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STRUCTURE OF THE CELL WALLS OF LACTOBACILLUS

PLANTARUM, ATCC 8014

I. ISOLATION AND IDENTIFICATION OF THE PEPTIDES

RELEASED FROM CELL WALL PEPTIDOGLYCANS BY

STREPTOMYCES L-3 ENZYME"

TETSUO MATSUDA, SHOZO KOTANl and KEljlRO KATO
Department of Microbiology, Osaka University Dental School, Osaka
(R"."i, .d I"nun, y 31,1968)

BIKE\ JOURNAL VCI. 11,111-126,1968

uMMARY Isolated cell \\, alls from Lnctobnc!'/INS pinntni'1,711 ATCC 8014 were
almost completely solubilized by L-3 enzyme from Styepto, Myces $p. 1<1netic

analyses of the peptide terminal groups liberated during enzymatic hydrolysis of the
cell \\, alls, coupled witl\ analyses of total, NH, -terminal and CooH-terminal amino
acids in intact cell walls, indicate the existence of peptide cross linkages by \\, hich
the or'-amino group of the DAP residue of one peptide unit is joined to the carboxyl
group of the terminal D-alanine residue of a second. It was demonstrated by charac-
terization of products formed by the L-3 enzyme from cell walls that a tripeptide,
L-alanyl-D-(iso)glutaminyl-",:x'-diaminopimelic acid, and a tetrapeptide, L-alanyl-
D-(iso)glutaminyl-", or'-diaminopimelyl-D-alanine were the principal building blocks
of the peptide portion of the cell wall peptidoglycans of L. pin"tai. ""I ATCC 8014.
Results also suggest that the carboxyl groups of or, d. '-diaminopimelic acid \\, ere sub-
stituted with amide ammonia and that these amides were split by the action of the
L-3 enzyme.

The probable structure of the peptidoglycan of the cell walls of L. PIn"tarwm
ATCC 8014 and the sites of action of the L-3 enzyme o1T the walls are presented.

INTRODUCTION

Recently, there have been several reports on the
general composition of the cell \\, alls of Iacto-

I A part of this work \\. as read at tlTe 40tlt Annual
A'leeting of the Japan NIIcrobiological Society held
at Nagoya, on Ajarch 31st, 1967
Abbreviations Lised : DAP, a, ,I'-diaminopimelic
acid ; DNP-, 2.4-dinitrophenyl-
This study \\. as supported in part by a grant for
Scientific Research from the A1inistrv of Educa-

tion of Japan.

bacilli (KANDLER and HUND, 1959; IKAWA and
SNELL, 1960; IKAWA, 1961) and the overall
amino acid and amino constitutions ofsugar

their peptidoglycans are now fairly well known.
Telchoic acids, as major components of the \\, alls
of many Gram-positive bacteria, were first de-
tected in trichloroacetic acid extracts of \\, hole
cells and isolated walls of Lactobaci'/his ambi"0-

sws (BADDiLEY, BucHANAN and GREENBERc,
1957; BADDiLEY, BucHANAN and CARSs, 1958).
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The discovery of these novel compounds \\, as
followed from the discovery of a ne\\, nucleo-
tide which was first detected in extracts of L

aiwbinos"s (BADDiLEY and A{ATHiAS, 1954; BAD-
DiLEY at tt1. , 1956a) and later shown to be PI-
cytidine 5-(p'-L-"Ibitol I-pyroph, ^phat. ) (BAD-
DiLEY at o1. , 1956b ; BADDiLEY, BucnANAN and
FAwcETT, 1959).

Thus extensive studies have been made on

the chemical composition of the cell walls of
Iactobacilli. However the molecular structures

of their peptidoglycans nave only recently re-
ceived attention when KANDLER and his co-

workers partially identified the amino acid
sequence of " inurein " of various lactic acid
bacteria (PLAPP, SCHLEiFER and KANDLER,
1967; PLAPP and KANDLER, 1967a, b; \\IEiss,
at at. , 1967).

Their instructive studies are, nowever, CTiti-
cizable, since their conclusions on the struc-
tures of cell \\, all peptidoglycans are based
largely o1T identification of peptides isolated
from partial acid Ilydrolyzates of the cell walls
in unknown, but presumably \, ery small yield.

The Iytic enzyme produced by Styepto?nyces
$p. (the L-3 enzyme, MORI at a/., 1960 ; MORI
and KOTANi, 1962; KATo, STROMiNCER and
KOTANi, 1968), was found to exert a powerful
Iytic activity against cell walls of Ldctobnci//"s
plantui. ", 11 ATCC 8014. This series of in-
vestigations is on the molecular structure of
the cell wall peptidoglycan of this organism.
The present paper reports the isolation and
identification of the peptides released from L.
pin"tar"," cell walls by enzymatic hydrolysis
with the L-3 enzyme.

-I-H, 0,0.2 g; 1.1gSOj. 7Hg0,4 g; and NaC1,0.2 g
in 100 inI of \\, ater) and \\, ater to a total \. o1ume of
1,000 inI (ARCHinALD at o1. , 1961). The n, cdium
was adjusted to pH 7.2 and autoda\. ed for 25 minutes
at 121'C. Tubes containing 2 inI of mediunt were
inoculated \\, ith a loopful of cells front a 16 hour
slant (on medium \\, it11 1.5% agar) and incubated at
30'C for 16 hours. Flasks containing 80 inI of
medium \\, ere then inoculated \\. itIT 2 in I of liquid
cultui. e. .\fter 161, ours incubation, these cultures
were used to inoculate 8 liter medium in 10 liter

glass \, essels. The \, essels were incubated at 30'C
for 24-27 hours' The cells were haT\. ested in a

continuous refrigerated centrifuge (1.10del S-62,
Tominaga \\'on<s, Tok}, 0) and washed three times
witlT 1,811ter portions of 0.15 xi NaCl

