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Summary 

Lysates of  induced E. coli (X) lysogens contain two enzymes acting on 
murein: endopeptidase and murein transglycosylase. The transglycosylase was 
separated from the endopeptidase and purified to homogeneity.  Its bacteri- 
olytic activity was 200-fold higher than that of  hen egg lysozyme. The bacteri- 
olytic activity of  the lysate depends on the presence of  the enzyme. The endo- 
peptidase alone does not  lyse the cells, but  it enhances the extent  of lysis. The 
properties of  the transglycosylase (molecular weight 17 500, pH opt imum at 
6.6, inactivation by  Zn2+), show that it is entirely different from the bacterial 
enzyme of the same specificity described by others. Data are presented, which 
suggest that  this enzyme is the phage X R-gene product .  

Int roduct ion 

Lysates of  induced E. coli (X) cells contain two enzymes which might be 
responsible for murein degradation during the lysis. One of them is endopep- 
tidase, which hydrolyses the crosslinking murein peptide bonds [1 ]. The other 
is murein transglycosylase which splits the 1-4-glycosidic bonds in murein with 
concomitant  internal transfer of  the reducing group of  muramic acid to carbon 
6 of the same molecule, resulting in the formation of  1,6-anhydro-N-acetyl- 
muramic acid residue [2] present in the main product  of  E. coli murein diges- 
tion, muropept ide CA [3].  A bacteriolytic enzyme from the E. coli (X) lysate 
was purified to homogenei ty  by Black and Hogness [4],  but  the purification 

Abbreviations: Mttropeptide CA. GlcNac-~-l-4-1, 6-anhydro-MurNac-LAla-DGlu-msA 2 pm-DAla; muropep- 
tide C6, GlcNac-fl-l-4-MurNac-LAla-DGlu-msA2Pm-DAla; Mttropeptide C3, dimer of C6 units c o n n e c t e d  

by D-D peptide bonds between DAla and msA2Pm, meso-diaminopimelic acid; rivanoL 6,9-diamino-2- 
ethoxyacridine lactate. 
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was monitored only by measurement of bacteriolytic activity, hence the specb 
ficity of  the enzyme remained unknown.  The amino-acid sequence of  this 
enzyme was determined by  Imada and Tsugita [5] and its molecular weight 
(17 619--17 622) was calculated from the amino acid composition. 

The bacteriolytic activity of  phage k lysates is determined by k-genes R [6] 
and Rz [8] one might expect  that  the two enzymes present in the lysate corre- 
spond to these gene-products. It is known,  however,  that uninfected bacteria 
also contain enzymes of  the same specificities, presumably engaged in the bio- 
synthesis of  murein [8]. The bacterial transglycosylase is a protein with a 
molecular weight of about  65 000 [9]. At least two bacterial endopeptidases, 
which differ in their sensitivity to penicillin G, are known [8,10].  

It is not  possible to predict whether each of the two enzymes present in the 
phage k tysate would be able to bring about  the lysis if acting alone. We under- 
took  the separation of  the enzymes and the purification of murein transgly- 
cosylase from the lysate, to compare its properties with those described for the 
bacterial enzyme. We also needed the purified enzymes for the final establish- 
ment  of  the gene-protein relationships. 

Materials and Methods 

A concentrated solution of partly purified enzymes was prepared as previ- 
ously described [ 1,12],  by  rivanol t reatment  of  induced E. coti C600(~cI857) 
lysate (50 1), concentrat ion of  the enzymes on Amberlite CG-50 I and column 
chromatography on Amberli te CG-50 I with NaC1 (0--0, 6 M) gradient elution. 
The chromatography was repeated twice. The partly purified preparation (300 
ml) contained endopeptidase and transglycosylase activities. Its bacteriolytic 
activity corresponded to 10.6 units/pg protein and the purification factor was 
120 in relation to the starting lysate (Table I). 

Substrates and standard muropeptides. The previously described methods 
were used to prepare murein from E. coli B, as well as muropeptides C3, C6 
[13] and CA [3].  E. coli B freeze<lried cells, for the estimation of  bacteriolytic 
activity, were prepared according to the method of  Tsugita et al [12] and 
murein-lipoprotein as described by  Braun and Sieglin [14].  [3H]msA2pm- 
labelled murein-lipoprotein (0.5 mg murein/ml; 2,6 • 106 per mg murein) was a 
gift from Dr. U. Schwarz. 

