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A group of temperature-sensitive lysis mutants of Escherichia coli K-12 was

studied. Mutants impaired in the synthesis of uridine diphosphate-N-acetyl-
muramyl (UDP-MurNAc)-pentapeptide or in the synthesis of murein amino
acids were found. Their rate of murein synthesis at the restrictive temperature
was decreased. A large number of mutants did not differ from the parent strain
with respect to the rate of murein synthesis and the precursor pattern. The
behavior of these mutants is discussed. It was impossible to accumulate UDP-
MurNAc-pentapeptide in E. coli by the antibiotics penicillin and vancomycin.
The hypothesis is put forward that the amount of this murein precursor is regu-

lated by feedback inhibition.

A considerable amount of information is
available concerning the structure (24) and
synthesis (11, 22) of the murein of Escherichia
coli. The two murein precursors, uridine di-
phosphate-N-acetyl glucosamine (UDP-
GlcNAc) and uridine diphosphate-N-acetyl-
muramyl (UDP-MurNAc)-L-ala-D-glu-m-dia-
minopimelic acid (DAP)-D-ala-D-ala, are syn-
thesized by soluble enzymes.
The synthesis of UDP-MurNAc has been

studied extensively in extracts of Enterobacter
cloacae (8, 9). UDP-GlcNAc reacts with phos-
phoenol pyruvate, giving rise to UDP-GlcNAc-
enolpyruvate, which is reduced in the presence
of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) to UDP-MurNAc. These
steps probably also occur in E. coli. One tem-
perature-sensitive mutant has been found
which accumulates UDP-GlcNAc-enolpyruvate
at the restrictive temperature (15). L-Alanine,
D-glutamic acid, m-DAP, and D-alanyl-D-ala-
nine are sequentially added to UDP-MurNAc
by specific "adding enzymes" (24).
When the precursors UDP-GlcNAc and

UDP-MurNAc-pentapeptide are incubated
with isolated envelope particles under appro-
priate conditions, peptidoglycan synthesis can
be shown (11).

Relatively less is known of the genetics of
' This paper is taken from a thesis to be submitted by E.

J. J. Lugtenberg to the Faculty of Science of the State Uni-
versity in Utrecht in partial fulfilment of the requirements
for the Ph.D. degree.

murein synthesis. E. coli mutants blocked in
the biosynthesis of DAP (2, 15, 23) and D-ala-
nine (Wijsman, thesis, Amsterdam, 1970) are
known. Recently, a number of laboratories
have isolated osmotic pressure-dependent and
temperature-sensitive morphology and lysis
mutants from E. coli (14, 15), Staphylococcus
aureus (7) and Bacillus species (1, 3, 19, 20).
We started a research project in collaboration
with H. J. W. Wijsman on E. coli temperature-
sensitive lysis mutants. Our goal was to char-
acterize mutants in murein biosynthesis both
genetically and biochemically and to collect
information on the regulation of the synthesis
of murein and its precursors. A report of the
first genetic results has recently been pub-
lished (H. J. W. Wijsman, thesis, Amsterdam,
1970). In the present paper the first results of
the biochemical studies conducted with these
mutants are reported.

MATERIALS AND METHODS
Strains. E. coli K-12 KMBL strains were ob-

tained from A. Rorsch. The prototrophic E. coli
strain K-235 was obtained from F. C. McIntyre. Tem-
perature-sensitive lysis (TKL) mutants of E. coli K-
12, which grow at 30 C but lyse at 42 C, were iso-
lated in the laboratory of A. Rorsch and obtained
from H. J. W. Wijsman. The lysis mutants KMBL-
275-ts-1, K-235-ts 1-2, K-235-ts 11-5, H-1119, and H-
1123 were isolated in our laboratory. The genetic
markers of the E. coli strains are given in Table 1. S.
aureus 524/SC, Bacillus cereus T, and Streptococcus
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faecalis R 8043 were obtained from P. E. Reynolds,
K. Izaki, and F. C. Neuhaus, respectively.

Isolation of mutants. Temperature-sensitive
mutants were isolated by treating parental strains
with N-methyl-N'-nitro-N-nitrosoguanidine (10) or
ethyl methane sulfonate (12). The mutagenized sus-

pensions were incubated in liquid medium at 30 C
for phenotypic expression, plated on yeast-agar, and
grown at 30 C. The colonies were replicated on

yeast-agar plates. After ovemight incubation at 42 C,
the plates were incubated at 30 C for one night to
detect colonies from temperature-sensitive mutants
that were not killed at 42 C. Colonies of mutants
which grew on the master plate and not on the rep-
lica plate were purified and checked for temperature
sensitivity on agar plates. Growth curves were made
in yeast broth at 42 C by measuring the optical den-
sity (OD) with a Unicam-SP 600 spectrophotometer
at 660 nm wavelength. In some cases, lysis could
only be obtained when the inoculum was small.

