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Coordinate Regulation of p-Lactamase Induction and 
Peptidoglycan Composition by the amp Operon 

The amp operon, which is located on the Escherichia coli chromosome, modulates the 
induction of plasmid-borne p-lactamase genes by extracellular p-lactam antibiotics. 
This suggests that the gene products AmpD and AmpE may function in the transduc- 
tion of external signals. P-Lactam antibiotics are analogs of cell wall components that 
can be released during cell wall morphogenesis of enterobacteria. The amp operon was 
studied t o  determine its importance in signal transduction during cell wall morpho-
genesis. The peptidoglycan compositions of amp mutants were determined by high- 
performance liquid chromotography and fast atom bombardment mass spectrometry. 
When a chromosomal o r  plasmid-borne copy of a m p D  was present, the amount of 
pentapeptide-containing muropeptides in the cell wall increased upon addition of the 
cell wall constituent diaminopimelic acid to  the growth medium. These results suggest 
that p-lactamase induction and modulation of the composition of the cell wall share 
elements of a regulatory circuit that involves AmpD. Escherichia coli requires AmpD to 
respond to  extracellular signaling amino acids, such as diaminopimelic acid, and this 
signal transduction system may regulate peptidoglycan composition in response to  cell 
wall turnover products. 

THE HETEROPOLYMERIC PEPTIDO-
glycan of Escherichia coli is composed 
of over 40 different building blocks 

(1). The overall composition of this exoskel- 
eton requires coordination of the activities 
of ten synthetic enzymes, which attach the 
N-acetylglucosaminyl- N-acetylmuramyl pen- 
tapeptide precursors to the preexisting sac- 
culus, and at least nine cell wall hydrolases, 
which manicure new cell wall during matu- 
ration and turnover. The control mecha- 
nisms governing this complex system are 
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unknown but may involve coordinate regu- 
lation with the synthesis of the other cellular 
macromolecules (2). In addition, efficient 
communication must exist between the in- 
tracellular site of muropeptide precursor 
synthesis and the extracellular site of cell wall 
assembly. For example, E. coli has an effi- 
cient system for uptake and reuse of cell wall 
peptides released during turnover and mat- 
uration (3).Also, p-lactam antibiotics prob- 
ably do not enter the cytoplasm, yet they 
induce intracellular events such as activation 

of cell wall hydrolases (4) and expression of 
p-lactamases (5 ) .Because p-lactam antibiot- 
ics are structurally analogous to the D-alanyl- 
D-alanine component of the cell wall stem 
peptide, we reasoned that the pathway that 
leads to induction of p-lactamase produc- 
tion might share regulatory components 
with the pathway for cell wall metabolism. 
Therefore, we sought to obtain mutants 
with aberrant cell wall metabolism by select- 
ing mutants that were altered in p-lactamase 
induction. 

Constitutive overproduction of p-lacta- 
mase is associated with mutations in the amp 
operon (5).The operon contains two chro- 
mosomal loci, ampD, which encodes a cyto- 
plasmic protein, and ampE, which encodes a 
membrane-associated protein (6,  7). To test 
the hypothesis that mutants altered in the 
regulation of p-lactamase induction would 
also show differences in cell wall metabo- 
lism, we analyzed two series of mutants in 
the amp operon (8-10) for the composition 
of their cell walls. We introduced plasmids 
that carried ampD, ampE, or both genes into 
these mutant cells to determine the ability of 
these loci to complement the chromosomal 
ampD and ampE defects. 

