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An investigation has been carried out on the effect of penicillin, chloram-
phenicol and nystatin on some metabolic processes with particular reference
to nucleic acid metabolism in subcellular particles. Penicillin-S35 was found
to be bound to particles sedimentable at 10,000 and 40,000 r.p.m. In
Staphylococcus aureus penicillin affected remarkably the incorporation of P32
into the RNA of particles sedimentable at 10,000 r.p.m. Penicillin also
inhibited the breakdown of glucose-U-Cl% to C140, as also the incorporation
of C4 into nucleic acids, but utilization of formate-C14 and acetate-Cl4
was unaffected. Chloramphenicol affected glucose-U-C1¢ metabolism in
Escherichin coli in a similar manner. In time course experiments concerning
the effect of chloramphenicol on acetate-1-C1# metabolism it was found that
several metabolic pathways were gradually affected which included the for-
mation of citric-isocitric acids, phosphoglyceric acid and glutamic acid and
the utilization of arginine probably through its effect on the synthesis of the
enzymes concerned with the metabolism of these compounds. The anti-
fungal antibiotic nystatin also inhibited the incorporation of P32 into nucleic
acids of the fungus Curvularia. A part of the nystatin-tritium was ifound to
be bound to particles sedimentable at 4,000 and 10,000 r.p.m.

The mechanism of action of antibiotic substances is a matter of consider-
able controversy. There is a good deal of evidence to suggest that most of
them affect cell-wall permeability (e.g. penicillin and polymyxin), or some
vital metabolic processes (e.g. streptomyecin, chloramphenicol, puromyecin,
ete.) within the cell.

In the case of penicillin we have considerable informations which point
towards an interference with cell-wall metabolism (Lederberg 1956; Park and
Strominger 1957; Hugo and Russell 1960) but there are also reports which
contradict these observations (Trucco and Pardee 1958; Meadow 1960).
There are indications that a major effect of penicillin may be concerned with
nucleic acid metabolism. The observation that the penicillin resistant strains
lose their gram negative character (Dufrenoy and Pratt 1948; Bellamy and
Klimek 1948) implying a probable non-formation of the outer layer of magne-
_sium protein ribonucleotide and some similarity between the structure of

1 The following abbreviations have been used: DNA, desoxyribonucleic acid; RNA, ribo-

nucleic acid; ATP, adenosine triphosphate,
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penicillin and a ribonucleoside are suggestive of an interference with nucleic
acid synthesis by penicillin (Thimann 1957). The RNA content of the peni-
cillin sensitive staphylococci has been found to be greater than that of the
resistant strains (Saev and Markov 1958). Application of penicillin has been
found to decrease the RNA content of cells (Gale 1949).

For chloramphenicol we have conclusive evidence that it inhibits protein
synthesis (Gale 1949; Wisseman ef al. 1954). Since protein synthesis is a
nucleic acid-regulated process an interference with nucleic acid metabolism
has also been investigated but with conflicting results (see Brock 1961).

The present report is the outcome of a project in which an attempt was
made to study the mode of action of penicillin, chloramphenicol and nystatin
using isotopically labelled compounds which permit a closer analysis of the
precise events involved. S3%-labelled penicillin prepared biosynthetically
was found to be bound to particles which are presumably cell-wall components
and the nucleic acid make-up of such particles as affected by penicillin has been
studied in relation to certain metabolic activities within the cell. Tritium-
labelled nystatin has also been employed to locate the site of action of this
antifungal antibiotic. All the three antibiotic substances have been found to
affect nucleic acid metabolism of the sensitive micro-organisms and the results
are summarized below.

EXPERIMENTAL

Staphylococcus aureus and Escherichia coli were grown on nutrient broth
on a rotary shaker at room temperature. The stock cultures were maintained
at 37° C.  Curvularia sp. was cultured on Czapek Dox medium at 25° C. S3%-
labelled penicillin was prepared biosynthetically by growing a strain of Pen:-
cilliwm sp. on a medium containing Na,S8380,. Carrier penicillin was used for
isolation. Tritium-labelled nystatin was prepared by Wilzbach’s process
using tritinm gas. Tritium gas, Na,830,, formate-Cl4, acetate-1-Cl¢ and
glucose-U-C¢ were obtained from the Radiochemical Centre, Amersham,
England. Orthophosphoric acid-P32 was purchased from the Atomic Energy
Establishment, Trombay. Nucleic acids were isolated by the method of
Schmidt and Thannhauser (1945).