2. Pi. ep"I atto, , qf cell coalls

A 30 inI aliquot of the tlTick cell suspension (about
0.5 rug drv \\, eight per inI of 0.15 A1 NaCl) \\, as
\, Igorously shaken b}, elliptical motion at 2,000 OScil-
Iations per minute \\. ith 30 g of glass beads (Glas-
pe"Ien, 1<nt. Nr. 54140(2883), 0.11-0.12 mm in
diamcter, B. Braun Apparatebau, Me Is ungen, \\Test
Germany) in a 75 in I Duran flask in a Braun Me-
chanical Cell Homogenizer (NIOdel NISK, B. Braun
Apparatebau). Disruption of the cells \\. as con-
tinued for 15 minutes while cooling the flask by
passing a stream of CO, round it. \\'Ilo1e cells and
glass beads \\. eru removed by centrifugation of the
suspension at 300xg for 10 minutes. This low
speed centrifugation \\, as repeated 3 to 4 times until
practically no \\, hole cells were detected by tl, e Gram
stain in the super natant fluid. The supernatant
fluid was then centrifuged at 10,000xg for 30
nTinutes to precipitate the cell wall fraction. This
was \\, ashed 10 times each \\, ith 900 nil portions of
0.001 M phosphate buffer, pH 7.0, and witlT 900 inI
portions of water. About 22 g of a Iyophilized pre-
paration of crude cell walls were obtained from
140 g (dry \\, eight) of cells. Ten grams of crude cell
walls were digested with 125 ing of crystalline trypsin
(Trypsi111n. Mochida Pharmaceutical Co. , Tokyo)
for I hour at 37'C in a total of 200 inI of 0.01 xi

phosphate buffer, pH 7.0. The digestion \\. as re-
peated twice more. The trypsinized cell\\. alls \\. ere
thoroughly washed \\, ith 0.01 M phosphate buffer
and water and Iyophilized. This purified cell \\, all
preparation (7.8 g) was stored in a desiccator over
silica gel until use

MATERIALS AND iVIETHODS

I. elf/title of L. Nailt"I'M"I

L. phil!tall, ,, I ATCC 8014 \\. as grown in a medium
containing polypeptonc, 20 g (Daigo Nutritional
Chemicals, Osaka) ; yeast extract, 10 g (Daigo
Nutritional Chemicals, Osaka) ; sodium acetate,

10 g; glucose, 20 g; potassium dihydrogen phos-
phate, 4.5 g; sodium hydroxide, 1.04g; 5inI of
inorganic salt solution (FeS0, .7H, 0,0.2 g; A'IrisO. I.
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3. L-3 e, ,icyiiie pityoin!!o113

T\\ o kinds of partially purified prep, ratioit of the
I, -3 cnzvme \\ere used. One was obtained b\ Duo-

lite C-10 column chromatograph}, of the enzyme after
concentration by precipitation \\'ItIT aminoniuiTt sui-

fate as described pre\, IOUsl\. (A10Ri atTd 1<0TAxi, 1962)
Tliis was used for large scale digestion for' isolation
of peptides. The otllCT enz\. inc preparation. used
for analyses of end groups liberated durinti digestion,
was prepared as follows. Enzyme \\. as precipitated
from the supernatant of a culture of L-3 bacterium

by 80',, saturation \\itIT ammonium sulfate. It was

dialyzed against 0001 M phosphate buffer, pH 6.0,
containiitg 0.5 A1 NaCl and applied on a DEAE-
cellulose column equilibrated \\. itit the same buffer
TITe column was cluted witl\ the same buffer and

enzyme passed titrough uriadsorbed, tlTus separating
from brown colored materials. Fractions \\. itIT Iytic
activity. were combined and concentrated by am-
monium sulfate

The Iytic tictivity of the preparation \\, as assayed
by following the ratc OF redtiction in turbidity of a
standard SLispension of L. pia, !tai'1,111 cell \\, alls. To
a 12xlOOinnt test tube in an ice batlt \\, ere added

1.6 ntl of a cell \\. all suspension a ingjml) and 1.6 inI
of 0.04 xi phosphate buffer (pH 7.8) containing tip-
propriatc amounts of enzyme preparation. Appro-
priate control tubes \\. ere ntade by omitting either
cell \\. alls or enzvme. Tubes were incubated at

37'C and the cl, angc in optical density at 550 in A
\^as recorded at 5 mintite intervals in a Shimadzu

Bausclt and Loinb Spectronic 20 Colorimcter
(SITimndzti Seisakush0, 1<yoto). One Linit of Iytic
activity was defined as the amouiit of enzvme pre-
paration required to reduce the optical density of the
cell \\. all SLispension b\. 35",, in one IToui'

11' stirred for I itour at 40'C. After three extrac-
tions with 5 nt1 \ o1ume of cth\ I etl, er to TenTo\. e free

dinitroftuorobenzene. the reactioil nTixture \\. as
acidified \\. itIT 1.5 in I of concentrated HCl and the it

Teextracted three times witlT 5 ntl of ethyl ether to
reino\\! bis-D\P-DAP. The Yellow mono-D\P-

DAP which precipitated from tlTe aqueous phase on
acidification was collected o11 filter andpaper,

waslted \\itI, a small amount of 1.5 x I{Cl. TITe

prcp"ration \\, as di'led in ""c!!o atTd stored in the

dark. Tit" purity, and identity of the mono-DNP-
DAP specinlen was checl<ed bv one way ascending
chromatogrnplTy on To}. o Roshi No. SIA paper,
lising 11-hutanol-acetic acid~\\ ater 13 : I : I, vj\') as
sol\'eitt.