Differences in peptidoglycan composition 
were apparent between the parents and the 
amp operon mutants (Fig. 1 and Table 1) 
(1 1, 12). Two peptidoglycan components 
with retention times of 56 and 82 min, 
which accounted for 27 a 4.1% (k stan-
dard errors) of the total wall composition of 
the wild-type strain, were reduced to a total 
of <0.5 * 0.4% in the absence of the amp 
operon. We determined, by fast atom bom- 
bardment mass spectrometry (FAB MS), 
that the masses of the peaks were consistent 
with those of monomeric and dimeric pen- 
tapeptides, respectively (that is, N-acetyl- 
glucosaminyl-N-acetylmuramyl-~-danyl-D-
glutamyl-meso-diaminopimelyl-D-alanyl-D-
alanine and this pentapeptide monomer 
linked to an identical unit that was missing 
the terminal D-alanine). The loss of these 
pentapeptide-containing species in the dele- 
tion mutant was accompanied by a propor- 
tionate increase in the monomeric and di- 
meric tetrapeptides (increased from 54 to 
76%), such that the relative total amounts of 
monomeric and dimeric muropeptides in 
the wild-type and mutant strains remained 
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equivalent. Thus, the amount of pentapep- 
tide in the cell wall was related to the amp 
genotype. 

To determine if regulation of pentapep- 
tide concentration was dependent on ampD, 
ampE, or both, we introduced the individual 
genes into the amp operon mutants, and we 
examined cell wall composition in these 
strains. Expression of functional AmpD, 
confirmed by minicell analysis, increased the 
amounts of monomeric and dimeric pen- 
tapeptides in the mutants to 44 ? 3.5 and 
71 -+ 6.2%, respectively, of wild-type values 
(Table 1). No changes were observed with a 
functional ampE gene or a nonfunctional 
ampD gene. 

We examined the possibility that the 
amount of pentapeptide in wild-type strains 
was determined by a signal in the medium 
that depended on an intact amp operon. To 
identify signaling molecules, we determined 
variation of peptidoglycan composition as a 
function of the presence of exogenous pep- 
tidoglycan-derived amino acids or peptides. 
High concentrations of pentapeptide-con- 
taining muropeptides were observed only 
when strains that expressed AmpD were 
grown in the presence of diaminopimelic 
acid. Addition of other cell wall components 
(D-danine, D-a~anyl-D-alanine) had no effect 
on pentapeptide concentration. These re-
sults suggest that ampD participates in the 
regulation of cell wall metabolism by diami- 
nopimelic acid. 

To analyze the mechanisms by which 
AmpD generated changes in peptidoglycan 
composition, we examined the effects of 
mutations in ampD on the synthetic and 
degradative arms of peptidoglycan metabo- 
lism. No differences in the molecular sizes, 
the amounts, or the number of cell wall 

Table 2. Degradative transglycosylase and endopeptidase activities in amp mutants. Extracts from 
cultures grown in the presence of diaminopimelic acid of wild-type (strain SN03) and ampD, ampE 
mutant (SN0302) and the same strains harboring ampD on plasmid pNU405 were analyzed for 
soluble and membrane-bound endopeptidase and transglycosylase activities in cell extracts at 
equivalent protein concentrations (18-20). Numbers given are arbitrary units with 100 being equal 
to the specific activity of the transglycosylase (endopeptidase) in crude extracts from wild-type cells. 
All triplicate values were within 11% of the mean. 

Transglycosylase activity Endopeptidase activity 
Phenotype 

Soluble Membrane-bound Soluble Membrane-bound 

Wild-type 100 100 
Wild-type + ampD 94.9 94.5 
Mutant 96.7 94.3 
Mutant + ampD 97.0 94.8 

synthetic enzymes were observed in the mu- 
tants (Fig. 2). Thus, the preservation of 
intact pentapeptides in the cell wall probably 
did not result from alteration of the enzymes 
that incorporate precursors into the cell 
wall. Next, cell wall hydrolase activities were 
measured in cytoplasmic and membrane ex- 
tracts of the ampD mutants. The activities of 
the soluble and membrane-bound forms of 
the degradative transglycosylase and en-
dopeptidase did not differ in wild-type or 
mutant extracts (Table 2). 

