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SUMMARY

The effects of meciflinam, ampicillin and cephalexin on peptidoglycan synthesis in
Salmonella typhimurium 2616 have been studied at equivalent concentrations or ‘‘isoac-
tivities’’. Using antibiotics at isoactivities allows a direct comparison of the biochemical
effects of different antibiotics. When mecillinam was added at different times during
the division cycle at a concentration that produced 50 % inhibition of peptidoglycan
synthesis in an exponential culture over a short period of time, the inhibition of synthe-
sis was greatest in the newborn cells and feast in the dividing cells. Antibiotic competi-
tion experiments showed that mecillinam preferentially bound to penicillin-binding
protein 2 in S. typhimurium 2616. High performance liquid chromatography analysis of
the residual peptidoglycan synthesized in the presence of mecillinam showed an unex-
pected increase in pentapeptides and a significant increase in cross-linking. Other
antibiotics added at equivalent activities did not show an increase in cross-linking.

Key-words : Peptidoglycan, Salmonella typhimurium, Mecillinam, Ampicillin, Cepha-

Res. Microbiol.
1993, 144, 423-433

lexin; B-Lactam, MIC, Diaminopimelic acid, PBP, Division cycle.

INTRODUCTION

Mecillinam preferentially binds to penicillin-
binding protein 2 (PBP 2) in Escherichia coli.
Other 3-lactam antibiotics do not exhibit such
a singularity of binding to one PBP (Jacoby and
Young, 1988). In conjunction with rod4, PBP-2
appears to be required for the maintenance of
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the rod shape in Gram-negative bacteria (Spratt,
1975). The role of PBP-2 in peptidoglycan syn-
thesis during the division cycle has not been
clearly defined. It has been suggested that PBP-2
is specifically involved in ccll elongation and does
not act throughout the division cycle (Satta er
al., 1979). More recently it was proposed that
PBP-2 acts throughout the division cycle, but
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is only utilized to extend cylindrical wall in
respons: to the priming action of PBP-1
(Wientjes and Nanninga, 1991).

Wientjes and Nanninga (1991) studied the ef-
fect of mecillinam on peptidoglycan synthesis in
E. coli by measuring the incorporation of tritiat-
ed diaminopimelic acid (DAP) during the divi-
sion cycle. Centrifugal elutriation was used to
obtain synchronized cultures. The concentration
of mecillinam used, combined with the lag in
DAP uptake by E. coli, resulted in a 9-10 min
delay before any effect could be observed. As
a conscquence, the determinations of inhibition
were measured between 10 and 30 min follow-
ing the addition of the antibiotic. This raises
questions regarding the resolution of the experi-
ments, i.e. the ability of the experiment to de-
termine when, during the division cvcle, there
could be a specific effect of an antibiotic. Fur-
thermore, the use of centrifugal elutriation to
produce synchronized cultures has been ques-
tioned on both theoretical, experimental, and
historical grounds (Cooper, 1991a). Wientjes and
Nanninga (1991) observed inhibition by mecil-
linam throughout the cell cycle. Although the
data was interpreted as indicating a slight in-
crease in sensitivity in the newborn cells, the data
could also be interpreted as showing that sensi-
tivity is invariant during the division cycle.

We have been using Saimonella typhimuri-
um strain 2616 to study peptidogiycan synthe-
sis because of its efficient incorporation of
radioactive DAP into peptidoglycan (Gally and
Cooper, 1993) with essentially no lag. In short-
term labelling experiments, strain 2616 was 30-50

times more cfficient than E. coli strains at in-

corporating DAP (Cooper and Metzger, 1986).
This result has been confirmed (Wientjes et al.,
1991), although it was also suggested that there
may be some conversion of DAP to lysine,
diminishing the utility of DAP labelling in
Salmonella. We have rigorously excluded the
possibility of leakage of DAP to lysine (Cooper
et al., 1992).