2) Detern, inntion of muralin IC acid and ., 111co-

srimine by paper chromatogriiph\,
Test secimens CStimnted to contain 20-80 in!, moles

of Ilexosamincs \\, ei'e itvdrolvzed in + N HCl at

100'C for SITours. Titc Ilvdrolvzntes were diied

111 urici, o over I\:aOH and P. 0. . The dried residues

\^eru dissolved in appropriate rimounts of \\ater and
spotted on Toyo Roshi No. SIA paper (40x40 cm)
with a refereilce mixture of amino sugars and amino
acids. Tl, e procedurcs used for. development of
the paper and estimation of amino sugars and antino
acids with rimltydrin spray reagent, \\. ere essentially
titosc described by PRIMosioi{ at o1. (1961)

3) Estimation of timmonia

Ammonia \\."s estimated b\, a inICiomodific"tion

of titc ritethod of F. \wcrT'r and SCOTT (1960) foi
determination of urea. For determination of total

ammonia, a specimen, containing 20-60 in/! moles of
ammonia, \\, as dissolved in 40 A1 OF 4 \ HCl, and

hydrolyzcd at 100'C for 81tours. TITe itydrolyzate
was dried 111 "acMo and the residue \\, as dissolved in

100 1.1 of buffer containing 3 g of 1<H, PO. , tind 14 g
of Na, HPO, per liter. To this solution were added
in rapid succession 100 111 of sodiunt phenate reagent,
150I, I of 0.01', sodium nitroprusside and 150 A1
of 0.02 x sodium hypochlorite. After standinn the
reaction mixture for' 10 itTinutes at 37'C, tlle optical
density at 630 inu \\ as riteasured. ISOglutamine,
which was h\. drolvzed in the same \\'ay as test

specimens, \\. as used as a standard. Free ammonia

was determined o1T the non-hydrolyzed specimen.
The amount of bound ammonia was calculated as

the difference between the amounts of total and free

+. 41/01vlicat 111ethod,

I) Total, NII. ,-terminal and CooH-terminal
antino acids

These were determined as described by CHI:vsEN
TipPrR and STR0\11NcrR (1966). The specimen of
mono-DNP-DAP used as a reference in determina-

tion of DNP-amino acids by thin layer cltromato-
graphy \\, as prepared as follows

To 10 in I of 0.1 xi sodium boratc solution con-

taming 0.5 mmole of DAP (California Cooperation
for BiochemicalResearch, Callf. , U. S. A. ; a mixture
of 40 per cent I. .L-isomer and 60 per cent me so-
isomer) \\as added 0.5 mmole of 2.4, -dinitro-I-
fluorobenzene (DNFB). The mixture was \, igorous-

:VIATscnA, T. er al. Structure of Lnctoboct'/jus planto, "?Ji cell coal!

ammonia

4) Other assays
Hexosamines were determined by a modification
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(GHuvsEN, TIFFER and STROMiNCER, 1966) of the
method of ROSEMAN and DATrNER (1956). Hexose
was determined by the Arithrone method (AscHWELL,
1957). Phosphorus and reducing power were de-
termined by the methods of LowRv at a1. (1954)
and SQMocYi (1952), respectively. Free amino
groups were estimated as described by GHUYSEx,
TipPER and STROMiNGER (1966). All these were
microscale methods.

5) Determination of the optical configuration of
alanine

The method of GHUYSEN, TipPER and STROMiNGER

(1966) was followed \\, ith minor modifications in
the quantity and concentration of the reagents
employed.

6) Analysis of amino acid sequence on isolated
peptides by Edman degradation

This was done by the procedures of 1<0xiGSBERG
and HILL (1962) and TipPER, KATz, STROMjNCER
and GHUYSEN (1967) with the modification described
in a separate paper (KATo at a/., 1968)

7) Paper electrophoresis
Electrophoresis of isolated peptides was carried

out on Toyo Roshi No. 514 paper (40 x 20 cm) at
a potential gradient of 14 \, ICm for 2.5 hours, using
a Toyo Kagaku Sangyo (OSal<a) power supply
(Model 111 BA 82). The following buffe, s were
employed: (1) 0.2 M pyridine-acetic acid, pH 5.0,
and (2) formic acid-acetic acid-water (5 : 15 : 80, vjv),
pH 1.9. Peptides and amino acids \\. ere located
with ninhydrin reagent

8) Spectrophotometry
A Hitachi Perkin-Elmer Spectrophotometer (NIOd-

e1 139 UV-VIS, Hitachi Ltd. , Tokyo) \\, ith a quartz
micro-cell of 300 111 capacity \\. as used unless other-
wise stated

RESULTS

I. Chemt'cal con!POSih'0" of isolated cell roans
fro", L. plantnrt, ?n

L. plantarw?n cell walls are known to contain
two major polymers : one is the glucosyl
ribitol phosphate polymer, ribitol telchoic acid,
and the other is inucopeptide (ARMSTRONG at
at. , 1958; IKAWA, 1961). Table I shows the
contents of total and free amino groups, hexo-
samines, hexose and total phosphorus in the
cell wall preparation used in this investigation
before and after extraction with cold and hot

trichloroacetic acid. Cold extraction was per-
formed by suspending the cell walls in 10%
(wjv) trichloroacetic acid at a concentration of
25 ingjml and stirring the suspension in a cold
room for 24 hours, The procedure was re-
peated until the extracts gave no appreciable
turbidity on addition of 5 volumes of acetone.
One quarter of the insoluble residue was then
suspended in one quarter of the original volume
of 107, (wjv) trichloroacetic acid and further
extracted by heating at 60'C for 8 hours' The
insoluble residues obtained by treatment with
cold and hot trichloroacetic acid were thorough-
Iy washed with water and iyophilized. Table
I shows that the amounts of hexose and phos-
phorus, which may be from a ribitol telchoic
acid polymer in the cell walls, decreased
marked Iy after cold trichloroacetic acid treat-
merit and practically disappeared on extrac-
tion with hot trichloroacetic acid. Tests with

TABLE I General coinposz'ttbn of L. plantarum (, TCC 8014) cell at^all and charrge tit coinposzt^^n on
exti. actz'on arith cold and hot 10 pel. ce"t (2010) trt'ch/oreocett'c acad

Total NHg-groups (as glutamic acid)

Free NHg-groups (as glutamic acid)

Hexosamines (as glucosamine. HCl)

Hexose (as glucose)

Phosphorus

Determination

a Not estimated

114 BIKEN JOURNAL Vol. U No. 21968

Untreated

innmoles per ing (per cent) of cell wall
Extracted with Extracted \\, ith

hot TCAcold TCA

3030 (445)

440 (65)

700 (126)

1320 (238)

605 (I . ,,

5280 (877)
^tt

960 (173)

