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b-Lactamase induction in Enterobacter cloacae, which is linked to peptidoglycan recycling, was investigated
by high-performance liquid chromatographic analysis of cell wall fragments in genetically defined cells of
Escherichia coli. After treatment of cells with b-lactams, we detected an increase in aD-tripeptide (disaccharide-
tripeptide, N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-meso-diaminopimelic acid),
aD-tetrapeptide (disaccharide-tetrapeptide, N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramyl-L-alanyl-D-
glutamyl-meso-diaminopimelic acid-D-alanine), and aD-pentapeptide (disaccharide-pentapeptide, N-acetylglu-
cosaminyl-1,6-anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-meso-diaminopimelic acid-D-alanyl-D-alanine)levels
in the periplasms of bacterial cells. Furthermore, only the accumulation of aD-pentapeptide correlates with the
b-lactamase-inducing capacity of the b-lactam antibiotic. The transmembrane protein AmpG transports all
three aD-peptides into the cytoplasm, where they are degraded into the corresponding monosaccharide
peptides. In the absence of AmpD the constitutive overproduction of b-lactamase is accompanied by an
accumulation of aM-tripeptide (monosaccharide-tripeptide, anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-
meso-diaminopimelic acid) and aM-pentapeptide (L1,6-anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-meso-
diaminopimelic acid-D-alanyl-D-alanine), but not aM-tetrapeptide (anhydro-N-acetylmuramyl-L-alanyl-D-glu-
tamyl-meso-diaminopimelic acid-D-alanine), in the cytoplasm. Only the amount of aM-pentapeptide is
increased upon treatment with imipenem. These findings indicate that aD-pentapeptide is the main periplas-
mic muropeptide, which is converted into the cytoplasmic signal molecule for b-lactamase induction, the
aM-pentapeptide.

The emergence of resistance during a course of antimicro-
bial therapy can be a serious therapeutic problem. In a study
with Enterobacter cloacae, even under a combination therapy
with an aminoglycoside and a broad-spectrum cephalosporin
resistance to all b-lactams except the carbapenems developed
in nearly 50% of all patients investigated (10). Although it is
now generally accepted that the induction itself of the chro-
mosomally mediated cephalosporinase by b-lactam antibiotics
(20, 25, 30, 33) is not a real clinical problem, the regulation of
b-lactamase production is of great interest because of its high
mutation rate of 1025 to 1028 (29) and the fact that nearly all
members of the family Enterobacteriaceae and Pseudomonas
aeruginosa strains produce a chromosomal AmpC b-lactamase.
Furthermore, this process is linked to the peptidoglycan recy-
cling (14), which is a general feature in eubacteria. Upon
interaction with murein synthesis, b-lactams lead to an in-
creased degradation of the murein sacculus. Thus, degradation
products accumulate in the periplasm (18). They are trans-
ported into the cytoplasm, where they can act as an inducer,
converting the transcriptional regulator AmpR into an activa-
tor of b-lactamase expression (18, 27).

In our recent study, we demonstrated that AmpD, a cytoso-
lic protein (27), which functions as a negative regulator of
AmpC expression (18, 21, 26, 18), is an N-acetyl-anhydromu-
ramyl-L-alanine amidase (17–19). Mutations in the ampD gene
result in constitutive b-lactamase overproduction. Simulta-
neously, large quantities of aM-tripeptide (anhydro-N-acetyl-
muramyl-L-alanyl-D-glutamyl-meso-diaminopimelic acid) accu-

mulate in the cytoplasm, indicating that this compound is an
AmpR-activating ligand (18). Moreover, this molecule is trans-
ported into the periplasm (8).

AmpG, a transmembrane protein, is required for b-lacta-
mase induction (23). Jacobs et al. (18) suggest that this protein
acts as a permease for the anhydromuropeptide N-acetylglu-
cosaminyl-1,6-anhydro-N-acetylmuramyl-L-alanyl-D-glutamyl-
meso-diaminopimelic acid (aD-tripeptide), being a precursor
molecule for aM-tripeptide.

In the study described in this paper, we studied the influ-
ences of antibiotics with and without the capacity to induce the
b-lactamase on the formation of anhydromuropeptides. We
analyzed whether AmpG also transports anhydromuropeptides
other than D-tripeptide into the cytoplasm, where, as we sug-
gest, these anhydrodisaccharide peptides are cleaved to the
corresponding anhydromonosaccharide peptides.

