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ABSTRACT

The penicillin tolerance of amino acid-deprived reld”  Escherichia coli 1s
attributed to the stringent response. The B-lactam-induced lysis of amino acid-deprived
bacteria resulting from relaxation of the stringent response was inhibited by cerulenin,
or by glycerol deprivation in the case of a gps4 mutant (defective in the biosynthetic sn-
glycerol 3-phosphate dehydrogenase). Therefore, 3-lactam-induced lysis of amino acid-
deprived cells was dependent on phospholipid synthesis. Both the priming and the lysis
induction stages of -lactam-induced lysis were shown to require phospholipid synthesis.
It has been known for some time that phospholipid synthesis is inhibited by the stringent
reponse. These results indicate that the inhibition of peptidoglycan synthesis and the
induction of penicillin tolerance during the stringent response are both secondary
consequences of the inhibition of phospholipid synthesis.

Direct experimental evidence is presented for the first time indicating that the
penicillin tolerance of amino acid-deprived £. coli was directly attributable to action of
guanosine 3',5'-bispyrophosphate (ppGpp) and not to some other effect of amino acid
deprivation. The overproduction of ppGpp resulted in the inhibition of peptidoglycan and
phospholipid synthesis and in penicillin tolerance. Penicillin tolerance and the inhibition
of peptidoglycan synthesis were both suppressed when ppGpp accumulation was
prevented by treatment of the bacteria with chloramphenicol, an inhibitor of ppGpp
synthetase I activation. Glycerol-3-phosphate acyltransferase, the product of p/sB gene,
was recently identified as the main site of ppGpp inhibition in phospholipid synthesis.
The overexpression of the cloned p/sB gene reversed the penicillin tolerance conferred
by ppGpp accumulation. This also indicates that the membrane-associated events in
peptidoglycan metabolism were dependent on ongoing phospholipid synthesis.
Interestingly, treatment with B-lactam antibiotics by itself induced relA4 -dependent ppGpp
accumulation, but the maximum levels attained were insufficient to confer penicillin
tolerance.

It was also demonstrated that penicillin tolerance was induced when phospholipid
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synthesis was inhibited in normal growing E. coli. This penicillin tolerance was not the
result a simple inhibition of growth or a decrease in the membrane levels of individual
phospholipids (e.g., acidic phospholipids), but rather the direct result of the inhibition of
net phospholipid synthesis.

A number of factors that interfere with B-lactam-induced lysis were investigated.
(1) It was demonstrated that de-energization of the £. coli cytoplasmic membrane resulted
in penicillin tolerance due to the inhibition of both the priming and the lysis induction
stages. (1) Inhibition of protein synthesis in the absence of the stringent response
promoted both the priming and the lysis induction stages resulting in a faster onset of 3-
lactam-induced lysis. (ii1) The temperature sensitivity of -lactam-induced lysis in amino
acid-deprived . coli was re-investigated. Penicillin tolerance resulting from a temperature
up-shift was not due to the induction of the heat-shock response, as previously reported,
but from a reversible inhibition of unidentified thermosensitive enzyme(s) involved in the

lysis induction stage.
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Chapter I: Introduction
I. The cell wall of E. coli

Like other gram negative bacteria, /2. coli possesses an outer and an inner
(cytoplasmic) membrane (Fig. 1). The outer membrane contains phospholipids,
lipopolysaccarides (LPS) and a set of characteristic proteins (Nikaido & Vaara, 1987).
The cytoplasmic membrane is a phospholipid bilayer permeable only to water, gases, and
small hydrophobic molecules such as medium chain fatty acids (Cronan et al., 1987).
The cytoplasmic membrane contains a number of proteins involved in bioenergetic and
biosynthetic reactions and in transport of specific solutes. The cytoplasmic membrane
of gram negative bacteria is protected by the other two components of cell walls: the
outer membrane, which provides protection from the surface-active agents present in the
natural environment (e.g., bile salts) and from host defence mechanisms (such as
complement) and by the peptidoglycan (PG) layer located in the periplasmic space. PG
layer counteracts the cytoplasmic turgor pressure and determines the characteristic shape
of bacteria (Park, 1987).

