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Five temperature-sensitive lysis mutants were found to possess very low
diaminopimelic acid (Dpm) adding enzyme activity in vitro. Murein synthesis
at 42 C was impaired, and uridine-5'-diphosphate-N-acetyl-muramyl-L-Ala-D-
Glu (UDP-MurNAc-dipeptide) was accumulated. In the presence of NaCl, the
mutants could grow at 42 C. NaCl had no influence on the Dpm adding en-
zyme activity in vitro. The growth rate of most temperature-resistant rever-
tants was decreased, but their Dpm adding enzyme activity remained very low.
Two revertants had a rather normal growth rate. Their Dpm adding enzyme
activity was significantly increased, but much lower than in the wild type. The
influence of growth rate on the viability of the mutants is discussed.

During our study of temperature-sensitive
lysis mutants of Escherichia coli K-12, we
found a number of mutants with a low rate of
incorporation of 14C-L-alanine from the "wall
medium" CWSM-I into murein (3). The distri-
bution of the alanine-containing murein pre-
cursors was abnormal in most of these mutants
(3). Two mutants had low activities of the L-
alanine adding enzyme, while the D-alanyl-D-
alanine adding enzyme of another mutant was
temperature-sensitive (5). The present paper
describes the properties of a number of mu-
tants which accumulate uridine-5'-diphos-
phate-N-acetyl-muramyl-dipeptide (UDP-
MurNAc-L-Ala-D-Glu) as the major component
among the murein precursors in contrast to the
parent strain. Diaminopimelic acid (Dpm) did
not stimulate growth of the mutants (3). These
results suggested that these mutants possessed
an impaired Dpm adding enzyme.

MATERIALS AND METHODS
E. coli K-12 strain KMBL-146 (relevant markers:

thr, leu, arg, ilvA, his, thi, thyA, pyrF, tsx, lac, tonA)
is the parent strain of the temperature-sensitive lysis
mutant TKL-39. The mutants TKL-11, 15, 19, and
24 are derived from strain KMBL-158, a tryptophan-
requiring derivative of strain KMBL-146. It should
be noted that it is not certain, although very likely,

I 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 fulfillment of the requirements
for the Ph.D. degree.

that all the temperature-sensitive mutants used were
independently isolated. The wild-type strains
KMBL-146 and 158 and the mutants TKL-11, 15,
19, 24, and 39 have the Phabagen Collection num-
bers PC 0417, 0480, 1237, 1239, 1240, 1241, and 1263,
respectively.
The origin of chemicals and "4C-labeled radi-

ochemicals was reported earlier (3).
Accumulation and isolation of reference nucleo-

tides and radioactive nucleotides, determination of
rate of murein synthesis, preparation of crude en-
zyme, and enzyme assays have been described in
previous papers (1-4).

RESULTS
Growth experiments. When the five mu-

tants under study were incubated in yeast-
broth at 42 C, the OD (optical density) de-
creased after an initial increase. The lysis pat-
tern was strongly dependent on the size of the
inoculum. When this size was large, the time
of maximal OD came at the end of the loga-
rithmic phase; then the decrease in OD was
retarded, or lysis did not occur at all.

It is known that a number of possible cell
wall mutants are sucrose-dependent (3, 6-8).
The five mutants were tested for the ability to
form colonies at 42 C on plates supplemented
with 20% sucrose or NaCl in concentrations
between 0.2 and 0.4%. The results are summa-
rized in Table 1. Strain TKL-19 gave irrepro-
ducible results with sucrose whereas the other
four mutants formed colonies. Four mutants
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TABLE 1. Growth response to sucrose and NaCI of temperature-sensitive lysis mutants and the wild-type
strain KMBL-146a

Growth response of strain
Addition

KMBL-146 TKL-11 TKL-15 TKL-19 TKL-24 TKL-39

None ................... +
Sucrose (20%) ............. + + + 4 + +
NaCl (0.2%) ............... + + + 44±
NaCl (0.3%) ............... + _ + + + +
NaCl (0.4%) ............... + + +

a Prewarmed yeast-agar plates were inoculated with 0.1 ml of a diluted culture and incubated at 30 and 42
C. For all strains the number of colonies at 30 C was independent of the additions. When about the same
number of colonies was observed at 30 and 42 C, the response was scored as positive (+). In some cases the
results were not reproducible (4). The response was scored as negative when no colonies were observed at 42
C after incubation for 96 hr.