36 (07)

74 (0.2)

3700 (543)
^"

760 (137)

7 (01)
20 (01)



the glucostat@ reagent (\\'orthington Bio-
chemical Corp. , Freehold, New Jersey, USA. )
showed that most of the hexose was glucose.
Amino acids and amino sugars in the hydro-
Iyzate of the cell walls (with 4 N HCl at 100'C,
for 8 hours) \\, ere analyzed by paper and thin
layer chromatography and results
manzed in Table 2, \\, ith those for ammonia.
The cell wall preparation contained alanine,
glutamic acid, DAP, glucosamine, inuramic
acid and ammonia in the molar ratio of 1.30:
1.00: 0.99: 1.02: 0.98: 3.03. The amount of

alanine in telchoic acid (0.37 molelmole of total
glutamic acid) was calculated from the amount
of free alanine which was liberated from cell

walls at alkaline pH in the dinitrophenylation
procedure. DNP-alanine \\, as extracted with
ethyl ether before hydrolysis of the DNP-denv-
atives of the cell \\, all preparation, since ester-
linked alanine residues of teichoic acids are

known to be extremely labile to alkali treatment
(ARMSTRONG at a/., 1958). About 809', of the
component alanine (0.99 molelmole of glutamic
acid) was found to be the L-isomer by enzy-
matic assay, with glutamate-pyruvate trans-
aminase (C. F. Boehringer and Soehne GrubH,
^'Tannheim, \\'est Germany) and D-amino acid

oxidase prepared from pig kidney, by the
method of lv'IASSEY, PALMER and BENNETT
(1961). DAP was shown to be the meso-
isomer from the mobility of its bis-DNP-
derivative on thin layer chromatography (sol-
vent-"-but an o1: water : 287, ammonia, 100 :
100: 2, vlv; upper phase) and on paper chroma-
to graphy (solvent-t-amyl alcohol saturated
wit11 0.1 M phthalate buffer, pH 6.0) following
the method of BRICAs, GHUYSEN and DEzf:LEE
(1967). The optical configuration of glutamic
acid was not determined in this study because
InwA and SNELL (1960) had f. und that glu-
tamic acid in L. PIa"tarw?11 cell \\. alls is all in
the D-configuration.

Analyses of NH, -terminal and CooH-termi-
nal amino acids demonstrated that about three

quarter^ (0.72 in. 1.1m. I. of glutsmi. add) of
the or'-NH, -groups of the DAP residues \\, ere
free, indicating that one quarter (0.28 mole)
of the or'-NH, -groups of the DAP residues
must be Involved in cross linkage witlt the
CooH groups of other amino acid residues.
Approximately 0.3 mole equivalents of alanine
and DAP residues may, be concerned in the
formation of cross bridges by peptide bond
since no significant amount of CooH-terminal

are sum-

TABLE 2 AMINO acids, an12no sugdis, a"rin0,11'u and tel'"12nd! groups an L. plantoiw"! cell teal/s

Determination

Total alanine'

L-alanine

D -alanine

D-glutamic acid

me so-DAP

Glucosamine

TVluramic acid

Ammonia

Telchoic D-alanine"

Total amino acids, amino
sugars and ammonia

NIOlar ratio"innmoles"

a As in"moles per ing cell wall
b Molar ratio to total glutamic acid
c Total alanine in cell wall peptidoglycan
d ,r'-mono-NH, -DAP
e Alkali-labile, ester-linked D-alanine in teichoic acid

415

317

98

320

318

327

315

970

118

I. 30

0.99

0.31

I. 00

0.99

1.02

0.98

3.03

0.37

NH, -terminal
amino acids

Molar ratioinnm oles

o

o

230d

o

CooH-terminal
anTino acids

Niolar ratioin"moles

o

072

trace

MATSUDA, T. at al. Styt, chire of L@ctob@callus plant@rin, I cell coall

o

trace

o

o

o
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amino acid \\, as detected and ai\ excess of 0.3

mole of alanine over one mole of total glutamic
acid \\. as present.

2. Lysis of L. pin"Idr""I cell ton//s arith
8/1'eptoii!yces L-3 e, 12y"Ie

I) Analyses for end groups liberated by
enz}, matic hydrolysis of cell walls

Cell \\, alls (32 ing) were suspended in 3.2 inI
of 0.02 xi phosphate buffer, pH 7.8, containing
2 tinits of L-3 enzyme and digested by incubat-
ing the mixture at 37'C for 96 hours. During
digestion, allquots were removed periodically
and immediately Inactivated by heating at

for determination of the80'C for 15 ruin

optical density, free amino groups, reducing
groups and NH, - and CooH-terminal amino
acids. As shown in Fig. I, Iysis of the cell
walls (expressed as per cent reduction in optical
density) \\, as accompanied by release of free
amino groups.

During incubatioi\ for 96 hours, there was
90yo reduction in optical density and the
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amount of free amino groups per ing cell \\, alls
increased front 420 to 1,200 nT!, moles. i. ;o
significant increase in reducing power \\, as
observed. These results suggest that the Iysis
of L. pinntai'1,111 cell \\, alls \\, as exclusively, due
to the peptidase andjor amidase activity, in the
L-3 enzyme, and that neither inuramidase nor
glucosaminidase actioi\ were involved.

Terminal amino acid analyses' revealed that
the Increase in free amino groups was due to
liberatioit of the amino groups of both alanine
and DAP residues and the increase in these

I\;H, -terminal amino acids \\'as accompanied
by an increase in CooH-terminal alanine and
DAP (Fig. 2). Fig. 2 al^. ^h, **s that th. ruts
of release of z'-I*;H, -DAP and CooH-terminal

alanine \\. as essentially, parallel with the Iysis
and the two \\, erc essentially, equivalent in
molar amount (134 and 120 in/J moles, respec-
ti\, cly, per ing cell \\, alls) suggesting that the
linkages between the or'-NH, groups of DAP
anti the CooH-groups of alanine \\, ere split
by the L-3 enzyme. All the CooH-terminal
alaninc residues liberated were shown to be D-

isomers by enzymatic assay. Significantincreasc
of CooH-terminal DAP is presumed to be the
result of cleavage of DAP amides by one of the
enzymatic activities of the L-3 enzyme prepara-
tion employed (KATo, STRoviNCER and 1<0-
TAXI, 1968). This assumption was confirmed
in a SLibsequent investigation, to be presented
in detail elsewhere. Increase in NH -terminal
alanine \\, Ithout concomitant increase in the

amount of corresponding CooH-terminal
groups of amino acids seems to be due to
rupture of linkages bets, eelt the amino groups
of alaninc and the CooH groups of inuramic

acid.