The outer membrane is an asymmetric bilayer. Phospholipids occur exclusively
in the inner leaflet of the outer membrane whereas the outer leaflet contains the rigid
hydrophobic portion of the LPS that is much less fluid than a typical phospholipid
membrane (Labischinski ef al., 1985). This property explains the high resistance of wild
type E. coli strains to hydrophobic antibiotics, detergents and dyes. Several outer
membrane proteins (porins) form transmembrane channels that allow diffusion of small
hydrophillic molecules into the cell while restricting the entry of large or hydrophobic
compounds (Nikaido & Vaara, 1987).

PG can be isolated as a porous macromolecule of characteristic rod shape
(Weidel & Pelzer, 1964). Physical contacts between PG and the cytoplasmic membrane
have never been documented. However, fusions between the inner and the outer
membranes have been reported (Bayer, 1979). These so-called Bayer adhesion zones are
proposed to represent the sites of export of the outer membrane proteins and LPS, as well
as the sites for insertion of newly synthesised PG chains to the preexisting PG layer (Park

& Burman, 1987). There 1s no information on the state of PG in these sites.
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Figure 1. Schematic structure of E. coli cell wall. See the text for explanations.
Adapted from Raetz & Dowhan (1990).
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The outer membrane is firmly anchored to PG layer by the PG lipoprotein
molecules. About one-third of PG lipoprotein molecules occur in a form that is bound
covalently to PG layer through their C-terminal lysine residues. Their N-terminal
cysteine residues are modified with three fatty acid residues so they can insert in the
outer membrane (Braun, 1975). The PG lipoprotein-deficient mutants are viable, but tend
to release outer membrane vesicles and periplasmic enzymes into the growth medium
(Hirota ef al., 1977). In addition, some outer membrane proteins, e.g., porins OmpC and
OmpF, are tightly associated with PG through non-covalent interactions (Rosenbush,
1974). It is estimated that over 400,000 contacts are made between PG layer and the
outer membrane (Park, 1987).

Cell walls grow constantly during the cell cycle. Since PG layer determines the
cell shape and counteracts the turgor pressure, the integrity of PG layer is of vital
importance to the cell. A fault in PG synthesis resulting in a nick in PG layer brings
about rupture of the cytoplasmic membrane and cell lysis. This happens, for example,
in the course of B-lactam antibiotic treatment (Holtje & Schwarz, 1985). Therefore, PG

synthesis must be tightly controlled during the cell growth and division.

II. Structure of E coli PG

PG of E. coli is a polymer that consists of two amino sugars and four amino
acids. The basic repeating unit of PG is shown in Fig. 2. N-acetylglucosamine
(GlcNAc) is linked to N-acetylmuramic acid (MurNAc) by 1—4 glycosidic bond. The
carboxy! group of each muramic acid residue forms a peptide bond with a short peptide.
A common structure of this peptide is L-alanyl-D-isoglutamyl-L-meso-diaminopimelyl-D-
alanine; however, a small percentage of the E. coli peptides either lack D-alanine or
contain an extra C-terminal D-alanine. The extra C-terminal alanine residue comes from
a precursor of PG biosynthesis. This basic PG unit is found in almost all gram negative
bacteria and some gram positive rods (Scheifer & Kandler, 1972).

An average mature PG strand consists of about 30 basic repeating units linked by
the 1—4 glycosidic bond, with a non-reducing 1,6-anhydro MurNAc being present at the

