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SUMMARY 

Lysozyme fails to penetrate through the outer membrane of  stationary phase 
cells of Escherichia coli when it is simply added to suspensions of  plasmolyzed cells. 
Lysozyme penetrates the outer membrane only when these cells are exposed to a 
mild osmotic shock in the presence of E D T A  and lysozyme. 

In the presence of Mg 2+, the outer membrane is stabilized sufficiently so that 
there is no lysozyme penetration during osmotic shock. If Mg 2+ is added after an 
osmotic shock has been used to cause lysozyme to penetrate a destabilized outer 
membrane, the outer membrane is stabilized once again. In this case however, cells 
arc converted to spheroplasts by the lysozyme which has gained access to the murein 
layer prior to the addition of Mg 2+. Mg 2+ stabilizes the outer membranes of  these 
spheroplasts sufficiently so that they remain immune to lysis even in the absence of 
osmotic stabilizers such as sucrose. 

These results arc "~iscussed i~ terms of  current information on the structure 
of  the murein layer and the outer m~.~mbrane. 

Ib~rTRODUCTION 

Gram-negative cells are surrounded by an envelope which consists of  an inner 
cytoplasmic membrane, a murein layer, and an outer membrane [1 ]. Such cells can 
be converted to spheroplasts by removal of  the intermediate murein layer; this is 
t,sually accomplished by enzymatic degradation with lysozyme [2-12]. 

The success of  lysozyme in converting gram-negative cells to spheroplasts raises 
the interesting question of ho~v this enzyme penetrates through the outer membrane,  
sin~e recent evidence indicates that this membrane, which shields the murein layer 
from the external environment, is permeable only to small molecules with molecular 
weights of up to 900--1000 [13]. This problem is partially eliminated by the fact that  
lysozyme treatments are carried out in plasmolyzing buffers [2-6, 8, 12] w~ich 

Abbreviations: Tris/EDTA/sucrose buffer, 200 mM Tris • HCI/0.5 mM EDTAJ0.5 M sucrose 
(pH 8.0); Tris/EDTA/sucrose lysozym© treatment, lysozym© tream~ent of cells suspended in Tris/ 
EDTA]sucroso buffer. 
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contain Tris and/or EDTA to destabilize the outer membrane [2-11]. Nevertheless, 
in most of these treatments large amounts of lysozyme* are used to degrade the cell 
murein, indicating that the extent of  lysozyme access to murein remains unsatis- 
factory. Moreover, while these procedures work with exponentially growing cells, 
they fail with stationary phase cells, the outer membrane of which is more resistant 
to destabilizers such as "Iris and. EDTA [12, 15]. 

We have recently become interested in the membranes of stationary phase 
Escherichia coli [16]. To isol~te and purify these me,~branes it was necessary to 
develop a ne,v procecture to prepare spheroplasts from stationary phase cells; the 
resulting procedure is very effective in rendering such cells susceptible to small 
amounts of lysozyme [j5]. In the course of  developing this procedure we became 
interested in the mechanism which caused the effective penetration of lysozyme 
through the outer membrane of stationary phase cells. 

In this paper we show that it is not sufficient to merely plasmolyze the cell~ 
and destabilize the outer men~brane. Instead, it is necessary to drive lysozyme through 
the outer membrane by m~a:~s of a transient influx of water, which is engendered by 
a mild osmotic shock. The ,.'ffectiveness of the osmotic shock depends on the state 
of the outer membrane; it is successful when the outer membrane is destabilized with 
EDTA, and unsuccessful wYaen the outer membrane is stabilized with M g  2 + * * .  

M A T E R I A L S  A N D  M E T H O D S  

Cell growth 
Stationary phase cultures of E. coli JC4! 1 (leu- his- arg-  met -  la<'- mal-  

x y l -  ~ t l -  str') and E. coil W3110 were grown in minimal media as describ.~d pre- 
viously [15, 16]. The harvested cells, centriful;ed 5000×0 for 10 min at 0-4 °C, 
were suspended in 1 mM MgCIz and 200 mM T r i s - H C I  (pH 8.0) to a density of  
25 mg/ml, stored on ice, and used for the prod'notion of  spheroplasts over a period 
of  8 h. MgCI2 prevented autolysis. Cell densities (dry mass) were determine~1 as 
described previously [17]. 

