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A group of Escherichia coli mutants which are ampicillin resistant at 32 C and
which either are unable to grow or lyse at 42 C has been selected. These mutants
have been classified by a number of characteristics: total peptidoglycan synthesis
measured by [**C]diaminopimelic acid incorporation, extent of cross-linking of
the peptidoglycan which is synthesized, growth characteristics at the two
temperatures, and morphology. Two especially interesting groups of mutants
have been described. In one of these, a hypo-cross-linked peptidoglycan was
synthesized at the nonpermissive temperature. Most of these organisms lysed at
42 C. In another group, the peptidoglycan synthesized at 42 C was hyper-cross-
linked. Many of these organisms were spherical. Studies of revertants indicated
that ampicillin resistance, temperature sensitivity, cross-linking, growth charac-
teristics, and morphological changes may be related to a single mutational event

in both of these groups.

The lethal effect of penicillins on Escherichia
coli is thought to be due to the inhibition by
these antibiotics of enzymes involved in the
terminal stage of cell wall synthesis, the cross-
linking of peptidoglycan strands in the cell wall
(22). Three enzymatic activities have been iden-
tified which are inhibited by penicillins: the
transpeptidase which catalyzes the cross-link-
ing reaction (3, 11, 12), the p-alanine carboxy-
peptidase whose precise function is unknown
but which might participate in reactions which
limit the extent of cross-linking in peptidogylcan
strands (13), and an endopeptidase (cross-link
splitting enzyme) which could similarly be
involved in either determining the final extent
of cross-linking in the peptidoglycan or in some
manner involved in the separation of cells or in
the growth of the peptidoglycan (6, 8). It is also
possible that several of these activities are
catalyzed by one enzyme (11, 21).

One approach to the questions of the number
of enzymes required to catalyze these activities
and to their functions is to isolate mutants in
which the various enzymes are altered. In addi-
tion, the isolation of a penicillin-resistant strain
containing a penicillin-resistant enzyme would
provide further evidence that that enzyme is, in
fact, a killing site for penicillin. This approach
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is complicated by the possibility that more than
one killing site for penicillin may exist (5, 8, 9,
23, 24). Many studies of penicillin-resistant
mutants in the past have failed to result in the
isolation of strains in which these enzymes have
been altered. Instead, in E. coli two classes of
mutations have been found by this selection
technique (7, 17): (i) penicillinase producers
and (ii) strains in which the structure of the cell
envelope is changed so as to alter the permeabil-
ity of the cell to penicillin. To investigate this
problem, we have therefore devised a technique
which, in part, may avoid the selection of these
two classes of mutations. This technique and
the classification of the mutants which have
been isolated with it from E. coli are presented
in the present paper. In particular, two interest-
ing classes of temperature-sensitive mutants of
E. coli were found in which the peptidoglycan of
the cell wall synthesized at the nonpermissive
temperature appears to be either hypo-cross-
linked or hyper-cross-linked.

MATERIALS AND METHODS

Bacterial strains. The strain of E. coli used in this
study was strain H 102, kindly given by J. Kirsch-
baum, Harvard University. This strain is a derivative
of strain Hfr-H. To measure peptidoglycan synthesis
conveniently in vivo, Dap~ and Lys- mutations were
introduced as follows. A mid-log-phase culture (5 ml,
3 x 10°® cells per ml) was treated with 300 ug of
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N-methyl-N'-nitro-N-nitrosoguanidine per ml for 15
min (1). The cells were collected by centrifugation
and washed. The cell survival was 30%. These cells
were plated on YAB medium (Difco yeast extract, 5
g/liter; and Difco antibiotic medium 3, 17.5 g/liter)
and then replica-plated to minimal medium M 63 (20)
with or without 20 ug of L-lysine per ml. The fre-
quency of the Lys~ phenotype was 0.5 x 10-2. One of
these isolates was further mutagenized, as above, and
plated on DYAB medium (YAB supplemented with
0.2 mM diaminopimelic acid [Dap]) from which it
was replica-plated to minimal medium with 34 ug of
lysine per ml and with or without 36 ug of Dap per
ml. The frequency of the double mutant, Lys-, Dap-,
was about 0.25 x 10~*. One of these double mutants
that grew rapidly either in nutrient broth or agar
supplemented with Dap was used for further study
and was designated strain H 2143. The generation
time for this strain in broth was about 60 min
compared to about 30 to 40 min for the parent culture,
H 102, at 32 C, but at 42 C it grew with the same
generation time as the parent, about 20 min. Another
strain isolated in the course of this study is H 212. It is
Lys~ and has a temperature-sensitive Dap- mutation,
requiring Dap at 42 but not at 32 C.

