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The fate of the alanine-containing components in murein synthesis was fol- 
lowed by incorporation of 14C-L-alanine in E. coil under conditions allowing 
cell-wall synthesis while preventing protein synthesis. The components were 
separated by chromatography and detected by autoradiography. 

Spots containing murein, cell-wall precursors, alanine and o-alanyl-D-alanine 
were identified. A further component was probably identical to pyruvic acid. 
Two unidentified spots were found in the region where lipid-intermediates in 
cell-wall synthesis are usually found. However, the absence of turnover of these 
two components was at variance with the proposed properties of the lipid- 
intermediates. 

D-Alanyl-D-alanine and the component which is probably identical to pyruvic 
acid were excreted into the medium, whereas murein and cell-wall precmsors 
were found in the cellular fraction. 

The influence of the concentration of alanine, and of  the number of cells per 
ml, on the acid-precipitable activity were studied. The latter increased during, 
at least, the first two hours and represented mainly lysozyme-degradable mate- 
rial. 

Significant turnover of murein could be detected neither in the presence nor 
in the absence of protein synthesis. 

A time course of the activity of the radioactive components is provided. The 
influence of a number of antibiotics inhibiting cell-wall synthesis on the acid- 
precipitable activity and on the activity of the main intermediates in murein 
synthesis was studied. 

INTRODUCTION 

The synthesis of murein in bacteria can be measured by isolation and determina- 
tion of the dry weight of the murein (Mandelstam and Rogers, 1959), or by in- 
corporation of labelled cell-wall amino acids. The cell-wall amino acids alanine, 
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glutamic acid, glycine, lysine and aspartic acid are also incorporated into the 
protein fraction; only diaminopimelic acid (Dap) (Schwarz, Asmus and Frank, 
1969; Garrett, 1969) is specifically incorporated into the murein of growing 
Dap-containing bacteria. In teichoic acid-containing bacteria alanine is also 
incorporated into this compound which has therefore to be removed from the 
murein before the latter compound can be determined (Rogers and Garrett, 
1965). 

Incorporation into protein can be prevented by adding chloramphenicol to 
the medium (Chung, 1967; Matsuzawa et al., 1969) or, in case of amino acid 
auxotrophy, by omitting one or more non-cell-wall amino acids (Shockman 
et al., 1961). Under these conditions cell-wall synthesis continues and cell-wall 
thickening occurs (Shockman, 1965). The incorporation of labelled cell-wall 
amino acids into macromolecular material can be measured by counting the 
radioactivity of the acid-insoluble material. This method as well as the procedure 
of Mandelstam and Rogers (1959) have the disadventage that they do not give 
information about the amounts of intermediates. 

Because L-alanine is already incorporated in one of the first few celt-walt pre- 
cursors (Ito et al., 1966; Strominger et al., 1967), we thought that efficient in- 
corporation of this labelled amino acid, followed by chromatography and auto- 
radiography, might provide a method for studying the kinetics of the synthesis 
of murein and some of its alanine-containing intermediates. 

MATERIALS AND METHODS 

Organism. Escherichia coli K 12, strain KM BL-146 (relevant markers: thr, leu, 
arg, ih,A, his, thyA, pyr, thi) was obtained from Dr. A. R6rsch (Medical-Biolo- 
gical Laboratory, Rijswijk Z.H., the Netherlands). From this strain temperature- 
sensitive cell-wall mutants, growing at 30 C while lysing at 42 C, have been iso- 
lated (Lugtenberg, in preparation). 

Chemicals. Unlabelled amino acids, uracil, DL-ala-DL-ala, D-cycloserine 
(DCS), bovine pancreas ribonuclease and egg white lysozyme were obtained 
from Fluka, Buch, Switzerland; penicillin G, chloramphenicol (CAP) and yeast 
extract from KNG & SF, Delft, the Netherlands; 2,6-diaminopimelic acid 
(Dap) from Koch and Light, Colnbrook, Bucks., England; toluene, Triton 
X-100 and isobutyric acid from BDH, Poole, England; vancomycin from Eli 
Lilly & Co., Indianapolis, Ind., U.S.A. ; o-alanyl-o-alanine (o-Ala-D-Ala) from 
International Chemical and Nuclear Corporation, City of Industry, Cal., 
U.S.A. ; trypsine from Nutritional Biochemicals Corporation, Cleveland, Ohio, 
U.S.A.; pancreas type 1 protease and muramic acid from Sigma, St. Louis, 
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Mo., U.S.A.; and 2,5-diphenyloxazol (PPO) and 1.4-bis-2-(5-phenyl-oxazolyl)- 
benzene (POPOP) from Tracerlab, Mechelen, Belgium. Bacitracin was a gift from 
Pharmachemie N.V., Haarlem, the Netherlands. 

