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BIKE\ JouR\AL 5,155-179 (1962)

Lysis of Sfaphylococcus aureus Cell Walls by a Lytic Enzyme
Purified from Culture Super natanfs of F1avobacferium species. *

KEiJiRO KATo, SHOzo KOTAxi, ToSHIRO A{ATSUBARA, JUNKO KOGAxii,
SATIO HASHIMOTo, A, IASAKAZU CHIMORI AND ICHIR0 1<AZEKA\\, A

DC1nr!!, Ie"! qf B, !c!, 1'1010gj, , .\'ni'a I\I'd!'cal Cuntge, K"Jhitu"ra, J\'"r"

(R, c, jard 10r lull!tail'on, Oc!rib, I' 6, 1962)

I. Culltirc supcrnaianis of F1n, "bft, !'11/11" JP. gro\\, IT in 0.1 per ccnt casaittino acicl ritediui, t for
scvcral clays at 30'0 weic rotincl to exltibit a n. arl<ccl Iytic aciivity agaii, SI intact cells and 1501atcd
cell walls or Sinn, ,!urntc", mire!!J

2. The factor' rcspoi151blc for this cell wall Iyiic activity was conccntraicd from 111c culture
supernatanis by precipitatioil willT Incl. or (\HE). Sol anti purlficcl by chromatograpl^, on a
hydroxylapatite column

3. The Iyiic factor is non-tlialvzablc through cellulosc tubing, allhouglt some tlecrcasc in its
activity was observed during tlialysis Tm somc tiltkno\vn reason. 11 \\. as Inactivatcd coinplcid\. by
heating at 60'0 For' 60 ininLitcs at a ncuiral pH. Thc optimum pH for' lis Iytic aciivity was round to
bc around 6.5

+. The activity or 111c Iyiic factor \vas almost completely inhibitcd by 000033 v tinsopropyl-
pitospllonuoridatc ancl I xi NaCl. NG slimulaiioil or 111c Iytic activity was sccn willl any of di\ alent
inclalions tested. Definite inhibitioi, of the activity, o11 the other itand, was cH'cciecl by Zn", Cu"
ancl Cd'~. Tl, c findings CICScribcclin 1111s and forcgoiiTg paragraplts clearly Indicaic 11tat the cell wall
Iytic factor' conccTi, ccl in ibis 51ucly Is a type or enzyme (CICSignatccl as L:I enzyme)

5. As regards its Iyiic aciivity range, 1.11 enzyme \\, as rotii, <1 to be activc against Julcroco, tiff
!y30, frillic!If as \VCIl as SI"//UIOCocci!J a"Fell. ,. However Ihc cell walls or Gory"eb"c!e, niln din!11n I'de,
Sirep!D'orc!Is lungene$ (Group r\) and BCG were ITardly a{recied by this cnzyme.

6. r\bout ITalF (by weiglTi) Ihc Skillir!DCDc, ,is a""!,$ cell \\, alls were showil to be convenecl into
dialyzablc fractions tiilder Ihc action OIL, , cnzyii. e. It was dcmonstraiccl by quantitati\c cliemi-
cal aitalysis that Iysis o11hc cell \\, alls or a inucopcpiiclc derive <1 from them by Lj! cnzymc was accom-
panicd by tllc Tcleasc or a considerable amoLint of materials \vhiclt, in an unhydrolysed slate, reacted
willt ninhydrin but showccl only a SIigl. I reducing acti\, ity. Lysis of 11, c inucopcptide by egg while
Iysozymc, on Ihc o1hcr hand, rcsultcd in the liberation or redticiiig compounds giving a positive
hexosamine reaction. r\nalysis by I, aper cliromatography indicated 111at dialyzablc portion or the
Ivsates coltsistcclit. airily of two kinds DIPcptidcs, o11c of\vl, ICl, contained glutamic acid. lysine, alaninc
and glycinc ant1 11}c o1hcr only glycine. TITe non-dialyzablc portion was round to contaiiT gluco-
santinc, inuramic acid ancl matcrial of ITigh pi, DSPhorus content as a main constitutent

7. The possible mechanisnt or cell wall Iysis by L, , enzyme 15 discussed

Sui\{;\, I. -\RY

* A part of this work was reported at the 33rcl Annual A{ccting of the Japan Bacteriological
Society (July, 18-20,1960, at Sapporo) ancl at the 3511t Annual Aleeting of thc same SOCict\, (April,
I-3,1962, at Nagoya)
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TIT a short communication from this IalJoratory (Kotani at at. , 1959c) a pre-
11minary description was given of the general properties of a staphylolytic enzyme
produced IJy a F1a, o6ac/'11/1m JP. (designated as Ljj IiacteriunT) isolated from a soil
sample according to the method of Salton (1955).

Studies have been continued to develop a method for. purification of this Iytic
enzyme and to elucidate its mechanism of Iysis of Slaph. nili'eru cell \-\, alls. The
present paper describes the results of these studies.

KATO ET AL

INTRODUCTION

I. L, I bac!e, 'inni 1110d"ci, Ig Ihe b"!'c e"<I'me

The isolation or this bacterium was described previously (KOIanie! a!., 1959b). The organism
was nlaintained by serial three day-subculture at about 30'C o11 0.1 per cettt13acto-peptone agar slants
or the following composition: Bacto-peptone 0.1 per ceni, 1<. HP0.0.025 per cent, I\IgS0*-7H. O
0025 per cent and Bacio-agar 1.5 per ceni, pH 7.2

2. 0111/1Je medi!!"! for 1110/11c!ion of Ihe 4'11'c err<I'me

Three kinds of culture medium were jested for their ability to support the growth or L, , bacterium
and For their suiLability tm' the production of 111e Iytic enzyme by this bacterium. The Inedia tested
were as 10/10\\, s : I) a O. I per cent caramino acid I, ,ediuin (Cf\ medium. Bacto-casamino acids, Iecl, ni-
cal grade, 0. I per cent, K, HP0, 0.025 per cent and A, IgS04 - 7H. 0 0,025 per cent ; 2) modified NIC-
Cartv'sincclium (Atorig! a!., 1960) ; and 3) inodineclGhuysen'sitTedi11m (\{on at a!., 1960). The pH
or alliheseinedia was adjustcclt0 7.2 and they \\, erc sterilizeclby autoclaving at 120'C for 15 minutes

3. Pity, "In!1011 of cell roan, @11er/ Diga"I'JinJ

Cell walls of SI, //,. allie"$ (siraiil NewmaiT I), SII'elmcoc, ", buge"e5, Group A (strain 089), Con, "e-
b",!eJi'!!!,! d"h!heri"e (strain Toronto-Harvard, a subsiraiit or Park-\\, illiams No. 8) antl BCG (strain
Takeo) were preparecl according to 11te methocl previously described by 1<01ani at a!., (1959a, by except
that a Kubota 10 Kc sonic oscillator, NIOdcl K;VIS-100, \\, as Lised in place or a Rayihcoi, 91<c in agric-
lostriction oscillator, NIOdel S-102A, for clisTuptioi, or Ihc bacteria. A cell wall preparation or
Allci'DCocc!if b, rodei'Ajic"$ (strain 2665) was isolatecl from cells, growlt o1t a nutrient agar' supplen, cntcd
with 0.2 per cent glticose at 37'CIOr 481, ours, in the same way as in the preparaiioi, orS!"/A. alli'ei"
cell walls

A{ATERIALS AND AJETHODS

I. HITho, ,!a/ajiie for '01/11",! chi ulna!"grrr/Jb'

Hydroxylapatite was prepared by the nTeihod or Tiseliiis ( 1956) . Fine particles \\, hich would
prevent passage of sol\, ents were separatccl from larger particles by decantatioi. ai, d discarded. Tl, e
suitably sizec1 11ydroxylapatitc particles thus obtained were eqtiilibraied \vilh 0.01 u Na-phosphate
buffer at pH 6.8 by repeatedly washing them \\, 111t this buffer

5. ,\{ea, Mie"!e"! of I'llc at!!,,!I,

A suspensioil of cells or cell walls of 1.51 organisms \vhicl, gal. e aiT optical clcnsit\, or approximately
0.3 \vheiT diluted 10-fold with distilleclwater was used to test the Iytic activity of enzyme preparations
In the case of Swift. dine!!3, this SLocl< suspension of cell walls contained abotit 7.5 ing dry weigltt of
materialIru'