reducing end of each strand (Glauner & Hoéltje, 1990). The adjacent strands are cross-
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linked to each other through their peptide chains. It was estimated, that between 45%
and 60% of PG basic units are involved in cross-links depending on the age of PG and
experimental conditions (de Pedro & Schwarz, 1981; Glauner & Holtje, 1990). Normally,
these cross-links are between the carboxyl group of D-alanine in position 4 of one peptide
and the free amino group of DAP residue from a peptide on an adjacent PG strand.
However, about one-tenth of the cross-links were shown to occur between two DAP
molecules: the number of such DAP-DAP dimers increases as the cells reach stationary
phase (Glauner ef al., 1988). In addition, lipoprotein anchors the outer membrane to the
PG layer; it is known to bind to approximately 10% of PG basic repeating units
(Burman & Park, 1983). There is no obvious consensus site on PG to which lipoprotein
molecules bind, as the distribution of the PG-bound lipoprotein among the different
peptides after PG degradation shows no specificity for a certain structure (Glauner ef al.,
1988). The cross-linking continues in the PG strands that are already inserted in the PG
layer, and the newly synthesised PG is less cross-linked than the mature PG (de Pedro
& Schwarz, 1981). Overall, the two-dimensional structure of PG is often likened to a net
(Fig. 2).

The three dimensional structure of E. coli PG has not been resolved. Earlier
observations suggested that PG layer of gram negative bacteria consisted of a single
monomolecular PG sheet (Braun et al., 1973). PG growth was thus proposed to occur
by inserting new glycan strands between the existing ones (Burman & Park, 1984). Such
growth, however, would not account for PG turnover which was estimated to be about
50% per generation (Goodell, 1985). Neutron small-angle scattering studies indicated
that the average thickness of PG was 1.5 PG monolayers (Labischinski ez al., 1991). PG
composition studies also suggested that PG layer was thicker than a single monolayer.
For example, Glauner & Holtje (1990) reported that £. coli has enough PG to form about
three monolayers. Thus, it has been suggested that new PG has to be made before the old
PG would be degraded in an inside-to-outside replacement process (Glauner & Holtje,
1990). A modified model postulated the existence of "smart enzymes" that would
recognize the presence of new PG underneath the stress-bearing single layer and insert
two new PG strands at the expense of one old strand (Koch, 1990). Another model

postulated the existence of a multienzyme complex with both synthetic and hydrolytic



Figure 2. Structure of PG. A, structure of the basic unit of PG from E. coli and other
bacteria: Ac, acetyl. B, net-like two-dimensional structure of PG M, N-acetylmuramic
acid; G, N-acetylglucosamine; M", 1,6-anhydro-N-acetylmuramic acid; F, peptide links.
Adapted form Park (1987).
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activities. This multienzyme complex was proposed to substitute one old glycan strand
for a newly synthesized trimer (the "three-for-one" growth model; Holtje, 1993). Both
models suggest that PG growth in E. coli follows the inside-to-outside pattern and the
new PG patch is created underneath the old stress-bearing layer before the latter can be
recycled.

In summary, PG layer (also known as PG sacculus) is a thin porous
macromolecule of heterologous subunits held together by various peptide cross-links.
The stress-bearing layer of PG sacculus may be a monolayer: thus, a precise regulation
of PG turnover is necessary to ensure its integrity. This control is likely to be ensured

by a continuous synthesis of PG patches underneath the existing monolayer.

III. Biosynthesis of PG

PG biosynthesis takes place in three cellular compartments and thus is subdivided
into three stages (Fig. 3; Holtje & Schwarz, 1985). The first stage takes place in
cytoplasm and involves the synthesis of UDP-GlcNAc and UDP-MurNAc-pentapeptide.
The peptide sequence of UDP-MurNAc-pentapeptide is L-alanyl-D-isoglutamyl-L-meso-
diaminopimelyl-D-alanyl-D-alanine: it varies from the peptide shown in Fig. 2 by the
presence of an extra C-terminal alanine residue.

The synthesis of UDP-GIcNACc is not relevant to this Dissertation and thus 1s not
shown in Fig. 3. UDP-MurNAc is formed from UDP-GIcNAc in a two-step reaction
involving the addition of phosphoenolpyruvate and its subsequent reduction.
Phosphoenolpyruvate addition is irreversibly inhibited by an antibiotic phosphonomycin
(Cassidy & Kahan, 1973). Next, UDP-MurNAc-pentapeptide is formed by the sequential
addition of L-alanine, D-glutamic acid, meso-DAP, and D-alanyl-D-alanine in a number
of ATP-dependent reactions catalyzed by specific ligases (Holtje & Schwarz, 1985).
These reactions are also irrelevant to this Dissertation and will not be discussed. It must
be noted, however, that all these enzymes have been identified and intensive studies are
underway to investigate their mechanisms of action in order to create new antimicrobial
agents (e.g., Bugg & Walsh, 1992; Matsuhashi ez al., 1994). D-cycloserine, a structural
analogue of alanine, blocks the final stage of UDP-MurNAc synthesis by inhibiting the
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conversion of L-alanine to D-alanine and the formation of D-alanyl-D-alanine (Lambert
& Neuhaus, 1973).