Lysozyme treatment 
The lysozyme t.reatment described below is an analytical variant of  the 

procedure described previously [15]. To 0.2 ml suspended cells was added 0.3 ml 
200 mM Tris .  HCI (pH 8.0). This time was defined as zero minu',es. At I min, 5 t~l 
100 mM EDTA (pH 7.6) was added. At 2 min, 0.5 ml 1 M sucrose in 200 mM 
Tris-  HCI (pH 8.0) (Tris/st~crose) was added. Thus, given the exvess of  EDTA over 
Mg 2+, these cells were in fact suspended in a Tr~s/EDTA/sucrose buffer (200 mM 
"Iris-HCI/0.5 mM EDTA/0.5 M sucrose (pH 8.0). At 3.5 rain, 20 ltl lysozyme 
(EC 3.2.1.17, C.F. Boehringer und Soehne GmbH,  Mannheim, G.F.R.,  0.55 mg/ml 
in 200 mM T r i s - H C !  (pH 8.0) was added to the Tris/EDTA/sucrose suspended 

* The  a m o u n t  o f  lysozymo u.~d is o f ten  10-50 °//o o f  the t:ell dry  mass [4, 5, 7-10];  giv©l~ t ha t  
mur¢in ace©trots for  on ly  1.2 ~/o o f  the coil dry  mass [14], n ~ n y  lysozymo t rea tments  employ alt 
8--40-fold (w/w) ©xc©ss o f  ©nzymo over  substrato.  

**  A pre l iminary  repor t  o f  this  work  was presented at  the 1974 Sympos ium o n  Th© Bacterial  
Cell Envelope  hold in Ltmtoren,  The  Nether lands .  
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cells. At 4 rain, the cells were exposed to a mild osmotic shock by the addition of 1 ml 
water. 

In the experiments of Figs. 1 and 2 there was no mild osmotic shock. These 
experiments were started by adding 0.4 ml 200 mM Tris .  HCI (pH 8.0) to 0.1 ml 
suspended cells at zero minutes. EDTA and Tris/sucrose were added as above, ¢nd 
10/~l lysozyme solution was added at 3.5 rain, so that the final cell and lysozyme 
concentrations were identical in all experiments. 

The effect ofthese procedures was determined by two criteria. The conversion 
of  rod shaped cells to spheres was followed by phase contrast microscopy. Osmotic 
sensitivity was measured turbidimetrically; the time course of  lysis was followed by 
recording A,so  on a Caxy I5 spectrophotometer immediately (within 10 s) after a 
portion of  a treated cell suspension had been diluted 11-fold in either 10 mM EDTA 
(pH 7.6), water, or 20 mM MgCI,. 

Fig. 1 shows how these experiments were set up; dilutions were made at 
various times after the onset of  the Tris/EDTA/sucrose lysozyme treatment, and 
the corresponding lysis curves (A4s0 vs. time) were obtained. Figs 2-4 are compressed 
versions of  Fig. 1; the lime at which each dilution was made is indicated for the 
corresponding lysis curve. It always took from 8 to 10 s before a given dilution had 
been completed and inserted in the spectrophotometer, and the lysis curves of Figs. 
2-4 therefore did not start at zero time. In some experiments there was a significant 
amount  of  cell lysis during the initial nonrecorded 8-10 s; therefore the recorded 
portions of  the different iysis curves obtained in such experiments did not necessarily 
start at the same absorbance (Figs. 3a, b, and 4a). 

RESULTS 

When does O,sozyme attack the murein layer o f  stationary phase cells? 
A suspension of  stationary phase E. coil W3110 was diluted into Tris/EDTA/ 

suc~'ose buffer by sequential addition of the buffer components at 0, 1, and 2 rain as 
described in Materials and Methods and as indicated in Fig. 1. Lysozyme was added 
at 3.5 rain to a concentration of  5.5 #g/ml; there was no mild bsmotic shock. A 
portion of the resulting lysozyme treated Tr is /EDTA/sucro~ suspension was imme- 
diately diluted I l-fold with 10 m M  EDTA. Curve 1 shows that  the cells lysed steadily 
after dilution, indicating lysozyme activity in the cuvette, i t  might have been expected 
that lysozyme should be active in the Tris/EDTA/sucrose suspension as well, because 
the cells were plasmolyzed [2, 6, 12], and because the outer membrane was desta- 
bilized by EDTA [9]; the fraction of  osmoticaUy sensitive cells in the lysozyme treated 
Tris/EDTA/sucrose suspension should therefore have increased with time. Such 
osmotically sensitive cells should lyse immediately upon I l-fold dilution into l0 m M  
EDTA; subsequent cell lysis curves could therefore have been expected to start at 
progressively lower absorbances as the lysozyme incubation proceeded. Fig. 1 shows, 
however, that  lysis curves obtained at 8, 12, and 20 rain were essentia!ly identical to 
the first lysis curve, which was obtained only 10 s after the addition of lysozyme. Thus, 
there was no detectable lysozyme activity in the lysozv~ne treated Tris/EDTA/sucrose 
suspension, at least as judged by absorbance measurements. 

