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STUDY OF THE ACTION OF SODIUM LAURYLSULFATE ON E. COLI

Schweizerische Zeitechrift fur A. Bolle
Allgemeine Pathologic und tlakterinlogie E. Kellenberger
(Swiss Journal for General Pathology

and Bacteriology)
Vol. 21 pages 711-740, 1958

Introduction

The action of detergents on the bacterial cell has already
been the subject of several studies. In particular, it has been
noted that cationic deterpgents were active againat practically all
species, while the anionic detergents were inactive ogainst the
gram negative species (2, 3, 9, 11, 27, 33).

Amon~ the various anionir detergenta studied, only sodium
laurylsulfate had a strong lytic action on E. coli B (18, 19); we
found that this cetergent (abbreviated from now on as L.S.) has
the particularity of inducing “he lysis of K. coli, if the metabo-
lism of the latter is halted (5). Contrary to the cationic deter-
gents (7, 27), a higher concentration of L.S. produced no coagula-
tion of the cytoplasm. These two observations seemed to justify a
more detailed study of the action of this type of detergent, all
the more since the inversc situation is well known for certain an-
tibiotics which act only on metabolizing cells.

The mechanism of action of the detergents on an entire cell
is certainly very complex. For example, with reapect to biliery
salts, related experiments are in favor of a primary attack on the
wall by the detergent which would thus induce the action of the
autolytic enzymes, which are responsible for the lysis (9). This
hypothesis was also proposed to explain the lytic action of syn-
thetic cationic detergents. The autolytic phenomena obvionsly come
plicated the observation of the initial detergent action. There




has been agreement for a lony time however, that the doterpgent
first acts on the cell envelope. This is why Dawson et al. (7)
studied the action of cationic detergents on isolated cell walls,
These authors obscrved a lytic action on the isolated walls of
Staphylococcus. They formulated the hypothesis that the first ac-
tion of ceytltrimethylammonium bromide consisted of removing the in-
hibiting lipoprotcins of the autolytic proteins,

We selected . coli B because it has an incomplete autoly-
tic system. Under normal cultural conditions it does not lyse
spontaneously. Weidel (33) demonstrated that, with a very concen-
trated suspension and in the presence of ,toluene and oxygen, lysis
will definitely occur. The subsequent treatment with trypsain yields
relatively pure cell wall preparations. Weidel and Primosigh (34)
showed that these walls still contain a protein which can be extract-
ed with phenol. Thus it scems that E. coli has no autolytic enzyme
acting on the cell wall lipoprotein. Actually, the biliary salts
{1) do not provoke the lysis of E. coli, no matter what the state
of the metaboliam is (unpublished results).

In this work, we shall first define the conditions for the
activity of L.S. on whole cellas and then compare it with some simi-
lar chemicala. Then,to benefit from the most simple conditions, we
shall study the action of L.S. on isolated walls and we shall show
that this detergent extracts lipoproteins in the same way that
phenol does. Finally, using various trcatments which affect the
lipopolysaccharides or the mucopolysaccharides of the cell wall,
we shall transform the bacteria intn globular forms (20, 21, 32)
or spheroplasta (Sce note 1). Tnesc¢ cellular forms certainly have
a deficient wall . with respect to the polysaccharides and we shall
study the action of L.S. on these spheroplasts. Tomecsik (29) has
already shown that for gram-positives, preliminary treatment with
a cationic detergent prevents the tranaformation into spheroplasts
by lysozyme, which is not the case for the mercurial antiseptics.
Iastly, we shall discuss the hypothescs capable of explaining the
different phenomena obscrved.

Note 1: Tt has not vet been decided if the spheroplasts correspond
to pure protoplasts, defined as being the protoplasm with a possible
cytoplagmic membrane. Becavae the possibility of atill finding some
wall portiona around the protoplast is not excluded, these bodies

are called globular forms or spheroplasts (according to a proposition
made by Lederberg to McQuillen). : ;



Material and Methods

Stocks: B, coli M and . coli Klas

Nutrient media:

1. Liouid wedium: 16 g. Bacto-tryptone, 5 g. NaCl, dis-
tilled water fo make 1000 ml. Final pH: 7.2

2. Synthetic medium: M9
3 z. KH2P04. 7 . Nu2HP04' 2 uzo, 0.5 g. NaCl, 1 g. NH4CI.
4 g. glucose, 0.022 . CnClz, 0.246 g. MgSO4. distilledwater to

make 1,000 ml. (The last three constituents are sterilized separa-
tely).

Buffers:
1. Phosphate buffer:
7 . Nn2HPO4. 3 r. anpoq, 4 g. NaCl, distilled water to

make 1,000 ml. At tie moment of use, 2 ml. of a 10% MgSO4 solu-
tion is added. Final pi: 7.

2. Michaelis buffer:
Sol. A) 14.714 g. Na veronate, 9.714 g. Na 43H20. 17 g.
NaCl, distilled water to make 500 ml.

Sol. B) 0.1 N IICL

Five ml. of A are mixed with 3 ml. of B and 18 ml. of
sterile water. Final pil: 8.2,

3. Michaclis buffer with trypsin:
Same as 2 cxcept water is replaced by an equal volume of
a trypsin suspension supernatant, centrifuged at 4,000 rpm.

4, Tris buffer:

121 g. tris, 30 g. NaCl, 10 g. NH4CI. 0.098 g. KH2P04.
distilled water to make 1,000 ml.

10C ml. of this solution are mized with 82 ml. of N HC1.
Final pH: 7.2.