The second and the third stages of PG synthesis are membrane-associated. In
order to transport PG precursors from the cytoplasm to the periplasm they are covalently
bound to a membrane glycosyl carrier lipid (GCL), also known as undecaprenol or
bactoprenol (Umbreit & Strominger, 1972). UDP-MurNAc-pentapeptide transferase (the
product of the mraY gene) catalyzes the formation of GCL-P-P-MurNA c-pentapeptide
from the UDP-MurNAc-pentapeptide (Geis & Plapp, 1978; Ikeda et al., 1991), whereas
UDP-GlcNAc transferase (the product of the murG gene) catalyses transglycosylation of
its substrate to GCL-P-P-MurNAc-pentapeptide to form a lipid-linked disaccharide-
pentapeptide, the direct precursor of PG (Mengin-Lecreulx et al., 1991; Ikeda ef al.,
1992). Recent evidence suggests, that the product of murGG gene is peripherally
associated with the inner face of the cytoplasmic membrane, and, therefore, the direct
precursor of PG is completely assembled before it traverses the cytoplasmic membrane
(Bupp & van Heijenoort, 1993). The exact mechanism of its transport from the
cytoplasmic to the periplasmic side of the inner membrane is, however, still unknown.

The last stage of PG biosynthesis is carried out in the periplasm. It has been
demonstrated that the nascent PG is covalently linked to both PG sacculus and
bactoprenol (Glauner & Holtje, 1990). Thus, PG precursors are cross-linked to the pre-
existing PG almost immediately upon translocation. A number of penicillin-sensitive
enzymes, also known as PBPs (for penicillin-binding proteins) take part in the terminal

stages of PG biosynthesis.

IV. The Penicillin-Binding Proteins

At least eight distinct integral membrane PBPs were identified in E. coli using
radiolabelled B-lactams (Spratt, 1977). Their genes have been cloned and sequenced.
The PBPs function in cell wall elongation, bacterial shape determination, and septation.
They are subdivided into the high and the low molecular weight (HMW and LMW)
PBPs. The HMW-PBPs include PBP1A, PBP1B, PBP2, and PBP3, whereas the LMW-

PBPs include PBP4-7. The PBPs are minor constituents of the cell membrane: their total



number was estimated to be about 3,000 molecules per cell in E. coli (Spratt, 1977).

The PBPs belong to the protein family of penicillin-interactive serine enzymes,
which also includes the p-lactamases. Despite their different biological functions, these
enzymes share certain features, such as the SXXK box (X stands for any amino acid)
which contains the active site serine residue, and the S(Y)XN and the KH/R)T(S)G
motifs, (reviewed in Ghuysen, 1991). So far the crystal structure has not been solved
for any of the E. coli PBPs; however, the three-dimensional data is available for a
number of B-lactamases, as well as for some PBPs from gram-positive bacteria (e.g.,
Ghuysen, 1991; Strunadka e al., 1992; Charlier er al., 1993). The available data
demonstrate, that the three repeating motifs come together to form an active site. The
catalytic mechanism is thought to be similar to that of other active-site serine proteases
(e.g., chymotrypsin), involving successive acylation and deacylation steps (Jamin ef al.,
1993). The mechanism of inhibition of the PBPs by B-lactams is shown in Fig. 4. Itis
believed, that the B-lactam ring resembles acyl-D-alanyl-D-alanine and thus forms a
stable covalent bond with the serine residue of the PBP active site (Tipper & Strominger,
1965).