Radiochemicals. L-Alanine-Cl4 (U) (spec. act. 156 mc/mM), D-alanine-C14 (U) 
(spec. act. 32.2 mc/mM), 2.6-diaminopimelic acid-T (G) dihydrochloride (spec. 
act. 200 mc/mM) and L-arginine-Cl4 (U) monohydrochloride (spec. art. 324 
mc/mM) were obtained from the Radiochemical Centre, Amersham, England. 

Media. (a) Yeast broth, containing per liter: yeast extract 7.5 g, NaC1 5 g. 
Bacto-peptone 7.5 g, and NazHPO,'2HzO 1 g; the pH was adjusted to 7.2-7.4 
with NaOH. (b) CGPY containing per liter: Na2HPO4 6 g, NaC1 3 g, NH,CI 
2 g, MgCI2"6H20 0.1 g, Na2SO, 0.15 g, KH2PO, 3 g, Bacto-peptone 10 g, and 
yeast extract 0.1 g. The pH was adjusted to 7.0. After sterilization, 5 g of steril- 
ized glucose was added. The composition of this medium was given by Dr. P. E. 
Reynolds, Cambridge, England. (c) Salt solution, containing per liter: KH2PO, 
6 g, KzHPO, 6 g, NH4CI 2 g, MgSO,-7H20 0.05 g, and FeSO4 0.005 g. The pH 
was adjusted to 6.8. (d) CWSM-1 (cell-wall-synthesis medium) comparable with 
a medium used by Garrett (1969) consisting of the above mentioned salt solu- 
tion supplemented with (per liter) glucose 2 g, uracil 40 mg, L-alanine 5 mg, L- 
glutamic acid 120 mg, 2,6-diaminopimelic acid 50 mg, and chloramphenicol 
100 mg. When labelled Dap was used (10 ~c/ml) no cold Dap was added; 50 mg/ 
liter L-alanine was added instead of 5 mg/liter, and L-lysine (500 mg) was added 
to inhibit the synthesis of radioactive L-lysine by diaminopimelate decarboxylase 
(White and Kelly, 1965). Uracil, Dap, and L-glutamic acid were added because 
they may stimulate cell-wall synthesis. 

The medium chosen was similar to both the "amino acids - glucose - phos- 
phate" solution used by Garrett (1969) for Bacillus subtilis and the "wall medi- 
um" used by Shockman et al. (1961) for Streptococcusfaecalis. Alanine was 
chosen as the radioactive marker because N-acetyl-glucosamine is not specific 
for murein synthesis (Weinbaum and Okuda, 1968) and because glucosamine is 
hardly incorporated by E. coli in the presence of glucose (Dobrogosz, 1968), and 
the L-isomer was chosen because the specific activity of the commercial product 
is higher than that of the o-isomer, and because it is incorporated in an earlier 
intermediate. Moreover, D-alanine is formed from L-alanine by alanine-race- 
mase. 

3H-Dap can also be used as the radioactive marker but we never carried out 
aH-Dap incorporation followed by autoradiography because autoradiography 
for tritium was about 100 times less efficient than for carbon-14 under our con- 
ditions. 

Incorporation of  radioactivity into acid-precipitable compounds. E. coli was 
grown by diluting a 16 hr culture in yeast broth or CGPY, 1 in 10 in the same 
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medium followed by incubation with aeration at 37 C. When the optical density 
(OD) was 0.4 (0.24 mg dry wt/ml suspension), the exponentially growing culture 
was centrifuged for 10 min at 18,000 g and 4 C. The pellet was suspended in one 
volume of CWSM-I and incubated with aeration at the desired temperature for 
15 min. Then 1 / 10 volume of ~ 4C-L-alanine (10 ~.c/ml, 156 ~c/~m ole) was added, 
which made the concentration of L-alanine 6.25 • 10-5M, 16 ~c/~mole. A high 
incorporation of radioactivity in acid-precipitable material was observed under 
these conditions. This was necessary to achieve autoradiography within a 
reasonable time, 2 weeks in our case. Autoradiography was preferred to strip- 
scanning because with the latter method the base and precursor spots as well as 
the alanine and alanyl-alanine spots are sometimes hardly separated or form 