DAP = diaminopimelic acid.
HPLC - high-performance liguid chromatography.
PBP = penicillin-binding protein.
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Here we study the effect of mecillinam on
peptidoglycan synthesis during the division cy-
cle using a concentration of mecillinam that gives
an immediate effect on peptidoglycan synthesis.
We have used short-term labelling assays to de-
termine the concentration of antibiotic that gives
a 50 % inhibition of peptidoglycan synthesis
over a short period of labelling. This compares
difterent antibiotics at equivalent ‘‘activities”
with regard to peptidoglycan synthesis (isoactivi-
ties). We have combined the concept of antibi-
otic isoactivities with the membrane-elution
method for cell-cycle analysis to study the ef-
fect of different antibiotics on the rate of pep-
tidoglycan synthesis during the division cycle. In
addition, we have used high-performance liquid
chromatography (HPLC) to analyse the compo-
sition of the residual peptidogiycan after inhi-
bition of synthesis by mecillinam, ampicillin and
cephalexin.

MATERIJALS AND METHODS

Bacterial strain and growth conditions

S. typhimurium 2616 (LysA ™) (from Dr. K.E.
Sanderson, the University of Calgary) was grown in
C medium as described previously (Gally and
Cooper, 1993) supplemented with lysine (40 pg/mi).
Glycerol was added to a final concentration of
0.4 %. All cells were grown at 37°C with rotary
shaking.

Determination of antibiotic activity

Exponentially growing cells were added to a di-
lution series of an antibiotic and the mixture was in-
cubated for 1.5 min. Radioactive DAP was added
(1meso-2,6-diamino-3,4,5-*H-pimelic acid, 23 Ci/mM,
to a final concentration of 0.22 pCi/ml) and incuba-
tion was continued for 8 min. The pre-incubation
and the 8 min labelling period were determined to
be optimal for measuring the short-term effect of an
antibiotic on peptidoglycan synthesis. The radioac-
tivity incorporated into peptidoglycan was then de-
termined as described below.

SDS-PAGE = sodium dodecyl sulphate/polyacrylamide gel
electrophoresis.
TCA = (richloroacetic acid.
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Isolation of sacculi for radioactivity analysis

After labelling for 8 min, samples were placed in
a boiling water bath, and an equal volume of hot so-
dium dodecyl sulphate (SDS, 8 % w/v) was added,
and boiling was continued for 30 min. Samples (4 mi)
were then cooled and filtered through a nitrocellu-
lose membrane (0.45 uM, 0.25 cm) and washed with
10 volumes of distilled water.

Membrane-elution technique

The membrane-clution apparatus and theory have
been discussed in detail elsewhere (Cooper, 1991a,
b). In these experiments, this method was used only
to produce synchronized cultures. An exponentially
growing culture was filtered onto a nitrocellulose
membrane, the membrane was inverted and fresh
medium was pumped through the membrane. New-
born celis were released by division from cells bound
to membrane. Thus there was a continuous elution
of newborn cells from the membrane-elution appara-
tus. After 1 h of elution, newborn cells were collect-
ed into a series of separate tubes and incubated at
37°C. After a period of cellection greater than one
generation time, a series of tubes was obtained with
cells of different ages in each tube. The last tube col-
lected contained the youngest cells and the first tube
contained the oldest cells which will have gone
through more than one division cycle since elution.
The intermediate tubes contained cells at different
stages during the division cycle. The concentration
of bacteria in each sample was determined immedi-
ateiy after collection and again at the time of ra-
diolabelling in order to monitor the degree of syn-
chronization. The ratio of the final cell count to the
initial celi count is a measure of the degree of divi-
sion that occurred in the samples since elution from
thc membrane-elution apparatus.

Determination of antibiotic action during the divi-
sion cycle

Each fraction eluted from the membrane-elution
apparatus was divided into three tubes and placed
in a shaking water bath. Three sets of tubes were
therefore collected. The first set of tubes was for the
addition of the antibiotic, the second set as a con-
trol without antibiotic, and the third set of tubes was
used to determine the change in cell number during
the incubation period. A multipipeter was used to add
the antibiotic to the first set of tubes and an equal
yolumc of C medium to the second set. After 1.5 min,
“"H-DAP was added to these two sets of tubes. Af-
ter 8 min of incubation, the incorporated radioac-
tivity was determined. Tubes containing bacteria
from a non-synchronized exponential culture (of

similar vo;ume and cell concentration) were inter-
spersed among the synchronized samples as controls.