The HMW-PBPs are integral transmembrane type II proteins and have a
membrane-spanning segment at their N-termini (Broome-Smith er al., 1985). The HMW-
PBPs carry out two reactions: they elongate glycan chains (transglycosylation) and cross-
link the peptide chains (transpeptidation). Transglycosylation creates a 1—4 glycosidic
bond between the GIcNAc and MurNAc of two different disaccharide units.
Transpeptidation reaction uses the energy of the D-alanyl-D-alanine bond of the donor
pentapeptide to create a peptide bond between the position 4 of the donor peptide and
DAP in position 3 of the acceptor peptide (Fig. 2). The D-alanyl-D-alanine bond in the
donor peptide is broken to form the tetrapeptide. The acceptor peptide may be the tri,
tetra, or pentapeptide (Holtje & Schwarz, 1985). As shown in Fig. 4, an intermediate
step in the transpeptidation reaction catalyzed by the HMW-PBPs involves the formation
of an ester bond between the active site serine residue and the acyl moiety of D-alanine
residue of the donor pentapeptide.

PBPI1A is a 94 KDa protein encoded by the pond (mrcA) gene (Broome-Smith
et al., 1985). Purified PBP1A possesses both the transpeptidase and transglycosylase
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Figure 4. Transpeptidation reaction and its inhibition by B-lactam antibiotics.

A, the resemblance between B-lactams (above) and D-alanyl-D-alanine (below).

B, transpeptidation reaction (left) and its inhibition by a -lactam (right). Adapted from
Tipper & Strominger (1965) .
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activities and catalyzes the formation of a highly cross-linked PG from the lipid-linked
disaccharide precursor (Tomioka er al., 1982). Importantly, in the presence of a low
concentration of [-lactams, PBPIA produced uncrosslinked PG strand and the
transpeptidase activity correlated with the binding affinity of this protein for -lactams
(Tomioka et al., 1982). The penicillin-binding residue is Ser-465 in the C-terminal
domain (Broome-Smith er al,, 1985). The transglycosylase activities of PBPls is
inhibited by the antibiotic moenomycin, but normally not by f-lactams (van Heijenoort
et al., 1978). However, the transglycosylase activity of PBP1A was also sensitive to
some [-lactams (Tomioka ez al., 1982). The basis for this phenomenon is not
understood. PBPIA is thought to be involved in cell elongation; however, the absence
of PBP1A is not lethal for cells, presumably, due to overlapping functions of PBP1A and
PBPI1B (Spratt et al., 1977).

PBPIB is encoded by the ponB (mrcB) gene. This gene has an open reading
frame with two different start codons and a common terminator codon (Broome-Smith
et al., 1985). The larger frame encodes the 94 KDa PBPI1Bo and the smaller frame
encodes the 89 KDa PBP1By. Ser-570 of the a-peptide is the penicillin-binding residue
(Nicholas et al., 1985). Purified PBP1Bs possess both penicillin-sensitive transpeptidase
activity and moenomycin-sensitive transglycosylase activities (Nakagawa er al., 1984).
PBPIBs are important for cell wall elongation: a mutation in ponB gene caused
thermosensitive lysis in a low salt medium (Tamaki er al, 1977). Deletion of both
PBP1A and PBPIB is lethal to the cell (Yousif e al., 1985).

The 71 KDa PBP2 is the product of the pbpA (mrdA) gene (Asoh et al., 1986).
It requires another integral membrane protein, RodA, for its transpeptidase activity in
vitro (Ishino et al., 1982). Initially, the transglycosylase activity has also been identified
in the PBP2/RodA preparations (Ishino er al., 1982). The more resent data, however,
suggest, that PBP2 may only possess the transpeptidase activity (Héltje, 1995). PBP2 is
the only PBP that binds the amidinopenicillin, mecillinam, and this results in the
formation of spherical cells and a block in cell division. PBP2 mutants also grow as
spherical cells that can no longer divide, unless the production of the stress nucleotide
ppGpp is induced (Joseleau-Petit er al., 1994). The PBP2/RodA complex is thus thought

to function in an early step of cell elongation, possibly in the production of an initiation
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PG piece in the growth zone which would later be extended by the PBP1 proteins (Spratt,
1975). A suppressor mutation of a thermosensitive PBP1B mutant led to a simultaneous
overproduction of PBP1A and PBP2, suggesting a correlative function of these two
enzymes (Tamaki er al., 1977). The penicillin-binding residue is Ser-330 in the C-
terminal domain (Takasuga et al., 1988).