2) Large scale digestion
A specimci\ of 1.6 g of cell walls \\. as incu-

bated with 100 units of L-3 enzyme in total

volume of 160 inI of 0.02 xi phosphate buffer,
pH 7.8, at 37'C for 981Tours. After digcstion
the following amounts of 1<H, - and CooH-
terminal amino acids were liberated by the
cnzymatic ITydrolysis (as in pmoles of terminal
amino acid liberated per ing cell walls) : I'!H2-
terminal alanine, 184 ; 91'-i. ;H, -DAP, 102 ;
CooH-terminal alanine, 100; and CooH-
terminal DAP, 232.

The digest was dialyzcd \\. it IT stirring against
three 500 in I \, o1umes of water for 2 hours earcli

and finally against 1,000 inI of \\, ater for 24
hours at 4'C. Botlt dialyzable and non-dia-
Iyzable fractions were concentrated under
reduced pressure to about 10 inI in a rotarv
evaporator (:\'11yamoto Riken, NIOdcl RE,
OSal<a) in a \\, ater bath at 42'C, and then Iyo-
philized. A total of I g of non-dialyzable frac-
t!o1t \\, as recovered IronT 1.6 g of cell walls

3. ISO/dti'o11 of pep/1,183 1101/1 1/1e drab, $db/e
IWC/1011

I) Gel filtration
Th" duly"bl, finchon (300 ing) in 3 in I of

water \\, as SLtbinitted to gel filtration on
Sephadex G-50 and G-25 (coarse, bead form,
Pharn\acia, Uppsala, S\\, eden) columns (2 x
97 cm and 2.5 x 97 cm, respectively) connected

Elution \\, as performed \\, it 11 waterIn series.

at a Ho\\, rate of 40 inI per Ilour, at 4'C (Fig. 3)
Ten milliliter fractions were collected and as-

sayed for free and total amino groups, total
hexosamines and Inorganic phosphorus. Frac-
tions in tubes 19-45 inclusive, containing coin-
pounds witlt \H, -groups, were pooled, and
much of the Inorganic phosphorus, originating
from phosphate buffer in the reaction nTixture
for digest101T of the cell \\, alls, was eliminated.
The pooled fractions \\, ere concentrated to 2.7
in I in a rotary, evaporator

2) Amberlite CG-120 columi\ chromato-
graphy

The partialI\, desalted diffusible fraction

,

2 As described in tlie discussion. the cell will I digest
contained peptide, a DNP denvati\. e of which
\^as etl, er-soluble. Tlius in determination of

\H2-terminal amino acids 11T tlTis and following
experiments, extraction of DNP-denvati\, es from

the acidified digest \\ith ether, which is usually
done to remove DNP-amino acids, was omitted.
HD\^ever, a correction \\. as made for free alanine
deri\. ed from the alkali-iai, lie alanine residues
in the telchoic acid

,
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FIGURE 3 Gel filtration of the diffusible fraction from L. philt"r!, in cell \\. all digest on Sephadex G-50 and
G-25 columns connected in series.

Column size : G-50 = 2 x 97 cm, G-25 = 2.5 x 97 cm ; V, : 220 inl ; F10\\, rate : 40 in I per hour,
Free amino groups. : Total amino groups.

A : Inorganic phosphorusO : Total ITexosamincso

o 20

(2.7 inI) was acidified with 0.3 inI of 209', formic
acid and chromatographed on a column (0.9
x 35 cm) of Amberlire CG-120 (19-22 I, pan
ticle size, Rohm and Haas, Pennsylvania, Pa. ,
USA. ), previously equilibrated with 0.2 M
pyridine-acetate buffer, pH 3.1. Elution was
performed first with 500 inI of 0.2 M pyridine-
acetate buffer, pH 3.1, then with a linear gradi-
Grit with 350 inI of 0.2 M pyridine-acetate buf-
fer, pH 3.1 in the mixing chamber and 350 inI
of 2.0 M pyridine-acetate buffer, pH 5.0 in the

The How rate was adjusted to 50 inI
per hour by exerting pressure on the eluents
with a micro metering pump (Yanagimoto A1fg. ,

\

I"*

I*^
30

x ---X

A

40

reservoir.

X

118

50

Kyoto). The temperature around the column
was maintained at 50'C by circulating hot water
through a water jacket round the column using
an Ultra Thermostat Original Lauda (Type
NB-D 8117, Messgerdte \\;erk Lauda, \\jest
Germany). Fractions of 10 inI were collected
and assayed for free and total amino groups and
total hexosamines. Fig. 4 shows that peaks of
amino groups were separated by Glution with
0.2 M pyridine-acetate buffer, pH 3.1.

The fractions in each peak were combined
separately and designated as F-I, F-2, F-3 and
F-4 in order of their elution. Only F-I con-
tamed hexosamines. Pyridine and acetic acid

BIKEN JOURNAL V01.11 No. 21968
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FIGLRr 4 Sepal ration of peptides fluit, thc cli"by zal, IC fr"ctioi, of I, . PI, 1111nr!, 111 cell wall digest h}' cltiomntograplly
o1t Amberlite CG-120

Column size: 0.9x35 cm; Column tcmperatLire: 50'C ; Flow. jiltc: 50 inI DCT hotii
. : 'Total amino groups x : Free amino grotips. . : Total itexos;intines

X

10

I\
* \

In the fractions \\, erc eliminated b\, repeated
evaporating the material to dryness and redis-
soluting it in \\, ater. Finally each of the frac-
tions \\, as dissolved lit 10 inI of water. \o

material containing amino groups or hexosa-
mines was eluted by a linear gradient of in-
creasing pH and concentration of pyridine-
acetate buffer.