Media. The compositions of the cell wall syn-

thesis media CWSM-I and CWSM-II, both con-
taining minimal medium salts, glucose, murein
amino acids, and chloramphenicol, as well as the
composition of yeast broth, have been described else-
where (13; Lugtenberg and de Haan, Antonie van
Leeuwenhoek. J. Microbiol. Serol. 37:537-552.
Rate of murein synthesis. The rate of murein

synthesis of the strains was followed in CWSM-I,
usually supplemented with 14C-L-alanine as the
label. In one experiment, the incorporation of 14C-D-
alanyl- 14C-D-alanine (final concentration, 1 ACi/ml)
was studied. In this case alanine was omitted from
CWSM-I. The radioactivity of the acid-precipitable
material was determined and taken as a measure for
murein synthesis. Separation of labeled intermedi-
ates was achieved by chromatography of heated
samples. The spots were localized by autoradiog-
raphy. These techniques have been described in de-
tail elsewhere (Lugtenberg and de Haan, submitted
for publication).
Preparation of 14C-D-alanyl-14C_D_alanine. D-

alanyl-D-alanine was synthesized from 14C-D-alanine
with a partly purified preparation of D-alanyl-D-ala-
nine synthetase from S. faecalis R 8043 (16). We
used the acetone fraction, which was sufficiently
pure. It did not contain considerable alanine race-
mase activity. The incubation mixture contained 200
,uCi of '4C-D-alanine in a buffer solution containing
final concentrations of 0.17 M tris(hydroxymethyl)-
aminomethane (Tris)-hydrochloride, 0.01 M adeno-
sine triphosphate (ATP), 0.65 mm MnCl2, and en-

zyme in a total volume of 1.2 ml. The final pH was

8.9.
After incubation at 37 C for 24 hr, the mixture

was heated for 3 min at 100 C and centrifuged, and
the supernatant fluid was applied to two sheets of
Whatman no. 1 chromatography paper. The compo-
nents were separated by high-voltage electrophoresis
(50 v/cm) for 1.5 hr in an acetic acid-pyridine buffer,
pH 3.5. Alanyl-alanine was detected by autoradiog-
raphy carried out for 15 min. The alanyl-alanin3
streak was eluted overnight with distilled water, and
the final yield was 77%. Chromatography in isobu-

TABLE 1. Genetic symbols from the E. coli strains
used according to the recommendations of Demerec

et al. (7)

Strains Parent Markers Muta-
gen a

KMBL-275 KMBL-146 m-146, strA NG
KMBL-158 KMBL-146 m-146, trp NG
TKL-4, 6, 7, 26, KMBL-146 m-146 NG

27, 29, 31, 33-
39, 41-53, 55-56
and 61

TKL-8, 9, 11-15, KMBL-158 m-146, trp NG
17, 19, 21, 22,
24, 25

TKL-10 KMBL-158 m-146, trp, aspe NG
TKL-23 KMBL-158 m-146, trp, cyse NG
TKL-32 KMBL-146 m-146, pure NG
TKL-54 KMBL-146 m-146, aspe NG
TKL-62 KMBL-146 m-146, cysHe NG
H-1119 and H-1123 H-669b pur NG
K-235-ts-I-2 K-235, strAc strA EMS
K-235-ts-II-5 K-235, strAc strA EMS
KMBL-275-ts-1 KMBL-275 m-146, strA EMS

a Abbreviations: NG, N-methyl-N'-nitro-N-nitrosoguan-
idine; EMS, ethyl methane sulfonate.

h Strains H-1119 and H-1123 were isolated from a culture
inoculated with strain H-669. However, the two mutants
only required adenine for growth, whereas strain H-669 re-
quires histidine, tyrosine, and tryptophan, but no adenine.
The mutants also differed from strain H-669 with respect to
the patterns of phage resistance and sugar fermentation.
Therefore it is unlikely that strain H-669 is the parent.

cA spontaneous mutant isolated from K-235.
dm-146, genetic markers from strain KMBL-146: thr, leu,

arg, ilvA, his, thi, thyA, pyrF, tsx, lac, tonA.
eAmino acid requirement and temperature sensitivity

were introduced by the same mutagenic treatment.

tyric acid-1 M ammonia (5:3) showed that alanine
was absent but that a slight impurity with an RF
value of 0.9 was present.

Accumulation and isolation of reference cell
wall precursors. UDP-MurNAc-L-ala and UDP-
MurNAc-L-ala-D-glu were accumulated in lysine-
deprived S. aureus as described by Strominger and
Threnn (22). Exponentially growing cells were cen-
trifuged, washed twice with and resuspended in 0.2
volume of a modified CWSM-II medium (13) with D-
glutamic acid instead of L-glutamic acid and lacking
m-DAP and L-lysine. The suspension was incubated
for 2 hr at 37 C.
UDP-MurNAc-L-ala-D-glu-m-DAP was accumu-

lated in B. cereus T. Chloramphenicol (100 gg/ml)
was added to exponentially growing cells to stop
protein synthesis and prevent lysis. D-Cycloserine
fonate (DCS; 50 ug/ml) was added 15 min later, and
incubation was continued for another 60 min.

UDP-MurNAc-L-ala-D-glu-m-DAP-D-ala-D-ala was
accumulated by incubation of B. cereus T in the
presence of vancomycin as described in an earlier
report (13).

After accumulation, the precursors were extracted
and then purified by Dowex and Sephadex column
chromatography as described previously for UDP-
MurNAc-pentapeptide (13). Chromatography in (i)
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isobutyric acid-1 M ammonia (5:3, v/v) or (ii)
ethanol-1 M ammonium acetate, pH 7.2 (5:2, v/v)
showed that the isolated precursors, with the excep-
tion of UDP-MurNAc-L-ala, were free from any ul-
traviolet (UV)-positive and ninhydrin-positive impu-
rities. UDP-MurNAc-L-ala contained some UDP-
MurNAc-L-ala-D-glu. The two compounds were sepa-
rated by preparative paper chromatography. The
resulting UDP-MurNAc-L-ala is chromatographically
pure, but may contain some UDP-MurNAc, which
cannot be separated from the monopeptide by chro-
matography. The yield of precursors was determined
by the method of Reissig et al. (18).