Further  evidence that lysozyme was inactive prior to dilution is shown in Fig. 
2b. An experiment similar to that of  Fig. 1 was carried out, except that lysozyme was 



537 

10 ~ : 

E 

~r, 06 
w: 

L I n 

O~ 
odchhon$ 

! 

l + I ' I T ] ' I '- [ s [ 

l I ,I, + 

EUIA ~ ED[~ 

curve 2: curve 3 
curve 1 

I Z  

0 I ' I ' I ' I ' I ' I 
0 z,, 8 

I ' ] ' l ! 
curve e, 
Hg +" 

, i ~ ] - ,  

curve 6 
HCj'" - -  

curve 5 

l 

dl|uh0os 

1~ 14 is ;6' 
' ~ ' i ' ! ' ! ' I ' ~ 1  ' ~ - '  ~[ ' 

1Z 15 20 2~, 

lpme (minutes) 

ZB 

Fig. 1, Effect of lysozyme on the osmotic sensitivity of stationary phase E. coli W3110. Tris, EDTA 
and Tris/sucrose were added to a cell sttspensio~ to final concentrations of 200 mM Tris-HCI 
([H 8.0), 0.5 mM EDTA, and 0.5 M sucrose. Lysozyme was added at 3.5 mirt to a concentration 
of 5.5/Jg/ml. The osmotic sensitivity of the resulting suspension was determined at various t_~mes after 
the addition of lysozyme by diluting portions of the suspension I 1-fold and following the absorbance 
lbr about 4 mitt. Dilutions were carried out in 10 mM EDTA (curves 1, 2, 3, and 5) and in 20 mM 
IMgCIz (curves .4 and 6). 

no t  added  to the Tr i s /EDTA/sucrose  suspended cells at 3.5 rain. instead,  lysozyme 
was present  in the diluents in which the ]! 1-fold dilutions were carr ied out  at  a final 
concent ra t ion  o f  0.5 pg/ml;  thus,  the final lysozyme concent ra t ion  after dilution was 
identical in bo th  experiments.  The lysis curves of  Fig. ! have been redrawn in Fig. 2a 
to  facilitate compar i son  between these curves and  those of  Fig. 2b. Whe the r  lysozyme 
was added  before (Fig. 2a) or  was present  only dur ing  a n d  after (Fig. 2b) I l - told  
di lut ion into 10 m M  EDTA,  the resul t ing lysis curves were identical. 

The  act ivat ion of lysozy~te  after di lut ion into 10 m M  E D T A  was not  related to 
the E D T A  as such;  similar results were obta ined  when water  was used as a diluent.  In 
addi t ion,  s ta t ionary  phase cells o f  E. coil W3110 remained  resistant  to lysozyme 
pr ior  to di lut ion when the E D T A  concent ra t ion  in the Tr i s /EDTA/sucrose  buffer was 
varied f rom 0.5 to  45 raM. 

The  presence of  Mg z+ in the di luent  prevented celt lysis, as can be seen in Fig. 
2. Whe the r  lysozyme was present  before (Fig. 2a), no t  at  all (Fig. 2b) or  dur ing  (Fig. 
2b)  di lut ion into 20 m M  MgCl2, ceils simply failed to  lyse in this diluent. When  
lysozyme was omit ted al together,  and  Tr i s /EDTA/sucrose  suspended cells were 
di luted into  10 m M  E D T A ,  there  was no  lysis (Fig. 2b). The  experiments  of  Fig. 2 
have also been carried ou t  with s ta t ionary  phase E. coil JC41 I, with identical results. 