To test tubes of 18 t 0.5 min external diameter and 185 rinlt length, containing 0.4 n. I of a 510. k
suspension or the cells or cell walls to be examined, \\. CTe added 2.0 inI or an appropriate dilution or



test enzyme preparation and 1.6 n, I of 0.05 xi Tris-HCl buffer, pH 7.2. Two controls were set up
one contained no enzyme ancl the other no substrate. Tlle tubes nom 11, c test ancl control series \\'erc
incubatecl at 37'C in a \\aler ballt and the change in Dpiical clcnsity was followed in a Hitachi photo-
electric colonmcter, Niodel EPO-B, using a \0.55 filter willT maximal absorpticn at 550 nT/I

The figures presentecl as "per ccni optical del, 511\, reduction" in the accompan\, ing tables
ancl figures were calc\natccl as follows

ExZY\IATIC LYSIS OF STHPH. ,UREUS GETJ, \NALl, S

Corrected optical Liensiiy at SPCcifietl time 100Per ccnL opticalclcnsiiy reduciion -(I--^- -- ---,-^- ':-.---------- - ---)\ 100correctccl optical clcnsity at O time

\vlLerc lite corrcction was n, adc by substractiiig Inc optical <1cnsit\, gi\'cn by Ihe control ItIbc coniain-
ing no substratcs from that of the tubcs containing boih cnzymc and substrate. One Iyiic acti\Icy
unit was defined as inc am Dulli or eiTzvme capablc or plotlucing 50 PCr cent opiical ticnsit\' I'eclticiion
or a standardizecl cell wall suspcnsioil or SI"/Ih. all, elf. , after 60 in1111lie Incubation at 37'C tintlcr lite
experimental conclitions CICScribccl abo\'c

6. Piepnmiio, I of tell real! 1,111,014^Ide, /Join .S, alli

.\ inticopcptidc It aciioi\ \\, as prej, arc, I from Slaph. dintiiJ ccll \\ alls by the inclhocl or .\rn, *irui, g
at at. (1958) in the following \\, ay : a SPCcimcn or 1061 rug of Sinn^. awlet, $ ccll walls \\, as exhausti\ cly
extracted rotir limes. Tm' 24 ITours cacli 11mc, with 32 in I portions or 10 per cent ITiclTloroacciic acid
solution at 4'C. Thc residuc was washccl I\vice with tlisiillccl water and titiccl in anti!o over P, 0, . Tllc

resulting rcsicluc weigllCLI740Ing and TCPicscntcd 69.8 PUT cent of Ihc original ccll \\, all*. 11 was
a inucopcptidc Ilaction. Tl, c cxiracis obiaincd abuvc \\, CTC combinccl anti mixcd \\. jilt 2 \, o1umcs
or acctoilc. ,\her standing litc mixiurc oven, Igltt in a cold room. a prccipitaic was collcciccl by
CUIlIn rugaiioi, at 13,000 " for' 20 nililLitcs, \\, ashccl once \\111t acctonc ai, cl clric, 11n I'dc!, o UVcr P:0, (168
rug, 15.8 per cent or 11, c original cell walls, a ICic11o1c acicl fraction). TITC SUFcrnaiailI fluid artcr
separatioil or 111c precipilaic ga\'c a ILirillcr pl'ccipiiaic o1T addition oraccloiTc equivalenit0 5 \. o1uittcs
or lite starting cxiraci (61 11, g, 5.7 per celli)

7. finalIWCn! InclhodJ

DC1crminaiioil or it 11rogcn, PIlDSPhol us, rcducing sugars antl IlInhyclrin-POSiti\ c SLibsiai, cc* \\ CTC
performed by Ihc I, ,CLIlcdS or Yukoi anti ,\kashi (1955), riskc-SLibbaru\v (Fistcr. 1950), \CISoi, (1944)
anti Nioorc antl Stein (1948), r'spccii\'cly

Thc I, rotcin ITiirogcil CUI, lei, I was litcasurcd as the diffcrcncc betwecit lite nitrogci, CUITicnt or
111c tiniieaictl SPCcinicil antl titc ITicltloroacctic acic1 (0.4 xi filial coliccntraiion) 3,111blc part o111
Titc I'llrogcit conicni was ticicrminccl by the CUIolIruciric inclhncl or 1.0\\ ry ,! a1. (1951)

Hcxosai, lilies \\CTC delciminctl bv Ihc niciliocl DIXctihatis anti Lcizring (1957) on a SPCciii. cn
IT\clrolyzcd \\'ill, 4 \ I{Cl at 100'C for' 4110urs allc1 <1riccli" t",!, o o\, CT P. 0, ai, <1 \a01{ 10 rcmo\c
HCl. Tile ntcthocl of L. isSIg, Sirnnlingcr alitl I, CIOir (1955) was followcd in tictcrmination or Ihc
\-acciylhcxosaininc collicni, cxccjJi that 0.1 xi K-1.1raboratc \\. as usCLI in I, Iacc of 0.8 xi K-
leiraboratc anti salnplcs werc 11catctl in 11, c telraboraic soluiion for bot11 3 anti Go n, 111Litcs in urdur
also to incasurc boLincl \-acctyllicxosamincs 51multai, COLIs1\. (<1. Ghuyscil and Salton, 1960)

Differculla1 '11/1taiioil or rrlucosamii\c aild 111uiamic acid was '10/1c by 111c nTcilTocl or Pal'k. as
dcsci'Ibcd in Ihc Tcl, ori or Perkins and Rogers ( 1959) : a SPCcimcil was scparatcd Into glueosamiiic and
in Liramic acic111'actions by passing it Ihrougll a column litcparcd from a SILirry or cqLial parts or \onI
(\onI EXITa, \.\:. \orit-\'CTCcniging, Holland) anti Ccliic 535 (Johns-\iaiT\. 111c Products, U. S. .\.)
Thc Ilexosantinc collieiii or cacll ITactioil \\. as incusLirccl b\, the inclhoc1 o1 \cuhaus antl Lcizrii, g
\Ititamic acicl is kn0\\'11 10 gi\'c 27 per ccni or Ihc colour of glucusainiitc

8. Pangi t/1,011M!ogittphi, for dejac!1'01! aji, / 17,111jj, n!ion of finii"o alld, , 1,411V, J and 311gn, ,

Papcr chromatography \\. as pel'formecl at 28'C o11 40 citT \ 40 cm sheet or Toyo Roshi \0.51
or 51A fillcr paper (To\'o Roshi Co. . Tokyo). The clcVCIoping solvcnts uscclwere as 10/10\\'s (figures
in brackets TCPrcscnt ratios or voltimcs) : 11-hulaiiol-acetic acid-water (3 : I : I), 11-btitaiiol-pyriclinc-\talcr

alli',!!,
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(6 :4 : 3), 11-buianol-pyridine-acetic acid-water (60 :40 :30 :3), phenol-water-ammonia (80 :40 :0.3)
and pyridine-water (4:1). Both ascending and descending procedures were employed. The amino
acids and peptides were detected by spraying the dried chromatograms with 0.2 per cent ninhydrin

Reducing substances were detected by the AgNO3 method or Trevelyan (1950) and theIn acetone

aniline hydrogen phthalate method or Partridge (1949). }Iexosamincs \\, eic cletected by the EISOn
and A{organ method described by Partridge (1948). For comparison, appropriate authentic
specimens o1 amino acids and sugars \\, ere ruiT on Ihc same chromatograms as thc test specimens

9. Elec!70n in IC, o, 601ic o6serua!ion

The techniques adopted were essentially as described by 1<01ani at a!. (1959a).

I. PIOdz{c/ion andjbrg!, clano, I of the !7/16 enzyme

I) Prodt!ction 4/1ha 47nc enzyme by L, , bac/e?I'Mm
Preliminary experiments on the rPlative merits of the culture media described

above showed that CA medium was the most satisfactory. Both the modified
MCCarty's and Ghuysen's media allowed good growth of LIT bacterium, but the
production of the Iytic factor was poor ill these media.

1<1\To ET AL.

