 0.5 inI ajiquots \\. ere mixed with 0.5 inI
of a overnight broth culture of the propagating
(indicator) strain of S. a"I errs and 2.5 inI of a soft
nutrient agar (agar content, 0.9%) melted and held
at about 48'C. The entire contents of the tubes

were poured onto 20 inI of basal nutrient agar (agar
content, 1.59-,) in Petri dishes. Piaques \\, ere

counted after overnight incubation at 30'C. The
phage inhibiting activity of test specimens \\. as ex-
pressed as per cent reduction in PFU, which \\ as
calculated as follows : 100-(PFU in the test plate!
PFU in the control plate without test specimen) x
100. Duplicate assays \\, ere performed on each test
specimen and the values for per cent reduction in
FFU are given as averages.

micro-cells with a light path of I cm andusing

capacity of about 300 1.1.

9 The acer@ge ch@ill length of a glyc@, I portio, ! of
g/ycopept, 'de

This \\, as calculated by taking the nTolar ratio of
inuramic acid residues to formaldehyde liberated by

periodate oxidation of a test specimen reduced with
sodium borohydride, as the a\, erage number of re-
peating disaccharide units (TipPFR, STROMiNCER and
ENSIGN, 1967). A1iquots (30 1.1) of specimens con-
taming 40-80 roninoles of inuramic acid were re-
duced \\, ith 3 A1 of fresh, unbufTered I M sodium
botohydride solution at room temperature for 5 hr
After neutralization with 3 F1 of I M acetic acid, the
solution \\, as mixed with 45 F1 of 0,019 M acetate
buffer, pH 4.7 and 10 F1 of 0.012 M sodium periodate,
and was oxidized at room temperature in the dark.
Allquots of 15 A1 were withdrawn after 3.8,16.32,
60 and 120 min oxidation, and the oxidation was
stopped by addition of 4 A1 of I M sodium arsenite
and frozen at -20'C. Formaldehyde produced was
measured \\, ith a CTA reagent (chromotropic acid,
E. MeTcl< Ag. , Darmstadt, Germany) by the method
of SUZUKI and STROMiNCER (1960). A specimen of

similarly reduced andN-acetylglucosamine
oxidized as a reference. A{aximum production of
formaldehyde \\, as attained by 60 min oxidation of
test specimens in the present study

8. analytical ,,!ethods

Total, N. terminal and C-terminal amino aclds
were determined by quantitative thin layer chromato-
graphy of the dinitrophenylated derivatives, as des-
cribed by GHUYSEN, TipPER and STROMiNGER (1966)

modifications. Muramic acid andwlth minor

glucosamine along with amino acids were estimated
by quantitative paper chromatography by the method
of PRIMosicH at a1. (1961).

Total hexosamines \\. ere determined by the method
of ROSEMAN and DArrNER (1956) modified by
GHUYSEN at at (1966). Total and inorganic
phosphorus, and reducing sugars were measured
as described previously (KATo at a1. , 1968).

Color intensities in these determinations were

estimated in a Hitachi-Perkin-Elmer spectrophoto-

meter (Model 139 UV-VIS, Hitachi Ltd. , Tokyo),

10. Dele, mindtio, I of the doer@ge 1111"16ei of 14ent, jig
Jinits of tel'choic acid

The assay was based on the method of HAY at a/.
(1965). An anquot of test specimen containing, 140
to 190 in pmoles of total phosphorus, was dried and
redissolved in 30 A1 of 0.2 M acetate buffer, pH 4.0.
The solution was heated in boiling water in a sealed

glass tube, and analyzed at 12 to 24 hr intervals for
inorganic and total phosphorus. The amount of
inorganic phosphorus released was plotted against
the period of hydrolysis. The amount of unusually
acid-labile phDsphodiesters linking teichoic acid to
the inuramic acid residue in a glycan portion of the
peptidoglycan was calculated on the basis of the
amount of inorganic phosphorus released at the in-
itial, more rapid, rate by extrapolation of the linear
portion of the plots. The number of repeating units
of telchoic acid was expressed as the reciprocal of the
molar ratio of acid-labile phosphorus to total phos-
phorus

.

\\. as
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11. Anti-S. allyei, s Jabhit serMm

Cells of S. allye!, s strain Copenhagen, grown as
described above, \\, ere killed by heating at 60'C for
60 min and Iyophilized. Two in I of the cell suspen-
sion (2.5 rug dry weight!inI) in solution containing
20,000 units of penicillin G and 100 ing of strepto-
mycin hydrochloride \\, ere mixed with 4 inI of
Drakeol (Pennsylvania Oil Co. , Penn. USA) and 2 inI
of A"I, cel A (Ahas POWde" Co. , Ind. , USA). In-
jections into the foot pads of adult rabbits, \\, eighing
about 31<g, of 0.25 inI eaclt of the above jinmunizing
antigen, \\. ere made three times at \\'eekly intervals.
The rabbits received intravenous booster injections
of 2 in I of a physiological saline suspension (2 ing!inI)
of heat-killed cells on tite third and fourth \\eeks.

One week after the last injection, the animals were
bled. The immune serum specimens obtained \\. ere
mixed \\, ith sodium azide of a final concentration of

0,191 and stored at 4'C.

RESULTS

walls. These relations show that the per cent
reduction in FFU changed linearly \\, ith the
logarithm of the amount of the cell walls used
as an in activating agent, in both the broth and
Ca-broth assay systems. The values of ID or
the dose capable of producing 5070 reduction
in FFU under the standard conditions, of
pronase-treated walls were calculated from the
relations in Fig. I to be 05 and 0.28 14g in the
broth and Ca-broth systems respectively. The
difference between the ID values obtained

in the broth and Ca-broth systems was small,
and the enhancing effect of Ca ions on the
phage 3C inhibiting activity of receptor sites
was not so marked in the cell \\, alls, as in the
case of soluble receptor substances described
later.

I. I"h, him" of 15h"g, 3C by ,,// muff, of
S. a"rel, s strain Cope"hage"

The inhibitory activity of a pronase-treated
cellwall specimen against phage 3C was studied
in the broth or Ca-broth assay system, using a
phage concentration of 1.3 x 10' FFUlplate and
cell wall concentrations from 0.04ranging

to 514g (0024 to 3 runmoles organic phos-
phDrus)IPIate. Fig. I shows dose-response
rdations, obtained by plotting the per cent
reduction in PFU after 30 min incubation

against the logarithm of the amount of cell

.100

san

="

a 40

, 20

'- O

a

C

2. Atte"!pi to solwbzli:se a phage 3C receptor
Ironi cell roans by dibesti'ON z"'th the L-71 errsy?,, e
("lyractZOnnted)3

Trypsinized cell walls (600 ing) were in-
cubated with 300 units of the L-11 enzyme

(unfr, .ti. nat, d) in 120 inI of 0,0125M phos-
phate buffer, pH 6.8, at 20'C. At frequent
intervals the optical density of the reaction
mixture was determined. \\Ihen the decrease

in optical density reached 50% of the initial
value, NaCl was added to part of the mixture
at a final concentration of 0.5M to stop the
enzyme action (1<ATo at a/., 1962). The
remainder of the mixture was further incubated
until optical density reduction
(97%) was obtained. The 507, and complete
Iysates were centrifuged twice at 16,000 g for
two hr to remove intact cell walls and fragments
as completely as possible. The second super-=

t.