Passage o f  lysozyme through the outer membrane during osmotic shock 
The tr iggering of  lysozyme activity by I 1-fold di lut ion in 10 m M  E D T A  or 

water  was probably  related to the drast ic  osmotic  shock  which resulted from such 



538 

E 
e - -  

1.0 i 

0.8 

O.G 

0.~ 

O T" ' J " 

MS"" 
~ z ~ , '  
_.  IG' .._ 

m 

OTA 

- 

~ -  3' 40" 

~2i'- Lysozyme added - -  

to cell suspension 

0 L , I_ , I 

0 2 4 

I b '  I ~ I 

Hg" 

/~ ¢ -z4""~-, g': Ly - -  

~ /lz' Em A 
\32' 

- -  ~ - - ~ _ ~ I : ) I A .  Ly - -  

- 3' ~ i2 .0~ j  - 

Lysozyme adciad 
to diluen-'. 

, i , I 
0 2 ~, 

time (minutes) 
Fig. 2. Effect o f  lysozyme on  s ta t ionary  phase ~'. co/ /W3110,  when added before and  af ter  1 l - fo ld  
dilution o f  cells suspended in Tr is /EDTA/stwrose  buffer, The conditions o f  this e x t s e r ~ n t  were 
similar to those o f  Fig. 1, e x ~ p t  as  noted. (a)  Lysozyme was added  to a concentrat ion o f  5 .$pg /ml  
at  3.5 min,  af ter  whict por t ions  o f  this suspension were diluted l l . fo ld  into 10 m M  EDTP.  o r  
20 m M  MgCIz, a ,  the t imes indicated Thes© da ta  are iden t i~!  to those o f  Fig. I ,  bu t  replotted to 
facilitate compar ison  o f  the  different curves. (b) Ce lh  suspended in T r ~ E D T A / s u c r o s e  buffer were  
di luted l l - fo ld  into 1 0 m M  E D T A ,  2 0 r a m  MIKCI=, o r  the  same dihaents containing 0.5/zctml 
lysozynte. 

dilutions. The effect of  a milder osmotic shock was therefore examined. Fig. 3a shows 
that  when lysozyme treated cells were diluted 2-fold in water at 4 rain (30 s after the 
addidon of  lysozyme, Fig. 1) and subsequently diluted 11-fold into 10 mM EDTA at 
different times, the resulting lysis curves were no longer ~uperimposal:le as was the 
case in Fig. 2. Instead, the I 1-fold dilutions caused successively more lysis as the time 
betm~-en the mild osmotic shock (2-fold dilution in water) and the I 1-fold dilution in 
EDTA increased, indicating that  lysozyme degraded the murein layer after mild 
osmotic shock. When lysozyme was added 30 s after, inste~l of  before the mild 
osmotic shock, the activity of  lysozyme on the shocked cells was considerably less, as 
shown in Fig. 3b. This effect was even more dramatic with E. coli JCAI 1, where the 
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Fig. 3. Effect of  mild osmotic shock on the acces~:ibility of  E. coil W31 IO muk'©in to lysozyme. Tris! 
Ei)TAJsucroso suspensions (1 ml) were prepared con'.~ain~ng tw~c~ -he ceil density used hx Fig. 2, 
(u) Lysozymo was added to 11 ~gtml at 3,5 rain, followed by 1 ml water at 4 rain. thus reducing 
both cell and I~ozymc concentrations to those t:sod in the experiment of Fig. 2a. ~Portions of  this 
.=uspension were diluted into I0 m]V[ EDTA or ~0 ra i l  MgCIa at the times showlt. (b) Identical 
to a, except that I rill water was ~ddml at 3.5 n!.in, followed by lysozyme after 4 rain, zo a fin~-I 
concentration of  5.5 gg/ml. (c) Identical to a, except that I ml Tris/EDTA/sucrose b~Jdi'er was added 
instead of water at 4 rain. 