Assay of peptidoglycan synthesis and cross-link-
ing in vivo. An overnight culture was grown at 32 C
without shaking. A 0.1-ml sample was freshly inocu-
lated into 2 ml of YAB medium to which [**C]Dap
was added. Both the inoculum and the fresh medium
were prewarmed to the desired temperature before
initiation of the experiment. After 2.5 h of incubation
at either 32 or 42 C, 0.25 ml of 50% trichloroacetic
acid was added and the sample was heated in a boiling-
water bath for 5 min. Insoluble material was removed
by centrifugation and washed with 2 ml of 0.1 M
ammonium acetate; 60 uliters of 2 mg of trypsin
per ml in 0.1 M ammonium acetate-0.01 M
ethylenediaminetetraacetic acid (pH 7.9) was added;
and the mixture was incubated at 37 C for 2 h. After
heating in a boiling-water bath for 2 min, 40 uliters of
10 mg of lysozyme per ml in the same buffer was
added, and the mixture was incubated at 37 C over-
night. This material was then applied to Whatman
no. 3MM filter paper and subjected to descending
chromatography in isobutyric acid-1 N ammonium
hydroxide (5: 3) overnight. A radioautogram was pre-
pared, and the areas corresponding to the peptidogly-
can monomer (GlcNac-MurNac-tetrapeptide, R, =
0.4) and the cross-linked dimer (R, = 0.2, including
very small amount of oligomer at an R, = 0.1) were
cut out and counted in the liquid scintillation spec-
trometer.

RESULTS

Isolation of temperature-sensitive ampicil-
lin-resistant mutants. It was decided to isolate
a class of mutants that would be resistant to
penicillin at low temperature, 32 C, and which
lysed in the absence of penicillin at 42 C. The
rationale for isolation of this class of mutants
was that penicillinase producers, which would
be penicillin resistant at 32 C, would not lyse at
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42 C and similarly that envelope mutations
with altered permeability at 32 C might not lyse
at 42 C. The two major classes of penicillin-
resistant mutants encountered previously
should be eliminated by this screening tech-
nique, except in the case of double mutants. It
was hoped that one of the penicillin-sensitive
enzymes might be altered in such a way that it
would be resistant to ampicillin at 32 C and
relatively stable, but unstable at 42 C, resulting
in death of the cell. The isolation was carried
out as follows.

Method 1. After treatment of 5 ml of culture
with 200 to 300 ug of nitrosoguanidine per ml for
15 min, the cells were collected by centrifuga-
tion and washed. The cells were suspended in 5
ml of broth containing 5 ug of ampicillin per ml
and grown overnight at 32 C. The resulting cells
were plated on eosin methylene blue (EMB)
agar (15) without added sugar. The plates were
then incubated at 32 C until small colonies were
formed, usually overnight. The plates were then
shifted to 42 C for 6 to 9 h. Most of the colonies
were white, but those that turned purple were
isolated by picking and replating on DYAB
agar. Most of these colonies were not total lysis
colonies; presumably, if they were, they could
not have been isolated by this method. In fact,
none of the 60 mutants isolated by this method
lysed in broth when the temperature was raised
to 42 C.

Method 2. The mutagenized cells were plated
on DYAB agar containing 10 ug of ampicillin
per ml and grown at 32 C. These original plates
were then replica-plated with velvet to EMB
plates at 32 C which were then shifted to 42 C
as described in method 1. All of the colonies
from the EMB plate that had been incubated at
42 C (whether purple or not) were tested by
transfer individually to DYAB agar at 32 and at
42 C. Three types of colonies were observed: (i)
transferable at either 32 or 42 C (these were
discarded); (ii) transferable at 32 C but not at
42 C (these are colonies which did not undergo
total lysis on the EMB plate at 42 C but which
were, nevertheless, temperature sensitive); (iii)
not transferable at either 32 or 42 C (these were
colonies which apparently underwent total lysis
at 42 C on the EMB plate; they were recovered
from the master plate at 32 C). A total of 481
mutants isolated by these two methods have
been examined. An additional 38 mutants iso-
lated in a similar way from broth containing 5
ug of cephalothin per ml were isolated, but since
they did not differ significantly from the am-
picillin-resistant strains they will not be consid-
ered further.