Chemicals. Lysozyme (EC 3.2.1.17) from egg white, grade I and vancomycin 
were purchased from Sigma (U.S.A.), penicillin G from Polfa (Poland), moeno- 
mycin from Hoechst  (F.R.G.),  novobiocin from Medexport  (U.S.S:R.) and 
Sephadex G-75, CM Sephadex C-50 and protein molecular weight standards 
from Pharmacia, (Sweden). 

Analytical methods.  The bacteriolytic activity was estimated as previously 
[13] ,  by  following the decrease of turbidi ty of the freeze-dried E. coil B cells 
(test A). for the quantitative determination of  the bacteriolytic activity [3H]- 
msA2pm-labelled murein-lipoprotein was used and test B was carried out  
according to HSltje et al. [9].  The standard curves of  hen egg lysozyme were 
prepared; 1 bacteriolytic unit corresponding to the bacteriolytic activity of  
1/~g lysozyme. Protein was measured by  absorbance readings at 280 nm in a 
Pye-Unicam SP 8-100 spectrometer.  Before measurements all protein samples 
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were extensively dialysed against distilled water. Hen egg lysozyme was used as 
the protein standard. TLC was done on cellulose {5578, Merck) in n-butan-1- 
ol/acetic acid/water (4 : 1 : 5), upper phase, and developed twice at 30°C. Thin- 
layer electrophoresis was performed on cellulose plates (5576, Merck), at 
pH 1.9, 20 V/cm, for 85 min. The muropeptides were detected by ninhydrin. 
SDS-polyacrylamide gel electrophoresis was performed according to Laemmli 
[15] using 14--20% acrylamide gradient gels as suggested by Reeve [16].  The 
molecular weight was estimated with the aid of  protein molecular weight 
standards of Pharmacia. The buffer used was Tris-HC1/EDTA, 50 mM Tris-HC1 
buffer  pH 7.2, supplemented with EDTA to 2 mM. 

Results and Discussion 

The purification of  transglycosylase is shown in Table I. 

CM Sephadex C-50 chromatography 
The partly purified preparation of  the transglycosylase and endopeptidase 

(Materials and Methods) was subjected to further purification on a column of 
CM Sephadex C-50. The results are presented in Fig. 1. To determine the speci- 
ficity of  the enzymes present in the active fractions, 200 pl were taken from 
each of  them and dialysed against 100 mM ammonium acetate, pH 6.6, 50 pl of 
the solutions were then incubated overnight at 37°C with 100 pg of  murein or 
25 pg of  muropept ide C3. The samples were dried in vacuum and subjected to 
TLC and electrophoresis together with authentic muropeptides CA and C6 for 
identification of  the reaction products.  The presence of  transglycosylase was 
manifested by  the appearance of  muropept ide CA in murein digestion 

T A B L E  I 

P U R I F I C A T I O N  OF  M U R E I N  T R A N S G L Y C O S Y L A S E  F R O M  I N D U C E D  E. C O L I  C 6 0 0 ( ~ c 1 8 5 7 )  
L Y S A T E  

A b o v e  the  d o t t e d  l ine ;  p r e p a r a t i o n  of  s t a r t i ng  m a t e r i a l ,  the  pa r t ly  p u r i f i e d  e n z y m e  so lu t ion  (Mater ia ls  and  

M e t h o d s ) .  

P u r i f i c a t i o n  s t eps  V o l u m e  To ta l  a c t i v i t y  Yie ld  Spec i f ic  ac t iv i ty  Pur i f ica-  

(ml)  ( b a c t e r i o l y t i c  (%) (bac t e r io ly t i c  t i on  
un i t s )  * u n i t s / p g  p r o t e i n )  * f a c t o r  

L y s a t e  of  E. coli  (~) 48 0 0 0  1 200  0 0 0  100  

R i v a n o l  t r e a t m e n t  120  0 0 0  1 200  0 0 0  100  0 .09  1 
C o n c e n t r a t i o n  on  

A m b e r l i t e  C G 5 0  I 3 200  6 8 0  0 0 0  56 2.1 20 

I C h r o m a t o g r a p h y  on  
A m b e r l i t e  C G 5 0  I 1 4 0 0  6 2 0  0 0 0  51 4.8 50 