Baucierial cultures:

1. [irst culture:

From an agar slant stock, 10 wni. of tryptone liguid medium
are inoculated and actively acrated for 12 hours at 37°. The ace
tive acration consists of blowing into the medium air bubbles pro-

duced by en aquarium blower. A dense culture is thus ohtained
which can be stored 1 to 10 days at 49,

2. Experimental culture:

For larger volumes of culture, cylinders containing the
desired.’amount of liquid medium are used. These are aerated from
the bottom by a plunger tube ending in a disk of fritted glass.

Production of isolated walls:

a) according to Weidel (31):

Centrifuge 1 liter of Coli B aerated culture containing
about 109 cells per ml. at 4,000 rpm. Place the residue in G ml.
of Michaelis buffer, pH 8.2, Add S drops of toluene and aerate
for 48 hours at 3I7°. Centrifuge, wash the sediment twice with
alcohol and three time with water. DPlace it in 3 ml. of trypsin
buffer, cover with tolucne and let it digest for 48 hours to
clear the suspension. Centrifuge 15 min. at 5,000 rpm, wash twice
with water and place the sdeiment in 3 to 5 ml. of sterile water.
Cover with toluene. The suspension contains about 1011 walls/ml.

, b) according to Hotchin, Dawson and Elford (10) and Sal-
ton (28):

Centrifuge 600 ml. of aerated culture containing about 10
celis/ml. at 4,000 rpm. Place the residue in 16 ml. of sterile
water. In each of 2 tubes of Mickle's disintegrator, place 8 ml,
of bacterial suspension and 8 ml. of "ballottini" No. 12 glass
balls and vibrate the tubes for 15 min. Filter the suspension
through No. 3 fritted glass, washwith water and, in about 100 ml.
of filtrate, gather a mixture of walls and partially or totally
disinterrated bacteria. Centrifume the filtrate at 4,000 rpm,
discard the sediment made up of the nondisintegrated bacteria and
centrifuge the supernatant for 15 min. at 12,000 rpm to collect
the empty walls in the residuc. Suspend the_ latter in about 3 ml,
of water. The suspension contains aboeut 1011 walls/ml.

9

Detergents uscd:

Na Laurylsulfate: anionic detergent containing 98-99% pure
Na laurylsulfate. Found commercially under the name of Duponol c.
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Tergitols: anionic detergents of the alkylsulfate or

phosphate types, kindly furnished by Union Carbide Corporation,
Generva,

énpurntuu:

Photometer:

Meunier's Photometer, 9590 mu green-yellow filter to mcasure
the optical density. The units of measurement are arbitrary. DBy
relative o.d., we mean the initial o.d. ratio and by lysis or

final o.d. ‘
clarification percentage, we mean o.d.; - o.d. ¢ x 100,

o.d.i

Bacterial cell counter:

llawksley, 0.02 deep, 1/400 mmz. 17 Neﬁ Cavendish St., Lon-
don W. 1, G. B.

Mickle's disinterrator:
H. Mickle, 4 Ormond brive, Hampton, Middlesex, G. B.

Wild's phase-contrast microscope:
W¥ild Fluotar phase objective 100 x, compensated ocular 25 x,
Adox it 14 film.

flectron microscupes:
TIC KM and ®CA EMU 2D, prepared according to the agar
filtration method (13). U0, shading.

RESULTS

1. Influence of active aeration on the lysis of a.
culture

a) Aerated culture:

To show that an exponcntially growing culture of E. coli B
is not affected by the presence of 0.2% L.S., we performed the
following experiment: :

In two strongly aerated cylinders, we incubated two cul=-
tures inoculated from the first culture, one without L.S., the
other with the addition of 0.2} L.S. The use of these cylinders
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LS NCCCSSArY un this exteriment Yeeanse the L.s. produces a laree

amount of foam in tiae gerated Acttway an antifoam afgent cannot be
adiled because L.S. foras an cmulgion with it whieh would affeet the
optical density. The cylinder permits the foam to form in great
height ahovae the liquid withoui tno much loss by overflow.

Five ml. of the culture arc remov
intervals from cach c¢yiinder
Tho reading must be taken rap
prevent lysia from occurring
halting of aeration.

ced ut successive time

and the optical density is measured.
idly (in less than two minutes) to
during the mecasurement because of the

. The followiny: table showa the evolution of the two cultures,

i expressed by the measurement of their optical density as a function
"1 of time.

TABLE I

Optical Nensity as a Functiou of Time.

t . [} 1h, 15,30 3h [}
8) coli B sans LS. ©) 4o, = 22 10 62 180 283
b

coli B avec L.S. 4 0,2%, do. = 22 37 55 178 27

coli B without L.S.
coli B with 0.2% L.S.
+ = optical density

O o

-

If L.S. is added during growth and not at inocuiation,
the results are identical., Thus, it is ovbvio's that L.S. cannot
affect an actively crowing culture.

b} Culture in which aneration is halted:

When aeration in halted, the growth is slowed or even com-
pletely ataopped for want of oxygen in the medium, The reqawnl of
this element is limited both by its solubility in the medium and
by its rate of diffuaion.