Carboxypeptidases cleave pentapeptides 
to yield tripeptides and tetrapeptides. There- 
fore, the decrease in the concentration of the 
pentapeptide in the mutant cell wall may 
have resulted from an increase in carboxy- 
peptidase activity. As an indicator of carbox- 
ypeptidase activity on intact cell wall (most 
cellular carboxypeptidases hydrolyze only 
released material), we analyzed the mutant 
and wild-type cell walls for tripeptides and 
tetrapeptides, the products of this enzymatic 
reaction. Wild-type cell walls contained 58.5 
-+ 1.7% total tripeptides and tetrapeptides 

whereas the mutant contained 68.4 2 0.9% 
(P< 0.01, Neuman-Keuls test). Products of 
the carboxypeptidase reaction were reduced 
to wild-type amounts by introduction of 
ampD (60.7 2 1.2%, P > 0.5 compared to 
wild type), but not ampE (68.1 ? 1.5%, P 
< 0.01 compared to wild type). These re- 
sults are consistent with the hypothesis that 
ampD represses modification of the cell wall 
by carboxypeptidases. 

A decrease in carboxypeptidase activity in 
strains that express AmpD should not 
change the rate of cell wall turnover (as 
determined by loss of carbohydrate from the 
wall) but should decrease release of peptide 

Fig. 1. HPLC pattern of peptidoglycan from 
strains that differed in expression of the amp 
operon. (A) The wild-type strain (HfrH) and the 
ampD, ampE deletion mutant (JRG582) were 
analyzed carrying (8) the plasmid with insertion 
of ampD (JRG582pNU436), (C) the plasrnid 
backbone (JRG582pACYC184), or (D) the plas- 
mid with insertion of ampE (JRG582pNU435). 
Positions marked with closed arrowheads change 
with the phenotype; positions marked with open 
arrowheads indicate the constant major mono- 
meric and dimeric component of the peptidogly- 
can. (4 = monomeric disaccharide tetrapeptide; 5 
= monomeric disaccharide pentapeptide; 4-4 = 
dimeric bisdisaccharide tetra-tetrapeptide; and 
4-5 = dimeric bisdisaccharide tetra-pentapep- 
tide.) 
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Table 1. Peptidoglycan composition of wild-type and mutant strains of E. coli. Strains were grown 
in the presence of diaminopimelic acid, and cell wall was prepared for HPLC analysis. The wild-type 
(HfrH, D+E+)  pattern was compared to those of the double mutant strain (JRG582, D-E-) and 
its derivatives carrying ampE (pNU435, D-E+), ampD (pNU436, D+E-), or inactive ampD and 
ampE (pNU437, D-E-,). Muropeptides are designated by the length of the peptide side chain 
attached to the N-acetylglucosaminyl-N-acetylmuramyl moiety: Tri = ~-danyl-D-gl~tamyl-meso-
diaminopimelic acid, Tetra = Tri + D-alanine, Penta = Tetra + D-alanine. More than one peptide 
designation indicates a dimeric bisdisaccharide form attached by a diaminopimelyl-D-alanine 
crossbridge or a diaminopimelyl-diaminopimelic acid (Dap2) crossbridge. Substitutions to the 
muropeptide: Lys-Arg = lysyl-arginyl residue of lipoprotein, Anh = 1,6 anhydromuramic acid. 
Values are means of triplicate experiments with a maximum SEM of 2.6%. 

% of total peptidoglycan 

Muropeptide 


D+E+ D-E- D-E+ D+E- D-E-i 


Tri 
Tetra 
Penta 
Tri-LysArg 
Tri-Tri-Dap2 
Tetra-Tri-Dap2 
Tri-Anh 
Tetra-Tetra 
Tetra-Penta 



T.bk 3. Efkas of ampD and ampE on the deasc of cell wall pcpticEes. Baaai? wat grown 
overnight in [3k]dhimpii acid (1 mc'iml, Ncw England Nudeu). Triplicate cdmcs were 
6itcred and diluted, and duplicate samples (200 4) wat takcn at 0, 2, 4, 6, and 24 hours. The 
amount of radioactivity rrmaining in material that was precipited by W i g  in SDS (5%) was 
dctaminod as a measure of labeled components ranaining in the wall (3). Values arc mean 2 SD of 
the percent of [jH] counts per minute released from thc cell wall per bactaial generation time of 30 
min. Strains arc as dcxribed in (10). 