Isolation of radioactive precursors. Parental
strains and mutants were grown and incubated in 2
ml of CWSM-I at 42 C as described elsewhere (Lug-
tenberg and de Haan, Antonie van Leeuwenhoek J.
Microbiol. Serol. 37:537-552) except that the amount
of radioactive L-alanine was doubled to achieve a
better incorporation. After 60 min of incorporation,
the perchloric acid-precipitable activity was deter-
mined. The remainder of the suspension was cen-
trifuged at 4 C. The pellet was resuspended in 1
volume of distilled water and heated for 15 min in a
boiling water bath. After chilling in icewater, cold
40% trichloroacetic acid was added to a final concen-
tration of 5%. The pellet was removed by centrifuga-
tion. To the supematant, 15 mg of charcoal (Darko
KB) was added. After 30 min of gentle shaking, the
charcoal suspension was pipetted into a small column
(diameter 5 mm). The nonadsorbed material was re-
moved by washing the column five times with 3 ml of
distilled water. The adsorbed material was eluted by
four washings with 1 ml of ethanol-0.1 M ammonia
(1:1). The solvent was removed under reduced
pressure, and the material was dissolved in 0.2 ml
of distilled water. The activity in 10 pliters was
counted. When necessary, the precursors were
stored at - 20 C.

Identification of radioactive precursors. About
half of the charcoal-adsorbable material (if possible,
at least 1,000 counts/min) was mixed with 0.05
imole of each of the four alanine-containing refer-
ence precursors. This amount is detectable under
short-wave UV light. The mixture was applied as a
1.5-cm streak to Whatman no. 1 paper. After chro-
matography for 4 days in isobutyric acid-1 M am-
monia (5:3, v/v), the chromatogram was air dried
and observed under UV light. After autoradiography
for 2 weeks, the spots were cut out and counted.

RESULTS
Growth requirements and dependence of

mutants on osmotic pressure. Fifty-four
temperature-sensitive lysis mutants were
studied for growth requirements at the restric-
tive temperature. Three strains (TKL-17, 48,
and 55) responded to the addition of DAP (40
tg/ml). H. J. W. Wijsman, (thesis, Amster-
dam, 1970), working with the same series of
mutants, found that TKL-12, 13, and 24 also
responded to DAP, a result which we could not
reproduce.

Three strains (TKL-10, 25, and 51) grew at

42 C in the presence of D-alanine (20 Ag/ml) or
DL-alanyl-DL-alanine (80 tig/ml). Wijsman
(thesis, Amsterdam, 1970) has shown that
TKL-10 is missing the L-alanine: D-alanine
racemase activity in vitro. No mutants were
found that responded to DL-alanyl-DL-alanine
but did not grow on D-alanine. D-Glutamic
acid (20 ,ug/ml) or N-acetyl-glucosamine (100
,gg/ml) did not stimulate the growth at 42 C of
any of the mutants.
We tested our mutants for dependence on

high osmotic pressure at 42 C by looking at
colony formation on yeast-agar plates supple-
mented with 20% sucrose or 0.3 M NaCl. In the
few cases tested, the results obtained with
NaCl and sucrose were in agreement. TKL-
mutants that grew with sucrose under these
conditions were TKL-8, 11, 15, 22, 24, 26, 29,
32-34, 36, 37, 39, 41, 42, 44, 45, 50, 54, 55, and
57, while TKL-2, 10, 13, 17, 19, 21, 38, 43, and
47-49 showed irreproducible colony formation
under these conditions. The remainder of the
mutants gave no response. This meant that
41% grew, 20% showed irreproducible results,
and 39% did not grow in the presence of 20%
sucrose. Only one of the three DAP-requiring
mutants (TKL-55) reproducibly showed growth
when sucrose was added. Two of the three
strains which required D-alanine for growth did
not grow on sucrose, whereas the third gave
irreproducible results. Our results indicate that
not all mutants in the synthesis of murein
amino acids are sucrose-dependent. The same
conclusion is probably true for mutants
blocked elsewhere in murein synthesis. The
DAP-requiring mutants were not tested in the
later experiments. Other authors (2, 3, 23) are
working with this type of mutant and probably
will present the genetic and biochemical prop-
erties.
Incorporation of 4C-D-alanyl-D-ala-

nine into peptidoglycan. The lysis mutant
TKL-10 grew on both D-alanine and DL-alanyl-
DL-alanine, but no mutants were found which
could grow on DL-alanyl-DL-alanine only. This
result suggested that the collection of mutants
did not contain a mutant blocked in D-alanine:
D-alanine ligase. However, it was possible that
such a mutant was unable to grow on alanyl-ala-
nine because the cell degrades this compound
to alanine before it is utilized for murein syn-
thesis. This possibility was excluded as fol-
lows. The wild-type strain KMBL-146 was
incubated in CWSM-I in the absence or pres-
ence of DCS (20 ug/ml). The antibiotic
strongly inhibited the incorporation of 14C-L-
alanine in acid-precipitable material, but it
slightly stimulated the incorporation of 14C-D-
alanyl-1 4C-D-alanine.
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Alanine racemase and D-alanine: D-alanine
ligase are the only enzymes involved in murein
synthesis which are known to be sensitive to
DCS (Chambers et al., Bacteriol. Proc., p. 119,
1963). Neither the E. coli D-ala-D-ala adding
enzyme (Lugtenberg, unpublished data) nor
the particle-bound enzymes in peptidoglycan
synthesis (11) are sensitive to this antibiotic.
Thus the fact that DCS does not inhibit the
incorporation of D-alanyl-D-alanine into the
murein strongly suggests that D-alanyl-D-ala-
nine is incorporated into murein without pre-
vious degradation to alanine. The stimulation
of D-alanyl-D-alanine incorporation by DCS is
probably due to inhibition of endogenous D-
ala-D-ala synthesis. These results indicate that
no mutant in D-alanine: D-alanine ligase is
present in our collection.
Murein synthesis of lysis mutants. Murein