All of these mutants were tested after purifi-



570

cation by growth at 32 C on plates with and
without 10 ug of ampicillin per ml, and at 42 C
on DYAB plates, virtually all had the desired
phenotype (ampicillin resistant at 32 C and no
growth at 42 C). Next, each colony was grown in
DYAB broth at 32 C overnight and, depending
on the apparent density, 0.1 to 0.5 g/ml was
transferred to 4 ml of fresh broth to give an
estimated cell density of 107/ml. This culture
was then incubated at 32 C for 90 min and then
shifted to 42 C. After 3 to 4 h, the morphology of
the culture was examined by phase-contrast
microscopy. In addition, lysis was observed as
clearing of the culture with some residual de-
bris. Slow growth or no growth at 42 C was also
noted as low density. A wide variety of morpho-
logical aberrations were observed, some of
which are illustrated in Table 1 (and also in
Table 4 and Fig. 3).

Assay of peptidoglycan synthesis and
cross-linking in vivo. Initially, all of the cul-
tures were examined by this technique at 32
and 42 C. The extent of peptidoglycan synthe-
sis at both temperatures could be estimated
from the total radioactivity incorporated, and
the extent of cross-linking in the newly synthe-
sized peptidoglycan could be determined at
each temperature from the ratio of dimer to
monomer. Moreover, the relative cross-linking
at the two temperatures could be measured as
the ratio of cross-linking (dimer/monomer ratio)
at 42 C to the cross-linking at 32 C (normal
range, 0.95 to 1.25). After about 100 cultures
were examined in this way, it became apparent
that the ratio of dimer to monomer at 32 C was
about 0.9 and was itself relatively constant
among all the cultures, the range being 0.8 to
1.0. To facilitate examination of additional cul-
tures, it was therefore decided to examine only
the ratio of dimer to monomer at 42 C (normal
range 0.9 to 1.1), considering any value outside
of the range of 0.8 to 1.2 as abnormal. Some
representative examples are given in Table 1.
All of these data are represented in Fig. 1. Du-
plicate determinations of this kind were highly
reproducible. It can be seen from the repre-
sentation in Fig. 1 that there is a small group
of mutants in which the peptidoglycan syn-
thesized at 42 C was hypo-cross-linked (defined
as dimer/monomer ratio less than 0.8) and an-
other group in which the peptidoglycan synthe-
sized at 42 C was hyper-cross-linked (defined
as a dimer/monomer ratio greater than 1.2).

Classification of the mutants. A number of
criteria were employed to classify the mutants
obtained: (i) extent of peptidoglycan synthesis
at 32 and at 42 C, (ii) extent of cross-linking at
42 C, (iii) morphology at 42 C, (iv) extent of
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lysis or growth at 42 C. Three or four subdivi-
sions were made in each class (Table 2), and
each mutant was assigned a four-digit classifi-
cation depending upon its properties. For exam-
ple, mutant HAT 1 is classified 1214. (HAT: H,
HfrH; A, ampicillin resistant; T, temperature
sensitive). In this mutant, peptidoglycan syn-
thesis at 32 C was normal, but was low at 42 C.
At 42 C it synthesized hyper-cross-linked pepti-
doglycan. Its morphology at 42 C was spherical,
and its growth at 42 C in liquid culture over a
period of 3 to 4 h was normal (despite the fact
that all these mutants were isolated as orga-
nisms that could not form colonies on plates at
42 C). Of the 481 mutants that were isolated,
194 were studied in detail and are classified in
Table 2. There are several interesting groups of
mutants.

Group 1: hypo-cross-linked HAT mutants.
Fifteen of the mutants synthesized hypo-cross-
linked peptidoglycan at 42 C (classification
112X or 113X). All of these had normal peptido-
glycan synthesis at 32 C and markedly reduced
peptidoglycan synthesis at 42 C, in addition to
the low cross-linking of that peptidoglycan that
was synthesized. None of them was spherical.
Virtually all of them (11/15) lysed wholly or
partially at 42 C (classifications 1121, 1122,
1131 and 1132) (Fig. 2B, compare to control
[Fig. 2A] and Fig. 3A-C). A few showed charac-
teristic bulges at the center of the rod. It is also
noteworthy that none of these mutants had
normal peptidoglycan synthesis at both temper-
atures (classification 31XX), and none of them
had low peptidoglycan synthesis at 32 C as well
as at 42 C (i.e., no mutants were in classifica-
tion 21XX).

It should be noted that the effect of ampicillin
on peptidoglycan synthesis and cross-linking in
the parent culture at 32 C (Table 1) was similar
to that observed in this group of mutants at
42 C. In addition to reducing cross-linking in
vivo, ampicillin also reduced total in vivo pepti-
doglycan synthesis. Cross-linking, although re-
duced, was not totally inhibited in the peptido-
glycan that was synthesized. This is in contrast
to the effects of ampicillin on in vitro peptido-
glycan synthesis where cross-linking is inhibited
without any effect on total peptidoglycan syn-
thesis (12). This difference occurs presumably
because peptidoglycan synthesis and cross-link-
ing are coupled by some kind of regulatory
mechanism in vivo but not in vitro.