HPLC analvsis of peptidoglycan

The concentration of the antibiotic giving 50 %
inhibition of DAP incorporation was added to an ex-
ponential culture (30 ml) and then labelled with .
DAP. Muropeptides were prepared and scparated by
reverse-phase HPLC exactly as described previously
(Glauner, 1988; Gally and Cooper, 1993). Control
samples (no antibiotic) from the same culture were
also analysed. Radioactivity in the individual peaks
was measured by an on-line scintillation counter
(Radiomatic, Packard Instrument Co., Inc., Rock-
ville, MD). Integration of peaks was performea us-
ing Maxima 820 software (Waters Associates, Inc.,
Milford, MA).

Determination of PBP piofiles for meciliinam,
cephalexin and ampicillin in S. typhimurium by com-
petition with '*1-penicillin-X

Bacteria were prepared by first selecting for the
Lys™ phenotype on M9-glucose. An overnight cul-
ture was used to inoculate two 400-ml M9-giucose-
lysine broth cultures at a starting 0D, = 0.02,
which were grown to ODg, = 0.4. The cells were
harvested by centrifugation (10,000 g) and the pellets
were suspended in 4 ml of 100 mM Tris-HCI pH 8.0
+ 10 mM MgCl,. Samples (3 mi) were placed into
a French press minicell (4°C) and pressed twice at
16,000 psi. This produced 70-80 % ccll breakage as
determined by phase contrast microscopy.

PBP were labelled with reagents prepared as
described (Masson and Labia 1983) according to
procedures previously reported (Jacoby and Young,
1988). Antibiotic competition experiments were car-
ried out with whole cells and French press lysates.
Aliquots (15 ul) of the whole cells (150 ug protein)
and of lysate (150 ug protein) were prepared by ad-
dition of 3 pi of 100 mM 2-mercaptoethanol and 3 pl
of competing antibiotic. The mixture was vortexed
and incubated for 15 min at 37°C. A rangc of final
antibiotic concentrations was prepared by making
1/10 dilutions to give a series of concentrations that
bracketed the 50 % inhibition concentration deter-
mined as described above. Mecillinam was present
at concentration from 100x to 0.001x (where x is the
concentration giving 50 % inhibition of DAP incor-
poration). Ampicillin was present over a range of
1000x-0.00tx and cephalexin from 100x-0.001x. Af-
ter the 37°C incubation the samples were vortexed,
3 ul of 83 ug/ml '®1-penicillin-X (833 uCi/ml) ad-
ded, the samples were vortexed again and then in-
cubated at 37°C for 15 min. After the 37°C
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incubation with the unlabelicd competing antibiot-
ic, the samples were vortexed, and 3 ul of 100 mg/ml
penicillin G stock solution was added, the mixture
was vortexed, and 9 ul of SDS-PAGE sample buffer
(4-fold concentration) was added. The samples were
boiled for 4 min, vortexed, cooled on ice and elec-
trophoresed ona 1§ % SDS-PAGE gel. The gels were
dried and placed into a cassetie with “‘Kodak X-
OMAT" autoradiography film for 4 days.

RESULTS

Determination of antibiotic activity

The effect of different concentrations of
mecillinaia on the incorporation of DAP into
peptidoglycan is shown in figure 1. The 1.5 min
pre-incubation with antibiotic and the 8 min
3H-DAP labelling period were determined to be
the optimal conditions for assaying the effect of
antibiotics on peptidoglycan synthesis in S.
typhimurium 2616. Under the conditions used,
the uptake of DAP was linear for the first 15 min
after addition when no antibiotic was present.
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Fig. 1. Determination of sensitivity of Suimonella typhimu-
rium 2616 1o mecillinam.