MATERIALS AND METHODS

Bacteria, plasmids, and culture conditions. The Escherichia coli K-12 strains
used in this study were JRG582 and its derivative JRG58201. The ampD and
ampE genes are totally deleted from strain JRG582 (15). JRG58201 carries an
APH cassette inserted in the ampG gene (28).

Plasmids pBP21 and pBP22 are derivatives of pUC-19 (pBP19) (3) carrying
kanamycin resistance and the Enterobacter cloacae ampE gene and the ampD and
ampE genes, respectively. Plasmid pBP21 was constructed as follows. The 1.1-kb
SphI-XbaI fragment of the wild-type strain E. cloacae 14 carrying the ampE gene
was obtained by PCR. The XbaI site of this PCR fragment was blunt ended with
DNA polymerase T4, and the resulting fragment was inserted into the unique
SmaI and SphI sites of pBP19. pBP22 was constructed by subcloning the 600-bp
BamHI-EcoRI fragment of pBP21 into pBP20 (21).

Recombinant DNA testing techniques and transformation of DNA were per-
formed as described by Maniatis et al. (31). The E. coli strains were grown in M9
medium supplemented with glucose (0.2%), Casamino Acids (0.1%), thiamine (1
mg/ml), uracil (50 mg/ml), nicotinamide (5 mg/ml), and MgSO4 (1 mM) at 37°C.
When required, sulfamethoxazole (500 mg/ml), kanamycin (50 mg/ml), and chlor-
amphenicol (30 mg/ml) were added.

The various antibiotics, which were tested for their capacities to induce the
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AmpC b-lactamase, were kindly provided by the following companies: cefo-
taxime by Hoechst AG, Frankfurt, Germany; cefoxitin by Merck Sharp & Dohme
GmbH, Munich, Germany; imipenem by Merck Sharp & Dohme, West Point,
Pa.; meropenem by Zeneca Pharmaceuticals, Macclesfield, United Kingdom;
piperacillin by Cyanamid GmbH, Wolfratshausen, Germany; sulbactam by Pfizer
AG, Karlsruhe, Germany; and vancomycin by Eli Lilly & Co., Indianapolis, Ind.

Preparation of muropeptides from different compartments by hot water ex-
tracts. (i) Preparation of muropeptides. Muropeptides were prepared by a
method based on the one described by Jacobs et al. (18). A 1-liter Erlenmeyer
flask containing 200 ml of minimal medium M9 was inoculated with 2 ml of an
overnight culture and grown to the mid-logarithmic phase (optical density at 456
nm [OD456] 5 0.5), and 15 mCi of [3H]diaminopimelic acid (0.35 Ci/mmol;
Amersham, Braunschweig, Germany) was added. The cells were harvested by
centrifugation at 4°C and washed once with one-half volume of 10 mM Tris-HCl
(pH 8.0). The bacteria were suspended in 20 ml of boiling water and heated at
100°C for 20 min. After removal of particulate matter by centrifugation at
16,000 3 g for 10 min, the supernatant (hot water extract) was recovered and
lyophilized.

(ii) Preparation of periplasmic and cytoplasmic muropeptides. Cells from the
ampG-positive strain JRG582 and from the ampG-negative strain JRG58201
were fractionated into periplasmic and cytoplasmic fractions by treatment with
lysozyme and EDTA (37). The formation of spheroplasts could be seen by
osmotic sensitivity and conversion into spheres after diluting an aliquot of the
suspension 1:5 in distilled water (1). To check if the spheroplasting reaction was
completed, we measured the b-lactamase activity in the cytoplasmic and
periplasmic fractions. We ran our b-lactamase controls for strain JRG58201 in
the same experiment with strain JRG582/pBP131-3.

The cytoplasmic and periplasmic fractions were separated by centrifugation
and were suspended in 20 ml of boiling water and heated at 100°C for 20 min.
After removal of particulate matter by centrifugation at 16,000 3 g for 10 min,
the supernatant (hot water extract) was recovered and lyophilized.

Methanol precipitation. A rapid method for the removal of proteins is meth-
anol precipitation (8). The lyophilized samples of the hot water extracts and the
culture media were resuspended in 400 ml of water and chilled on ice for 15 min.
Then, 400 ml of ice-cold methanol was added, and after an additional 15 min on
ice the samples were centrifuged at 10,000 3 g for 10 min to obtain a clear
supernatant.

HPLC analyses. After methanol precipitation, the samples were lyophilized
and suspended in 100 ml of water. Then, the muropeptides were reduced with
sodium borohydride (12). Prior to injection, the samples were centrifuged at
6,000 3 g for 10 min.