II C h r o m a t o g r a p h y  on  
A m b e r l i t e  C G 5 0  I 300  540  0 0 0  45  10.6 120 

C h r o m a t o g r a p h y  on  
C M S e p h a d e x  C-50 20 300  0 0 0  25 53.6  6 0 0  

G e l f f l ~ a t i o n  on  
S e p h a d e x  G-75 18 150  0 0 0  12 200 .0  2 200  

* Measu red  by  tes t  B. 
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Fig. 1. CM S e p h a d e x  C-50 c h r o m a t o g r a p h y  of  t ransg lycosy lase  and  e n d o p e p t i d a s e  f r o m  in d u ced  E. coli 
C 6 0 0  (•cI857)  lysa te .  The  pa r t ly  pur i f ied  p r e p a r a t i o n  (Materials  and  Methods )  was  d ia lysed  against  Tris- 
H C I / E D T A  b u f f e r  and  appl ied  to a CM Sephadex  C-50 c o l u m n  (1.6 X 40  cm) .  The  c o l u m n  was e lu ted  
wi th  a l inear  NaCI g rad ien t  (0--1 M) in the  same b u f f e r  (500  nil).  F rac t ions  of  10 ml  were  co l lec ted  at  a 
f low ra te  of  10  m l / h .  The i r  p ro t e in  c o n t e n t  was  m o n i t o r e d  con t inuous ly  b y  a b s o r b a n c e  readings  at  280 
n m  in a Uvicord  n I  LKB,  and  bac t e r io ly t i c  ac t iv i ty  e s t i m a t e d  by  tes t  A.  Samples  were  t a k e n  f r o m  the 
act ive f rac t ions ,  su i tably  d i lu ted  w i th  T r i s -HCI /EDTA b u f f e r  an d  the i r  bac t e r io ly t i c  ac t iv i ty  m e a s u r e d  by  
tes t  B. - - ,  ab so rbance  at  280  n m ;  o-o, bac t e r io ly t i c  ac t iv i ty  ( tes t  B). E n d o p e p t i d a s e  was d e t e c t e d  by  
iden t i f i ca t ion  of  mt~ropept ide  C6 arising f r o m  C3. T,  t ransg lycosy lase ;  E,  E 1, e n d o p e p t i d a s e .  

products, endopeptidase was detected by identification of muropeptide C6 aris- 
ing from C3. 

The two enzymes were not separated after this step of purification, they 
appeared together in protein peak TE, but endopeptidase activity was also 
found in another protein peak (E), devoid of bacteriolytic activity. This 
attracted our attention to the fact, that endopeptidase is not a bacteriolytic 
enzyme. 

The two fractions with the highest activity (15 000 bacteriolytic units/ml) 
from peak TE were pooled for further purification, their protein contents and 
activity then being measured. The purification factor for transglycosylase corre- 
sponded to 600 in relation to the lysate. 

Gel filtration on Sephadex G-75 
The active fractions from peak TE were concentrated 7-fold in Visking dial- 

ysing tubing immersed in dry Sephadex G-150 before the gel filtration (Fig. 2). 
The bacteriolytic activity appeared in a single peak (T). Two fractions with the 
highest activity (20 000 bacteriolytic units/ml) contained transglycosylase free 
of endopeptidase activity (Fig. 3). SDS-potyacrylamide gel electrophoresis 
(Fig. 4) showed the homogeneity of the transglycosylase. All the remain- 
ing fractions were also tested for the presence of endopeptidase and it was 
detected in a small protein peak (E) preceding that of transglycosylase. The 
combined and concentrated fractions of peak E did not reveal bacteriolytic 
activity. Occasionally, when the purified transglycosylase was not electro- 
phoreticaly homogeneous, an additional step of purification, molecular sieving 
on Sephadex G-50 was included. The final purification resulted in a 2200-fold 
increase of bacteriolytic activity per pg protein in relation to the initial lysate, 
with an average yield of 12% (Table I). 