tails. 
The incubation temperature was often 30 C, 42 C or 45 C instead of 37 C, 

because the former three temperatures were more suitable to compare differ- 
ences in cell-wall synthesis between mutants and parental strains. A non-labelled 
reference culture was sometimes used for OD determinations at 660 nm wave 
length. At various intervals 0.2 mt samples of  the labelled culture were added to 
5 ml ice-cold 3 ~o perchloric acid (PCA). One drop of bovine serum albumin 
solution (1 mg/ml) was added as a carrier. After 30 rain the PCA-sample was 
filtered through an Oxoid filter (pore size 0.45 ~). The filter was washed twice 
with 3 ml cold PCA. Filters were air-dried and counted in scintillation vials 
containing 5 ml of  a solution of  5 g PPO and 5 mg POPOP in 1 liter of  toluene. 
The vials were counted in a Corumatic-100 scintillation counter (Tracerlab). 
When the activity of  a PCA-supernatant  was counted, a sample of  0.5 ml was 
added to 15 ml of  a solution containing two volumes of toluene - PPO - POPOP 
and one volume of Trition X-100. 

Analysis of labelled intermediates. As a rule the labelled components were 
analyzed without previous separation of cells and medium. However, in some 
cases it was necessary to separate the cells from the medium by centrifugation. 
The pellet was washed once with, and resuspended in, one volume of unlabelled 
CWSM-I.  The first obtained supernatant was filtered through an Oxoid mem- 
brane filter (pore size 0.45 ~) to remove residual bacteria. Samples of  0.1 ml of  
the labelled suspension, or the resuspended pellet and the filtered supernatant 
were heated for 2 rain at 100 C in order to inactivate enzymes. They were applied 
quantitatively as a 1.5 cm streak to Whatman 3 MM chromatography paper and 
chromatographed in isobutyric acid - 1 M ammonia  (5:3). The chromatogram 
was air-dried. An autoradiogram was made on Agfa X-ray paper  or Ilfex 
25 EP X-ray film. Development was carried out after two weeks. The radioactive 
spots were cut out and counted as indicated before. 

Enzymatic degradation. After incubation in CWSM-I  supplemented with 
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either ~4C-L-alanine or 3H-Dap the suspension was cooled and sonicated under 

cooling for 10 min with a Mullard ultrasonic disintegrator. The sonicated sus- 
pension was heated for 2 min at I00 C, cooled, and incubated either with 100 

t~g/ml of a degrading enzyme (lysozyme, trypsine, protease, or ribonuclease) or 

without enzyme for 30 rain at 37 C. 

Hydrolysis was performed in 6 N HCI in a sealed ampoule at 105 C for 16 hr. 

To remove HCI, the solution was evaporated under reduced pressure, the dry 

material dissolved in a small volume of water, dried again and redissolved in 
water. 

RESULTS AND DISCUSSION 

Incorporation into acid-precipitable material. The incorporation of 14C-L- 

alanine into PCA-precipitable material was studied under conditions described 

in Materials and Methods. The viable count and optical density remained con- 

stant for 2 hr except when cell-wall antibiotics were added. These drugs some- 

times caused a slight decrease in optical density, generally less than 10 ~o in 2 hr. 
Fig. 1 shows that the incorporation of label is almost linear for 3 hr. When D- 

cycloserine, an antibiotic that inhibits murein synthesis, was added, the L-alanine 

incorporation was strongly inhibited. This result suggests that at least a large 

part of the PCA-precipitable radioactive material consisted of murein. Later on 
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Fig. 1. Escherichia coli cells (0.22 mg dry wt/ml) were incubated in CWSM-I at 42 C. 
At zero time t4C-L-alanine was added, which made the L-alanine concentration 
6.25 • 10-SM, 16 E.tc/~mole. At various times samples were taken to determine the 
PCA-precipitable activity, a. No antibiotic added; b. With 20 v.g/ml D-cycloserine. 
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we shall show that this material is in fact murein. Therefore we shall further 
refer to this material as murein. 

When the bacteria were incubated at 30 C, 42 C or 45 C, the same rate of in- 
corporation was observed as at 37 C. 

When the total concentration of L-alanine was lowered by decreasing the 
amount of unlabelled L-alanine, the specific activity rose from 16 to 64 ~xc/txmole. 
Under these conditions the rate of incorporation was 75 ~o higher during the 
first hour, but during the second hour no incorporation occurred. Because a 
linear course of the incorporation for at least two hours was preferred, the 
lower concentration was not used in any further experiments. The fairly weak 
increase of the rate of  incorporation in the medium with the lower concentration 
of L-alanine was probably due to an increased endogenous synthesis of L-alanine 
under these conditions. 