1. Penicillin

Location of the site of action.—Eighteen hour-old cultures of S. aureus were
centrifuged and suspended in 14 ml of nutrient broth. The suspension was
then incubated with 0-5 U/ml of penicillin-S% for 35 hours. The cells were
centrifuged, washed and disintegrated on a Nossal disintegrator. The broken
cell fragments were subjected to differential centrifugation in a Serval
centrifuge at 10° C and a preparative ultracentrifuge. The different particles
were then counted in a Tracerlab gas flow counter. The results are presented
in Table 1.
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TaBrE 1
The binding of penicillin-S35 to
subcellular organelles

Pa.rtlcles sed,1~

mentable at cpmymg
4,000 r.p.m. 10 min. .. 7
10,000 r.p.m. 10 min. .. 13
10,000 r.p.m. 1 hur, .. 102
40000rpm 1 hr. .. 70

It would be observed that penicillin-8?% is bound largely to particles
sedimentable at 10,000 and 40,000 r.p.m. The nature of these particles is
not known but it is significant that the ‘penicillin-binding component’ in
Micrococcus aureus was found by Cooper (1956) to be lipid in nature and
closely associated with the cell wall.

Nucleic acid metabolism.—In subsequent investigations the nucleic acid
metabolism of these particles was studied in some detail. 8. aureus cells in
their logarithmic phase of growth were incubated with phosphate-P32 and
different concentrations of penicillin for 4 hours. The cells were then ruptured
in a Nossal disintegrator and subcellular particles isolated by differential
centrifugation in a refrigerated centrifuge at 3,000 and 10,000 r.p.m. followed
by extraction of the nucleic acids of each fraction. These were then hydro-
lysed and chromatographed in 699%, butyric acid in 0-859, NaOH. At
concentrations of and lower than 0-5 U/ml penicillin interfered only slightly,
if at all, with the incorporation of P32 into the nucleic acids. At 1 Ujml,
however, nucleic acid metabolism in most of the fractions were affected the
most remarkable of which was the RNA fraction of particles sedimentable at
10,000 r.p.m (Table 2). Hydrolysis of the RNA fraction revealed much less
P32 activity in the constituent nucleotides in penicillin-treated cells as cont-
pared to the control.

TABLE 2
The effect of penicillin on the incorporation of P32 into the nucleic acids of subcellalar
particles of 8. aureus (cpm/mg)

. 0-5 Ujml 1-0 U/ml
Particles sedi- Penicillin Penicillin
mentable at

Control Treated Control Treated
3,000 r.p.m. Whole particle .. 1,600 1,800 6,700 7,400
DNA - .e 800 700 2,300 1,400
RNA .. .. 38,700 3,700 11,000 9,200
10,000 r.p.m. Whole particle .. 2,000 2,100 3,800 5,300
DNA .. .. 800 600 1,400 900

RNA .. .. LI100 1,400 18,300 5,700
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Since formate and acetate are also known to contribute to the synthesis of
purine and pyrimidine moieties of the nucleic acids, the effect of penicillin on
the incorporation of formate-C!4 and acetate-1-C'4 in DNA and RNA of
§. aureus was studied.

It will be observed from Tables 3 and 4 that penicillin has practically no
effect not only on the total incorporation of (4 in the particles sedimentable
at 4,000 and 10,000 r.p.m., but also on the utilization of formate and acetate

TaBLE 3
The effect of penicillin (1 U/ml) on the utilization
of formate-C%* and acetate-1-C14 for nucleic acid
synthesis in S, aureus (cpm/myg)

Substrate DNA RNA

Formate-C14 Control . 70 225
Penicillin .. 80 220
Acetate-1-C1 Control .. 450 130
Penicillin .. 440 130

TABLE 4

Effect of penicillin on the incorporation of C14 in the
subcellular organelles of 8. aureus cells allowed to
metabolize acetate-1-C1% (cpnifmg)

Particles sedi-

Penioiili
mentable at Control enicillin
4,000 r.p.m. .. .. 390 340
10,000 r.p.m. .. .. 510 500
Supernatant . .. 23,400 21,700

for the synthesis of purines and pyrimidine moieties of the nucleic acids.
One of the possible interpretations would be that penicillin inhibits the syn-
thesis and/or polymerization of nucleotides but not that of the purine and
pyrimidine bases during the period of experiment. Assuming that the total
P32 esterified may reflect a measure of ATP formed (and thus other nucleo-
tides, kince these are interrelated) and neglecting phosphatase and phosphoryl-
ase activities (see Sen Gupta and Sen 1961) this would be a satisfactory ex-
planation which is supported by the data presented in Table 5.