Group 2: hyper-cross-linked mutants. The
organisms which synthesized hyper-cross-linked
peptidoglycan at 42 C fall into two subgroups.
Seven of the 12 mutants in this class had
normal peptidoglycan synthesis at 32 C but
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Fic. 1. Dimer/monomer ratio in various strains at 42 C. Data points connected by vertical lines are dupli-

cate determinations. See text for details.

TaBLE 2. Classification of mutants®

Lsig;r;? Fourth digit of classification Totals
class:nfn- 1 2 3 4
cation
111 0 0 0 0 0
2( 1 4 0 2 7 } 15
3| 5 1 1 1 8
1 2 1| 0 0 0 7 7
21 0 0 0 0 0} 7)80
31 0 0 0 0 0
1 31, 0 1 1 2 4
2] 3 10 3 19 | 35 }58
3] 6 7 0 6 19
21 0
2 2 0
2 3 1| 2 0 1 4 7 20
2 0 2 1 5 8 } 20
31 0 2 0 3 5
31
3 2 1{ 0 0 0 0 0 0
2 0 1 0 4 5 } 5
31 0 0 0 0 0 94
3 3 1 0 0 2 3 5
2( 2 2 0 60 | 64 }89
3| 3 0 1 16 20

e 1st digit—peptidoglycan synthesis: 1, low pepti-
doglycan synthesis at 42 C; <50% of 32 C and/or
<25% of parent. 2, Low peptidoglycan synthesis at
both 32 and 42 C; <25% of parent. 3, Normal. 2nd
digit—cross-linking at 42 C: 1, hypo-cross-linked;
dimer/monomer <0.8. 2, Hyper-cross-linked; dimer/
monomer >1.2. 3, Normal. 3rd digit—morphology at
42 C: 1, spherical; 2, filamentous; 3, normal. 4th
digit—growth in broth at 42 C: 1, total lysis, i.e., clear
lysis with many ghosts. 2, Partial lysis, i.e., low cell
density with many ghosts. 3, Low cell density without
ghosts. 4, Normal.

markedly depressed peptidoglycan synthesis at
42 C in addition to hyper-cross-linking at 42 C
(classification 1214). All seven of these orga-
nisms were spherical at 42 C, and none of them
lysed in broth at the high temperature (Fig. 2C,
Fig. 3D, E). The other five hyper-cross-linked
mutants (classification 32XX) had normal pep-
tidoglycan synthesis at both temperatures.

g 8

Klett Reading
8

Klett Reading
8
T
3
k
A

Hours

Fi1c. 2. Effect of temperature shift on various

strains. Growth was begun in duplicate cultures at

32 C. At the arrows the temperature was shifted to
42 C in one of the duplicates (dashed line).

None of these was spherical and they formed
either short or long filaments at 42 C (Fig. 3F)
although they grew relatively normally in liquid
culture over a 3- to 4-h period.

Group 3: mutants with defective peptido-
glycan synthesis at both temperatures. The
third group contains 20 organisms (classifica-
tion 23XX). These were characterized by low
peptidoglycan synthesis at both temperatures
together with normal cross-linking. Many of
these grew only slowly and gave low-density
cultures at 42 C (8 out of 20); some were
filamentous (Fig. 3G, H). This could represent a
class of mutants in the membrane-bound en-
zymes of peptidoglycan synthesis, but they
require much further study.

Group 4: mutants with normal cross-link-
ing, mainly filament formers. The two larg-
est groups of organisms (classification 13XX
and 33XX) all had normal cross-linking and
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Group 2. Hyper - crosslinked
EHATIR

at 42° + Sucrose

_F_HAT 370
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Group 3.
Filaments, partial Lysis

H. HAT 85
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I. HAT 300
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“at 42°+ Sucrose

Fi6. 3. Phase-contrast microscopy of various cultures (x930). The conditions are indicated.

were either normal in peptidoglycan synthesis
at 42 C or low in peptidoglycan synthesis at
42 C. A very large percentage of these mutants
formed short or long filaments at 42 C, and only
a small percentage were true lysis mutants.
There are three unusual organisms, however,
(classification 3331) which had normal cross-
linking, normal peptidoglycan synthesis, and
normal morphology at 42 C, but nevertheless

lysed (Fig. 2D, Fig. 3I). Because this group of

organisms had normal cross-linking, they have
not been investigated in any detail.
Two other points which should be mentioned

are that among the mutants with low peptido-
glycan synthesis at 42 C the organisms which
synthesized hypo-cross-linked peptidoglycan at
42 C were mostly lysis mutants and none of
them was spherical. The hyper-cross-linked
mutants in this group were all spherical. An-
other interesting observation is that among the
52 HAT mutants which lysed in liquid culture
at 42 C, wholly or partially (classifications
XXX1 and XXX2), 70% had normal peptido-
glycan synthesis at 32 C but decreased peptido-
glycan synthesis at 42 C (classification 1XXX).
Many of these mutants were examined for
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penicillinase production by spraying colonies
with N-phenyl-1-naphthylamine-azo-0-carbox-
ybenzene (19), including all of the mutants
listed in Tables 1, 3, and 4. None was positive,
in contrast to two known penicillinase produc-
ers, Amp A mutants (7), which gave purple
colonies under the conditions of the test.