When the initial cell concentration was increased 2- or 4-fold, the activity of 
the PCA-precipitable material increased only by 35 and 65 ~ respectively, prob- 
ably because of exhaustion of L-alanine. 

Because strain KMBL-146 is an auxotroph for thymine and thiamine, the lack 
of these compounds in the medium CWSM-I might reduce the rate of incorpora- 
tion of L-alanine. However, addition of thymine and thiamine in concentrations 
of 20 and 5 ~tg/ml, respectively did affect neither the rate of incorporation of 
14C-L-alanine nor the autoradiogram picture. 

Turnover ofmurein. Two kinds of experiments were done to study the turnover 
of PCA-precipitable material. Cells were prelabelled (a) during incubation in 
CWSM-I supplemented with 14C-L-alanine (1 txc/ml final concentration) or (b) 
during growth in a 1 in 10 diluted overnight culture in yeast broth supplemented 
with 3H-Dap and L-lysine (final concentrations 10 ~xc/ml and 500~xg/ml respecti- 
vely). Cells were incubated at 37 C for 60 and 90 min, respectively and washed 
3 times with the unlabelled medium. Half of the cells from each culture were 
resuspended in either CWSM-I or yeast broth in a concentration of 0.12 mg dry 
wt/ml. In yeast broth this concentration allowed growth for at least two genera- 
tions. The activities of the PCA-precipitable materials, the supernatants and 
total samples of each of the 4 suspensions were counted. The activity of the 
PCA-precipitates was constant for 2 hr. The supernatants never contained more 
than 1 ~ of the total activity. This result shows that neither during growth, nor 
in the absence of protein synthesis, a significant turnover of murein occurred in 
our strain of E. coli K 12. However, it should be mentioned here that with 
Bacillus subtilis turnover of cell-wall material during growth has been demon- 
strated by Mauck and Glaser (1970). 

Distribution of radioactivity in hydrolyzed PCA-precipitates. In order to see 
whether the label in the PCA-precipitate was still located in alanine, we hydro- 
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lyzed the macromolecular material. 
The bacteria were incubated for 120 rain at 42 C in CWSM-I with 14C-L- 

alanine, the suspension was cooled and the macromolecular material precipita- 
ted and washed five times with 3 700 PCA. The precipitate as well as the sample of 
~4C-L-alanine were treated with 6 N HC1 and chromatographed. The autoradio- 
gram showed that the major spot (97 70 of the activity in both samples) had the 
same Rf as alanine. The remaining 3 70 were dispersed over at least 5 minor 
spots. This result shows that the radioactivity in the acid-precipitable material is 
still located in alanine. 

Enzymatic degradation of acid-precipitable components. In order to ascertain 
whether the acid-precipitable material contained also some labelled protein or 
alanyl-t-RNA we performed the following experiment. After incubation for 
2 hr in CWSM-I with 14C-L-alanine, the suspension was sonicated, the enzymes 
were inactivated at 100 C, and the sample was incubated with lysozyme, trypsine 
and protease, in different sequence and one at the time. Each treatment with 
enzyme was followed by heat-inactivation. The radioactivity of the PCA-precipi- 
table material was determined in duplicate after each step. 

The results of two experiments in which the sequence of the enzymes differed, 
and the results with a control treated in the same way without added enzymes 
are given in Table 1. The first three steps were identical in each treatment and 
are only presented under treatment A (Table 1). 

When in a certain step a proteolytic treatment was carried out, trypsine and 
protease gave the same amount of solubilized activity. 

From the data in Table 1 the following conclusions can be drawn: 
a. During sonication and heat-treatment slight degradation occurred. 
b. During the two subsequent incubations without enzyme (Table 1, exp. A) 

4 + 10700 of the radioactivity was solubilized, whereas final treatment with 
lysozyme solubilized 59 70 of the activity. When lysozyme was used after two 
proteolytic treatments (exp. B) or during the first incubation (exp. C) it solu- 
bilized 64.7 and 75.5 70, respectively. Thus lysozyme treatment early in the ex- 
periment solubilized more radioactivity than when it was used at the end of the 
experiment. In the latter case, parr of the murein may have been degraded before 
the treatment with lysozyme. These results suggest that murein hydrolase was 
not completely inactivated during the short heat-treatment. 

c. The activity solubilized during proteolytic treatment depended on the 
sequence of the enzymes used. When proteolytic treatment preceded the incuba- 
tion with lysozyme (exp. B) 9 + 370 of the original activity was solubilized 
during the first and second incubations. However, when the mixture was pre- 
incubated with lysozyme (exp. C) subsequent proteolytic treatment solubilized 
only 4 ~ .  The fairly high percentage of degradation during proteolytic enzyme 
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Table. 1. E. coil K 12 strain KMBL-146 was incubated in CWSM-[ containing ~4C-L-alanine 
(6.25 • 10-sM, 16 F.c/~-mole) for 120 min at 42 C. The percentages of PCA-precipitable activity 
after sonication, beat- and enzyme-treatments are given. 