addit iov.  : ~' ~ysozyme af te r  m i l d  o s m o t i c  s~ock  a l lowed  n o  l y s o z y m e  pen , : t r a t ion  eveu  
w h e n  lys : 'yme was  a d d e d  as  fas t  as possil~::e ~d'ter mi ld  o s m o t i c  shock .  T h u s ,  the  mi ld  
o s m o t i c  s h o c k  c a u s e d  by  2-fo ld  di luzion a p p e a r e d  t o  cause  a t r an s i en t  iv, c rease  in t h e  
p e r m e a b i l i t y  o f  t he  o u t e r  m e m b r a n e  t o  l y sozyme .  Opt im~J p e n e t r a t i o n  o c c u r r e d  on ly  
w h e n  l y s o z y m e  was  p r e s e n t  d i n i n g  mi ld  o s m o t i c  shock .  W h e n  the  T r i s / E D T A /  
suc rose  s u s p e n d e d ,  l y s o z y m e  t r e a t e d  cells were  dilu.ted in to  Tr~s /EDTA/s :~crose  buffer  
i n s t e a d  o f w a t e r  t he re  was  n o  o s m o t i c  shock .  Fig.  3c show~ t.hat u n d e r  the  ;e c o n d i t i o n s  
t h e  resul ts  r e s e m b l e d  t h o se  o f  Fig.  2a, i m p l y i n g  t h a t  t h e r e  was  cssent ia i ly  no  m u r e i n  
d e g r a d a t i o n  p r i o r  t o  I i - fo ld  d i l u t i on  i n t o  10 m M  E D T A .  

E f f e c t  o f  BXg 2 + on the ~ c e s s i b i l i t y  o f  t.'.w mure in  layer to l y s o z y m e  
Fig.  4a  shows  t h a t  M g  2+ d i d  n o t  inh ib i t  t he  ac t i on  o f  l y s o z y m e  o n  mur¢ in .  

W h e n  l y s o z y m e  was  a d d e d  t o  T r i s / E D T A / s u c r o s e  s u s p e n d e d  cells a t  3.5 m i n u t e s ,  
f o l l owed  b y  mi ld  o s m o t i c  s h o c k  a t  4 rain,  a n d  MgCl2  was  a d d e d  t o  a final c o n c e n -  
t r a t i o n  o f  25 m M  at  4.5 rain,  l y s o z y m e  a c t e d  o n  these  cells p r i o r  t o  the i r  s u b s e q u e n t  
d i l u t i o n  i n  10 m M  E D T A  ( c o m p a r e  Figs .  4a  a n d  3a).  W h e n  M g  z + was  a d d e d  p r i o r  t o  
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Fig. 4. Effect of M82 + on the hydrolysis of mureia by lysozyme. (a) Coils were treated as described 
for Fig. 3a, except that Mg a ÷ was adt~ ~t to 25 mM after the mild osmotic shock; 50/41 1 M MgCla 
was added at 4.5 min. Portions of ~is  suspension were diluted irtto 10 mM EDTA and 20 mM 
MgCI2 at the times shown. Co) Ide~t~ca~ to a, except that Mg a+ was added prior to osmotic shock; 
50 p ! i M MgCIz was added at 4 rain, followed by 1 ml water at 4.5 rain. 

t h e  mi ld  osmot i c  s h o c k  howeve r  (bu t  fo l lowing the  add i t i on  o f  lysozyme t o  the  cells),  
mi ld  o smot i c  s h o c k  h a d  n o  effect in r ende r ing  m u r e i n  accessible t o  lysozyme,  as  
s h o w n  in Fig.  4b, wh ich  is essent ia l ly  ident ica l  t o  Fig.  2a. T h u s ,  lV[g 2+ s tabi l ized the  
o u t e r  m e m b r a n e  o f  s t a t i ona ry  phase  cells t o  such  an  ex ten t  t h a t  mi ld  o s m o t i c  s h o c k  
fa i led  to  cause  lysozyme pene t ra t ion .  

Effect o f  Mo  2 + on the stability o f  stationary phase spheroplasts 
T h e  T r i s / E D T A ] s u c r o s e  lysozyme t r e a t m e n t  renderect  s t a t i ona ry  p | ~ s e  cells 

spher ica l  as  well as  osmot ica l ly  sensit ive [15, 16]. Never the less ,  while  osmot ica l ly  
sensi t ive  cells were  a lways  spherical ,  spher ical  cells were  n o t  necessar i ly  a lways  
o smot i ca l l y  sensit ive.  Sp~if ica l ly ,  spher ica l  cells (af ter  lysozymc t r e a t m e d t )  were  
r e s i s t an t  t o  i l - fo ld  d i lu t ion  in  20 m M  MgCI2.  This  was  t rue  even  w h e n  lysozyme h a d  
obv ious ly  ac ted  on  the  m u r e i n  layer  as  j u d g e d  by the  fact  t h a t  t he  cells were  p r o -  
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gressively more susc()ptible to lysis in 1 0 m M  EDTA (Figs 3a and 4a); even after 
prolonged lysozyme ~treatment (up to 4 h) the spheroplasts were as stable to dilution 
into 20 m M  MgCI2 a~ to dilution into osmotic stabilizers. About two-thirds of these 
spheroplasts lysed within 15 s when diluted l l-fold into 1 0 m M  EDTA (data not 
shown). 