Many of them were also tested at 42 C in the
presence of 20% sucrose and 10 mM MgCl, (Fig.
3). In all cases, some effects were seen, i.e.,
protection against lysis or reversion of morphol-
ogy, or both. For example, strains HAT 156,
291, and 293 (group 1, hypo-cross-linked, classi-
fication. 1121 and 1131) were protected against
lysis; strains HAT 156 and 291 reverted to rods,
but strain HAT 293 looked spherical or ellipti-
cal. Strain HAT 370 (group 2, hyper-cross-
linked, classification 3224) was a filament for-
mer which reverted to rods in the presence of
sucrose-MgCl,. Strains HAT 1, HAT 12, and
HAT 53 (group 2, hyper-cross-linked, classifica-
tion 1214) were spherical organisms whose mor-
phology was more normal in sucrose-MgCl,.
Strain HAT 300 was a lysis mutant with no
apparent abnormality of peptidoglycan synthe-
sis, cross-linking, or morphology at 42 C (classi-
fication 3331); in sucrose-MgCl, it was com-
pletely protected against lysis. The most note-
worthy observation, however, was a negative
one—no case was observed in which mutants at
42 C in the presence of sucrose-MgCl, formed
spheroplasts similar to those formed under
these conditions in the presence of penicillin.

Isolation of temperature-resistant revert-
ants of the mutants which synthesized hypo-
and hyper-cross-linked peptidoglycan. The
purpose of this study was to establish whether
the temperature sensitivity of the mutant phe-
notypes would revert simultaneously with am-
picillin resistance and morphology. The fre-
quency of spontaneous temperature-resistant
revertants in both groups was 10-¢ to 10-°.
Temperature-resistant colonies were then
tested for sensitivity to ampicillin on DYAB
plates containing 10 ug of ampicillin per ml.
The frequency of ampicillin-sensitive revertants
was mostly 0.5 to 15% of the temperature-resist-
ant revertants. Detailed data for a number of
these mutants are shown in Table 3. The
double-reversion frequency was much greater
than would be expected for two independent
mutations, and it therefore appears likely that
the temperature sensitivity and penicillin re-
sistance were due to a single mutation.

A number of these revertants were also exam-
ined for reversion of morphology and for rever-
sion of the abnormal cross-linking (Table 4).

KAMIRYO AND STROMINGER

J. BACTERIOL.

Again, all of the mutants examined that synthe-
sized hypo-cross-linked peptidoglycan and had
reverted to temperature resistance also reverted
morphologically (Fig. 3). The cross-linking also
reverted to the normal range, with 1 exception
(HAT R 156-28) out of the 13 organisms exam-
ined.

With regard to the mutants that synthesized
hyper-cross-linked peptidoglycan, 10 tempera-
ture-resistant mutants were examined in detail
(Table 4). Of these, five had reverted to normal
cross-linking and normal morphology (Fig. 3).
The other five, although they were temperature
resistant, had reverted neither in morphology
nor in cross-linking. The studies of both hypo-
and hyper-cross-linked mutants therefore indi-
cated that there was a high correlation among
mutant properties of temperature sensitivity,
peni¢illin resistance, morphological change,
and degree of cross-linking in the peptidoglycan
(Table 4 and Fig. 3).

DISCUSSION

A major objective of this work was to isolate a
class of mutants in which a penicillin-sensitive
enzyme, presumably the transpeptidase, had
been altered and to correlate this with the
development of resistance to penicillin. This
task has obviously been a difficult one, and it is
certainly complicated by the finding that many
bacteria contain multiple proteins which are
acylated by penicillins (4, 5, 23, 24). If this fact
indicates that there are multiple transpepti-
dases or at least multiple killing sites in bacte-
rial cells, then the difficulty of isolating mu-
tants in any one of them by selecting for
penicillin resistance is immediately apparent.
In the present study, the maximal reduction of
cross-linking observed among the mutants iso-
lated was about 30%. Some confidence in the
significance of the 30% reduction of cross-link-
ing was provided by the isolation of revertants
in which cross-linking was restored together
with morphology, temperature resistance, and
penicillin sensitivity. It is noteworthy that no
temperature-sensitive mutants could be found
in which cross-linking at the nonpermissive
temperature was very greatly reduced as octurs:
with ampicillin, and similarly no mutant was
observed whose morphology at the nonperis-
sive temperature corresponded exactly to that
produced by ampicillin.