sain Ch- Piasmid % release ofaU wall 
 hen^ phenotype pepidcs per 30 min 

SN03 D+E+ 3.6 2 0.6 
SN0301 D-E+ 6.5 2 0.4* 

D+E- 1.2 2 0.4 
SN0302 D-E- 7.0 2 2.3* 

D+E- 2.3 2 1.1 
D+E+ 0.6 2 2.7 

HfrH D+E+ D-E- 2.2 2 1.2 
JRG582 D-E-i D-E- 6.2 2 1.4* 

D-E+ 3.5 2 0.3 
D+E- 1.7 2 0.6 
D-E- 5.7 2 0.8* 
D+E+ 1.2 2 0.2 

*P < 0.01, as cotnpvcd m SN03 (Ncumul-K& test). 

subcomponents (as determinod by loss of 
peptide limn the wall). As predicted, all 
strains, regardless of amp genotype, had a 
similar rate of loss of carbohydrate ( [3H]~-  
acetylglucasamine) from the cell wall (45 to 
56 a 996 per generation). However, metab- 
olism of cell wall peptides &red in ampD, 
but not ampE, mutants (Table 3). The ampD 
m u m  released approximately twice the 
amount of [3H]diaminopimelic aad into 
the medium as the wild-type strain. The 
dtfact was complemented by introduction 
of ampD on a plasrnid. 

In this report, we have shown that, in 
wild-type E.  coli, ampD is required for re- 
sponse to extracellular diaminopimelic acid, 
and that ampD contributes to an increase in 
penta@des in the cell wall. We propose 
that the ampD gene product rrpresses a 
carboxypeptidasc that hydrolyzes the cell 
wall pentapeptide. The ampD gene product 
rrprcsses the expression of B-larramase in 
the absence of B-lactam inducer. These stud- 
ies indicate that ampD coordinately r ep -  
lates both plactamase orpression and pepti- 
doglycan metabolism, and that mutants 
altered in peptidoglycan composition can be 
selected by xreening for defixts in the reg- 
ulation of B-lactamase production. It is rea- 
sonable that these two phenomena could 
share elements of regulation, because @-lac- 
tam antibiotics are analogs of the pcntapep- 
tide and p-lactamase may be evolutionarily 
related to carboxypeptidases (13). Muta- 
tions in ampD that enhance plarramase 
production constitute the most common 
mechankm by which enterobactecia become 
antibiotic-resistant (5). Changes in cell wall 
composition that arise from mutation of 
ampD do not appear to adversely affkct the 
physiology of the bacteria. Thus, an under- 
standing of the function of the amp operon 

Fig. 2 E&ct of mutation o f  the amp opcron on 
thcceuwallsyntheticenzymcprofik.Cellwall 
synthnic enzymes were dctcctcd by d e n t  
binding of [3H]bemylpenidh (10 pg or 600 
p.C'dml, Mcrck Research Division). The PBP pat- 
mn for each strain was denrmimd in whole cdls 
at equivalent cdl densities (16) and in membrane 
preparations at equivalent protein concentrations 
(17). Amounts of individual PBPs, quantitated 
by scanning densimmetry, wese not different be- 
tween lanes (range of percent of total band den- 
sitypcrlanc): band 1 = 9to 12%;band2 = 8to 
11%; band3 = 2to4%; band4 = 32to39%; 
bands5and6compkx= 36to41%;band7= 
12 to 15%. 