Starting with a certain bacterial concentration, the oxy-
gen obtained only from the surface of the liquid ia insufficient
and the growth étops instantly. Figure 1 shows the evolution of
a culture where the aeration is stopped at different times.
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Fig. 1. a) Wkvolution of the optical density of an E. coli B
acrated culture. “The growth has almost stopped after reach-
ing an o.d. of 349 corresponding to about 4.109 cells/ml. At
this concentration tnere is not enough oxygen cven with active
acration. b-f) Ilivolution of cultures where aeration is halt-
ed at the time indicated by the arrow. The optical density of
the b) and ¢) cultures decrecases slowly, probahly because of

sedimentation. Key: x = time in minutes; y = n,d. {ontical
density) :

If as soon as the aeration is stopped, 0.2% L.S. is added,
the cultures with an o.d. ahove 80) correcsponding to about 10
cella/ml, lyse imnediantely while the less dense cultures continue
to develop but at a reduced rate and then lyse later (fig. 2).
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Fig. 2. Optical density of cultures during growth where, at
the time indicated by the arrow, 0.2/ L.S. was added as soon
as aeration was stopped. The a) and b) cultures lyse immedi-
ately because the lack of oxygen is rapidly established. The
¢) and d) cultures lyse only after exhausiion of the oxygen
dissolved in the mcdium. The e) culturc continues to grow
slightly; the oxyzen obtained from the surface ia apparently
sufficient to provent lysis. Key: a = optical density; b =
time; ¢ = minutes; d = hours

2, Lysis by L.S. in the presence of inhibitors of
metabolism

The preceeding experiments showed that aeration can in-
hibit lysis by L.S. This inhibition can be due to two different
mechanisms:

a) direct action of 02 opposing the chemical action of
L.s.

b) indirect action of Op enabling the metabolizing bac-
teria to resist the detergent's action.

To decide hetween these two hypotheses, we studied various
inhibitors of bacterial metabolism: potasaium cyanide (which
blocks the cytochrome oxidase and, consequently, respiration), di-
nitrobenzene, fluoracetic acid and malonic acid (Krebs cycle in-
hibitors), and Merfen (SL_ function inhibitor). At a bacteric=-
static cnncentration, each of these agents permits the rapid ly-

sis of the culture by 0.2% L.S. no matter what the age of the
cell susnension.

Fven strong aeration no longer prevents lysis. The pre-
sence of the inhibitor of metabolism prevents the bacteria from

. s AR e i ool e AR RRE 03 o
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ARG e oxXymen cttered: 10 gn thag by indirect action that oxy~
SENoacts as an inlithitor of lysis by L.S. "The Tirst hypotheais
nust be rejected.

A8 an example, we show the

gardless of the age of the culture
additien of 0,2

lysis curves {rapid lysis re-
) producedd by the nimultaneous

<0 Lun, and 0,01 M KON 4o cnliurens with inereaaing

vede (Lhg, 3). )
: a)g; /{.,
; 0o b .
®
: " l) \ e
; I :
§ 20 \\\k__ .
b) temps 0) min
i % 2w s e 150 w0
- Fig. 3. Same cultures as in figure 2, to which a concentra~

tion of 0.01 M KON was added besides the L.S,
lysed immediatoly. Key:
minutes

All the cultures
a = optical density; b = time; ¢ =

It {9 clcar from our experiments that inhibition of the
cell's respiratory cycle is sufficient to inake it sensitive to
L.S. Under thesc conditions a cell suspended in a nonnutrient
medium should he cqually scnmitive to the detergent.

We sugpended the sediment resulting from centrifugation
of a three-hour-old culture in a huffer solution, pH 7 (phosphate).,
We aerated the suspension for 30 minutes to exhaust the posaible
reserves and divided this suspension into two tubes containing
0.2 L.S., one with aeration, the other without aeration, always
at 37°. The two tubhes showed rapid lysis independent of .the pres-
sence or absence of aeration. The addition of KCN definitely ac-
celerated lysia in the buffer medium, The latter phenomenon is
in agreement with the observations which indicate that the metab-

olism of a starved cell in an acrated medium is not completely
atopped.
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3. Influonce of the L. $. and KCY _congcentration

We know thet » breterlostatic concertration of KCN (0,01
® t h trs 01 M) pnormits
the rapid lysis of a coli B culture by 0,2% L. S. One can ask {% zhis
0.2% concentration reprecent tho threshold for the detergent's acticn or
does the detergent porform in a like manner at lower zoncentrations? To

.4 answer thls, we varied the L. S. concentration from C to ¢.2% while k
f ] a constant 0,01 m KCN concentration in each tube, % oeping

O U———

; 'f'-: We obtained the curve given in Figure & which e

; - xpresses the clearin
| = percentage of the culture after 45 min. of contact, as a function of the &
| = L. 8. concentration,

= 301 %lyse S

10
§0
$0
40 [/
20
20

10

8003 001 0023 0.0% Y 0.2%L%

Fipgure 4

. 3 et "oy v . - Q" O.d. - OQd
=» Curve expresaln; the "olearing porcentage ( 10 . of x 100 )

of a culture as a function of the L. 3. concentration for a constant 0,01l m
KCN concentration, o,d.4 = o.d, at the moment L. S. was added, o.d.¢y =
o.d, after 45 minutes of contact with L. S, This experiment was performed
with an initial o,d4. of 100, )

In passing let us note that the o.,d, measurements are never values
which can be exactly roeproduced from cne culture to the next, Consequently,
only a certain order of magnitude can be determined; actually for a chosen

k. . initial o.d, of 70, the clearing ceiling reaches 90% instead of 80% as in
¥ the preceeding case, whers the initlal o,d, was 100,

1 In the M9 synthotic medium, 0,025% L. S., in the presence of 0,01 m
= KCN, produces a 70% clearing in about 45 min. in a culture with an o.d,
S below 100,

Let us now examine what would happen if we varied the KCN concentra-

- 10 -




S10a ITon O o 0,01 o, TG wuenine S 3 IR CON L

a9, e 0. v':l . ¢ n:x n e Lo 3. conconiration in each tube
lx) cpy 0 Wiil ehooso » culturo with o still weak o.d, {equal to
{5 nbocauso it does not need activo aoration to grow in the presence of
. J.