An unusual and unexpected group of mutants'
which were isolated is a group in which the
peptidoglycan synthesized at the nonpermissive
temperature was somewhat hyper-cross-linked.
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TaBLE 3. Reversion frequency®

Rt
Mutant [Class] Frequency of T} No. of T? N&;ia[:p‘:‘,ch c::z?,::s?;yl (()S/b )
1. Hypo-cross-linked
HAT 291 [1121] 1076~ 2 x 10-* 48 2 4
HAT 436 [1122] 10-¢ 200 0 <0.5
HAT 143 [1131] 10-7 48 3 6
HAT 156 [1131] 10-¢ 248 1 0.4
HAT 293 [1131] 10-5~5x 107 1,128 4 0.4
HAT 449 [1131] 1078~ 5 x 107 400 0 <0.3
HAT 452 [1131] 5x10-¢ 200 1 0.5
2. Hyper-cross-linked
HAT 1 [1214] 2x10-¢ 48 7 15
HAT 12 [1214] 2 x 10-8 200 2 1
HAT 53 [1214] 10"~ 5 x 10-¢ 224 3 1.3
HAT 276 [1214] 2 x 10-° 200 0 <0.5
HAT 370 [3224] 2 x 107 150 3 2

@ An overnight culture of each HAT mutant was plated on DYAB agar and incubated at 42 C for 1 or 2 days.
Those spontaneous temperature-resistant (T®) colonies which were obtained were purified on DYAB agarat
42 C and tested for their sensitivity to ampicillin on DYAB agar containing 10 ug of ampicillin per ml at 32 C.

® Amp*® includes some revertants that gave microcolonies on ampicillin plate. The majority (15/26), however,

gave no growth at all.

These organisms were also penicillin resistant,
and all of the unusual parameters of the mu-
tants appeared to revert at the same time in
some cases. The majority of these mutants was
spherical. A number of other spherical muta-
tions of Escherichia coli have been described (2,
9, 14, 16, 18). In two of these it has been
established that the cell wall is not hyper-cross-
linked. The other cases have not been examined
from this point of view and, thus, we do not
know whether the present mutation could be
related to these.

It should be emphasized that the incorpora-
tion of ['“C]Dap in the various cultures was
carried out for a relatively long period, and that
more careful kinetic studies at much shorter
time periods after shift up to 42 C would be
necessary to establish a more definite relation-
ship between the temperature sensitivity of the
cultures and the alterations in cross-linking in
these two groups of mutants. A number of
possible explanations of these changes can be
imagined in addition to alterations in amounts
of transpeptidases. For example, a relatively
slow rate of peptidoglycan synthesis while cross-
linking remains at a normal rate can result in a
hyper-cross-linked peptidoglycan, and similarly
a relatively increased rate of peptidoglycan
synthesis could result in hypo-cross-linking.
The effects of endopeptidase and of p-alanine
carboxypeptidase on cross-linking need to be
considered, especially over a relatively long
period of time during which some lysis is

occurring. Increased activities of either could
result in a hypo-cross-linked peptidoglycan and
decreased activities could result in a hyper-
cross-linked peptidoglycan.

An important question is: what is the basis for
the ampicillin resistance of the various classes
of mutants? Clearly, none were penicillinase
producers. One could imagine, however, that
some were ‘“‘envelope’” mutants with reduced
permeability to penicillin at 32 C. Perhaps a
fragile cell wall synthesized at 32 C was suffi-
cient to permit normal growth of the organism,
but that at a more rapid growth rate at higher
temperatures the presence of such a cell wall
could be lethal, either because the mutant
structure was inadequate at rapid growth rates
or because some essential component of it was
denatured at the higher temperature.