RESULTS
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Bacto-peptone agar slants. A standard loopftil \\, as, then inoculated into 330 inI
of CA medium as a shallow layer in a 1500 inI Roux's bottle. After 3 days incu-
bation at 30'C, 10 inI aliquots of this seed culture were inoculated into 330 inI
portions of the same medium for production of a large quantity of Iytic culture
super natant. Fig. I illustrates a representative experiment on the rate and extent
of the oro\vth of Ljj I, acterium (curve A) and production of the Iytic factor active
against Slaph. awl'elfs cell walls (curve B) . Active growth of Ljj bacterium was
shown to I, e accompanied by production of the Iytic factor. The optical density
of the cultures usually decreased after the 6th day, possil>Iy as a result of autolysis
of the cells, IJut the Iytic activity of the culture supernatants was maintained at thc
same level for. at least 3 or 4 days further. The Iytic activity against Slaph. aureus
cell walls of culture supernatants obtained from a 5 to 7 day old growth of LIT
bacterium was found to be betweeiT I and 3 Iytic unitslml.

2) Colicen/10no?! of Ih, !71ic/ac/o1/10m cullm'e $241ei'?lainri!J
A. Conceii/Janoi! coilh ZnO/2
A 1.41 portion of culttire supernatant from a 4 to 5 day, old culture of L, ,

I)acterium was added drop by droj> with 50 gjlOO nlI solution of ZnC12 to a final
concentration of 0025 per cent (the pH of th, e mixture decreased from about 8.1
to nearly 6.0). The mixture was left standing for. 20 Ininutes at room temperature
and the resulting precipitate was sepal ated from the supernatant fluid I)y decan-
tation and centrifugation. To the precipitate was added 4-0 in I of 20 per cent

The mixture was stood at 37'C in a water I)ath for 60 minutesNa2HPO+ solution.
and centrifuged to separate a dark Iirown solutioil from the white prccipitate. The
precipitate was extractecl again with 40 in I of Na2HP04 solution to recover the
Iytic factor as completely as possible. The two super natants \\, ere combined and
dialyzed in seamless cellulose tubing (Visking Co. , U. S. A. ) against distilled water
for 4-81Tours 111 the cold room (designated as ZnC12-concentrate, 120 inI). About
12-fold concentration was effected by this IJrocedure with alJout 70 per cent recovery
(corrccted for. the clecrease in Iytic activity during dialysis, see section 2-3), but
without any appreciablc increase of specific activity.

B. Colic, 11/1', 1110/1 coilh (I\'H+) 2S04
Twenty I of a 5 to 7 day old culture of Ljj I)acterium in CA medium were

I, ". right to 0.3 ,aturuti. n of (NH+)2SO, by adding 3520 g of p. wd, ", d (NH+)2SO+
and 10 g Cellte 535 slowly with stirring. After standing overnight in a cold room,
the nTixture \-\, as filtered Ihrouglt filter paper in a Buchner s ftinnel to remove the
precipitate containing thc bulk of the I)acterial cells. The filtrate was I>rought to
0.9 *"turnti. n of (NH+)2SO+ by ^tow additi. n of 449 g of p. wd, red (NH+), So+
and O. I U Cellte 535 I'm. I of filtrate. Thc suspension \\, as allowed to stand in the
cold ToonT overniulTt. The resulting dark brown precipitate \\, as collected on filter
paper in a Buchner's funnel using suction and then suspended in 300 ItTl of 0.01
M Na-phosphate buffer of pH 6.8. The suspension was filtered througlt a sintercd

ENZY\. IATIC LYSIS OF STrlPH. AUREUS CELL \VALLS 159
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alass filter. (3G4, Twata Co. , Osaka) to remove Cellte and insoluble materials and
the filter cake was washed wit}T a small amount of the buffer. The coinlJined

filtrate and \-\, ashinas were saturated with powdered (NH, )2SO, . After standin.
overnight in the cold room, the resultant I>recipitate \-vas collected I, y centrifugation
aild dissolved into 100 inI of 001 M Na-phosphate buffer of pH 6.8. The solution,
after filtration througlt a sintered glass filter, was dialyzed against a large quantity
of the buffer and then aryainst distilled water, for. 241Tours each, in the cold room

(designated as (NH+)2SO+-concentrate, 110 inI). The concentrate th. us obtained
was shown to contain 30 to 70 per cent of the Iytic activity of the starting material.

3) FJnc!iona/ion by by of 1041y/ripa!jig colt{inn duomulogi'"PAT
A 3 cm x 16 cm column of ITydroxylapatite was equilibrated with 001M Na-

ph. ^phat. buffer. (pH 6.8) by "unning 21 of tire I, uff, " th", ugh th, column. Th, n
45 inI portion of the (NH4) So4-concentrate \\, hich had been dialyzed against 0.01
M Na-phosphate buffer for' 48 ILOurs \-vas applied under slight pressure. Stepwise
Glution was performed with 1200 inI each of 0.01 M, 0.02 M and 0.05 M Na-phosphate
buffer' (pH 6.8) successively, at a 110\\, ^ate of 20 In11hour. Fractions of 10 inI were
collected and assayed for. their Iytic activity against Stalk. dwarf cell walls and the
absorption of their protein constituents at 280 in/, and of coloured materials at 550

KATO ET 11L
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in/,. As shown in the elution curve presented in Fig. 2, the bulk of the Iytic factor
(60 to 90 per cent in varying experiments) \\, as eluted witlT 0.05 M I, uner, while the
effluents with 0.01 M and 0.02 M buffer contained mostly inactive proteins and
coloured materials and only traces of the Iytic factor. For isolation of the Iytic
factor, the fractions indicated in Fig. 2 \\, ere coinl, med and freed from salts by
dialysis aryainst distilled water (purified Ljj enzyme).

Table I presents the result of a representative concentration and purification
experiment in terms of the percentage recovery and purification at each step. An
increase in specific activity (Iytic unitsjmg proteii} N) of about 6-fold \\, as acllIeved
in tliis experiment \\, ith about 20 per cent overall recovery. The specific activity
of tlTe purified fractions ran, ,ed from 2,000 to 4,000 unitsjmg protein N in various
experiments.

Fraction

Culture super notoni 19,460

IN H412S04.
concenlrole

103-0.9 sai
froc!ionl

Froclion purified by
column chroma-

lography*

Table I. Summary of Concentration and Furificalion Procedures

Volume by Iic
octivity

units/in I

2

* See Fig. 2

2. Genei'a/ 11'018i!far of Ihe !y/ICJdc/o1'

TITe experiments presented in this section were performed with specimens of
the culture supernatant or ZnCl, -concentrate, \-vith the exception of the experiment
on the influence of ionic strength on Iytic activity.

I ) 011im!{nz pH
The Iysis of Slaph. o1/18"J cell \\, alls by a specimen of the ZnC12-concentrate was

assayed in rcaction mixtures of varying IiH's, as shown in Fig. 3. Tris-maleate
buffer of 0.02 M final concentration, \-\, as used in place of Tris-HCI I, ufTer, since the
former covers a wider pH ranoe than the latter (Gomori, 1955). The optimum pH
for the Iytic activity of the concentrate was found to be alJout 6.5.

2) Hen/ $1nbi/147 of Ihe 47/1'c/ac/o1
A specimen of the ZnC12-concentrate was divided into three portions and the

pH of two of thcin was adjusted to 4.0 and 8.0 IJy addition of a small amount of
0.1 N HCl or 0.1 N NaOH, respectively. A1iquots of these were heated at 60'0
and 80'C for. 60 minutes. The pH was readJusted to 7.2 and their Iytic activities,
together \\, ith that of an unheated specimen, were assayed against Siftph. awl, 115 cell

Total Iylic Protein
activity

units I 119N/in I

110

281

120

38,920

13,200

30

Tclol

protein

ing N

91.464.7

Specific
octiviiy

units/ing
, protein N

8,430

137.0

11.3

15.07

Purifi-
colicn

425

I Recovery
, of acliviiy

per cent

3.18

875

I

2655

2.05

100

6.24 I

33.8

21.4
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walls. Fig. + shows that the lyric factor. was completely Inactivated by export^re
to temperatures of 60'C or more, irrespective of the pH of tlTe medium
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ENZY\lATIC LYSIS OF STrlPH. JUREUS CELL \V, \I, LS