Exp. 

PCA-precipitate from sample taken after 
step: 

Step 

Activity in the ~ Degradation 
PCA-precipitate after each step 

(%) 

A 1 CWSM-I 100 - 
2 Sonication 97 3 
3 100 C for 2 min 96 1 
4 No enzyme for 30 min 92 4 
5 100 C for 2 rain 91.5 0.5 
6 No enzyme for 30 rain 81.5 10 
7 100 C for 2 min 75.8 5.7 
8 Lysozyme for 30 min 16.8 59 

4 Trypsine for 30 rain 87 9 
5 100 C for 2 min 85 2 
6 Protease for 30 rain 82 3 
7 I00 C for 2 rain 81.5 0.5 
8 Lysozyme for 30 min 16.8 64.7 

4 Lysozyme for 30 rain 20.5 75.5 
5 100 C for 2 min 16.5 4 
6 Trypsine for 30 rain 12.5 4 
7 100 C for 2 rain 12 0.5 
8 Lysozyme for 30 min 11.8 0.2 

t r ea tment  in exp. B is surpr is ing because the s t ra in  is auxo t roph i c  for 5 amino  

acids which were all lacking in C W S M - I .  Moreover ,  synthesis o f  p ro te in  should  

have been inhibi ted by CAP.  The different percentages  o f  deg rada t ion  dur ing  

pro teo ly t ic  t r ea tment  in exper iments  B and C suggest that  at least pa r t  o f  the 

b r eakdown  in exper iment  B can be expla ined by auto ly t ic  enzymes.  

In  o rder  to test whether  the rad ioac t ive  mater ia l  solubi l ized by pro teo ly t ic  

enzymes was pro te in  or  not ,  we c o m p a r e d  the inco rpora t ion  o f  14C-L-alanine 

into the ac id-prec ip i tab le  mater ia l  with tha t  of  ~4C-L-arginine. In  these ex- 

per iments  bo th  amino  acids were present  in a concen t ra t ion  of  25 • 10-SM, 

4 ~c/~zmole. The fair ly high concen t ra t ion  o f  L-alanine was chosen to minimize  

the effect of  d i lu t ion o f  the label by endogenous ly  synthesized alanine.  A l though  

strain KMBL-146  is auxo t roph ic  for  a rg in ine  we used arginine at  the same high 

concen t ra t ion  to achieve a good  compar i son  between the amount s  o f  L-alanine 

inco rpora t ed  in mure in  and  L-arginine in prote in .  Af ter  2 hr  of  incuba t ion  with 

label led a lanine  and  arginine,  3722 and 43 coun t /min ,  respect ively,  o f  acid-  

prec ip i tab le  act ivi ty were found,  which shows tha t  p ro te in  was not  synthesized.  

This result  might  be expected since the four  o ther  amino  acids which strain 
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KMBL-146 is auxotrophic for were lacking in CWSM-I. The results strongly 
support our hypothesis that the solubilization of PCA-precipitable material 
during the treatment with proteolytic enzymes is not due to these enzymes but 
instead to the presence of endogenous murein hydrolase. A study by Weidel, 
Frank and Leutgeb (1963) indicated that autolytic enzymes may be a source of 
error in the preparation of murein from gram-negative bacteria. 

In each experiment a minor part of the activity (11.8-16.8 ~o) was resistant to 
enzymatic treatment. This material could not be alanyl-transfer-RNA as in- 
cubation with pancreas RNAse solubilized only 0 .5~  of its activity. Another 
possibility is that the remaining activity was murein, shielded From lysozyme by 
cell-membrane material, lipoproteins and/or lipopolysaccharides (see Weidel 
and Pelzer, 1964). This hypothesis was tested by incorporating 3H-Dap in 
CWSM-I. If radioactive lysine had been synthesized (see White and Kelly, 1965) 
it could not have been incorporated in protein because protein synthesis does 
not occur under these conditions. Treatment with enzymes was carried out as in 
exp. C (Table 1). The percentage of degradation by lysozyme was 78~  which 
is in good agreement with the 75.5~ degradation found when alanine was in- 
corporated. As Dap is only incorporated in murein, and yet was solubilized 
for only 78 ~o by treatment with lysozyme, this again indicates that, likewise, all 
alanine found in PCA-precipitable material had been incorporated into murein. 