=

.-

,,

5 ,g(dry weightyplate
3 ripmoles organic

phosphorus/plate

FIGURE I Inhibiting activity, of cell walls of S
allyeus strain Copenhagen upon phage 3C (dose-
response relation).

-0^0- : in broth, -.-.- : in
Incubation time : 30 min

0.04
O 025

0.2
012 06

maximum

3 In this experiment, a crude phage 3C stock and
trypsinized \\. alls prepared from a different lot of
S. aM, 'ei, s culture from that used for preparation
of pronase-treated cell \\. alls were used. There-
fore, results on inhibition by trypsinized and pro-
riase-treated cellwalls on phage 3C cannot be coin-
pared directly, although the activity, of trypsinized
walls seemingly was stronger than that of pronase-
treated walls

Ca-broth
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natants were concentrated to an appropriate
volume with a rotary evaporator under reduced
pressure at 40'C. The concentrated solutions
were thoroughly dialyzed in cellulose tubing
(^in 8132, 50F, Vi^king C. ., USA) ^gymst
deionized water, and the non-dialyzable por-
tions were Iyophilized. The materials, amount-
ing to 18 and 6270 of the cell walls res-
peerively, were recovered from the 507, and
complete cell wall Iysates.

The inhibiting activities of these two
preparations against phage 3C were studied in
the broth assay system. As shown in Fig. 2,
while the material obtained from the complete
Iysate did not show any detectable inhibitory
activity upon phage 3C at a concentration of as
much as 250 11g (containing 148 innmoles

after 180organic phosphorus)IPIate even

min incubation, 10 11g (18 innmole equivalents
of organic phosphorus) of the non-dialysable
50% Iysate inhibited 50,84 and 94% of
phage 3C during incubation periods of 30,60
and 180 min, respectively.

it was thus found that the L-11 enzyme

(unfractionated) could solubilize a phage 3C
receptor site from the cell walls. However,
the results obtained were not always reproduc-
Ible, since if the Iysis was stopped too early,
the yield of active material was poor, and if the
Iysis proceeded too far, the inhibiting activity
of the Iysate was almost completely lost.

3. 1301atz'on of ph@ge 3C receptor sites nom
the cell 2001/3 Msz'"g L-17 endopeptz'of ase

The fact that the cleavage of pentaglycine
cross bridge precedes the splitting of A1-acetyl-
inuramyl-L-alanine linkages during Iysis of
S. awl'cos cell walls by the L-11 enzyme (un-
fraction ated) (KATo and STROMiNCER, 1968),
together with the findings described in the
preceding section, suggest that an enzyme
preparation exhibiting only the bridge split-
ting enzyme activity would be better for sol-
ubilizing phage 3C receptor sites in the cell
walls than an enzyme specimen showing the
amidase as well as the bridge splitting enzyme
activities. An attempt was therefore made to
solubilize phage 3C receptor sites by hydrolysis
of the cell walls with the L-11 endopeptidase
which was devoid of the N-acetylmuramyl-
L-alanine amidase (see materials and methods
section).

I) Solubilization of the cell walls by the
L-I I endopeptidase

A 1,000 ing specimen of the pronase-treated
cell walls was solubilized with 200 units of

the L-11 endopeptidase preparation in 400 inI
of 0,0125M phosphate buffer, pH 8.0, at 37'C.
An quots of 500 141, \\, ere withdrawn from the
digestion mixture at appropriate intervals,
and heated at 100'C for 2 min to mastivate the

residual enzyme. Fig. 3 illustrates the results
of estimations of optical densities and free
amino groups in these specimens. In parallel
with the decrease in optical density, free amino
groups increased from 315 mymolesling (0.63
molejmole of total glutamic acid residues in
the walls) at O time to 780 innmoles (1.56
moles) at the time of maximum Iysis after
48 hr incubation. No detectable liberation of

free reducing groups occurred during the

o

=
LL
~

20

X

^

=

:= 40
t,
^
^
,,

^

a; 60
co
L

"

80

120O 30 60

Reaction time (min)

FIGURE 2 Phage 3C inhibiting activity of the Iysates
of cell walls solubilized by the L-11 enzyme (un-
fraction ated).

-.^.- : 50 per centlysate, -x^x- : 100 per cent
Iysate, -0--0- : cell walls

100

X

.
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Iysis. Analyses of N-terminal and C-terminal
,mine add* (Fig. 4) rev, al. d that th. L-11
enzyme liberates 0.87 mole of I. ;-terminal
glycine, 0.36 mole of C-terminal alanine and
0.51 mole of C-terminal glycine per mole of
total glutamic acid by its bridge splitting en-

o

"
,

a 20
>.

in
=

. 40
"
t.

..

: 60

= 80

=
.

"
or

3 6 24

Reaction time Ihri

FIGURE 3 Lysis of S. allyeirs cell \\, alls \\. itIT libera-
tion of free amino groups by digestion with the L-11
endopeptidasc

-.-.- : optical density, -.^.- : free amino
groups, -x^x- : reducing groups

N-terminal amino acids

zyme activities. 1.10 significant release of
N-terminal alanine occurred, indicating that
there was no cleavage of A1-acetylmuramyl-L-
alanine linkages during solubilization of the
walls.

2) Isolation of a phage 3C receptor sub-
stance by fraction ation of the L-11 endopepti-
dase digest of the cell \\, alls

The cell \\, all digest which had been in-
cubated for 48 hr in the preceding experi-
merit was centrifuged at 16,000 g for one hr
to sediment insoluble materials (117 ing, 11,770
of the starting cell walls). The sediment \\, as
washed once with 10 inI of deionized \\, ater by
centrifugation. The supernatant and washing
water were combined and centrifuged again
at 16,000 g for one hr. The supernatant
was concentrated to 30 inI with a rotary eva-
POTator in a \\, ater batlT at 40'C and centrifuged
once more

The solubilized cell \\, all materials thus ob-

tained were shown by a preliminary experi-
merit to have a definite inhibitory activity
toward phage 3C. They were submitted to
gel filtration on a Sephadex G-50 column

C-terminal amino acids
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FIGURE 4 Kinetics of liberation of N-terminal and C-terminal amino acids du ' I b'I' f I
with the L-11 endopeptidase.
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FIGURE 5 Fractionation on columns of Sephadex G-50 and G-25 in series of cell walls solubilized by the L-11
endopeptidase.

inorganic phosphorus,-0--0- : hexosamines, -,^A- : organic phosphorus,
-.--.- : free amino groups

