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SUMMARY

SUMMARY
Almost all bacteria possess a rigid exoskeleton (murein sacculus) that renders the
cell osmotically stable. The murein heteropolymer (or peptidoglycan) is made up of
glycan chains, consisting of alternating N-acetylmuramic acid (MurNAc) and Nacetylglucosamine (GlcNAc) subunits, interlinked by short peptide bridges. To enable the
insertion of new peptidoglycan during cell elongation the existing murein is continuously
degraded by cell specific lytic enzymes (autolysins). Thereby generated GlcNAc-1,6anhydro-MurNAc-tetrapeptide is transported into the cell (turnover). Since a few years it
is known that the peptide moiety is effectively re-introduced in the cell wall biosynthetic
pathway, while the fate of the GlcNAc-anhydroMurNAc disaccharide remained unclear.
Our hypothesis was that the recycling of anhydroMurNAc might be related to the
dissimilatory pathway of MurNAc, which to date was also unknown in Escherichia coli.
Therefore this thesis focussed on the investigation of the MurNAc degradation. The work
presented here elucidates the MurNAc metabolic pathway and its connection to the
anhydroMurNAc recycling, as well as the regulation of the genes involved.
Using comparative sequence analysis an operon of three genes was identified,
encoding a putative permease (MurP) of the phosphotransferase system (PTS) at the
second position. The analysis of a mutant defective in MurP revealed that this enzyme
catalyses the phosphorylation and concomitant transport across the cytoplasmic
membrane yielding N-acetylmuramic acid 6-phosphate (MurNAc-6-P). To investigate the
further degradation pathway of MurNAc-6-P, murQ, the gene upstream of murP, was
deleted, preventing the growth on MurNAc. In vitro experiments with purified protein
revealed that MurQ is a novel etherase, catalysing the scission of the unique D-lactyl ether
substituent at the C3 position of MurNAc-6-P. The primary products of the reaction were
N-acetylglucosamine-6-phophate (GlcNAc-6-P) and D-lactate. This finding was particular
interesting, since rarely used ether linkages are considered to be chemically inert, and
therefore the reaction mechanism is of particular interest. Enzyme assays with Ehrlichs
reagent revealed that the reaction proceeds via an unsaturated Δ2,3-glucosamine 6phosphate intermediate, indicating a lyase-type mechanism. GlcNAc-6-P released by the
etherase (MurQ) enters the GlcNAc degradation pathway. This was shown by inactivation
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of the N-acetylglucosamine deacetylase (NagA), the enzyme generating glucosamine-6phosphate (GlcN-6-P), which inhibited the growth on MurNAc. Subsequently, GlcN-6-P
enters either the murein biosynthesis or the glycolysis pathway via conversion to fructose6-P by NagB deaminase.
Recently the characterisation of two cytoplasmic enzymes has been published, the
N-acetylglucosaminidase (NagZ) and the anhydo-MurNAc kinase (AnmK), catalysing the
degradation of GlcNAc-1,6-anhydro-MurNAc to GlcNAc and anhydro-MurNAc, and the
subsequent phosphorylation of the latter to MurNAc-6-P. Since the utilization of MurNAc
is inhibited in a MurQ deletion mutant, we hypothesised that the etherase in addition to its
metabolic function is also required for recycling of anhydro-MurNAc derived from cell
wall turnover. Accumulation of radioactive MurNAc-6-P in a MurQ mutant whose cell
wall was labelled confirmed this hypothesis.
The function of MurQ in both pathways implies that its transcription needs to be
regulated differentially. Physiological and biochemical experiments showed that MurR, a
protein of RpiR/AlsR family of transcriptional regulators, is the repressor of the murQ
operon. murR is arranged divergently to murQ and both genes are transcribed from
convergent (face-to-face) promoters. Binding of MurNAc-6-P to MurR causes the release
of the DNA and low-level murQ transcription. This is the regulatory mechanism required
for cell wall recycling. When MurNAc is used as a carbon source, the cell requires higher
levels of murQ and murP. Therefore, the transcription of the derepressed murQ operon is
activated by the cAMP-CAP-complex (catabolite activator protein).
In conclusion, the findings presented in this thesis complete the picture about
amino sugar metabolism and cell wall recycling in Gram-negative bacteria. Further
investigations are necessary to reveal if this pathway is related to other cellular functions
like for instance signalling processes, sensing the status of the cell wall. This is
conceivable, since it is known for different prokaryots that peptidoglycan cleavage
products are involved in signal transduction across the cytoplasmic membrane, regulating
cellular processes like: the antibiotica resistance or the re-activation of dormant cells
(“non-growth-state”). Another interesting aspect is that, eubacterial genome comparisons
showed that orthologs of murQ are not present in all prokaryotes, thus it remains to be
elucidated how or if microorganisms that lack the etherase recycle their cell wall.
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Nahezu alle Bakterien besitzen ein rigides Exoskelett, auch Mureinsacculus
genannt, welches den Zellen ermöglicht, dem intrazellulären osmotischen Druck (Turgor)
standzuhalten. Hauptbestandteil dieser Hülle ist das Murein (Peptidoglycan), ein
Heteropolymer bestehend aus Glykansträngen die über kurze Peptidketten quervernetzt
sind. Die Glykanstränge werden von den Aminozuckern N-Acetylmuraminsäure
(MurNAc) und N-Acetylglukosamine (GlcNAc) gebildet. Während des Wachstums wird
die Zellwand kontinuierlich von zelleigenen lytischen Enzymen (Autolysinen) abgebaut
und das dabei entstehende GlcNAc-anhydroMurNAc-Tetrapeptid wird wieder von der
Zelle aufgenommen (Recycling). Seit langem ist bekannt, dass der Peptidanteil des
Abbauprodukts ohne weitere Prozessierung in der Mureinbiosynthese wiederverwertet
wird. Der Verbleib des Aminozuckeranteils war jedoch bislang unbekannt. Von uns
wurde die Hypothese aufgestellt, dass die Wiederverwertung von anhydroMurNAc
ähnlich verläuft wie der bis dahin unbekannte Abbau von MurNAc. Aus diesem Grund
wurde im Rahmen der vorliegenden Promotionsarbeit der Stoffwechsel von MurNAc in
Escherichia coli untersucht. Die hier vorgestellte Arbeit beschreibt den dissimilatorischen
MurNAc-Stoffwechselweg und dessen Beteilung an dem Recycling von anhydroMurNAc, sowie die Regulation der daran beteiligten Enzyme.
Durch vergleichende Sequenz-Analysen konnte ein Operon bestehend aus drei
Genen identifiziert werden, wobei das mittlere Gen für eine mögliche Permease (MurP)
des Phosphotransferase Systems (PTS) kodiert. Die Analyse einer murP DeletionsMutanten bestätigte, dass dieses Enzym die Aufnahme von MurNAc über die
Zytoplasmamembran und die daran gekoppelte Phosphorylierung zu MurNAc-6-Phosphat
katalysiert. Bei Studien zu dem weiteren intrazellulären Abbauweg von MurNAc-6-P
wurde murQ deletiert, dessen Gen sich vor murP befindet. Dadurch wurde das Wachstum
auf MurNAc verhindert, womit bewiesen wurde, dass MurQ essenziell ist für die
Verstoffwechselung von MurNAc. In vitro-Experimente mit gereinigtem Protein
bestätigten dieses Ergebnis. Von MurQ wird die einzigartige Lactylether-Seitengruppe
(C3) des MurNAc abgespalten, wodurch

D -Milchsäure

und N-Acetylglukosamin-6-

Phosphat (GlcNAc-6-P) als primäre Abbauprodukte entstehen. Dies Ergebnis war

3

ZUSAMMENFASSUNG

besonders interessant, da die in der Natur extrem selten verwendeten Etherbindungen als
chemisch inert gelten, weswegen der Reaktionsmechanismus der Etherase auch von
größtem Interesse ist. Durch den Einsatz von Ehrlichs Reagenz gelang es, das
Zwischenprodukt der Etherase-Reaktion, einen ungesättigten Zucker (Δ2,3-Glukosamin6-Phosphat) zu identifizieren, der bei der Eliminierung des Milchsäurerestes entsteht.
Dieses Zwischenprodukt deutet darauf hin, dass die Etherase eine Eliminierungs/Hydratisierungsreaktion katalysiert, ähnlich einer Lyase. Durch die Inaktivierung der NAcetylglukosamin-Deacetylase (NagA) konnte gezeigt werden, dass das bei der EtheraseReaktion freiwerdende GlcNAc-6-P durch den GlcNAc Abbauweg zu Glukosamin-6Phosphat abgebaut wird. Dieses wird anschließend entweder wieder für die ZellwandBiosynthese genutzt oder zu Fruktose-6-Phosphat umgewandelt und über die Glykolyse
weiter verstoffwechselt.
Unlängst wurde die Charakterisierung zweier Enzyme, welche die Freisetzung von
anhydro-MurNAc und die anschließende Phosphorylierung zu MurNAc-6-Phosphat
katalysieren, beschrieben: N-Acetylglukosaminidase (NagZ) und anhydro-MurNAcKinase (AnmK). Von uns wurde postuliert, dass auf diesem Weg gebildetes MurNAc-6-P
durch die Etherase weiter verstoffwechselt wird, da eine murQ Deletions-Mutante
(ΔmurQ) einen Wachstumsdefekt auf MurNAc aufweist. Die während des normalen
Wachstums in einem ΔmurQ Stamm mit radioaktiv markierter Zellwand stattfindende
Akkumulation von radioaktivem MurNAc-6-P bestätigte diese Hypothese.
Die Funktion der Etherase in beiden Stoffwechselwegen impliziert, dass ihre
Transkription

differenziell

in

Abhängigkeit

von

den

vorherrschenden

Wachstumsbedingungen reguliert werden muss. Durch physiologische und biochemische
Experimente

konnte

MurR,

ein

Vertreter

der

RpiR/AlsR-Familie

von

Transkriptionsregulatoren, als Repressor des murQ Operons identifiziert werden. murR ist
divergent zu murQ orientiert und beide Gene werden von konvergenten (Face-to-Face)
Promotoren transkribiert. Die Bindung von MurNAc-6-Phosphat an MurR bewirkt, dass
MurR die DNA freigibt und murQ schwach transkribiert wird. Diese geringe Expression
der Etherase ist für des Zellwand-Recycling ausreichend. Wird MurNAc hingegen als
Kohlenstoffquelle für das Wachstum genutzt, muß murQ stärker exprimiert werden. Aus
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diesem Grund wird die Transkription des dereprimierten murQ-Operons zusätzlich durch
den cAMP-CAP (catabolite activator protein)-Komplex aktiviert.
Die hier gezeigten Ergebnisse zeichnen ein vollstängiges Bild des AminozuckerStoffwechsel und des Zellwand-Recyclings in Gram-negativen Bakterien. Es bedarf
jedoch weiterer Versuche um zu klären, ob dieser Stoffwechselweg nur eine rein
katabolische Funktion hat oder eventuell auch Teil einer Signaltransduktions-Kaskade ist,
durch welche Signale über den Zustand der eigenen Zellwand integriert werden. Dies ist
durchaus möglich, da für verschiedene Prokaryoten gezeigt wurde, dass PeptidoglycanAbbauprodukte wichtige Signalmoleküle für zelluläre Prozesse sind, wie zum Beispiel,
die

Ausbildung

von

Antibiotikaresistenzen

oder

die

Aktivierung

von

stoffwechselinaktiven Zellen. Vergleichende Genomanalysen von verschiedenen
Eubakterien zeigten auch, dass Orthologe von murQ nicht in allen Mikroorganismen
vorhanden sind, und so bleibt abzuwarten, ob bzw. wie diese ihre Zellwand
wiederverwerten.

5
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GENERAL INTRODUCTION
THE CELL WALL OF EUBACTERIA
The natural habitats of microbial communities are exceedingly diverse, reaching
from extreme habitats like the hypothermal vents of the deep-sea, with high-temperature,
high-pressure and low nutrient levels, to more moderate habitats like the mammalian
intestinal tract with constant temperatures and high nutrient levels. In each habitat,
competition among the microorganisms for the frequently limited resources is strong,
leading to specialization for different niches. The outcome of the competitive interaction
depends primarily on the rates of nutrient uptake as well as on concentrating and
maintaining dissolved substances in the cytoplasm. A membrane consisting of proteins
and lipids functions as a permeability barrier for substrates that enter and leave the cell. It
is therefore an ideal structural solution to the basic problem of accumulating substrates
(Madigan et al., 2000).
The need of a cell wall
Membranes are characteristically fragile cell structures. Since bacteria usually live
in a hypotonic environment with
changing conditions, and due to the
high concentration of solutes inside
the bacterial cell, a considerable
turgor pressure develops, estimated at
2 atmospheres for a Gram-negative
bacterium like Escherichia coli (γproteobacterium). Therefore, already
by 2 to 3 billion years ago bacteria
had established an elaborated
Fig. 1: Electron microscope picture from isolated
peptidoglycan sacculi of E. coli and Caulobacter
crescentus. The sacculi reflect the shape of the cells
from which they have been prepared (Vollmer and
Höltje, 2001). The picture was taken by Dr. W.
Vollmer (University of Newcastle).

envelope, in which the cell membrane
is restrained by an exoskeleton-like
structure - the cell wall (Koch, 2006).
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Only a few examples are known of microorganisms that can survive without a cell wall
and they often inhabit osmotically protected environments, i.e., mycoplasma and a few
other species (Seltmann and Holst, 2002). The cell wall is made of porous, rigid material
that has high tensile strength and, as a result, permits tolerance to changes in the osmotic
pressure. One such flexible and yet rigid material is peptidoglycan, also called murein, an
ubiquitous component of eubacterial cell walls. In Gram-negative bacteria the
peptidoglycan consists of one to three layers embedded in the periplasm and is covalently
attached to the outer membrane via lipoprotein (Lpp; Braun’s lipoprotein; Braun, 1975).
Gram-positive bacteria, however, lack the outer membrane but the cells are surrounded by
a dense layer of peptidoglycan (10-20 layers thick; representing 20-70% of the cells dry
weight). The main function of the cell wall is to preserve cell integrity, but the
peptidoglycan is also responsible for the maintenance of a defined shape (Fig. 1) and is
fundamentally involved in cell growth and cell division (Nanninga, 1998; Park, 1996).
The chemical composition of peptidoglycan of all organisms is very similar. Thus, the
following peptidoglycan pathways presented here will focus only on the rod-shaped
model organism E. coli.
Peptidoglycan composition and structure
Peptidoglycan is a polymeric net-like macromolecule (sacculus) (Weidel and
Pelzer, 1964) with a unique, characteristic composition. It consists of linear glycan chains
that are cross-linked via short peptide bridges (Fig. 2) (Höltje, 1998; Nanninga, 2001;
Park, 1996). The glycan strands are built up from alternating subunits of the amino sugars
N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) connected by a β1,4-glycoside bond, forming, in contrast to chitin or cellulose, a right-handed helix with 4
disaccharide molecules per turn (Labischinski et al., 1985; Leps et al., 1987; Meroueh et
al., 2006). All MurNAc residues at the end of the strands have a 1,6-anhydro modification
representing an intramolecular glycosidic bond. For that reason, no reducing ends are
present in the murein (Quintela et al., 1995). The length-distributions of the glycan
strands are very broad and the average length in E. coli was estimated to be 21
disaccharide units (reviewed in Vollmer and Höltje, 2004). The C3-carbon of MurNAc is
substituted with a D-lactyl group (linked via an ether bond), to whose carboxy group the
stem peptide composed of D - and L-amino acids is linked. The composition of the stem
8
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peptide is most often: L-alanine-γ-D-glutamate-meso-diaminopimelic acid-D-alanine-Dalanine (L -Ala-D-Glu-DAP-D-Ala-D -Ala). In E.coli DAP (an intermediate of the
biosynthetic pathway leading to lysine) is responsible for the net-like structure of the
peptidoglycan, it enables the formation of the cross-linking D,D-peptide bond between the
ε-amino group and the carboxyl group of the

D -alanine

of the neighbouring chain

(Glauner et al., 1988).
The general composition of peptidoglycan is highly conserved among species;
however, there are considerable variations in the composition of stem peptides, mainly in
the third position, the branching (dibasic) amino acid. Based on this variability, two large
bacterial groups can be distinguished: firstly the DAP-linked peptidoglycan type which is
present in all Gram-negative bacteria studied so far and in species belonging to the
Bacillaceae, Lactobacillaceae, Corynebacteriaceae and Propionibacteriaceae, and
secondly the L-lysine/ornithine peptidoglycan type of most Gram-positive bacteria. There
are also considerable modifications in the composition of the maturated peptidoglycan,
that concerns either the hexosamine residue (O-acetylation, de-N-acetylation, Ophosphorylation, N-glycosylation) or the peptide subunit (amidation, addition of external
amino acids) (reviewed in Schleifer and Kandler, 1972). These modifications often lead
to resistance to some peptidoglycan hydrolysing enzymes.

9
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Fig. 2: Peptidoglycan structure of E. coli a representative of Gram-negative bacteria. Schematic
drawing of two glycan strands carrying non-processed penta- and processed tetra-peptide side chains (also
indicated by R). Indicated is the formation of a new D,D-peptide cross-linkage. This reaction is energised by
release of the last D -alanine of the adjacent peptide chain (indicated by an arrow). GlcNAc, N acetylglucosamine (grey circle); MurNAc, N-acetylmuramic acid (grey square); 1,6-anhydroMurNAc,
intramolecular 1,6-glycosidic bond, representing the reducing end of a glycan strand (grey square with a
half-circle above).

A peptidoglycan macromolecule is quite elastic and can reversibly expand and
shrink. This property is mediated by the peptide part, more precisely by its alternating DL-D -L

sequence, which prevents the formation of an α-helical structure. Thus, peptides

can be stretched 4-fold the length of their most compact conformation, whereas the
glycan strands are rather rigid. The glycan strands in the murein layer are arranged in
parallel with every second stem peptide cross-linked to the neighbouring chain. Cell
turgor causes tension on the glycan chains, pulling them via the peptide cross-links in six
directions. Therefore, in the stress-bearing murein, the linear glycan strands cannot be
straight but follow a zigzag line. Together with the peptide cross-links they form
hexagonal pores, the smallest of which is surrounded by two glycan strands and two
peptide cross-bridges (Koch, 1998). Besides the detailed knowledge of the composition,
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the three-dimensional arrangement of the glycan strands is still unknown. Currently two
different hypotheses on the arrangement of the glycan strands exist. The classical view of
peptidoglycan architecture assumes that the glycan strands are arranged parallel to the
membrane (reviewed in Vollmer and Höltje, 2004). But recently this view has been
challenged by a new model, the so-called “scaffold model”, that proposes that the glycan
strands extend perpendicularly to the cytoplasmic membrane, growing outward in a linear
rather than a layered fashion (Dmitriev et al., 1999; Dmitriev et al., 2003). So far,
experimental techniques that could confirm or reject these models are not available.
The unique structural features of the bacterial exoskeleton, the presence of
MurNAc, of DAP and of alternating D- and L-amino acids represent a highly attractive
target for antibacterial agents. Increasing resistance to existing antibiotics requires the
development of new drugs and the identification of new drug targets. This could be
accomplished by investigation of cell wall related pathways.
Peptidoglycan synthesis
Peptidoglycan synthesis is a complex three-stage process and the specificity of
each step reflects the unusual structural characteristics of peptidoglycan. The first stage of
the pathway is the formation of the precursor N-acetylmuramic acid-pentapeptide in the
cytoplasm, in the second stage assembly continues at the cytoplasmic membrane with the
formation of the disaccharide-pentapeptide and its translocation across the membrane.
The synthesis terminates in the periplasm with the insertion of the precursor into the
existing cell wall as reviewed by van Heijenoort (Fig. 3) (van Heijenoort, 2001).

11
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Fig. 3: Synthesis of peptidoglycan in E. coli. The amino sugars of the glycan strand are indicated by:
GlcNAc (grey circle), MurNAc (grey square) and 1,6-anhydroMurNAc (grey square with a half-circle
above). Gln, glutamine; Glu, glutamic acid. For a detailed description see the text.