grew in the presence of at least one of the
tested NaCl concentrations. Strain TKL-11,
which grew in the presence of sucrose, did not
form colonies at 42 C in the presence of NaCl.
At 30 C, its growth response to NaCl was sim-
ilar to that of strain KMBL-146. In addition to
osmotic effects, sucrose and the higher concen-
trations of NaCl also caused a decrease in the
growth rate of E. coli.
The results show that, particularly for strain

TKL-11, the addition of sucrose and NaCl give
different results. Mangiarotti et al. (6) also
reported that sucrose-dependent mutants may
give different responses to sucrose and NaCl.
We can explain neither these results, nor the
fact that strain TKL-15 grows in the presence
of all NaCl concentrations while the others do
not grow or give a good response only to cer-
tain NaCl concentrations.
Rate of murein synthesis. The rate of

murein synthesis of wild-type and mutant
strains was measured by determination of the
acid-precipitable radioactivity after incubation
of the cells in the "wall medium" CWSM-I,
containing minimal medium salts, murein
amino acids, and chloramphenicol (2), and
supplemented with '4C-L-alanine. At 30 C, the
rate of murein synthesis was greatly decreased
(by 70%) in strain TKL-11 and slightly de-
creased (by 10-30%) in strains TKL-15, 19, 24,
and 39. At 42 C the rate of murein synthesis of
all TKL-mutants was 30 to 50% of that of
strain KMBL-146 (see Table 3 and reference
3).

Distributions of murein precursors in the
mutants. We reported in a previous paper
that, after incubation at 42 C for 1 hr, UDP-
MurNAc-L-Ala-D-Glu accumulates as the
major component among the murein precur-
sors (3). The precursor distribution of strain
TKL-15 was studied in detail (Table 2). At 30

C the distribution of the precursors, and espe-
cially the increased percentage of UDP-
MurNAc-dipeptide, suggests that the Dpm
adding enzyme is not fully active at this tem-
perature. After the suspension was shifted to
42 C, the percentage of radioactivity in UDP-
MurNAc-dipeptide increased within 20 min to
a level of at least 90%, indicating that the
impaired enzyme is rapidly inactivated in vivo
at 42 C. This inactivation is to a large extent
irreversible as was shown by shifting a suspen-
sion from 42 to 30 C. The rate of murein syn-
thesis remained low, whereas strain KMBL-
146 continued murein synthesis for more than
1 hr under these conditions (2). UDP-
MurNAc-dipeptide remained the main pre-
cursor even after 1 hr of incubation at 30 C
(Table 2).
When NaCl was added to the wall medium

at 42 C, the rate of murein synthesis increased
by 40%, and the precursor composition was
similar to that of the non-temperature-sensi-
tive strain KMBL-146. However, the activity
of the total precursor fraction was 35% lower.
NaCl had no influence on the rate of murein
synthesis or on the precursor composition of
the wild-type strain. The basis for the effects
of NaCl on the rate of murein synthesis and on
the precursor composition of strain TKL-15 is
uncertain. However, the salt may stimulate the
synthesis of UDP-MurNAc-pentapeptide.
Enzyme activities in extracts. The five

temperature-sensitive lysis mutants accumu-
lated UDP-MurNAc-dipeptide at 42 C in vivo
(Table 3). Dpm did not stimulate their growth,
although a sufficient amount of this cell wall
amino acid can enter the E. coli K-12 cell.
Therefore it was expected that the five mu-
tants possessed an impaired Dpm adding en-
zyme (3). The activities of the four adding
enzymes of strain KMBL-146 and of the mu-
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TABLE 2. Distribution of murein precursorsa

Precur- Mri Precur- Distribution among
(Subsequent) incubation(s) sorst Murein" sors! precursorsc (% of

Expt no. Strain in CWSM-I + 14C-L-alanine (counts/ (counts/ murein total counts/min)
mi) min) X10mm) x102 ~~~~X-1 X-2 X-3 X-5