Moreover, the relationship of growth rate to
penicillin sensitivity is not defined precisely. It
is known that non-growing cells are not killed by
penicillin (10), and it therefore appears possible
that slowly growing cells are less sensitive than
rapidly growing cells. Thus, any mutation that
results in a slowing of the growth rate may
result in an increased resistance to penicillin.
The group 3 mutants with low peptidoglycan
synthesis both at 32 and at 42 C could be an
example of this phenomenon since many of
these mutants appear to be slow growers. In
these cases, the rate of peptidoglycan synthe-
sis at 32 C, although low, might be sufficient to
maintain viability, but lysis at 42 C might then
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Table 4 Characterization of revertants

|__on plates | Mh_q#muf_ammu_
HAT Mutant 32¢  42¢c _42¢ [*“clpap Incorporation DimeryMonomer
= +Amp - Cells 32C a2c 32¢ 42C 42/32¢
Parental strain
H2143 + -+ [ —1 103 110 .92 .95 1.08
1. Hypo-Crosslinked
HAT 291 [1121] + o+ - - 64 3 .86 .69 .80
R291-1 + T = 52 65 .94 1,02 1.09
R291-4 + -+ — 49 36 .91 1.02 1.12
HAT 143 [1131] + t - — 45 8 .99 .74 .75
R143-2 + - o+ | = 90 70 .90 1.05 1.17
R143-16 + t . .‘—__—_3 s3 19 .95 .96 1,01
HAT 156 [1131) + + - |l 20 3 .95 .74 .78
R156-23 + o+ o+ | 21 6 .99 .88 .89
R156-28 + t 4+ e 84 20 .84 .73 .87
HAT 293 [1131)] + + - | - 30 7 .94 .71 .76
R293-2 ) 24 32 .74 .84 1.14
R293-3 + t 4 |c= 49 65 .85 .90 1.06
R293-10 + + o+ | > 52 66 .87 .91 1.05
HAT 449 [1131] + o+ - 28 1 .96 .69 .72
R449-1 + + o+ > 28 42 1.02 1.05 1.03
2, Hyper-Crosslinked
HAT 1 [1214] + o+ - (@) 70 35 .99 1.52 1.54
R1-1 I 126 92 .92 1.13 1.23
R1-2 T+ o+ = 97 85 1.02 .97 .95
HAT 12 [1214] + + t | > 51 23 .98 1.32 1.35
R12-2 + 4+ 1L 17 10 1,05 1.28 1.22
R12-3 + - + IO = | 7 35 .92 1.21 1.32
HAT 53 [1214] + t - | O s8 25 .9 1.52 1.58
RS53-1 + - + oo 0o s4 a2 .97 1.18 1.22
R53-2 + - =0 79 64 .97 1.16 1.20
HAT 370 [3224]) + o+ - 37 66 1.10 1.31 1.19
R370-1 P T ] 43 74 1.05 1.20 1.14
R370-2 + - 4 | 67 100 1.07 1.25 1.17
R370-3 + - 4+ |e= 28 66 1.17 1.19 1.02

occur simply because peptidoglycan synthesis
was unable to keep up to the rate of cell growth.

Thus, a number of possibilities for the pheno-
typic expression of penicillin resistance became
apparent that were not obvious at the beginning
of the study. Biochemical studies of the mu-
tants are in progress with special attention to
the group 1 (hypo-cross-linked) and group 2
(hyper-cross-linked) organisms in order to ex-
amine the question as to whether any of these
mutants might contain lesions in transpepti-
dases or other essential enzymes of cell wall
synthesis.

ACKNOWLEDGMENTS

We wish to thank Helen Londe and Sadako Kamiryo for
their help in the isolation of the mutants, and Richard Losick,
Joel Kirshbaum, and Walter Gilbert for valuable discussions.

This work was supported by Public Health Service grants
AI-09152 and AM-13230 from the National Institute of
Allergy and Infectious Diseases and National Institute of
Arthritis, Metabolism, and Digestive Diseases, respectively,
and by National Science Foundation grant GB-29747X.
Tatsuyuki Kamiryo was supported by a travel grant from the
Naito Foundation.

LITERATURE CITED

1. Adelberg, E. A., M. Mandel, and G. C. C. Chen. 1965.
Optimal conditions for mutagenesis by N-methyl 1-N'-
nitro-N-nitrosoguanidine in Escherichia coli K-12. Bio-
chem. Biophys. Res. Commun. 18:788-795.

2. Adler, H.I,, C. E. Terry, and A. A. Hardigree. 1968. Giant
cells of Escherichia coli. J. Bacteriol. 95:139-142.

3. Araki, Y., A. Shimada, and E. Ito. 1966. Effect of
penicillin on cell wall mucopeptide synthesis in. a
Escherichia coli particulate system. Biochem. Biophys.
Res. Commun. 23:518-534.

4. Blumberg, P., and J. L. Strominger. 1972. Isolation by
covalent affinity chromatography of the penicillin-



VoL. 117, 1974

10.

11.

12.

13.

14,

binding components from membranes of Bacillus
subtilis. Proc. Nat. Acad. Sci. U.S.A. 69:3751-3755.