is of considerable therapeutic intmst 
The nanw of the link between B-lacta- 

mase induction and cell wall metabolism is 
unknown. Genetic inactivation of penicillin- 
binding protein (PBP)lA, lB, 2, or 3 (ts 
mutation) did not abolish i n d u a b i ,  sug- 
@g that none of the high molecular size 
&thetic u-anspeptidase:tfansglY~ases 
are requind for plactamase induction (14). 
No mutants totay. defective in carboxypcp 
tidase activity ha; been isolated. HOW&&, 
strains with an inarased amount ofPBP4- 
related carboxypeptidase become hyperin- 
duable by @la&& relative to the Ad type 
(14, 15). This finding rtinfbrccs the link 
between adxqxpidases and $-1actama.u 

induction proposed here. It is possible that a 
low mokcdac size ligand that is generated 
during cell wall metabolism enters the cell 
during rrcyding of peptide components. 
Support fix this model comes from the 
observations that diaminopimelic acid can 
induce B-lactamase production (15) and can 
alter cell wall composition in ampPcontain- 
ing bacteria. 
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Signal Transduction by Interferon-a Through 
Arachidonic Acid Metabolism 

Molecular mechanisms that mediate signal transduction by growth inhibitory cyto- 
kines are poorly understood. Type I (aand P) interferons (IFNs) are potent growth 
inhibitory cytokines whose biological activities depend on induced changes in gene 
expression. IFN-a induced the transient activation of phospholipase A, in 3T3 
fibroblasts and rapid hydrolysis of [3H]arachidonic acid (AA) from prelabeled phos- 
pholipid pools. The phospholipase inhibitor, bromophenacyl bromide (BPB), specifi- 
cally blocked IFN-induced binding of nuclear factors to a conserved, IFN-regulated 
enhancer element, the interferon-stimulated response element (ISRE). BPB also 
caused a dose-dependent inhibition of IFN-a-induced ISRE-dependent transcription 
in transient transfection assays. Specific inhibition of AA oxygenation by eicosatet- 
raynoic acid prevented IFN-a induction of factor binding to the ISRE. Treatment of 
intact cells with inhibitors of fatty acid cyclooxygenase or lipoxygenase enzymes 
resulted in amplification of IFN-a-induced ISRE binding and gene expression. Thus, 
EN-a  receptor-coupled AA hydrolysis may function in activation of latent transcrip- 
tion factors by IFN-a and provides a system for studying the role of AA metabolism 
in transduction of growth inhibitory signals. 

THE GROWTH INHIBITORY ACTIVITY 

of type I IFNs ( a  and P), as well as 
the frequent deletion of genes that 

encode these cytokines (on chromosome 
9p22) in acute lymphoblastic leukemia (I), 
identifies these IFNs as potential tumor sup- 
pressors. Interaction of IFN-a with its 
membrane receptor induces transcription of 
genes that contain a conserved cis-acting 
DNA element, the interferon-stimulated re- 
sponse element (ISRE) (2). However, the 
IFN receptor-coupled signal transduction 
pathways are undefined. Conventional re-
ceptor-mediated signaling mechanisms that 
involve protein kinase C, cyclic adenosine 
monophosphate-dependent .protein kinase 
A, or fluxes in intracellular pH or calcium, 
do not function in IFN-a-induced activa-
tion of ISRE-directed gene expression ( 3 ) .  

Because stimulation of phospholipase A, 
(PLA,) is a source of second messenger for 
receptor-mediated signaling (4) ,  we tested 
for activation of PLA, by IFN-a in mouse 
Balblc 3T3 (clone A31) cells. The A31 cells 
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were grown to confluence, labeled for 2 
hours with [32P]orthophosphate, and treat- 
ed with IFN-a for various durations. La- 
beled extracts were then analyzed by thin- 
layer chromatography (TLC) for IFN-
stimulated production of lysophospholipids, 
which are the products of catalysis by PLA, 
(Fig. 1A) (5) .  Within 5 min of IFN-a 
treatment, lysophosphatidylcholine (IysoPC) 
was increased-by 60%, with a maximum 
increase of 100% after 15 min, relative to 
unstimulated amounts. By 2 hours after IFN 
treatment, IvsoPC returned to near basal . ,  
concentrations. Lysophosphatidylethanola-
mine (IysoPE) was not consistently elevated 
in extracts of IFN-treated cells (6).Cellular 
concentrations of phosphatidylcholine (PC) 
decreased by 12 to 14% within 15 min of 
IFN treatmknt, in accord with the increase 
in IysoPC (Fig. 1A). The transient nature of 
the PLA, response suggests that PLA, may 
participate in signaling by IFN-a. 