In Figure 5, curve «) exoresses ths 0.4, of the culture measured

aftor 30 minutes of contnct witk incroasing concontration of KCN3 curve b)
oxpresses the o.d, of the culture measurcd aftor 30 minutes of contact with
Ehossnme KCN concentrations as in curve a) but with the addition of 0,2%

tl.o.
45420

45+10\‘
d.0.inilrale . 45 K i

o \

4528 N ———— Mg eegoeadd
o cone moloire KCN
s 1 6.10"* W

Figure 5 Optiecal Density Reached After to Minutes of
Cultura, by a Suspensisn Having an Initial
0.d. of 45, As a Function of the KCN Concen-
tration Contained in the Medium, Curve a) KCN
Alone, in the Absonce of L,S. Curve b) in the
Simyltaneous Presenco of KCN and a Constant
0.2% L. S. Concentration,

One can see that thoe o,d, difference is vositive for zero or very
small KCH concentrations, that it is zero for a bacteriostatic concentration

of KCN alone and that it is nogative as soon as 1,5, is added to the bacterio-
static action of KCN and causes iysis,

From the graph in Fipure 5 we deduco that KCN alone slows growth at
the 0,0005 m concentration, to become definitely bacterlostatic at a 0.005
m concentration, in a culture having an initial optical density of 45 at
the beginning., Startings with this KCN bacteriostatic concemtration limit,
L. S. ylelds a maximum clearing. For lower KCN concentrations, culture
clearing 1s weaker or completely absent.




o Viabilil or Culls Tronved with L. S. in tho Presonce of KCU

PAT- N

W showed asbovo thrt the prowth of en cctively nerated culture is
not affected by the vpresence of L. S. (this fact i3 vorified by measure-
mont of the 0.D.). Ir this case 1t is obvious that the viability of the
enlturos is 100%, Hovever, unon the addition of KC, when the culture
cloars progressively, it i3 interesting to know if the death of the cells
follows a vossible cytolysis, or if the death of the coll precedes the
clarification of tho enlture, To be nble to dissociate these two phenomena,

we chose a very weak L. S. concentration, 0,01%, which, in the presence

of 0,01 M KCN, produces about a 50% clarification of the suspension
in 45 min, At very close intervaols of time, we measured both the a, d.

and determined the survivrl rate of the bacteria by diluting them in the
buffer anu counting tho colonies on agar,

Tablas II gives the results of thls experiment., The survival rate
decreases exponentially for about 30 min, and reaches a plateau at 201079
More than 95% of the cells of the treated culture are already dead when
the o, d. has only dropned about 10%. e know that such decreases in the
o.d, are rot nocessarily lethal; starved culture can have a similar drop
in o. d, without the survival rate being affected, However, in the case
of L. S. in the presence of KCN, the fipgures in table II seem to show
cle2rly that death does not follow a loss of substance, but that it occurs
before it, as a result of a more direct ection., As to cytolysis, it occurs
soon aftor in the form of a clarification of the culture and can be
attributed, at least in part, to enzymatic reactions, in fact autolytic
reactions, as we shall see later (Par. 6),

TABLE II

Proportion of Surviving Bacterin and Percentage of
Relative O.D. As a Function of Time in Contact with

0,01 1 XCif and 0,01% L. S.

a )Temps de contact

en min 0 2 5 75 10 15 20 30 45 80 9 120
3 b )e/s deo. 100 100 884 75 67 52 45 44 40 37 M M
3 ¢ )Proportion de :
= bact. surviv. 1 1 14°102 109 6104 104 4°103 2°108 2:106  2°104
o
E Key: a) contact time in minutes
. b) 0,d. %
L e) Proportion of survival bacteris
e -1 -
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3. ]nfhhuuw*tu;thv chemical stroctuire of the detercent

Having determined tie lytic action of L.5., we asked our-

s¢lves if this property existed in other representatives of the
detergent family.

Presumably, lysis was a characteristic of the anionic
type detergents sinee L.5. is in this catewory. But, in a serics
of anionic deterrents totully difforent in their cliemical struce-
tures, only L.S5. provoked the lysis phenowenon in ., coli (5).

Ve then scarched amoax the chemical analogs of L.S. to
find determents with lytic action.

We chose tie Tergitol rroducts which are alkylsulfates
(or -phosphates) used as detergents and which differ from L.S.
only in the length of the hydrocarbon chain.

Na laurylsulfate: 012H35304Nu

Na laurylphosphate: C‘OHWSHP04NQ

Tergitol 4: C14quSO4Nn (Braunched chain)

Tergitol 08: C,I..S0 Na (Na 2-ethylhexylsul-
817774

fate)

Tergitol P 28: C, M. PO Na (Di-Na-C-ethylhexyl-
1634 "4

_ phosphate)

If we study the action of increcasing concentrations of
these different products on an 5. coli culture in the presence
of 0.01 M KCN, we obtain clarification values of the culture
vhich are very diffoerent from once substance tu another. In the
following table we shall grive the clarification percentage of a
culture with an initial o.d. of 80-100 after 45 min. of contact
with different concentrations of these products,

TABLE III

Comparison of the lytic action of some chemically similar detergents
{d.o,; -=thu ) X 100

a) Pourcentuge d'¢elnircissement =

d.o,
b) conventratinn du délergent utilisd
a ) 1, 0,2% 0,02% 0002%

L.S. , pourcentage d'éclaircissement 100 ) 77 30

L. phosphate “[\)urm-nlngc d'éclaircissement 0 0 0 0

Terg. 4 $durcentnge d'éclnircissement 164 i 50 14

Terg. 08 q-aurccnlngc d'éclaircissement 47 H 15 13

Terg. P 28 [;'- ureentange d'éclaircissement 15 [} 0 0
Key: a = clarification percentage; b = concentration of the deter-
gent used -13 -
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If we calculate in molarity tlhie concentration necessary to
reduce the o.d. of o culture by ds in 30 minutes of contact, we

nced in the presence of 9.01 M KCN for a culture with an initial
o.d. of 73:

a concentration of 0.0007 # L.S.
0.0006 ¥ Tergitol 4
0.08 M Tergitol 08

No lysis occurred with Tergitol P 28 or Na laurylphosphatec.