TABLE 5

Effect of penicillin on the esterification of P32 in S, aureus

Control Treated

Alcoholic Extract .. .. 5,390 460
Excreted Products .. .. 1,950 1,160
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P32-utilization is particularly remarkable in the case of a compound
which has not been identified conclusively so far. Since penicillin-treated cells
absorb more P32 than the untreated cells the decrease in esterification cannot
be due to an effect of penicillin on the absorption of P32. The increase in the
absorption of P32 is probably due to an increased permeability of the cell due
to penicillin.

Penicillin may, however, affect the metabolism of formate and acetate at
several points in the metabolic pathways of these compounds and its action
may thus be more complicated. The effect of penicillin on the utilization of
acetate which occupies a key position in cellular metabolism was therefore
studied. 8. aureus cells, 22 hours old, were incubated with acetate-1-Cl4 for
3 hours with or without 1 U/ml of penicillin. At the end of the experimental
period hot 80Y, ethanol was added to stop the enzymic reactions and to ex-
tract the 809, ethanol soluble compounds. The alcoholic extract and the 6N
HCl hydrolysate of the insoluble fraction were chromatographed two
dimensionally in phenol-water and butanol-acetic acid-water (4:1:1)
followed by awtoradiography with X-ray films. The results are summarized in
Table 6. Penicillin apparently has no marked effect on acetate metabolism
inside the cell. In a later experiment the extracellular solution was similarly

TABLE 6

The effect of penicillin (1 U[ml) on the metabolism of acetate as revealed
in 809% ethanol soluble and acid hydrolysable fractions of
S. aureus cells (cmp/mg of cells)

809, ethanol soluble Acid hydrolysate

Compound — —
Control  Penicillin Control  Penicillin

Agpartate . 658 748 278 212
Glutamate . 793 731 435 388
Threonine .. 34 28 24 43
a-Alanine .. 54 32 71 51
Cystine .. 73 67 80 94
Fumarate .. 50 37

Total .. 1,662 1,643 888 788

analysed to study the excretion products. At least one substance was ex-
creted, the formation andjor excretion of which was markedly retarded by
penicillin.  Glucose-C, however, is metabolized in a different manner. Re-
sults obtained in an experiment in which the effect of penicillin (1 U/ml) on the
metabolism of glucose-C1¢ was studied are presented in Table 7. The ex-’
periments were carried out in Warburg vessels, so that the C'4O, respired
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could be trapped in the' alkali placed in the central well of the vessel. It
would be observed that penicillin inhibits not only the respiratory breakdown
of glucose to CO; but also the incorporation of (14 to subeellular particles,
particularly in DNA and RNA.

TABLE 7

Liffect of penicillin (1 U/ml) on the metabolism of glucose-C1%,  T'ime 6 hours (cpm/mg)

Particles Particles
BaCl4Q, sedimentable sedimentable DNA RNA
at 10,000 r.p.m. at 3,000 r.p.m.

Control .. 310 210 120 290 1,050
Penicillin . 130 130 80 90 580

1. Chloramphenicol

The effect of chloramphenicol was studied in some detail from another
point of view. It is generally believed that chloramphenicol inhibits protein
synthesis. Since enzymes are proteins, the synthesis of various enzymes could
be gradually inhibited and as enzymes catalyze specific metabolic reactions,
the major points of attack can be located by studying the effect of chloram-
phenicol on the metabolism of a key compound of cellular metabolism, e.g.
acetate in time course experiments. When E. coli was incubated simul-
taneously with chloramphenicol and acetate-1-C4 for 2, 4 and 6 hours, C'¢
incorporation was markedly inhibited by.chloramphenicol after 4 hours of
incubation. The inhibitory action of chloramphenicol on Z. coli is bacterio-
static and the cells gradually recover. After 6 hours C!4 was again metabolized
actively. This is also true for the incorporation of acetate carbon into such
809, ethanol insoluble components as the proteins (Table 8).