3) Jin"eiic, of dialyJiJ ifpo!! Ihe !1/16 dc/iai(y
A specimen of the culture super natant was dialyzed in scamless cellulose tubing

against a large quantity of distilled \-vater for. 48 Ilours in a cold room. The Iytic
activity of the dialyzecl specimen was assayed against Slaph. nui. ci!J cell walls. The
activity of the dialyzable fraction, which \\, as obtained I, \, dialyzing another SPCci-
men of the same culturc supernatant against an equal quantity of distillcd \-\, ater
for. 48 hours in the cold, was also measured. It \\, ill be I)oted from Fig. 5 that the
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Fig. 5. Effect of Dialysis on the Adjvity of the Lylic Factor

cell \-\, all Iytic activity of the culture supcrnatants dccreased significantly on dial\, SIS
but that the Iytic activity \\, as not found in thc <11alyzable portion. It may lie added
in this connection that a specimen of the culturc supernatant, heatecl at 100 C for
20 minutes, significantly ICstored the Iytic activity of tllc dialyzed specimen. The
nature of this activation, howevcr, Is not yet known

+) 111hibi/o13 of Ihe !7/1C Incloi
TIT view of the observations prcscnted above, tlic possible activating or inhil)it-

jury effects of divalent cations (at a final concentration of 0001 AT) up o1} the cell wall
lyric activity of the ZnC12-concentrate were studied as shown in Fig. 6. None of
the divalent cations testcd I\ad an activating erect and Zn--!-, Cu+;- and Cd'-I- strongly
inhil, ited the Iytic factor.

F10.7 presents thc results of all experiment on the influence on the I\, tic activity
of the ZnO12-concentrate of a vaiieq, of con. pounds kno\\, n to Inhil, it various
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All divalent colions tested were added 10 the reaciion mixtures o1 a final

concentration of 0001 M
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The inhil>it ors testcd \\, CTC as follows : diisoprop\, IPhosphoHuoridatc,enzyines.

0.00033 M; polyvinyl sulfate (an inhibitor' of rilJonuclease and otllCT enzvmes,
Nomura at a/., 1958), 0.25 PCr cellt; NaF, 0.05M; and so\, I)can trypsin inhibitor
(Nutritional Biochemicals Corporation, USA. ), 100 14glml (all figures cited above
represent final concentrations of the compounds in the reaction In Ixture) . It will
lie seen that dinopropylphosphoHuoridate cxhiliitecl a marked inhil)it or^ elfcct
upon the activity of thc Ivtic factor, NaF hacl a slight effect and thc other two coin-
pounds tested had ITo inhibitory err. ct

5) 1411/1ei!ce of Ihe toiltc $11'ei!gill of Ihe array med!;!in on Ihe !7/1c dc/!,!{y
The Influence of addition of various concentrations of NaCl to the assay nTcdi-

unT on the I\, tic activity of a purified L, I enzyme was studied. Thc concentration
of Tris-HCI IJuff'er in the mixture \\, as 0.01 M. Thc Iytic activity of the cnzyme
was almost completely inhibited by over 0.5 M NaCl, as indicated in Fig. 8.

ENZY\, if\TIC LYSIS OF STrlPH. rlUREUS CELL \VALLS
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NOCl was added 10 reaciion mixiures containing 0.01 M Tris-HCl buffer ipH 7.21
o1 Ihe conceniraiions indicated

6) 11ciiui4y ?'ajige of th, !ylic/or!o1
It has been demonstrated 111 a IJievious study (Kotani at a1. , 19591i) that L, ,

bacterium produced a distinct, clear zone around its colonies on ail agar plate con-
taming either cell walls or cells of SII'411.1170gen, ., (Group A), C. diph/heI'm, and BCG

SpecimeTis of the ZnC12-concentrate \\ere thereforeother than Stoph. alliett$.
assayed for their Iytic activity, against cell \\, all suspensions of these organisms and
of ,\{. !yJod, it tic"$. As showiT In Fig. 9, while t\I. !y$0de!tiret!J cell walls were very
susceptible to the Iytic factor, the cell walls of all the otlTcr organisms tcsted were
scarcely Iysed.
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Specimens of L, I enzyme purified I)y column chromatography were used in
the following experiments.

I ) Propel'/if of Slaph. a"18ur ce!! roanr di!d a marcop4p!ide I ac!1011 del'i, edf Din Ihem
The data on the chemical properties of the cell \-\, alls and cell wall inucopeptide

fraction of Slaph. a"18ur are summarized in Table 2. The findings are essentially

Table 2. Chemical Properties of Cell Walls and Cell Wall Mucopepfide of Sloph. cureus
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Fig. 9. Activity Range of the Lyiic Factor

Materials

Cell walls

F

inUc, ,,, jid' I
Cell wall

Nilrogen
per cent

12.1

*I Expressed OS 91ucosomine-HCl. Delerminoiions were mode with Ihe specimens hydrolyzed
in 4 N HCl for 4 hours o1 I 00'C

*2 NG authentic specimen of inuromic acid was available for reference

Phosphorus
per cenl

14.6

I. 76

H exosomin e

per cent

25.5

0.38

*I

Main component Main component
amino acids suga rs

15.6

o10nine

glutamic acid
lysine
glycine
o10nine

glutamic acid
lysine
glycine

91ucosamine
jinuramic acidj*2

91ucosomine
jinuromic acidj*2
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the same as those Ieported by other workers (Strominger, Park and Thornpson
1959; Malldelstam and Strominger, 1961; Morse, 1962).

Fig. 10 illustrates the electron microscopic appearance of Slaph. RulewJ cell walls
(A) and that of a cellwalllysate obtained under the action of the Iytic enzyme (B).
it can be seen from their inorphological appearance that the cell walls of Sloph.
Rulettr completely lost their original shape.

As regards the susceptibility of Slaph. a"JewJ cell walls to enzymes other than Ljj
enzyme, it was demonstrated (:Fig. 11) that they did not exlTibit any SIonificant
optical density reduction on incul>atton for 60 minutes at 37'C with crystalline egg
whit, by. ^yin, (p", pm^, d by th, math. d of Aldert. n, 1946; I rugjml), N^gal. ^,
(a crystalline protease of Bacillus rNb/11^^ Dai. . Biolec"r A, from Telkoku Chemical
Industry, Tokyo ; 1250 unitsjml) or Pronase (a protease of Sir4!itonlyceJ gi'tieuJ,
from Kaken Chemicals Co. , Tokyo; 2515 unitslml). The floures cited al, ove
indicate the final concentratioiT of the enzyme preparations in the reaction mixture
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Fig. 11. Susceptibility of Sloph. oureus Cell Walls to Egg White
Lysozyme and Bacterial Proteases

2) F1dc/?'o11n/1011 of cell roan !yJn/e
Three hundred ing of cell wall preparation \\, ere suspended in 35 in I of 0.02 M

T"ts-HCl buffer (pH 7.2) cont^ining 325 units of Ljj on"yin, and 0.1 per rent
NaN3. A 0.4 inI ajiquot of the reaction mixture was withdrawn prior to incubation
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and dilut, d 10-fold with 002 M T"I^-HCl buffer. (pH 7.2) .ontoming 0.1 pe" rent
NaN3. Both the pilot and main reaction mixtures were incubated at 37 C for 48
hours. The reduction in optical density in the pilot tube was determined at inter-
vals and was found to be 79.5 and 95.5 per cent after Incubation for 60 and 120
minutes, respectively. After incubation for 48 hours, the Iysates from both the
main and pilot reaction mixtures were combined and dialyzed in seamless cellulose
tubing, against 3 portions of 150 inI each of distilled water for. 24 hours in the cold

The dialyzate thus obtained was Iyophilized and the material was kept
in aacwo over P20, . The non-dialyzable portion of the Iysates was further dialyzed
against a large quantity of distilled water for. another 24 hours. The 42 inI of fluid
in the cellulose tubing was InIxed with 10.5 inI of 50 per cent (wjw) trichloroacetic
acid solution to remove enzyme protein. The supernatant fluid, separated from
a small amount of precipitate by centrifugation at 13,000 g for. 10 minutes, was
then mixed with 5 volumes of ethyl alcohol. After overnight storagc in the cold
room, a precipitate was collected by centrifugation, \-vashed twice with 50 inI POT-
tions of ethyl alcohol and ether and dried in urictto (yield 90.9 ing). The supernatant
was put into cellulose tubing and concentrated by pervaporation overnight in the
cold room. The concentrate was dialyzed against distilled water and Iyophilized
(53.0mg). A similar fractionatton experiment was performed with Iysates derived
from a reaction nTixture which contained 190 rug of a cell wall preparation and
450 units of Ljj enzyme and was incubated for. 24 hours'

room.