Properties of  the purified enzyme 
The molecular weight of the transglycosylase, estimated from a calibration 
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Fig. 2. Gel f i l t ra t ion  p a t t e r n  of  t ransg lyeosy lase  and  en d o p ep t i d a se  ( f r o m  CM Sephadex  C-50) on 
S e p h a d e x  G-75.  1-ml po r t ions  of  the  so lu t ion  were  successively l oaded  on to  a c o l u m n  of  S e p h a d e x  G-75 
(1.2 X 110  cm )  equ i l ib ra ted  w i th  Tr i s -HC1/EDTA b u f f e r  con ta in ing  0.4 M Nat1 .  F rac t ions  of  2 ml  were  
col lec ted  at  a f low ra te  of  5 m l ] h ,  t hen  the i r  ac t iv i ty  was m e a s u r e d  as above  and  p ro t e in  c o n t e n t  de ter -  
mined ,  e - e  abso rbance  a t  280  r im;  o-o, bac t e r io ly t i c  ac t iv i ty  ( tes t  B). T,  Transg lycosy lase ;  E, e n d o p e p -  
t idase.  

curve (not shown) obtained with the aid of protein standards, corresponded to 
17 500 (Fig. 4). This value may, however, need correction as molecular weight 
determinations in polyacrylamide gels are not reliable in this size range. 

Bacteriolytic activity of  this enzyme toward E. coli B freeze-dried cells was 
200-times greater than that  of hen egg lysozyme. In contrast to this, endopep- 
tidase has no bacteriolytic activity; it lyses neither E. coli B cells nor murein- 
lipoprotein, if present alone. Due to this, a great part of this enzyme might 
have been lost in the first steps of the purification. 

It was found,  that  the purified transglycosylase was not active against its 
substrate unless Triton X-100 was present, though in crude preparations such a 
requirement was not  observed. The optimal concentration of Triton was 0.2%. 
It could not  be substituted by deoxycholate.  

The optimal pH for the enzyme activity was 6.6 in a 50 mM Tris-maleate 
buffer as well as in ammonium acetate. There was a sharp drop of activity 
below pH 5 and above pH 8. At pH 4.5 the enzyme was inactive. Table II 
shows the effect of cations on the transglycosylase activity. It follows that  Zn 2÷ 
in 10 mM concentration completely abolished the activity. The enzyme in con- 
trast to the bacterial transglycosylase [9] shows a preference for low ionic 
strength, which is common for phage bacteriolytic enzymes. 

The purified transglycosylase is insensitive to vancomycin, moenomycin,  
penicillin G and novobiocin in concentrations of 0.1--100 pg/ml in the Tris- 
HC1/EDTA buffer (test B). 

The properties of the purified transglycosylase from the lysate of induced 
E. coli C600(XCI857) lysogen should be compared with those described [9] 
for an enzyme of the same specificity from uninfected bacteria (Table III). It 
follows from the comparison, that  the two enzymes are clearly distinct. We pre- 
sume that  the transglycosylase from induced E. coli (Xci857) lysate is a phage 
gene product.  Its strong bacteriolytic activity suggests that  it is the R-gene 
product.  It was shown by genetic methods [6], that  the R-gene of phage )~ is 
responsible for the presence of bacteriolytic activity in X lysate. We found, 
that  although the lysate contains two enzymes which cleave bonds in murein, 
only transglycosylase may lyse bacterial cells, and the bacteriolytic activity of 
the lysate depends on its presence. The lytic properties of the transglycosylase 
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Fig.  3.  S p e c i f i c i t y  o f  t r a n s g l y c o s y l a s e  a n d  e n d o p e p t i d a s e  s e p a r a t e d  b y  gel f i l t r a t i on  o n  S e p h a d e x  G-75 .  
Muxein a n d  m u x o p e p t i d e  C3 were  d iges t ed  as d e s c r i b e d  in  Resu l t s  a n d  Di scuss ion .  1.  Mmrein d i g e s t e d  b y  
t r a n s g l y c o s y l a s e .  2.  M u r o p e p t i d e  C B .  3. M u x o p e p t i d e  CA.  4 .  M u r o p e p t i d e  C3  d i g e s t e d  b y  e n d o p e p t i d a s e .  
5. M u r o p e p t i d e  C3  d iges t ed  b y  t r a n s g l y c o s y l a s e .  6.  M u r o p e p t i d e  C 3 . 7 .  M t t r o p e p t i d e  C6 .  
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Fig.  4 .  S D S - p o l y a e r y l a m i d e  g r a d i e n t  gel e l e c t r o p h o r e s i s  o f  t he  p u r i f i e d  mu.rein t r a rmglyeosy la se .  L a n e  1,  
t he  s t a r t i n g  m a t e r i a l  f o r  t h e  e n z y m e  p u r i f i c a t i o n ,  t h e  p a r t l y  p u r i f i e d  ( o n  A m b e r l i t e  C G - 5 0 )  e n z y m e  so lu -  
t i o n  ; l ane  2 ,  t he  p u r i f i e d  t r a n s g l y c o s y l a s e ;  l ane  3,  p r o t e i n  m o l e c u l a r  w e i g h t  s t a n d a r d s .  F r o m  le f t  t o  r igh t :  
p h o s p h o r y l a s e  b ( 9 4 0 0 0  d a l t o n s )  b o v i n e  s e r u m  a l b u m i n  ( 6 7 0 0 0 ) ,  o v a l b u m i n  ( 4 3 0 0 0 ) ,  c a r b o n i c  
a n h y d r a s e  ( 3 0  0 0 0 ) ,  s o y b e a n  t r y p s i n  i n h i b i t o r  ( 2 0  0 0 0 ) ,  l a c t a l b u m i n  (14  0 0 0 ) .  
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T A B L E  I I  