TABLE 8

The effect of chloramphenicol on the incorporation of C14
wnto 809, ethanol soluble and actd hydrolysable compounds
during a 6-hour period (cpm/mg of E. coli cells)

Fraction 2 hours 4 hours 6 hours
R I,
809( ethanol soluble .. 6.440 3,170 4,880

Acid hydrolysable 80%
ethanol insoluble .. 4,170 980 1,230
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Several metabolic pathways seem to be affected particularly the forma-
tion of citric-isocitric acids, phosphoglyceric acid, glutamic acid and the
utilization of arginine. The decreased incorporation of C14 into protein is not
due to the effect of chloramphenicol on the enzymes concerned with protein
synthesis since no accumulation of amino acids occurred. This may be due
to a decreased synthesis of several amino acids.

That the inhibition of protein synthesis is associated with an inhibition
of nucleic acid synthesis is clear from the data presented in Table 9. Not
only the incorporation of glucose-carbon into DNA and RNA was inhibited
but some respiratory pathways also was affected as shown from a decreased
(Cl4-aetivity in the CO, evolved via respiration. Chloramphenicol thus not
only affects the respiratory breakdown of glucose-C14, but more drastically
the synthesis of DNA and RNA. '

TaBLE 9

The effect of chloramphenicol on the metabolism of glucose-Cl¢
by E. ecli (cpm/mg)

BaC14Q, DNA RNA
Control . .- 1,360 1,890 290
Chloramphenicol treated . . 940 100 130

III. Nystatin

The mode of action of the antifungal antibiotic nystatin was studied
using a nystatin sensitive strain of Curvularia as the test organism. The data
concerning the effect of nystatin on P32 incorporation into DNA and RNA
are presented in Table 10. It was observed that though nystatin has a marked
effect on the utilization of P32, its incorporation into subcellular particles

TasreE 10

The effect of nystatin on P32 metabolism in Curvularia (cpinjmg)

Whole cell RNA DNA

Control . . 280 980 - 1,400
Nystatin treated . 70 30 70

sedimentable at 4,000 and 10,000 r.p.m. was not markedly affected. P32-
utilization for DNA and RNA synthesis was, however, severely restricted in
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presence of nystatin. When the fungal mycelia were incubated with tritium-
labelled nystatin (Table 11) one-tenth of the total tritium activity was detect-
able in the particles sedimentable at 4,000 and 10,000 r.p.m. Whether this is
due to binding of tritium-labelled nystatin or to exchange reactions is, how-
ever, not known.

TaBLE 11

T'he incorporation of H3 in Curvularia sp. fed nystatin-H3

Whole cell .. .. .. 142,000
Particles sedimentable at 4,000 r.p.m. . 7,000
10,000 r.p.m, .. 8,700

Discussion

From the data presented here it would appear that a major means by
which penicillin, chloramphenicol and nystatin inhibit micro-organisms is an
interference with metabolism of nucleic acids which regulate the metabolic
activities of the cells concerned. It is of considerable interest that penicillin
inhibits the nucleic acid metabolism of the particles to which it is bound even
though the total P32 and C!4 incorporation into these particles is unaffected.
The nature or chemical composition of these particles is not known. These
particles may not be homogeneous and may be an aggregation of various cell
particles. Ifit is assumed that many if not all of these particles are the same as
the penicillin-binding components detected by Cooper (1956), then they would
seem to be closely associated with the cell wall. Roberts and Johnson (1962)
have found very little inhibition of P32 incorporation due to penicillin in the
ribonuclease treated ‘cell walls’ of Bacillus subfilis. The investigations
described here suggest that penicillin interferes with nucleotide metabolism
which ultimately results in an inhibition of nucleic acid synthesis—a contention
in agreement with the previous observation of Berti et al. (1959). Cytidine
diphosphoribitol and uridine nucleotide muramic acid peptide complexes—
which are known to be cell wall precursors—have been found to accumulate in
penicillin-treated cells (Park 1952; Park and Johnson 1949; Park and Stro-
minger 1957; Buchanan 1958). Wylie and Johnson (1962) have recently
concluded that ‘Penicillin specifically inhibits the synthesis of mucopeptide
“ basal structure ” of the cell wall in E. coli’.