The generation of the monomer unit proceeds by a well-defined linear sequence of
reactions beginning with the synthesis of UDP activated N-acetylglucosamine (UDPGlcNAc) from fructose-6-phosphate by four successive steps catalysed by GlmS
(aminotransferase), GlmM (mutase) (Mengin-Lecreulx and van Heijenoort, 1996) and
GlmU (bifunctional transferase) (Mengin-Lecreulx and van Heijenoort, 1994; Pompeo et
al., 2001), with glutamine used as donor for the amino group. Subsequently, UDP-Nacetylmuramic acid (UDP-MurNAc) is generated by the transfer of enolpyruvate from
phosphoenolpyruvate (PEP) to the C3 position of UDP-GlcNAc (transferase MurA)
(Brown et al., 1995) followed by the reduction to D -lactyl (ether linked; MurB). The
formation of the monomer unit UDP-MurNAc-pentapeptide proceeds via the sequential
addition of reduced amino acids onto the

D -lactyl

group of UDP-MurNAc with

concomitant ATP hydrolysis by the highly specific synthetases (MurC, D, E and F)
12
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(Smith, 2006). In E. coli, the unique D-amino acids used in this pathway are converted
from the L -forms by two racemases. During the last step the dipeptide D-Ala-D-Ala
moiety is attached. In the first membrane-associated step, MarY transfers UDP-MurNAcpentapeptide to the lipid carrier undecaprenyl phosphate (C55 isoprenoid alcohol)
yielding MurNAc-pentapeptide-pyrophosphyl undecaprenol, generally referred to as
lipid I, and UMP (Boyle and Donachie, 1998). Thereafter, the addition of UDP-GlcNAc
by MurG generates the final disaccharide-muropeptide precursor linked to undecaprenol
(lipid II). This complex is translocated to the outside of the cytoplasmic membrane by an
unknown mechanism, which potentially involves a yet unidentified flippase. In the
periplasm, lipid II is used as substrate for the polymerisation reaction carried out by
membrane-anchored glycosyltransferases that link disaccharide units to the nascent
glycan strand (C4 of GlcNAc) (Lovering et al., 2007; Yuan et al., 2007). Multiple
transpeptidases (D ,D -carboxypeptidases) cross-link the strands (Höltje, 1998). In the
periplasm, energy for the formation of the peptide cross-linking between adjacent glycan
strands cannot be provided by energy sources such as ATP. Therefore, this reaction is
energised by the hydrolysis of the D-Ala-D-Ala linkage. During the cross-link reaction
undecaprenyl pyrophosphate is liberated and in a consecutive reaction regenerated by the
release of phosphate and can afterwards participate in a new biosynthetic cycle (El
Ghachi et al., 2005). The enzymes catalysing the polymerisation of peptidoglycan have
been characterised as penicillin-binding proteins (PBP) because they are specifically
inhibited by the covalent binding of β-lactam antibiotics to their active site (the β-lactam
ring mimics the

D -Ala-D -Ala

structure). PBPs belong to the family of acyl serine

transferases, which includes high molecular weight (HMW) PBPs, low molecular weight
(LMW) PBPs, and β-lactamases (β-lactam antibiotic degrading enzymes) (Ghuysen,
1991; Goffin and Ghuysen, 2002). HMW PBPs are enzymes that are composed of two
modules, a C-terminal penicillin-binding domain and a N-terminal domain with different
catalytic activities that anchors the protein to the cytoplasmic membrane. Depending on
the primary structure and on the catalytic activity of the N-terminal domain, HMW PBPs
are divided into two major classes: A and B. The N-terminal module of HMW class A
PBPs has transglycosylase activity, which enables them to catalyse both the elongation of
the glycan strands (transglycosylation) and the formation of cross-links (transpeptidation).
Class B HMW PBPs have an N-terminal non-penicillin-binding domain whose function is
13
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unknown, thus they catalyse exclusively the transpeptidation of glycan strands (Scheffers
and Pinho, 2005). Yet, the physiological role of most of the PBPs is not clear. Many of
the PBPs are involved in the maturation of PG redundantly or in other cell envelope
dependent processes (Denome et al., 1999; Young, 2001). It is thought that the different
PBPs play different roles during the bacterial cll cycle, with some involved primarily in
cell elongation (BPB1A, PBP2) and other recruited to the septal region during cell
division (PBP1B, PBP3) (Macheboeuf et al., 2006; Popham and Young, 2003).
Peptidoglycan enlargement and turnover
The peptidoglycan sacculus is a highly dynamic structure as shown by Goodell
who found that old cell wall material from the existing sacculus is released, a process
which he termed turnover (Goodell, 1985). In E. coli, turnover was detected rather late
because the process is coupled to murein recycling (see below) (Goodell et al., 1983;
Park, 1993). However, it could be shown that during one generation, up to 50% of the cell
wall is degraded by different hydrolases (also called autolysins), like lytic
transglycosylases and endopeptidase as a result of normal growth processes (Goodell and
Schwarz, 1985; Jacobs et al., 1994). The main
turnover product is the GlcNAc-anhydroMurNAc-tetrapeptide (Fig. 4) ( H ö l t j e et al.,
1975).
The discovery of the turnover, together
with the importance of structural integrity during
the division and elongation processes, led to
different models for the enlargement of
Fig. 4: The turnover product
GlcNAc-anhydro-MurNActetrapeptide. The MurNAc moiety
contains an intramolecular 1,6glycosidic bond generated by a
transglycosylation reaction.

peptidoglycan (Vollmer and Höltje, 2001). When
new peptidoglycan is polymerised and must be
incorporated into the pre-existing stress-bearing
peptidoglycan layer, this has to be achieved by a
highly coordinated and strictly regulated process.

According to the “Make before break” strategy (Koch and Doyle, 1985), it is essential
that new peptidoglycan is synthesised before the existing peptidoglycan is opened, to
prevent autolysis. The 3-for-1 model proposed by Höltje fulfils all the requirements for a
14
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safe peptidoglycan expansion (Fig. 5A). It suggests the hydrolysis of one glycan strand by
lytic activity (turnover) accompanied by the simultaneous synthesis of three new strands
in place. According to the model, three bifunctional transglycosidase/transpeptidase
molecules (known as PBP1A, 1B and 1C) polymerize three new glycan strands directly
within the existing peptidoglycan layer. The transpeptidase activity of each PBP1A/B
molecule can cross-link each new strand to its neighbour to form a small sheet (Bertsche
et al., 2005; Born et al., 2006). The strands on the outside are also interlinked to the
existing peptidoglycan. And the transpeptidases (PBP2 or PBP3) link the sheet to the old
strands. Now lytic transglycosidases (Slt70, MltA and B (Ehlert et al., 1995; Höltje et al.,
1975; Lommatzsch et al., 1997) and endopeptidases (PBP4, PBP7; Kusser and Schwarz,
1980; Romeis and Holtje, 1994b) eliminate the central old strand by complete
degradation, releasing the turnover components, which are incorporated and re-used by
the cell (recycling, see below) (reviewed in Höltje, 1998; Scheffers and Pinho, 2005). The
cell turgor pulls the three strands into the peptidoglycan layer. It has been shown that the
murein synthases and hydrolases cooperate with each other in a multi-enzyme complex
(Fig. 5B) to allow for safe insertion of new material into the growing sacculus (Romeis
and Holtje, 1994a; Vollmer and Höltje, 2001; von Rechenberg et al., 1996). The mode of
insertion during elongation is as yet unclear. Results obtained with different methods
indicate different insertion patterns, for example in patches (de Pedro et al., 1997) or
along the cytoskeleton (Daniel and Errington, 2003), whereas during cell division murein
is only segregated at the septum forming the new inert cell pole.
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Fig. 5: Proposed mode of insertion of new peptidoglycan in Gram-negative bacteria. (A) Three-for-one
growth mechanism. Three newly synthesised, cross-linked glycan chains in relaxed state (white circles) are
covalently attached to the free amino groups present in the donor peptides of the cross-links on both sides of
a strand, called the docking strand (grey circles). Specific cleavage of the pre-existing cross-links results in
the replacement of the docking strand. (B) The new cross-linked glycan strands (shown in white) are
synthesised by a multienzyme complex. The peptidoglycan synthases should be in front of the hydrolases
(according to the make-before-break strategy). The single components of the multi-enzyme complex are
indicated as follows: glycosyltransferase, also called transglycosylase (red); bifunctional transpeptidasetransglycosylase (orange); transpeptidases (brown); amidases (light blue); lytic transglycosidases (blue) and
the structural protein MipA (brown triangle). Picture (A) is adapted from (Höltje, 1998) and (B) from
(Vollmer et al., 1999).

It was shown that specific hydrolases exist for almost every covalent linkage of
the peptidoglycan. These enzymes are classified as muramidases (lytic transglycosidases),
glucosaminidases, amidases, endopeptidases, and carboxypeptidases depending on the
specific bond cleaved by the enzyme (Fig 6). Besides the role in growth of the cell wall,
peptidoglycan hydrolases have been proposed to be involved in other processes such as
cell separation after division, maturation of peptidoglycan, cell wall turnover, and
muropeptide recycling or sporulation (Scheffers and Pinho, 2005).
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Fig. 6: Overview of peptidoglycan hydrolysing enzymes (autolysins) in E. coli. The general structure of
the peptidoglycan is shown and arrows indicate the cleavage sites of the different hydrolases. The glycan
strands are degraded by muramidases and glucosaminidases yielding anhydro-disaccharides containing an
intramolecular glycosidic bond and GlcNAc, respectively. Amidases with different peptide specificity
release oligopeptides from the glycan strands or from the GlcNAc-anhydroMurNAc-muropeptide turnover
product.

Recycling of the cell wall turnover products
For E. coli it could be shown that turnover products released during the normal
growth processes by the concerted action of lytic transglycosylases and endopeptidase are
efficiently re-utilized in a recycling process which is an important source for the
formation of new murein precursors (Park, 1996). Even though recycling is not essential
for cell growth, E. coli has developed a pathway encompassing eight enzymes exclusively
for the recycling of the turnover products (Park, 2001). An interesting aspect about the
discovery of this pathway is that actually some of the initial proteins needed for the
recycling were identified during studies on expression control of the β-lactamase AmpC
in Citrobacter freundii, and only later their primary function could be elucidated (Park,
1996). The designation of some of the recycling proteins stems from these early studies.
The main periplasmic turnover products 1,6-anhydroMurNAc-GlcNActetrapeptides and related disaccharide-muropeptides are transported into the cytoplasm by
the secondary transporter AmpG (designated Amp for ampicillin) (Fig. 7) (Cheng and
Park, 2002; Jacobs et al., 1994). In the cytoplasm, the muropeptides are further degraded
by two muramidases. The peptide moiety of the muropeptide is released by anhydro-Nacetylmuramyl-L-alanine amidase AmpD (Höltje et al., 1994; Jacobs et al., 1995) that
acts specifically on the 1,6-anhydroMurNAc-muropeptides and therefore does not
17
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hydrolyse murein precursor molecules such as UDP-MurNAc-pentapeptide also present
in the cytoplasm. The last

D -alanine

of the tetrapeptide is released by

L,D-

carboxypeptidase LdcA (Templin et al., 1999) yielding the tripeptide L -Ala-γ- D-GluDAP.

Fig. 7: Recycling of cell wall turnover products in E. coli. The recycling-specific enzymes are given in
red, whereas enzymes from the biosynthetic pathway are in black. Cell wall turnover products, generated by
lytic transglycosidases and endopeptidases, enter the cell by AmpG (disaccharide-muropeptide) or
MppA/Opp (tripeptide), respectively. In the cytoplasm the concerted action of AmpD (anhydro-Nacetylmuramyl-L-alanine amidase) and LdcA (L,D -carboxypeptidase) yields the tripeptide L-Ala-γ-D-GluDAP. This either re-enters the synthetic pathway of the peptidoglycan precursor catalysed by Mpl
(muropeptide ligase) or is further degraded by MpaA (γ-D-Glu-DAP amidase) generating the dipeptide (LAla-γ-D-Glu). YcjG (epimerase) converts the dipeptide to L-Ala-L-Glu, and PepD (peptidase) yields L-Ala
and L-Glu. Muropeptides are also generated in the periplasm and enter the cell via the MpaA/Opp pathway.

The latter is recognized by the muropeptide ligase Mpl (Mengin-Lecreulx et al.,
1996) and linked to UDP-MurNAc, thereby returning it to the biosynthetic pathway for
cell wall synthesis. Therefore, LdcA is an essential enzyme during stationary growth
phase, because in the normal pathway for murein synthesis, UDP-MurNAc-pentapeptide
precursor is formed by the addition of
18
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Without LdcA, cells apparently link tetrapeptide, rather than tripeptide, to UDP-MurNAc
(Templin et al., 1999). This results in an incorporation of a tetrapeptide precursor into the
murein instead of the pentapeptide required for cross-linking and leads to loss of integrity
of murein sacculus and cell lysis during stationary phase. Besides the intact muropeptides,
tripeptides also occur as turnover products, generated by amidases (AmiA, B, C)
(Heidrich et al., 2001; Heidrich et al., 2002) during the maturation of the peptidoglycan
(van Heijenoort et al., 1975). The periplasmic binding protein MppA binds the free
tripeptide, which is transported into the cytoplasm via the Opp permease (oligopeptide
ATP-binding cassette transporter) (Park et al., 1998). In the absence of Mpl, the tripeptide
is further degraded; MpaA, a γ-D-Glu-DAP amidase, releases DAP (Uehara and Park,
2003) and the resulting dipeptide, L-Ala-γ-D-Glu, is converted to L-Ala-L-Glu by YcjG, an
epimerase (Schmidt et al., 2001). The L-Ala-L-Glu dipeptide can then be cleaved by the
PepD peptidase, yielding L-Ala and L-Glu (Schmidt et al., 2001).
The muropeptides are effectively re-introduced in the cell wall biosynthesis
pathway. Besides, they are relevant for the signal transduction across the cytoplasmic
membrane. Thereby regulating important cellular processes like the antibiotic resistance
or the sporulation in Gram-positive bacteria, as well as the biofilm formation. In contrast
to the peptide moiety, so far nothing is known about the fate of the amino sugars GlcNAc
and anhydroMurNAc. Since the disaccharide is present in the cytoplasm and the
muropeptides are recycled effectively, it is most likely that also GlcNAc and
anhydroMurNAc re-enter the utilization pathway. 30 years ago, Yem and Wu (Yem and
Wu, 1976a, 1976b) reported a cytoplasmic β-1,4-N-acetylglucosaminidase activity, which
implies that the sugar moiety of the turnover product is further processed.
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REGULATION OF GENE EXPRESSION IN PROKARYOTES
Cells react to dynamic changes in their environment by turning “on” or “off”
distinct groups of genes through a complex regulatory network in response to various
signals. Transcriptional factors that bind to specific DNA elements are important
components of these networks; they respond to changes by altering the gene expression of
relevant genes.
Transcription factors are two-domain proteins consisting of a DNA-binding
domain and a regulatory domain, which mainly bind small effector molecules. Regulators
are symmetric molecules, composed of at least two identical subunits. In prokaryotes, the
most widely used motif is the helix-turn-helix (HTH) motif (Huffman and Brennan,
2002). The DNA-binding domains interact with their palindromic target recognition sites
(operators), specifically with either the major or the minor grooves of the DNA, and
induce structural changes (Pabo and Sauer, 1992). Binding of a transcription factor to its
operator site can positively (activator) or negatively (repressor) influence the transcription
of the genes immediately downstream, by either enhancing the activity of the RNA
polymerase or blocking the enzyme from interacting with the promoter region. The
activity of a regulator can be modulated by binding of small effector molecules, i.e.
metabolites of the pathway catabolised by the regulated genes.
Regulation by more than one regulatory protein enables the microorganisms to
effectively adapt to the rapidly changing environmental conditions. Therefore, a global
regulatory network often regulates the transcription of multiple genes involved in
carbohydrate metabolism. The components of this system sense the different
environmental signals and transduce the information by signal transduction cascades. One
of the best-characterised global systems is the network responsible for carbon catabolite
repression in E. coli (reviewed in Brückner and Titgemeyer, 2002). During catabolite
repression, the uptake of a certain “less favoured” carbon source and expression of the
enzymes required for its transport and metabolism are repressed until the preferentially
catabolised carbon source, for instance glucose or fructose, is no longer present in
sufficient amounts. When the preferred carbon source is exhausted, bacteria arrest their
growth (lag-phase) while adjusting to growth on the less favoured carbon source by
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synthesising the enzymes for its utilization. Monod first described this biphasic growth
and called it diauxi (hierarchical sugar utilization) (Monod, 1942). The regulatory
mechanism underlying catabolite repression is based on the uptake of carbohydrates via
phosphoenolpyruvate (PEP)-dependent phosphotransferase systems (PTS) (Jacob and
Monod, 1961). PTS, also known as group translocation systems, catalyse the translocation
and concomitant phosphorylation of numerous carbohydrates.
Regulatory influence of the Phosphotransferase System (PTS)
Today it is known that the phosphorylation state of the phosphoryl carrier proteins
plays an important role in regulatory processes of multiple metabolic pathways in both
Gram-negative and Gram-positive bacteria (Deutscher et al., 2006).
The basic composition of the PTS is similar in all species studied so far (Fig. 8)
(reviewed in Siebold et al., 2001). It is comprised of two “general” cytoplasmic
components, enzyme I (EI) and Hpr (histidine containing protein) that participate in the
phosphorylation of all PTS-transported carbohydrates. Carbohydrate specificity is
provided by EII, and hence bacteria contain many different EIIs. Each EII consists of one
or two integral membrane proteins (EIIC and D) and at least two cytoplasmic domains
(EIIA and B), which together are responsible for the transport of the sugar across the
membrane as well as its phosphorylation. These domains occur either as domains of a
single polypeptide chain or as protein subunits in a complex. E. coli glucose permease
consists of the membrane protein EIICBGlc and the cytoplasmic EIIAGlc, and represents
one of the best-characterised composite PTS permeases. The phosphoryl transfer chain
starts with EI and PEP, proceeds via Hpr, EIIA and EIIB to the sugar that is transported
by the permease EIIC, and results in a phosphorylated sugar intermediate (Roseman and
Meadow, 1990).
The soluble EIIAGlc molecule is important for the intracellular signal transduction
Glc

by the PTS. In addition to the glucose-specific EIICBGlc, EIIA

controls the activity of a

large variety of membrane-bound transport systems. The phosphorylation state of the
EIIA

Glc

is essential for the regulatory effect of the PTS. When the phosphate is transferred

to glucose, the ratio between the non-phosphorylated EIIAGlc and the phosphorylated
EIIAGlc-P shifts towards the non-phosphorylated form (Saier et al., 1995). De-
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phosphorylated EIIA

Glc

is able to bind directly to and thereby inhibit several proteins

essential for the metabolism of non-PTS carbohydrates, e.g. lactose permease, glycerol
kinase and MalK of E. coli. This process, termed inducer exclusion (Postma et al.,
1993), prevents the utilization of non-PTS carbohydrates as long as sufficient amounts of
glucose are present.
EIIAGlc-P on the other
hand, stimulates the activity
of the adenylate cyclase
(Postma et al., 1993), and
consequently, increases the
cyclic-AMP

(cAMP)

concentration in the cell.
cAMP is an important second
messenger of the cells and
binds
Fig. 8: PTS and the regulatory influence of EIIAGlc.
Depicted are the soluble general PTS components EI and Hpr,
as well as the glucose-specific components EIIA (soluble) and
the permease EIIBC. “P” stands for phosphate. Arrows with
“+” or “-“ symbolise an activatory (catabolite repression) or
an inhibitory (inductor exclusion) effect, respectively, of
theEIIAGlc molecule. CAP, catabolite activator protein; cAMP,
cyclic adenosine-mono-phosphate. For a detailed description
see the text.

concentration

dependently to the global
transcriptional regulator CAP
(catabolite activator protein).
This cAMP/CAP complex
interacts with specific DNA
sequences near promoter
regions of target genes, where

it activates the initiation of transcription through interaction with the polymerase
(reviewed in Busby and Ebright, 1997; Kolb et al., 1993). Glucose uptake shifts the
equilibrium between EIIAGlc-P/ EIIAGlc towards the non-phosphorylated state, the
adenylate cyclase is no longer stimulated and thereby the cAMP level decreases. Operons
positively controlled by cAMP/CAP are only weakly transcribed (Postma et al., 1996;
Roseman and Meadow, 1990).
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AIM OF THIS THESIS
Peptidoglycan degradation by murein hydrolases has been studied since the 1960s.
During the last ten years, the metabolism of the peptide part of the turnover products was
thoroughly characterized. Yet the pathway for the utilization of the anhydroMurNAcGlcNAc turnover moiety has not been investigated. The general aim of this thesis is the
investigation of the metabolic pathway and the recycling of MurNAc.
E. coli utilizes a multiplicity of amino sugars as carbon, nitrogen and energy
sources, for example GlcNAc, GlcN, N -acetyl- D -galactosamine and N-acetyl-Dmannosamine (reviewed in Mayer and Boos, 2005). These amino sugars either are
transformed to fructose-6-phosphate by the enzymes encoded in the nag operon and
metabolised via the glycolysis pathway, or introduced into the peptidoglycan biosynthesis
pathway. It has been suggested that there has to be a pathway for the utilization of
MurNAc, in addition to all the other amino sugar pathways. To confirm the utilization of
MurNAc as a carbon source, we investigated growth on MurNAc and identified a
previously uncharacterized phosphotransferase system MurP catalysing the uptake of
MurNAc and generating MurNAc-6-phosphate. This is presented in the first part of this
work.
The murP gene is located at 55 min on the E. coli linkage map within a proposed
operon together with two other genes. The gene upstream of murP (murQ) was annotated
as a sugar-phosphate binding protein, therefore it seemed to be involved in the further
degradation of MurNAc-6-phosphate resulting from the uptake via the PTS system. The
function and the characterisation of murQ, encoding a D-lactyl-etherase, are described in
the second chapter of this thesis.
The third chapter of this work presents the connection between recycling of the
turnover product anhydroMurNAc and metabolism of MurNAc. The etherase (murQ) is
also essential for the recycling of anhydroMurNAc, which, in the meantime, was found to
be converted to MurNAc-6-phosphate by a kinase (AnmK) (Uehara et al., 2005).
The importance of the etherase (murQ) in the metabolism and the recycling
pathway led to the question, how the cell regulates the expression of the murQ operon.
The gene adjacent to murQ (murR) showed features of a regulatory protein (helix-turn-
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helix motif and a effector molecule binding site). The identification of MurR as repressor
for the murQ operon and the regulation of the operon by the cAMP/CAP complex are
described in chapter four.
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CHAPTER 1