When sonicated cells were treated with lysozyme and chromatographed the 
activity of the base spot was 29 ~.  In the E. coli cell-free system the newly syn- 
thesized murein is completely degraded by lysozyme (Izaki, Matsuhashi and 
Strominger, 1968). This may result from cell-free synthesis occurring exclusively 
at places easily accessible to lysozyme. 

Separation and localisation of the radioactive components h7 the entire system: 
medium and cells, and the kinetics of their formation. E. coli KMBL-146 was in- 
cubated at 37 C in CWSM-I with 14C-L-alanine. At various intervals 0.1 ml 
samples of the suspension were heated and chromatographed. An autoradio- 
gram of a sample taken after 70 rain of incubation is shown in Fig. 2. Activity 
was found at Rf values 0.0, ca 0.10, 0.41, 0.56 (alanine), 0.65 and 0.85-1.0. 
Very weak spots at Rf0.15 and 0.72 were also detected. The Rf value of the Rf  
0.10 spot differed from experiment to experiment. After autoradiography the 
radioactive spots were cut out and counted. 

The kinetics of incorporation of radioactivity are given in Fig. 3, which shows 
that the concentrations of all newly formed components except Rf 0.10 in- 
creased during incubation. Only the component with Rf0.10 has the kinetics of 
an intermediate. This suggests that the other components either were end products 
or were excreted into the medium. The latter possibility seemed the more likely 
because we expected to find more than one intermediate. Therefore the experi- 
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Fig. 2. Autoradiogram of a chromatographed sample after incubation at 37 C for 
70 min in CWSM-I, containing ~4C-L-alanine (6.25 • 10- 5M, 16 ~c/~mole). Rf values 
are indicated. Descending chromatography. 
Fig. 3. Time course of all components, except alanine, obtained during incubation of 
E. coli strain KMBL-146 in CWSM-I, containing ~4C-L-alanine, followed by chro- 
matography, autoradiography, and counting of activity. 

ment was repeated, but this time the cells were separated from the medium. We 

compared autoradiograms of (a) a complete sample, (b) a sample of the centri- 
fuged cells after two washes and resuspension in unlabelled CWSM-I, and (c) a 

sample of  the first obtained supernatant, after filtration through an Oxoid filter 

(pore size 0.45 ~). The results showed that the activities with Rf 0.0, 0.10 and 
0.85-1.00 were cell-bound whereas the spots with Rf values 0.65 and 0.41 and of 
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course alanine were present in the supernatant. A small fraction of the alanine 
was found in the cellular fraction, but since the concentration of alanine in the 
complete sample was rather high, this may be due to incomplete washing. This 
experiment indicates that in addition to Rf 0.10 also the components with Rf 
0.65 and 0.41 may partly have been used as intermediates in murein synthesis 
and partly were excreted into the medium. 

Identification o.f spots on the autoradiogram. These experiments were carried 
out at 42 C as described in Materials and Methods. Although the Rf values of 
most spots slightly differed from experiment to experiment, we shall use the Rf  
values from Fig. 2, to avoid confusion. 

RfO.O. Murein is insoluble in any solvent and is found at the origin (lzaki et 
al., 1968). A sample of KMBL-146 cells, after incubation in CWSM-I for 120 
min was sonicated after heating for 2 min, then treated with lysozyme. After 
chromatography the spot at the origin contained only 29 ~o of the activity of the 
control (not treated with lysozyme). The rest of the activity was recovered in 
new spots with Rf values of 0.02, 0.16 and 0.23, while the activity of the pre- 
cursor spot (Rf 0.10) had increased. 

When a sample in CWSM-I was inactivated for 2 min, a compact Rf  0.0 spot 
was found on the autoradiogram. After heating for 10 min, however, a spread- 
ing product (Izaki et al., 1968) was found at this place, whereas new spots 
appeared in the same region as after lysozyme treatment. The activities of these 
spots were lower than after treatment with lysozyme. These results strongly 
support our view that one or more murein hydrolases are not (completely) in- 
activated by heating and they suggest that most, if not all of  the radioactivity at 
the Rf 0.0 spot is located in murein. 