synthesis was followed in CWSM-I as de-
scribed above. The OD of the parent cultures
remained constant during at least 2 hr,
whereas the OD of some of the mutant cul-
tures decreased up to 20% at both 30 and 42 C.
The parental strain of most of our mutants,

strain KMBL-146, pregrown at 30 C, incorpo-
rated 14C-L-alanine at about the same rate at
30, 37, 42, and 45 C when the inoculum was
taken from one batch of exponentially growing
cells. However, the rate of incorporation dif-
fered from experiment to experiment, and it is
probably dependent on the physiological con-
dition of the cells. Therefore we decided to
compare the rate of murein synthesis of the
mutants at 42 C with their own rate of murein
synthesis at 30 C instead of with the rate of
murein synthesis of the parent strain at 42
C. The results obtained are presented in Fig. 1.
Curve type A, showing a high and about equal
incorporation at both temperatures, was found
in the strains KMBL-146, TKL-7, 8, 22, 34, 36,
45, 49, and 50. Compared to type A, type B
showed a very high rate of murein synthesis at
30 C as well as during the first hour at 42 C.
The rate decreased after longer incubation at
the latter temperature. The mutants TKL-13
and 38, the wild-type strain K-235, and its lysis
mutants ts-I-2 and ts-II-5 belonged to this
type, whereas strain KMBL-146, usually giving
the picture of type A, sometimes showed the
type B picture.
The behavior of strain KMBL-146 suggests

that the observed difference between types A
and B is probably not essential. Because a high
amount of alanyl-alanine was excreted into the
medium at 42 C (Lugtenberg and de Haan,
Antonie van Leeuwenhoek J. Microbiol. Serol.
37: 537-552.), the external alanine concentra-
tion decreased much faster at 42 C than at 30

C, as was determined after autoradiographic
examination. The exhaustion of external ala-
nine is probably the reason for the gradually
decreased rate of incorporation at 42 C in type
B. The observed difference between types A
and B (Fig. 1) can then be explained by a dif-
ference in metabolic activity of the cells.
Compared to type A, type C mutants

showed a normal or decreased incorporation at

cpm KiD-3

20

10

time(min)

FIG. 1. Types of murein synthesis from parental
strains and mutants. Cells growing exponentially at
30 C were washed with and resuspended in CWSM-I
to an optical density at 660 nm of 0.4. The suspen-
sion was divided into two parts which were preincu-
bated for 10 min at 30 and 42 C, respectively. 14C- L-
alanine (1 ICi/ml, final concentration) was then
added (t = 0), and incubation was continued at 30 C
(-) and 42 C (A). Samples (0.2 ml) were added to 5
ml of ice-cold 3% perchloric acid at the indicated
times. The precipitate was collected on a filter,
washed, air dried, and counted. A, KMBL-146; B,
K-235-ts-II-5; C, H-1119; D, TKL-10.
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30 C. Their rate of murein synthesis at 42 C
was very low. Examples of this type are strains
H-1119, H-1123, TKL-11, 15, 19, 24, and 53.
Type D showed an equal but low incorpora-

tion at both temperatures and was found with
strain TKL-10.
Intermediates in murein synthesis in

mutants. The details of the experimental pro-

cedures are described elsewhere (Lugtenberg
and de Haan, Antonie van Leeuwenhoek J.
Microbiol. Serol. 37:537-552). Temperature-
sensitive lysis mutants and their parental
strains were incubated in CWSM-I supple-
mented with 14C-L-alanine at both the permis-
sive and the restrictive temperature. At vari-
ous times, 0.1-ml samples were heated at 100
C for 2 min and chromatographed. Autoradio-
grams of the parental strains showed compo-

nents which were identified as murein, two
precursors, pyruvic acid, alanine, and alanyl-
alanine. The major precursor is UDP-
MurNAc-pentapeptide, and the minor one is
UDP-MurNAc-dipeptide. Autoradiograms of
the mutants were compared with those of their
parents. The following types of autoradiograms
were found: (i) no significant differences be-
tween mutant and parent at either tempera-
ture (e.g., strains TKL-8, 13, 22, and 42, and
KMBL-275-ts-1); (ii) the main radioactivity in
another precursor, accompanied by a lower
amount of murein especially at 42 C, and a

normal amount of alanyl-alanine [e.g., strains
TKL-11, 15 (Fig. 2), 19, and 24]; (iii) no radio-
active precursor present, less murein, and
normal alanyl-alanine (e.g., strain H-1119); (iv)
a different precursor, less murein, and an ex-

tremely low amount of alanyl-alanine (e.g.,
strain TKL-10).
Comparison between the rate of murein syn-

thesis and autoradiograms shows that mutants
with a rate of murein synthesis which did not
differ from that of the parent strain also
showed an identical autoradiogram. Mutants
containing either another radioactive precursor
or no radioactive precursor at all also showed a

decreased rate of murein synthesis at 42 C.
Murein precursors in temperature-sensi-

tive mutants. We thought that the distribu-
tion of the radioactivity over the precursors in
the temperature-sensitive mutants might indi-
cate which enzyme was temperature-sensitive.
Mutants with the same precursor composition
as the parental strain are probably blocked in
one of the membrane-bound steps or are not
mutants in murein synthesis at all (see below).
The strain under observation was incubated

in CWSM-I, supplemented with '4C-L-alanine.

