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We have developed a novel, high-throughput scintillation proximity assay to measure the membrane-
associated steps (stages 2 and 3) of peptidoglycan synthesis in Escherichia coli. At least five enzymes are
involved in these two stages, all of which are thought to be essential for the survival of the cell. The individual
enzymes are difficult to assay since the substrates are lipidic and difficult to isolate in large quantities and
analysis is done by paper chromatography. We have assayed all five enzymes in a single mixture by monitoring
synthesis of cross-linked peptidoglycan, which is the final product of the pathway. E. coli membranes are
incubated with the two sugar precursors, UDP-N-acetyl muramylpentapeptide and UDP-[*H]-N-acetylglu-
cosamine. The radiolabel is incorporated into peptidoglycan, which is captured using wheat germ agglutinin-
coated scintillation proximity assay beads. The assay monitors the activity of the translocase (MraY), the
transferase (MurG), the lipid pyrophosphorylase, and the transglycosylase and transpeptidase activities of the
penicillin-binding proteins. Vancomyin, tunicamycin, nisin, moenomycin, bacitracin, and penicillin inhibit the
assay, and these inhibitors have been used to validate the assay. The search for new antimicrobial agents that
act via the late stages of peptidoglycan biosynthesis can now be performed in high throughput in a microtiter

plate.

Peptidoglycan is the major structural component of the bacte-
rial cell wall. It is a polymer of a repeating disaccharide-peptide
unit, where the pentapeptide chains attached to adjacent sugar
molecules are cross-linked. For convenience, the synthesis of pep-
tidoglycan can be divided into three stages. In the first stage, in
the cytoplasm, the two nucleotide-linked sugar precursors are
synthesised: UDP-N-acetylglucosamine (UDP-GIcNAc) and
UDP-N-acetylmuramylpentapeptide (UDP-MurNAc-pp). In
the second stage, in the membrane, the disaccharide precursor
is built up on a lipid carrier molecule; in the third stage, at the
extracellular surface of the membrane, the sugars are polymer-
ized, and the peptide chains are cross-linked.

Peptidoglycan is present in most bacteria and has no mam-
malian counterpart, making its synthesis an attractive target for
the development of new antimicrobials. In particular, the
membrane-associated enzymes (see Fig. 1) are much-favored
targets because of their accessibility to drug molecules. This
precludes problems associated with the permeability of the cell
wall to the drug and resistance due to drug efflux. In addition,
all five enzymes have been shown to be essential for the sur-
vival of the bacterial cell, either by genetic or biochemical
means (3,9, 11, 19, 30, 34). However, these targets have largely
been underexploited because the assays are difficult to perform
and are not amenable to high-throughput screening.
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Five enzymes are involved in stages 2 and 3 of peptidoglycan
synthesis (Fig. 1). The translocase (MraY protein) catalyzes
the transfer of MurNAc-pp to the lipid carrier, undecaprenol
phosphate (2, 12, 14, 37). The transferase (MurG protein)
catalyzes transfer of GIcNAc to lipid I to form lipid IT (19, 29).
The transglycosylase catalyzes transfer of the disaccharide
(from the lipid) and polymerization to a preexisting pepti-
doglycan chain (38). The lipid pyrophosphate, which is re-
leased, is hydrolyzed to the monophosphate by a lipid pyro-
phosphorylase, so it can reenter the cycle (30, 34, 35). The
transpeptidase catalyzes the cross-linking of adjacent peptide
chains (14, 23) (Fig. 1). Both the transglycosylase and the
transpeptidase activities may be present on the same polypep-
tide, e.g., PBP1la or PBP1b of Escherichia coli (13, 22, 38, 40).