Cells growing exponentially in glucose-C medium were
added to a dilution series of mecillinam for 1.5 min, then
radioactive DAP was added. After & additional min of in-
cubation, the radioactivity was determined as described in
the text. The percentage of DAP incorporation at each an-
tibiotic concentration was calculated relative 0 the mean
of three control tubes with no antibictic (100 % incorpo-
ration). The 50 % inhibition concentration was determined
by interpolation.

The concentration of mecillinam for 50 % in-
hibition of incorporation was 0.2 mg/ml (fig. 1).
The 50 % inhibition concentrations for
cephalexin and ampicillin were 2 mg/ml and
0.02 mg/ml respectively.

it should be noted that the antibiotic inhibi-
tion curve does not show a plateau or shoulder,
i.e., inhibition of peptidoglycan synthesis rises
centinuously from 0 to 100 % (or conversely,
incorporation decreases from 100 to 0 %) with
increasing concentration of antibiotic. The same
curve shape has been demonstrated for ampicil-
lin, cephalexin and piperacillin (Cooper ¢t al.,
1992).

As discussed in detail below, the 50 % inhi-
bition concentration is the most sensitive for de-
termining differences during the division cycle.
By utilizing the same ““activity’’ of different an-
tibiotics, rather than comparing equal weights
or concentrations, we are eliminating extra-
neaous factors from consideration and compar-
ing only the immediate effects of different
antibiotics. The ability of S. typhimurium 2616
to produce results with a short-term labelling
protocol means that the resolution of our assay
is good enough to determine the effect of differ-
ent antibiotics during the division cycle. In order
to determine whether the concentrations of an-
tibiotics used had other effects on the bacteria,
14C-leucine incorporation into TCA precipita-
ble material was also studied under the antibi-
otic assay conditions. At antibiotic concentra-
tions giving 50 % inhibition of peptidoglycan
synthesis there was no effect observed on '*C-
leucine incorporation with mecillinam and am-
picillin. However, the high concentration of
cephalexin (2 mg/ml) also lowered *C-leucine
incorporation into the cell by 50 %. The assay
is clearly less applicable in cases where consider-
able resistance to an antibiotic is shown, result-
ing in the need for relatively high concentrations
of antibiotic. It is not known whether the effect
of cephalexin on *C-leucine incorporation is
due 1o cessation of cell growth or an effect on
uptake processes. In any case, this shows that
the results with cephalexin are complicated by
the multiplicity of affects on biosynthesis. We
therefore present the cephalexin results with the
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caveat that the results are not clearly due to
specific peptidoglycan inhibition. This may serve
as a cautionary note for further investigations
into isoactivity analysis.

Binding of mecillinam, cephalexin and ampicil-
lin to the PBF of S. typhimurium 2616

Whole cell and French press lysates were used
in competition experiments with either mecilli-
nam, cephalexin and ampicillin against '>1-
penicillin-X. The results are shown in figure 2.
The amount of inhibition of peptidoglycan syn-
thesis for each final concentration of antibiotic
used for the competition assay is also shown.
Ampicillin exhibits a general binding profile and
appears to bind to all of the PBP from S.
typhimurium 2616 at the higher concentrations
used. Cephalexin, which is reported to be specific
for PBP-3 in E. coli, appears to bind preferen-
tially to PBP-3 and -4, and at higher concentra-
tions, to all PBP. Mecillinam demonstrates the
most distinct binding profile, preferentially bind-
ing only to PBP-2 at all but the highest concen-
trations. The same PBP binding profiles were
observed whether whole cells or lysates were used
in the assay. These results show that the bind-
ing profile of mecillinam is different from the
other two antibiotics tested and predominantly
inhibits PBP-2 in S. typhimurium 2616.

It is of interest to compare percentage of in-
hibition of peptidoglycan synthesis with the PBP
binding profile. For example, even when ampicil-
lin is bound to all of PBP-2 and -3, there is
essentially no inhibition of peptidoglycan syn-
thesis (fig. 2). This shows the importance of not-
ing both the physiological concentration of an
antibiotic and its binding activity in the same
conditions. In all cases the most dramatic fall
in the rate of peptidoglycan synthesis is associat-
ed with inhibition of PBP-1a/b and PBP-5 and
-6, not to PBP-2, -3, -4, -7 or -8.