High-performance liquid chromatography (HPLC) was performed with a
Pharmacia gradient system consisting of a 2152 LC controller, 2150 pumps, and
an 11300 ultragrad mixer driver. A C18 Hypersil octyldecylsilane reverse-phase
column (250 by 4.6 mm; 3 mm particle size) from Bischoff (Leonberg, Germany),
together with a guard column containing mBondapack C18 Corasil (Waters), was
used to separate the muropeptides. Optimal separation of muropeptide mono-
mers with this HPLC system was reached by a linear gradient from methanol-free
50 mM sodium phosphate (pH 4.31), containing 0.8 mg of sodium azide per liter
(buffer A) to 35% 75 mM sodium phosphate (pH 4.95), containing 15% meth-
anol (buffer B) over 100 min at 38.5°C at a flow rate of 0.5 ml/min.

Fractions of the column effluent of 0.25 ml were collected. The radioactivity of
each fraction was determined by liquid scintillation counting. Peak areas and
area percentage for every peak was calculated with the Microsoft Excel program.
The standard anhydromuropeptides aD-tripeptide and aD-tetrapeptide (disac-
charide-tetrapeptide, N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramyl-L-ala-
nyl-D-glutamyl-meso-diaminopimelic acid-D-alanine) were kindly provided by
J.-V. Höltje.

HPLC analyses of imipenem-treated cells. The prepared anhydromuropep-
tides of the ampG- and ampD-negative strain JRG58201 were separated with a

gradient composed of two linear gradients. The first part of this gradient is the
one described above. The second part is a linear gradient of the same buffers
from 36 to 100% buffer B over 25 min.

Determination of b-lactamase activity. We used JRG582 carrying plasmid
pBP131 (24), which contains the E. cloacae genes (ampC and ampR) required for
the expression of the E. cloacae b-lactamase, and plasmid pBP14105-3 (22).
pBP14105-3 carries the ampD mutant ampD05, which leads to a hyperinducible
phenotype (21). The cells were grown to an OD465 of 0.1, and various antibiotics
were added at concentrations that were half the MICs for 2 h. Then, the cells (20
ml) were harvested by centrifugation at 4°C and washed once with 1 volume of
0.05 M potassium phosphate (pH 7.0). The cells were resuspended in 1 ml of the
same buffer and frozen overnight. Sonication on ice with a Branson sonifier
yielded the cell extract used for b-lactamase determination. The b-lactamase
activity was quantified as described by Peter et al. (36), with nitrocefin (50 mM)
used as the substrate (34). The protein content of each sample was determined
by the method of Bradford (2), with bovine serum albumin used as the standard.

RESULTS
Accumulation of two anhydromuropeptides in ampD-nega-

tive cells. Hot water extracts of JRG582/pBP21 (ampD nega-
tive) and JRG582/pBP22 (ampD positive) after methanol pre-
cipitation were analyzed by HPLC by using the linear gradient
described above (Table 1). For the ampD-negative strain, com-
pared to the ampD-positive strain, two additional peaks with
area percentages of 65 (peak 1) and 5.6 (peak 2) were detected
(Fig. 1). Peak 1 was identified by mass spectrometry as the
aM-tripeptide, which could also be detected in the culture

FIG. 1. HPLC analysis of hot water extracts from JRG582/pBP22 (ampD
positive) and JRG582/pBP21 (ampD negative). The chromatogram of the ampD-
negative strain shows two additional peaks, those for the aM-tripeptide and the
aM-pentapeptide. —, ampD negative; —}—, ampD positive.

TABLE 1. Amounts of aM-tripeptide, aM-pentapeptide, aD-tripeptide, and aD-tetrapeptide in the hot water extract and the culture medium
of JRG58201 (ampD and ampG negative) and JRG582 (ampD negative)

Strain and extract or
medium

% Area in the corresponding peak of the HPLC chromatograma

aM-tripeptide aD-tripeptide aM-pentapeptide aD-tetrapeptide

JRG58201
Hot water extractb 0.4 (0.3) 0.5 (0.2) 0 2.5 (0.15)
Culture mediumc 0 0.7 0 3.8

JRG582
Hot water extractd 65 0.3 5.6 0.1
Culture mediumc 12.4 0.3 0.9 0.3

a A value of 0 indicates that the area was less than the limit of detection. Values in parentheses are standard deviations.
b Values are means for six extracts.
c Values resulting from one analysis.
d Values are means for two extracts.
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medium (8). Peak 2 was collected, and the corresponding com-
pound was analyzed by fast-atom bombardment mass spec-
trometry by using thioglycerol as the matrix. The mass of the
protonated compound was 788 (Fig. 2), which exactly corre-
sponds to the mass of 1,6-anhydro-N-acetylmuramyl-L-alanyl-
D-glutamyl-meso-diaminopimelic acid-D-alanyl-D-alanine (aM-
pentapeptide).