The first two enzymes, MraY and MurG, can be assayed by
using the respective radiolabeled sugar precursor as substrate
and analyzing the product by paper chromatography or by
extracting the lipid product in butanol (4, 31, 39). Alterna-
tively, the translocase (MraY) can be assayed by fluorimetric
means, although the sensitivity of this assay is rather low (4, 5,
44). A high-throughput assay for the transferase (MurG) has
been described, but this requires synthesis of a complex artifi-
cial substrate (10, 18); a simpler assay measures MurG and
MraY together, but it has many washing steps (6). The trans-
glycosylase is one of the most difficult enzymes to assay. Ra-
dioactive lipid II (the substrate) has to be made in vitro, and
incorporation of the radiolabel into peptidoglycan is moni-
tored by paper chromatography (22, 23, 38, 42). Very recently,
a moenomycin-binding and filtration assay has been described
for detecting inhibitors of the transglycosylase (43), but this is
not an enzyme assay and it detects only a specific type of
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inhibitor. The alternative to assaying these three enzymes in-
dividually is to assay part of the biosynthetic pathway by start-
ing with the nucleotide-sugar precursors, which are incorpo-
rated into peptidoglycan by the action of the membrane-
associated enzymes described above (2, 8, 14). Permeabilized
bacteria can be used as a source of the enzymes, in which case
the paper chromatography can be replaced by an acid precip-
itation step (17, 20). However, since a filtration step is re-
quired, this assay is also not very convenient for high-through-
put screening.

Several assays have been described for the transpeptidase
activity of the penicillin-binding proteins (PBPs), but most of
these are binding assays and are not truly reflective of the
enzyme activity (1, 14, 15, 16, 26, 36). The most commonly used
is the binding of a B-lactam to the PBPs to screen for agents
that compete with this binding (27, 33, 45). The lipid pyrophos-
phorylase has been assayed by radiolabeling the phosphate
moiety of undecaprenol pyrophosphate and monitoring the
release of the radiolabel by the enzyme (30, 34, 35). Thus, for
all these membrane-associated enzymes of peptidoglycan syn-
thesis there has been no convenient enzyme assay that can be
performed in high throughput to screen for inhibitors.

We have measured here stages 2 and 3 of peptidoglycan
synthesis in a single step which measures part of the pepti-
doglycan synthesis pathway in E. coli. We have used the prin-
ciple of the scintillation proximity assay (SPA), a powerful
technology that allows reactions to be performed in a single
tube without any separation steps. Paper chromatography has
been used since the 1960s to analyze the products of some of
these enzymes, but with this development the assay for these
enzymes is made much simpler. In this assay lectin-coated SPA
beads are used to measure the radiolabel incorporated into
peptidoglycan. The product measured by the SPA beads was
shown to be peptidoglycan by comparing the results with the
classical assay, i.e., analyzing peptidoglycan by paper chroma-
tography. A number of inhibitors of these two stages of pep-
tidoglycan synthesis were used to validate the assay. Tunica-
mycin, nisin, vancomycin, moenomycin, and bacitracin, as well
as penicillin, inhibit the reaction. The assay can be used to
screen, in high-throughput mode, for inhibitors of all five en-
zymes involved in the late stages of peptidoglycan synthesis,
and it could lead to the discovery of novel antibacterial agents.

(Part of this work is presented in a pending patent [S.
deSousa and D. Prahlad, A scintillation proximity assay for
the detection of peptidoglycan synthesis, International
Patent WO9960155, 25 November 1999.])

MATERIALS AND METHODS

Materials. Wheat germ agglutinin-coated SPA (WGA-SPA) beads (RPNQO0001,
PVT beads) were purchased from Amersham International Ple. UDP-[PH]GIcNAc
was purchased from NEN Dupont. UDP-GIcNAc, tunicamycin, nisin, vancomy-
cin, penicillin G, ampicillin, bacitracin, chloramphenicol, erythromycin, novobio-
cin, cerulenin, rifampin, and Triton X-100 were from Sigma Chemical Co. Fla-
vomycin (moenomycin) was a gift from Hoechst. Antibiotic Medium 3 was from
Difco Laboratories. BioGel chromatography materials were from Bio-Rad.
DEAE-cellulose was from Whatman.