KATO ET AL.

Experiment

Table 3

No

Cell walls Iysed N on. dialyzoble frociion
--^-^

I N h I. I bj I I- Alcohol-precipjiabjeI I Alcohol-soluble fraction
I ing iper centi ing iper centi

Relative Proportions of Dialyzable and Non-Dialyza ble Fraction
IAIcohol-Soluble ."d Alcohol-Precipif. ble) in Cell Wall Ly, .fe

2

*I Expressed OS percentage of cell walls examined
*2 Calculated by subsirociing the weight of the non-dialyzoble fraction from Ihoi of Ihe

original cell walls

The relative proportions of the three fractions isolated from the cell wall Iysates
in these experiments are presented in Table 3. The table sho\\, s that approximately
half the wall components were converted to dialyzable compounds under the
action of Ljj enzyme and that approximately two thirds of the non-dialyzalJle
portion of the cell wall Iysates \\, as precipitated \-vith ethyl alcohol. The chemical
properties of these fractions will be described later.

3) Q. .aldrin/ande analyJiJ of co?ripon, n/r idledJed/10n! cell real!r alld 681! loan maro-
14, /id, by Ih, ", If, " of Ih, 47n, an<Tm,

300

190

53.0 117.7j*I

33.9 117.81

90.9 130.31

75.0 139.51

Dialyzoble
I fraction*,

per cent

52. O

42.7



ENZYi\{ATIC LYSIS OF ST, pH. AUREUS CELL \vALLS

A. LyJir of cell wall
Sixty ing of cell wall preparation were suspended in 12 inI of 0.01 M Tris-HCl

bum" (pH 7.2) .ontoming 60 units of L, I conyme and 01 per rent N^N3. A 0.4
inI aliquot of the suspension was withdrawn prior to incul>ation, diluted 10-fold
with 0.01 M buffer containing 0.1 per cent NaN3 and the reduction in its optical
density \-vas measured. The reaction mixtures \\, ere incubated at 37'C. Allquots
of 0.9 inI of the reaction mixture were withdrawn at intervals during the 8 hour
incubation period After withdrawal they were immediately mixed with O. I
inI of 5 M NaCl to stop enzyme action and centrifuged at 13,000 g for 30 minutes
to remove insoluble materials, mainly unlysed cell walls and their fragnTents. The
supernatants thus o1, tamed were assayed for the content of ninhydrin-positive
compounds and hexosamines.
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Fig. 12 indicates that the Iysis of Striph. auieur cell walls by Ljj enzyme was
accompanied by a marked liberation of ninhydrin-positive compounds, but not by
any significant release of compounds containing detectable hexosamine.

B. AyJir of 68!I '00/1 marop4!Inde
A inucopeptide fraction isolated from Slaph. aure"5 cell walls was used as sub-

strate for' both Ljj enzyme and egg white Iysozyme. A specimen of 80.5 ing o
the macopeptide fraction was suspended in 25 in I of 0.05 M Tris-HCl buffer (pH
7.2) containing 225 units of Ljj enzyme and 0.1 per cent NaN3 (reaction mixture
I). Reaction mixture 2 contained 82.5 ing of the inucopeptide fraction and 2
ing of crystalline egg white Iysozyme in a total volume of 25 inI. Before incu atton,
0.5 in I anquots were withdrawn from each of the two reaction mixtures for optical

After 4, 8 and 48 hoursdensity determination, as in the previous experiments.
incubation at 37'0, allquots of 5.5 and 14 inI respectively were withdrawn from
each of the reaction mixtures and centrifuged at 13,000 g for. 20 minutes. The

fluids thus obtained were analyzed for. compounds reacting withsuper natant

ninhydrin and compounds detectable as reducing sugars, hexosamines or I\ -acetyl-
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hexosamines. A1iquots of 8 in I of the supernatants from the specimens \\, ithdrawn
from 48 hour Iysates were dialyzed twice against 50 inI of distilled water. The
dialyzable fractions were Iyophilized and analyzed by paper chromatography.

Fig. 13 illustrates changes in the optical density of reaction mixtures I and 2,
indicating that the cell wall inucopeptidc of Stoph. a"?. cur, unlike the original cell
\\, all, was susceptible to noth egg white Iysozyme and L, I enzyme. Similar obser-
vations on the susceptibility of the cell wall inucopeptide of Stoph. awl'ear$ towards
egg white Iysozyme have recently been reported by Mandelstam and Strominger
(1961) and M. rs, (1962).

The results of chemical analysis are given in Table 4. It can IJe seen from
this table that the chemical process inducing Iysozyme Iysis of cell wall inucopeptide
are entirely different fronT that causing its Iysis by L, I enzyme. Lysis of the
inucopeptide fraction I)y Ljj enzyme was accompanied by the markecl release of
materials which reacted with ninhydrin hut showed no reducing activity, wheras

Iysis of the same fraction under the action of eog white Iysozyme resulted in the
liberation of reducing compounds giving a positive hexosaminc and negativc 11in-
hydrin reaction.

Table 4. Quantitative Chemical Analysis of the Lysafes of Cell Wall Mucopepfide

Produced by the Action of Ljj Enzyme and Lysozyme

ENZYA, IATIC LYSIS OF ST, pH. A UREus GEi. L \\, ALLS

Reaclion mixiure ^ Period of Opiical

' ' ' ' "' ~ I incubation densiiy
Composition Volume reduction

in I I hours percent
N o. 1

80.5 ing inuc0. I ' 4 I 63I pepiide and 225,
units of Ljj48

171

I emzyme

82.5 ing inuco-
2 I pepiide and ?

ing Iysozyme

Residue derived

I from 48 hour Iy-

I "'" "" mml
2 and 108 uniis

of Lj I enzyme

25 :

25

Ninhydrin
positive *I
compounds

Ag/in I

4

8
48

All delerminolions were perl armed on unhydrolyzed specimens
*I Expressed OS L-Ieucine
*2 Expressed OS glucose
*a Expressed as 91ucosamine-HCl
*4 See Text

12

95

N-aceiylh exo -H exo -
s, min e*4

*a -- - -'-
Healed I or

somine -- - -sugo rs

relml It 91ml

o 12.5O 3.0
o

Reaction mixture 3 in Fig. 13 and Table 4 was set up by suspending the
insoluble residue obtained by celltrifugation of 12.8 in I of 48 hour Iysate from reac-
tion Inixtui'e 2 in 12 inI of 0.05 M Tris-HCI I)ulTcr (pH 7.2) containing 1081ytic
units ofLjj enzyme and 0.1 per cent NaNj. The optical density determination and

Reducing

54
76
94

510
590
840

72

*2

27
33
94

54 I 310

3 mins I 60 mins

Ag/in I I 1191ml

1010
7.7

15.5
37.7

3.5 I 0 I

25.5 50

22.4 17.4

o

11.4
26.7
28.5

o 3.5
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chemical analysis of this reaction mixture were performed in the same manner as
for reaction mixtures I and 2. It should be noted that the insoluble residue

remaining after treatment of cell wall inucopeptide with Iysozyme was Iyzed on
addition of Ljj enzyme. This Iysis was accompanied by marked release of rimhy-
drip-positive compounds.

4) Aunlysis by 14*,, ch, ,momg, "147 of th, didlye@61, linch""
Lyophilized specimens of the dialyzable fraction from the inucopeptide Iysates

(see section 3-3)-B), were dissolved in an appropriate amount of distilled water for
paper chromatographic analysis.

KATO ET AL.

Developed by the ascending procedure
using n-but an o1-0ceiic acid-water 13 : I , I, v vj
OS solvent

Fig. 14. Poper Chromologram of Diolyzoble Fraction of Sloph. oureu, Cell Woll
Mucopeplide Produced by Lii Enzyme

^
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A suitable amount of the specimens was applied to a strip of No. 51 filter paper
and the strip \\, as developed by the ascending procedure using n-but an o1-acetic
acid-water as solvent. As sho\\, n in Fig. 14, when sprayed with ninhydrin reagent,
the chromatogram showed + distinct spots.