Vo

O I
20

(1.83 cm' x 98 cm) connected in series with a
S. phadex G-25 column (3.48 cm'x97. in).
Elution was performed with deionised water,
and fractions of 10 inI each were collected at

a How rate of 50 innhr. As shown in Fig. 5,
a higher molecular weight fraction, which
contained almost all of the hexosamines and
organic phosphorus in the cell wall Iysate
applied on the columns, was clearly separated
from a lower molecular weight fraction con-
taming materials with amino groups. An-
quots of fractions 26.29 and 31, which con-
tamed 60, 300 and 300 innmoles of organic
phosphorus, respectively, were tested for their
inhibitory activities toward phage 3C, and
shown to produce 23, 67 and 627, reduction
in FFU respectively, in the broth assay system
with an incubation period of 30 min. No

25 30 45

-A^,-

50

activity was found in fraction 45.
Fractions 22 to 36 were combined, con-

centrated to about 5 inI, and applied on an
ECTEOLA-cellulose column (1.33 cm2 x

developed first33 cm). The column
with deionized water and then with a linear

gradient of increasing molarity of LiCl, pH
5.0, as illustrated in Fig. 6. Fractions were
collected at a rate of 11 inntubej15 to 30
min, and allquots were analyzed for hex-
OSamines, organic phosphorus and free amino

No materials were eluted with de-groups.
ionized water. Fraction differing in their
relative contents of the three constituents

analyzed, were partially separated from each
other, by linear gradient Glution with LiCl.
Fractions 22, 24, 26 and 28 were thoroughly
dialyzed against deionized water to remove

276
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15 20 25 30 35 that used previously. The column was de-Fraction number ( 11ml/Iraction )
veloped first with 520 in I of deionized \\, ater
and then by concave gradient Glution withFIGURE 6 Chromatography of the itigher molecular

weiglTt fraction of the cell \\. tills solubilized by tite 370 inI of 0.05 M LiCl, pH 50 in the mixing
L-11 endopeptidase \\. ith an ECTEOLA-cellulose clTamber and 185 inI of 0.2 M LiCl, pH 5.0 incolumn.

the reservoir. However, since no materials-0^0- : hexosnmines, -,^,- : organic phos-
were eluted in this way, the column was thenphDrus, -.-.- : free amino groups

Gluted with 0.25 M LiCl, pH 5.0, at a flow rate
LiCl and th. it PI""g, 3C inhibiting armiti. ^ .f 5 inlit, hallO min. Pinch. ally all of organi.
were tested in the broth and Ca-broth assay phosphorus and the bulk of the hexosamines
systems. while fraction 22, containing practi- and free amino groups applied on the column
cally organic phosphorus, totally were eluted as a narrow band with a maximum
inactive, the other test fractions showed a around fraction 64 (Fig. 7). Fractions 62 to
definite inhibitory activity. The phage 3C 70 were combined, thoroughly dialyzed against
inhibiting activities of the fractions seemed to deionized water and concentrated to 8 inI.

TABLE I Phoge 3C I'"haftti"g actzbzty of lyrictt'ons sepa, .ated by gel firmtz'on rind ECTEOLH-centi-
lose column chromatography from the zealls solttbzlt, zed by the L-11 endopeptt'dose

010

=
.

.

o
U,

0.5

04

03 ::

0.2 =

01

be correlated \\, ith the content of organic
phosphorus, but not of hexosamine (Table I).
This table also shows that addition of CaCl

to the assay, system marked Iy increased the
phage inhibiting activity of the test fractions.

To purify a receptor substance from the
active fractions, fractions 23 to 36 were coin-
bined and dialyzed against deionized water.
The contents of the dialysis tube were con-
centrated to about 6 inI, and applied to a
column of ECTEOLA-cellulose similar to

Q
^

.

=
.

=
,,
,

L,

no

90

in

o

=

Fraction
No

Dose (in/!mole equiv. )IPIate

Organic
phosphorus

\\, as

22

24

16

32

134

464

232

464

928

Hexosamine

26

28

534

I, 068

440

1,525

220

440

880

305

610

a Incubation period in min
b Not tested

60n

232

464

In broth

120

o

Per cent reduction in PFU

o

37

o

180

o

42

37

o

60

2

78

47

43

In Ca-broth

120

^"

2
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53
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98

99

180

70

92

81
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Fraction number ( 5ml/fraction)

ECTEOLA-FIGURE 7 Rechromatography on

cellulose column of phage 3C inhibiting fractions
separated by ECTEOLA-cellulose column chro-
matography from cell walls solubilized with the
L-11 endopeptidase.

-0^0- : hexosamines, -,^,- : organic phos-
phorus, -.^.- : free amino groups

0.3 M LiCl
100

.
L

This concentrated solution is referred to as the

BS-B fraction. As an inactive control, frac-
tion 22 in Fig. 6, was dialyzed and is termed
fraction BS-A. Seventy, 50 and 31% of the
organic phosphorus, hexosamines and free
amino groups respectively, were recovered from
the cell walls in the BS-B fraction.

3) Inhibitory activity of the BS-B fraction
upon phage 3C

The inhibitory activities of various amounts
of BS-B fraction against a constant number of
phage 3C were tested in the broth and Ca-
broth assay systems. Fig. 8 shows that the
extent of inhibition, expressed as the per cent
reduction in FFU, is directly proportional to
the logarithm of the amount of the BS-B
fraction added, in both assay systems. The
ID of the BS-B fraction against phage was
calculated from the curves presented in Fig. 8
to be approximately equivalent to 200 and
25 roninoles of organic phosphorus in the broth
and Ca-broth systems, respectively. The
phage 3Cinhibiting ability of the BS-B fraction
was enhanced nearly 8 times by the presence
of CaCl in the assay systems. In addition, a
small, but significant difference was noticed
between the slopes of the dose-response rela-

'~ 80
=

=

.= 60
Q
=
.=

. 40
.^

=
co

. 20
co

a

50 20012.53.13

Organic phosphorus (in, mole equivalents/plate)

FIGURE 8 Inhibiting activity of the BS-B fraction
isolated from the cell \\, alls sotobilized by the L-11
endopeptidase upon phage 3 C (dose-response rela-
tion).

-0--0- : in broth, -.--.- : in Ca-brotlT
Incubation time : 30 min

o

tions in broth and Ca-broth. The Ca-broth

assay system gave a somewhat steeper line than
the broth assay system.

Thus witlT L-11 endopeptidase, it was POS-
sthle to isolate phage 3C receptor sites in a
soluble and purified form. it should be
pointed out, however, that the potency of the
solubi!ized receptor was estimated to be only
one hundredth of that of the cell walls, on the
basis of the organic phosphorus content, even
in the presence of Ca ions. Prolongation of
the incubation period from 30 min to 3 hr only
slightly increased the per cent reduction in
FFU by the BS-B fraction: increases of from
62 to 82, from 39 to 53, and from 13 to 30%
reduction were recognized with BS-B fraction
equivalent to 400, 100 and 25 innmoles of
organic phosphorus, respectively, in the broth
system.