Substrates. UDP-MurNac-pp was purified from Bacillus cereus 6A1 as de-
scribed earlier (8). Briefly, cells were grown in Antibiotic Medium 3 to an A5
of 0.7. Chloramphenicol was added to 130 wg/ml, and 15 min later vancomycin
was added to a concentration of 5 wg/ml. The cells were harvested 60 min after
the addition of vancomycin. The bacterial pellet was resuspended in water, and
a hot-water extract was made by adding this suspension dropwise to a flask of
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boiling water. The hot-water extract was ultracentrifuged, and the supernatant
was purified by chromatography on a Bio-Gel P6 column followed by a Bio-Gel
P2 column and ion-exchange chromatography on DEAE-cellulose eluted with a
gradient of 0 to 0.35 M LiCl in 10 mM Tris-HCI (pH 7.5). Fractions that were
positive for hexosamine (21) were pooled at each stage for purification on the
next column. The eluate of the DEAE-cellulose column was used as a source of
UDP-MurNAc-pp. The concentration of the precursor was estimated from its
Ay value using a molar extinction coefficient of 10,000.

Enzyme preparation. Membranes were prepared from E. coli AMA1004 as
follows. The cells were grown in Luria-Bertani broth (6 liters) and harvested at
an A of ~1.8. The cells were washed, resuspended in a minimal volume (~20
ml) of Buffer A (50 mM Tris-HCI pH7.5; 0.1 mM MgCl,), and lysed in a French
pressure cell. The lysate was diluted to 100 ml with Buffer A and spun at 3,500 X
g for 45 min, and the supernatant was ultra centrifuged at 150,000 X g for 45 min.
The pellet of this spin was gently resuspended in ~100 ml of Buffer A and
recentrifuged at 150,000 X g for 45 min. The pellet was resuspended in a minimal
volume (~10 ml) of Buffer A, stored in aliquots at —70°C, and used as the
enzyme preparation. The protein content was estimated by using the Coomassie
blue dye binding reagent from Pierce Chemical Co. The quality of each mem-
brane batch was monitored by determining the the quantity of peptidoglycan
synthesized by different quantities of protein (under standard assay conditions),
as well as by determining the counts per minute (cpm) obtained in the blank
reaction (see below). Little variation was observed; occasional batches with poor
activity or high blank values were discarded. The 50% inhibitory concentration
(ICs) for the various inhibitors was similar with different batches of membrane.

Enzyme assay. Membranes (4 pg of protein) were incubated for 90 min at
37°C with 100 uM UDP-MurNAc-pp and 2.5 pM UDP-[?H]GIcNAc (0.5 pCi)
in a buffer of 100 mM Tris-HCI (pH 7.5)-10 mM MgCl,—4% dimethyl sulfoxide
(DMSO) in a final volume of 25 pl (unless specified otherwise). The reaction was
stopped by adding 5 pl of 90 mM EDTA. The product of the reaction was
analyzed either by paper chromatography or by the addition of WGA-SPA
beads. All reactions were carried out in triplicate.

For the paper chromatography, 20 wl of the reaction was spotted on Whatman
no. 3 paper, which was then dried and chromatographed overnight in isobutyric
acid— 1M ammonia (5:3 [vol/vol]). Peptidoglycan stays at the origin, which was
cut out, and the radioactivity was measured in a liquid scintillation counter (using
Optiphase HiSafe2 Scintillation Fluid; Wallac) after the paper had dried; lipid I
and lipid II have R, values of ~0.9 (2).

For the SPA the enzyme reaction was done in flexible plates (no. 1450-401)
from Wallac. The product was captured by the addition of 170 wl of a suspension
of WGA-SPA beads in Triton X-100-Tris buffer such that the final concentration
(in 200 pl) was 0.05% Triton X-100 and 100 mM Tris-HCI (pH 7.5). Radioac-
tivity was measured in a Microbeta Trilux 3 h after addition of the beads (unless
otherwise specified). The signal was quite stable, and samples may be counted
from 3 to 48 h after bead addition.