Identification of a Phosphotransferase System of Escherichia coli
Required for Growth on N-Acetylmuramic Acid

ABSTRACT
We report here that wild-type Escherichia coli grows on N-acetylmuramic acid
(MurNAc) as the sole source of carbon and energy. Analysis of mutants defective in Nacetylglucosamine (GlcNAc) catabolism revealed that the catabolic pathway for MurNAc
merges into the GlcNAc pathway on the level of GlcNAc 6-phosphate. Furthermore,
analysis of mutants defective in components of the phosphotransferase system (PTS)
revealed that a PTS is essential for growth on MurNAc. However, neither the glucose-,
the mannose/glucosamine-, nor the GlcNAc-specific PTS (PtsG, ManXYZ, NagE,
respectively) were found to be necessary. Instead, we identified a gene at 55 min on the E.
coli chromosome that is responsible for MurNAc uptake and growth. It encodes a single
polypeptide consisting of the EIIB and C domains of a so-far-uncharacterized PTS that
was named murP. MurP lacks an EIIA domain and was found to require the activity of
the crr-encoded enzyme IIA-glucose (EIIAGlc), a component of the major glucose
transport system for growth on MurNAc. murP deletion mutants were unable to grow on
MurNAc as the sole source of carbon; however, growth was rescued by providing murP
in trans expressed from an isopropylthiogalactoside-inducible plasmid. A functional His6
fusion of MurP was constructed, isolated from membranes, and identified as a
polypeptide with an apparent molecular mass of 37 kD by sodium dodecal sulfatepolyacrylamide gel electrophoresis and Western blot analysis. Close homologos of MurP
were identified in the genome of several bacteria, and we believe that these organisms
might also be able to utilize MurNAc.
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INTRODUCTION
N-acetylmuramic acid (MurNAc; 2-acetamido-2-deoxy-3-O-[(R)-1-carboxyethyl]D -glucopyranose)

is a monosaccharide compound present in the cell wall of almost all

bacteria and missing in only few bacterial groups, such as mycoplasmas (Schleifer and
Kandler, 1972). Together with N-acetylglucosamine (GlcNAc), it forms the backbone of
the cell wall peptidoglycan of both gram-positive and gram-negative bacteria (Seltmann
and Holst, 2002). Cleavage of peptidoglycan by lysozyme and other muramidases has
been studied intensively since the 1960s (Jollès, 1969; Sharon et al., 1966). Interestingly,
the uptake and further catabolism of the products of lysozyme degradation have not been
investigated. In contrast, degradation of cellulose and chitin, β-glycans constituting the
cell walls of plants, fungi, and the exoskeleton of arthropods, has attracted tremendous
attention in recent years, and the the catabolism of these polysaccharides has been
elucidated in many microorganisms (Hazlewood and Gilbert, 1993; Keyhani and
Roseman, 1999; Leschine, 1995; Warren, 1996; Watanabe et al., 1990; Watanabe et al.,
1997). The polysaccharides are cleaved by a set of exo- and endo-acting hydrolases or
transglycosylases; degradation products are then taken up by specific transport systems
and are further metabolized. One important family of transport systems for carbohydrates
in bacteria is the phosphotransferase system (PTS), which mediates uptake and
phosphorylation of carbohydrates and controls the metabolism. The system consists of
general PTS components (enzyme I [EI] and histidine protein [HPr]) and sugar-specific
PTS components (EIIA and EIIB) as well as transmembrane transporter proteins for
different sugars (EIIC).
Recently, Keyhani and Roseman reported that Escherichia coli grows on the chitin
disaccharide, N, N'-diacetylchitobiose (Keyhani and Roseman, 1997). The genes
responsible for uptake and degradation of the disaccharide, previously assigned to the
cryptic cellobiose operon, were identified as components EIIB, -C, and -A of a
phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) specific for
N,N'-diacetylchitobiose (chbBCA), a N,N'-diacetylchitobiose-inducible repressor (chbR), a
phospho-N,N'-diacetylchitobiose phosphorylase (chbF), and a gene of unknown function
(chbG).

28

MurNAc PTS

Furthermore, uptake and degradation of GlcNAc has been described extensively in
E. coli. The nag operon (nagEBADC) is involved in GlcNAc transport and metabolism
(Plumbridge, 1989). nagE encodes a permease responsible for the transport and
phosphorylation of GlcNAc (Lengeler et al., 1994). The NagE molecule contains the
complete GlcNAc-specific PTS components EIIA, -B, and -C on a single polypeptide.
GlcNAc is transported via EIIC, and phosphate is subsequently transferred from EIIA via
the EIIB component onto the C6-hydroxyl group of the imported GlcNAc molecule. EIIA
itself is phosphorylated by PEP, involving the general enzymes of the PTS-cascade (EI
and HPr). The product, GlcNAc 6-phosphate, is then deacetylated and further deaminated
by the enzymes NagA and NagB, yielding fructose 6-phosphate, which enters glycolysis.
NagC acts as a repressor for GlcNAc catabolism and as an activator for the UDPGlcNAc-anabolic pathway (Plumbridge, 1995; Plumbridge, 1990).
To date, there is no information available concerning MurNAc as carbon source;
however, it has been known for a long time that E. coli breaks down almost half of its
murein sacculus in each generation (Goodell, 1985; Goodell and Schwarz, 1985). During
enlargement of the cell wall, new material has to be synthesized and integrated into the
existing sacculus. This is accomplished by the concerted action of synthetic and lytic
enzymes in a sophisticated process presumably involving a multienzyme complex that
enables the safe insertion of new material in the stress-bearing cell wall without the risk
of lysing the cell (Vollmer and Höltje, 2001). It is believed that continuous murein
turnover is intrinsically connected to the process of cell elongation and division. The cell
wall peptides are efficiently reutilized, without further degradation (i.e., recycled), to
form new murein (Park, 1993, 1995). Recently, evidence was provided to suggest that
recycling of cell wall sugars occurs in E. coli (Park, 2001). However, turnover of the
murein sacculus in E. coli involves lytic transglycosidases, i.e., autolysins that do not
cleave the glycan chain hydrolytically, as lysozyme does, but introduce an intramolecular
glycosidic bond to yield 1,6-anhydro-N-acetylmuramic acid (anhydro-MurNAc) rather
than the free sugar (Höltje, 1996). The peptidyldisaccharides GlcNAc β-(1,4)-anhydroMurNAc with L-alanyl-D-glutamyl-meso-diaminopimelic acid attached to the carboxyl
group of MurNAc and with zero, one, or two D-alanine residues linked to the L-anomer of
diaminopimelic acid, are taken up by the secondary transporter AmpG (Cheng and Park,
2002) and are further degradated within the cytoplasm by a N-acetylglucosaminidase,
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NagZ, (Cheng et al., 2000; Vötsch and Templin, 2000); by an amidase, AmpD (Jacobs et
al., 1995); and by a L , D-carboxypeptidase, LdcpA (Templin et al., 1999). The further
processing of the turnover product, anhydro-MurNAc, is unknown, as is the degradation
of free MurNAc.
In this work we investigated the growth of E. coli on MurNAc and identified a
previously uncharacterized phosphotransferase system (named MurP) involved in uptake
and catabolism of MurNAc.
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MATERIALS AND METHODS
Materials, media, and growth conditions. Reagents for DNA purification were
obtained from Qiagen (Hilden, Germany); restriction endonucleases, ligase and
polymerase were obtained from New England Biolabs (Beverely, Mass.) and
Roche/Boehringer (Mannheim, Germany). E. coli strain BL21 and His-bind metal
chelation resin were from Novagen (Madison, Wis.). Oligonucleotide primers were from
MWG Biotech (Ebersberg, Germany). DNA sequencing was performed by GATC
(Konstanz, Germany). Growth media components were obtained from Difco. GlcNAc,
MurNAc, antibiotics, vitamins and amino acids were from Sigma (Taufkirchen,
Germany). The expression vector pCS19 was previously constructed by introducing a
lacIq gene into pQE60 (Qiagen) to allow constitutive expression of the lac repressor
(Spiess et al., 1999). The GenBank database and Swiss-Prot database were used for
nucleotide and amino acid sequence searches, and the basic local alignment search tool
(BLAST) was used for multiple sequence alignment.
E. coli strains were grown at 37°C on minimal medium A (MMA) (Miller, 1972)
containing 0.2% carbon source (i.e., 11.1 mM glucose; 9.0 mM GlcNAc; 6.8 mM
MurNAc; 21.7 mM glycerol; 5.3 mM trehalose) and supplemented with 5 µg thiamine and
40 µg amino acids per ml if required. A stock solution of 2% MurNAc (68.2 mM) in water
was adjusted with KOH to pH 7 and filter sterilized before use. Mini-agar plates (2.6-cm
radius) supplemented with 0.1 or 0.2% (w/v) MurNAc were used to test cell growth on
agar plates. Growth kinetic experiments were performed as follows; 5 to 10 ml MMA
plus 0.2% carbon source and additives were inoculated with an exponential-phase culture
(previously washed twice in minimal medium) to reach an optical density at 578 nm of
about 0.04. Growth was performed in 100-ml flasks at 37°C under continuous shaking.
Changes in turbidity of the cultures were monitored by assaying 60-µl aliquots of medium
in disposable microcuvettes (Uvette; Eppendorf, Hamburg, Germany) at 578 nm.
Expression of MurP from plasmid pCS19YfeV and pCS19YfeV-His6 was achieved by
growing E. coli BL21 cells in Luria-Bertani broth containing ampicillin (100 µg/ml). E.
coli strains and plasmids used in this work are listed in Table 1.1.
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TABLE 1.1. E. coli strains and plasmids used in this study.
Known genotypea

Reference or source

(Casadaban, 1976)

BL21

F- araD139 Δ(argF-lac)U169 flbB5301 deoC1 relA1 rbsR
rpsL150 ptsF25
F- ompT hsd SB(rB - mB -) gal dcm

IBPC5321

thi-1 argG6 argE3 his-4 mlt-1 xyl-5 rpsL ΔlacX74 mlc-1

(Studier and Moffat,
1986)
(Plumbridge, 1991)

IBPC590

IBPC5321 ΔnagEBADC::Tetr

(Plumbridge, 1991)

Strain or plasmid
Strains
MC4100

IBPC531
IBPC546
IBPC542
KM540
LR-2-167

IBPC5321 nagA::Cm
IBPC5321 nagB::Kmr
IBPC5321 nagE::Kmr
MC4100 treA::Spcr pgi
argG6 galT his1 manI metB phoA rpsL thi1 nagE ptsM

LR-2-168
LM1
PPA69

LR-2-167 ptsG
LR-2-167 crr
HfrK16 galR thi glk::Cmr ΔptsHIcrr

ET185

M C 4 1 0 0 øP[(malT-lacZ)( λ placMu50)] glpK::C mr
Δcrr::Kmr

Tanja Eppler, Konstanz

ET25

MC4100 Δcya crp* ilv+

Tanja Eppler, Konstanz

r

JJ3

ET25 Δcrr::Km

CM1

JJ3 ΔtreA

DY330

W3110 ΔlacU169 gal490 (λ cI857 Δcro/broA)

(Plumbridge, 1991)
(Plumbridge, 1991)
(Plumbridge, 1991)
(Horlacher et al., 1996)
(Vogler and Lengeler,
1989)
(Vogler et al., 1988)
Lengeler, J., Osnabrück
Lab stock

This study
This study
r

(Yu et al., 2000)

CM99
CM100
CM101
CM102

DY330 yfeV::Km
MC4100 yfeV::Kmr
KM553 yfeV::Kmr (ptsHIcrr) +
KM553 yfeV::Kmr ΔptsHIcrr

This study
This study
This study
This study

CM103

MC4100 ΔyfeV

This study

Apr Kmr plasmid, PCR template for homologous gene
displacment
Apr Cmr plasmid that shows temperature-sensitive
replication and thermal induction of FLP recombinase
synthesis
Expression vector based on pQE31 (Qiagen, Hilden,
Germany) Apr, additionally carrying the constitutively
expressed lac repressor lacIq
yfeV cloned into pCS19, expression vector for IPTGiducible MurP expression
yfeV cloned into pCS19, expression vector for IPTGiducible MurP His6 expression

(Datsenko and Wanner,
2000)
(Datsenko and Wanner,
2000)

Plasmids
pKD4
pCP20

pCS19

pCS19YfeV
pCS19YfeV
His6
a

r

(Spiess et al., 1999)

This study
This study

Apr, ampicillin resistant; Cm r, chloramphenicol resistant; Kmr, kanamycin resistant; Spcr, spectinomycin
resistant; Tetr, tetracycline resistant.
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Construction of transporter deletion mutants. We used a combination of the
protocols for homologous gene replacement (Datsenko and Wanner, 2000; Yu et al.,
2000) to introduce a site-specific insertion of a kanamycin resistance cassette (Kmr ) into
gene yfeV, now named murP. Primers that contained 3’-end sequences complementary to
the first or the last 20 bp of the kanamycin resistance cassette of plasmid pKD4 (Datsenko
and Wanner, 2000) and 5’-end sequences with flanking regions upstream and downstream
murP, based on the published gene sequence (Blattner et al., 1997), were constructed:
P1/KD4 murP, 5’-TGG ATC AAC ACG GCG GCT TTA TTC GTC AGG TTT TAG
ACA AGG AAT AAC CCG TGT AGG CTG GAG CTG CTT CG-3’; and P2/KD4 murP,
5’-CTG ACG CTA CAA CTA ACA GCC AGC AGA GAA AGA TAG AGC ATT GTC
CGT TTG ATA TGA ATA TCC TCC TTA G-3’.
Linear DNA that carries the kanamycin resistance cassette of plasmid pKD4 and
the homologous regions of the E. coli chromosome was generated by PCR. The PCR
mixture contained 0.8 µ M primers and 0.2 mM concentrations of the four
desoxynucleoside triphosphates in 100 µl of DNA polymerase buffer. About 5 ng of
plasmid DNA (pKD4) was added to the PCR mixture. The reaction mixture was heated to
95°C, and then 1 µl of Pwo DNA polymerase was added. Thirty PCR cycles (60 s 94°C,
30 s 56°C, and 90 s at 72°C) were performed in a thermal cycler and revealed a single
1.6-kb fragment, as analysed by agarose gel electrophoresis. The linear PCR fragment
was transformed by electroporation using a GenePulser (Bio-Rad, Munich, Germany) into
strain DY330 (Yu et al., 2000). This strain carries a defective λ-prophage, and expression
of the λ-RED recombinase genes for 15 min at 42°C allows recombination of linear DNA
fragments into the chromosome.
By P1 transduction, the yfeV::Kmr insertion from CM99 was introduced into strain
MC4100 and KM553, resulting in strain CM100 (MC4100, yfeV::Kmr) and two KM553
derivatives, CM101 (yfeV::Kmr glk::cm ptsHIcrr+) and CM102 (yfeV::K mr glk::cm

Δ ptsHIcrr). The kanamycin cassette was eliminated from strain CM100 with the FLP
recombinase provided from plasmid pCP20 (Datsenko and Wanner, 2000). The resulting
strain, CM103, contained a pKD4 scar in the place of gene murP (Fig. 5). Colony PCR
was performed to confirm the site-specific insertion and deletion of murP in the strains
CM99 and CM103.

33

CHAPTER 1

Construction of the plasmids pCS19YfeV and pCS19YfeV-His6 and
overexpression of the encoded His6 fusion protein. DNA preparations, restriction
enzyme digests, ligation, and transformations were performed by standard techniques.
The gene yfeV was amplified by PCR with genomic DNA from E. coli K-12 MG1655
(genomic sequencing strain) and the following oligonucleotide primers, based on the
published gene sequence ( B l a t t n e r et al., 1997): y f e V

BamHI/F,

5’-

AACCATGGGAGGATCCGCCAAAGAGATCAGCAGTG-3’; yfeV BglII-HindIII/R, 5’TTCCCAAGCTTAAGATCTGTCCAGATTGACGTTACGG-3’.
The PCR mixture contained 0.8 µM primers and 0.2 mM concentrations of the
four desoxynucleotides in 100 µl of DNA polymerase buffer. About 100 ng of genomic
DNA was added to the PCR mixture. The reaction was heated to 95°C, and then 1 µl of
Pwo DNA polymerase was added. Thirty PCR cycles (45 s 94°C, 45 s 56°C, and 90 s at
72°C) were performed in a thermal cycler and revealed a single 1.4-kb fragment, as
analysed by agarose gel electrophoresis. The fragments were subsequently cloned into
pCS19 vector in two ways: digestion with BamHI and BglII for cloning of a C-terminal
His6 fusion protein and digestion with BamHI and HindIII for cloning the native protein.
The opened vector was dephosphorylated with alkaline phosphatase and purified prior to
ligation.
Expression of YfeV and separation of the protein extracted from the membrane
fraction. E. coli MC4100 carrying pCS19YfeV-His6

was

induced

with

isopropylthiogalactoside (IPTG) and grown for an additional 3 h. IPTG-induced cells
from a 200-ml Luria-Bertani broth culture were collected by centrifugation and
resuspended in a minimal volume buffer (20 mM Tris-HCl). The cells were ruptured by
passing them 3 times though a French pressure cell. Debris and unbroken cells were
removed by centrifugation at 30,000 x g for 30 min. The supernatant was then centrifuged
at 130,000 x g for 1 h to collect the membrane fraction. The membrane fraction was
boiled for 5 min in Laemmli sample buffer to solubilize membrane proteins, which were
then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). Proteins were transferred to fluoropolymer membranes (Fluorotrans; Pall GmbH,
Dreieich, Germany) and analyzed with antihistidine-horseradish peroxidase conjugates

34

MurNAc PTS

with the QIAexpress detection kit according to the manufacturer’s protocol (Qiagen,
Hilden, Germany).

35

CHAPTER 1

RESULTS
E. coli grows on MurNAc. We found that MurNAc is utilized as the sole source
of carbon and energy by E. coli K-12 and B derivatives and several other bacteria
(Salmonella enterica sv Typhimurium LT2, Bacillus subtilis, Enterococcus faecalis; data
not shown). However, growth of E. coli on MurNAc is slow compared to growth on
GlcNAc and glucose (Table 1.2). The doubling time for E. coli MC4100 growing on
MurNAc in minimal medium at 37°C with continuous shaking was determined to be
about four times longer than for growth on glucose or GlcNAc. MurNAc depletion from
the growth medium was observed by high-pressure liquid chromatography analysis and
indicates uptake of MurNAc by E. coli cells (data not shown).

TABLE 1.2. Doubling times and maximal optical densities for MC4100 growing on
different carbon sources.
Mean doubling time (h)

Mean maximum optical
density at 578 nm

MMA-glucose (3)

0.83 ± 0.03

2.7 ± 0.3

MMA-GlcNAc (2)

0.84 ± 0.02

2.7 ± 0.3

MMA-MurNAc (6)

3.4 ± 0.3

1.8 ± 0.2

Mediuma (no. of replicates)

a

E. coli cells growing at 37°C on MMA supplemented with 0.2% carbon source.

Convergence of the MurNAc and the GlcNAc degradation pathways. Mutant
strains interrupted in the degradative pathway for GlcNAc (deletion of the entire nag
operon, ΔnagEBADC; deletion of the GlcNAc 6-phosphate deacetylase, ΔnagA; deletion
of the glucosamine-6-phosphate deaminase, Δ nagB) were found to be unable to utilize
MurNAc as the sole source of carbon and energy (Table 1.3).
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TABLE 1.3. Growth of E. coli strains defective in glucose or GlcNAc metabolisma
Growth
Medium
IBPC 5321

IBPC590
∆nagEBACD::Tetr

IBPC531
nagA::Cmr

IBPC546
nagB::Kmr

KM540
pgi

MMA-glucose

++

++

++

++

(+)

MMA-GlcNAc

++

−

−

−

++

MMA-MurNAc

+

−

−

−

+

a

Growth rates on MMA supplemented with 0.2% carbon source (plus thiamine, arginine and histidine)
were classified as follows: ++, fast growth, colonies visible within one day at 37°C; +, slow growth, small
colonies visible within one day but clearly visible within two days; (+), residual growth, small colonies
visible within two days; −, no growth. Only the relevant genotype is indicated.