These results show both that tne phosphoric radical causcs
no lytic action and that for a maximum lytic action a chain with
12 carbon atoms is nceded. This is the case for Na laurylsulfate,
A similar dependence on the chain length was observed for the
same type detergents by Baker et al. (2) in connection with their
inhibition of cell respiration.

6. Influcnce of various physical conditions

(pH, temperature, osmotic pressure)

Hotchkiss (11) reported that tne cytolysis of staphylococ-
cus treated with detergents can be halted by cold. At 0%, loss of
substance and lysis are practically nonexistent. This phenomenon
argues strongly in faveor of an enzymatic action: the kinetics of
the simple chemical reactions follows the absolute temperature.

Ve also studied the cffect of temperaturce on "lysis'" by 0.2% Ter-
gitol 4 in the presence of 0.01 M LCN. {We were obliged to use
Tergitol 4 in this cxperiment beciuse L.S. crystallizes in solu-
tion at 02 making all o.d. measurements impossible. Tergitol 4 -
itgelf is soluble at 00 in the required concentrations.) We placed
the culture tube (in the refrigerator) in a water bath with ice,
and followed the clarification of the culture at thia tewperature.

While at 37°, we ohtained an 8Os clarification in 30 min.,
we obtained only a 20\ decrease in the o.d. at 0% in 30 min., a
254 decrease in two hours and a 75) decrcasc in 11 hours.

We also ohserved the influence of temperatures above 37°
on the L.S. action, this time with a 0.2% concentration in the
presence of 0.01 M KCN: the clarification speed is at a maximum
for temperatures between 15° and 60°. Above 60°, the clarifica-
tion speed diminishes, probably because of protein coagulation.
Between 37° and 60°, after 15 min. of contact, KCN alone definitely
causes a clarification of the culture ranging from about 5§ to 25%.

- 14 -



We oW et Tie antuinte detocent s o are wore active the
Fover the pil is (). Lo chechien Lo see if by varying the pil
alone we could clear o ealture with 9.2 . 1,.5. but without ECN:
a phiof S as well as of 1.2 nroduces o slisht elarification of
the culture in tue presence of 0.2, L.:.  llowever, in these two
cases, the effect i1» definitely less tican that of KCN., Difficul-
ties of a metabolic order must brin: on these pl conflicts.

To find i tie osmotic pressure plays o role in the clari-
fication of a culture by L.3., we used 0.3 M bacterial suspensions
1in sucrosc. Undoer thaese conditions, the cultures cleared at the
same speed as withoat sucrose.

7. Micruscopre ohservation of lvsis

The clarification of a culture ohserved in the photomcter
can be the result of two very different phenomenac

a)  the dinsolving of w certuin proportion of the cells
ot the culture; the o.if. is thus produced by the cells still in-
tact.

h) the procressive decrease of the refractive index of
the protoplasm of cacii cell.

Phasc=centrast ohservation and counting in a hacterial cell
counter showed that tae sccond hypothesis is valid: the cells
"turn pale” more amd more under the influence of [..5. in the ah-
sence of metahoelism, to finish with almost empty walls contauining
a few unidentified residues, more or less uniform depending on the
conditions. Since for an ldentical size, the gray of a bhacterial- =~ -
cell seen in phase contrast is a direct function ol the refractive
index, which is roushly proportienal to the concentration of ore-
ganic subhstance oxpressed in g,/ml,, this imvte necessarily re-
flects a lous of substance, A portion of protoplasm musat have
pasised  theonrh Ll walt, Phe obseprvations oblalned by phase cone
trast {(fic. Ga, b, ¢) wvere veriflied elsewhere with the electron
microscope (fime 7a amd h)e  Tue subiitances from the cell can be
recornized on the electron micropraphs in the form of fibrillar
muuses,  Grains of RNy, 150 to 200 1 in diameter are never found
in these miepagraphs as they always are jo penicillin (fige 7¢0)
andl phngge Tynon, g bl thero Pove, thut Lhe ilntergent
Y E P N N e A R L L I LI R LR R T “lﬂm‘r'
at fpod bhe vlbonveteapratern granulen of the eytoplasm, The fi-
hrillar masaen wonla then he comporoed of derosyribonucleio acid,
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Fig. 6 (a=-c). Phase-contrast optical micrograph of E. coli cells
a) before and b) after trcatment with 0.2 L.S. in the preosence

of KCN. For phasc-contrast obaservation, the cells are immobilized
by depositing a drop of the suspension on a block of agar 1-2 mm
thiclk, placed betwcen slide and cover glass. In figure b), the
accidental presonce of intact cells shows the loss of density. In
figure ¢), a photographically accentuated contrast makes it pos-
sible to distinguish unidentified deformed residues inside the
cells (enlargement 3,000 x).