A reaction without the first sugar nucleotide (UDP-MurNAc-pp) was run in
parallel. This was treated as a blank and, for both types of analysis, the cpm
obtained in this reaction was subtracted from that of reactions containing both
sugar precursors as a measure of peptidoglycan synthesis.

Radioactive GIcNAc was incorporated into peptidoglycan, and the quantity of
peptidoglycan formed in the reaction was measured as the cpm or picomoles of
GleNAc incorporated into the product. For the SPA it is difficult to determine
the counting efficiency, so all results are represented as cpm. For the paper
chromatography analysis, the counting efficiency was low and, for the data shown
here, resulted in 350 to 500 cpm per pmol of GlcNAc.

Graphs were plotted using the GraphPad Prism software; error bars are used
to indicate the standard error of mean, but in some figures these may not be
obvious since they are smaller than the symbols. Where the purity of the starting
material is not defined, compound concentrations are expressed in units other
than micromolar concentrations.

RESULTS

Assay principle. All five enzymes involved in stages 2 and 3
of peptidoglycan synthesis are membrane associated (Fig. 1);
the membrane also provides the lipid substrate, undecaprenol
phosphate. Thus, by incubating membranes with the two UDP-
linked sugar precursors, UDP-MurNAc-pp and UDP-GIcNAc,
the part of the peptidoglycan synthetic pathway shown in Fig.
1 can be reproduced in a cell-free system (2, 14). The five
enzymes work in sequence to incorporate the sugars into cross-
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FIG. 1. Enzymes of stages 2 and 3 of the peptidoglycan biosynthesis pathway and their inhibitors; enzymes of stage 3 are underlined. The
enzymes are often referred to by their gene names in E. coli, which are indicated in parentheses.

linked peptidoglycan and if one of the sugar precursors is
radiolabeled (e.g., UDP-[?’H]GIcNAc), peptidoglycan that is
synthesized is radioactive and can be easily monitored.

The classical way of monitoring peptidoglycan is by paper
chromatography, which separates peptidoglycan from the ra-
dioactive sugar precursor and lipid intermediate. In the assay
described here we have, instead, used the SPA technology to
monitor the synthesis of peptidoglycan; the beads are added at
the end of the reaction to capture the peptidoglycan synthe-
sized.

SPA beads are microspheres impregnated with a scintillant,
and any radioactive product that is brought into the proximity
of the bead can thus be directly monitored in a scintillation
counter (7). If the radioactive substrate is not captured, then
this results in an easy, homogenous assay with no separation
steps. In this assay we have used WGA-SPA beads.

WGA binds GlcNAc and polymers containing GIcNAc, and
WGA-SPA beads are widely used to capture mammalian mem-
branes (7, 24). In the bacterial cell wall, GlcNAc is associated
with peptidoglycan and with the lipopolysaccharides attached
to the outer membrane. Peptidoglycan is localized to the
periplasm, the region between the inner and outer membranes,
so if the beads bind to any of these components, the radioactive
peptidoglycan will be brought into the proximity of the bead.

Assay development. The reaction conditions and substrate
concentrations for peptidoglycan synthesis were initially worked
out by analyzing the reaction products by paper chromatogra-
phy. The assay was subsequently converted to a microtiter
format, and the product was monitored by the addition of
WGA-SPA beads.

Since the product captured by the WGA-SPA beads was not
defined, to ensure the scintillation proximity assay was mea-
suring peptidoglycan a series of comparative experiments was

done. Two sets of enzyme reactions were run in parallel in a
microtiter plate and, after stopping the enzyme reaction with
EDTA, the products were analyzed either by paper chroma-
tography or by adding SPA beads. While the radioactivity mea-
sured in the two sets of analyses could be different, due to the
different counting efficiencies of the two systems, the kinetics
of both assays should be similar if the SPA monitors pepti-
doglycan synthesis.