4) Chemical entity of the BS-B fraction
The results of chemical analyses of the BS-B

and BS-A(as a reference)fractions are sumarized
in Table 2. Both fractions contained inuramic

acid, alanine, glutamic acid, lysine and glycine
in the approximate molar ratio of I :2:1 :I :2.5.
The amino-terminal amino acid was glycine,
and alanine and glycine residues were C-
terminal, in both fractions. However, there
was a marked difference, between the BS-B

800
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TABLE 2

Fraction

Che"11'cal PI. opertz'es of the octzbe BS-B and IMacttbe BS-a 17actz'ons

amiC UpO~ \ianj, e "'4"' L sine Gl cine

BS-B

BS-A

Data are expressed as molar ratios to glutamic acid
a Trace amounts

1.0

1.1

Chemical composition

and BS-A fractions in their contents of organic
phosphorus and glucosamine, indicating that
the BS-B fraction contained teichoic acid,
whereas fraction BS-A \\, as almost free from
teichoic acid.

The number of repeatiiTg units in teichoic
acid in the BS~B fraction \\, as determined by
th"in, th, d of HAY at at. (1965) to b. ,b. ut 31,
on the basis of the results in Fig. 9. A purified
telchoic acid preparation described later was
analyzed as a reference. it was found that
this preparation consisted, on the average, of 9
repeating units.

Terminal amino acid analyses indicated that
most of the pentaglycine cross bridges \\, ere

6.4

1.1

1.9

1.9

1.0

1.0

1.2

1.1

Organic
phos-
phorus

2.7

2.3

N-terminal

6.2

A1anine Glycine A1anine Glycine

tr

tm

opened in both the BS-B and BS-A fractions,
suggesting that these glycopeptides were inter-
connected througll glycosidic linkages in a
glycan inoiety. Therefore, the average chain
length of a glycaiTin Dietyin the BS-B and BS-A
fractions was estimated by the method of
TIFFER, STROMiNCER and ENSIGN (1967).
Table 3 shows that the glycan portions of both
the BS-B and BS-A fractions consisted of
about five disacclTaride units. \\!itIT the BS-B
fraction, a correctioiT was made for the for-
in aldehyde produced from the terminal ribitol
residues in telchoic acid by periodate oxida-
tion. Since the chain length of teichoic acid
in the BS-B fraction was about 31 repeating

3000

tr

do
E

..\

co
co

o
E
=.
E

C-terminal

0.80

0.92

2000

0.56

0.73

1000

0.30

0.45

48 24 48

Heating time (hr) Heating time (hr)

FIGURE 9 LiberatioiT of inorganic phosphorus from tlTe acid-labile hos hodiester linka f h BS-B f
tion and the purified telchoic acid by heating at 100'C in 02 xi acetate buffer, H 4.0.
Organic phosphorus!'inorganic phosphorus (molar ratio) '

Purified teichoic acid : 1,788!200 - 8.9 the BS-B froction : 18,6501800 = 30.8

.

.

o
o

.

Purified telchoic acid
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TABLE 3 BStz'matz'on of Quernge chain lengths of a glyco" porta'on of the lyricta'ons ISO/oted from the
cell 2,011s soltthitized by the L- 71 endopeptt'dase or Ch0!o70psz's (B) enzyme

Test

material

BS-A

BS-B

Chala-H, O

liberated

(A)"

Chala-A

Chain-B I

Formaldehyde (innmoles)

a By periodate oxidation of the specimens reduced with borohydride.
b This was calculated on the assumption that one mole of ribitol (terminal) per 31 moles of organic phosphorus
liberates formaldehyde by periodate oxidation (see text).
c This ratio represents the average number of repeating disaccharide units

as the antigen.units, as described above, 0.2 mole of for-
in aldehyde was assumed to be produced per

4. Isolation of phage 3C I. eceptor sates nom Ihe6.2 moles of organic phosphorus. This value
cell coall$ us, '"g Chat@70pst's (B) errgymewas substracted from the value obtained by

I) Solubilization of the cell walls by theperiodate oxidation of the BS-B fraction.
Chalaropsis (B) enzymeThese results indicate that the BS-B fraction,

A sample of 100 rug of pronase-treated cella phage 3C receptor substance solubilized from
the cell walls by the L-11 endopeptidase, is a wall specimen was solubilized with the aid of

80 units of the Chalaropsis (B) enzyme bycomplex of highly polymer ized telchoic acid
incubation in 20 inI of 0,025 M acetate buffer,and glycopeptide mainly inter connected by
pH 4.7, at 37'C for 10 hr. Determinationsglycosidic linkages. The glycopeptide por-

tion of the BS-A fraction was essentially the were made on the optical density, free redudng
groups and amino groups in 320 ^I an quots ofsame as that in the BS-B fraction, except that
the reaction mixture \\, hich were withdrawnit was devoid of telchoic acid, and it was
at appropriate intervals and heated at 100 Ctotally inactive against phage 3C. This in-
for 2 min. Lysis of the walls was accompanieddicates that telchoic acid is an essential coin-
by release of reducing groups without anyponent of the 3C phage receptor site.
detectable liberation of free amino groups5) Serological reactivity of the BS-B frac-
(Fig. 10). The increase in reducing groups

This was examined by the ring precipitin (as N-acetylglucosamine) amounted to 385
innmolesjmg cell walls (0.8 molelmole of totaltest with anti-S. awl, e"s cell rabbit serum.

glutamic acid) after maximum Iysis.The BS-B fraction gave a definite positive
Solubilized cell walls were centrifuged threereaction at a concentration of as low as 0.5

innmole of organic phosphorus (0.61 runmole times at 16,000 g for one hr to remove insoluble
material as completely as possible (dry weighthexosamine) equivalentjml. However, the
of the total insoluble material, 6.1 ing). TheBS~A fraction only gave a positive reaction
supernatant fluid was thoroughly dialyzedwhen a solution containing as much as 100

innmole equivalents of hexosamine was used against deionized water. The non- Ia yza e

to be liberated I acid (innmoles)to be liberated
(c)from telchoic acid from glycan POT-

portion (B)" tion (A-B)

424

1,280

600

320

695

o

602

o

2

100

424

A1uramic

678

600

318

595

2,100

3,000

100

Ratio

(CIA-B)"

tion

704

4.95

621

4.42

I. 00

2.21

1.04
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FIGURE 10 Lysis of S. allyei, s cell \\. alls \\, ith libera-
tion of reducing groups by digestion with the
Chainropsis (B) enzyme

-.^.- : optical density, -x--x-
groups, -0^0- : free amiiTo groups

recentrifuged and Iyophilizedportion was

(77.8 ing). A preliminary assay showed that

*

100

k X

500 .,;

2

400 ~

..\
U,
a,
.
E

this solubilized material had a definite inhibitory
activity upon phage 3C.