RfO.lO and RfO.15. An autoradiogram of the cell-free system presented by 
Izaki et al. (1968) shows that uridine-5'-diphosphate-N-acetyl-muramyl-penta- 
peptide (UDP-MurNAc-pentapeptide) runs very slowly. In our experiments it 
might have an Rf  value of 0.10 or 0.15. Because UDP-MurNAc-pentapeptide is 
adsorbed by charcoal we tested whether either the component with Rf  0.10 or 
that with Rf  0.15 was also adsorbed by charcoal. The cells were incubated for 
60 min at 37 C in CWSM-I, then washed and resuspended in water. The sus- 
pension was heated in a boiling water bath for 15 min, cooled, and the macro- 
molecular material was precipitated with 5 ~o trichloroacetic acid. Charcoal 
(Darco KB) was added to the supernatant at a concentration of 8 mg/ml. After 
washing with water the radioactive components were eluted with ethanol - 
0.05 M ammonia (1:1). After chromatography and autoradiography only two 
spots were found, a major one with an Rf value of  0.10 and a minor one with 
Rf 0.15, showing that both these components were adsorbable to charcoal. 

Chromatography with purified cell-wall precursors as references indicated 
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that Rf  0.I0 and Rf  0.15 had the same chromatographic mobility as UDP- 
MurNAc-pentapeptide and UDP-MurNAc-dipeptide,  respectively, in the two 
solvents isobutyric acid - 1 N ammonia  (5:3 v/v) and ethanol - 1M ammonium 
acetate pH 7.2 (5:2 v/v). These observations strongly suggest that the radioac- 
tive spots are identical to the reference compounds.  

RfO.41. A spot with this Rf  value was also found by lzaki et al. (1968). The 
authors showed that it could be degraded by lysozyme and assumed that it was 
a degradation product of peptidoglycan. Our Rf 0.4 component  was isolated 
from a chromatogram by elution with water. Treatment with lysozyme did not 
change its Rf  value. It was not adsorbed by charcoal. After hydrolysis with 6 N 
HCI more than 8070 of the radioactivity was still found at Rf  0.4. These results 
show that it could not be a degradation product of either murein or an alanine- 
containing intermediate in murein synthesis. 

Wijsman (1970) found that E. coli cells growing on L-alanine as the only 
carbon source converted this compound to pyruvate via D-alanine. In our in 
vitro experiments with a crude o-alanyl-D-alanine ligase preparation which con- 
verts D-ala to o-ala-D-ala we also detected a radioactive component  with Rf0.4. 
This component  had the same chromatographic mobility as pyruvate. Both 
could be converted into lactic acid (Rf 0.52) by lactid acid dehydrogenase. These 
results suggest that also the material with Rf  0.4 formed it, vivo by E. coli from 
L-alanine, is pyruvic acid. 

Muramic acid contains a lactic acid residue which is formed from pyruvate 
via phospho-enol-pyruvate. Therefore we cannot exclude the possibility that 
part  of the radioactivity of  the precursor is present in its lactic acid moiety. 
However, this contribution to the precursor activity is probably very low as 
CWSM-I contains a high amount  of  glucose. It is more likely that pyruvic acid 
is formed from the sugar rather than from L-alanine. 

RfO.56. This spot contains alanine, but a small amount  of lactic acid (Rf0.52) 
formed from pyruvic acid may also be present. 

RfO.65. We found that this compound has the same chromatographic mobili- 
ty as alanyl-alanine. The spot with Rf0.65 was ahnost absent in chromatograms 
of cultures incubated with D-cycloserine (Fig. 4), a drug which inhibits the 
o-alanine-o-alanine ligase (Chambers et al., 1963). This suggests that Rf  0.65 may 
be identical to the dipeptide. We therefore chromatographed 1 ml of  heat-inacti- 
vated cells after incubation in CWSM-I for 120 min at 45 C (the spot was much 
more intensive when incubation temperatures were higher). After autoradio- 
graphy the spot with Rf  0.65 was eluted and a sample of  the eluate was hydro- 
lyzed (see Materials and Methods) and chromatographed with a sample of 
unhydrolyzed material as a reference. Autoradiography showed that the hydro- 
lyzed material had the Rf  value of alanine. I t  can be concluded that Rf  0.65 is 
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D-alanyl-D-alanine.  This  d ipept ide  being an in te rmedia te  in mure in  synthesis,  

it is surpr is ing  tha t  a high a m o u n t  is excreted into the medium,  so tha t  it is used 

very inefficiently for  murein  synthesis.  However ,  the observa t ion  tha t  U D P -  

M u r N A c - p e n t a p e p t i d e  is accumula ted  under  these condi t ions ,  while U D P -  

M u r N A c - t r i p e p t i d e  is not,  suggests that  the concen t ra t ion  of  D-a lanyl -o-a lan ine  

in the cell does  not  l imit  mruein synthesis.  