The experiments on the utilization of glucose-U-C14 have yielded some
interesting results. Thus, the incorporation of the carboxyl carbon of acetate
into the particles or the particular DNA and RNA has not at all been
affected by penicillin, which however inhibits the utilization of the carbon
atoms of glucose for the same purpose. Roberts and Johnson (1962) had
observed 889, inhibition in the incorporation of C!4 from invert sugar into
B. subtilis cell walls. The inhibitory effect of penicillin on the incorporation
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of glucose carbons into nucleic acids and respiratory CO,, in conjunction with
the observation that acetate metabolism is not at all affected, may be inter-
preted to imply an interference with glucose oxidation via the pentose phosphate
pathway which may supply the pentoses required for DNA and RNA syntheses.

Investigations on the effect of chloramphenicol on nucleic acid meta-
bolism have resulted-in conflicting claims which have varied from stimula-
tion to partial inhibitions (Gale and Paine 1951; Brock 1961; Astrachan and
Volkin 1959; Crawford 1957). The discrepancy may at least partly be due
to conditions of the experiment, homogeneity of the culture population, syn-
chronization of the cultures, duration of experiment, chloramphenicol induced
inhibition of desoxyribonuclease release, etc. (Berti et al. 1959; Doudney
1960; Allison et al. 1962). Chloramphenicol-RNA has been found to differ
from normal RNA in electrophoretic mobility, ultra centrifugal sedimentation
rate and ease of dissociation of its nhucleoprotein complex (Pardee et al. 1957).
Ishihama et al. (1962) have very recently found that chloramphenicol inhibits
the synthesis of messenger RNA IV-—which alone can associate with 70 S
ribosomes in protein synthesis. The exact point of attack has not been
located yet but there is some evidence to suggest that it interferes with the
transfer of amino acids from soluble RNA to protein. It has been observed
in the present investigation that the metabolic pathways which seem to be
affected by chloramphenicol include the formation of citric-isocitric acid,
phosphoglyceric acid and glutamic acid and the utilization of arginine. This
is probably achieved through the gradual inhibition of the synthesis of the
corresponding enzymes. KEnzymes which have so far been reported to be
inhibited are aldolase, alkaline phosphatase, amylase, carbamyl phosphate
synthetase, ornithine transcarbampylase, succinic dehydrogenase, tryptophan
synthetase, etc. The inhibitory effect of chloramphenicol is usually bacterio-
static (Brock 1961) and the cells recovering within a few hours are presumably
capable of restoring the normal enzyme make-up of the cells.

Our knowledge of the mode of action of antifungal antibiotics is meagre
and it is of considerable interest that nucleic acid synthesis in the fungus
Curvularia is inhibited by nystatin. Though it has not been possible to locate
the site of action of nystatin conclusively, it is hoped that an approach of the
type described here will result in the near future in the precise isolation of the
steps affected by the antibiotic substance.

ACENOWLEDGEMENTS
Grateful acknowledgement is made to the National Institute of Sciences
of India for the award of a fellowship to one of us (M. S.). Our thanks are also
due to Dr. D. M. Bose, Director, and Dr. P. K. Bose, Head of the Department
of Chemistry, for laboratory facilities and their interest and encouragement
during the progress of the work.



476 MIRA SEN & S. P. SEN

REFERENCES

Allison, J. L., Hartman, R. E., Wolffe, A. D,, Ciak, J., and Hahn, F. E. (1962). Mods of action
of chloramphenicol. III. Growth and multiplication of Escherichia coli in the presence
of chloramphenicol. .J. Bact., 83, 609-615. '

Astrachan, L., and Volkin, E, (1959). Effect of chloramphenicol on ribonucleic acid meta-
bolism in Tg-infected Escherichia coli. Biochem. Biophys. Acta, 32, 449-456.

Bellamy, W, D., and Klimek, T. W. (1948). Some properties of penicillin-resistant staphylococei.
J. Bact., 55, 153-160.

Berti, '[!, Fassina, G., and Facchia, P. {1959). Influence of antibiotics on DNase of Staphylococcus
aureus, @iorn, Microbiol., 7, 173-186,

Brock, T. D, (1961). Chloramphenicol. Buct. Rev., 25, 32.

Buchanan, J. G, (1958), Proe. 4th Intern, Congress of Biochem., p. 7. Almgvist and Wiksells,
Uppsala.