2) Fraction ation of solubilized materials
Solubilized materials \\, ere submitted to

chromatography, on an ECTEOLA-cellulose
column in the same w^, as described in sec-
tion 3-2) (Fig. 11). A pank finch, n (Chain-
H20) containing hexosamines but not organic
phosphorus, \\, as eluted \\, itlT deionized water.
On linear gradient elution with Increasing

concentrations of LiCl, two additional peak
fractions were separated. Fractions 21 to 24,
and 27 to 50 were separately pooled and termed
the Chala-A and Chala-B fractions, respective-
Iy. Each was dialyzed against deionized water
to remove LiCl. The Chala-H O and -A

fractions were concentrated and Iyophilized,
yi, Iding 20.7 ing (41% of th, non~dimly", bl,
porti. n) and 4.2 ing (8.37, ) of material, re^-
pectively. The yield of the Chala-B fraction,
which was not Iyophilized, was calculated to
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FIGURE 11 Chromatography of the non-dialysable portion of the cell walls solubilized b . the Chalaro
(B) enzyme on an ECTEOLA-cellulose column.
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TABLE 4 Phage 3C tithihitthg acti"21y oninctt'ons seprated by ECTEOL, 4-cellulose commit chromato-
gi'aphy 11.0m the coal/s solttbi!^^ed by the Chainropsz's (B) e"gyme

Fraction

Chala-HEO

Chala-A

Chala-B

I Organic phosphorus

be 367, on the basis of the hexosamine content.
3) Inhibitory activities of the fractions

isolated from the Chalaropsis enzyme digest
Table + summarizes the results of assays of

the phage 3C inhibitory activities of the three
fractions described above. Only the Chala-B
fraction had definite inhibitory activity against
phage 3C. The ID-, values of the Chala-B
fraction were calculated to be 150 and 24

innmole equivalents of organic phosphorus in
the broth and Ca-broth assay systems, res-
pectively, from the dose-response relations in
Fig. 12. Thus the Chala-B fraction had the
same order of phage 3C inhibiting activity as
the BS-B fraction, and its inhibitory activity
was marked Iy enhanced by the presence of Ca

Does (in/!mole equiv. ) I plate

o

o

200

Hexosamine

570

Per cent reduction in FFU after 30
min incubation

414

210

In broth

Ions.

4) Chemical entity of the Chala-B fraction
Analyses showed that the Chala-H, 0, -A

and -B fractions all contained one mole of

glutamic acid, lysine and inuramic add, 2
moles of alanine and 5 moles of glycine, as
shown in Table 5. Differences between the
fractions were noticed in their contents of

glucosamine and organic phosphorus : \\, hile
the Chala-B fraction contained as much as 4
to 5 moles each of organic phosphorus and
glucosamine per mole of glutamic acid, the
other two fractions had little or no organic

phosphorus and only about one mole of glu-
cosamine per mole of glutamic acid (Table 5).
The average chain lengths of the glycan POT-
tion4 were estimated to be 1.0,2.2 and 1.0 in
the Chala-B, -A and -H, O fractions, respective-
Iy (Table 3). Terminal amino acid analyses
of the Chala-B fraction showed that only small
fractions of the alanine and glycine residues
were located at N- or C-terminals, indicating
the presence of extensive numbers of penta-
glycine cross bridges in this fraction. The
length of the repeating units of teichoic acid
in the Chala-B fraction could not be deter-
mined, since the amount of the fraction avail-
able was very limited. It can be concluded
from the analytical data mentioned above that
the Chala-B fraction is a complex of telchoic

o

100
.
L

' 80

8

=

55

.

E 60

In Ca-broth

,
.
t,

31 40
.
co

: 20

5

co
a

50 2001253.13

Organ!c phosphorus (in"mole equivalents/piale)

FIGURE 12 Inhibiting acti\, its, of the Chala-B frac-
tion isolated from the cell walls solubilized by the
Chalaropsis (B) enzyme upon phage 3C (dose-re-
sponse relations).

-0^0- : in broth, -.--.- : in
Incubation time : 30 min

8

90

o
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Ca-broth

4 A correction for formaldehydogenic groups of
teichoic acid was made on the assumption that the
number of repeating units of teichoic acid in the
Chala-B fraction was the same as that in the BS-B

fraction



TABLE 5

Fraction

Chemz'cal properizes of the acttbe Chain-B and tnnctz'"e Chain-H20 and -, 4 finett'ons

Chala-B

Chala-H"O

Chala-A

it, IUTamic Gl co- Gl t
~ A1anine Lvsine Glvcine

Data are expressed as molar ratios to glutamic acid
a Not tested b Trace amounts

0.9

Chemical composition

0.8

1.1

+. 8

1.0

acid and polymerized disaccharide-peptide
inter connected by pentaglycine cross bridges.

5) Serological reactivity of the Chala-B
fraction

In the ring precipitin test the Chala-B frac-
tion gave a positive reaction up to a concentra-
tion of 0.82 mymole equivalent of organic
phosphoruslml witlt anti-S. a"yews cell rabbit

1.3

2.2

1.9

1.9

1.0

1.0

1.0

1.1

serum.

1.1

5. Gildnges I'M the Ihage 3C inhz'biting actibz'01
of the BS-B and Chain-Birdc/1'071s by e, 13yiiinti'c
hydrolysis

To elucidate the minimum structure res-

ponsible for the phage 3C inhibition, the soluble
receptor substances obtained in the foregoing
studies were subjected to enzymatic treatment,
and consequent changes in the inhibiting
activities were investIgatcd.

I) BS-B fraction
A specimen of the BS-B fraction, containing

7,460 innmoles of organic phosphorus,
hydrolyzed by incubation \\, ith 24 units of the
L~11 on"yin, (unfr, .ti, nated) in 400 A1 of
0.01 M phosphate buffer, pH 8.0. Another
specimen of the same size \\, as incubated in
400 111 of 0025 M acetate buffer, pH 4.7, con-
taming 20 units of Chalaropsis (B) enzyme.
The reaction was continued at 37'C for 48 hr

in both cases. Changes in terminal groups and
phage 3C inhibitory activity during the en-
zymatic hydrolysis were studied. The results
are summarrized in Tables 6 and 7.

Organic
phDs-
phorus

1.2

4.7

4.9

N-terminal

5.0

4.5

A1anine Glycine A1anine Glycine

o

0.1

0.14

Treatment of the BS-B fraction with the

L-11 enzyme (unfractionated) was accompanied
by liberation of 0.8 mole of N-terminal alanine
per mole of glutamic acid with a small release
of N-terminal glycine, and resulted in a marked
decrease in the phage 3C inhibiting activity.
Hydroly^I^ with th, Chain", usI^ (B) on"yin. ,
which liberated about 1.2 mole of reducing
groups (as glucosamine) per mole of gltitamic
acid, did itot cause any significant decrease in
the phage inhibiting activity.

2) Chala-B fraction
Specimens of Chala-B fraction, each con-

taining 4,000 in, 11moles of organic phosphorus,
were treated with 10 units of the L-11 enzyme
(unfractionated) or 4 units of the L-11 endo-
peptidase, in 500 141 of 00125 M phosphate
buffer, pH 8.0, at 37'C for 24 hr.