. Blumberg, P. M., and J. L. Strominger. 1972. Five

penicillin-binding components occur in Bacillus
subtilis membranes. J. Biol. Chem. 247:8107-8113.

. Bogdanovsky, D., E. Bricas, and P. Dézelée. 1969. Sur

I'identité de la mucoendopeptidase et de la carboxy-
peptidase I d’Escherichia coli, enzymes hydrolysant
des liasons de configuration D-D et inhibées par la
pénicilline. C.R. Acad. Sci. 299:390-393.

. Eriksson-Greenberg, K. G., H. G. Boman, J. A. T. Jans-

son, and S. Thoren. 1965. Resistance of Escherichia
coli to penicillins. I. Genetic study of some ampicillin-
resistant mutants. J. Bacteriol. 90:54-62.

. Hartman, R., J. Holtje, and U. Schwarz. 1972. Targets

of penicillin-action in Escherichia coli. Nature (Lon-
don) 235:426-429.

. Henning, U., K. Rehm, V. Braun, B. Hohn, and U.

Schwarz. 1972. Cell envelope and shape of Escherichia
coli K-12: properties of a temperature sensitive rod
mutant. Eur. J. Biochem. 26:570-586.

Hobbey, G. L., K. Meyer, and E. Chafee. 1942. Observa-
tions on the mechanism of action of penicillin. Proc.
Soc. Exp. Biol. Med. 50:281-285.

Izaki, K., M. Matsuhashi, and J. L. Strominger. 1966.
Glycopeptide transpeptidase and D-alanine carboxy-
peptidase: penicillin-sensitive enzymatic reactions.
Proc. Nat. Acad. Sci. U.S.A. 55:656-663.

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
reaction in strains of Escherichia coli. J. Biol. Chem.
243:3180-3192.

Izaki, K., and J. L. Strominger. 1968. Biosynthesis of the
peptidoglycan of bacterial cell walls. XIV. Purification
and properties of two D-alanine carboxypeptidases
from Escherichia coli. J. Biol. Chem. 243:3193-3201.

Ladzunski, C.,, and B. M. Shapiro. 1972. Relationship
between permeability, cell division, and murein me-

PENICILLIN-RESISTANT TS E. COLI MUTANTS

15.

16.

17.

18.

19.

21.

22.

23.

24.

5717

tabolism in a mutant of Escherichia coli. J. Bacteriol.
111:499-509.

Lederberg, J. 1947. Gene recombination and linked
segregations in Escherichia coli. Genetics 32:505-525.

Matsuhashi, S., T. Kamiryo, P. M. Blumberg, P. Lin-
nett, E. Willoughby, and J. L. Strominger. 1973.
Mechanism of action and development of resistance to
a new amidino penicillin. J. Bacteriol. 117:578-587.

Nordstrom, K., L. G. Burman, and K. G. Erikkson-
Greenberg. 1970. Resistance of Escherichia coli to
penicillins. VII. Physiology of a class II ampicillin-
resistant mutant. J. Bacteriol. 101:659-668.

Normark, S. 1969. Mutation in Escherichia coli K-12
mediating sphere-like envelopes and changed tolerance
to ultraviolet irradiation and some antibiotics. J.
Bacteriol. 98:1274-1277.

Novick, R. P., and M. H. Richmond. 1965. Nature and
interactions of the genetic elements governing penicil-
linase synthesis in Staphylococcus aureus. J. Bacteriol.
90:467-480.

. Pardee, A. B., F. J. Monod, and J. Monod. 1959. The

genetic control and cytoplasmic expression of “induci-
bility” in the synthesis of 8-galactosidase by Esche-
richia coli. J. Mol. Biol. 1:165-178.

Pollock, J. J., . M. Ghuysen, R. Lindu, M. R. J. Salton,
H. R. Perkins, M. Nieto, M. Leyh-Bouille, J. M. Frere,
and K. Johnson. 1972. Transpeptidase activity of
Streptomyces D-alanyl-D carboxypeptidase. Proc.
Nat. Acad. Sci. U.S.A. 69:662-666.

Strominger, J. L. 1970. Penicillin-sensitive enzymatic
reactions in bacterial cell wall synthesis, p. 179-213. In
Harvey Lectures, series 64. Academic Press Inc., New
York.

Strominger, J. L., P. Blumberg, H. Suginaka, J. Umbreit,
and G. Wickus. 1971. How penicillin kills bacteria;
progress and problems. Proc. Roy. Soc. B. 179:369-383.

Suginaka, H., P. Blumberg, and J. L. Strominger. 1972.
Multiple penicillin binding components in Bacillus
subtilis, Bacillus cereus, Staphylococcus aureus and
Escherichia coli. J. Biol. Chem. 247:5289-5296.