D I S C U S S I O N  

Lysozyme activity before and after osmotic shock 
The addition of  lysozyme to a suspension of plasmolyzed stationazy phase 

cells, the outer membrane of  which was destabilized with EDTA, resulted ia little if 
any murein hydrolysis. Lysozyme became active only after the ceil~ were shocked 
osmotically. It was possible to reduce the extent of  the osmotic shock sufficiently so 
that  there was no cell lysis, even though lysozyme still gained access to the murein 
layer, as shown in Fig. 3. The presence of  EDTA facilitated, while Mg 2+ prevented 
the action of  lysozyme during the osmotic shock, as sho~n in Fig. 4. 

These results are in clear contrast with the situation for exponentially growing 
cells, whe~  the action of  lysozyme is generally taken to be straightforward; lysozyme 
is added to a suspension of  plasmolyzed cells, it gains access to the murein layer, and it 
proceeds to hydrolyze this layer [2-12, 18]. 

Penetration o f  lysozyme through the outer membra~.e aad murein layer o f  stationary 
phase E. coil 

The murein of  E. cell consists of  parallel polysaccharide chains which are 
crosslinked by peptide bridges [14, 19, 20], as indicated in Fig. 5. About  l0  % of  the 
murein peptides are bound to the outer membrane lipoprotein [21-23], and the 
peptide side of  the murein layer must  therefore face the outer membrane.  Since the 
murein peptides do not fit in the lysozyme groove [24], lysozyme can bind to a 
polys~ccharide chain only f rom the inside surface of the murein layer [22]. Thus, 
lysozyme must penetrate both the outer membrane and the murein layer before it can 
hydrolyze the murein polysaceharide chains. 

The results of  this paper show that  this penetration is greatly enhanced by 
osmotic shock in the presence of  F, DTA. The penetration of  lysozyme could be 
nonspecific: fissures may b¢ created in the outer membrane,  which permit the entry of  
lysozyme, just as they ailo~ the release of  periplasrnic proteins [25" Aevet~heless, the 
outer membrane is anchored to the murein layer via the lipopruceJn [21-23, 26] at 
about  250000 sites per cell: or approx, every 13 nm 2 on average [14]. Given a 
thickness of 7.5 nm [26], it is difficult to see how such small and relatively thick mem- 
brane segments might be ruptured sufficiently to allow the penetration of  lysozyme, 
which has a cross-.s~.~'tional surface of about  8 nm z [24, 27]. In fact, no rupturing of  
the outer membrane of  stationary phase spheroplasts has b ~ n  detected by electron 
mi~,roscopy (ref. 15 and unpublished results). In addition, the penetrability caused by 
mild osmotic shock is transient, indicating that there can be no gross damage to the 
outer membrane. 

An alternative to a nonspecific effect of  osmotic silock is that  lysozyme might  
be driven Lhrough the outer membrane channels postulated by Inouye [26]; lysozyme, 
which resembles a sphere with a di~uneter of  3.2 nm [24, 27], could penetrate through 
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Fig. 5. Possible model  for the penetrat ion o f  lysozyme through the outer membrane  aria murein 
layer. The murein  pol~'~accharide chains are indicated by parallel  lines. The  murein peptides originate 
at  the shor t  verticel marks.  Abou t  18 %* o f  them form intercha/n crosslinlcs [19], about  I0 % o f  them 
are l inked to  the ¢,utcr membrane  l ipoprotein [21-23], while the others form interchain crosslinks or  
r o m a n  free (not .<~own). The empty  spaces indicate gaps in tl,.e mur¢in layer [14, 20]. Cylindrical  
assemblies o f  lipo:~rotein form channels in  the  outer  membrane  [26l through which lysozyme might  
pcnetralo, as she~  ~ for the middle channel  (fe¢ text for details). 

an outer membrare  channel formed by 12 lipoprotein molecules [26], as illustrated in 
FiE, 5. Such presumed channels are lined internally with negative charges [26], and 
the inrush of  water which results from an osmotic shock might be necessary to drive 
lhe positively charged lysozyme molecules [24] past these negative charges. 