1 KMBL-146 60 min 30 C 1,320 10,400 12.5 4 30 3 63
60 min 42 C 1,830 9,960 18.5 9 30 2 59

2 TKL-15 60 min 30 C 400 2,940 13 6 51 7 36
10 min 42 C 4 76 1 19
20 min 42 C 1 92 1 6
90 min 42 C 4 92 1 3

3 TKL-15 60 min 42 C 413 720 57 4 95 0 1
60 min 42 C, 10 min 30 C 488 1,290 38 1 97 0 2
60 min 42 C, 30 min 30 C 433 1,740 25 3 96 0 1
60 min 42 C, 60 min 30 C 226 2,020 11 7 88 4 1

4 TKL-15 60 min 42 C 726 3,410 21.3 4 91 0 5
60 min 42 C(NaCl)d 450 4,840 9.3 8 28 4 60

a Cells growing exponentially in yeast-broth at 30 C were washed with and incubated in CWSM-I at the
indicated temperature. After 15 min, 14C-L-alanine was added in a final concentration of 2 MCi/ml. After
additional incubation(s), the perchloric acid-precipitable activity of a 0.1-ml sample was determined. At the
same time, 1.9 ml of suspension was used to isolate the precursors (3). The rate of incorporation of 14C-L-ala-
nine differed from experiment to experiment, probably because the physiological condition of the cells varied
(3). Therefore, the data for total counts/minute of murein and precursors from different experiments cannot
be compared.

b These data represent the radioactivity corresponding with 0.1 ml of suspension in CWSM-I.
c X = UDP-MurNAc. The number represents the number of amino acids in the peptide chain.
d Added to CWSM-I in a final concentration of 0.3 M.

TABLE 3. Distribution of radioactivity among
murein precursorsa

Incu- Murein Per cent radio-

Strain bation (counts! activityc
temp min)" X-1 X-2 X-3 X-5

KMBL-146 42 C 9,750 2 27 1 70
TKL-11 ...... 42 C 2,880 7 90 0 3
Revertant TKL-

11 ......... 30 C 3,210 10 39 3 48
Revertant TKL-

11 ......... 42 C 3,030 10 58 2 30
TKL-24 ...... 42 C 3,390 6 90 1 3
Revertant TKL-

24 ......... 30 C 8,180 8 39 3 50
Revertant TKL-

24 ......... 42 C 6,230 6 40 2 52
TKL-15 ...... 42 C 3,890 3 91 1 5
TKL-19 ...... 42 C 5,620 3 93 1 3
TKL-39 ...... 42 C 4,720 4 94 1 1

a Experimental details are given in Table 2. Cells
were labeled with 14C-L-alanine for 1 hr at the indi-
cated temperature.

bCorresponding with 0.1 ml of CWSM-I suspen-
sion.

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

tants were assayed at 30 C but not at 42 C,
because the Dpm adding enzyme is almost
inactive at the latter temperature (1). The ac-
tivities of the adding enzymes for L-alanine, D-
glutamic acid, and D-alanyl-D-alanine of the
mutants were not significantly different from
those of the wild-type strain. However, all
mutant extracts contained only about 1% of
the wild-type Dpm adding enzyme activity.
Because the activities of this enzyme in ex-
tracts of the mutants were very low, even at 20
C, it was impossible to determine whether this
enzyme was temperature-sensitive. The results
are summarized in Table 4.
To test whether the low enzyme activity

could be due to (over)production of an inhib-
itor of the enzyme, we mixed extracts of strain
KMBL-146 and of the mutants. No significant
inhibition of the Dpm adding enzyme activity
by extracts of the mutants was observed. Be-
cause the activity of the Dpm adding enzyme
of the wild-type strain increased after preincu-
bation for 10 min at 55 C, owing possibly to
inactivation of an inhibitor (1), we incubated
the extracts of the mutants at temperatures
between 42 and 60 C before enzyme assay.
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TABLE 4. Specific activities of adding enzymes in
extracts of temperature-sensitive mutants missing

diaminopimelic acid (Dpm) adding enzyme activity"
Enzyme activity (%)

Strain L-Ala D-Glu m-Dpm D-Ala-
adding adding adding adding
enzyme enzyme enzyme. enzyme

TKL-11 103 87 1 48
TKL-15 95 98 1 93
TKL-19 126 86 < 1 58
TKL-24 106 67 < 1 110
TKL-39 91 70 1 109

a Enzyme assays were performed at 30 C as de-
scribed previously (1). The specific activities are
expressed relative to those of the extract of strain
KMBL-146 (= 100%).