To isolate the material from eaclt spot for further analysis, the sample was
streaked as narrow band, 38 cm long, o1T a 40 cm x 40 cm sheet of No. 51 filter
paper and the sheet \\, as developed at 28'C for 88 hours by descendino chromato-
graphy using 11-hutanol-acetic acid-water as solvent. Three strips, 1.5 cm in
width, \\, ere cut off from the sides and center of the paper after development and
sprayed to localize ninhydrin positive spots. Using these as guides, the following
4 band^ w, re ,ut. ITf", in th, un, prey, d payer. ^ (1) 6.8 - 8.4, in band, (2) 90 - 11.2
cm band, (3) 16.5 - 17.7 .in band and (4) 24.2 - 27.7 .in band (th, figure, .it. d
ahovc indicate the distance of the IJands from the orirrin) . These hands \\, ere ex-
tracted by immersionin 15 in10fdistilled water. The extracts were filtered throuuh

sintered glass filters (3G4) and the filtrates were dried over P20- in uricuo. The

Table 5. Analysis by Paper Chromatography of 4 Main Ninhydrin-Positive Compounds
Hydrolyzed and isolated from a Cell Wall Mucopep*ide Lysofe

Maleriols

DL-o10nin e

Spoi I A
2A
3A
4A

173

L-91uiomic acid
Spot I B

2B
3B
48

phenol-waIer-amino nio

180:40:03, v/vi

Glycine
Spot I C

2C
3C
4C

0.64
0.62
O. 61
0.64

; n. but on o1. pyridine. water

16:4:3, v/vl

L-Lysine
Spot I D

20
30
40

D -91ucosomin e
Spot I

2
3

4

Rf value

0.32
030
O . 30
O . 27

O . 22
020
O. 21

0.47
0.43
0.43
0.47
0.46

0.81
0.79
0.79

n -but a nol. acetic acid-wole r

131.1. v/vi

044
O. 45
0.44

0.07
0.09
0.09

Paper chromatography was performed by ascending procedure on specimens hyd rolyzed
in 6 N HCl for 16 hours o1 100'C

0.15
0.14
0.14
0.14
0.13

O . 034
0028
0028

0.65

0.39
O. 40
038
O. 38 Ir

0.34
0.32
O. 32
0.31
O . 32

O . 32

0.24
0.20
0.20
0.18
0181r

0.32
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dried materials were then dissolved in 3 in I portions of 6 N HCl and hydrolyzed at
100'C for 16 hours. The ITydroly?:ates were kept over P205 and NaOH in aacuo
to remove HCl and the dried materials were redissolved in an appropriate amount
of distilled water. The materials thus on tained \\, ere chromatographed by both
ascending and descending procedures using phenol-\\, ater-ammonia, it-but ano1-
acetic acid-watei, and "-butan o1-pyridine-water as developing solvents. The results
obtained by the ascending procedure are summarized in Table 5. From these

results and other available data, it is concluded that tlTe 4 compounds corresponding
to ninhydrin-positive spots itad the followirg amino acid compositions. The
compounds corresponding to spots I and 2 were peptides containing alani"c,
glutamic acid, lysine and glycine and the compound detectable as spot 4 only
contained glycine. The compound localized in spot 3 seems to have an intermediate
amino aid composition (Table 6) .

Table 6. Amino Acid Composition of 4 Main Ninhydrin-Positive Compounds Isolated
from Cell Wall Mucopeptide Lysofe Produced by LlI Enzyme

T74

Compound

Spot I
2

3

4

Only one spot was detected by the AgNO3 method of Trevelyan for' ^educing
substances, on chromatograms developed in any of the above solvents. However,
this compound did not react with either aniline hydrogen phthalate or the reagent
used in EISOn aiTd Morgan's method. It was further demonstrated that a hydroly-
zate of the material extracted from this spot was localized at the same position as
the oriryinalmaterial. The nature of this compound is still unknown. *

5) And4yriJ o1 the it on-din!7<, 618 components
Specimens of both alcohol-soluble and alcohol-precipitable fractions obtained

from the non-dialyzable portion of the cell walllysate (see section 3-2)) were used
in the following study.

Samples of 2 ing each of the fractions were added to 5 in I portions of 4 N HCl
and the mixtures were heated at 100'C for 4 hours' The hydrolyzates of the

specimen were kept over P205 and NaOH. The dried materials were then dissolv-
ed in 2 in I portions of 2 N HCl and applied to a 6 mm x 55 mm column prepared

o10nine glutamic acid

if

Amino acids detected

, ;

Ir

lysine

Ir

glycine

* Since this paper was submitted for publication, the authors noticed that Ghuysen and Salton
(1960) had described a similar spot which reacted with the silver nitrate reagent. They stated that
it originated from the dialysis tubing and appeared to be glycerol or a related substance.

,I
111

91ucosomine

11

,I

:



from a slurry of 0.25 g each of Norit Extra and Gelite No. 535. Elution was er-
formed successively with 15 in I each of distilled water and 5 per cent (vjv) ethyl
alcoholin distilled water. The volume of the effluents was ad'usted to 20 inI. A
2 inI aliquot of each effluent was dried over P20- and NaOH. The materials,
redissolved in appropriate amount of distilled \\, ater, were used for the differential
determination of glucosamine and inuramic acid. A specimen of the cell \\, all
preparation was treated in the same manner. The content of ninhydrin-positive
compounds was determined on the specimens hydrolyzed in 4N HCl at 100'C
for. 16 hours,

ENZY\, IATIC LYSIS OF STrlPH. 4UREUS CELL WALLS

Table 7.

I Hexosomine Ninhydrin-positive Phosphorus
Material I~ ~~~ ~ ~'~ ~ ~~~~ ~ ~~~~ d

I 91ucosomine inuromic acid
per cent I per cent per cenl er ceni

cal un^^, I ,,-, I ^,., ^ ,, , , , ,,
Non-dialyzoble poriion ; I
of cellwal!Iysole I I I
Alcohol-soluble :
fraction 8.0 0.19

Alcohol-precipiiable 34.5 12.5 360 ' 5.68
fraction I I I I--- ^- -- - -

Chemical Analysis of Alcohol-Soluble and Alcohol-Precipita ble Fractions isolated
from Non-Dialyzoble Portion of Cell Wall Lysofe Produced by Lij Enz me

The results are given in Tal)IC 7. 11 can be sccn tlTat the ITcxosamine content
of 1,011T thc alcohol-solublc and alcohol-pi. ecipitalJlc fractions was var , 111 h and
Ihcy contained nearly 60 and 50 per cent hexosamines (o1ucosamine anti inuramic
acid), respcctively. The hexosainine content in the dialyzable {ractioil (not shown
in the table), on Ihc other ITand, was only 0.5 per ccnt (the diffei. Gritial deter-
mination of glucosan1111e and inui'amic acid was 1101 perfoi'Ined \\, itIT 11tis fraction)
The talJle also shows that the alcohol-precipital>Ie fraction contained almost 30-
limes as much phosphorus ancl ajiout half as inucll inuramic acid as the alcohol-
soluble fraction. There was no SIonificant difference IJet\\, Gen their contents of ninh -
drin positive compounds. Paper chromatography of ITydrolyzed SPCcimeils of both
the fractions Indicated thc I>rescnce of alaninc as the main constituent amino acid.

All figures ore percentages of values for total moleriol examined
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Analysis of the products split off and the chemical process ii}volved dullno
Iysis of bacterial cell \\, alls by appropi. late Iytic enzymes should provide one of the
most effective means of Gincidating the chemical structure of tlle cell walls. A
considerable number of investigations have beeil made alono these lines. Re-
presentative Investigations in this field are those of Ghuysen, Salton, Pel'kms and
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others on IV. tyrodeik!ici{J cell walls. These workers used egg \\'hite Iysozyme andjoi
F1 and F2B enzymes of SnellomyceJ '16/1r G (Ghuysen and Salton, 1960 ; Ghuyseii,
1960; Salton and Ghuysen, 1960; Perkins, 1960a, b). Studies have alsol, Gen made
on Iy^,^yin. jusat, ^ of Errh, ,'i, hi" ,,/i (P"jino, ,gh at at. , 1961) and coll wall by^,,^
produced by Sti'4110nuceJ a!b"r enzyme of Snell. Iyog, n", Group A (MCCarty, 1952b).