However, a mutant deficient in glucose 6-phosphate isomerase (pgi) that was not
able to utilize glucose efficiently (Canonaco et al., 2001) was able to grow on MurNAc
and GlcNAc. It can be concluded that the MurNAc and GlcNAc metabolism pathways
merge on the level of GlcNAc 6-phosphate, which implies that MurNAc is
phosphorylated in the process and the lactyl ether substituent is cleaved of prior to
deacetylation and deamination (see Fig. 1.1).

FIG. 1.1. Proposed MurNAc degradation pathway of
E. coli. Convergence with the GlcNAc degradation pathway
occurs on the level of GlcNAc 6-phosphate. A hypothetical
etherase is required for removal of the lactyl ether
substituent of MurNAc.
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MurNAc is transported by a PTS. Mutants defective in ptsIHcrr (encoding EI,
HPr, and EIIAGlc) were unable to grow on MurNAc. This strongly suggests the
involvement of a PTS in the MurNAc transport. Since GlcNAc transport and
phosphorylation is mediated by the PTS nagE- and the manXYZ-encoded PTS, we tested
E. coli nagE manXYZ mutants for growth on MurNAc. Strains LR2-167 (nagE manXYZ)
and LR2-168 (nagE manXYZ ptsG) were unable to grow on GlcNAc and were deficient in
utilization of glucose, whereas they grew normally on MurNAc (Table 1.4). Hence,
neither nagE, manXYZ, nor ptsG is responsible for MurNAc uptake and phosphorylation.

TABLE 1.4. Growth of E.coli strains defective in sugar transporta
Growth
PPA69
ΔptsHIcrr

IBPC542
nagE::Kmr

LR-2-167
nagE
manXYZ

LR-2-168
nagE
manXYZ
ptsG

LM 1
nagE
manXYZ crr

MMA-glucose

−

++

++

(+)

(+)

MMA-GlcNAc

−

++

−b

−b

−b

MMA-MurNAc

−

++

+

+

−b

Medium

a

Growth rates on MMA supplemented with 0.2% of carbon source (plus thiamine, methionine, arginine and
histidine) were classified as defined in Table 1.3, footnote a.
b
Revertants appeared after prolonged incubation (see the text for explanations).

It should be noted that after prolonged incubation (>24 h) of strains LR-2-167,
LR-2-168, and LM1 on MMA-GlcNAc or MMA-MurNAc, few colonies appeared (Table
1.4 and 1.5). Since the deficiency of the genes nagE, manXYZ, and crr in these strains is
the result of point-mutations only, a high frequency of back-mutations is expected. When
transferred to fresh agar plates, the strains grew as well as if there were no mutations in
the particular genes, and we believe that the colonies represent revertants.
EIIAGlc dependence of the MurNAc-PTS. Interestingly, strain LR-2-168 (nagE
manXYZ ptsG) was found to grow on MurNAc, whereas strain LM1 (nagE manXYZ crr)
did not grow on this carbon source. The difference between LR2-168 and LM1 is that in
the first strain, the mutation affects the EIIB and -C components of the glucose-PTS,
while in the latter the mutation affects the EIIA component. This indicates that the
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putative MurNAc-PTS might be dependent on EIIAGlc. However, reduced uptake of
MurNAc in the crr strain could possibly be explained by a repression effect involving the
catabolite gene activator protein (CAP). EIIAGlc in its phosphorylated form stimulates the
adenylate cyclase (cya) to produce cyclic AMP (cAMP), required for activation of cAMPCAP-dependent transcription (Postma et al., 1993). We increased the growth of LM1 on
the control substrate glycerol by adding cAMP to the medium but found that the strain
was still unable to grow on MurNAc (Table 1.5).

TABLE 1.5. Effect of cAMP and growth of catabolite repression (cAMP/CAP)-independent
E. coli strainsa.
Growthb
Medium

MMA-glucose

LM 1
nagE manXYZ crr
0 mM
cAMP

0.5 mM
cAMP

(+)c

ET25
Δcya
crp*

JJ3 Δcya
crp*
Δcrr::Kmr

CM1Δcya
crp*
Δcrr::Kmr
ΔtreA

ND

++

++

++

MMA-GlcNAc

−

c

ND

++

++

++

MMA-glycerol

+

++

++

+

+

MMA-trehalose

(+)

(+)

++

(+)

−

MMA-MurNAc

−c

−c

+

−

−

a

Growth rates on MMA supplemented with 0.2% of carbon source (plus thiamine, methionine, arginine and
histidine) were classified as defined in Table 3, footnote a.
b
ND, not determined.
c
Revertants appeared after prolonged incubation (see the text for explanations).

We further constructed strains that contain a mutation in CAP, which renders them
independent of cAMP binding (crp*) and additionally carry deletions in the genes
encoding adenylate cyclase (cya) and EIIAGlc (crr). These strains were also unable to
grow on MurNAc; however, these strains grew on glycerol as the sole source of carbon,
confirming EIIAGlc independence of glycerol metabolism. A dependency on EIIAGlc has
been found previously for the trehalose-PTS (treB) (Klein et al., 1995), and therefore our
intention was to use trehalose as a substrate for negative control. The strain JJ3 (Δ cya
crp* Δ crr::Kmr) showed residual growth in the absence of EIIAGlc caused by hydrolysis
of trehalose by the periplasmic trehalase, TreA (Klein et al., 1995), and a strain (CM1)
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that additionally carries a deletion in treA was constructed. Indeed, strain CM1 did not
grow on trehalose or on MurNAc, proving the EIIAGlc dependence of both PTS. Strain
CM1 was able to grow on GlcNAc, and residual growth on glucose independent of a
functional glucose-PTS has been described (Hernandez-Montalvo et al., 2001).

FIG. 1.2. Partial multiple sequence alignment of the N-terminus of the MurNAc-PTS (YfeV;
renamed MurP) and selected members of the glucose-glucoside PTS family (4.A.1). Dark shading
indicates a conserved sequence motif that includes the Cys residue presumably representing the
phosphorylation site of the EIIB domain. SwissProt/TrEMBL identification numbers are given in the first
column, and abbreviations are defined in the text.

Genomic database search for a possible PTS-EIIBC. A genomic database search
revealed a candidate PTS-EIIBC (b2429, SwissProt P77272) (Fig. 1.2, YFEV_ECOLI).
This gene was predicted to contain solely an EIIBC domain and was classified as a
glucose-glucoside PTS (TC no. 4.A.1) according to the system of Saier and others
(Tchieu et al., 2001). YfeV showed high similarity (79% overall amino acid sequence
similarity according to the BLAST sequence alignment tool) with a putative sucrose PTS
from Vibrio cholerae (PPTS_VIBCH) and 50 to 60% similarity with putative sucrose
PTS from Bacillus spp. (Bacillus cereus, YBBF_BACCE; Bacillus subtilis,
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YBBF_BACSU), Salmonella spp. (Salmonella enterica serovar Typhi, PPTS_SALTY;
Salmonella enterica serovar Typhimurium LT2, PPTS_SALTM) as well as Lactococcus
lactis (PPTS_LACLA) and Enterococcus faecalis (PPTS_ENTFA). The sucrose PTS of
S. enterica serovar Typhimurium LT2 (PTSB_SALTM) and Klebsiella pneumoniae
(PTSB_KLEPN) showed 53% overall sequence similarity. Furthermore, some 40%
sequence similarity was observed with the trehalose PTS (TREB_ECOLI) and the EIIBC
portion of the cryptic β-glycoside PTS (BGLF_ECOLI) of E. coli. Interestingly, genes
nearly identical to yfeV could be found within the genome of other E. coli strains (E. coli
O157:H7; YFEV_H157:H7 and E. coli O6), and also within the Shigella flexneri
chromosome (YFEV_SHIFL). The Shigella protein was 100% identical on amino acid
level and 98% identical on nucleotide level to the E. coli protein.
YfeV knockout mutants fail to grow on MurNAc. We constructed a genomic yfeV
(murP) deletion mutant in the strain DY330 by a combination of the methods developed
by Donald Court and coworkers (Yu et al., 2000) and Datsenko and Wanner (Datsenko
and Wanner, 2000). The yfeV::Kmr deletion was introduced into strains MC4100 and
KM553 by P1 transduction, resulting in strain CM100 (MurP−) and two KM553
derivatives CM101 (MurP−, Glk−, and PTS±) and CM102 (MurP−, Glk−, and PTS−).
Recombination of the DNA portion carrying yfeV::Kmr from the transducing P1 phage
resulted in both the upkeep and the correction of the ptsHIcrr deletion of strain KM553.
A cotransduction frequency of about 50% was observed, consistent with the distance
between ptsHIcrr and yfeV of 0.3 min on the E. coli chromosome. The kanamycin
resistence cassette was eliminated from strain CM100 by using the Flp recombinase from
plasmid pCP20 (Datsenko and Wanner, 2000). The resulting strain, CM103, carries only
the characteristic "scar" sequence at the place of gene yfeV (see Fig. 1.5). All deletion
mutants of yfeV constructed were found to be unable to grow on MurNAc. There was no
difference between the yfeV::Kmr strains CM101 and CM102, although the first strain
had deletions in essential PTS genes and the second strain did not.
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FIG. 1.3. Growth curves of wild
type E. coli and mutant strains
growing on MMA supplemented with
0.2% MurNAc (6.8 mM ) and induced
with 0.5 mM IPTG (solid symbols) or
without induction (open symbols):
wild type E. coli (MC4100) carrying
control plasmid pCS19 with () and
without induction (∇ ); murP (yfeV)
deletion strain (CM103) carrying
plasmid pCS19 with () and without
induction (); murP deletion strain
(CM103)
carrying
plasmid
pCS19YfeV with ( ) and without
induction ( ); and m u r P deletion
strain CM103 carrying plasmid
pCS19YfeVHis6 with induction ( ).
Representative data out of three
replicates are shown.

Growth was rescued by providing yfeV in trans. Gene yfeV was amplified by
PCR and cloned into the expression vector pCS19 (a derivate of the commercial vector
pQE60 from Qiagen, containing a constitutionally expressed lacIq). The cloning was
performed in two ways, which allows IPTG-induced overexpression of native YfeV
(MurP) enzyme as well as a C-terminal YfeV (MurP)-His6 fusion protein in E. coli. murP
deletion strains were rescued for growth on MurNAc by providing the MurNAc-PTS in
trans, expressed from these plasmids. The complementation of the MurNAc phenotype
was found to be dependent on IPTG (Fig. 1.3); only slow growth in the absence of IPTG
indicate low level of constitutive expression of MurP, but fast growth was observed in the
presence of IPTG. The doubling time for growth of strain CM103 carrying plasmid
pCS19YfeV on MurNAc in the presence of IPTG was determined to be 2.2 h.
Expression of YfeV and Western blot analysis. E. coli MC4100 carrying
pCS19YfeV-His6 was induced with IPTG and grown for an additional 3 h. Membrane
vesicles were isolated as described above, and membrane proteins were separated by
SDS-PAGE. Subsequent blotting onto fluoropolymer membranes allowed detection of the
His6-tagged fusion protein, YfeV-His6, with antibodies. We found that YfeV-His6, a
protein with the theroretical molecular mass of 50 kD, ran in SDS-PAGE with a mobility
similar to that of the 37 kD marker (Fig. 1.4). It is known from the literature that
membrane proteins show mobilities not consistent with that of soluble globular proteins
(Fernandes et al., 1978), but we cannot exclude possible proteolytic degradation of the
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MurP protein. A faint band with appoximately 95 kD was also observed that might
represent a multimeric form of MurP or a complex of MurP with soluble PTS
components.

FIG. 1.4. Western blot of a SDS-PAGE with
anti-His6 antibodies. Strain CM103 carrying
pCS19YfeV-His6 was induced for 3 h at the
indicated IPTG concentrations (lanes 2 to 4). Size
standards are shown in lane 1.
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DISCUSSION
Although MurNAc represents a major natural compound, it was not known until
now, whether any organism can utilize this ubiquitous sugar or how it is degraded. We
found that E. coli and other bacteria are indeed able to utilize MurNAc as a sole source of
carbon and energy. However, growth rates about four times lower than with favorable
sugars (glucose and GlcNAc), indicating a less energy-efficient degradation pathway.
Although overexpression of the transport system (MurP) from a plasmid increased the
growth rate to some extent (see Fig. 1.3), the amount of MurP does not seem to be the
major factor that limits growth. The further degradation of MurNAc 6-phosphate via a
hypothetical etherase represents the rate-limiting step in MurNAc degradation. A
prolonged lag phase for growth on MurNAc in minimal medium can be observed
compared to the growth on glucose or GlcNAc (Fig. 1.3). The lag period was found to be
unchanged when cells previously grown to stationary phase on MurNAc were used to
inoculate fresh minimal medium supplemented with MurNAc. This shows that a mutation
is not required for induction of the MurNAc utilization pathway, and the system therefore
cannot be judged as a cryptic or silent system. However, overexpression of the transport
system from an IPTG-inducible plasmid abolished the lag period observed for growth of
wild type E. coli on MurNAc. It can be concluded that MurNAc or a product of its
processing (e.g., the phosphorylated form) might not be sufficient to fully induce the
MurNAc degradation system. Cells growing on MurNAc reached maximal densities of
only 1.8 (optical density at 578 nm) compared to 2.7 for growth on glucose and GlcNAc
(Table 1.2). An explanation could be that at higher optical density, oxygen becomes rate
limiting and an oxygen dependency for growth on MurNAc can be postulated either for
maximal energy recovery or by an oxygen-dependent degradation step. Growth of batch
cultures indicated that oxygen indeed might be necessary for growth on MurNAc.
Another explanation for early entry into stationary phase is the accumulation of
fermentation products such as acetate or lactate that are produced during removal of the
lactyl ether substituent of MurNAc.
MurP contains only the PTS domains EIIB and -C on the polypeptide chain. It
therefore requires an EIIA molecule for function. Dependence on the glucose-specific
EIIA (EIIAGlc) was found for members of the glucose-glucoside family of PTS (4.A.1)
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(Tchieu et al., 2001): e.g., the trehalose PTS TreB (Klein et al., 1995) of E. coli and the
plasmid-encoded sucrose PTS Scr (Lengeler et al., 1982). We found that crr, encoding
EIIAGlc, is also required for growth on MurNAc. However, it is known that a crr deletion
results in continuous catabolite repression because of unstimulated adenylate cyclase and
consequently repression of genes dependent on cAMP/CAP activation. We therefore
tested a crp* mutation yielding a protein that is independent of cAMP stimulation
(Scholte and Postma, 1980). A crr crp* strain was still not able to grow on MurNAc, and
this result unequivocally confirms the EIIAGlc dependence of MurP.
Searching the E. coli GenData base for a possibly EIIAGlc-dependent PTS
involved in MurNAc metabolism revealed a possible candidate, yfeV. We show, by
testing chromosomal deletion mutants and rescuing growth by providing the PTS on a
plasmid, that YfeV (now named MurP) was responsible for grow on MurNAc as the sole
source of carbon.
The 1.424-bp open reading frame (ORF) identified as gene murP starts with an
ATG codon and ends with a TGA stop codon. A putative ribosome-binding site (ShineDalgarno sequence) was found 7 bases upstream from the start codon. murP is very likely
part of an operon flaked by genes of unknown function (Fig. 1.5; top). An ORF upstream
of murP ends three bases before its codon start (yfeU), while another ORF downstream of
murP starts four bases after its stop codon (yfeW). This putative operon may be
transcribed from two divergently orientated promoters that are positioned face to face
(Fig. 1.5), resulting in transcripts that might overlap in a stretch of 18 bp. The ORF in the
upstream direction contains a helix-turn-helix motif near the N-terminus, a binding
domain found in many sugar phosphate isomerases and sugar phosphate binding proteins
(SIS motif), and displays homology with regulators of the ribose repressor (ripR) family.
In the other direction of transcription, as mentioned above, murP lies between two
additional ORFs. The first shows similarity with mammalian glucokinase regulatory
proteins and also contains a sugar phosphate-binding motif. Interestingly, the last ORF in
the row displays similarity with b-lactamases and penicillin-binding proteins. Deletion of
the latter gene had no detectable phenotype (data not shown).
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FIG. 1.5. Maps of the yfeT-yfeW locus of wild type E. coli (top) and mutant strains constructed by
homologous gene displacement that carry a kanamycin resistance cassette insertion (km) instead of murP
(CM100; middle) or a complete deletion of murP (CM103; bottom). In the last mutant strain, the
kanamycin resistance cassette insertion flanked by DNA recombinase recognition sites (FRT) was cut out
with the yeast Flp recombinase, leaving just a 80-bp-long scar sequence in place of murP. A putative
divergent promotor was identified in the yfeT-yfeU intergenic region, and an additional promotor within
murP.

The putative operon is entirely missing at this position in Salmonella enterica
serovar Typhimurium LT2 and Salmonella enterica serovar Typhi; however, it was found
at this position on the Shigella flexneri chromosome. We identified an ORF displaying
high sequence similarity with murP elsewhere on the chromosome of Salmonella enterica
serovar Typhimurium LT2 that might explain growth of this organism on MurNAc (Fig.
1.2). Since Escherichia, Salmonella and Shigella are closely related organisms, it might
be speculated that the insertion of the putative MurNAc operon into the E. coli
chromosome is the result of a horizontal gene transfer event. Genes displaying high
sequence similarity with murP and the other genes of the putative MurNAc operon were
also found on the Bacillus subtilis chromosome. Interestingly, these genes are linked to a
homolog of nagZ, encoding the β-N-acetylglucosaminidase of E. coli that was found to be
involved in the hydrolysis of cell wall recycling products (Cheng et al., 2000). It can be
presumed that Bacillus possesses a MurNAc degradative pathway similar to that of E.
coli. However, NagZ of E. coli was found to be located within the cytoplasm and is
believed to cleave the cell wall recycling product GlcNAc-anhydro-MurNAc and
peptidyl-substituted derivatives (Cheng et al., 2000; Vötsch and Templin, 2000), yielding
intracellular GlcNAc and anhydro-MurNAc. The NagZ homolog of Bacillus subtilis,
however, is predicted to possess a signal sequence to be lipid anchored and orientated
towards the exterior. We believe that this enzyme releases MurNAc that can be taken up
by a PTS rather than anhydro-MurNAc. Interestingly, a recent PTS survey within the
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genome of Bacillus subtilis identified the close homolog of MurP as an uncharacterized
PTS of the sucrose-permease family (Reizer et al., 1999); however, MurP itself has not
been mentioned in the recent PTS survey within the genome of E. coli (Tchieu et al.,
2001).
Close MurP homologs have been found within the genome of several bacteria
(Fig. 1.2). As MurNAc represents half of the repeating backbone of peptidoglycan of
nearly all bacteria, the ability to degrade MurNAc is expected to be widely distributed in
all bacterial niches. We are currently investigating how MurNAc is degraded further and
if there is a connection between MurNAc utilization and cell wall recycling in E. coli.
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CHAPTER 2

Scission of the Lactyl Ether Bond of
N-Acetylmuramic Acid by Escherichia coli "Etherase"