Furthermore, we could demonstrate that the corresponding
compounds are substrates for AmpD. The lyophilized hot wa-
ter extract of JRG582/pBP21 was dissolved in 1 mM sodium
phosphate buffer (pH 6.8), containing 0.02% sodium azide. To
one-half of this mixture the MalE-AmpD fusion protein (about
1 mg) (16) was added. Then, we incubated the samples for 12 h
at 30°C. The peaks of interest disappeared upon AmpD treat-
ment.

Role of AmpG in peptidoglycan recycling. If the aM-pen-
tapeptide and the aM-tripeptide are formed in the cytoplasm,
AmpG would transport the corresponding precursor molecules
into the cytoplasm. To investigate this hypothesis, we used an
ampD- and ampG-negative strain (JRG58201). Neither aM-
tripeptide nor aM-pentapeptide is generated by this strain
(Fig. 3), which supports our hypothesis that in fact AmpG is
not only the permease for the precursor molecule of aM-
tripeptide (9, 18) but is also the permease for the precursor
molecule of aM-pentapeptide.

To investigate this further, we fractionated cells from ampG-
positive strain JRG582 and from ampG-negative strain
JRG58201 into periplasmic and cytoplasmic fractions. Only
spheroplasts of ampG-positive cells contained aD-tetrapeptide
(Fig. 4) as well as aD-tripeptide showing that aD-tetrapeptide
can also be transported into the cytoplasm by AmpG. This was
already demonstrated by our recent study (9). So AmpG is a
specific permease not only for the muropeptide aD-tripeptide
but also for aD-tetrapeptide and probably aD-pentapeptide
(disaccharide-pentapeptide, N-acetylglucosaminyl-1,6-anhy-
dro-N-acetylmuramyl-L-alanyl-D-meso-diaminopimelic acid-D-
alanyl-D-alanine), although the latter muropeptide could not
be detected in the cytoplasmic fractions of ampG-positive cells.

Effect of imipenem on peptidoglycan metabolism. Since
there is a direct link between recycling of peptidoglycan frag-
ments and b-lactamase induction (18, 39), it is assumed that
imipenem, a strong inducer of b-lactamase production,
changes the peptidoglycan metabolism in a specific way.

Treatment of JRG58201 with an imipenem concentration of
one-half the MIC for 25 min resulted in a twofold increase of
the amount of aD-tetrapeptide (Fig. 5). Furthermore, another
anhydromuropeptide appeared only upon imipenem treat-
ment. We analyzed this anhydromuropeptide by fast-atom
bombardment mass spectrometry using thioglycerol as the ma-

FIG. 2. Mass spectrometry of the compound (Fig. 1, peak 2) which, besides aM-tripeptide, accumulates in ampD-negative strains. The mass of the protonated
compound (peak 1) corresponds exactly to the mass of aM-pentapeptide (molecular mass, 788 U). Peak 1, aM-pentapeptide 1 H1 5 789 U; peak 2, aM-pentapeptide 1
H1 1 Na1 5 812 U; peak 3, aM-pentapeptide 1 2Na1 (21H1) 5 834 U; peak 4, aM-pentapeptide 1 3Na1 (22H1) 5 856 U.
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trix. The mass of the protonated compound was 993 (Fig. 6),
which exactly corresponds to the mass of aD-pentapeptide.

To investigate if, in addition to aD-tripeptide and aD-tet-
rapeptide, AmpG also transports aD-pentapeptide into the
cytoplasm, we analyzed the cytoplasmic anhydromuropeptides
of the ampG-positive, ampD-negative strain JRG582 after imi-
penem treatment (0.25 mg/ml, 25 min). The spheroplasts of
these cells, in contrast to the spheroplasts of cells not treated
with imipenem (Fig. 4), contained aD-pentapeptide (data not
shown; area percentage of the corresponding peak, 0.5). Thus,
AmpG is also the permease for this anhydromuropeptide. Fur-
thermore, besides aD-pentapeptide only the amount of aM-
pentapeptide, not aM-tripeptide, increases on treatment with
imipenem, from an area percentage of 2.4 (standard deviation
from three experiments, 0.33) to one of 10.9 (standard devia-
tion from three experiments, 0.22).