20

I"
I

2.0

4. Popei. electropho, .esi'$ qf Ihe lidctioiis nom
the ambel. /^Ie CG-720 co/MM"

Their electrophoretic mobilities and horno-
geneities of the four fractions reacting \\, ith

A

.-.

.

co
.

^

"-.

co

~-

o

>.

60

--.

1.0

L_

to

o

Z

D\P isolated from the diffusible fraction as

above, \\, ere examined. On electro-paper

phorcsis at pH 1.9, all the fractions migrated
to\\, ard the cathode as single spots (Fig. 5).
At pH 5.0, F-I migrated toward the anode as
a single spot and F-2 remained at the origin,
indicating that the former fraction had a slightly
negative charge and the latter \\, as uricharged
at this pH. F-3 and F-4, separated into two
spots, the major component remaining at the
origin and the minor one migrating toward
the anode (Fig. 6). F-3 and F-4 \\, ere then
further fraction ated by paper electrophoresis at

100

I\
,.

110
0.2
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A1a

Lys

Glu

FIGURE 5 Electrophoretic mobilities of isolated
peptides at pH 1.9

Buffer : formic acid-acetic acid-water (5 : 15 : 80,
\, I\,). pH 1.9. Electrophoresis at a potential of
14 vjcm for 150 minutes

^ Lys, A1a, Glu
Cathode o n

F-I

pH 5.0 in the usual manner. In this \\, ay
material remaining at the origin (F-3-I and
F-4-I, respectively) \\, as separated from that
migrating toward the anode (F-3-2 and F-4-2,
respectively).

5 . ,, idlyses of the Incli'0"s Isolated 110"I the
cell runt/ dig, est by 4,116e, '/^Ie CG-120 cohi?""
chi. 0"intoginp/?y rr"of pffpei electropho, .es, \

The results of analyses of total, NH, -terminal
and CooH-terminal amino acids, ammonia
and hexosamines are summarized in Table 3,
as moles per mole of total glutamic acid in the
respective fractions. F-I contained alanine,
glutamic acid, DAP and ITexosamine in the ap-
proximate molar ratio of 1.2 : I : I : 1.1. \JITtu-
ally all the DAP residues had free I-NH2-
groups and none of the alanine residues \\, as
NH -terminal, indicating that hexosamine may
be linked to the amino groups of alanine and
there \\, as no linkage between the peptide mole-
CUIes through the amino groups of DAP.
Hydrazinolysis showed the presence of both
CooH-terminal alanine and CooH-terminal

DAP (0.65 and 0.61 mole per mole of glutamic
acid, respectively). Paper chromatographic
analysis of the F-I hydrolyzate (in 4 N HCl, at
100'C for 8 hours) showed that inuramic acid
but not glucosamine \\, as present in this frac-
tion. The results mentioned above suggest
that this fraction may be a mixture of two sugar
peptides, one with CooH-terminal alanine
and the other with DAP as the CooH-terminal

amino acid. F-I was not purified further.
F-2, appeared to be free alanine, presumably

from ester-linked alanine of theoriginating
telchoic acid molecule. F-3-I contained ala-

nine, glutamic acid and DAP in the approximate
molar ratio of 2: I : I. In this peptide, one
mole of the alanine residues \\, as NH, -terminal,
almost all the DAP residues had free or'-amino

groups, and the remaining one mole of alanine
residues was CooH-terminal. F-4-I con-

tained equimolar amounts of alanine, glutamic
acid and DAP. Analyses of NH, - and CooH-
terminal amino acids revealed that one mole of

alanine and 7. '-NH, -DAP per mole of glutamic

F-2

F-3

F-4

Anode "

.
o Ale

.

.
o

Cathode-- Cathode

.

Lys

Glu

Origin

FIGURE 6 Electrophoretic mobilities of peptides
isolated from the dialyzable fraction of L. pin, 11ni!, 111
cell wall digest, at pH 5.0.

Buffer: 0.2 M pvridine-acetate, pH 5.0.

F-1<:11^
.

F-2

F-3 .

F-4 O

Lys. A1aGiu
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TABLE 3

Fraction

Pep!I'des a"d $14gni peptz'de r'so/died/1.07" the L-3 errsj, ?,!e dz;gest of L. PIO"tai'u?N cell Econs

F-I

F-2

F- 3-I

F-3-2

F-4-I

F-+-2

Total amino acids

A1a Glu DAP

1.15

+

2.10

I. 26

0.96

0.97

Data are expressed as molar ratios to glutamic acid

1.00

100

I. 00

1.00

1.00

\H, -terminal CooH-terminal
groups groups

n ' -NH"-
A1a DAPA1a

DAP

acid \\, ere NH, -terminal and \, ITtually all the
DAP residues \\, crc CooH-terminal'. Hy-
drolysis of F-3-I and F-4-I in 4N HCl at
100'C for 811ours yielded essentially one mole
of ammonia per mole of glutamic acid. Both
fractions were neutral on paper electrophoresis
at pH 5.0. These findings strongly suggest
that one of the carboxyl groups of the glutamic
acid residue, \vlTicl\ was ITotinvolvedin a peptide
linkage \\, as substituted witlt amide ammonia.
Substitution of amide ammonia on the or-

carboxyl group of glutamic acid has already
heelT reported by STRoxiiNCER, GHUYSEN and
their coworkers in the cell walls of several

bacterial species (A, Iui*oz at a/., 1966; TipPER,
STROMiNCER and ENSIGN 1967; TipPER, 1<ATz
STROMiNGERand GHUYSEN, 1967 ; GHUYSENetn/.,
1967). F-3-2 which consisted of alaninc, glut-
amic acid and DAP in the approximate ratio
of 1.3 : I : I, contained two kinds of CooH-
terminal amino acid (0.18 mole of CooH-
terminal alanine and 0.68 mole of CooH-

terminal DAP), while \, ITtually all the alanine
and z'-i*:H, groups of DAP residues \\, ere NH2-