ABSTRACT
The ubiquitous bacterial cell wall sugar N-acetylmuramic acid (MurNAc) carries a
unique D-lactyl ether substituent at the C3 position. Recently, we proposed an etherase
capable of cleaving this lactyl ether to be part of the novel bacterial MurNAc
dissimilation pathway (Dahl, U., Jaeger, T., Nguyen, B.T., Sattler, J.M., Mayer, C. 2004,
J. Bacteriol. 186, 2385-2392). Here, we report the identification of the first known
MurNAc etherase. The encoding gene murQ is located at 55 min on the Escherichia coli
chromosome adjacent to murP, the MurNAc-specific phospho-transferase system. A
murQ deletion mutant could not grow on MurNAc as the sole source of carbon and
energy but could be complemented by expressing murQ from a plasmid. The mutant had
no obvious phenotype when grown on different carbon sources but accumulated MurNAc
6-phosphate at millimolar concentrations from externally supplied MurNAc. Purified
MurQ-His6 fusion protein and extracts of cells expressing murQ both catalyze the
cleavage of MurNAc 6-phosphate, with GlcNAc 6-phosphate and D -lactate being the
primary products. 18O label from enriched water is incorporated into the sugar molecule,
showing that the C3-O bond is cleaved and reformed by the enzyme. Moreover, an
intermediate was detected and identified as an unsaturated sugar molecule. Based on this
observation, we suggest a lyase-type mechanism (β-elimination/ hydration) for the
cleavage of the lactyl ether bond of MurNAc 6-phosphate. Close homologs of murQ were
found on the chromosome of several bacteria and amino acid sequence similarity with the
N-terminal domain of human glucokinase regulatory protein (GckR or GKRP) was
recognized.
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INTRODUCTION
The bacterial cell wall sugar N-acetylmuramic acid (MurNAc)1 - together with Nacetylglucosamine (GlcNAc) - forms the backbone of the cell wall peptidoglycan of
Gram-positive and Gram-negative bacteria (Seltmann and Holst, 2002). The bacterial
peptidoglycan (murein) can be cleaved by peptidoglycan hydrolases (muramidases) such
as lysozyme, (endo-) N-acetylglucosaminidases and amidases (Höltje, 1998; Jollès,
1969); however, the fate of the monosaccharide MurNAc is unknown. MurNAc can be
utilized by E. coli (Dahl et al., 2004; Parquet et al., 1983) and other bacteria (Dahl et al.,
2004) as the sole source of carbon, nitrogen, and energy. Recently, we identified a
phosphotransferase system (PTS) of E. coli, MurP, that is required for phosphorylation
and concomitant transport of MurNAc across the cytoplasmic membrane (Dahl et al.,
2004). Moreover, we recognized that the MurNAc dissimilation pathway enters the
GlcNAc pathway on the level of GlcNAc 6-phosphate (Fig. 2.1), and thus involves the
cleavage of the lactyl ether substituent of MurNAc 6-phosphate by a hypothetical
“etherase”, prior to deacetylation and deamination of the sugar (Mayer and Boos, 2005).
However, neither the lactyl ether-cleaving enzyme nor the second reaction product, other
than GlcNAc 6-phosphate, have yet been identified.
The trivial name etherase implies catalysis by hydrolytic scission of the substrate;
however, cleavage of ether bonds is catalyzed by a heterogeneous group of enzymes or
enzyme systems exhibiting a variety of mechanisms including oxidoreductase and lyasetype reactions (White et al., 1996). An example of an etherase that catalyzes the direct
hydrolysis of a C-O bond similar to the MurNAc lactyl ether bond is the isochorismate
pyruvate hydrolase (iso-chorismatase; E.C. 3.3.2.1) (Young and Gibson, 1969). This
enzyme catalyzes the hydrolysis of a vinyl ether functional group (an ether-bound
enolpyruvate), yielding pyruvate as one of the products (Parsons et al., 2003). This
reaction resembles the reverse of the biosynthesis pathway in which UDP-MurNAc is

1

The abreviations used are: MurNAc, N-acetylmuramic acid (2-acetamido-2-deoxy-3-O-[(R)-1carboxyethyl]-D-glucopyranose); MMA, minimal medium A; IPTG, isopropyl β-D-thiogalactopyranoside;
ESI electrospray ionization; PTS, phosphotransferase system; Kmr, kanamycin resistance cassette; SIS,
sugar phosphate isomerase/sugar phosphate-binding protein.
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formed from UDP-GlcNAc and phosphoenolpyruvate in a two-step process. In the first
step, the transfer of enolpyruvate from phosphoenolpyruvate to position 3 of the GlcNAc
residue is catalyzed by a transferase (MurA) to yield UDP-GlcNAc-enolpyruvate. In the
second step, the reduction of the enolpyruvate moiety to

D -lactyl

is catalyzed by a

reductase (MurB) to yield UDP-MurNAc (van Heijenoort, 2001).

Fig. 2.1. Dissimilation pathways of the amino sugars glucosamine (GlcN), N-acetyl-glucosamine
(GlcNAc), and N-acetylmuramic acid (MurNAc) of E. coli. The amino sugars are transported across the
cytoplasmic membrane and concomitantly phosphorylated by the phosphotransferase system (ManXYZ,
NagE, and MurP). MurNAc 6-phosphate is processed by the etherase MurQ, identified in this work, to yield
D-lactate and GlcNAc 6-phosphate, which is further degraded by the enzymes of the GlcNAc dissimilation
pathway, NagA (the GlcNAc 6-phosphate deacetylase) and NagB (the GlcN 6-phosphate
deaminase/isomerase), yielding fructose 6-phosphate that enters glycolysis.

The only etherase cloned and sequenced so far is LigE, an enzyme from
Pseudomonas paucimobilis (Sphingomonas p.) (Masai et al., 1991) that was shown to be
a glutathione S-transferase (Masai et al., 1999; Masai et al., 2003). This enzyme degrades
low molecular weight lignin and catalyzes the reductive cleavage of arylglycerol-b-aryl
ethers (Masai et al., 1999). Oxido-reductases that catalyze the oxygenative cleavage of an
ether bond are, e.g. the 4-methoxybenzoate monooxygenase and the glyceryl-ether
monooxygenase (Ishibashi and Imai, 1983; Snyder et al., 1973). The mechanism of
anaerobic cleavage of 2-phenoxyethanol involves the shift of a hydroxyl group to the
subterminal carbon atom to form an unstable hemiacetal (Frings and Schink, 1994;
Speranza et al., 2002). Finally, carbon-oxygen lyases catalyze β-elimination reactions,
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with carboxy-methyl-oxysuccinate lyase (Peterson and Llaneza, 1974) being one
example.
Here, we identified the first lactyl etherase acting on the natural substrate
MurNAc. It is encoded by murQ (previously yfeU) located upstream of gene murP,
encoding the MurNAc-PTS of E. coli. Purified MurQ protein releases

D -lactate

and

GlcNAc 6-phosphate as the primary reaction products. [18O]-GlcNAc 6-phosphate was
identified when the reaction was performed within [ 18O]-water and a Morgan-Elson
chromogen was identified as reaction intermediate. We propose a lyase-type mechanism
of catalysis that involves the formation of a Δ2,3-GlcNAc 6-phosphate intermediate.
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MATERIALS AND METHODS
Construction of Etherase Deletion Mutants. murQ (formerly named yfeU) of E.
coli strain DY330 (F— Δ(argF-lac) U169 gal-490 (λ cI857 Δcro/broA)) was deleted by
replacement with a kanamycin resistance cassette (Kmr) according to a modification
(Dahl et al., 2004) of published protocols (Datsenko and Wanner, 2000; Yu et al., 2000).
The following primers were used to amplify Kmr of plasmid pKD4 (Datsenko and
Wanner, 2000) in a PCR under conditions described elsewhere (Dahl et al., 2004): 5′ TAG TAA GGT CAC CAC CGA TGC AAT TTG AAA AGA TGA TTA CTG AAG
TGT AGG CTG GGC TGC TTC G- 3′, 5′ -ACA CGG GTA AGA ATG GTG TTC AGA
AGT TCA CTG CTG ATC TCT TTG GCC ATA TGA ATA TCC TCC TTA G- 3′
(underlined are the sequences complementary to the first and last 20 bp of Kmr). Kmr was
transferred by P1 transduction (Miller, 1972) into strain MC4100 (F— Δ(argF-lac) U169
flbB5301 araD139 deoC1 relA1 rbsR rpsL150 ptsF25) (Casadaban, 1976) yielding the
deletion strain TJ2 (MC4100 murQ::Kmr).
Construction of Etherase Expression Vectors. DNA preparations, restriction
enzyme digestions, ligations and transformations were performed according to standard
techniques. murQ from E. coli MG1655 was amplified by PCR using 50 ng of
chromosomal DNA and the following primers: 5'-CAC CAC CCA TGG AAT TTG AAA
AGA TGA TTA C- 3', 5' -GAT CTC TTA AGC TTA AGA TCT TTC CTT GTC TAA
AAC C- 3' (underlined are the recognition sites for the restriction endonucleases NcoI,
HindIII, and BglII, respectively). The reaction mixture was heated to 95°C prior to the
addition of 1 U of Pyrococcus woesei DNA polymerase (Peqlab, Erlangen, Germany).
Thirty-five cycles (30 s at 94°C, 30 s at 48°C, and 150 s at 72°C) were performed in a
thermal cycler and revealed a single 0.9-kb fragment, as analyzed by agarose gel
electrophoresis. The amplified DNA was cloned into vector pCS19 (Dahl et al., 2004)
positioning the gene murQ under the control of the T5 promoter and the lac repressor.
Digestion with NcoI and BglII and subsequent ligation generated plasmid pUB9 for
expression of the C-terminal His6 fusion protein and digestion with NcoI and HindIII and
ligation generated pUH5 for expression of the native protein.
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Growth Conditions and MurNAc 6-Phosphate Accumulation. Strains MC4100
and TJ2 were cultivated in shaking flasks at 37°C in minimal medium A (MMA; (Miller,
1972) supplemented with 0.2% MurNAc (6.8 mM; Bachem, Bubendorf, Switzerland). For
complementation studies, strain TJ2 was transformed with plasmids pUH5 or pUB9.
Ampicillin (100 mg/ml) and isopropyl-β-D-thiogalactopyranoside (IPTG) (0.05 mM) were
added to the growth medium. Growth was monitored at 578 nm using an Ultrospec
3100pro spectrophotometer (Amersham Bioscience). For accumulation experiments, the
strains were grown at 37°C on MMA (10 ml) supplemented with 0.4% (43 mM) glycerol
(Sigma) until they reached the logarithmic growth phase (A578 = 0.5), then 0.1% MurNAc
(3.4 mM ) was added and growth continued until the stationary phase. The cells were
harvested by centrifugation (3000 x g for 15 min at 4°C), resuspended in 15%
trichloroacetic acid, and analyzed by thin-layer chromatography (TLC). MurNAc 6phosphate was isolated from the TLC plates prior to charring by extracting scratched-out
silica gel material with a small amount of distilled water.
Analysis of Sugars and Sugar Phosphates by TLC. Samples containing sugars
and sugar phosphates were spotted onto TLC plates (Silica 60 F254, Merck, Darmstadt,
Germany) and air dried. The following sugar standard solutions were used: 13.4 mM
MurNAc 6-phosphate (10 µl), 72.7 mM GlcNAc 6-phosphate (1 µl), 77 mM glucosamine
6-phosphate (GlcN 6-phosphate; 1 µl), 68.2 mM MurNAc (10 µl), 928 mM glucosamine
(GlcN, 1 µl) and 904 mM GlcNAc (1 µl). The TLC was developed in two different, (i) a
basic solvent system containing n-butyl alcohol normal:methanol:NH3 (25% H2O):
distilled water (5:4:2:1) or (ii) an acid n-butyl alcohol normal:ethanol:5% formate (5:3:2)
system. The TLC plates were air-dried, subsequently processed using 5% sulphuric acid
in methanol and charred at 180°C for 5 min.
Origin and Preparation of Sugars and Sugar Phosphates. MurNAc 6-phosphate
probes for mass spectrometric analysis and for the enzymatic reaction assays were
prepared from etherase mutant cells grown on MurNAc. The cells were incubated with
trichloroacetic acid (15%) and kept on ice for 15 min. Insoluble material was removed by
centrifugation (14,000 x g for 10 min), and the supernatant containing soluble material
was applied to a TLC plate. The sugar phosphate was isolated from the TLC plate prior to
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charring by extracting scratched-out silica gel material with methanol. The extract was
lyophilized and dissolved in a small amount of distilled water or [18O]-water.
The MurNAc 6-phosphate standard was prepared previously from MurNAc, using
membrane vesicles isolated from strains carrying the MurNAc-PTS MurP, incubated
together with purified soluble PTS components and phosphoenolpyruvate at pH 7.3 and
37°C2. MurNAc and muramic acid (MurN) were from Bachem (Bubendorf, Switzerland).
AnhydroMurNAc was kindly provided by Dr. Niels Kubasch (FB Chemie, LS Prof. R.R.
Schmidt, University of Konstanz). Other sugars and sugar phosphates were from Sigma.
Expression and Purification of Etherase. E. coli strain BL21 (F— ompT hsd SB
(rB- mB-) gal dcm) carrying pUB9 was grown at 37°C in LB with ampicillin (200 µg/ml).
At an A578 of 0.6, IPTG was added to a final concentration of 0.05 mM, and incubation
was continued for 3 h with shaking. Cells were harvested by centrifugation (4.000 x g for
20 min at 4°C) and resuspended in 10 ml of buffer (20 mM sodium phosphate, 10 mM
imidazole, pH 8.0, and 5 mM 2-mercaptoethanol to prevent oxidation of cysteines of the
enzyme). The cells were broken by passing them three times through a French pressure
cell. Debris and unbroken cells were removed by centrifugation at 27.000 x g for 30 min.
The His-tagged protein in the supernatant was purified on a 5-ml HiTrap Chelating HP
column (Amersham Biosciences) according to the manufacturer's instructions. The
protein was eluted with a gradient from 20 to 250 mM imidazole that also contained 5 mM
2-mercaptoethanol. The peak fractions were pooled and stored at -20°C with dithiothreitol
and glycerol added to yield 1 mM and 20% final concentration, respectively.
Identification of Products of the Etherase Reaction. MurNAc 6-phosphate
samples were incubated at 37°C and pH 7.5 with purified MurQ-His6 fusion protein or
with soluble extracts from TJ2 cells expressing murQ from a plasmid. The first reaction
product, GlcNAc 6-phosphate, was analysed by TLC and mass spectrometry. The
reaction was performed in H2O and [ 18O]-water to identify a product carrying the

18

O

label by a shift in mass.
The second product of the etherase reaction, lactate, was analyzed by a coupled
enzyme assay with either D - or L-lactate dehydrogenase (Roche Applied Science). The

2

U. Dahl, B. Bosbach and C. Mayer unpublished data.
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amount of NADH formed in the coupled enzyme assay was determined by measuring the
absorption at 340 nm. To shift the equilibrium of the coupled enzyme reaction to the
product side, pyruvate was trapped in a subsequent reaction in the presence of Lglutamate by glutamate-pyruvate transaminase.
Analysis of the Reaction Intermediate. An reaction intermediate was identified
with Ehrlich’s reagent (dimethylaminobenzaldehyde) in a colour reaction according to the
modified Morgan-Elson protocol (Reissig et al., 1955). Instead of borate, which induces
base-catalyzed formation of the chromogen, etherase preparations were applied. In brief,
2 µl of enzyme was added to 10 µl of sugar phosphate (GlcNAc 6-phosphate, MurNAc 6phosphate; 10-100 mM ) and incubated for 5 to 30 min at 37°C. Subsequently 60 µl of
Ehrlich’s reagent was added and the mixture was incubated for 20 min at 37°C.
Mass Spectrometry Analysis. Liquid chromatography-tandem triple quadrupole
mass spectrometry was carried out on an Alliance HT model 2695 liquid chromatographic
system (Waters Corp.) coupled to a Micromass QUATTRO mass spectrometry system
(Micromass, Beverly, MA) supplied with MassLynx NT version 4.0 software
(Micromass). Following a 20-µl injection, the sample was eluted at 250 µl/min. Mobile
phase A was 99.9% water and 0.1% formic acid, and mobile phase B was 99.9%
acetonitrile and 0.1% formic acid. Separation was achieved with the tandem coupling of a
Phenomenex HyperClone C18 (00F-4361-BO) column (150 x 2 mm; 5 µm)
(Phenomenex, Torrence, CA). Eluent from the liquit chromatography system was
analyzed using an electrospray ionization (ESI) technique. Sample solutions were
introduced into the ion source at the flow rate of 250 µl/min via a metal capillary held at
high voltage (1.8 kV). The source block temperature was 150 °C, and the desolvation
temperature was 250°C; the desolvation gas was set at 400 liters/h. Nitrogen was used as
both a nebulizing gas and drying gas. The instrument was operated in the negative ion
mode, which typically reports the characteristic appearance of [M-H] ions of acidic
saccharides that exist in anionic form in solutions.
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RESULTS
MurQ is Required for Growth on MurNAc. murQ, the gene adjacent to murP
(encoding the MurNAc-specific phosphotransferase system (Dahl et al., 2004)), was
deleted by homologous gene replacement yielding strain TJ2. No growth of TJ2 on
MurNAc, as the sole source of carbon and energy, was detected even after 40 h of
incubation (Fig. 2.2).

Fig. 2.2. Growth curves of wild type and mutant
strains of E. coli on MurNAc. Wild type strain
MC4100 () and murQ deletion strain TJ2 (▲) were
incubated in MMA with 0.2% (6.8 mM ) MurNAc at
37°C. TJ2 complemented with MurQ from plasmid
pUH5 () and TJ2 complemented with MurQ-His6
from plasmid pUB9 ( ) were grown in MMAMurNAc supplemented with 0.05 m M IPTG.
Representative data of two replicates are shown.

The growth defect was not due to a polar effect of the murQ deletion on murP,
because murP provided from a plasmid (Dahl et al., 2004) did not restore growth (data
not shown). However, providing MurQ or MurQ-His6 in trans expressed from an IPTGinducible plasmid (pUH5 or pUB9, respectively) rescued growth of the murQ deletion
strain on MurNAc (Fig. 2.2). Complementation with MurQ-His6 required induction to
restore full growth on MurNAc, whereas complementation with MurQ was observed even
in the absence of IPTG (data not shown). This might indicate lower activity of MurQ-His6
compared to MurQ; however, it can also be explained by higher protein levels of MurQ,
as shown by SDS-PAGE (Fig. 2.3).
It should be noted that, in contrast to wild type E. coli (MC4100), no lag phase
was observed for growth of TJ2 (murQ::Kmr) on MurNAc when complemented with
MurQ (Fig. 2.2). Slightly higher growth rates were also seen in the complemented strain
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compared to wild type E. coli. This observation can be explained by low level constitutive
expression of murP from the promoter of the kanamycin resistance gene (Kmr replaces
murQ), which is located upstream in TJ2. Therefore, the MurNAc-PTS does not require
induction in TJ2, but it does in wild type E. coli.

Fig. 2.3.
Overexpression of
recombinant MurQ/MurQ-His6 and
purification of MurQ-His6. Samples
were separated by SDS-PAGE and
stained with Coommassie Blue. A,
soluble extracts of strain BL21
carrying pUB9 (MurQ-His6; lanes 1
and 2) or pUH5 (MurQ; lanes 3 and 4)
prior to induction (lanes 1 and 3) and
after induction for 3 h with 0.05 mM
IPTG (lanes 2 and 4). Lanes 1-4
contained 15 µg protein each. B,
MurQ-His6 fusion protein (5 µg)
purified by nickel chelating
chromatography (lane 2). Size
standards are shown (A, lane 5 and B,
lane 1).

MurQ Requires Reducing Conditions for Activity and Stability. Purification of
active etherase was complicated by the fact that this enzyme contains seven cysteine
residues which make it extremely sensitive to oxidation. Therefore, 5 mM 2mercaptoethanol was added to the cells before disruption and to buffers for nickel affinity
chromatography. Purified etherase was only active for a few days at 4°C. However, the
enzyme could be stabilized in imidazole buffer (pH 8.0) by adding 20% glycerol and 1
m M dithiothreitol and activity was retained for at least several weeks when stored at 20°C. It is unclear if the cysteines are essential for enzyme function.
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A murQ Mutant Accumulates MurNAc 6-Phosphate. Beside the growth defect
on minimal medium MurNAc, no obvious phenotype was observed when the MurQ
knock-out strain was grown on other carbon sources in minimal or rich medium.
However, TJ2 (murQ::Kmr) cells (but not wild type E. coli cells) grown on glycerol in
MMA accumulated a metabolite when MurNAc was added to the cells. This
accumulation product shows the same mobility on TLC (using two different solvent
systems) as MurNAc 6-phosphate (Fig. 2.4; TLC using a basic solvent system is shown),
which had been prepared by in vito phosphorylation of MurNAc with inverted vesicles
carrying the MurNAc-specific PTS MurP2. This accumulation product was isolated from
TLC and analyzed by ESI-mass spectrometry. A mass of 371.73 was found (Fig. 2.6A),
which is consistent, within error, with the theoretical mass of MurNAc 6-phosphate
(372.08).