In both analyses, the quantity of radioactive product formed
was insignificant when the reaction was stopped with EDTA at
time zero, when the protein was left out of the reaction, or
when the protein was heat inactivated (Table 1). Also, incor-
poration of the radiolabel into the product was insignificant
when the first sugar precursor, UDP-MurNAc-pp, was left out
of the reaction. This is particularly important in the SPA, in
which there is no separation step and peptidoglycan cannot be

TABLE 1. Comparison of peptidoglycan synthesis, as measured by
paper chromatography, with the SPA*

Peptidoglycan synthesis

. iy (cpm)
Reaction conditions
Paper
SPA chromatography

Complete reaction 9,805 10,198
No UDP-MurNAc-pp 878 190
No protein 530 154
Heat-inactivated protein 558 140
EDTA at time zero 609 183
UDP-[’H]GIcNAc plus beads (NPE)” 517 NA®

“ Enzyme reactions were performed in parallel, and the products were ana-
lyzed either by paper chromatography or with SPA beads.

® NPE, nonproximity effect.

¢ NA, not applicable.
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FIG. 2. SPA. (A) Product captured as a function of the SPA bead concentration. (B) SPA signal at different times after bead addition. Enzyme

reactions were carried out in triplicate under standard assay conditions.

distinguished from other radioactive products that may be cap-
tured by the beads.

The SPA beads do not capture the substrate, UDP-[*H]
GlcNAc; the signal due to the nonproximity effect is ~5% of
the radioactivity captured in the enzymatic reaction (Table 1).
Triton X-100 was added along with the beads at the capture
step, at a final concentration of 0.05%, since this reduced the
background and thus increased the signal-to-noise ratio (data
not shown).

In the SPA format the concentration of beads per well was
varied (Fig. 2A), and a concentration of 2.5 mg/ml (or 500 g
of beads per well) was chosen as the quantity for all further
assays. The radioactivity was measured at various times after
the addition of the WGA-SPA beads (Fig. 2B). Significant
counts were observed immediately after bead addition, indi-
cating the capture was instantaneous. The counts increased for
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up to 3 h and were fairly stable for up to 48 h; in most of the
figures shown here the samples were counted ~3 h after bead
addition. DMSO stimulated peptidoglycan synthesis, as mea-
sured by the conventional paper chromatography analysis, as
well as the radioactivity monitored by the SPA (data not
shown), and was included in all assays at a concentration of
4%. With 4 or 10% DMSO the peptidoglycan synthesized was
at a ~1.5 or ~3 times higher level, respectively, than if no
DMSO was present during the assay.

The time course of the reaction was similar for both pepti-
doglycan synthesis (monitored by paper chromatography) and
the SPA analysis (Fig. 3A and B), as was the dependence of the
two assays on protein quantity (Fig. 3C and D). Based on these
results, 4 pg of protein and an incubation time of 90 min were
chosen for all further experiments. Also, the dependence of
both peptidoglycan synthesis and the SPA bead-captured prod-
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FIG. 3. Effect of various incubation times (A and B) and various protein concentrations (C and D; expressed in micrograms per reaction) on
the synthesis of peptidoglycan (A and C) or on the product captured in the SPA (B and D).
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FIG. 4. Effect of various concentrations of substrates, UDP-MurNAc-pp (A and B) and UDP-GIcNAc (C and D) on the synthesis of
peptidoglycan (A and C) or on the product captured in the SPA (B and D). In panels A and B the concentration of UDP-GIcNAc was 2.5 uM,
and in panels C and D the concentration of UDP-MurNAc-pp was 100 wM. In panels C and D, for concentrations of UDP-GIcNAc of 0.25 to
5 pM a specific activity of 8 Ci/mmol was used, and for 10 to 25 uM a specific activity of 1.5 Ci/mmol was used. Because of the varying specific
activity, the paper chromatography results are plotted as picomoles of GlcNAc incorporated, and for the SPA a correction was made for the two
higher concentrations of UDP-GIcNAc so that the cpm are what would be expected if a specific activity of 8 Ci/mmol was used.

uct on concentrations of the first substrate, UDP-MurNAc-pp,
or the second substrate, UDP-GIcNAc (Fig. 4) was very simi-
lar. These experiments strongly suggested that the product
being monitored by the addition of WGA-SPA beads was the
same as that monitored at the origin of the paper chromato-
gram, i.e., peptidoglycan.