By using the ampD-positive strain JRG582/pBP22, aD-pen-
tapeptide and aM-pentapeptide are only detectable after imi-
penem treatment (Table 2). The amount of aD-tetrapeptide
also increases.

Effect of cell wall-active antibiotics. In contrast to b-lactams,
other cell wall-active antibiotics like D-cycloserine and vanco-
mycin, as well as the b-lactamase inhibitor sulbactam, do not
induce b-lactamase production (data not shown). Therefore,
we tried to determine if b-lactams like imipenem, cefoxitin,
meropenem, piperacillin, and cefotaxime change peptidogly-
can metabolism in a way different from that in which D-cy-
closerine, vancomycin, and sulbactam change peptidoglycan
metabolism.

We treated cells of the ampD- and ampG-negative strain
JRG58201 with antibiotic at a concentration of one-half the
MIC to prevent lysis of the cells and separated the prepared
anhydromuropeptides with the gradient composed of two lin-
ear gradients described above. Since we analyzed an ampG-
negative strain, aD-tripeptide as well as aD-tetrapeptide and
aD-pentapeptide are of periplasmic origin.

As can be seen in Table 3, in contrast to b-lactams, the
actions of D-cycloserine, vancomycin, and sulbactam on pepti-
doglycan synthesis do not alter the release of aD-tripeptide,
aD-tetrapeptide, or aD-pentapeptide in the periplasm. All
tested b-lactams lead to the same 2- to 4-fold increase in the
aD-tripeptide level and 1.5- to 2.5-fold increase in the aD-
tetrapeptide level in the periplasm compared to the levels in
untreated cells, whereas the release of aD-pentapeptide cor-
relates with the b-lactamase-inducing capacity of the b-lactam
antibiotic. For example imipenem, a strong inducer of b-lac-
tamase induction, leads to a 25-fold increase in the aD-pen-
tapeptide level compared to that induced by cefotaxime, a
weak inducer.

DISCUSSION

Murein recycling in E. coli can use a pathway (18) which
involves the products of the genes ampD (26) and ampG (23).
AmpD and AmpG also play important roles in b-lactamase
induction. Recently, it could be shown that the cytosolic pro-
tein AmpD is an N-acetyl-anhydromuramyl-L-alanine amidase
(17–19). Furthermore, the ampD mutant accumulates aM-tri-
peptide in the cytoplasm (8, 18). Therefore, it is assumed that
AmpD exerts its negative effect on AmpC expression by hy-
drolyzing this anhydromuropeptide, the signal molecule for
b-lactamase induction.

Here we demonstrate that in an ampD mutant not only does
aM-tripeptide accumulate but to a lesser extent, another an-

FIG. 3. HPLC analysis of the hot water extracts from JRG582 (ampD neg-
ative) and JRG58201 (ampD and ampG negative). S, substrate of AmpD. —,
ampD negative; —}—, ampD and ampG negative.

FIG. 4. HPLC analysis of the cytoplasm (spheroblasts) of ampD-negative
strains JRG582 (ampG positive) and JRG58201 (ampG negative). —, ampG
positive; —}—, ampG negative.

FIG. 5. HPLC analysis of hot water extract from JRG58201 (ampD and
ampG negative). The effect of imipenem (0.25 mg/ml, 25 min) was examined. —,
with imipenem; —}—, without imipenem.
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hydromuropeptide, aM-pentapeptide, also accumulates. So far
aM-pentapeptide accumulation has not been demonstrated by
other workers, and in our recent study it was supposed to be
the aM-tetrapeptide (9). Furthermore, we show that both an-
hydromuropeptides are absent from an ampD ampG double
mutant. Thus, both anhydromuropeptides are formed only in
the cytoplasm, indicating that AmpG is the permease for the
precursor molecule not only of aM-tripeptide but also of aM-
pentapeptide. Therefore, aD-pentapeptide should be present
in the cytoplasm of ampG-positive cells rather than ampG-
negative cells. In both cases, we could not detect any aD-

pentapeptide (Fig. 4). It was surprising that in ampD-negative
cells the aM-pentapeptide accumulates in the cytoplasm
(about 3 3 107 molecules per cell).

aD-tripeptide and aD-tetrapeptide could be detected only in
the spheroplasts of ampG-positive cells (9). Thus, AmpG
transports these two anhydromuropeptides into the cytoplasm.
Since in exponentially growing cells the cell wall and the cul-
ture medium contain four to five times as much aD-tetrapep-
tide as aD-tripeptide (Table 1), it makes sense that AmpG also
transports aD-tetrapeptide into the cell. These findings indi-
cate that AmpG is not specific for one anhydromuropeptide.