Outer membrane channels, if they exist., should be closed to molecules with 
molecular weights in excess of 1000 [13]. Mg =+ might normally block these channels 
by forming ionic bridges between the negative charges within the channels, thereby 
preventing the entry of  lysozyme upon mild osmotic shock, The addition of  Mg 2+ 
after lysozyme has been shocked through a channel might reblock thvt channel, but 
should have no effect o ,  the activity of the lysozyme which has already penetrated 
underneath the murein layer (Fig. 4a). 

Even airier ~enetrating through the outer membrane and the murein layer, 
lysozyme cannot bind l o polysaccharide chains that are stacked as closely as predicted 
by Formanek  e ta[ ,  [20]. Before a hexasaccharide segment can fit into the lysozyme 
cleft, the distance between the substrate chain and the two neighbouring polysaccha- 
. [de chains mus t increase from the 0.44 nm predicted by Formanek et al. [20] to at 

The ~'alues o f  Schwarz and  l~u tgeb  [19] concerned on ly  peptidzs which were free o r  cross- 
l inked to  each other.  Since l 0 ~ o f t h e  peptides are l inked to  outer membrane  l ipopro te~  [23] the data  
o f  S c h w ~ z  and  Leutgeb [!9] were used to calculate the  distr ibut ion o f  ~.he 90 ~ remaining peptides. 
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least 1.2 to 1.5 nm [27]. Braun et aJ. [14] have determinetx for several strains o r E .  coil 
that  on the average there is one mure in  unit  per  1.29 n m  2 of  cell surface. Since each  
mure in  uni t  occupies 0.45 nm 2 in the structure determined by F o r m a n e k  et al. [20], 
the murein  of E. coil is likely to consist of  a monolayer  interrupted by gaps over  
a b o u t  65 ~ of its surface, as shown in Fig. 5, providing room for distension of adjacent  
polysacchat ide  chains near  such gaps. The sudden water  influx, due to  osmotic  shock,  
may  increase the distance between adjacent  polysaccharide chains near  these gaps in 
the mure in  laver; this distance can potent ial ly increase f rom 0.44 n m  [20] to  abou t  
4 n m  when t~.e peptide crossliuk~, between adjacent  polysaccharide chains are fully 
extended [14]. Thus,  it is possible tha t  the mild osmotic  shock acts to loosen the 
murein  s t ructure in addit ion to  Mlowing lysozyme penet ra t ion th rough  the outer  mem-  
brane.  

Stabilizotion o f  stationary phase spheroplasts by Mg 2+ 
The Tr is /EDTA/sucrose  lysozyme t rea tment  converted s ta t ionary phase rod  

shaped cells to spherophlsts  very effectively. Nevertheless, there was no  simple 
correlat ion between sphere format ion  and  osmotic  sensitivity; while spheroplas ts  
lysed upon  1 l-fold di lut ion in water  or  10 m M  E D T A ,  they wi ths tood the same di lu-  
t ion in 20 m M  Mg 2+ (Figs 3a and  4a). 

Thus,  the outer  m e m b r a n e  plays a role in protect ing s ta t ionary phase  cells 
f rom dilution. Osmot ic  sensitivity arises only if lysozyme has degraded the mure in  
layer and E D T A  has destabilized the outer  membrane .  Al though E D T A  weakens  the 
in*.eractions between outer  m e m b r a n e  components  ( l ipopolysaccharides,  proteins ,  
phosphol ip ids  [2g-30]), it p robab ly  causes no  large scale damage;  spheroplas ts  f rom 
sta t ionary phase cells were stabilized qu.antitatively when  M g  2+ was added within a 
few minutes  after lysozyme t reatment ,  indicating tha t  the outer  m e m b r a n e  still 
covered these spheroplasts  completely.  This was also seen in thin ~ections o f  M g  2+ 
stabilized spheroplasts  (unpubl ished results). 

These results are in contras t  to  t~Lose found for ~pheroplasts f rom exponent ia l  
phase  cells. E D T A  t rea tment  of  such spheroplasts  ruptures  the outer  m e m b r a n e  [2], 
while 5 m M  MgClz has b u n  used to  lyse spheroplasts  of  exponent ia l  phase  cells 
[4, 8, 31 ]. Thus,  ~he outer  m e m b r a n e  of  s ta t ionary phase  cells appears  to  be signifi- 
cant ly  more  stable than  that  of  exponent ia l  phase  cells. 
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