Assay validation. (i) Lysozyme. Lysozyme cleaves pepti-
doglycan at the 31-4 bond between muramic acid and GIcNAc.
Thus, if it is added during the synthesis of peptidoglycan, it
should inhibit the formation of peptidoglycan polymers.

When lysozyme was added to the enzyme reaction it inhib-
ited the incorporation of radiolabel into the SPA-captured
product and also into peptidoglycan, as monitored by paper
chromatography. At a concentration of 10 pg/ml lysozyme
caused 70% inhibition of the SPA, and at 100 wg/ml it caused
>90% inhibition of both the SPA and peptidoglycan synthesis.
This further suggested that the SPA-captured product was
peptidoglycan.

(ii) Effect of inhibitors. A number of inhibitors are available
for the individual enzymes in the late stages of the peptidogly-
can biosynthesis pathway (Fig. 1), and these were used to
validate the new assay. Tunicamycin is a known inhibitor of the
first enzyme, the translocase (or mraY gene product), and thus
is expected to inhibit peptidoglycan synthesis in this pathway
assay (5). The effect of tunicamycin on peptidoglycan synthesis
was compared with its effect on the SPA product. The ICygs in
the two systems are very similar (~0.3 pg/ml). The transferase
enzyme (murG gene product) is inhibited by ramoplanin and
nisin (28, 31). Nisin inhibited both the synthesis of peptidogly-

can and the SPA with similar ICs4s (0.9 and 3.9 pM, respec-
tively; Table 2).

Vancomycin is a glycopeptide antibiotic that is known to
bind to the terminal part of the peptide chain attached to
muramic acid. As a consequence, it inhibits the transglycosy-
lase enzyme; at higher concentrations it is reported to inhibit
the transferase and translocase as well. The effect of vancomy-
cin on the SPA (IC5, ~22 pM) is similar to its effect on
peptidoglycan synthesis (IC5, ~ 13 pM; Fig. SA and B).
Moenomycin, also called flavomycin, is known as an inhibitor
of the transglycosylase. The ICs, for the SPA is very similar to
that for peptidoglycan synthesis (~10 nM). The SPA was also
inhibited by bacitracin, the lipid pyrophosphorylase inhibitor,
showing an ICjs, for the SPA (~0.07 U/ml) that is very similar
to that seen for peptidoglycan synthesis. For all of the inhibi-
tors discussed so far, the inhibition levels were very similar for
both the paper chromatography and the SPA analyses. Hence,
only the vancomycin graphs are shown; for other inhibitors the
1C,, values are summarized in Table 2.

We next tested the effect of the B-lactam antibiotics on the
SPA and paper chromatography analysis. The B-lactams are
one of the most successful antibiotics in the clinic and are
known as inhibitors of the transpeptidase activity of the PBPs;
they do not, however, affect the transglycosylase or polymer-
izing activity. Thus, in the presence of B-lactam antibiotics
peptidoglycan is formed, but it is not cross-linked. It is very
difficult to distinguish cross-linked peptidoglycan from that
which is not cross-linked: both run at the origin in the paper
chromatogram (14), and thus the B-lactams do not inhibit
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TABLE 2. Comparison of the ICss of inhibitors on peptidoglycan synthesis, as measured by paper chromatography, with the SPA

ICso
Inhibitor En inhibi ;
zyme inhibited Peptidoglycan (Paper SPA
chromatography)

Tunicamycin Translocase 0.27 pg/ml 0.28 pg/ml
Nisin Transferase 0.9 uM 3.9 uM
Vancomycin Translocase, transferase, and transglycosylase 13 pM 22 uM
Moenomycin Transglycosylase 0.009 uM 0.01 pM
Penicillin Transpeptidase No inhibition 3 uM
Ampicillin Transpeptidase No inhibition 8 uM
Bacitracin Lipid pyrophosphorylase 0.075 U/ml 0.065 U/ml

¢ For the nisin ICs, determinations, 75 puM UDP-MurNAc-pp was used. Where the purity of the starting material is not defined, the concentrations are expressed
in units other than micromolar concentrations. For tunicamycin, the ICs, approximates to ~0.3 pM.

peptidoglycan synthesis as monitored by the paper chromatog-
raphy assay (Fig. 5C).