FIG. 6. Mass spectrometry of the compound which appears upon imipenem treatment of JRG58201 (ampD and ampG negative). The mass of the protonated
compound corresponds exactly to the mass of aD-pentapeptide (molecular mass, 992 U). aD-pentapeptide 1 H1 5 993 U; aD-pentapeptide 1 Na1 5 1,015 U;
aD-pentapeptide 1 2Na1 (21H1) 5 1,037 U; aD-pentapeptide 1 3Na1 (22H1) 5 1,059 U.

TABLE 2. Amounts of aM-tripeptide, aM-pentapeptide, aD-tripeptide, aD-tetrapeptide, and aD-pentapeptide in the hot water extract of
JRG582/pBP22 (ampD positive)

Imipenem
concn

(mg/ml)

% Area of corresponding peak in HPLC chromatograma

aM-tripeptide aD-tripeptide aD-tetrapeptide aM-pentapeptide aD-pentapeptide

0 0.22 (0.05) 0.5 (0.2) 0.5 (0.28) 0 0
0.25b 0.3 (0.2) 0.6 (0.13) 1.4 (0.1) 0.2 (0.13) 2.2 (0.17)

a Results are means for from three extracts. Values in parentheses are standard deviations.
b Imipenem was added for 25 min after the cells reached an OD465 of 0.5.
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AmpG is probably also the permease for other anhydromu-
ropeptides released from the cell wall, like aD-pentapeptide.
These anhydromuropeptides could then also be recycled. This
is in agreement with the fact that AmpD is an amidase for
many anhydromuropeptides (17).

Since aM-tetrapeptide (anhydro-N-acetylmuramyl-L-alanyl-
D-glutamyl-meso-diaminopimelic acid-D-alanine) does not ac-
cumulate in the cytoplasm (Fig. 3 and 4), we assume that the
terminal amino acid, the D-alanine, is cleaved off in the cyto-
plasm. A corresponding enzyme has not been found in the
cytoplasm thus far. Although aM-tetrapeptide does not accu-
mulate in the cytoplasm of ampD-negative cells, it is probably
present, since ampD-negative cells also contain low levels of
other anhydromuropeptides (substrates of AmpD) which have
not been identified. One of these anhydromuropeptides, called
S (Fig. 3), is detectable only in the presence of AmpG, thus
probably being a 1,6 anhydro-monosaccharide peptide. Be-
cause of its retention time it might be the aM-tetrapeptide.

We could demonstrate that b-lactams, in contrast to other
cell wall-active non-b-lactam-antibiotics like D-cycloserine and
vancomycin and in contrast to the b-lactamase inhibitor sul-
bactam, which do not induce b-lactamase production, lead to
increased levels of release of aD-peptides from the peptidogly-
can sacculus (Table 3). The addition of all tested b-lactams, the
strong inducers of b-lactamase production imipenem and ce-
foxitin, the moderate inducer meropenem, and the weak in-
ducers cefotaxime and piperacillin resulted in the same in-
crease in aD-tripeptide and aD-tetrapeptide levels in the
periplasms of ampG-negative cells. Furthermore, another an-
hydromuropeptide, the aD-pentapeptide, emerges only upon
treatment with b-lactams. However, the amount of this anhy-
dromuropeptide correlates with the b-lactamase-inducing ca-
pacity of the b-lactam antibiotic (Table 3).

By form spheroplasts of ampG-positive (JRG582) and
ampG-negative (JRG58201) cells after imipenem treatment,
we could prove that AmpG transports aD-pentapeptide into
the cytoplasm, because only the spheroplasts of ampG-positive
cells contained aD-pentapeptide. Furthermore, upon imi-
penem treatment of ampG-positive cells, only the amounts of
aM-pentapeptide and aD-pentapeptide increased (data not
shown). Since in the absence of imipenem these ampD-nega-
tive cells produce b-lactamase at very high levels and accumu-
late only the aM-pentapeptide (Table 1), not the aD-pentapep-
tide (area percentage of the corresponding peak, 0.1), we

assume that only or especially the aM-pentapeptide functions
as the signal molecule for b-lactamase expression.

The increase in aM-pentapeptide levels must be linked to an
increase in the number of pentapeptide side chains in the
murein sacculus. The D,D-carboxypeptidases PBPs 4, 5, and 6,
which cleave off the terminal D-alanine, reduce the amounts of
these pentapeptide side chains very effectively. PBP 5 and PBP
6 account for 80% of the penicillin-binding capacity of cells
and are the major D,D-carboxypeptidases (37). PBP 5 seems to
be the main carboxypeptidase in exponentially growing cells.
PBP 6 is probably important only in cells which are in the
stationary growth phase (4). Tuomanen et al. (39) suppose that
AmpD might inhibit PBP 5, since in ampD-negative cells the
amounts of pentapeptide side chains in the peptidoglycan sac-
culus are decreased. Glauner et al. (12) showed that this dif-
ference in the amounts of pentapeptide side chains is signifi-
cant.