We emphasize that the experiments present-
ed in figure 2 enable one to compare the PBP
binding activities with the observed physiologi-
cal effect of the antibiotic (i.e. inhibition of DAP
incorporation, which is an indicator of inhibi-
tion of peptidoglycan synthesis) and at isoactivity

concentrations when comparing different antibi-
otics. Rather than choosing concentrations for
different antibiotics and comparing these ir-
respective of the effect on cells, our experiments
allow one to compare the PBP binding profiles
at concentrations exhibiting a precise biochem-
ical effect. It should be cautioned that this ex-
periment does not allow one to conclude that
there is a relationship between PBP binding and
biosynthesis inhibition.

Mecillinam action during the division cycle of
S. typhimurium 2616

The effect of mecillinam on DAP incorpo-
ration during the division cycle is shown in
figure 3. The percentage of DAP incorporated
into peptidoglycan in the presence of mecillinam
is expressed relative to its corresponding control
(no antibiotic). This percentage of DAP incor-
poration is lowest during the first half of the cell
cycle (0-40 min), rises significantly at the time
of cell invagination (indicated by the subsequent
increase in cell number) and then drops to a
lower level in the following division cycle. This
demonstrates that mecillinam’s action is max-
imal during the first part of the division cycle
and that there is less inhibition by mecillinam
during the latter part of the division cycle. The
degree of inhibition in the exponentially grow-
ing cells suggests that there is no major change
in the sensitivity of the synchronized population
since the inhibition is equivalent to the mean
(average) of the separate synchronized cell popu-
lations.

Mecillinam’s effect on DAP incorporation
into unselected bacteria (i.e. cells of all ages) is
also shown in figure 3 (dashed line). Since the
inhibition of the unselected population is simi-
lar to the mean of inhibition of the selected cells,
we conclude that the synchronized cells are not
altered in their sensitivity to the mecillinam. The
ratio of the cell number determined at the time
of labelling to the cell number determined at the
time of collection is shown in figure 3, upper
panel. The cell number remains consiant for the
first 40 min and then increases sharply, indicat-
ing that the bacteria were synchronized. Analy-
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sis of the size distribution of the different sam-
ples at the time of labelling (using a Coulter
Counter Channelyzer, Coulter klectronics, Inc.,
Hialeah, FLA) confirmed the degree of synchro-
ny. A similar result has been obtained in two
other experiments. Similar experiments with am-
picillin and cephalexin at this isoactivity indicate
no preferential action during the division cycle.
As noted above, the results with cephalexin are
not as clear since there is an affect of the an-
tibiotic on total protein synthesis as well as on
cell wall synthesis.

Composition of residual peptidoglycan after
inhibition by antibiotics

The HPLC profiles from muropeptides pre-
pared from exponential cultures treated with (a)
no antibiotic, (b) ampicillin (0.02 mg/ml), (¢)
mecillinam (0.2 mg/ml) and (d) cephalexin
(2 mg/ml) are shown in figure 4. The antibiot-
ics were used at concentrations measured to give
50 % inhibition of DAP uptake. Bacteria were
incubated for 1.5 min with the antibiotic and
then labelled with H-DAP for 8 min. Ampicil-
lin, which does not have a marked binding
preference to any PBP, does not effect any ob-
servable change in peptidoglycan composition
relative to the control (fig. 4a, b). Cross-linking
was 20.2 % in the control samplc and 21.6 %
from ampicillin-treated cells. (Percentage values
are based on total labelled peptidoglycan.)
Cephalexin produced a profile similar to the con-
trol (fig. 4¢c) and that produced by ampicillin,
with a slightly lower percentage of cross-linking,
18.3 %. However, the percentage of cross-
linking from mecillinam-treated cells was sub-

stantially higher at 30.9 % (fig. 4d). Further
analysis of the effect of mecillinam on pep-
tidoglycan structure, by examining the incorpo-
ration of 3H-DAP at a series of short labelling
times (30 sec to 15 min), revealed that the
proportion of pentapeptide monomers was
higher in mecillinam-treated bacteria. The per-
centage of cross-linking from mecillinam-treated
bacteria was consistently higher at all time points
analysed compared to the controls. It was also
noted that the proportion of muropeptide trimer
was significantly reduced in cephalexin-treated
bacteria (tetra-tetra-tetra, fig. 4c).