Interestingly, the B-lactams did inhibit the SPA (Fig. 5D)
with ICsys in the micromolar range: ~3 uM for penicillin G
and ~8 puM for ampicillin (Table 2). If penicillin (300 M) was
added after the reaction was stopped with EDTA (and incu-
bated for 30 min before addition of the beads), no inhibition
was observed. Under these conditions we expect penicillin
would have bound to the PBPs, suggesting that mere binding of
the B-lactam to the PBPs in the membranes is insufficient to
cause inhibition. Also, if the SPA beads were preincubated
with the equivalent quantity of penicillin, no inhibition was
observed, from which we conclude that penicillin does not
prevent the capture of peptidoglycan by the beads. The B-lac-
tams only inhibited when they were present during the reac-
tion, when peptidoglycan was being synthesized; under these
conditions we expect the peptidoglycan that was synthesized

Paper chromatography
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was not cross-linked, as has been shown earlier (23). This is the
only situation in which the SPA results are markedly different
from those of the paper chromatography assay. The data ob-
tained with the B-lactams suggest that the product captured by
the WGA-SPA beads is cross-linked peptidoglycan. It appears
the SPA can monitor not only the polymerization but also the
cross-linking step of peptidoglycan synthesis. This is a powerful
advantage over the classical paper chromatography assay,
which cannot distinguish cross-linked peptidoglycan from that
which is not cross-linked.

The negative inhibition observed in the SPA with the B-lac-
tams (Fig 5D), and sometimes with other inhibitors, occurs
when the signal (cpm) in the treated sample is greater than that
of the untreated control. This effect of the B-lactams on pep-
tidoglycan synthesis (measured by paper chromatography) has
been reported in the literature; the reason given is that the
B-lactams also inhibit carboxypeptidases, which degrade the
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FIG. 5. Effect of vancomycin (A and B) and penicillin G (C and D) on peptidoglycan synthesis as analyzed by paper chromatography (A and
C) and SPA (B and D). Note that, in panel C, the y axis is the percent activity (and not inhibition), since penicillin does not show inhibition in
this assay.
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substrate and thus decrease the quantity of peptidoglycan syn-
thesized. When the negative inhibition is observed only in the
SPA and not in the paper chromatography analysis, we think
this is a result of the complexity of the SPA capture. It could be
that in the presence of the inhibitor more of the product is
captured by the beads or that the efficiency of counting of the
captured product is higher under this condition.

Inhibitors of enzymes unrelated to peptidoglycan synthesis,
such as erythromycin, novobiocin, cerulenin, and rifampin,
showed no inhibition of the SPA at concentrations of 100 WM.
However, Triton X-100, a detergent, inhibited the assay (as
well as peptidoglycan synthesis [data not shown]). Since the
target enzymes are all membrane associated, other membrane-
perturbing agents are also expected to inhibit the assay.

DISCUSSION

Peptidoglycan synthesis has for a long while been a favorite
target for the development of antibacterial drugs because of
the success of antibiotics (e.g., the B-lactams and glycopep-
tides) that act on these targets. However, research in this area
has been hampered by the lack of assays amenable to high-
throughput screening. In particular, there has been no easy
assay described thus far that can measure the enzyme activities
of the PBPs (transglycosylase or transpeptidase) or the lipid
pyrophosphorylase. Because of this, several indirect assays
have been used to screen for antibacterial compounds that act
via inhibition of cell wall synthesis. For example, one screen
looked for agents that inhibit incorporation of radioactive dia-
minopimelic acid into acid-insoluble fractions of B. subtilis but
that do not inhibit the growth of Mycoplasma (which lacks a
cell wall) (25, 32).