Strong inducers of b-lactamase induction like imipenem and
cefoxitin might increase the amount of aM-pentapeptide in the
cytoplasm by binding and inhibiting PBPs 4, 5, and 6. There-
fore, these D,D-carboxypeptidases are not active enough to
remove the terminal D-alanine from pentapeptide side chains
of the peptidoglycan sacculus.

The results presented in this paper led to a modified model
of the recycling of anhydromuropeptides and their role for the
regulation of class I chromosomal b-lactamase (Fig. 7) based
on the one by Jacobs et al. (18). All b-lactams bind to at least
one of the essential penicillin-binding proteins (PBPs; PBPs 1
to 3), resulting in degradation of the murein sacculus because
of the increased amounts of aD-tripeptide and aD-tetrapep-
tide that are released) and thus in an accumulation of these
two anhydromuropeptides in the periplasm. Strong inducers of
b-lactamase induction like imipenem and cefoxitin bind to and
inactivate not only the essential PBPs but also nonessential
PBPs 4, 5, and 6. These D,D-carboxypeptidases cleave off the
terminal amino acid from the pentapeptide side chains of the
murein sacculus. This step is a prerequisite for the linkage of
two peptide side chains to each other to form a bridge between
two neighboring sugar strands and thus contributes to the
stability of the murein sacculus. Since PBPs 4, 5, and 6 are very
effective, pentapeptide side chains are rare and are only a
component of newly synthesized murein (13). The concomitant
inactivation of an essential PBP and of PBP 4, 5, or 6 leads to
an accumulation of aD-tetrapeptide and aD-tripeptide and to

TABLE 3. Influence of cell wall-active antibiotics on the peptidoglycan metabolism of JRG58201 (ampD and ampG negative)a

Antibiotic (concn [mg/ml])a

Relative value in the indicated expt no.b

b-Lactamase (U/mg)caD-tripeptide aD-tetrapeptide aD-pentapeptide

1 2 Mean 1 2 Mean 1 2 Mean

None 1 1 1 1 1 1 1 1 1 1
D-Cycloserine (8) 1 0.7 0.9 1.1 0.7 0.9 0 1.25 0.7 1.2
Vancomycin (16) 1.2 0.7 1 1.2 0.9 1 1 1.9 1.45 0.7
Sulbactam (8) 1 1 1 1 1 1 0.5
Piperacillin (0.8) 2 2 1.4 1.4 NDd ND 1.8
Cefotaxime (0.25) 3.5 2.5 3 3.4 1.6 2.5 6.3 6.3 6.3 2.5
Meropenem (0.024) 4.3 4.3 2.3 2.3 12 12 8.1
Cefoxitin (2) 3.5 3.5 2.2 2.2 47.5 47.5 41.6
Imipenem (0.25) 1.9 2.2 2 2.3 1.8 2.05 150 170 160 174

a The antibiotic was added for 25 min after the cells reached an OD465 of 0.5. The concentration of each antibiotic was one-half the MIC.
b The values for no antibiotic are linked as 1. The absolute values are as follows: for aD-tripeptide, 0.55 and and 1.1 (mean, 0.83); for aD-tetrapeptide, 2.4 and 7.4

(mean, 4.9); for aD-pentapeptide, 0 and 0.08 (mean, 0.04). The values of the anhydromuropeptides indicate the area of the corresponding peak in the HPLC
chromatogram relative to the mean value for untreated cells.