The cells were washed and heated. The char-
coal-adsorbable material was isolated and
identified with the help of reference com-
pounds as described above. Precursors isolated
from the parental strain KMBL-146 were
mixed with references and chromatographed in
isobutyric acid-1 M ammonia (5:3, v/v) and in
ethanol-1 M ammonium acetate, pH 7.2 (5:2,
v/v). In both solvents, the radioactive spots
corresponded with the reference UV spots, in-
dicating that the charcoal-adsorbable radioac-
tivity was located in murein precursors.
To determine the most suitable time to iso-

late the maximum precursor activity, the char-
coal-adsorbable material of KMBL-146 and
two of its mutants was isolated after various
times of incubation in CWSM-I supplemented
with '4C-L-alanine at 42 C. The results shown
in Fig. 3 indicate that in all cases maximal
activity is reached within 1 hr. The maximal
activity found in the mutants was lower than
in the parental strain.
For qualitative and quantitative determina-

tion of their precursors, parent and mutant
strains were incubated for 60 min at 42 C. The
murein synthesis was measured by counting
the acid-precipitable material. Precursors were
isolated, separated, identified, and counted as
described above. The ratio of precursor ac-
tivity to murein activity was calculated (Table
2). A number of mutants showed considerable
differences from their parental strains with
respect to precursor composition and precursor
to murein ratio. The possible meaning of these
differences will be discussed later. It was sur-
prising that no mutants were found with a
greatly increased amount of UDP-MurNAc-
pentapeptide, whereas the amounts of UDP-
MurNAc-L-ala-D-glu-m-DAP and UDP-Mur-
NAc-ala-D-glu could be increased by mutation.
Moreover, accumulation of UDP-MurNAc-
pentapeptide was expected from mutants in at
least five envelope-bound steps in murein
synthesis. We tried to imitate some of these
mutations with the help of antibiotics known
to inhibit these steps. Antibiotics were added
in concentrations which inhibited murein syn-
thesis considerably. The influence of DCS,
vancomycin, and penicillin on the amount and
composition of the precursors is presented in
Table 3. DCS strongly inhibited murein syn-
thesis. The total precursor activity was only
29% of that of the control and was almost ex-
clusively found in UDP-MurNAc-tripeptide.
Vancomycin and penicillin inhibited murein
synthesis 39 and 47%, respectively, but neither
the total precursor activity nor the distribution
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cpm x 0 3

30

20

10

KMBL -146

TKL -15

0 30 60 iBO
time (min)

FIG. 3. Kinetics of precursor labeling. Exponen-
tially growing cells of strains KMBL-146, TKL-10,
and TKL-15 were washed and incubated in CWSM-
I, supplemented with 14C- L-alanine (2 uCi/ml), at 42
C. At various times, 2.0-ml samples were centri-
fuged. The washed pellet was heated, and, after cool-
ing, the macromolecular material was precipitated
with trichloroacetic acid. Charcoal (8 mg/ml) was
added to the trichloroacetic acid supernatant fluid.
After being washed with water, the adsorbed mate-
rial was eluted with ethanol-0.1 M ammonia (1:1),
dried, dissolved in 0.1 ml of distilled water, and
counted. For details see text.... ....... ..

*
...

........... ......... ..,.;

FIG. 2. Influence of incubation temperature on

the precursor composition of strain TKL-15. Strain
TKL-15 was incubated in CWSM-I, supplemented
with '4C-L-alanine, at 30 and 42 C. After 2 hr of in-
cubation, 0.1-ml samples of the complete suspen-

sions were heated and chromatographed. Autoradiog-
raphy was carried out for 2 weeks. Right, 30 C; left,
42 C.

of the activity among the precursors was sig-
nificantly changed. The results with the anti-
biotics are in accord with those obtained with
the mutants. We conclude that it is possible to
increase the amounts of UDP-MurNAc-tri-
peptide and UDP-MurNAc-dipeptide. How-
ever, it is impossible to increase the amount of
UDP-MurNAc-pentapeptide under the experi-
mental conditions either by antibiotics or by
mutations thought to impair the envelope-
bound steps in murein synthesis.

DISCUSSION
We have studied 54 temperature-sensitive

lysis mutants of E. coli K12 for their growth
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TABLE 2. Distribution of radioactivity among
murein precursors in temperature-sensitive lysis

mutants and their parental strains at 42 Ca

Pre- Radioactivity among pre-
Straincursor! cursorsc (% of total

Strain murein counts/min)
(x 102)l X-i X-2 X-3 X-5

KMBL-146d 12.5 4 30 3 63
KMBL-146 18.5 9 30 2 59
KMBL-275 n.d.' 4 19 7 70
K-235 strR 63 2 15 3 80
TKL-10 28 2 7 67 24
TKL- 11 n.d. 19 77 2 2
TKL-15 27 4 91 1 4
TKL-15d 13 6 51 7 36
TKL-19 45 3 91 1 5
TKL-24 41 7 64 4 25
TKL-39 n.d. 4 94 1 1
TKL-42e 18 8 28 2 62
TKL-46 42 4 12 69 15
H-1119 2.5 78 22 0 0
K-235-ts-I-2 46 6 10 4 80
K-235-ts-II-5 48 3 10 3 84

a Cells, growing exponentially in yeast broth at 30
C were washed with and incubated in CWSM-I at 42
C. After 15 min, 14C-L-alanine was added in a final
concentration of 2 uCi/ml. After additional incuba-
tion for 60 min, the perchloric acid-precipitable ac-
tivity of a 0.1-ml sample was determined. At the
same time, 1.9 ml of suspension was used to isolate
the precursors.