We have described here a scintillation proximity enzyme
assay to measure peptidoglycan synthesis in E. coli. The SPA
measures the combined activities of the translocase (MraY),
the transferase (MurG), and the lipid pyrophosphorylase and
the transglycosylase and transpeptidase activities of the PBPs,
leading to peptidoglycan synthesis. The observation that the
SPA was inhibited by lysozyme, as well as by inhibitors of each
of the five enzymes involved in these stages of peptidoglycan
synthesis, validates the assay as a monitor of peptidoglycan
synthesis. Moreover, the ICs,s observed in the SPA were sim-
ilar to those obtained by the paper chromatography analysis
and ranged from 10 nM to 20 uM for the compounds tested
(Table 2).

The SPA can be used as a convenient, high-throughput
screen for inhibitors of any of these five enzymes. Because it
screens for the inhibitors of five enzymes in a single reaction,
this results in a considerable saving of test compounds and cost
when performing a large screen. An added advantage of the
system is that, since wild-type membranes are used as a source
of the enzymes, the pathway closely resembles the physiologi-
cal situation with respect to the ratio of the five enzymes, as
well as the concentration of the carrier lipid, undecaprenol
phosphate. Also, since the assay does not measure binding of
a B-lactam, we think it represents a true enzyme assay for the
transpeptidase and could pick up inhibitors of a different
chemical class and those with a mechanism of inhibition dis-
tinct from that of the B-lactams.

However, the assay does have a disadvantage in that it does
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not distinguish between inhibitors of the five enzymes or the
inhibition caused by detergents. Thus, for an unknown com-
pound, secondary assays will have to be carried out to deter-
mine which of the five enzymes is the target of the inhibitor.
Also, the ICs, value must be interpreted with caution, partic-
ularly with compounds that are expected to inhibit more than
one enzyme in the cascade (e.g., vancomycin). While the ICs,,
is a convenient way of measuring the potency of an inhibitor,
compounds with similar IC5ys may be targeting two different
enzymes.

It is noticeable that, for some of the inhibitors we tested, the
ICss are in the micromolar range, which appears to be high
for an antibacterial compound. This is possibly due to the
mechanism by which these compounds inhibit, since many of
them bind to the substrates or enzymes in this pathway. For
example, the B-lactams bind covalently to the PBPs, of which
there are several in the cell, while only a few of these probably
contribute to the transpeptidase activity measured in this assay.
Nisin binds to the lipid intermediates (28), and bacitracin binds
to undecaprenol pyrophosphate (28, 34, 35). Similarly, in the
whole cell vancomycin is thought to bind to lipid II (which is
not abundant), thus inhibiting the transglycosylase. However, in
this assay it probably has access to and binds UDP-MurNAc-pp,
as well as lipid I, thus giving it a high IC,; if the assay is
performed with a lower concentration of UDP-MurNAc-pp,
the ICs, of vancomycin falls considerably (data not shown). In
contrast, the ICs, of moenomycin, which was thought of as a
competitive inhibitor of the transglycosylase (41), is between 1
and 10 nM; however, a recent report claims it, too, binds to the
PBPs (43).

We have converted a laborious paper chromatography assay
into one that can be performed with high throughput in a
microtiter plate. By comparison with the classical paper chro-
matography assay, where the R, of peptidoglycan is defined, we
have validated the SPA as a way of monitoring peptidoglycan
synthesis. Because of the convenience and ease of the assay, it
is now possible to look at kinetic parameters that are very
tedious to monitor by the classical assay. The most powerful
aspect of the SPA is the ability to detect, in a single reaction,
the inhibitors of the five enzymes in the late stages of pepti-
doglycan synthesis that are very popular targets for the devel-
opment of antibacterial drugs.
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