The high specific activity of the enzyme preparation isolated by chromato-
graphy on hydroxylapatite, ranging from 2,000 to 4,000 units ling protein N,
SIIggests that the preparations obtained \\, ere fairly pure. It is worth mentioning
that the specific Iytic activity of crystalline preparations of egg white Iysozyme
auainst ,\I. tyrodeik/ict!r cell walls has been shown to be in the order of 3,000 unitsjing
Totem N if one Iytic unit is defined as in the present study described above.

The course of Iysis and the products of Iysis of Stoph. aui'an$ cell walls have been
studied both with cell walls themselves and the cell \\, all inucopeptide derived
from them, since Inucopeptide seems to be the IJasal structure of the ccll walls of
a variety of bacteria (Armstrong at a/., 1958; Park and Hancock, 1960; Krause and
MCCarty, 1961; Rogers, 1962). Moreover the cell wall inucopeptide of some
Iysozyme-resistant bacteria, unlike the original cell walls, has recently I)een demon-
strated to IJe susceptible to egg whitelysozyme (Mandelstam and Strominger, 1961,
and Morse, 1962, for. Stoph. a"ie"r, Krause and A{CGarty, 1961, for 81i'8/1. pyogeii",
Group A ; Mandelstam, 1961, for EJch. coli)

In confirmation of the studies of A{andelstam and Strominger and Morse, a

in ticopeptide fraction obtained IJy extraction of SI"ph. awl?uJ cell walls (Newman
I strain) with 5 per cent trichloroacetic acid was proved to be susceptible to
ego white Iysozyme. The chemical process inducing Iysozyme Iysis of the cell
wall inucopeptide, however, has been demonstrated to be entirely different from
that causing its Iysis by Ljj enzyme : while Iysozyme Iysis was accompanied I, y
release of reducing compounds giving a positive hexosamine reaction in the un-
hydrolyzed state, the Iysis of the inucopeptide I>y L, , enzyme resulted in liberation
of ninhydrin-positive compounds witlT free amino groups, but did not release any
sirnificant amount of reducing substances. Moreover, paper chromatography of
dialyzable components of the Iysates of the inucopeptide produced by Lj, enzyme
demonstrated peptides of at least two sorts, one of which contained alanine, gluta-
in IC acid, lysine and glycine and the other which contained only glycine.

Recently, Mandelstam and Strominger (1961) proposed two possnJle chcmical
structures for Slaph. awl'811r cell walls, one of which is presented in Fig. 15. On the
basis of this proposed structure, the findings reported here would I, e interpreted as
indicating that Ljj enzyme primarily attacks -Co-NH- bonds between the Iactyl
group of inuramic acid and the amino group of alanine and those between lysine or
glutamic acid and glycine. Further studies are no\\, in progress on the action of
Lj! enzyme upon so-called Park's nucleotides it, hicl} are I>GIIeved to be precursors
of Staph. awltttJ cell walls and which have been shown to accumulate during growth
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of Ihis organism in the presence of penicillin (Strominger, 1962).

GNAc ^ GNAc^ GNA6 ^ GNAc ^

lociyl locivl

L-610 I -610

, \*.*'* I 11.1. gv~D-91u
~' ' I~ Iys - g\y. 9'V' I ~ I ' ~ 9"' ' "

D-. 10

D-a 10
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Although analysis of the non-dialyzable fraction of cell wall I sates b L
enzyme are very limited at present and further work is necessary, available
chemical data and serological findinos to be reported elsewhere suggest that Ih
fraction is composed both of a polymer consistintr of glucosamine and inuramic
acid and of components containing ribitol telchoic acid as the main constituent.

There have IJecn three studies on the Iytic enzymes active against Slaph. awl'errJ
cell walls (two of these appeared after the present work had been started) : a study
of Ghuysen (1957) on the F1 enzyme produced by ,Slidi/omyceJ a/bur G, prelimary
reports by Schindler and Schuhard (1961, 1962) o1T all enzyme produced by a
Groin-padtiv. ,Mir, ,,"", (K-6-Wl) and by Hush (1962) on ^ stayhyl, Iyti. fartor
prodticed I)y a fungus, Gha/ai'offtrip. Although F1 enzyinc has I)een reported to act
as a PCptidase on the cell walls of Bacillus mega/eii"in and Stoph. awl'e"r, this enzyme
prcparation was showiT to exert A-(1-4) N-acetyllTexosaminidase activity on I\/.
47Jodeik/ic"r cell \\, alls (Ghuysen and Salton, 1960 ; Ghuysen, 1960 ; Salton and
Ghuysen, 1961). Althouoh there seem tone some similarities between Ghu sen's F

enzyme and Ljj enzyme reported in this paper, further investigations are required
o11 their relationship. The enzyme produced I>y Chn/o101Jir JP. , on the other hand, is
distinctly different from Ljj enzyme, since the for. mer enzyme has IJeen reported to
act as an N-acetylhexosaminidase. No information is yet available on the nature
of the substrate(s) of the Iytic factor reported IJy Schindler and Schuhard.

G'. AC GNAC GNAC GNAc

Ribiiol - P - Ribiiol- P - R^ biiol - P -Ribioi - P-

Fig. 15. The Chemical Siruc, ure of Sloph. oureus Cell Walls Proposed
by Mo"d"1510m a"d Siromi"ger (1961)

D-. 10
------------------

D-o10
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Alderton, G. (1946). Direct crystalIzation of Iysozyme from egg \\. lTile and some cry, stallinc salts of
Iysoz>me. I. Biol. Cliem. 164, I-5

Armstrong, J. J. , Baddilcy, J. , Buchanan, J. G. , Carss, B. and Greenberg, G. R. (1958). Isolation
and structure or ribitol phosphatc derivatives (Teichoic acids) from bacterial cell \\, all. I. Chem.
SOC. 88,4344-4354.

REFERENCES



178

Fistcr, HJ. (1950) . J\{an"@! of Jiand"Jdieed proced"ItJ/o1 ip, c!ropho!Dine!Iic cheii!151ty
Standarcl Scientific Supply Cooperation, New York

Ghuysen, J. A{. (1957). Activites bact6rioloytiqucs de I'actinomyqctii. c cle SnellomJ, re$
Jrch. nihil. Ply$. Bloc/!81n. 65, 173-306

Ghuysen, I. itI. and Salton, A, I. R. I. (1960). Acetylhcxosamiiic compounds enzyillatICally ^eleased
I. Isolation ancl coinposiiioit of acetylhcxosan, ine ai, dfront IVic! ococci!s bundeik!I'll, cell walls

acetylhcxosamine-peptide coinplcxes. Biochii, I. Biol/,,. ,I'm 40,462-4-72.
Ghuyscn, J. \I. (1960) . Acetylhexosaminc compounds enzymatically releasecl from I. IC! DCDcc!If

tyrodeikiic!!$. 11. EUzymic sensitivity or purified acetylhexosamine ancl acetylhexosamine-pepti c
complexes. Biochim. Biolb. $. 11c!" 40,473-480.

G, in. "i, G. (1948). P, ,,. S",. E**11.111, d. 68,354 (. it", I I, , ,V, !h"I, in bum, !"gJ, ("dit. ,I by C. town*,
S. P. and Kankin, N. 0. ' (1955), \;. I. I, p. 143. A. ad, inI. Frets, N"w \."k)).

Hash, I. H. (1962) . Formation of Slap/,,!D'orc, !s mire"J protoplasts by enzymes from C/!aim o1,13 ". re .
Plot. 21.248F

Kotani, S. , Kitaura, T. , Hitano, T. and Tanaka, A. (1959a). Isolation aiTcl chcmical composition
of the cell walls DTECG. Bike, i's I. 2,129-141.

Koiani, S. , Hitano, T. , Kitaura, T. , Kato, K. and A{atsubara, T. (1959b). SILKlies on the isolation
or bacteria capable of Iysing Iysozyme-resistant, pathogenic bacteria. I 'e, ! s I. ,

K, tani, S. , K, I. , K. , Matsubar, , T. , Hiren. , T. and Hig, ,higan, ", T. (1959. ). Shyly. !, yli,
activity or a culture filtrate of a rin, ribncteri", 11 5/8cies, isolated Ironl soil. Iken'5I. , _

K. torii, S. , Hanad, , K. , Kimu",, T. , Hachim. t. , S, and Chimo"I, A1. (1962). En"yinati, usts ,
BCG cell walls. Bike" I. 5,117-119.