Cooper, P. D, (1956). Nite of action of penicillin, Bact. Rew., 20, 28-48,

Crawford, L. V., (1957). Desoxyribonucleic acid synthesis in bacteriophage-infected Escherichia
coli. Biochem, J., 65, 117,

Doudney, C. O. (1960). Inhibition of nucleic acid synthesis by chloramphenicol in synchronized
cultures of Escherichin coli. J. Bact., 79, 122-124. '

Dufrenoy, J., and Pratt, R. (1948). Cytochemical mechanism of penicillin action. V. Com-
parative effects of ribonuclease, cobra venom and penicillin on susceptible bacteria.
Ibid., 55, 525-550.

Gale, E. F. (1949). Proc. 3rd Symp. Soc. Exp. Biol., pp. 233-242. Academic Press Inc.,
New York.

iale, E. F., and Paine, T. F. (1951). The assimilation of amino acids by bacteria. 2. The action
of inhibitors and antibiotics on the accurnulation of free glutamic acid and the formation of
combined glutamate in Staphylococcus aureus. Biochem. J., 48, 208-301.

Hugo, W. B., and Russell, A. D, (1960). Quantitative aspects of penicillin action in Hscherichia
colt in hypertonic medium. J. Bact., 80, 436-440.

Ishihama, A., Mizumo, N., Takai, M., Otaka, E., and Osawa, S. (1962). Molecular and meta-
bolic properties of messenger RNA from normal and Tg-infocted Escherichia coli. J. Mol.
Biol., 5, 251-264,

Lederberg, J. (1956). Bacterial protoplasts induced by penicillin.  Proc. nat. Acod, Sci., U.B,,
42, 574-5717.

Meadow, P. (1960). Effect of penicillin on a mutant of Escherichia coli requiring diaminopimelic
acid. Biochen:. J., 76, 8,

Pardee, A. B3, Paigen, K., and Prestidge, L. 8. (1957). Ribonucleic acid of normal and chloro-
myecetin inhibited bacteria by zone electrophoresis. Btochem. Biophys. Acta, 23, 162-173.

Park, J. T. (1952). Uridine 5’-pyrophosphate derivatives. I. Isolation from Staphylococcus
aureus. J, biol. Chem., 194, 877,

o ——— (1982). Uridine 5’-pyrophosphate derivatives. III. Amino acid containing deriva-
tives, Ibid., 194, 897-904, .

Park, J. T., and Johnson, M, J, (1949), Accumulation of labile phosphate in Staphylococous
aureus grown in the presence of penicillin, Ibid., 179, 585-592. '

Park, J. T., and Strominger, J, L, (1957). Mode of action of penicillin, Science, 1235, 99-101.

Roberts, J., and Johnson, M. J, (1962). Effect of penicillin on the cell wall of Bacillus subtilis.
Biochem. Biophys. Acta, 59, 458,

Saev, G. K., and Markov, K. H, (1958). Electrophoretic investigations in bacteria. IV. Sur-
face charges of penicillin-gensitive and penicillin-resistant staphylococei after treatment
with enzymes. Izv. Otdel. Biol. Med. Nauk. Bulgar Akad. Nauk., 2, 115-122,

Schmidt, G., and Thannhauser, S. J. (1945). A method for the detection of desoxyribonucleic
acid, ribonucleic acid and phosphoprotein in animal tissues. . biol. Chem., 161, 83-85.

Sen Gupta, A., and Sen, 8. P, (1961). Effect of indole-3 acetic acid (IAA) on phosphorus meta-
bolism in Avena coleoptile. Nature, 192, 1291,



STUDIES ON THE MECHANISM OF ACTION OF ANTIBIOTICS 477

Thimann, K. V. (1957). The Life of Bacteria, p. 697. Macmillan & Co., New York.

Truceo, R. K., and Pardee, A. B. (1958). Synthesis of Escherichia coli cell wall in presence of
penicillin,  J. biol. Chemn., 230, 435-446.

Wisseman, C. L., Smadel, J. E., Jr., Hahn, ¥. E., and Hopps, H. E. (1954). Mode of-action of
chloramphenicol. I. Action of chloramphenicol on assimilation of ammonia and on
synthesis of protein and nucleic acids in . coli. .J. Buct., 67, 662-671.

Wylie, W. B., and Johnson, M. L. (1962). Effcct of penicillin on the cell wall of Escherichia cols.
Biochem. Biophys. Acta, 59, 450-457.