However, no significant increase of enzyme
activity was found. These experiments showed
that the mutation did not result in (over)pro-
duction of an inhibitor of the Dpm adding
enzyme, but that the Dpm adding enzyme it-
self is changed by the mutation. However, it is
very unlikely that the in vitro activity of this
enzyme is an accurate measure of its in vivo
activity.
Because this enzyme may be composed of

subunits (1), it is possible that complementa-
tion in vitro could be observed when the hypo-
thetical subunits were products of different
genes. However, when extracts of the five
mutants were mixed in pairs, no significant
increase in enzyme activity could be observed.
Sodium chloride, in certain concentrations,

stimulated colony formation of all but one of
the mutants (Table 1) and caused a shift in the
distribution of the murein precursors of strain
TKL-15 (Table 2). However, in vitro no signifi-
cant influence of NaCl on the Dpm adding
enzyme activity was observed, indicating that
NaCl does not influence the enzyme activity
directly.
Temperature-resistant revertants. The

impaired enzyme of temperature-sensitive
lysis mutants is not necessarily temperature-
sensitive (1). The temperature-sensitive pheno-
type can be due to an impaired enzyme, which
is sufficiently active at 30 C but fails to supply
the need of the faster growing cells at 42 C.
Therefore, we could imagine that a mutation
which decreases the growth rate of a lysis mu-
tant could give rise to a temperature-resistant
phenotype.

Spontaneous revertants of the five mutants
were isolated from yeast-agar plates, incubated
at 42 C. The frequencies with which tempera-

ture-resistant colonies occurred were 10-61 and
3 x 10-6 for the strains TKL-11 and TKL-24,
respectively.
We determined the generation times in

yeast-broth of strains KMBL-146, TKL-11,
and ten revertants of TKL strains. The genera-
tion times of strains KMBL-146 and TKL-11
were 40 min at 30 C, and 22 and 26 min, re-
spectively, at 42 C. In the case of strain TKL-
11, the generation time at 42 C was calculated
from the short period of exponential increase
in OD before lysis occurred.
A group of eight revertants (type A) had

abnormally long generation times at 42 C:
between 48 and 80 min. The cells of these cul-
tures consisted partly or completely of short,
thick, or long filaments. The shortest genera-
tion time at 30 C was 66 min.

Only the two revertants of strains TKL-24
and TKL-39 showed a growth rate comparable
to that of strain KMBL-146: 28 and 30 min,
respectively, at 42 C (type B). The cell mor-
phology of the revertant of strain TKL-39 was
normal, whereas the revertant of strain TKL-
24, besides normal cells, also formed short fila-
ments.

Extracts were made from three type A and
two type B revertants. Only the Dpm adding
enzyme activities of the revertants of the
strains TKL-24 and TKL-39, the only rever-
tant strains with a normal growth rate, were
significantly increased, to 9%- and about 3%,
respectively, of the wild-type level. The Dpm
adding enzyme activity of the former revertant
strain was sufficiently high to assay. Preincu-
bation for 10 min at 55 C gave rise to the same
relative increase in activity as was found in the
extract of the parent strain (1), suggesting
that the revertant enzyme was not tempera-
ture-sensitive. When extracts of one of either
revertant type were mixed in pairs with those
of the TKL-mutants or with that of strain
KMBL-146, the obtained enzyme activities
were intermediate between the activities of the
individual extracts. All results suggest that the
revertant phenotype in strain TKL-24 is due
to a second mutation in the gene for the Dpm
adding enzyme.
The genes for the adding enzymes for L-ala-