'Five per cent of the total activity of precursors
and murein was measured.

c x = UDP-MurNAc. The number represents the
number of amino acids in the peptide chain.

d Incubated at 30 C.
eComparable results were obtained with the fol-

lowing strains: TKL-4, 6-9, 14, 17, 22, 23, 26, 27, 34-
37, 41, 42, 44, 45, 47, 49, 50, 52, 62, H-1123, and
KMBL-275-ts-1.

' Not determined.

response on simple murein building blocks and
osmotic stabilizers. In addition, they were
tested according to the following three bio-
chemical criteria: (i) the rate of murein syn-
thesis in the absence of protein synthesis; (ii)
the level of alanyl-alanine; and (iii) the nature
and levels of the four alanine-containing uri-
dine nucleotide precursors.
Three strains were found that grew in the

presence of DAP and another three that could
grow in the presence of D-alanine at 42 C. DL-
Alanyl-DL-alanine could replace the D-alanine
requirement. Strain TKL-10, requiring D-ala-
nine for growth at the restrictive temperature,
was found to possess a low in vitro activity of
the L-alanine: D-alanine racemase (H. J. W.
Wijsman, thesis, Amsterdam, 1970). This mu-

tant synthesized an extremely low amount of
alanyl-alanine and possessed elevated levels of
UDP-MurNAc-tripeptide (Table 2). These re-
sults are in agreement with the low alanine
racemase activity. Its rate of murein synthesis
was low at both 30 and 42 C (type D). We ex-
plain this type by assuming a lowered enzyme
activity in vivo, which is still sufficient to syn-
thesize stable murein when the growth rate is
relatively low (at 30 C) but insufficient to syn-
thesize the required amount of murein at a
growth rate which is about twice as high (at 42
C).

Cota-Robles and Duncan (5) suggested that
the immediate precursors of D-glutamic acid
were or could be D-alanine and a-ketoglutaric
acid. If their hypothesis is true, one should
expect that strain TKL-10 would accumulate
UDP-MurNAc-L-ala instead of the observed
UDP-MurNAc-tripeptide. It should be noted
that we have not checked whether glutamic
acid was present as the D-isomer in the radio-
active precursor of strain TKL-10, but, be-
cause the L-isomer * never has been found at
this place, it is likely that the D-glutamic acid
adding enzyme is stereospecific. Therefore we
suppose that D-glutamic acid from E. coli is
synthesized via another pathway.

Forty-one per cent of the mutants always
gave rise to colony formation when 20% sucrose
was added. In a few cases tested, NaCl (0.3 M)
could replace sucrose as an osmotic stabilizer.
The addition of NaCl (0.3 M) to CWSM-I at 42
C did not stimulate the rate of murein syn-
thesis in the sucrose-dependent strain TKL-15
(Lugtenberg, unpublished data).

Stabilization of mutants by high concentra-
tions of sucrose has been observed previously
(14). We suspect that it prevents the damage
of the weak murein from the mutants by lower-
ing the net pressure of the cytoplasmic mem-
brane against the murein. The murein of E.
coli wild type is sufficiently strong to withstand
this pressure.
From the results given in this report, it ap-

pears that the precursor composition of the
mutant strains probably is the best indicator
for finding the impaired enzyme.
The high percentage of UDP-MurNAc-L-ala

in strain H-1119 could mean that D-glutamic
acid cannot be synthesized or can not be
added to UDP-MurNAc-L-ala. Stimulation of
growth at 42 C by D-glutamic acid was not
observed. If D-glutamic acid can enter E. coli
K-12 as it does in E. coli B (W. Messer, per-
sonel communication), the D-glutamic acid
adding enzyme may be impaired. Another pos-
sibility, namely an impaired enzyme in the
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TABLE 3. Influence of antibiotics on the distribution of radioactivity among the murein precursors of E. coli
strain KMBL-146a

TempcPrecursors Precursors/ precursorsaTemp Antibiotic cus
murein

of total counts/min)
(x1O2)~ X-1 X-2 X-3 X-5

37 660 27 12 31 3 54
37 DCSc (80 ug/ml) 190 37 4 5 82 9
42 1,830 18 9 30 2 59
42 Penicillin G (100 LU./ml) 1,660 30 11 26 2 61
42 Vancomycin (100 ,g/ml) 2,130 34 7 24 2 67

aExperimental details are given in the footnotes of Table 2.
bCorresponding with 0.1 ml of suspension.
c D-Cycloserine.

synthesis of UDP-MurNAc-L-ala from UDP-
GlcNAc, cannot be excluded, firstly because
the precursor to murein ratio from this mutant
is extremely low compared to mutants accu-
mulating UDP-MurNAc-dipeptide and UDP-
MurNAc-tripeptide, and secondly because la-
beled alanine can give rise to labeled pyruvic
acid. Label of this compound may be present
in UDP-GlcNAc-enolpyruvate and all mur-
amic acid-containing precursors.
High percentages of UDP-MurNAc-L-ala-D-

glu were found in strains TKL-11, 15, 19, 24,
and 39. The strains did not grow when DAP
was added, suggesting that the DAP adding
enzyme is impaired. The observation that
strain TKL-15 incubated at 30 C already con-
tained an increased amount of UDP-MurNAc-
dipeptide (Table 2) is in agreement with auto-
radiograms of this mutant (Fig. 2) and means
that its murein synthesis is already impaired
at 30 C.