Fig. 2.4. MurNAc 6-phosphate accumulation analyzed by TLC. Sugars and sugar phosphates extracted
from MC4100 (wild type) and TJ2 (murQ::kan) cells grown in MMA containing 0.4% (43 mM ) glycerol
without (lanes 1 and 3) and with (lane 2 and 4) the addition of 0.1% (3.4 mM ) MurNAc. MurNAc 6phosphate accumulation was visible in cell extracts of strain TJ2 only when MurNAc was added to the
culture (lane 4). The TLC was developed using method I. The following standards were spotted: MurNAc
6-phosphate (MurNAc 6P), GlcNAc 6-phosphate (GlcNAc 6P), MurNAc, and GlcNAc.
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The concentration of accumulated MurNAc 6-phosphate in MurQ mutant cells
supplied with MurNAc was calculated to be in the range of 30 m M. Interestingly,
accumulation of MurNAc 6-phosphate did not affect growth on glycerol (data not shown).
In general, sugar phosphate accumulation has been shown to severely affect growth; e.g.
GlcNAc 6-phosphate accumulation in a nagB strain in the presence of GlcNAc in the
medium has been reported to lead to growth arrest (Rolls and Shuster, 1972). It is not
clear why, in the case of MurNAc 6-phosphate, accumulation seems not to be toxic for
the cells.
MurQ Converts MurNAc 6-Phosphate into GlcNAc 6-Phosphate and D-Lactate.
Cell extracts containing overexpressed MurQ and purified MurQ-His6 protein cleave
MurNAc 6-phosphate, yielding GlcNAc 6-phosphate, as analyzed by TLC (Fig. 2.5 and
by ESI-mass spectrometry (Fig. 2.6B). A mass value of 299.83 was found, which is in
good agreement with the mass of GlcNAc 6-phosphate (300.06). Performing the etherase
reaction in [18O]-water lead to the identification of an
increased by 2 units (Fig. 2.6C).
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Fig. 2.5. MurNAc 6-phosphate degradation by MurQ analyzed by TLC. The reaction of MurQ-His6
with MurNAc 6-phosphate at 30°C was analysed using purified enzyme; three reaction time points are
shown, t0 (5 min), t1 (30 min), and t3 (60 min). The standards were as in Fig. 4 plus glucosamine 6phosphate (GlcN 6P) and glucosamine (GlcN).

Besides GlcNAc 6-phosphate, we determined D-lactate (but not L-lactate) to be
released from MurNAc 6-phosphate by the reaction with purified MurQ-His6 protein, as
measured with a coupled D- and L-lactate dehydrogenase enzyme assay system (Table
2.1). We tested other possible sugars as substrates of MurQ, but the purified enzyme was
active only on phosphorylated MurNAc. MurNAc was not a substrate nor were
anhydroMurNAc or muramic acid (MurN).
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Table 2.1. Stereochemistry of lactate released from MurNAc 6-phosphate by etherasea.
Substrate
D-Lactate
L-Lactate

Concentration
g/L

L-Lactate

D-Lactate

g/L

g/L

0.202

0

0.184

0.202

0.194

0

0

0.117

0

0.198

a

ND

b

ND

MurNAc 6P
MurNAc 6P

c

The reaction (20 µl, 10 mM imidazole pH 6.7) was performed for 3 h with 0.59 µg purified MurQ-His6
protein and subsequently analyzed with the coupled enzyme assay.
a
Substrate generated by in vivo phosphorylation.
b
Substrate generated by accumulation in TJ2 cells.
c
ND, not determined.

Detection of a Morgan-Elson Chromogen Produced by MurQ. Most
interestingly, a chromogenic compound was generated when MurNAc 6-phosphate was
incubated with etherase but not in the absence of the enzyme or when inactivated enzyme
preparations were tested. This compound had an absorption maximum of about 235 nm,
and it decolored bromine water and reacted with Ehrlich’s reagent to yield a purple
product. The colour occurred without heating of the MurNAc 6-phosphate sample in
borate buffer, indicating that an unsaturated sugar, a Morgan-Elson chromogen (Reissig et
al., 1955), was formed as a product of the enzyme reaction. The same reaction
intermediate was detected when GlcNAc 6-phosphate was incubated with etherase,
indicating the reversibility of the enzymatic reaction. Based on the color reaction we are
now developing an etherase assay to perform detailed kinetic measurements.
MurQ Homologous Are Found in Many Bacteria; However Not in All. MurQ
homologs were found on the chromosome of other Enterobacteria and in related γproteobacteria of the families of Vibrio, Pasteurella, as well as in cyanobacteria. MurQ
homologs were, however not found in P s e u d o m o n a s sp. and β-proteobacteria.
Interestingly, close homologs of MurQ were also found in many Gram-positive bacteria,
in members of the genus Bacillus, Lactobacillus, Clostridia and Actinobacteria. The
MurNAc-dissimilation might therefore be a universal pathway of many bacteria (but not
all) and MurNAc dissimilation might be used as a criteria for taxonomy of bacteria.
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Fig. 2.6. Electrospray mass spectrometry
analysis (negative ion mode) of substrate
and product of the etherase reaction. A,
the accumulation product MurNAc 6phosphate (MurNAc P) of TJ2 grown on
MMA glycerol plus MurNAc (Fig. 4, lane 4)
could clarify here that “TLC spots” are what
were subjected to ESI; B and C, the product
of the reaction of MurNAc P with MurQHis6 in H2O and [ 18O]-water, respectively,
were analysed by ESI-mass spectrometry.
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DISCUSSION
We describe in this paper the identification of an etherase (MurQ) that catalyzes
the cleavage of the D -lactyl ether substituent of MurNAc 6-phosphate, representing a
novel class of etherase enzymes. Active His6-tagged fusion protein was purified to
homogeneity and was shown by TLC, mass spectrometry, and coupled enzyme assay to
yield GlcNAc 6-phosphate and D-lactate. When the reaction was performed in [18O]-water
the label was incorporated in the product GlcNAc phosphate and not lactate, indicating
that the C3-O bond is cleaved and reformed by the enzyme.
Usually, ether linkages are comparably resistant to chemical or enzymatic
cleavage, because the C-O bond energy is high (Spier, 1964). However, the lactyl ether
bond of MurNAc and its derivatives,in which reducing groups are free, can be cleaved
spontaneously under mild alkaline conditions (Tipper, 1968). The H2 proton in the
α position relative to the anomeric carbonyl is acidic. Deprotonation and subsequent
elimination of the C3 substituent leads to the formation of a 2,3-unsaturated sugar, Δ2,3GlcNAc. This intermediat is the so-called Morgan-Elson chromogen I, which reacts
further to generate an aromatic furan derivative, the Morgan-Elson chromogen III
(Tipper, 1968). The chromogen can be identified through reaction with Ehrlich’s reagent,
which yields a purple-colored Morgan-Elson product (Reissig et al., 1955).
We identified a Morgan-Elson chromogen being formed by the enzyme
proceeding in both the forward and reverse directions. This reaction intermediate has an
absorpion maximum of about 235 nm, consistent with the absorption maximum of
Morgan-Elson Chromogen I. It decolorized bromine water (data not shown) and reacted
with Ehrlich’s reagent. Based on this finding, we expect MurQ to catalyze a two-step βelimination/ hydration reaction. A high steady state level of the intermediate is formed,
most likely Δ2,3-GlcNAc 6-phosphate, indicating that hydration is the rate-limiting step
of the reaction.
According to the suggested mechanism (Fig. 2.7), a catalytic base provided by the
enzyme removes the H2 proton of MurNAc 6-phosphate. Subsequent elimination of the
lactyl substituent with retention of the D-configuration leads to the formation of the Δ2,3-
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GlcNAc intermediate (Morgan-Elson chromogen I). Subsequent addition of water to the
double bond of the intermediate (a Michael acceptor) finally yields GlcNAc 6-phosphate.
Performing the reaction in [18O]-water led to the identification of 18O-labeled GlcNAc-6phosphate (Fig. 2.7). It is obvious that the H2 proton of MurNAc 6-phosphate is only
acidic when the sugar carries a reducing end and is able to adopt an open chain
configuration. It is therefore not surprising that anhydro-MurNAc cannot act as a
substrate in the MurQ reaction.
A similar mechanism that can be viewed as a mirror image of the etherase
mechanism has recently been proposed for members of the family 4 of glycosyl
hydrolases (GH-F4) (Rajan et al., 2004; Varrot et al., 2005; Yip et al., 2004). These
enzymes act on glycosides, hence the anomeric carbonyl is not free and the H2 not acidic.
However, a carbonyl is introduced at the C3 position in a NAD-dependent redox step,
which renders the H2 significantly more acidic, thereby facilitating deprotonation and
subsequent elimination of the aglycon via fission of the anomeric C-O bond (cleavage of
the glycosidic bond). The proposed intermediate of the reaction is a 1,2-unsaturated sugar
(a Michael acceptor) that can be attacked by water to yield the 3-keto sugar. The 3-keto
group is then reduced by the on-board NADH, recovering NAD and returning the enzyme
to its starting state.

Fig. 2.7. Proposed mechanism of the MurQ-catalyzed lactyl ether cleavage. The first half reaction
involves the deprotonation of the acidic H2 proton, α-positioned to the C1 carbonyl, which is facilated by
an enzymic base (enzyme-B–). β-elimination of D -lactate, possibly facilitated by a enzymic acid/base
(enzyme-AH), leads to the formation of the Δ2,3-GlcNAc intermediate (Morgan-Elson chromogen I). In the
second half-reaction, the addition of water ([18O]-water) to the elimination product generates the second
reaction product, GlcNAc 6P carrying the 18O-label.

MurQ can be assigned to the sugar phosphate isomerase/sugar phosphate binding
protein (SIS) family (Bateman, 1999). Sequence comparison of MurQ with the E. coli
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chromosome shows high similarity with the SIS domain of GlmS, the glucosaminefructose 6-phosphate (isomerizing) aminotransferase (Badet et al., 1987). Besides the SIS
domain, GlmS also contains a glutaminase domain. Ammonia generated by the
glutaminase domain serves to form a Schiff base with C2 of fructose 6-phosphate (C-N
lyase mechanism), and the Schiff base is then isomerized to glucosamine 6-phosphate.
Moreover, MurQ is homologous to another member of the SIS family, the fructoselysine
6-phosphate deglycase, FrlB (YhfN) (Wiame et al., 2002). FrlB catalyzes the reversible
conversion of fructoselysine 6-phosphate and water to glucose 6-phosphate and lysine. A
mechanism similar to that of GlmS was suggested (Wiame et al., 2002): the C-N bond
between the sugar phosphate molecule (fructose 6-phosphate) and the amino acid lysine is
cleaved (C-N lyase reaction), and the product is then isomerized, yielding glucose 6phosphate. Hence, GlmS and FrlB are both C-N lyases and characterized by a mechanism
similar to that proposed for MurQ (Fig. 2.7). However, it is not clear if the etherase
reaction also depends on a Schiff base being formed.
Interestingly, MurQ displays high amino acid sequence similarity (26% identity)
with the N-terminal domain of human glucokinase regulatory protein (GckR or GKRP),
another member of the SIS family (van Schaftingen et al., 1997). In vivo GckR reversibly
binds to glucokinase (hexokinase IV) and competitively inhibits its activity. The
regulatory protein exists in two different conformations: one (R) able to bind fructose 6phosphate and glucokinase and the other (R’) able to bind fructose 1-phosphate but not
glucokinase. In the absence of metabolite, the R’ form predominates and glucokinase is
active. Fructose 6-phosphate shifts the equilibrium towards R, hence reinforcing
inhibition. Fructose 1-phosphate sequesters the R’ form and has therefore the opposite
effect. It is not known whether the sequence similarity between MurQ and GckR just
reflects sugar phosphate binding or if the lyase reaction of MurQ has some equivalent in
the human protein.
We found that MurQ is essential for growth on MurNAc, as the sole source of
carbon and energy. However, E. coli is able to re-utilize its own cell wall in addition to
dissimilating exogenous MurNAc. In this process, 1,6-anhydro-N-acetylmuramic acid
(anhydro-MurNAc) is formed within the cytoplasm. The further processing of anhydroMurNAc had been postulated to proceed through an etherase that generates GlcNAc from
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anhydro-MurNAc (Park, 2001). Recently, a kinase encoded by gene ydhH at 37 min on
the E. coli chromosome has been identified that phosphorylates anhydro-MurNAc,
presumably at the C6 position (Uehara et al., 2005). Hence, cell wall recycling and
dissimilation of MurNAc from the environment yield the same metabolite, MurNAc 6phosphate, which might be further metabolized by the same etherase enzyme. The murQ
deletion strain (TJ2) did not grow on MurNAc, even when incubated for prolonged times,
indicating that MurQ is the only lactyl etherase of E. coli. Therefore, it will be interesting
to investigate the role of MurQ in cell wall recycling. We have not detected MurNAc
phosphate in etherase mutant cells without the addition of MurNAc to the medium.
However, this might be explained by the limited sensitivity of detection of MurNAc 6phosphate with the TLC method. It was estimated that intracellular concentrations of
MurNAc 6-phosphate <2 mM cannot be detected with the TLC method, which might be
too high a value to reach within the cells solely through the recycling of cell wall murein.
We are currently studying the role of MurQ in cell wall recycling, and we are trying to
obtain a three-dimensional structure with the aim of obtaining a detailed understanding of
the etherase mechanism on the molecular level.
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CHAPTER 3

MurQ Etherase is Required by Escherichia coli in Order To
Metabolize Anhydro-N-Acetylmuramic Acid Obtained either from the
Environment or from Its Own Cell Wall

ABSTRACT
MurQ is an N-acetylmuramic acid-phosphate (MurNAc-6-P) Etherase that
converts MurNAc-P to N-acetylglucosamine-phosphate and is essential for growth on
MurNAc as the sole source of carbon (T. Jaeger, M. Arsic & C. Mayer, J. Biol. Chem.
280: 30100-30106, 2005). Here we show that MurQ is the only MurNAc-P etherase in
Escherichia coli and that MurQ and AnmK kinase are required for utilization of anhydroMurNAc derived either from cell wall murein or imported from the medium.
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RESULTS AND DISKUSSION
The bacterial exoskeleton, i.e., the murein sacculus, is dynamic during growth. In
Escherichia coli, an estimated two-thirds of the murein of the side wall is degraded each
generation (Goodell, 1985; Jacobs et al., 1994) by lytic transglycosylases and
endopeptidases (Höltje, 1998). The principal degradation product is the anhydromuropeptide, N-acetylglucosamine (GlcNAc)-1,6-anhydro-MurNAc (anhMurNAc)-LAla-γ- D -Glu-m e s o -diaminopimelic acid- D -Ala (Höltje, 1998). The anhydromuropeptide(s) is transported by AmpG permease to the cytoplasm, where it is degraded
by AmpD, an anhMurNAc-L-Ala amidase; NagZ, a β-N-acetylglucosaminidase; and
LdcA, an L ,D-carboxypeptidase to release GlcNAc, anhMurNAc, murein tripeptide, and
D-Ala

(Cheng et al., 2000; Cheng and Park, 2002; Höltje et al., 1994; Jacobs et al., 1994;

Jacobs et al., 1995; Templin et al., 1999; Vötsch and Templin, 2000). Most of the murein
tripeptide directly enters the murein biosynthesis pathway (Mengin-Lecreulx et al., 1996),
but it can also be degraded to the individual amino acids (Schmidt et al., 2001; Uehara
and Park, 2003). GlcNAc and anhMurNAc are also reused (Park, 2001). Figure 3.1 shows
the recycling pathway for the two amino sugars. GlcNAc is phosphorylated by a specific
kinase, NagK, to generate GlcNAc-6-P, which can be readily metabolized by the wellknown GlcNAc pathway (Uehara and Park, 2004). We have recently shown that for
anhMurNAc to be recycled it is first phosphorylated with the simultaneous cleavage of
the 1,6-anhydro-ring by a newly identified kinase, AnmK, to generate MurNAc-P, which
is converted to GlcNAc-P by what was then an unidentified etherase (Uehara et al.,
2005).
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FIG. 3.1. Scheme for recycling of murein amino sugars and metabolism of exogenous anhMurNAc
and MurNAc (Dahl et al., 2004; Jaeger et al., 2005; Uehara et al., 2005). IM, inner membrane; EPs,
endopeptidases; LTs, lytic transglycosylases.

Very recently, a MurNAc-6-P etherase, named MurQ, has been identified which is
required for growth of E. coli on MurNAc as the sole source of carbon (Jaeger et al.,
2005). MurNAc is imported by a phosphotransferase system that requires a newly
identified component, MurP, to yield cytoplasmic MurNAc-6-P (Dahl et al., 2004). MurQ
then hydrolyzes the ether bond between the hexose backbone and D-lactic acid moieties of
MurNAc-6-P to produce GlcNAc-6-P and D-lactic acid (Jaeger et al., 2005). It was shown
that MurNAc-6-P accumulates in murQ mutant cells incubated in the presence of
MurNAc (Jaeger et al., 2005). These results suggest that the pathway to utilize
anhMurNAc derived from murein and the pathway to metabolize MurNAc from the
medium may merge at the stage of formation of MurNAc-6-P. If so, one would predict
that radioactive MurNAc-P would accumulate in a murQ mutant whose murein amino
sugars are radioactively labeled, but not in a murQ anmK double mutant since it lacks the
kinase to phosphorylate anhMurNAc. To test this under efficient labeling conditions,
TP71BQ, a ΔmurQ nagB:kan mutant of TP71 [F lysA opp araD139 rpsL150 deoC1
ptsF25 ftbB5301 rbsR relA1 Δ (argF-lac)] (Jacobs et al., 1994), and TP71BQanmK, an
anmK::cat mutant of TP71BQ, were constructed. murQ::kan from the TJ2 strain (Jaeger
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et al., 2005) was first transduced into TP71 by T4gt7 phage (Miller, 1992), and the Kanr
cassette was removed by transformation of pCP20 plasmid carrying FLP recombinase as
described before (Datsenko and Wanner, 2000), followed by the transduction of
nagB::kan (Park, 2001) into the strain, to yield TP71BQ. TP71BQanmK was generated by
transduction of anmK::cat (Uehara et al., 2005) into TP71BQ. A cell extract of TP71BQ
grown at 37°C overnight in LB medium totally lacked the MurNAc-P etherase activity, as
determined by the etherase assay described previously (Uehara et al., 2005); data not
shown, indicating that E. coli expresses only one MurNAc-P etherase. The existence of a
single etherase in E. coli was indicated previously from the observation that a murQ
mutant was unable to grow on MurNAc as the sole source of carbon (Jaeger et al., 2005).
The murQ mutant and the murQ anmK mutant were labeled with [63

H]glucosamine (GlcN) (21.6 Ci/mol; NEN Life Science Products, Boston, MA) in a

glycerol M9 minimal medium (Uehara et al., 2005), and the hot water extracts from cells
at mid-log phase were analyzed by high-pressure liquid chromatography as described
previously (Uehara and Park, 2003; Uehara et al., 2005). GlcN in the medium is taken up
and phosphorylated by a phosphotransferase system, ManXYZ, to generate GlcN-6-P,
which is converted to UDP-GlcNAc, a precursor of murein amino sugars and outer
membrane lipopolysaccharide. The amounts of radioactivity in anhMurNAc and UDPMurNAc-pentapeptide in extracts from TP71BQ and TP71BQanmK were similar (data
not shown). However, the column flow-through (FT) of the murQ mutant contained over
six times as much radioactivity as that of the murQ anmK mutant (Table 1). Since
anhMurNAc is known to escape into the medium from an anmK mutant (Uehara et al.,
2005), the lack of accumulation of label in the TP71BQanmK cell extract was expected.
The FTs were analyzed by thin-layer chromatography (TLC) in an acidic solvent, nbutanol-acetic acid-water (4:1:1), following treatment with calf intestinal phosphatase as
described previously (Uehara et al., 2005). Eighty-six percent of the radioactivity in the
dephosphorylated FT from the murQ mutant had the same Rf as MurNAc, indicating that
MurNAc-P was the principle radioactive compound in the FT. The double mutant lacked
radioactivity at this Rf, demonstrating that AnmK was required to trap MurNAc in the
phosphorylated form (Table 3.1). When the FT from the murQ mutant was incubated at
37°C for 30 min with the E. coli etherase purified partially as described in reference
(Uehara et al., 2005) followed by the dephosphorylation with calf intestinal phosphatase
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and analysis by TLC with the acidic solvent, the amount of radioactivity at the same Rf as
MurNAc decreased by 83% and instead the amount at the same Rf as GlcNAc increased
fourfold, demonstrating that the main compound in the FT from the murQ mutant was
converted to GlcNAc-P by the E. coli etherase.

TABLE 3.1. Effects of murQ and murQ anmK mutations on distribution of 3H-sugars in hot
water extracts of cells labeled with [6-3H]GlcNa.
Total counts (kcpm)b

Compound
HPLC FT

murQ

murQ anmK

154

24

5

5

GlcNAc-P

15

16

MurNAc-P

132

0

UDP-GlcNAc

2

2

UDP-MurNAc-pentapeptide

3

4

GlcNAc

a

Amino sugars were isolated from 4 ml of cell culture grown in glycerol minimal medium containing 1 µCi
of [6-3H]GlcN/ml.
b
Values were normalized to the turbidity of the cell culture (100 Klett units).

These results indicate that the principal radioactive compound derived from the
murein sacculus present in the cytoplasm of the murQ mutant is MurNAc-P. This
conclusion appears to contradict the previous report that accumulation of MurNAc-P was
not detected in murQ cells grown without MurNAc (Jaeger et al., 2005). However, the
concentration of MurNAc-P in the murQ mutant grown in the absence of MurNAc can be
calculated to be 7 mM relative to a reported concentration of 0.175 mM UDP-MurNAcpentapeptide in the cytoplasm (van Heijenoort, 1996). The amount analyzed, from 10 ml
of culture containing 7 mM MurNAc-P, is just at the limit of detection by the method
employed (Jaeger et al., 2005). Hence, the accumulation of MurNAc-P in a murQ mutant
grown in the absence of MurNAc indicates that MurQ is required in order for E. coli to
metabolize anhMurNAc.
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FIG. 3.2. Time course of anhMurNAc up-take by
cells. AnhMurNAc (1,000 cpm) was incubated in 10
µl of LB medium with cells from 1 ml of overnight
culture. Cells were separated by centrifugation
(12,000 g, 1 min, 4°C) and washed three times with
saline, and the amount of radioactivity in the
supernatant and cells was measured. Open triangles,
TP71B; closed triangles, TP71BQ; close squares,
TP71BQanmK.