DISCUSSION

In these studies we have used the concentra-
tion of a particular antibiotic that causes an im-
mediate 50 % inhibition of peptidoglycan
synthesis. This was taken as the concentration
of antibiotic that caused a 50 % reduction of
H-DAP incorporat:on into an exponentially
growing culture of S. typhimurium. Consequent-
ly, all antibiotics that have as their immediate
site of action the inhibition of peptidoglycan syn-
thesis could theoretically be compared at equiva-
lent activities within the cell. We introduce the
term ‘‘isoactivity analysis’’ for this type of
investigation. The 30 % inhibition point was
chosen as it allows for a degree of variability be-
tween different stocks ol the antibiotic and best
permits detection of increased or decreased sen-
sitivity during the division cycle. It can be ar-
gued that other physiological parameters could
also be used to study the effect of antibiotics,
and thus the inhibition of peptidoglycan synthe-
sis should not be proposed to be the exclusive

Fig. 2. Antibiotic competition experiments with mecillinam, ampicillin and cephalexin.

Whole cells or French press extracts were assayed for binding activity to different PBP as described
in the text. Ampicillin, cephalexin and mecillinam were assayed at concentrations bracketing the 50 %
inhibition point (i.e., 1 means a concentration equal to the 50 % inhibition point, 10 is 10 tim--
that concentration, etc.). Below the concentrations we have indicated the percentage of inhibi.
of DAP uptake for each antibiotic concentration used. C-fp = control French press extract with no
antibiotic; C-wc = control whole cells with no antibiotic.
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Fig. 3. Inhibition of peptidoglycan by mecillinam during
the division cycle of S. typhimurium 2616.

Newborn cells were collected for 2 min intervals sepa-
rated by a 3 min period (i.e., 2 window of newborn cells
was collected for 2 min at 5 min intervals}. The collected
cells were incubated until antibiotic was added. After 80 min
of collection, a series of 16 tubes were obtained with cells
at different stages of the division cycle. The different frac-
tions were divided into 3 separate tubes. To one series of
tubes, mecillinam was added to a final concentration of 0.2
mg/ml. To another series, a contro! addition was made
without antibiotic. These additions took less than | min.

Upper panel. — At the time of addition the cell con-
centration in the third series of tubes was measured and com-
pared to the original eluted cell concentration in order to
determine the relative change in cell number during the peri-
od of incubation. The relative change in cell number indi-
cates that there was no significant cell division for approx-
imately 40 min followed by a narrow period of cell division.

Lower panel. — The ratio of the radioactivity in the
samples with mecillinam to the radioactivity in the con-
trol samples (no antibiotic) was calculated and is plotted
as the percentage of residual DAP incorporation in the
presence of mecillinam (®). The effect of mecillinam on
an exponentially growing population of cells (.e. cells of
all ages, adjusted to the same concentration as the eluted
cells) is also shown (----).

measure of activity. Among siich parameters are
changes in cell division, cell death, shape, or the
activity on PBP. The following points should be
noted. Observations of cell shape, cell death and
cell division require long periods of observation
to record an aclivity. Thus, over the peried of
a division cycle the cell actually is in the presence
of the inhibitor for many different cell cyclc ages.
This makes it difficult to distinguish short win-
dows of sensitivity during the division cycle.