A consequence of membrane PLA, acti-
vation is release of arachidonic acid (AA) 
from membrane phospholipids, typically PC 
or phosphatidylinositol (PI) (7). Arachidon-
ic acid can then be used for synthesis of 
prostaglandins (PGs) and other eicosanoids 
via cyclooxygenase-, lipoxygenase-, and ep- 
oxygenase-catalyzed reactions. Because 

IFN-a stimulates cyclooxygenase-catalyzed 
PG synthesis in human fibroblasts ( 8 ) ,AA 
hydrolysis might be an important signaling 
mechanism for IFN-a. We tested directly for 
IFN-a-stimulated [3H]AA release from la- 
beled mouse fibroblasts. Treatment of con- 
fluent, [3H]AA-labeled A31 cultures with a 
receptor-saturating concentration (10 ng/ 
ml) of IFN-a led to a rapid release of 
[3H]AA into the culture medium (Fig. 1B). 
Pretreatment of cultures with the phospho- 
lipase inhibitor BPB (bromophenacyl bro- 
mide) markedly inhibited both basal and 
stimulated [3H]AA release (6). Treatment 
of A31 cells with platelet-derived growth 
factor (PDGF), as with IFN-a, induces 
binding of nuclear factors to the ISRE, 
albeit to a lesser degree (9) .Similarly, PDGF 
(10 nglml) treatment of A31 cells resulted in 
rapid I3H]AA release (Fig. lB), as reported 
(10). Because PDGF and IFN-a exhibit 
antagonistic effects on fibroblast growth, 
AA would not be expected to act as a second 
messenger for both PDGF- and IFN-activat- 
ed pathways. It thus seems more likely that a 
specific eicosanoid second messenger is gen- 
erated in response to IFN-a. 

To test for the participation of AA metab- 
olism in the activation of ISRE-binding 
factors by IFN-a, we measured ISRE com- 
plex formation in electrophoretic mobility- 
shift assays (EMSA) (1 1). At subsaturating 
amounts of IFN-a (300 IUIml, 60 pM), 
pretreatment of A31 cells in culture with 
nordihydroguaiaretic acid (NDGA) (10 
pM), a lipoxygenase inhibitor, or indometh- 
acin (INDO) (10 pM), a cyclooxygenase 
inhibitor, led to a marked amplification of 
the induced ISRE complex (Fig. 2A). 
Quantification of the relative amounts of 
induced ISRE-binding activity in extracts of 
cells pretreated with NDGA or INDO indi- 
cated that both agents yielded a threefold 
amplification of the induced signal, relative 
to nonsaturating IFN treatment (Fig. 2B). 
Pretreatment of A31 cells with 50 pM 
BW577C, an inhibitor of both lipoxygenase 
and cyclooxygenase .enzymes, also resulted 
in signal amplification of approximately 
threefold as much as untreated cells. Anoth- 
er potent inhibitor of cyclooxygenase activ- 
ity, flurbiprofen, had a similar amplifying 
effect (6). Amplified amounts of ISRE-bind- 
ing activity were identical to those induced 
by a saturating dose of IFN-a (2000 IU/ml, 
400 pM) in the absence of treatment with 
the inhibitors (Fig. 2B). In the presence of 
subsaturating concentrations of IFN-a, the 
amount of ISRE-binding activity was direct- 
ly proportional to the IFN-a receptor occu- 
pancy (Fig. 2B), which regulates the rate of 
IFN-a-induced transcription (12). 

Significantly, pretreatment with BPB 
blocked IFN-induced ISRE complex forma- 
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