Fig. 4. Autoradiograms after chromatography of samples after incubation at 45 C 
for 120 rain in CWSM-I in the presence of antibiotics. Heat-inactivated samples were 
chromatographed as a 3 cm streak on Whatman 3 MM chromatography paper. 
a. No antibiotic added; b. With D-cycloserine (40 ~g/ml); c. With vancomycin (300 
[.tg/ml); d. With penicillin (250 I.U./ml); e. With bacitracin (150 I-tg/ml). 
The counted radioactivity of the spots is given in Table 2. 
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RfO.85 andhigher. Either one thick, or two narrow spots could be detected in 
this region. At first we thought that the activity was due to lipid-intermediates in 
cell-wall synthesis (Matsuhashi, Dietrich and Strominger, 1967). However, we 
did not find turnover of  these cell-bound activities, as might be expected if they 
were intermediates. Up till now we have not identified these components.  

hTfluence of cell-wall antibiotics on the incorporation of alanine in E. coB. The 
following experiment was carried out to simulate the influence of mutations in 
cell-wall synthesis in E. coli strains. Growth, incubation in CWSM-I  at 45 C, and 
autoradiography were carried out as described in Materials and Methods, ex- 
cept that one of the antibiotics D-cycloserine, vancomycin, penicillin, and baci- 
tracin was added at the beginning of the experiment. The PCA-precipitable 
radioactivities are given in Fig. 5 which shows that cells incubated in the pres- 
ence of cell-wall antibiotics synthesize less murein. 

Autoradiograms of chromatograms of samples inactivated after 2 hr of  in- 
cubation show that after incubation in the presence of DCS the o-alanyl-D- 
alanine spot was absent, which is in agreement with the proposed mechanism o f  
action of DCS, namely inhibition of the synthesis of  this compound (Neuhaus, 
1968). A slower moving precursor was formed (Fig. 4). In the presence of 
vancomycin, penicillin or bacitracin, the D-alanyl-D-alanine spot was about  the 
same as in the control. With these antibiotics the ratio of  precursor activity over 
murein activity was increased. The reason why, in the presence of DCS, the 
precursor activity is less than with the other antibiotics (Table 2 )may  be that in 
the former case UDP-MurNAc-L-ala-D-glu-m-Dap is formed (with only one 
alanine molecule) instead of, in the latter case, the complete precursor UDP-  
MurNAc-pentapeptide (with three alanine molecules) (for a review on the mech- 
anism of action of these antibiotics see Reynolds, 1966). A lower activity of  
the murein spot was obtained with all antibiotics. The discrepancy between the 

Table 2. The influence of cell-wall antibiotics on the activities of radioactive spots after 
120 rain incubation in CWSM-I. Activities are given in count/min. For details see caption of 
Fig. 4. 

Antibiotic 

0.0 0.10 + 0.29 0.35 0.41 0.65 0.85- 
mainly 0 . 1 5  degradation pyruvic D-ala- 1.0 
murein precursors products acid D-ala ? 

- -  3,800 5,600 2,900 30,200 3,000 
D-Cycloserine 950 2,750 2,800 750 1,050 
Vancomycin 1,700 6,800 2,900 30,300 2,900 
Penicillin 650 6,500 2,000 1,720 3,000 24,700 3,100 
Bacitracin 650 8,300 2,500 19,200 2,100 
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Fig. 5. Influence of cell-wall antibiotics on the incorporation of 14C-L-alanine in 
PCA-precipitable material. Incubation in CWSM-I at 45 C. 
a. No antibiotic added; b. With D-cycloserine (40 ~g/ml); c. With vancomycin 
(300 ~g/ml); d. With penicillin (250 I.U./ml); e. With bacitracin (150 ~g/ml). PCA- 
precipitates of 0.2 ml samples were counted. 

influence of bacitracin on the acid-precipitable activity (Fig. 5) and on the 
murein activity (Fig. 4 and Table 2) is probably due to the fact these two ex- 
periments were carried out with different batches of bacitracin. The new spots 
appearing in the presence of penicillin may be degradation products of murein. 
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