8., L.,S. action on the isolated walls of E. coli

Morphological obhservation, which indicates a progressive
emptying of the cell, shows that L.S. very prohably acts on the
permeahility of the cecll envelope, Recent studies suggest the
existence of a cytoplasmic membrane responsible for the osmotic
harrier and a cell wall that gives the cell its rigidity and form
(35, 14). It would be interesting to know the action of L.S. on
isolated walls. ‘ ‘ o

.
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FFig. 7 (a<e). Electron micrographs of a) normal cells and b) cells
after two-hour treatwent with 0.2 L.S. in the presence of 0,01 M
KCN. Around the cells during emptying could be seen a reticular
.mass of substance from the cell. There were no ribonucleic acid
grunules. The spheres ohserved were latex particles added to the
suspension for countinm purposecs., i"igure ¢), by way of compari-
son, shows the image of a penicillin lysis, where granules 150 to
250 A in diameter composed chiefly of ribonuclecoprotein were abun-
dant. On the otier hand, there were no fibrillar residues. Large
openings were noted in the walls through whieh the cytcplasm left
the cells.

We suhjected a suspension of ahout 4+1010 walls/ml. (ob-
tained by Weidel's procedure) to the action of 0.20: L.S, 'The in-
itial optical den=ity was 240 units. After 15 minutes of contact
at 37°, this o.d. dropped to 100 and reached 60 in 45 min. This
o.d. was unaffected by tihe presence of KCN. It must be noted that
there is always a sigrificant residual o.d. Wall suspensions pre-
pared with Mickle's disintegrator, and possessing an initial o.d.
of 75, in 5 min. of contact with 0.2% L.S., reached a level of 40
which it kept for several hours.
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The clarification speed was compared for tue 0° and 37°
temperatures.  1For La¢ Same reasons das above, we hed to use Teor-
gitel 4 at 0.2% to he able to measure tue o.d. at 0°,

On a semitlogarithmic scale, fipgure 8 represcnts the per-
centaze of clarification by 0.2 Tergitol 4 of two wall suspensions,
one at 37° and the other at 0%, but the same level was finally
rcached after 1 hour of contact,

temps

28 10 18
100 1= AL 30 48 Omin.
20
(1] a)
-
2
5‘0 b) e
M
.
w20

-
©
’

Fige 8¢ Decrease in the o.d. of an aqueous suspension of E. coli
D walls (obtained in Mickle's disintepgrator) after treatment with
0.2% Tergitol 4 at 0° and at 37°., The logarithm of the relative
optical density| o.d,. ) was traced as a function of the time for
0.d,
i

the two temperatures chosen: a) 0%; b) 37°. Key: a = time;
b = minutes; ¢ = relative o.d.

The modification of the pll of the wall suspnsion before
the addition of 1,.8. barely accelerated the clarification speed
for alkaline pll, but it almost doubled it for acid pl (= 5.4) and
also strongly lowersa the final clearing plateau, as is shown on
figure 9.

Koch and vweidel were able to show (13) that the cell walls
of E. coli stained with dinitrofluorbenzene is decolorized by the
action of the T,, phage enzyme. }Morcover, the walls thus decoloriz-
ed and separated from the phage by centrifugation are still capable
of starting the decolorization of new colored walls provided that
they are very intimately mixed with the latter in a centrifuge
sediment.

- 18 -
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Fig. 9. Decrcase in the optical density of a suspension of

cell walls (Mickle) in buffer solution after a treatment with
0.2 L.S. at various pll. The curves show the relative o.d. as
as function of tace contact time for the values of the pH chosen.
Key: a) pH = 8.5; b) pH = 7; ¢c) pH = 5.4

We treated walls colored hy dinitrofluorhbenzene with 0.2%
L.S5. for two hours at 37°. The centrifuged suspension produced a
colored supernatant .nd an almost decolorized residue. The de-
colorization took place in the same way at 37° as at 0° in the
prescnce of 0.2 Tergitol 4. On the other hand, the residue of
walls decolorized by L.S., washed and intimately mixed with new
colored walls, did not start the dccolorization of the latter.

If a suspension of K. coli I} walls is subjected to various
treatments such as formol, osmium or autoclaving for 15 min. at
120°, the clarifyin; action of 0.2/ L.S. is completely prevented.

Dawson et al. (7) showed that the autolytic enzymes (collect-
cd in the supernatant of an aqucous suspension of Staphylococcus
with 4+1010 bact./ml., incubated for 24 hours at 37°, then centri-
fuged for 30 min. at 10,000 rpm) permitted the slow lysis of even
autoclaved Staphylococcus walls, This lysis recached 50%_1n 8ix
days. Ve prepared an autolysate of coli cells according to Dawasn's
technique and studied the action of the autolysate on a suspension
of autoclaved walls. Observation of the o.d. over a period of time
showed that the autolysate alone has no influcnce on these autoclaved
walls., The simultancous addition of L.S. produced no further clari-
fication of the suspension. K

According to veidel and Primosipgh (34), the E. coli wall is
compoged of a lipoprotein layer which is soluble in 90% phenol and
a lipopolysaccharide layer containing 9 - 12 more amino acids (28).
The phenol dissolvin: the proteins lecaves the lipopolysaccharide

-19—
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layer and its amino acuds in the soluble fraction. Weidel then

observed a reduced optical density of tue suspension and, micro-
scopically, of very thin walls,

Knowingz the denaturing action of L., on proteins (23), we
wondered whether it acted like phenol on the E. coli wall in dis-
solving the proteins. Tn a like manner we treated two wall sus-
pensiona containing about 1011 walls per ml., (Obtained by disin-
tegration in Mickle's apparatus.) One was treated with 90% phenol
for 10 minutes at room temperature, the other with 20 L.S. for 2
hours at 37°. At the end of the extraction, we centrifued the
suspenion for 15 min. at 6,000 rpm and dialyzed the insoluble por-
tion against 0.05 M Na acetate us Weidel and Primosigh had done
(34). 'The residuca of the dialysis were finally hydrolyzed by
6 N IICL at 1159 in tuhes scaled for 16 to 20 hours, placed in dia-
tilled water and dricd under vacuum several times to eliminate the
HCl. The two residues werc subjected to paper chromatography, al-
ways following the procedure indicated by Veidel and Primosigh.
The walls treated with phenol produced exactly the same spots on
the chromatogram as did the cells treated with L.S. (fig. 10)}.