3 In tile pre\. jous study on the enzymatic Iysis or
cell \\. alls from 001yJieb"cte, 111, ,I d!}ht/, e, Tae
(KATO, STROXIINGER and KOTANi, 1968) and in
the subsequent studies in this series, it was found
that if the carboxyl groups of the DAP residues
\\'ere substituted \\. itIl amide, these DAP residtics
were not recovered as CooH-terminal amino

acid by ITydrazinol\ SIS

0.92

106

107

O . 94

1.00

o

+

1.09

077

0.92

0.91

0.92

I. 09

O. 82

0.94

091

0.65

+

I. 06

0.18

o

o

Hexosamines Ammonia

O. 61

trace

O. 68

0.94

0.94

1.08

o

o

o

o

terminal. In agreement \\, ItIT the observed elec-
trophoretic mobility, no ammonia was found
in F-3-2. This fraction seems to be a mixture

of alanyl-glutamyl-meso-DAP and alanyl-glu-
tamyl-me so-diaminopimelyl-D-alanine. The

analyses performed on F-+-2 indicate that the
structure of this tripeptide corresponds to that
of tl\c peptide in F-4-I, in whiclT the amide
ammonia in the glutamic acid residues was
eliminated. This conclusioit seems consistent
with the observatioil that F-4-2 \\, as acidic on

electrophoresis at pH 5.0.
Determination of the optical configuration of

the alanine residues in these peptides by en-
zymatic assay indicated that practically all of
the NH, -terminal alanine was the L-isomer, and
the CooH-terminal alanine was exclusively in
the D-configuration.

6. Ed, ,law ofegi'tidal1071
F-3-I, F-3-2, F-4-I and F-4-2 \\, CTC sub-

mitted to stepwise EdmaiT degradation.
In all the fractions tested after one cycle of

degradation, I*;H, -terminal alanine had been
quantitativeIy replaced by NH, -terminal glu-
tamic acid and concomitantly virtually all the
71'-I. ;H, -terminal DAP had disappeared. The
second cycle of reactioiT \\'ith phenyl-isothio-
cyanate did Ilot release any, amino acid as new
I. ;H, -terminal^ (T, b1, 4). N. lint"atI. n of
free ammonia during the cycles of Edman
degradation from any, of the peptides \\, as

% of the
peptide

In

cell \\. alls

I. 05

o

1.10

o

9.8

11.3

1.7

13.6

0.4
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TABLE 4 Changes an NH2-tel'mafia/ dint'"o actds lit nomted pepttdes during Ed?"on degi'oddtt'on

Step

o

NH, -terminal
amino acids

A1anine

Glutamic acid

err_NH2-D Ap

A1anine

Glutamic acid

ttI_NH2- DAP

2

Data are expressed as innmoles per 5-10 in"moles of each peptide.

F-3-I

A1anine

Glutamic acid

ni'-NH, -DAP

detectable. This may be due to the possible
inhibitory effect of the reagent used in the
degradation andjor the degradation products
on color formation in the ammonia deter mina-

tioiT and further study on this is reqtiired.

7. Pi. oposed $11'"CIMi. e of the peptt'des isolated
1101/1 the dthlysdb/e 11 ttcti'o71 of the cell tiltt//
of, gest

Fig. 7 gives the probable structures of pep-
tides F-3-I, F-3-2 F-4-I and F-4-2, and sugar
peptide F-I proposed from the analytical results
described in the preceding paragraphs. It
is uncertain which of the two carboxyl groups
(:z or r) of glutamic acid is Involved 11\ the
linkage with the amino groups of DAP

it should be pointed out witlT regard to the
proposed structure of peptide F-3-I, that one
of the carboxyl groups of the glutamic acid
residues was assumed to be amidated, but that
instead one of the carboxyl groups of the DAP
residues may be amidated, since the CooH-
terminal amino acid was alanine, not DAP, in
this peptide and no evidence that one of the
carboxyl groups of DAP was not substituted
was obtained by analysis by hydrazinolysis.

The relative amounts of the isolated peptides
and sugar peptides to the total peptides in the
cell walls were calculated on the basis of the

10.7

o

8.5

F-3-2

o

10.0

o

9.5

o

9.7

o

o

o

F-4-I

o

10.5

o

4.0

o

4.5

o

o

o

F-4-2

o

3.8

o

9.1

o

10. O

analytical data. As shown in Table 3, about
4070 of the wall peptides was recovered and
the peptides in F-3-I and F-4-I (peptides A
and B, respectively, in Fig. 7) were the major
components.

o

o

o

o

9.0

o

DISCUSSION

o

o

o

Fig. 8 illustrates a structure proposed for the
cell \\, all peptidoglycans of L. plantdi'", 11
ATCC 8014 and the sites of action of L-3

enzyme in their degradation. The present
data are compatible with the proposed scheme.
Analyses of total, NH, -terminal and CooH-
terminal amino acids in intact cell walls showed

that the or'-NH, groups of 0.28 mole of the
DAP residues per mole of glutamic acid \\, ere
not substituted and that there was 0.31 mole

of D-alanine residue, in which the carboxyl
groups \\, ere not free. This strongly suggests
that about one quarter of the DAP is involved
in cross linkages through or'-NH, groups to
the carboxyl groups of D-alanine. Kinetic
analysis of the peptide terminal groups released
during digestion of L. plantai. "?11 cell walls with
the St, .erro?, ryces L~3 enzyme showed that
liberation of of -NH, -terminal DAP and

CooH-terminal D-alanine increased in parallel
until all the of-NH, groups of the DAP re-
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N H:-L -A 13-D -G to-C O N Hz

I\
me so-DAP-D -A1a-CooH

NH

NH, -L -Ale-D -Giu-cooH

I\

CooH

Peptide A

NH;-L-Ale-D-GIu-CON H:

me so-DIP<CooHme so-Dip<cooH

me so-DAP -D-A!a-CooH

NH:

Y -L -A1a-D-Glu-CONH;

me so-DAP-D-Aie -CooH

I\

CooH

Peptide C

NH:

NH, -L -A1a -D -Giu -CooH

me so-DIP<CooH
,e S' I CooH

Peptide B

release of NH, -terminal alanine \\, as less than
0.62 mole per mole of glutamic acid and sugar
peptides \\, ith the structures shown in Fig. 7
were recovered in significant amounts from
the cell \\, all digest.