Strain TKL-46 was the only UDP-MurNAc-
tripeptide-accumulating mutant which did not
grow on added D-alanine or DL-alanyl-DL-ala-
nine. An impaired D-alanyl-D-alanine adding
enzyme therefore can be expected. The adding
enzymes of the strains with altered precursor
composition will be tested in near future.

All mutants which accumulated a precur-
sor other than UDP-MurNAc-pentapeptide
showed a decreased rate of murein synthesis at
42 C (type C or D). Type C mutants showed
the rate of murein synthesis that we expected
from temperature-sensitive mutants in murein
synthesis. Three type C mutants (strains
KMBL-275-ts-1, H-1123, and TKL-53) were
found to possess UDP-MurNAc-pentapeptide
as the main precursor.
A large number of lysis mutants did not

differ from their parents with respect to rate of
murein synthesis, autoradiogram, and pre-
cursor composition (Table 2). There are several

explanations for the behavior of these lysis
mutants. (i) In S. faecalis the rate of murein
synthesis is unaffected by chloramphenicol
(17). To our knowledge it is not known if this
also is the case in E. coli. However, when fac-
tors other than enzyme activity are limiting
for murein synthesis in E. coli during incuba-
tion in CWSM-L, it is possible that leaky mu-
tants can produce the same amount of murein
as their parent strain. All of our mutants are
leaky at 42 C, as shown in Fig. 2. (ii) Murein
synthesis is blocked during growth at 42 C
because the impaired enzyme, involved in one
of the envelope-bound steps in murein syn-
thesis, does not fit anymore in the membrane
structure when it has been synthesized at 42 C.
According to this idea, active enzyme is di-
luted out at 42 C. (iii) It may be that the ob-
served lysis in some of these mutants is due to
a mutation in a pathway other than murein
synthesis. We can imagine that, e.g., a mutant
in the synthesis of the cell membrane is unable
to synthesize a normal murein, resulting in lysis
of the cell.
The mutants which contain UDP-MurNAc-

pentapeptide as the main precursor will be
tested in the near future in the cell-free system
for murein synthesis. We hope that these ex-
periments will give a definite answer to the
question of whether these mutants are defec-
tive in envelope-bound steps in murein syn-
thesis.

It was surprising that, although the absolute
amounts of UDP-MurNAc-dipeptide and
UDP-MurNAc-tripeptide could be increased
in a number of mutants, no mutants were found
with an increased absolute amount or percent-
age of UDP-MurNAc-pentapeptide. The latter
phenomenon was expected from mutants in
each of the envelope-bound steps in murein
synthesis. The amount of UDP-MurNAc-pen-
tapeptide in the K-12 parental strain could not
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be increased to a large extent by either peni-
cillin or vancomycin, antibiotics known to in-
hibit the envelope-bound steps in murein
synthesis (11). In contrast, the amount of UDP-
MurNAc-tripeptide could be increased enor-
mously by DCS (Table 3). These results sug-
gested that a large increase in the amount of
UDP-MurNAc-pentapeptide cannot be ex-
pected in E. coli mutants in the envelope-
bound steps. Because of the impossibility of
obtaining high amounts of UDP-MurNAc-
pentapeptide in K-12 strains either by anti-
biotics or by mutation, we hypothesize that the
maximum amount of UDP-MurNAc-penta-
peptide which can be present in the E. coli K-
12 cell under the experimental conditions is
regulated by its own concentration via feed-
back inhibition.

In strain K-235, a high precursor to murein
ratio was found (Table 2), due to a much higher
amount of precursors. This strain has been
used by Comb et al. (4) to isolate uridine nu-
cleotides. These authors identified UDP-
MurNAc-tetrapeptide [which turned out to be
UDP-MurNAc-pentapeptide (21)] and UDP-
MurNAc-tripeptide as the main components,
whereas they found very low amounts of UDP-
MurNAc and UDP-MurNAc-L-ala (4). In our
experiments, UDP-MurNAc-pentapeptide was
identified as the main component, whereas the
amount of UDP-MurNAc-tripeptide was very
low. This discrepancy may be due to the spe-
cial conditions we used for murein synthesis,
although this explanation does not seem very
likely to us. The absolute amount of UDP-
MurNAc-pentapeptide found in E. coli K-12
strains was lower than in strain K-235 and its
mutants. If our hypothesis about the regulation
of the amount of UDP-MurNAc-pentapeptide
in E. coli K-12 is true, it is likely that this reg-
ulation is altered in strain K-235.

ACKNOWLEDGMENTS
We thank A. Rorsch and H. J. W. Wijsman for supplying

us with a large number of temperature-sensitive mutants
and P. G. de Haan for his stimulating interest throughout
this work and for his help during the preparation of the
manuscript. The excellent technical assistance of Arna van
Schijndel-Van Dam, Marian van Vught, A. A. G. Verweij,
and C. A. M. J. J. van de Hondel is gratefully acknowl-
edged.

LITERATURE CITED
1. Boylan, R. J., and N. H. Mendelson. 1969. Initial char-

acterization of a temperature-sensitive rod mutant of
Bacillus subtilis. J. Bacteriol. 100:1316-1321.