Thus, L.S. extracted the wall proteins while lecaving the
amino acids associated with the polysaccharide.

Electron-microscopic examination of the walls before (fig.
11) and after treatwent with 1..S. showed that they became consi~-
derably attonuated following the extraction. Their bhacillary form

LY
y

e e

Fiy. 10a. Fig, 10h,

Fig., 10. {a and h) Daper chromatopgr.uns comparing the hydro-
lysate of the wall residues after extraction with phenol (a)

and with 2% L.S. (b). The spots represent amino acids asso=-

cinted with the lipopolysaccharide layer of the wall.
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irg, 11. (a and !) Hklectron micragraphs: a) walls obtained
in Mickle's disintegrator; h) same wall suspension as {a) but
treated with 2% L.s.

did not change, No fine structure was found on the reaidual walls
after removal of the lipeproteins. The delicate granulation ob-
served is due to the "wrinkled" structure on the molecular scale
which condicions tae particular deposit of U0, used for shading.
It is visible on all orsanic surfaces regardléss of their chemical
structurec.

A 2% aqueous 1,.5. solution thus permits the total extrac-
tion of proteins from the i, coli cell wall in the same titer as
90", phenol. This procedure does not alter the bacillary form of
these walls, the latter being associated with the polysaccharide
portion.

9, Action of L..S. on the rlobular forms of EB. coli
{spheroplasts)

We have not yet heen able to icolate K. coli cytoplasmic
membranes, but it is possible to alter the cellular wall in va-
rious ways so that the bhacteria assume a globular shape. It is
generally admitted that these procedures attack and remove the
lipopolysaccharide. The mechanical resistance of these. globular
forms is greatly reduced; they are stable only in hypertonic so-
lutions (0.5 mel sucrose) (32). However, the globular forms can
metabolize (20). +e wondered how these globular forms would re-
act to treatment with L.S,

- 21 -



We obtained spueroplusts by three methods:

o 1. HNaving lysozyme act on cells suspended in tris buffer
at 47, accordiner to Mahler and Praser (22, 36). It is essential

to remove the hivalent ions with versene;
2. MNaving penicillin act on slowly growine cells, according

to Lederberg (17);

3. Infecting the cells with a large mass of T, bacterio=~
phage. =

These three methods transformed almost all the cells into
globular forms. O.010 L.S. added to these glohular forms causcd
an inmediate: lysis followed by a large increcasce in viscosity. The
clarified suspension no longer contained spheroplustic membrancs,
such as can easily he observed in the phase-contrast microscope
during lysis of globular forms hy an osmotic shock. Conceivably
L.S. completely dissolves the wall, alrcady deprived of lipopoly-
saccharides, by attacking the single protein membrane surrounding
the spheroplast.

The existence of such a membranc scems quite likely, as
shown by the following experiment:

Chloramphenicol (in a 25/Lg./m1. concentration) was added
to a racterial suspension to block protein synthesis. In such a
suapenaion, penicillin caused a lysis and not the formation of
apheroplasts. If, on the other hand, chloramphenicol was added to
the glohular forms a!ready terminated and of penicillin origin, it
produced ao lysis.

Discussion

Our principle observations are as follow:

1. Actively growinx cells are completely resistant to the
detergent's action., The stopping of growth by various means causes
progressive cytolysis. The cclls keep their form while losing their
substance little by litile.

2. Like phenol, L.S. extracts lipoproteins from the iso-
lated walls of #. coli DI.

3. The spheroplasts obtained by various methods are lysed
almost instantancously by I.S.

It is cuvious that the cytolysis of whole cells is a com-
plex phenomenon, reclatively inaccessihie to precise analysis. It




will always be diryeeonn v dastoass tee darect laaediate ac-
tions of the detor ont Srow Lhe secotnery actions due to the ac-
tivation of autolyviic cazyues,  This 1s the reason that we particu-

larly studied tne action of Los. on tsolated walls and on sphero~
plasts.

To start with, let us consider toue case of isolated walls:
Weidel and Vrumosizh {31) sbovwed on watlls (isolated by
their autolysis procedure with toluene followed hy trypsin diges-
tion) that treatment with phenol extracted a lipoprotein. The
walls remain, thinner and more frascile, but they still have their
bacillary form. ‘tnese residual walls are composed of a lipopoly=-
saccharnle nssociated vith several awino acids.  The amino acids
can he broken down with tae help of tie phige T, enzyme (34) and
identified in the hvdrolyzate hy paper chromatojgraphy . The re-
snlts ohtained by .cidel et al. confirm the earlier experiments
of weidel and Koeh (13) in wiich the wall amino acids were colored
hy dinitrofluorhenrcene (12). The phase action on these colored
walls caused them to hecome decolorized. (These same phenomena
were independently confirmed by Barrinrton and Kozleff with radie-
isotopes [41).