Determination of ammonia liberated b\, acid
hydrolysis of intact cell \\, alls revealed that
approximately 3 moles of amide ammonia per
mole of glutamic acid were present. Evidence
suggests that in I\atIve cell \\-alls one mole of

ammonia Is attached to the (:it)-carbox}, I group
of glutamic acid \\, hiclT is not involved in the
peptide links and the remaining two moles are
attached to the carboxyl groups of DAP. In
at least one of the peptides (peptide B in Fig.
7) isolated from the cell \\, all digest the (")-
carboxyl group of glutamic acid was amidated.
The presence of the peptides in which the
glutamic acid residues were not amidated, on
the other ITand, may be explained by assuming
that the carbox}, I groups of some of the
glutamic acid residues \\, ere not amidated
in the intact \\, alls themselves or that, due to
enzymatic Ilydrolysis of the cell \\, alls andlor
duniTg isolation of the peptides from the digests,
some of the (ISO)-glutamine residues in the
peptidoglycan \\, ere deamidated. In this con-
nection it Is pertinent to mention that thin
layer chromatography of the DNP-derivatives
of the cell wall digest revealed an ether-soluble
DNP compound differing from other DNP
derivatives of free amino acids present in the
walls and having a slightly higlter Rf value than
glutamic acid in the solvent (, I-but an o1 : water :
28 per cent 1.1H, OH, 100: 100: 2, vlv; upper
phase). Analysis of the hydrolyzate of this
compound showed that it was peptide(s), con-
SISting of alanine, glutamic acid and DAP.
The DNP derivatives of peptides C and D, but
not peptides A and B, were ether~soluble.

These observations are interpreted by assum-
ing that elimination of amide from the (iso~)
glutaminyl residues in peptides makes their
DNP derivatives ether-soluble. In this con-

nection the \\, ork of MDi<0z at a1. (1966) would
be cited, reporting that the DNP-derivative of
isoglutaminyl-Iysyl-alanine was poorly soluble

NH,

Sugar pept!de A

CooH

NH.

Pepiide D

Y -L -Ale -D -Giu-CONH :

F-I

F-3-!

me so-DIP<CooHme so-Dip<cooH

F -3 - 2

Mixture o1 sugar pep!!des A and B

Peplide A

Mixture o1 peptides C and D

Peptide B

Peptide D

F -4 -I

FIGiiRE 7 Probable structures of peptides and sugar
peptides isolated from L. plantain, ,I cell \\. all digests

F -4 - 2

NH:

Sugar peptide B

SIdues 11ad heell released. This suggests that
one site of action of the L-3 enzymeis D-alanyl-
DAP linkages. The products of small mole-
CUIar weight which were characterized in cell
wall digests by the L-3 enzyme were compatible
with this suggestion. NH, -terminal alanine
is presumably released by splitting the N-
acetylmuramyl-L-alanine linkage, although the
structure of the glycan portion of the cell walls
has not yet been inYesigated. However,
breakage of this linkage by the L-3 enzyme \\, as
not complete, at least under the present ex-
perlmental conditions, since the maximum
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,/..,"' I ~ I~ 11
,I'~" ' " CONH (3) 1:1, """'I":::':X I CONH2

I " mm 'I r' I, ~'~I. ~":;i, ," '
L-A1a-D-Glu-CONH2 I
I (3)

me so-D AP - D- A1a
I\

NH2 CONH2

(3)

(1) : Muramyl-L-alanine amidase

( 2) : D-alanyl-me so - D AP endopeptidase
(3) : DAP amide amidase

X : N-acetylglucosamine

Y : N-acetylmuramic acid

FIGLRE 8 Proposed structure of I. . PIa, Imjinii cell \\. all peptidoglycans and sites of action of the 811'ep!o110'ces
L-3 enzvme.

in ether, but that of rr- or r-glutamyl-Iysyl-
alanine \\, as soluble.

As regards amidation of the carboxyl groups
of DAP, the \\, ork of 1<ATo, STROMiNCER and
KOTANi (1968) should be mentioned. These
authors determined the peptide terminal groups
liberated from C. diphthei, I'de cell \\, alls by
digestion \\, it IT L-3 enzyme and characterized
the peptides isolated from the cell wall digest,
they found that the Iytic action of L-3 enzyme
o1\ the cell walls \\, as mainly due to D-alanyl-
DAP endopeptidase and N-acetylmuramyl-L-
alanine amidase as it \\, as \\, ith L. plantm\, 11
cell walls, and that the L-3 enzyme preparation
exhibited another enzymic activity in deamida-

(2)

124

tion of th, amide(s) of DAP, namely DAP ,in Ide
amidase activity. 'The L-3 enzyme exerts
DAP amide amidase activity against both L.
15th"tm'"111 and C. driphthei'lire walls, since 00
significant amount of CooH-terminal DAP
\\, as present in intact L. pin"tai. "?11 cell \\, alls but
by L-3 enzyme treatment the amount increas-
ed by about 0.4 mole per mole of glutamic
acid without parallel liberation of any corres-
ponding NH, -terminal amino acids, and since
most of the peptides isolated from tlTe L. plan-
mr", licell\\, all digest had CooH-terminal DAP.
Recently, it was shown that the cell \\, alls of
L. piontai. Mill ATCC 8014 \\, ere solubilized by
an enzyme preparation (C::\, I-I enzyme) from
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the culture super nataitt of Flat!o6dctei. iru, I $1.
(L-11 bacterium, 1<0TA:<I at "/., 1959a, 1959b;
KATo at at. , 1962,1968) grownin a TiclTinedium
\^ItIT vigorous aeration and that the only peptide
terminal group liberated by digestion with this
enzyme \\, as :*!H"-terminal I, -alanine. Direct
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