nine, D-alanyl-D-alanine, and m-Dpm map so
near to each other on the E. coli chromosome
map that they may form or be part of an op-
eron (H. J. W. Wijsman, Thesis, Amsterdam,
1970, and personal communication). When, in
a Dpm adding enzyme mutant, the rate of
transcription of this operon is increased by a
second mutation, one can imagine that so
many copies of the impaired, but slightly ac-
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tive, Dpm adding enzyme are present in the
cell that growth at 42 C can occur. Such a
double mutant would behave as a revertant.
To test whether such a regulatory mutant was
present among the revertants, two extracts of
both revertant types were tested for activity of
the L-alanine adding enzyme. The levels of ac-
tivity were found to be the same as that in
the wild type. Thus, support for one operon
was not found.
When the rate of murein synthesis in

CWSM-I was measured for strain TKL-11 and
its slow-growing revertant, no differences were
found between the two strains at either 30 or
42 C. Mutant and revertant differed with re-
spect to the composition of the alanine-con-
taining murein precursors (Table 3). Whereas,
at 42 C, strains KMBL-146 and TKL-11 con-
tained 27 and 90%, respectively, of the ra-
dioactivity in the dipeptide fraction, the pat-
tern of the revertant was intermediate. The
absolute activity in the dipeptide fraction was
equal for strain TKL-11 and its revertant.
The rate of murein synthesis of the revertant

of strain TKL-24 was increased to a level be-
tween those of the strains TKL-24 and
KMBL-146 at both temperatures (Table 3).
The precursor distribution of the revertant
strain was independent of the temperature and
it was nearly shifted to the pattern of the re-
vertant of strain TKL-11 at 30 C (Table 3).
The absolute activity of the dipeptide was
equal in strain TKL-24 and its revertant.
These results are in agreement with the pro-

posed mechanism for the restored growth by
both reversion types at the restrictive temper-
ature.

DISCUSSION
Five temperature-sensitive mutants with

very low in vitro activities of the Dpm adding
enzyme have been found. Neither evidence for
(over)production of an enzyme inhibitor nor
evidence for temperature sensitivity was
found.
Most temperature-resistant revertants of the

mutants grew slowly (type A) and possessed an
anomalous cell morphology. No significant in-
crease in Dpm adding enzyme activity could
be observed in revertants of this type, whereas
the specific activities of reference enzymes
involved in the synthesis of UDP-MurNAc-
pentapeptide were normal. The temperature-
resistant phenotype of the type A revertants is
probably due to a mutation which limits the
growth rate. Sucrose and, to a lesser extent,
NaCl have the same effect. Conditions which

decrease the growth rate mask the tempera-
ture-sensitive lysis genotype of a number of
mutants.

It seems likely that, when the growth rate of
a bacterium decreases, some regulation mecha-
nism causes the rate of murein synthesis to
decrease also. Part of this decrease may be
caused by feedback inhibition of the synthesis
of UDP-MurNAc-pentapeptide by the product
itself (3). At the permissive temperature, the
amount of this component is already low in
the leaky mutants. This deficiency removes
the feedback inhibition. The mutants may
thus be able to grow with a rather low activity
of the Dpm adding enzyme. At the restrictive
temperature, the impaired enzyme can no
longer fulfill the requirement of the faster-
growing cell. However, when the growth rate
decreases, either by the introduction of a
second mutation or by the addition of sucrose,
mutants with some residual enzyme activity
might be able to supply the amount of UDP-
MurNAc-pentapeptide which is required for
murein synthesis. This explanation is sup-
ported by the fact that the revertant of strain
TKL-11 contains a considerable amount of
UDP-MurNAc-pentapeptide.
Two revertants were found with a nearly

normal growth rate (type B). Their Dpm
adding enzyme activity was significantly in-
creased, although still much lower than that of
strain KMBL-146. The reversion may be
caused by a second mutation in the gene that
codes for the Dpm adding enzyme, resulting in
a sufficient enzyme activity in vivo and a low
in vitro activity.

According to the nomenclature proposed in
a previous paper (5), the gene for the Dpm
adding enzyme has been designated murE.
Wijsman (Thesis, Amsterdam, 1970) located
this gene between the genes for leucine biosyn-
thesis and azide resistance.
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