Since E. coli can use MurNAc as the sole source of carbon (Dahl et al., 2004), it
was of interest to examine whether anhMurNAc can be taken up by E. coli and serve as a
carbon source. Radioactive anhMurNAc was incubated in 10 µl of LB medium at 37°C
over 120 min with the cells from 1 ml of overnight culture of E. coli TP71B, TP71BQ, or
TP71BQanmK. As shown in Fig. 3.2, anhMurNAc was imported by TP71B and TP71BQ
cells, but not by TP71BQanmK cells. The initial rate of uptake of anhMurNAc by
TP71BQ was at least four times higher than that by TP71B, suggesting that the uptake
system for anhMurNAc is expressed more in TP71BQ than in TP71B. When the hot
water extracts of the murQ mutant cells and its parent cells incubated with radioactive
anhMurNAc were analyzed by TLC with basic and acidic solvent systems combined with
a phosphatase as described previously (Uehara et al., 2005), MurNAc-P was the only
radioactive compound present in the murQ cells, while the parent cells contained
radioactive GlcNAc-P, GlcN-P, and UDP-GlcNAc, as expected for cells metabolizing
MurNAc-P (see Fig. 3.1).
Since this result indicates that anhMurNAc is taken up by E. coli, the question
arises of whether MurP is involved. Several lines of evidence suggest that MurP is
required. For instance, 2 mM MurNAc completely inhibited the uptake of anhMurNAc
(approximately 5 µM) by both TP71B and TP71BQ cells. Furthermore, TP71BmurP
(ΔmurP nagB::Km mutant of TP71) did not import anhMurNAc, and this defect was
complemented by a plasmid carrying the murP gene (Table 3.2). Importation of
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anhMurNAc by TP71BQanmK cells was also defective. However, it was not restored by
the plasmid expressing MurP (Table 3.2).

TABLE 3.2. Requirement of MurP for uptake of anhMurNAc.
Strain tested

Uptake (%)

TP71B

.

23

TP71BmurP

.

3

TP71BmurP/pCS19

.

3

TP71BmurP/pCS19murP

.

39

TP71BQanmK/pCS19

.

0

TP71BQanmK/pCS19murP

.

0

a

anhMurNAc (1,000 cpm) was incubated with cells from 1 ml of overnight culture in 10 µl of L broth for 1
h at 37°C.

From these results, we can conclude that anhMurNAc from the medium enters the
cytoplasm via MurP, where it is phosphorylated and phosphorylation of the imported
anhMurNAc requires AnmK. Since an efflux pump for anhMurNAc appears to exist
(Uehara et al., 2005), anhMurNAc taken up by cells is likely to be immediately exported
to the medium if it is not phosphorylated by AnmK. MurP phosphorylates carbon 6 of
MurNAc during is uptake (Dahl et al., 2004), but cannot phosphorylate carbon 6 of
anhMurNAc, probably because of the 1,6-anhydro ring.
We have identified the pathway by which E. coli can utilize anhMurNAc from the
medium as shown in Fig. 1. Hence, E. coli was expected to grow on anhMurNAc as a sole
source of carbon. However, in preliminary growth tests, E. coli wild-type strain TP71 did
not grow in M9 minimal medium containing 0.27% anhMurNAc as the sole source of
carbon, whereas it could grow on MurNAc. This suggests that anhMurNAc may be toxic
to the cells.
The results of this study support the following conclusions. (i) MurQ is the only
MurNAc-P etherase in E. coli. (ii) In the absence of MurQ etherase, MurNAc-P
accumulates in cells provided AnmK kinase is present. (iii) Just as for utilization of
anhMurNAc derived from the cell’s murein, anhMurNAc acquired from the medium is
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first converted to MurNAc-P by the AnmK kinase followed by conversion to GlcNAc-P
by the “etherase,” MurQ. (iv) anhMurNAc is taken up by MurP. (v) AnmK kinase is
needed to convert imported anhMurNAc to MurNAc-P. (vi) When AnmK is inactivated,
anhMurNAc is returned to the medium as rapidly as it is taken up.
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CHAPTER 4

The Transcriptional Factors MurR and CAP Regulate the NAcetylmuramic acid Catabolism in Escherichia coli

ABSTRACT
Escherichia coli utilizes the bacterial cell wall sugar N-acetylmuramic acid
(MurNAc) dependent on the etherase MurQ, which catalyzes the cleavage of the lactyl
ether bond of MurNAc-6-phosphate. High-level expression of MurQ is essential for
growth on MurNAc, whereas low-level constitutive expression is sufficient for the
recycling of peptidoglycan fragments, which are continuously released from the cell wall
during growth. Here we show that MurR, a member of the rarely studied RpiR/AlsR
family of transcriptional regulators, is the repressor of the murQ operon. It represents the
first member of this family for which the operator (murO) has been determined. MurR
forms a stable tetramer and presumably also binds as such to two adjacent inverted
repeats within murO. We showed that murR and murQ are expressed from nonoverlapping face-to-face (convergent) promoters, yielding transcripts that are
complementary in their 5'ends. MurR binding interferes with transcription from the murQ
promoter and also affects its own transcription presumably by acting as a roadblock for
RNA polymerase. MurNAc-6-phosphate, the substrate of MurQ, is the inducer and
modifies MurR-murO binding. Furthermore, high-level murQ transcription depends on
activation by cyclic AMP (cAMP)-catabolite activator protein (CAP) bound to a class I
site upstream of the murQ promoter.
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INTRODUCTION
N -Acetylmuramic acid (MurNAc; 2-acetamindo-2-desoxy-3-O -[(R)-1carboxyethyl]-D-glucopyranose) is an amino sugar, naturally occurring in the cell wall of
almost all eubacteria. We have shown recently that MurNAc can be utilized by
Escherichia coli as the sole source of carbon and energy (Dahl et al., 2004). MurNAc
catabolism requires the MurNAc-specific membrane component (EIIBCMurNAc or MurP)
of the phosphotransferase system (PTS) along with the general soluble PTS components
EI, HPr, as well as the glucose-specific enzyme IIA (EIIAGlc) (Dahl et al., 2004). The
PTS couples the translocation of the amino sugar across the cell membrane with its
phosphorylation, receiving the phosphate ultimately from phosphoenolpyruvate and
yielding intracellular MurNAc-6-phosphate (MurNAc-6-P). The further metabolism
within the cytoplasm depends on the MurNAc etherase MurQ, a unique lyase which
catalyses a β-elimination reaction to cleave the lactyl ether bond of MurNAc-6-P,
yielding N-acetylglucosamine-6-phosphate (GlcNAc-6-P) and D -lactate (Jaeger et al.,
2005). Subsequently, the proteins of the N-acetylglucosamine-6-phosphate (GlcNAc-6-P)
or nag pathway yield fructose-6-phosphate which enters glycolysis ( Plumbridge, 1990;
Plumbridge, 1995).
MurNAc-6-P is also generated in a process called "cell wall recycling". During
elongation and division of E. coli, when new cell wall material is synthesized and
integrated into the existing wall, the peptidoglycan (murein) of the cell wall is
continuously degraded and the turnover products are imported into the cytoplasm where
they are reutilized (i.e. recycled) (Goodell, 1985; Goodell and Schwarz, 1985). During
cell wall turnover and recycling the 1,6-anhydro form of MurNAc (anhydroMurNAc) is
generated by special muramidases, the lytic transglycosylases (Höltje, 1998). They cleave
the glycosidic MurNAc-GlcNAc bond in peptidoglycan by catalyzing an intramolecular
transglycosylation reaction, releasing GlcNAc-anhydroMurNAc-peptides from the cell
wall, which are taken up from the periplasm by the secondary transporter AmpG, and are
further processed in the cytoplasm finally yielding anhydroMurNAc (Park, 2001; Uehara
and Park, 2002). AnhydroMurNAc can be taken up by MurP, which, in contrast to
MurNAc, is not phosphorylated by the PTS (Uehara et al., 2006). Instead, the further
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degradation of anhydroMurNAc depends on phosphorylation by the cytoplasmic
anhydroMurNAc kinase AnmK, which yields MurNAc-6-P (Uehara et al., 2005). Hence,
the cell wall recycling and MurNAc utilization pathways merge at the level of MurNAc6-P and the MurNAc etherase is required for both processes, as shown recently (Uehara et
al., 2006). Figure 4.2A depicts the chromosomal organization of the MurNAc catabolic
operon of E. coli, murQP-pbp4B, encoding the MurNAc etherase (Jaeger et al., 2005), the
MurNAc-specific EIIBC of the PTS (Dahl et al., 2004) and the penicillin binding protein
4B, respectively. Although pbp4B is organized within the MurNAc operon, a deletion of
this gene has no effect on growth on MurNAc (T. Jaeger & C. Mayer, unpublished data)
and its physiological role is so far unclear, although it has been reported recently to
weakly bind penicillin, and hence, was named penicillin-binding protein 4B (Vega and
Ayala, 2006).
Cell wall turnover products occur continuously during growth and thus, only low-level
constitutive expression of the etherase is required for their degradation. In contrast, highlevel expression of murQ and murP is essential for growth on MurNAc as the sole source
of carbon and energy. In consequence, the etherase operon needs to be differentially
regulated in response to the physiological requirement. To further understand the role of
the E. coli N-acetylmuramic acid etherase we addressed the differential transcriptional
regulation. Adjacent to murQ on the chromosome and orientated in the opposite direction
lays an open reading frame that shows high sequence identity with transcriptional
regulators of the RpiR/AlsR family (Fig. 4.2A). We cloned the gene, which we named
murR (formally yfeT), and identified the encoded protein as the transcriptional repressor
of the MurNAc pathway. We showed that MurR forms a homotetramer and binds to two
adjacent operator sites in the murQ-murR intergenic region. The affinity of the protein for
the operator DNA is modulated by MurNAc-6-P, the first intracellular intermediate of the
MurNAc pathway and the substrate of MurQ. In conjunction with operon-specific
regulators a large number of genes, including many of the PTS-dependent sugar
metabolism, are subject to a regulatory effect called “catabolite repression” (Deutscher et
al., 2006). In this kind of gene regulation, the phosphorylation state of EIIAGlc determines
the activity of the adenylate cyclase to produce cyclic AMP (cAMP), which in turn binds
to catabolite activator protein (CAP, also known as cAMP receptor protein, CRP) (Busby
and Ebright, 1999). Binding of cAMP-CAP to the promoter region of catabolite-sensitive
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genes is the prerequisite for their transcription, which means that in the presence of a
preferred sugar, e.g. glucose in E. coli, the utilization of non-preferred nutrients is
silenced, until the cell has completely consumed the preferred sugar. Here we show that
cAMP-CAP activates transcription of the MurNAc etherase operon and is required for the
switch from the cell wall recycling to growth on MurNAc as carbon source. We discuss
the possible effect of transcriptional interference from the convergent promoters and
present a model for the regulation of the MurNAc etherase operon at the sigma 70dependent murQ and murR promoters, which is consistent with the differential expression
of the murQ operon dependent on the physiological requirement.

80

Regulation of MurQ

RESULTS

Identification of the repressor of the MurNAc etherase operon
To investigate the regulation of the MurNAc etherase operon, we generated a
deletion, by homologous gene replacement, in murR. The resulting strain TJ103 (ΔmurR)
showed no differences in growth rate and cell morphology on rich medium when
compared with the parental strain MC4100 (data not shown). However, when grown on
minimal medium (MMA) supplemented with 0.2% MurNAc as the sole source of carbon,
TJ103 had an about twofold reduced mean doubling time (td) of 1.9 ± 0.6 (see Fig. 4.1)
compared to MC4100 (3.4 ± 0.3 h) (cf. Dahl et al., 2004). Besides, a sixfold reduced lag
phase was observed for the murR deletion mutant compared to wild type (tlag = 2.0 ± 0.5 h
and 11.5 ± 0.8 h determined for TJ103 and MC4100, respectively). Hence, inactivation of
murR markedly increases growth on MurNAc indicating that MurR functions as repressor
of the MurNAc pathway.

Fig. 4.1. Growth curves of E. coli wild type and
murR deletion strain on MurNAc. Wild type
strain MC4100 (●) and murR deletion strain TJ103
() were incubated in MMA with 0.2% (6.8 mM)
MurNAc at 37°C. Cells of both strains were first
grown to exponential phase in MMA with 0.2%
GlcNAc before they were washed with MMA and
transferred to fresh medium containing the indicated
carbon source at an appropriate density and growth
continued. Representative data of two replicates are
shown.

MurR shows a high overall amino acid sequence identity with transcriptional
regulators of the RpiR/AlsR family and alike these carries a N-terminal DNA binding
helix-turn-helix (HTH) motif and a C-terminal sugar-phosphate binding (SIS) domain.
The three known members of the RpiR/AlsR family all control sugar-phosphate metabolic
pathways: RpiR (AlsR) controls the utilization of D -allose in E. coli, by repressing the
alsRBACEK and alsI operons (Sorensen and Hove-Jensen, 1996; Kim et al., 1997;
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Poulsen et al., 1999). After uptake by an ABC-transporter (AlsABC),

D -allose

is

converted by a kinase (AlsK) to allose-6-P, which functions as inducer and is further
metabolized by a 3-epimerase (AlsE). HexR is the repressor of the genes of the hex
regulon (controlling the expression of the genes of the 2-keto-3-deoxy-6phosphogluconate pathway; Rowley and Wolf, 1991). Moreover, GlvR (YfiA), is the
activator of the maltose PTS of B. subtilis (Yamamoto et al., 2001). It controls the
expression of the glvARC operon. After maltose is taken up and concomitantly
phosphorylated by GlvC (also named MalP) (Schönert et al., 2006) maltose 6-phosphate,
the co-activator of the maltose PTS, is cleaved by the 6-phospho-α-glucosidase GlvA.
Identification of the transcription start sites of murQ and murR
The transcriptional start sites for murQ and murR were determined by 5’-RACE
using mRNA preparations from TJ103 (ΔmurR) or MC4100 (MurR+) cells grown on rich
medium (LB) or minimal medium supplemented with MurNAc. Two start sites (PQ1 and
PQ2) were determined for the murQ transcripts, with strong signals obtained for both
growth conditions. PQ1 and PQ2 are located 40 and 32 bases, respectively, upstream of the
murQ translation start codon (Fig. 4.2B). One transcript of murQ, presumably the major
one, was found to have an adenine at position +1 (PQ1), whereas the other, presumably
the minor transcript, uses thymine as the first base (PQ2), a less favourable pyrimidine
nucleotide for initiation of transcription, (cf. Liu and Turnbough, 1994). Only one
transcriptional start site, an adenine (PR), was obtained for murR which lays within the
murQ gene, on the complementary strand and 182 bases upstream of the murR translation
start codon. The results demonstrated that the murQ and murR promoters are orientated
face-to-face, yielding transcripts that overlap by 60 (PQ1-PR) or 52 bases (PQ2-PR) in their
5’ends. A much weaker signal in the 5’-RACE experiment for PR indicates a lower level
of transcription of murR compared to murQ.
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Fig. 4.2. Organization of the MurNAc etherase operon of E. coli and the nucleotide sequence of the
promoter/operator region. (A) The genes of the MurNAc etherase operon and the encoded proteins are
the following: murQ, MurNAc etherase; murP, MurNAc-specific EIIBC of the PTS; pbp4B, low-affinity
penicillin binding protein 4B. Upstream and divergently transcribed are genes encoding the transcriptional
regulator, murR, and an oxidoreductase of unknown function, ucpA (Sirko et al., 1997). A deletion of ucpA
has no effect on growth on MurNAc (U. Dahl & C. Mayer, unpublished data). Horizontal arrows indicate
the convergent transcription start sites for murQ (PQ1) and murR (PR). The predicted rho-independent
termination signals, which are located downstream of ucpA and pbp4B, are indicated by a lollipop symbol.
(B) The nucleotide sequence of the promoter/operator (murR-murQ) intergenic region of E. coli MG1655 is
shown. The murQ transcriptional start sites (PQ1 and PQ2) as well as the murR start site (PR) are indicated.
Grey boxes indicate the -10/-35 promoter regions relative to PQ1 and open boxes those relative to PQ2 and
PR. The putative ribosome binding sites (Shine-Dalgarno sequences; SD) are underlined and the start
codons of murR and murQ are indicated (black boxes).

Determination of the promoter strength
To evaluate the promoter strength at various growth conditions, we generated E.
coli chromosomal transcriptional lacZ-fusions in the MurR+ (TJ107/TJ108, lacZ-) and

ΔmurR background (TJ105/TJ106, lacZ-). These constructs were generated by single copy
insertion into the att site by the lambda InCh technique (Boyd et al., 2000). They contain
the whole murR-murQ intergenic sequence carrying the convergent mur promoters,
region I (reg I; see Fig. 4.3A), in either of the two orientations yielding murQ-lacZ or
murR-lacZ transcriptional fusions. β-galactosidase activity was measured during early
stationary phase (10 h of growth) in cells grown on LB medium (Table 4.1). In the wild
type background low specific β-galactosidase activity (1.4 x 10-3 mmol min-1 mg-1) could
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be detected only in the murQ-lacZ strain (TJ107), indicating low-level expression of
murQ during “normal” growth. In the Δ murR background, which simulates the fully
derepressed situation, β-galactosidase activity was detected in both, the murQ-lacZ
(TJ105) and the murR-lacZ strain (TJ106). Under these conditions, the murQ promoter
appeared to be about sixfold stronger than the murR promoter, and a 20-fold increase in
β-galactosidase activity was determined for murQ-lacZ in TJ105 (ΔmurR) compared to
the wild type background (TJ107), which provides further evidence for MurR acting as
the repressor of MurQ. We confirmed the results with transcriptional alkaline phosphatase
(phoA) fusions in the isogenic background (data not shown).

Table 4.1. Determination of murQ/murR promoter strength using single copy chromosomal
transcriptional lacZ fusions.
Relevant genetic background

*Specific β-galactosidase activity x 10-3
[µmol/min mg]

MC4100

(parental strain)

0

TJ107

murQ-lacZ

1.4 ± 0.4

TJ108

murR-lacZ

0

TJ105

ΔmurR, murQ-lacZ

26.8 ± 1.7

TJ106

ΔmurR, murR-lacZ

4.3 ± 1.0

E. coli strain

* β-galactosidase activities were measured at the early stationary phase (10 h) in cells growing on LB
medium. The data represent the mean of 4 independent experiments with the standard deviations.

Characterization of the repressor MurR
To characterize the repressor MurR, we constructed a MurR expression plasmid,
overproduced MurR as a C-terminal His6 fusion protein, and purified it to apparent
homogeneity by nickel affinity chromatography and gel filtration. We used dynamic light
scattering to analyze the oligomeric form of purified MurR-His6 in a monodisperse
solution and determined a molecular weight of 159 ± 3 kD (Stokes-Einstein
hydrodynamic radius), indicating that MurR is an oligomer in solution. If taken into
account the theoretical molecular weight of 32 kD for a MurR-His6 monomer based on its
deduced amino acid sequence, the gel filtration and dynamic light scattering experiments
indicate the presence of a pentamer. However, a pentamer is untypical for a
transcriptional regulator and we assume that MurR more likely forms a tetramer in
solution; the slightly higher apparent mass could be explained by assuming that the MurR
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tetramer shape differs from that of a sphere. The tetrameric form of MurR remained stable
for several weeks at 4°C in diluted buffers containing NaCl in a final concentration of at
least 300 mM. To avoid unspecific aggregation of concentrated MurR preparations and
for purification by gel filtration we usually applied a buffer containing 1M NaCl.
MurR binding to the operator site
To investigate the DNA binding activity of MurR we performed electrophoretic
mobility shift assays (EMSA) with purified protein (tetramer fraction) and radioactively
labelled operator DNA fragments generated by PCR carrying different parts of the murRmurQ intergenic region (I-IV; Fig. 4.3A). The alteration in electrophoretic mobility of a
5’-labelled 352 bp-fragment (reg I), by incubation with an increasing amount of MurR is
shown in an autoradiogram (Fig. 4.3B). 2 nM of MurR was sufficient to shift half of the
DNA. We noticed that the reg I fragment did not enter the gel when high amounts of
MurR (20 mM) were added, indicating the formation of higher oligomeric forms of MurR
or unspecific binding to the DNA.
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Fig. 4.3. MurR binding to full-length and truncated operator DNA. (A) Schematic representation of the
promoter/operator region (reg I, 352 bp; drawn to scale) carrying 108 bp of the 5’end of murR and the first
93 bp of murQ. The figure is labelled as in Fig. 1. The hatched boxes mark the positions of two inverted
repeats (IR) located within the proposed DNA binding site for MurR. The positions of truncated operator
fragments used in EMSA experiments are depicted. Autoradiogram (B,C) of EMSAs performed with 5’labelled DNA fragments. Each sample contained 0.5 µg of unspecific polynucleotides (poly(dI-dC)). The
complexes were separated on a 6% polyacrylamide gel. (B) Full-length operator region (reg I) carrying the
MurR binding site incubated with increasing amounts of MurR as indicated (lanes 2-10). Migration of the
reg I fragment without repressor protein (lane 1). (C) Comparison of the retardation of promoter/operator
fragments of different size upon binding of MurR. Purified protein was added at 6 and 25 nM final
concentration, respectively. Migration of the fragments without repressor protein (lanes 1, 4 and 7). Region
II (reg II) (lanes 1 to 3), region III (reg III) harbouring the predicted MurR binding site (lanes 4 to 6), and
fragment (reg IV) (lanes 7 to 9).