Krause, R. A{. and NICCarty, :\I. (1961). Studies on the chemical structure of the slygp!oro, cal ce
wall. I. The identificatioiT of a ruticopeptide in the cell walls of group f an \, r
,!, 41, c"cci. I. Exp!I. Med. 114,127-140.

Krause, R. A1. antl AtCGarty, ;\I. (1962). Studies on the chemical structure or the $11'41!0co, c{ CF
wall. 11. The composition or group C cell walls aitd chemical basis for seto ogica specilci y
of th. .a"b, hydrot" in. i. tv I Evil M, d. 115,49-62.

L, wry, 0. H. , Rus'rib". ugh, N. J. , Fan, A. L. and Radall, R. J. (1951). P". I'm mon, ,", in. nt
will\ the Folin phenol reagent. I. Biol. Chem. 193,265-275.

A;landelstam, I. (1961) . isolation of Iysozymc soluble inucopeptides from ccll walls o Jc eiic lid 00 i.
J\;hillye 189,855-856

On the structure or the cell \\, alls or SIa/ib. !DCDcc!!sMand"I'min, A1. H. and Strominger, J. L. (1961)
awreiis (Copenhagen). Biocheii!. Biol/us. REJ. COM1"!,". 5, 466-471.

it^Carty, Al. (1952a). The Iysis of group A hemolytic 311'410cocci by extraccl u ar cnzymes o
Siren!owltes a!mrs. I. Productioil and fractionalion or the Iytic enzymes. I. E. \/,! . I e . ,
568.

NICCariy, A, I. (1952b). The Iysis of group A hemolytic ,!1410cocci by extrace u at enzymes o
Sirep!o110res a!bt!$. 11. Nature or the cellular substrate attacked by 111e Iyiic enzymcs. I. .yJ .
IMEd. 96 569-580.

Photoelectric ninhydrin ritethod for use in the chromatographyA1. or", S. an"I St"in, \,\,. H. (1948)
or amino acids. I. Biol. Chei, !. 176,367-388

M. "I, Y. , K, I, , K. , Manubar, , T. and K. tani, S. (1960). Lusts of Ih" ". 11 wall* of C, one ",!,, i"in
Production ancl concentration of the Iyticdiphihe!'iae by extracellula^ enzymes of SII'410nuce3 JP. I

factor. Bike"'J I. 3,139-149.
Mori, Y. and Korani, S. (1962). Lysis or the ccll walls or COD, !ebftc!ei'i"111 ofyJh!heI'iae by extrace u ar

enzymes of SII'elm"WC'S JP. 2. Production or ' 'protoplasts" by treatment wit T a purl te ce \va
Iyiic enzyme. Bike" I. 5,55-66.

Niorsc, I. (1962). Studies o1T the chemistry and jinmui, DChemisiry of cell walls o Slap u^ ococc"J
awe",. I. E*111. IVed. 116,229-245.

Nelson, N. (1944). A photometric adaptation or the Somogyi riteihocl for the tieierminaiioil o

KATO ET 11L.

A{ethod P-38a. I,

a!b!IJ

glticose. I. Biol. Chem. 153,375-380



Neuhatis, 0. \\'. antl Letzring (1957). DC1crminaiion or hexosamines in conjunctioiT willl electro-
PIlorcsis on starch. filial11. Cliem. 29,1230-1233

Nomura, IVl. , Hosoda, J. and Nishimura, S. (1958). Enzyme formation in Iysozyme Iwate or
Baci!I"f ,"bii!i. ,. Bibchim. BioltyJ. firm 29,161-167

Park, I. T. and Hancock, R. (1960). A fractional1011 procedure for studies of the synihcsis orccll
wall inucopcptidc and or other polymers in cells or Slap/,,!D'orc"s a"yellJ. I. Gen. I\{ic, 'obi0!. 22,
249-258

Partridge, S. \. I. anct Westall, R. G. (1948). Filter paper partition chromatography or sugars. I
General description anclapplicaiion to the quantitati\, c analysis or sugars in applejuice, egg white
and Foetal bloocl of sheep. Biotitein. I. 42,238-250

Partridge, S. M. (1949). Nature 164,443 (citecl from Block, R. I. , Durrum, E. L. ancl Zwcig, G
(1955) . 11 manual of paper ch, Dinning rally and paper elecirop/corer is, p. 133. Academic Press, New
York)

Perkins, H. R. (1960a). The structure or a disaccharidc libcratctl by Iysozymc from the cell walls
or Micio, octiis brothik!iruJ. Bloc/I'm. I. 74,182-186

Perl<iris, H. R. (1960b). Sui, stances reaciing as hexosaminc and as N-acetylllexosaminc libcratcd from
bacterial cell \\, alls by Iysozymc. Biochem. I. 74,186-192

Perkins, H. 1<. ai, d Rugcrs, H. I. (1959). 'The products or the partial acid hydrolysis or 11Te inucopcp-
tide from ccll walls or ITlicrococc, !s 4001eik!I'llJ. Biochem. I. 72,647-654

Primosigh, I. , PCIzcr, H. , A, Iaass, D, antl \\!cidcl, \V. (1961). Chemical characterization or inucopcp-
tide releasecl from the E. ton B cell wall by ciTzymic action. Bloc/itin. Biol, /,,.,. rind 46,68-80

Relssig, J. I"., SITomiiigcr, I. L. and Lcloir, L. F. (1955) . I\ in odinccl colonmciric inclhocl for the CS-
Iimaiion or N-acciylamino sugars. I. Biol. Cliem. 217,959-966

Rogers, }I. .I. (1962). TITc sutracc SITUcttircs of bacteria. Biochem. I. 83,18-20p
Salton, M. R. J. (1955). Isolation or S!7410myce$ yJ/,. capable or clccomposing preparations of cell

walls froin various microorganisin antl a comparison or their Iyiic aciiviiics willT Ihosc or ccrtaiiT
Jini, 1014yc, /eJ anti Mj, cubacieria. I. Gen. Microbi0!. 12, 25-30.

Salion, M. R. I. and Ghuysen, I. M. (1960). Acetylhcxosaminc compounds cnzymatically released
Tlie sinicturc or di-and ICira-saccharides relcascdfrom Altci'oroc, ", !y$0deik!!'c!, J cull walls. 111

from cell walls by Iysozymc and Sire/!oil, VC$ F1 cnzyinc. Biochi, ". Biol/!y$. firm 45,355-363
Schindlcr, C. A. and Sclluharcli, \;. T. (1960). Slap/cy!obiic Factor(s) produced by a gram positive

coccus. Bat!erio!. Proc. DB2
Schindlcr, C. A. and Schtiharc!I, \/. T. (1961). SIa/, Jul0!11ic enzyme froi, t a init, 'DCocc, ,$ (K-6-\\'I) .

Bac!erio!. Proc. pi26
SITomingcr, 1.1, . (1962). Biosynihcsis orbactcrialccllwall. Fed. Proc. 20,134-1+3.
Siromingcr, J. I, ., Park, J. T. antl Thumpson, R. E. (1959). Composition or Ihc cell wall or Slap/cy-

IOCocc"$ awlt"$ : Its relation 10 111e incchanism of actioii or pciticillin. I. Biol. Cliem. 234,3263-3268.
Tisclius, A. , }netton, S. ancl Levin, 0. (1956). Protein chromatography on calcium phosphate

columns. firr/!. Bioc/lein. Biol/u$. 65, 132-155
Trcvclyan, W. E. , Pro^Cr, D. P. antl I-jarrison, I. S. (1950). DC1cction o15ugars on paper chromato-

grams. A'"!, lye 166,444-445
Y. k. i, H. an"I Aha, i, S. (1955). An imp", v, dl<j. kithl-Noml. " in. Ih. d. N"go, " M, I. I. 3,91-104

ENZYi\{ATIC LYSIS OF STrlPH. AUREUS CELL WALl, S 179

Fig. 10. Electron Microscopic Appearance of Slaph. cure"$ Ccll Walls and Lysatc of Cell Walls by
Ljj Enzyme

(A) : Sinn!. dwell$ cell walls, (B) : Lysatc of cell walls incubated with Iytic enzyme (1.5
units/inI final concentration) for' 2 hours at 37' C. The specimens were mounted on col-
10dion films and shadowcd with chromium. Scale: I A
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