It can be seeiT from Tables 6 and 7 that 11alf

the inuramyl-L-alanine linkages of the Chala-B
fraction, were split off by hydrolysis with the
L-11 enzyme (unfractionated) and it lost its
phage 3C inhibiting activity completely. How-
ever, only about half the pentaglycine
bridges of the Chala~B fraction were opened
by treatment with the L-11 endopeptidase,
and it retained most of its phage inhibiting
activity.

Thus it seems that the glycan portion with
telchoic acid and the peptide moleties must be
linked together by A1-acetylmuramyl-L-alanine
bonds for exhibition of phage 3C inhibiting
activity, but polymerization of glycopeptides

C-terminal

,,

0.11 Ir 0.12

was
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TABLE 6 Analyses of terminal groups 12berated dun'"g hydro/yst's of the BS-B a"d Choln-BIToctt'ons
by the L-11 errs3, me (11nfi. actt'oitated), L-11 endopeptt'dase or Cha/dropst's (B) e"21, me

Fraction

BS-B

Treatment with

_ I 'halaro, ,j, ,, zyme
Chala-B

L-11 enzyme (unfractionated)

a Not determined

TABLE 7

treatment

L-11 enzyme (unfractionated)

L-11 endopeptidase

Reducing
groups (as
glucosa-

mine)

Changes I'" phoge 3C I'"hihitzhg octtbzty of the BS-B and Chain-B lyrictt'ores by errz3, matzc

b Trace amounts

Fraction

Increase (moles linole glutamic acid) in

N-terminal

A1anine Glycine

0.05

I. 20

O. 79

Treatment \\, Ith

None

BS-B

0.54

tr

0.18

C-terminal

A1anine Glycine

I '~11 enzyme (unfractionated)

Does (innmolc I
I equiv. organic

phosphorus) I I
plate

O. 91

0.54

"

050

0.31

Chalaropsis enzyme

373

187

93

47

Chala-B

Per cent reduction in PFU after
30 min Incubation

In Ca-brothin broth

0.34

0.28

L-11 enzyme (unfractionated) I

None

a Lost by accident

373

187

93

47

53

52

L-11 endopeptidase

284

373

187

93

47
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800
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74

72

58

39

800

400
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90
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TABLE 8 I""co, ,. sthl, Iy of phoge 3C ,'"htb, fro" by the BS-B I'd, tz'on a"d cell real/s

Test
material

BS-B (226 in pmol" "quiv
organic phosphorus)

Cell walls (24 I, g)

through either glycosidic linkages or pentagly-
cine cross bridges is not necessary for mani-
restation of the activity as phage 3C receptors.

6. 111'e"ers, '61/11y of 15hage 3C I'Mhz'61h'0" by the
BS-B /Incti'0"

This was demonstrated the L-11using

enzyme (unfractionated) in the following way.
Specimens, eaclt containing 280 innmoles

of organic phosphorus, were incubated with
(rub, I) or with, ut (rub, 2 and 3) 0.33 unit of
th. L-11 conym, (unfr". ti. nutsd) in 80 I, I of
0.01 M Tris-HCl buffer, pH 7.2. After one
hr at 37'C, tubes were heated at 100'C for

two min, and mixed witll phage 3C (103
FFU) and CaCl, to give a final concentration
of 0.01 M. Th. mixtures (,. Ium. 335 ply
were further incubated at 37'C for 30 min to
allow adsorption of phage 3C by BS-B frac-
tion. The mixture in tube 2 was then incubat-

ed with 0.33 unit of the L~11 enzyme (un-
fraction ated) at 37'C for 30 min to test whether
adsorbed phage 3C was liberated by destruction
of the structure essential to the phage inhibi-
tion (the total volume at this stage was 615 ,ul
and the concentration of CaCl, was 0005 At).
Tubes I and 3 were similarly incubated, but
without the L-11 enzyme. Then 5 141 of
CaCl, ' solution (final Ca concentration 0.02 AD
was added to inhibit the enzyme action, and the
number of PFU in 500 111 aliquots of each of

Per cent reduction in FFU after 30 min incubation in Ca-broth

Control without L-11

enzyme treatment
(tube 3)

78

98

I Before phage adsorption After phage adsorption
(tube I) (tube 2)

Treatment by L-11 enzyme

the tubes \\, as assayed. A similar experiment
was performed witll cell \\, alls : 30 11g speci-
mens of the walls were treated with 0.2 unit of

the L-11 enzyme (unfractionated) before or
after incubation with phage 3C. A control
experiment showed that the L-11 enzyme
preparation per re did not affect phage 3 C.

As shown in Table 8, phage 3C \\, hiclT had
been bound by the BS-B fraction or cell \\, alls
could not be recovered in an active form \\, hen

the linkages between the glycan and peptide
inoieties in the phage-bound BS-B fraction or
cell walls were opened (this was shown by the
release of N-terminal alanine during enzymatic
hydrolysis) and the structure essential to the
phage 3C inhibiting activity was degraded.
The ITreversibility of inhibition of phage 3C
by the BS-B fraction or cell \\, alls was thus
established.

The limited amount of the Chala-B fraction

available made it imposible to study the
irreversibility of phage 3C inhibition by this
fraction.

19

9

71

98

5 In this experiment the assa} \\. as made in 0.01 M
Tris-HCl buffe, (pH 7.2) containing 0.01 M CaCl, ,
since the acti\. ity of the L-11 enzyme was marked11.
inhibited in 0.02 xi CaCl"-broth.

7. Absence of phage 3C ,'"habiti"g nctib^fy I'M
a purified leichoic act'off'actt'on

A crude teichoic acid or a peptidoglycan
fraction \\, as prepared from the pronase-treated
cell walls as described in a previous paper

(SUGiNAKA at at. , 1967) except that each of
trichloroacetic acid extracts obtained \\, as

immediately extracted \\, ith ethylether to re-
move trichloroacetic acid.

Since chemical analyses demonstrated that
this crude preparation was " contaminated "
with a considerable amount of peptidoglycan,
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a specimen of 100 ing was digested by 200
units of the L-I I enzyme (unfractionated) in
18 inI of 0,0125 M phosphate buffer, pH 8.0.
After incubation for 18 hr at 37'C, during
which time 486 innmoles of free amino groupsl
ing were liberated, the incubation mixture was
concentrated to about 5 inI, and applied on
columns of Sephadex G-50 and G-25 connected

Fig. 13 shows that fractions 23 to
36 contained practically all the organic phos-
phorus, but were scarcely contaminated by
substances with amino groups. These frac-
tions were pooled and concentrated to about
8 inI. A pure teichoic acid fraction (525 ing)
was precipitated from this concentrated solu-
tion by addition of 40 inI of ethanol in the

In series.

presence of I% (vjv) acetic acid and 1070
(wlv) sodium acetate. This purified material
was found to have the following composition
(in/!moles ling) : organic phosphorus 1,788,
hexosamine 1,475, total amino groups 750 and
free amino groups 81 (the corresponding figures
in the crude preparation were 1,760, 1,863,
3,350 and 444, respectively).