Mutations in the pbpB (ftsI) gene encoding the 64 KDa PBP3 cause filamentation
of cells, suggesting the involvement of PBP3 in septum formation (Spratt, 1975;
Nakamura ef al., 1983). Purified PBP3 posesses transpeptidase activity (Holtje, 1995).
Ser-307 was identified as the penicillin-binding residue (Nicholas e al., 1985). A deletion
of a cluster of genes involved in cell division, mreBCD, lead to overproduction of PBP1B
and PBP3 implying a joint control over their production and a possible interaction
between these proteins (Wachi et al., 1989). It was suggested that PBP3 might require
a recently identified membrane protein that is involved in cell division, FtsW, for its
proper functioning in septum formation on the basis of sequence homology between
RodA and FtsW proteins (Ikeda er al, 1989). Other studies suggested possible
interactions between PBP3 and other proteins involved in cell division, FtsA (Tormo ef
al., 1986) and FtsZ (Ayala et al., 1988).

The LMW-PBPs possess P-lactam-sensitive DD-peptidase activities and are
involved in secondary cross-linking and PG modification. Thus, they are often classified
as PG hydrolases (Fig. 5; Holtje & Tuomanen, 1991). The LMW-PBPs have a cleavable
signal peptide that transports them to periplasm, where they associate with the inner
membrane by means of their C-terminal peptide segment (Joris er al., 1988). This
segment (about 20 amino acid residues) folds into an amphiphilic a-helix, which interacts
with the membrane (reviewed in Gittins ef al., 1994). Theoretical calculations show that
the whole helix can not be inserted into the phospholipid bilayer unless it forms a
complex with other membrane proteins (Gittins ef al., 1994). Recent evidence suggests
that electrostatic interactions between the amphiphilic helix and the charged head groups
of the acidic phospholipids are not critical for the proper contact (Harris e al., 1995),
supporting the hypothesis of possible protein-protein contacts as the means of anchoring
of the LMW-PBPs to the membrane.

The PBPs 4, 5, and 6 are products of the dacB, dacA, and dacC genes,
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respectively. Mutations in any one of these genes are not lethal to the cells (Matsuhashi
et al., 1994). The LMW-PBPs are thought to function in maturation and reorganization
of PG. PBP4 (49 KDa) has an endopeptidase, as well as DD-carboxypeptidase activity
(Korat & Keck, 1988; Korat ef al., 1991). The 42 KDa PBP5 and 40 KDa PBP6 were
originally characterized as DD-alanine carboxypeptidases (Ananuma & Strominger, 1980),
the activity of PBP6 being about fourfold lower than that of PBPS. It was suggested that
PBPS and PBP6 were involved in septation creating tripeptide chains in old PG layer that
are known to be the preferential acceptors of transpeptidation reaction catalyzed by PBP3
(Begg et al., 1990). A recent study, however, failed to detect the DD-carboxypeptidase
activity in purified preparation of PBP6 using a number of substrates that were readily
hydrolysed by PBP5 (van der Linden ef al., 1992). Since the levels of PBP6 (but not
PBP5) increase during the stationary phase (Buchanan & Sowell, 1982), it was suggested
that PBPS and PBP6 might act on slightly different substrates, PBP5 being the
predominant DD-carboxypeptidase during bacterial growth and PBP6 being active in the
stationary-phase bacteria at a time when no new PG side chains are present (van der
Linden e al., 1992).

The gene for PBP7 (pbpG) has recently been identified (Henderson ef al., 1995).
The role of PBP7 in cell division is currently under investigation. It functions in vitro
as DD-endopeptidase, which only accepts insoluble high-molecular-mass PG sacculi as
a substrate, but fails to react with soluble low-molecular-mass PG subunits (Romeis &
Holtje, 1994a). Inactivation of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>