2. Cohen, G. N., J. -C. Patte, P. Truffa-Bachi, C. Sawas,
and M. Doudoroff. 1965. Mechanismes de regulation
des activites cellulaires chez les microorganismes.
Coll. Intern. Centr. Nat. Rech. Scient. 124:243-253.

3. Cole, R. M., T. J. Popkin, R. J. Boyland, and N. H.
Mendelson. 1970. Ultrastructure of a temperature-
sensitive rod- mutant of Bacillus subtilis. J. Bac-
teriol. 103:793-810.

4. Comb, D. G., W. Chin, and S. Roseman. 1961. Uridine
nucleotides containing a, s-diaminopimelic acid from
Escherichia coli. Biochim. Biophys. Acta 46:394-397.

5. Cota-Robles, E. H., and P. H. Duncan. 1962. The effect
of D-glutamic acid upon spheroplast formation in
Escherichia coli B. Exp. Cell Res. 28:342-349.

6. Demerec, M., E. A. Adelberg, A. J. Clark, and P. E.
Hartman. 1966. A proposal for a uniform nomencla-
ture in bacterial genetics. Genetics 54:61-76.

7. Good, C. M., and P. A. Pattee. 1970. Temperature-sen-
sitive osmotically fragile mutants of Staphylococcus
aureus. J. Bacteriol. 104:1401-1403.

8. Gutenelike, K. G., and R. A. Anwar. 1966. Biosynthesis
of uridine diphospho-N-acetyl muramic acid. J. Biol.
Chem. 241:5740-5743.

9. Gutenelike, K. G., and R. A. Anwar. 1968. Biosynthesis
of uridine diphospho-N-acetyl muramic acid. II. Puri-
fication and properties of pyruvate-uridinediphospho-
N-acetylglucosamine transferase and characterization
of uridinediphospho-N-acetyl enolpyruvyl glucosa-
mine. J. Biol. Chem. 243:5770-5778.

10. Hoekstra, W. P. M., and P. G. de Haan. 1965. The loca-
tion of the restriction locus for X. K in Escherichia
coli B. Mutation Res. 2:204-212.

11. Izaki, K., M. Matsuhashi, and J. L. Strominger. 1968.
Biosynthesis of the peptidoglycan of bacterial cell
walls. XIII. Peptidoglycan transpeptidase and D-ala-
nine carboxypeptidase: penicillin-sensitive enzymatic
reactions in strains of Escherichia coli. J. Biol. Chem.
243:3180-3192.

12. Loveless, A., and S. Howarth. 1959. Mutation of bacteria
at high levels of survival by ethyl methane sul-
phonate. Nature (London) 184:1780-1782.

13. Lugtenberg, E. J. J., A. van Schijndel-van Dam, and T.
H. M. van Bellegem. In vivo and in vitro action of
new antibiotics interfering with the utilization of N-
acetyl-glucosamine-N-acetyl-muramyl-pentapeptide.
J. Bacteriol. 108:20-29.

14. Mangiarotti, G., D. Apirion, and D. Schlessinger. 1966.
Selection of sucrose-dependent Escherichia coli to
obtain envelope mutants and fragile cultures. Science
153:892-894.

15. Matsuzawa, H., M. Matsuhashi, A. Oka, and Y. Siguno.
1969. Genetic and biochemical studies on cell wall
peptidoglycan synthesis in Escherichia coli K12.
Biochem. Biophys. Res. Commun. 36:682-689.

16. Neuhaus, F. C. 1962. The enzymatic synthesis of D-
alanyl-D-alanine. I. Purification and properties of D-
alanyl-D-alanine synthetase. J. Biol. Chem. 237:778-
786.

17. Pooley, H. M., and G. D. Shockman. 1970. Relationship
between the location of autolysin, cell wall synthesis,
and the development of resistance to cellular autolysis
in Streptococcus faecalis after inhibition of protein
synthesis. J. Bacteriol. 103:457-466.

18. Reissig, J. L., J. L. Strominger, and L. F. Leloir. 1955. A
modified colorimetric method for the estimation of N-
acetylamino-sugars. J. Biol. Chem. 217:959-966.

19. Rogers, H. J., M. McConnell, and I. D. J. Burdett. 1968.
Cell wall or membrane mutants of Bacillus subtilis
and Bacillus licheniformis with grossly deformed
morphology. Nature (London) 219:285-288.

20. Rogers, H. J., M. McConnell, and I. D. J. Burdett. 1970.
The isolation and characterization of mutants of Ba-
cillus subtilis and Bacillus licheniformis with dis-
turbed morphology and cell division. J. Gen. Micro-
biol. 61:155-171.

21. Strominger, J. L. 1962. Biosynthesis of bacterial cell

334 J. BACTERIOL.



E. COLI MUTANTS IN MUREIN SYNTHESIS

walls, p. 413-470. In, I. C. Gonsalus and R. Y. Stanier
(ed.), The bacteria, vol. 3. Academic Press Inc., New
York and London.

22. Strominger, J. L., and R. H. Threnn. 1959. Accumula-
tion of uridine nucleotide in Staphylococcus aureus as

a consequence of lysine deprivation. Biochim. Bio-

335

phys. Acta 36:83-92.
23. Taylor, A. L. 1970. Current linkage map of Escherichia

coli. Bacteriol. Rev. 34:155-175.
24. Weidel, W., and H. Pelzer. 1964. Bagshaped macromole-

cules-a new outlook on bacterial cell walls. Advan.
Enzymol. 26:193-232.

VOL. 109, 1972