The teichoic acid and peptidoglycan frac-
tions were tested for thier inhibitory activities
against phage 3C. while 114 and 455 11g
specimens of the crude fraction produced 24
and 707, reduction in FFU respectively on
30 min incubation in broth, neither purified
tath. i. add (400 Ag) nor peptid, glycan (320
14g containing 42 innmoles organic phosphorus)
showed any inhibitory effect on 3 hr or 30 min
incubation in Ca-broth.

5

*.
^

4

83

' 2
o

E

20 25 30 35 40 45 50 55
Fraction number (10 in11fraction)

FIGURE 13 Separation of purified teichoic acid from
the crude teichoic acid fraction treated with the L-11
enzyme (unfractionated) by filtration through col-
urnns of Sephadex G-50 and G-25 connected in series.

organic phosphorus, -,^A- In--,^,-

organic phosphorus, -.^.- : free amino groups

o

Vo

a

TABLE 9 lithtbaling actz'"nabs rigm'"st o01.2'0us slaphj, IOCoccalbacterz'ophages of the cell realis o1' soluble
phnge 3C IECeptor substances of S. fluietts sti'o2" Copenhngen

8. Actz'on of the I. ecepto, , sitbstn"ces solarbihsed
by cell coal16111'c enzy, lies on ph@ges o1he, . Ihn" 3C

The possible inhibitory activities of the BS-B
fraction and a non-dialyzable portion of the
Chalaropsis (B) enzyme digest were studied
against the following phages : Iytic phage 3B
of strain Copenhagen, and phage 420 and 53
which produce Iytic infection in strain Duncan
and strain 3528 respectively, but not in strain
Copenhagen.

The cell walls were capable of inhibiting all
the phages tested, irrespective of the ability of
the phages to produce Iytic infection in strain

Cell walls

Test
material

BS-B

BS-A

Non-dialyzable portion of walls
solubilized by Chalaropsis enzyme
Purified telchoic acid

Does (runmole equiv. )I Per cent reduction in PFU after 30 min
incubation in Ca-brothplate

286

Organic
phosphorus

BIKEN JOURNAL Vol' U No. 4 1968

15
0.12

800

Hexosamine

400
200

800

3C

534

97
40

92

o

66
54

o

3B

98
12

o

o

o
o

o

420

99
61

o

o

o
o

o

53

89
50

o

o

o
o

o



TABLE 10 lithz'62'107y actzbzty of 00hole cells of three slaphjJ/ococca/ strains, tit tohz'ch the coreliguro-
tz'on of the N-acetjJ!g/14cosomt'ite yeszdt, es tit the teachoz'c act'd in o2'ety differ, to tonyd phage 30,420 and
53

Phage

3C

420

strain Copenhagen
(3Cj3B155+)

50n

53

Per cent reduction in PFU after 30 min incubation in Ca. broth

a ing whole celllplate

80

98

Copenhagen. However, neither of the phage
3C receptor substances solubilized by the L-11
endopeptidase or Chalaropsis (B) enzyme had
any detectable inhibitory activity toward phage
3B or phages 420 and 53, as indicated in
Table 9.

5

74

17

62

0.5

58

6

9. Testjor litt:o10e"lent of N-acetyl^, IWCosn"If"e
,'esz'dues fit the teichoz'c act'of molety tit phage
171h, ballon

In a recent stydy, COYETTE and GHUYSEN
(1968) demonstrated that the inhibiting activity
against phage 3C, 71 and 77 decreased con-
siderably on partial elimination of the A1-
acetylglucosamine residues from the teichoic
acid molety of the walls of S. awl, errs strain
Copenhagen. Accordingly, the participation
of the N-acetylglucosamine residues in the
teichoic acid portion in the phage inhibitory
activity was studied. Thus the inhibition of
phages 3C, 420 and 53 by the whole cells of
three strains, Copenhagen, Duncan and 3528,
in which the configurations of the N-acetyl-
glucosaminyl substitution of the D-ribitol units
of the teichoic acid molety differ were examined.
NATHENsoN at at. (1966) rep. rt, d that th, coll
wall telchoic acid of strain Copenhagen was
mainly a polymer of 4-0-^-N-acetyl-D-glu-
cosaminyl-D-ribit01-5-phosphate and some 15 %
of the N-acetylglucosaminly substituents have
the or-configuration. ' Moreover, he showed

strain Duncan
(420)

10

50

o

99

99

5

91

91

93

0.5

65

8

53

strain 3528

(53183Aj77)

50

that strains Duncan and 3528 contained prac-
tically all their substituent N-acetylgluco-
samine residues in 11- and colinkages, respective-
Iy,

Table 10 shows no significant correlation
between the inhibitions of phages 3C, 420 and
53 by the whole cells of the three strains and the
configuration of the N-acetylglucosamine re-
sidues in their telchoic acid inoieties or the

susceptibility of these strains to Iytic infection
by the test phages.

These results appear to be inconsistent with
the observation of COYETTE and GHUYSEN

(1968). Therfore, the effect of elimination of
of N-acetylglucosamine residues in the teichoic
acid inoiety of the cell walls or the BS-B frac-
tion of strain Copenhagen by exo-p-N-acetyl-
glucosaminidase from pig GPididymis
reinvestigated with the present assay system.

One hundred 14g (containing 61.4 innmoles
of organic phosphorus) of the walls and 746
innmole equivalents of the BS-B fraction
(dried) were dissolved in 200 and 400 141, res-
pectivly, of stock solution of exo-p-N-acetyl-
glucosaminidase in 0.01 M citric acid-0.02 M
NaOH buffered saline containing 0,002%
bovine serum albumin (2 x CrystalIized, Nutri-

10

48

99

5

78

6

0.5

91

76

o

25

6
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and ,-substituents were on separate teichoic acid
molecules in strain Copenhagen.
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TABLE 11 Effect of treat"tent of cell realis o1.
BS-B fraction act'th exo-p-N-ricety/gincosomt'-
it addse upon the 27 phage 3C a'"hzbzli"g acti"fly

Test
material

Cell walls

(4.2 I, gjplate)

Treatment

BS-B

(311 in pmol"
equiv. organic
phosphorus I
plate)

None

exo-, a-N-acetyl-
glucosaminidase

Per cent reduction in
PFU after 30 min

incubation In
Ca-broth

tional Biochemicals Corp. , USA). On incuba-
tion at 37'C for 48 hr, 0.36 and 0.32 mole of
the N-acetylglucosamine residues per mole of
organic phosphorus were liberated from the
walls and BS-B fraction, respectively. The
phage 3C inhibiting activities of the walls and
BS-B fraction after exo-,-A1-acetylglucosamini-
dase treatment, were tested in the Ca-broth
assay system (Table 11). Partial elimination
of the N-acetylglucosamine residues of the
telchoic acid molety from the walls or the
BS-B fraction did not decrease the inhibition
of phage 3 C. Thus the results of COYETTE and
GHUYSEN could not be confirmed under the
present experimental conditions, although the
extent of elimination of A1-acetylglucosamine
residues was definitely lower in the present
study than in that of COYETTE and GHUYSEN.