c The antibiotic was added for 2 h after the cells reached an OD465 of 0.1. The value without antibiotic (0.68) was linked as 1.
d ND, not determined.
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the unusual accumulation of aD-pentapeptide. There is a strict
correlation only between the accumulation of the aD-pen-
tapeptide in the periplasm and the strength of an inducer of
b-lactamase expression. AmpG transports all three muropep-
tides into the cytoplasm. There the N-acetylglucosamine is
cleaved off and the terminal amino acid of the tetrapeptide
side chain is also probably cleaved off, although a correspond-
ing enzyme has yet not been found in the cytoplasm. The
resulting aM-tripeptide and aM-pentapeptide accumulate in
the cytoplasm of ampD-negative cells. Since the aM-pentapep-
tide and not the aD-pentapeptide accumulates in ampD-neg-
ative cells and these cells simultaneously produce b-lactamase
at very high levels, we assume that only or especially the aM-
pentapeptide functions as the signal molecule for b-lactamase
induction. In the presence of AmpD the peptide side chains
are cleaved off the disaccharide or monosaccharide peptides.
At least the resulting tripeptide (14, 32), but also probably the
pentapeptide, can then be reintroduced into the biosynthetic
pathway for murein synthesis. This model also points to an
assumption of how substances other than b-lactams can induce
b-lactamase production. For Enterobacter, Pseudomonas, and
Proteus these substances are, for example, glycine, D-trypto-
phan, and D-methionine (6, 7, 11, 35). They are probably in-
corporated into the peptidoglycan sacculus by a penicillin-
insensitive L,D-transpeptidase, whereas up to 45% of all
peptide side chains can be involved (5, 12). As a result there
are increases in the amounts of tetrapeptide and pentapeptide
side chains which carry the corresponding D-amino acid or
glycine (5). Another effect of these substances is the inhibition
of at least one of the essential PBPs, PBPs 1 to 3, leading to an
increased degradation of the peptidoglycan sacculus (5, 16,
38). Thus, D-tryptophan, D-methionine, and glycine should, like
b-lactams, lead to an accumulation of anhydromuropeptides in
the periplasm, including the aD-pentapeptides carrying the
unusual D-amino acids or glycine. Thus, we suppose that these
unusual aD-pentapeptides or the aM-pentapeptides may also
function as signal molecules for b-lactamase induction.
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We thank J.-V. Höltje for active support and discussion as well as for
the delivery of various standard anhydromuropeptides. Furthermore,
we thank G. Pohlentz for performing mass spectrometry.

This work was supported by grant WI 361/15-2 from the Deutsche
Forschungsgemeinschaft and by Pfizer AG, Karlsruhe, Germany.

REFERENCES

1. Birdsell, D. C., and E. H. Cota-Robles. 1967. Production and ultrastructure
of lysozyme and ethylenediaminetetraacetate-lysozyme spheroblasts of Esch-
erichia coli. J. Bacteriol. 93:427–437.

2. Bradford, M. J. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing principle of protein-dye binding.
Anal. Biochem. 72:248–254.

3. Broome-Smith, J., and B. G. Spratt. 1986. A vector for the construction of
translational fusions to TEM beta-lactamase and the analysis of protein
export signals and membrane protein topology. Gene 49:341–349.

4. Buchanan, C. E., and M. O. Sowell. 1982. Synthesis of penicillin-binding
protein 6 by stationary-phase Escherichia coli. J. Bacteriol. 151:491–494.

5. Caparros, M., A. G. Pisabarro, and M. de Pedro. 1992. Effect of D-amino
acids on structure and synthesis of peptidoglycan in Escherichia coli. J.
Bacteriol. 174:5549–5559.

6. Cullmann, W., A. Dalhoff, and W. Dick. 1984. Nonspecific induction of
b-lactamase in Enterobacter cloacae. J. Gen. Microbiol. 130:1781–1786.

7. Dahlhoff, A., and W. Cullmann. 1984. Specificity of b-lactamase induction in
Pseudomonas aeruginosa. J. Antimicrob. Chemother. 14:349–357.

8. Dietz, H., D. Pfeifle, and B. Wiedemann. 1996. Location of N-acetylmuramyl-
L-alanyl-D-glutamyl-meso-diaminopimelic acid, the presumed signal mole-
cule for b-lactamase induction, in the bacterial cell. Antimicrob. Agents
Chemother. 40:2173–2177.

9. Dietz, H., and B. Wiedemann. 1996. The role of N-acetylglucosaminyl-1,6
anhydro N-acetylmuramyl-L-alanyl-D-glutamyl-meso-diaminopimelic acid-D-
alanine for the induction of b-lactamase in Enterobacter cloacae. Zentralbl.
Bakteriol. Parasitenkd. Infektionskr. Hyg. Abt. 1 Orig. 284:207–217.

10. Füssle, R., J. Biscoping, R. Behr, and A. Sziegoleit. 1994. Development of
resistance by Enterobacter cloacae during therapy of pulmonary infections in
intensive care patients. Clin. Invest. 72:1015–1019.

11. Gatus, B. J., S. M. Bell, and A. J. Jimenez. 1986. Enhancement of b-
lactamase production by glycine in Enterobacter cloacae ATCC 13047. Pa-
thology 18:145–147.
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