One furiher criticism of our approach is the
observation that different B-lactams do not in-
terfcre with only one target, but recognize at least
six to eight different targets, the PBP of the cell.
Each B-lactam has a different affinity for each
PBP. and the same PBP may have different af-
fimuics for each B-lactam (Lorian, 1991). In ad-
dition, it has been proposed that different PBP
play different roles in cell physiology. Therefore
it is argued, if one takes as a reference the con-
centration that inhibits 50 % of peptidoglycan
synthesis, the antibiotic may saturate only one,
or a few or all the targets depending on the role
the PBP with the highest affinity has in pep-
tidoglycan synthesis. This critique, of course, ap-
plies to all measures of antibiotic activity. The
difference in the experiments presented here is
that we have attempted to compare the antibi-
otic affinities to different PBP and relate this
to the immediate effect of an antibiotic on the
growth and biochemical activity of a cell. If the
50 % inhibition of peptidoglycan synthesis is the
result of the sum of, for example, 35 % inhibi-
tion of PBP-a, and 10 % inhibition of PBP-b,
and 90 % inhibition of PBP-c, at least we now
have a comparative basis for looking at the ac-
tivity of different antibiotics. relating the differ-
ent levels of interaction with different PBF, and
comparing this interaction at a constant and
reproducible physiological effect.

Mecillinam was shown to be specific for
PBP-2 at all but the highest concentrations.
Mecillinam appears to act differentially during
the division cycle. We find that the greatest sen-
sitivity is in cells at the start of the division cy-
cle, with cells in the later phase of the division
cycle being more resistant to the inhibition by
mecillinam. These results are in agreement with
PBP-2 acting throughout the cell cycle, but with
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Fig. 4. HPLC analysis of peptidoglvcan syr @:ocized in the presence or absence oi mecillinam,
ampicillin w.ad cephalexin.

The abbre- iations used follow the nomenclature used by Glauner (1988); tri, tetra, penta are
N-acetylglucosamine and N-acetylmuramyl tri, tetra and pentapeptides. The tripeptide consists of
L-alanine, D-glutamic acid, and meso-diaminopimelic acid. The tetrapeptide consists of L-alanine,
D-glutamic acid, meso-diam norimelic acid and D-alanine. The pentapeptide has an additional D-
alanine unit. Other muropepti-'<s described are cross-linked combinations of the above monomer
units; a = controf; concentrations are (b) ampicillin: 0.02 mg/ml; (c) cephalexin: 2.0 mg/ml;

{d) mecillinam: 0.2 mg/m!.

its activity reduced during constriction. It has
been previously demonstrated that there is a
reduction in the rate of side wall synthesis in the
latter half of the division cycle (Gally ez al., 1¢ 3)
and during constriction (Woldringh ef al., 1987).
Consequently, if PBP-2 is specific for cell wall
elongation, then a reduction in its activity would
be expected during constriction.

There was no cell cycle-specific inhibition by
ampicillin or cephalexin. The result with
cephalexin is different from previous findings in
E. coli (Wientjes and Nanninga, 1991) where
cephalexin acted only during septation. The rela-
tively high resistance of S. typhimurium 2616 to
cephalexin and the generalized PBP binding pro-
file at the 50 % inhibition point may account
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for this difference. The generalized PBP bind-
ing profile of ampicillin (especially at the 50 %
inhihition concentration) mav account for cur
observations with ampicillin.

The preferential binding of certain 3-lactam
antibiotics 1o specific PBP should theoretically
lead to the inhibition of the particular PBP at
one (low) concentration of the antibiotic and
then to the inhibition of the other PBP at iigher
concentrations. The resulting inhibition curve
against increasing antibiotic concentration would
therefore be bimodal. This curve shape was not
found experimentallv for any antibiotic tested
(c.g., fig. 1). This argues against an all or noth-
ing requirement for a particular PBP and
reaffirms the duplication of functions within a
sct of PBP.