E F F E C T  O F  C A T I O N S  O N  T R A N S G L Y C O S Y L A S E  A C T I V I T Y  

1 0  ill of  the  e n z y m e  so lu t ion  ( 0 . 0 6  bac ter io ly t i c  uni ts )  w e r e  incuba ted  wi th  10  pl m u r e i n - l i p o p r o t e i n  in a 
to ta l  vo l .  1 0 0  pl o f  a 50  m M  T r i s - H C l  b u f f e r ,  p H  6 . 6 ,  s u p p l e m e n t e d  by  the  ca t ions  l i s ted  in appropriate  
c o n c e n t r a t i o n s .  The  r e a c t i o n  was  s t o p p e d  and so lubi l i zed  rad ioact iv i ty  m e a s u r e d  as in tes t  B. 

Cat ion  added  C o n c e n t r a t i o n  o f  ca t ion  added E n z y m e  act iv i ty  
(raM) ( c p m )  

N o  a d d i t i o n  0 1 5 0 0  

N a  ÷ 1 1 5 0 0  

1 0  1 5 0 0  
50  1 3 0 0  

1 0 0  8 0 0  

Mg  2+ 1 2 1 0 0  

1 0  9 0 0  

C a  2+ 1 2 0 0 0  

1 0  4 0 0  

Z n  2+ 1 4 0 0  

1 0  0 

T A B L E  I I I  

C O M P A R I S O N  O F  S O M E  P R O P E R T I E S  O F  M U R E I N  T R A N S G L Y C O S Y L A S E  F R O M  L Y S A T E  O F  I N -  
D U C E D  E. C O L I  C 6 0 0 ( h . c 1 8 5 7 )  A N D  F R O M  U N I N F E C T E D  B A C T E R I A  [ 9 ]  

Property  c o m p a r e d  Transg lycosy lase  f r o m  E. c o l i  (k)  lysate  Transg lycosy lase  f rom u n i n f e c t e d  
bacter ia  [ 9 ]  

Molecular  w e i g h t  17  5 0 0  6 5  0 0 0  

p H  o p t i m u m  6 . 6  4 . 5  
Sensi t iv i ty  to  Zn 2+ c o m p l e t e  inhib i t ion  no  inhib i t ion  

and endopeptidase from ~ lysate conform with the known picture of  lysis of  
E. coli infected with kR and ~Rz mutants.  ~R mutants are unable to provoke 
lysis and their progeny may be released only by mechanical disruption of  cells 
or by bacteriolytic enzyme addition from outside. In contrast, ~Rz mutants 
provoke lysis (in the absence of  Mg2+), which is much less pronounced than 
that caused by wild }k phage [7] .  We presume that lack of  lysis in ~R infected 
cells is connected with the absence of  transglycosylase, which should be present 
in ~Rz-infected cells. We expect  that the endopeptidase may turn out  to be the 
Rz-gene product. Its absence in ~Rz-infected cells would limit the extent of  
lysis, which would then be effected by transglycosylase alone. Elucidation of  
this, however, will be complicated by the presence of  two forms of  endopep- 
tidase in ~ lysates (in peaks TE and E1 eluted from CM Sephadex).  The most  
efficient lysis takes place in the case of  infections with wild ~ phage where the 
two enzymes act together. 
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