We have heen ahle to show that L.S. produced an analogous
deconlorization on =iuch colored walls and, by paper chromatography,
that phenol and L.s. extracted exiactly the same substances either
on Weidel's walls or on walls ohtained in Mickle's disintegrator.
This extraction is certainly a primory, immediate action of the
detergent. To us, the induction of an enzymatic action secems ex-
cluded for the followinz two reasons:

1. The extraction speed at different temperature (37° and
0°) varies relatively little, which is more consistent with what
is expected of a chemical reaction.

5. The wills obtained by digestion according to Weidel
almost certainly contain no active cnnymes any longer.

The observation tnat autoclived walls treated with formol
or 0s0, arz no longer extractable with L.S. is somewhat troubling
ac first sight. iowever, contrary to the results of Dawson et al.
(7), the addition of the superaatant of an old culture doecs not
help to start the extraction on autoclaved membranca. Thus, it

can he concluded that these three actions denature the lipoproteins,
makine extraction imnossible.

Observed in the electron microscope after extraction, the
walls are greatly attenuated; bhut with gross ohservation, it is
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Lpessibic Lo obivarn Jrveis o

tfurtataon va the structural chlingsces
that follovwed treationt. I

18 poss:hle Lthat Ltee observation of
ultratuin =scctiovns can vehoa! the places suere L,,5. acts. The
first observations show 1aat tae 4. coli wall is composed of three
layers, one of which is wrobably Tipoprotein (1),

Doermann {¥) shovwed that the ceils 1atected with o great
nuwaber of T, phares are isuediately lysed after infection without
the phages nultiplyving (lysis from the exterior). This particu-
lar reaction is wore marned for nonmetabolizing cells. Tt was
suggested by weidel {nersonal comnunication) that this same infee-
tion of the cells by a large number of T4 phapes allows sphero-
plasts to be produced if a hypertonic medium is used. We showed
that such is indeed the case.  We know that the phage acts ex-
clusively on the amino acid hénds of the lipopolysaccharide layer.
These observations thus prove that the solidity of the cell in its
bacillary form is c¢ffectively conditioned by these bonds. DPeni-
cillin, when it preduces spheroplasts, is supposed to intervene
either in the synthesis or in the process of incorporation of am-
ino acids in the lipopolysaccharide of the cell wall (24). In
this case, it is not surprising that we atain sce the production
of spheroplasts, this time in the presenve of aclive metabolism.
Lysozyme would act cqually on the polysaccharide complex to pro-
duce apheroplasts with all the species of bhacteria studied (20, 21,
22, 26, 30, 32, 36). It is probable that the spheroplast envelope
of the coli is wmade up, in addition to the cytoplasmic membhrane,
of wall residues in an incolierent form. Be that as it may, L.S.
acts instantancously on these spheroplast envelopes, causing ex-
tremely rapid lysis of the cell. e find no more cenvelopes, us
was the case durin- an osmotic shock (32). Thus, this action can
only be nrimary and not the conscequence of a chain of reactions
releascd elsewhere. These observations are in perfect accord with
those of Tomesik (29) who reports the iwpussibility of obtaining
spheroplasts after treatment with cationic detergents,

Let us consider now the lysis of tne bhacillary cell. It is
obvious that L.3. acts on the cell envelopes by denaturation than
by extraction of the lipoproteins, A progressive loss of protoplasm
follows but without the cell losing its shape. This cytolysis is
certainly rolated to enzyvimatic activons: it is greatly slowed at
0° as compared with higher temperatures. Tie autolytic enzymes
degrade the protoplasm so as to form sufficiently small particles
to diffuse throurh the residual wall. This process is thus ncces-
garily slower than the lysis of the spheroplast, in which the dis-
solvine o1l the envelope imucdiately liberates the contents.
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why as Lo elinotisatasy eoll uanaffected by the detergent?
In the case of .- ;

. St U obe adactted that it is not ithe action
w”xch 1s inbhibited, Hat it is wmore a auestion of a dynamic cqui-
Librinam. The extracted substance(s) are constantly replaced by the
metabolizing cell. Il this supplerentary effui't is to have visible
effect on the grouwin rate of the cell, this ~ubstance to be re-
placed must be present in only relatively small quantities. This
conclusion at oence oxclmles the possibility of ti- sctergent freely
penetrating into tne cell. Tne concentrations necessary for lysis
(0,05 mz./ml. of L.s. lyses 0.05 mz/wl. of hacteria) would actual-
ly be enouzh to denature practically all the proteins. We are thus
forced to adamit tiat the metabolizing cell is impermeable to the
detergent.  From there it id4 only one ~tep to pretending that the
halting of metubniism also changes the permeability. We know in
effect that perucubiility ~an vary greatly with the metabolic state
of the cell (6, 23). Lark (16) showed that the bacteria labelled
with P2 loses most of this radioactive phosphorus as soon as they
are centrifuged, even at low temperatures. Actually, in the sedi-
mentation deposit, the conditions are similar to a nutritive star-
vation with total anacrohiosis. The halting of metabolism thus
increases cell permeability, allowing the detergent to freely pene-
trate and to exert its denaturing influence on all the proteins
that it meets, This interpretalion of the mode of action of 1..S.
on nonmectal~lizing £. coli cells secems to be in agrecment with the -
essential vesults of this work.
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Summary

Sodium laurylsulfate (L.S.) lyses k. coli cells when their .
metabolism is halted or inhibited by any of a number of antimétab~'

olites. Actively growinm cells are completely unaffected. We M oma

showdfi by paper chromatography that L.S. extracts the lipoprotein
of free cell walls exactly as phenol does. L.S, hns an extremely
rapid lytic action on globular forms of L. coli, '

the probable mechanism of the cytolysis of nonmetaholfzing wholo
cells, . i

(4 - R
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