None

exo-, a-N-actyl-
glucosaminidase

also reported by BRUMFiTT (1960). Although
ViDAVER and BRocK (1966) succeeded in iso1a-
tion of active receptor materials against phage P3
from spheroplasts of Streptococcusjaecz'MMI pro-
duced with Iysozyme, all attempts to isolate
receptor material without first making sphero-
PIasts yielded either material which could not be
solubilized, or material which was extractable
but highly unstable.

Recently, COYETTE and GHUYSEN tried to
solubilize the phage inhibiting substance from
the walls of S. a"yews strain Copenhagen with
My robacter AL enzyme which hydrolyzes both
peptide linkages in pentaglycine bridges and
amidic N-acetylmuramyl-L-alanine linkages
(1968). A preparation of glycan-teichoic acid
complex isolated from a Iysate of cell walls
digested with the AL enzyme exhibited definite
fixation activities toward phages 3C, 71 and
77, but the fixation was reversible.

The only successful attempt to solubilize the
of the cell walls withphage receptor sites

Iytic enzymes seems to be that of KRAusE
(1957) on group C hemolytic streptococci. He
demonstrated that a group C carbohydrate
prepared from a St, .eptomyces a!bus digest of
group C streptococcal cell walls in activated
group C phages, but not group A phages.
Extensive attempts with crude enzymatic
extracts of group A cell walls and group A
carbohydrate to in activate group A phages were
not successful in demonstrating phage Inactiva-

The present results clearly Indicate that all
the three main components of S. awl. e"s wall
peptidoglycan, that is, glycan, peptide subunits
and teichoic acid, must be linked together to
inhibit phage 3C irreversibly. Neither telchoic
acid nor glycopeptides obtained by trichloroace-
tic acid extraction or enzymatic hydrolysis
in activated phage 3C. These findings are in

92

93

82

88

DISCUSSION

Many attempts have been made to solubilize
the phage receptor sites from the cell walls of
Gram-positive bacteria including S. am. ews.
However, results were generally unsuccessful.
SALTON (1956 and 1957) rep. "red that if th.
walls of Bacillus ,"egnterit, ,, I and MICrococc"s
b, soda'At, 'CMs were solubilized with egg-white
Iysozyme prior to the addition of bacteriophage,
no inactivation of the phage occurred. The
loss of the phage adsorbing activity of M.
b'sodet'Atz'c"s walls by Iysozyme treatment was

288
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good agreement with the studies of NIORSE
(1962) and MATTHEw and ROSENBLUM (1967),
but seem to be contradictory to the conclusion
of CAMERON and his colleagues (RosATo and
CAMERON, 1964; CAMERON and OSBORNE, 1967).
They reported that a receptor substances



against phage 77 isolated by sonication of the
walls of strain 77 was a inucopeptide containing
no organic phosphorus, and demonstrated that
a cell \\, all precursor accumulating in strain 77
on treatment with vancomycin \\, as capable of
both attachment to, and inactivation of phage
77. It should be pointed out here that MAT-
THEw and ROSENBLUM (1967) found that the
residue remaining insoluble after extraction of
purified cell walls of strain Copenhagen with
trichloroacetic acid, and consisting mainly of
inucopeptide, was capable of moderate phage
adsorption, but the adsorption was reversible.

The necessity of A1-acetylmuramyl-L-alanine
linkages at the Junction between the glycan and
the peptide for manifestation of the inhibiting
activity against phage 3C was clearly demon-
strated by the fact that treatment of both
active fractions, BS-B and Chala-B, \\, ith the
L-11 enzyme witll A1-acetylmuramyl-L-alanine
amidase activity was accompanied by marked
loss of phage inhibiting activity. In this con-
nection it is interesting that COYETTE and
GHUYSEN (1968) suggested that to fix phages,
4-0-13-N-acetylglucosaminly-D-ribitol units of
teichoic acid must definite con-possess a

figuration which, in native cell walls, is impart-
ed by the binding of telchoic acid to the sup-
porting peptidoglycan. No information on the
partidpation of A1~acetylglucosamine residues
themselves in the phage inhibiting activity,
were obtained in the present study. The
reason for the discrepancy between our results
and those of COYETTE and GHUYSEN is uricer-

tain at present.

Polymerization of the glycopeptide-telchoic
acid complex by chains of alternating inuramic
acid and glucosamine in a glycan portion or by
pentaglycine bridges between the carboxyl
group of the D-alanine residue of one peptide
subunit and the s-amino group of the lysine
residue of the neighboring subunit does not
seem to be essential to the receptor site activity
for phage 3C. This is implied by the ob-
servation that either treatment of the BS-B

fraction with the Chalaropsis (B) enzyme or
digestion of the Chala-B fraction with the L-11

endopeptidase did not affect the phage 3C
inhibiting activity.

Though we solubilized the 3C phage re-
ceptor sites, the specific activity of the isolated
receptor substances (expressed as innmole
equivalents of organic phosphorus required to
produce 50 per cent reduction in FFU under
the standard ass^, conditions) was much less
than that of the cell walls in the starting
material. This was so even in the presence of
CaCl, whiclT enhanced the activity, of the soluble
receptor substances. The 10\\, efficiency of
either BS-B or the Chala-B fraction as phage 3C
receptor sites may be an inevitable consequence
of deviation from the natural conformation of

native cell walls, caused by solubilization. If
the phage inhibiting ability of soluble receptor
substances could be enhanced, studies on them
would be easier. One possibility is the ad~
sorption of soluble receptor materials onto the
SITomata of red blood cells as reported in the
study of TAYLOR and 1<\VIATKowsxi (1963) on
the \'I-receptor-Vi-phage system. In the
precent study, CaCl, was added to the assay
system at an appropriate concentration, because
of the enhancing effects of Ca ions up o1T the
adsorption of T-series phages onto ESCher!'chad
coll^PUCK, CAREN and CLINE, 1952) and upon
the inhibition of S. awe"s phages by trypan
blue (Jay, 1967). A marked enhancing effect
of Ca ions on the phage 3C inhibiting activity
of the soluble receptor substances, but not
upon the activity of cell \\, alls, was recognized.
The mechanism of this enhancement is un-
kno\\, n.

Neither BS-B nor the Chala-B fraction

caused any detectable Inhibition of staphylo-
co. ., I barter tophag. * (3B, 420 and 53)
other than 3C. In addition, none of their frac-
tions isolated from the cell walls solubilized by
the L-11 endopeptidase or Chalaropsis (B)
enzyme inhibited these phages. This result
was rather unexpected because the cell walls
themselves caused unspecific inhibition of
different phages, Irrespective of the test phage
to Iyse the organism from which the wall
preparation of the cell walls, as reported by
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MORSE (1962) in a study on the interactions
between the walls of S. aureus strain NYH-6

and a variety of different staphylococcal bac-
tenophages. A possible explanation for this
would be that a more definite configuration is
required in receptor sites for phages other than
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