The cell cvcle-specificity of PBP-2 may be ef-
fected in two different ways. It may be that the
major activity of PBP-2 is required primarily for
clongation and not constriction or that its ac-
tivity is replaced by another PBP during con-
striction. HPLC anaiysis of the residual
pepiidoglycan provides an indication of the bi-
ochemical activity of the inhibited enzyme. Am-
picillin, which did not exhibit preferential
binding, gave an HPLC profile very similar to
that of a control (no antibiotic). However, the
effect of inhibiting primarily PBP-2 was a
marked increase in cross-linking. coupled with
an increased percentage of pentapeptides at short
labelling times. One possible conclusion from
these results is that PBP-2 acts as a carboxypep-
tidase, although this activity for PBP-2 has not
been reported. Alternatively, it may be that bind-
ing to this enzyme upsets the equilibrium of a
tightly controlled assembly system ; a system that
requires a highly regulated level of cross-linking
to mect the contrasting requirements of expan-
sion and rigidity. PBP-2 may effect cross-linking
reactions (by transpepiidation, carboxypeptidase
activity, or even cleavage) that maintain the level
of cross-linking within limits that are optimal to
allow the safe clongation of the cylindrical wall.
An increase in cross-linking in the presence of
mecillinam has been previously reported (Essig
et al., 1982). One implication of these results may
be that peptidoglycan synthesized during con-

striction (with PBP-2 less active) may be more
cross-linked. We have found this not to be the
casc {Gally and Cooper, 1993), implying thzt the
reduced activity of PBP-2 is compensated for by
another enzyme (potentially PBP-3). We hope
that further studies utilizing the inhibition of
peptidogiycan synthesis with isoactivity concen-
trations of antibiotics will provide further insight
into the biochemical roles of PBP during the di-
viston cycle.

We would note one important experimental
point regarding the alignment of P3P binding
activity and the physiological affect of an an-
tibiotic. Since the assay of inhibition of pep-
tidoglycan synthesis by the measurement of
incorporation of DAP is done on living, grow-
ing cells, and the PBP binding assay is performed
on washed cells or fragments of cells with a
slightly different timing, there is a possibility that
there may be differences that are ascribable to
the experimental procedures. We note this point
with the proposal that it may be necessary, in
future work, to perform the PBP assays on liv-
ing cells under the exact same conditions as re-
quired for uptake and incorporation assays. We
havc presented the PBP binding data using the
standard experimental conditions so that our
results can be compared in different laboratories.

Aside from the experimental findings, we can-
not ecmphasize too strongly the two items of
theoretical importance : (i) using isoactivities for
comparing different antibiotics and (ii) using the
50 % inhibition concentration as a marker.
These proposals are independent of the antibi-
otic used and should not be restricted to penicil-
lins but affect the study of all antibiotics which
have a specific and recognizable measure of in-
hibition by the antibiotic. The proposal to ap-
proach antibiotic studics this way was made two
decades ago (Cooper, 1974), and we hope that
its relevance is apparent in the work presented
here.
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Action du mécilliname sur la syathese
du peptidoglycane au cours du cycle de division
de Salmonella typhimurium 2616

L ’action du mécilliname, de I’ampicilline et de la
céphaicxine sur la synthése du peptidoglycane de Sul-
monello ryphimurium 2616 a é1é étudiée a concen-
trations équivalentes ou «isoactivité ». L’utilisation
des antibiotiques a 'isoactivité permet de comparer
directement les effets biochimigues des différents
antibiotiques. Quand le mécilliname est ajouté a dif-
férents moments au cours de la division cellulaire,
a la conceniration produisant 50 % d’inhibition de
la synihése du peptidoglycane dans une culture ¢n
phasc exponenticlle sur une courte période de temps,
I"inhibition de la synthése du peptidoglycane est la
plus forte dans les cellules naissantes, et clie est la
pius faible dans les cellules en division. Des antibio-
tiques mis en compétition permetient d’observer gue
le mécilliname se¢ lie préférenticllement a la PBP-2
(penicillin-binding protein 2) chez Sufinonella typhi-
murium 2616. L’analyse par HPLC (high-
performance liquid chromatography) du peptidogly-
cane résiduel synthétisé en présence du mécilliname
met en évidence une augmentation imprévue des pen-
tapeptides et une augmentation significative du nom-
bre de liaisons croisées. Avec les autres antibiotiques
ajoutés a isoactivité, il n'y a pas d’augimentation du
nombre des liaisons croisées.

Mots-clés: Mécilliname, Ampicilline, Cépha-
lexine, Peptidoglycane, Salmonella tvphimurium;
-Lactames, CMI, Acide diaminopimélique, PBP,
Division cellulaire.
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