The intergenic region upstream of the murQ transcription start site PQ1 contains
two inverted repeats IR1 (5’-TCAATGA-N-TCCTTTA-3’) and IR2 (5’-GATAT-N3ATTCC-3’), matching in a short stretch of 8 bases (5’-ATGATTCC-3’), which could
function as regulator binding sites. To prove that MurR binds to this region, we prepared
three different truncated fragments of the intergenic region (Fig. 4.3A). Region II (reg II)
contained the 5’end of murR together with the proximal part of the gene, region III (reg
III) harbours the inverted repeats illustrated above, and region VI (reg IV) carries the
region upstream of murQ including the first 93 bases of the gene. Reg III, but not reg II
nor reg IV, was retarded by binding to MurR as shown in an EMSA (Fig. 4.3C). MurR
also showed reduced affinity to fragments carrying only one inverted repeat of the
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binding site (data not shown). These experiments provide evidence that the two inverted
repeats within region III represent the MurR binding site.
To identify the exact binding site for MurR, DNase I protection assays were
performed with linear DNA carrying the whole murR-murQ intergenic region (reg I; see
Fig 4.3A). Increasing amounts of purified MurR were incubated with labelled DNA
(forward or reverse strand) (Fig. 4.4A and B, respectively). A large DNase I protection
site was detected, that centred at position –29 (in respect to PQ1), which includes the two
inverted repeats. Within this protection site two hypersensitive DNase I cleavage sites at 31 for the forward strand and -26 /-28 for the reverse strand, were found that coincide
with region that separates the two inverted repeats (Fig. 4.4C). These results support our
model that MurR binds as a tetramer to the two inverted repeats, each bound by a HTH
dimer. It should be noted that the protection patterns of the forward and reverse strand
were not exactly the same, indicating that MurR binds slightly displaced to both strands.
At the highest concentration (1 µM) unspecific binding was detectable (Fig. 4.4B, lane 5).
MurR covers the -10 /-35 promoter elements upstream of the murQ transcription start site
PQ1, thus preventing recruitment of RNA polymerase (RNAPol).
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Fig. 4.4. DNase I protection
assay for binding of MurR to
the m u r R - m u r Q promoter/
o p e r a t o r r e g i o n . Linear
radioactively 5’-labelled DNA was incubated with different concentrations of MurR followed by incubation
with DNase I. After DNase I digestion, the reactions were analyzed on a 6% denaturing polyacrylamide gel.
The first lanes show the DNA in the absence of protein extracts and the last lanes the control with 0.6 µM
BSA. Gels were calibrated with a sequencing ladder. (A) Protection patterns of the forward strand obtained
by using 0.4, 0.5 and 1 µM MurR. (B) Protection patterns of the reverse strand obtained by using 0.3, 0.4,
0.5 and 1 µM MurR. The location of the protected DNA region is indicated with a solid line on the right.
On the left the position of the binding site relative to the PQ1 transcription start point (+1) is indicated.
Asterisks mark the hypersensitive cleavage sites induced by binding of MurR and black triangles the
diminished bands inside the binding region. Open arrows label the position of the start codons, of murR
(panel A) and murQ (panel B). (C) Sequence of the regions protected by MurR on the forward (F) and the
reverse (R) strand. The –10/–35 regions of the PQ1 promoter are shown. Two inverted repeats (IR1 and IR2)
present in the MurR binding region are marked with convergently pointing arrows. The short sequence
present in both inverted repeats is underlined. Asterisks mark the hypersensitive cleavage sites of the MurR
binding region.
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Identification of MurNAc-6-P, the inducer of MurR
To prove that MurNAc-6-P is the inductor of MurR we performed EMSAs with
the 5’-labelled full-length operator region (reg I) incubated with 30 nM MurR and
increasing amounts of different intermediates of the amino sugar metabolism. From the
tested sugars only MurNAc-6-P influences the MurR-DNA-binding, as illustrated in
Fig. 4.5. MurNAc-6-P added in a final concentration of 27 µM releases half of MurR
from the operator DNA. Thus, the DNA binding affinity of MurR is modulated
allosterically by MurNAc-6-P. Neither GlcNAc-6-P, GlcN-6-P, anhydroMurNAc nor
MurNAc had an effect on MurR binding to the operator.

Fig. 4.5. Effect of MurNAc-6-P on MurR DNA
binding. Autoradiogram of EMSA performed with
5’-labelled full-length DNA fragments (reg I; see
Fig. 2). Each sample contains 0.5 µg of unspecific
DNA (poly(dI-dC)). The complexes were separated
on a 6% polyacrylamide gel. Migration of the
fragment without repressor protein (lane 1).
Operator fragments were incubated with purified
MurR at a final concentration of 30 nM (lane 2),
and with MurR and increasing amounts of
MurNAc-6-P as indicated (lanes 3 to 8).

The role of catabolite repression in the induction of the murQ operon
The global regulator cAMP-CAP controls the majority of sugar utilization
operons, usually acting in conjunction with an operon specific regulator, reviewed in
(Busby and Ebright, 1999). A putative binding site for the CAP transcriptional regulator
(5’-TATGA-N6-TCACA-3’) was found within the murR-murQ intergenic region. This
site differs only at the second position (G to A exchange) from the consensus CAPbinding motif 5’-TGTGA-N6-TCACA-3’ (Ebright et al., 1989). The distance of the CAP
site -71.5 bp upstream of PQ1 is typical for a class I CAP-controlled operon (Barnard et
al., 2004) and suggests a CAP-dependent regulation of murQ. To prove this hypothesis
we first investigated the growth of E. coli MC4100 on MMA supplemented with glucose
(0.1%) and MurNAc (0.2%) (Fig. 4.6). Under these conditions, MC4100 shows diauxic
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growth. Deduced from the growth characteristics, glucose is metabolized first, followed
by the utilization of MurNAc after a 4.3 ± 0.3 h long lag phase.

Fig. 4.6. Diauxic growth of E. coli wild type on
minimal medium with glucose and MurNAc.
Wild type strain MC4100 was incubated on
minimal medium A supplemented with 0.2%
glucose and 0.2% MurNAc (), and on medium
containing only 0.2% glucose (■ ) or only 0.2%
MurNAc (●) as sole carbon source. Cells were pregrown as described in the legend to Fig. 4.2.
Representative data of two replicates are shown.

To determine the role of cAMP-CAP in the regulation of the murQ operon in vivo,
we used the chromosomal murQ-lacZ transcriptional fusions in the E. coli murR+ (TJ107)
and the Δ murR (TJ105) background. These constructs contain the whole murR-murQ
intergenic sequence carrying the convergent mur promoters and the putative CAP-binding
site, region I (reg I; see Fig. 4.3A). β-galactosidase activities were measured during
exponential and stationary phase in cells grown on MMA supplemented with casamino
acids (CAA) or glucose, with or without MurNAc added to the medium (Table 4.2).
Neither in the exponential nor in the stationary phase β-galactosidase activity could be
detected in TJ107 (murR+) cells grown on glucose. However, when the glucose medium
was supplemented with MurNAc, activity was detectable in the stationary phase cells.
The difference in the β-galactosidase activity in the TJ107 strain during the two growth
phases can be explained by the utilization of glucose prior to MurNAc (indicated by the
growth experiments, cf. Fig. 4.6). During logarithmic growth MurNAc uptake is
repressed in the presence of glucose in the medium (catabolite repression) and sufficient
amounts of the inducer does not accumulate. When CAA instead of glucose was the
carbon source for TJ107, low β-galactosidase activity was detectable (Table 4.2), which
was in the same range as for the cells grown on LB (cf. Table 4.1). Addition of MurNAc
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to the culture medium containing CAA increased the activity at logarithmic growth phase
over 20-fold. This is in agreement with our observations that in this situation MurNAc is
the preferred carbon source and depleted from the medium prior to CAA (data not
shown). β-galactosidase activity, however, was markedly reduced in cells, which have
entered the stationary phase, indicating that MurNAc metabolism, and hence, βgalactosidase expression peaks at early log phase, and that after 23 h the enzyme might
already be degraded.

Table 4.2. Influence of catabolite repression on the expression of chromosomal murQ-lacZ
transcriptional fusions.
*Specific activity x 10-3 [µmol/min mg]
Carbon source

TJ107 (murR+, murQ-lacZ)

TJ105 (ΔmurR, murQ-lacZ)

log phase

log phase

stat. phase

stat. phase

glucose

0

0

4.5 ± 0,6

8.0 ± 3.0

glucose / MurNAc

0

11 ± 4.0

6.0 ± 1.0

15.8 ± 0.9

1.2 ± 0.5

1.0 ± 0.7

20.3 ± 7.8

13.7 ± 2.6

23.4 ± 4.5

7.0 ± 4.6

23.3 ± 7.2

9.0 ± 0.8

CAA
CAA / MurNAc

* Bacteria were grown overnight in MMA supplemented with the carbon source indicated. Growth on
glucose (0.2%) represents catabolite repression conditions, whereas growth on casamino acids (CAA;
1 %) represents non-catabolite repression conditions. Note that in both cases diauxic growth occurs when
MurNAc was added; however, glucose is metabolised prior to MurNAc, whereas CAA are utilized after
MurNAc has been consumed. β-galactosidase activities (specific enzymatic activity) are the mean of two
independent experiments with the standard deviations, which were measured in the late exponential growth
phase (8.5 h) and in the late stationary phase (23 h). The parental strain MC4100 had no
β-galactosidase activity under any of these conditions.

Introduction of a murR deletion (TJ105) results in constitutive murQ-lacZ
expression, which was low (4.5 x 10–3 µmol min-1 mg-1) when glucose was used as carbon
source, due to catabolite repression conditions; but increased four- to fivefold during
growth on CAA (non-catabolite repression conditions). An increase in β-galactosidase
activity in TJ105 cells from stationary phase grown on glucose compared to those from
log phase can be explained by cAMP-CAP stimulates transcription only after glucose is
depleted. The difference of β-galactosidase activity in the stationary phase of TJ105 cells
grown on glucose compared to glucose/MurNAc is due to the higher induction level when
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MurNAc is present in the medium. The reduced activity in the stationary phase TJ105
cells grown on CAA is due to the subsequent degradation of the β-galactosidase.
Comparison of TJ107 and TJ105 (ΔmurR) grown on CAA (logarithmic growth phase)
indicate that the deletion of murR simulates the fully induced situation. Taken together,
these findings indicate that the two regulatory proteins MurR and CAP (in complex with
cAMP) modulate murQ expression.
Binding of CAP to the murQ operator region
The CAP binding site within the murQ operator region is less conserved. The site
differs from the consensus motif in the second position and also shows no symmetry in
the 6 bp in-between the motifs, however the affinity of CAP for the binding site is
correlated with the degree of symmetry in the complete site (Jansen et al., 1987). To
determine the affinity of CAP to the binding site (adjacent to the MurR site) we
performed EMSAs. Increasing amounts of purified CAP protein were incubated with the
5’-labelled operator fragment (reg I) as shown in the autoradiogram (Fig. 4.7). At a CAP
concentration of 210 nM half of the DNA is shifted. This indicates a low affinity of CAP
to the binding site, compared with the lac site (one of the strongest CAP binding sites),
where half of the DNA is shifted at 5 nM (Kolb et al., 1983). Additionally, EMSAs with
CAP and MurR showed that both proteins can bind simultaneously to the operator region
(data not shown).

Fig. 4.7. cAMP-CAP binding to the full-length
operator fragment. Autoradiogram of EMSA
performed with 5’-labelled DNA fragments (fulllength operator (reg I), see Fig. 2) incubated with
purified CAP in the presence of 0.2 mM cAMP and
0.5 µg of unspecific DNA (poly(dI-dC)). The
complexes were separated on a 6% polyacrylamide
gel with the top reservoir containing 0.2 mM
cAMP. Lane 1: uncomplexed DNA. Lanes 2 to 10:
increasing amounts of CAP, as indicated.
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DISCUSSION
The aim of the present study was to elucidate the differential regulation of the
MurNAc etherase, MurQ, which catalyzes the conversion of MurNAc-6-P to GlcNAc-6-P
and D-lactate. The enzyme has been shown, recently, to be involved in two catabolic
pathways in E. coli, the utilization of external MurNAc, as well as the reutlization of
anhydroMurNAc during recycling of the own cell wall (Jaeger et al., 2005; Uehara et al.,
2006). In this study, we identified a specific transcriptional repressor of the MurNAc
etherase operon, named MurR, which is encoded by the gene adjacent to murQ, murR
(formerly yfeT), which is orientated divergently. MurR belongs to the rarely characterized
RpiR/AlsR family of transcriptional regulators, which all contain two domains, a highly
conserved N-terminal HTH domain (Huffman and Brennan, 2002) and a C-terminal SIS
(sugar-phosphate isomerase/ sugar phosphate binding) domain (Bateman, 1999). HTH
domains are typical DNA binding domains, which, in general, are arranged as dimers, to
allow binding of both sides of a symmetric DNA region (Pabo and Sauer, 1992; PerezRueda and Collado-Vides, 2000). We showed that MurR binds to two adjacent binding
sites (inverted repeats) within the operator region (murO) and interferes with transcription
from the murQ promoter. The high affinity of MurR to murO (Kd of 2 nM) can be
explained by two MurR dimers acting synergistically by binding to the two in-face
adjacent operator sites, whereby the DNA might be bended. Dynamic light scattering
(DLS) experiments demonstrated that MurR forms a tetramer, which perfectly fits with
the presence of two adjacent MurR operator sites, which likely are bound by a repressor
homo-tetramer via two HTH-dimers. An oligomerisation structure motif, like the coiledcoiled domain, which is found in ternary LacI-type regulators, apparently is absent in
MurR. However, between the N-terminal HTH-domain and the C-terminal SIS domain of
MurR a large helix was predicted, which is supposed to be involved in the formation of
the HTH-dimers. For the tetramerization, two dimers should interact via their regulatory
domains, which is an arrangement that holds for other homo-tetrameric regulators, for
instance the LysR-like regulator CbnR of Ralstonia eutropha (Muraoka et al., 2003). The
obvious candidate for a regulatory domain in MurR is the SIS domain, which is also
found in sugar phosphate isomerases and sugar phosphate binding proteins. Interestingly,
a SIS domain is also present in the MurQ. It was predicted to constitute the MurNAc-6-P
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binding site, based on homology modelling and comparison with the structures of related
SIS domain proteins (C. Mayer, unpublished results). SIS domains constitute conserved
binding folds to accommodate sugar phosphates, which, however, display of only weak
identity in terms of amino acid sequence. The SIS domains of MurR and MurQ have only
some 30% amino acid sequence identity in a stretch of about 80 amino acids. In general,
two SIS domains are required to build up two symmetrical sugar phosphate binding
pockets, where amino acid residues from different parts of the two SIS domains
contribute to the sugar-phosphate binding site and complement each other. Hence,
polypeptides carrying only one SIS domain, like MurQ and MurR need to be arranged as
homo-dimers, in order to accommodate a sugar phosphate. Similar to MurQ, the Cterminal SIS domain of MurR likely is involved in MurNAc-6-P binding, as we have
shown, modulates DNA-binding activity. Since MurR forms a stable tetramer, we
propose that two HTH-dimers interact in a way that allows two SIS-domains forming
MurNA-6-P binding site by the arrangement of parts of the SIS domains of one and the
other HTH-dimer. Upon binding of MurNAc-6-P to the SIS domains a conformational
change in MurR might be induced, due to the rearrangement of the SIS domains, and
which possibly results in disruption of the HTH-dimers and dissociation from the operator
site. We have not been able to directly proof the influence of MurNA-6-P on the
multimerization of MurR, since these experiments would require very high amounts of
inducer, which is not commercially available. Therefore further experiments have to
elucidate if MurR forms a dimer in the presence of MurNAc-6-P. However, we showed
by the EMSA experiments and the transcriptional fusion assays that the binding of
MurNAc-6-P causes the release of MurR from the DNA, and hence, MurNAc-6-P is the
inductor of the MurNAc operon. The intracellular concentration of MurNAc-6-P during
cell wall recycling in the etherase deletion mutant was calculated to range between 2 and
7 mM (Jaeger et al., 2005; Uehara et al., 2006). However, MurQ readily degrades
MurNAc-6-P in the wild type E. coli. MurNAc-6-P in a concentration of about 27 µM
was shown to be sufficient to release half of the MurR from the DNA. Thus, rapid
degradation of MurNAc-6-P by the etherase explains the long lag phase of E. coli grown
on MurNAc. The internal level of the inducer MurNAc-6-P has to exceed a critical
concentration before murQP transcription reaches a level sufficient for growth on
MurNAc.
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We confirmed the convergent promoter orientation by determining the
transcription start sites. The murR promoter was located within the murQ coding region
and the distance between the translational start sites for MurR and MurQ is 162 bases.
Two start sites were found for murQ transcription (PQ1 and PQ2) and one for the murR
transcript (PR), which are separated by 60 and 52 bases, respectively, leading to a partial
5'-overlap of the complementary transcripts. This promoter organization is rather unusual;
only about 1% of the promoters predicted from the sequence of the E. coli MG1655
chromosome (54 of 4462 promoters in total) are non-overlapping face-to-face promoters,
placed 40 to 200 bp apart (Callen et al., 2004; Shearwin et al., 2005). This convergent
promoter organisation holds the potential for regulation by transcriptional interference
and is commonly found in extra-chromosomal elements such as insertion sequences,
transposable elements, plasmids and bacteriophages: famous examples are the convergent
promoters used for the lysis-lysogeny switch in bacteriophages, e.g. of coliphage 186
(Dodd and Egan, 2002). Other examples for convergent promoters, which have been
studied regarding their complex regulation, are the fis operon (Nasser et al., 2002;
Schneider et al., 2000) and more recently non-coding RNAs like the Q gene of phage
lambda (Tjaden, 2007). The role of the face-to-face orientation of the promoters in the
MurNAc operon is so far unclear. The convergent promoter arrangement might increase
the flexibility in the adjustment of gene expression to the particular growth conditions:
low-level constitutive expression throughout cell wall recycling and high-level expression
by growth on MurNAc. We have not explicitly addressed the particular roles of the faceto-face promoters of the MurNAc operon, however, a regulatory effect by transcriptional
interference might be negligible, considering the weak promoters and, in consequence,
the low or even absent simultaneous transcription from these promoters.
Low β-galactosidase activities determined with murQ- and murR-lacZ fusions
confirmed the presence of rather weak promoters (Table 1), that were found to
significantly deviate from the consensus sequence of the sigma 70-dependent promoter
elements; usually there is a good correlation between the promoter strength and the
degree of identity (Busby and Ebright, 1994). The -35/-10 regions of the murQ (PQ1: 5’CTTTAA-16bp-TATATG-3’; PQ2: 5’-CTGTCA-18bp-CATACA-3’) and the murR (5’GTCAAT-18bp-TCGAGC-3’) promoters differ from the consensus motif (-35: (5’TTGACA-3’), -10: (5’-TATAAT-3’)) in about half the positions, explaining the low
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transcription rates observed. Low promoter strength in combination with autorepression
of MurR locks the expression of MurQ at a constant, low expression level, just sufficient
for continuous cell wall recycling. Hence, high-level expression requires further
activation. The regulatory influence of catabolite repression on the transcription of the
murQ operon was indicated by the observation of diauxic growth of E. coli on minimal
medium with glucose/MurNAc (Fig. S2). In addition β-galactosidase assays with
chromosomal murQ-lacZ transcriptional fusion, with or without glucose added to the
medium, demonstrated the dependence of murQ transcription on cAMP-CAP activation
(Table 2). Even though the affinity of cAMP-CAP to murO is weak, as shown by EMSAs
(Fig. S3), the transcription rate of murQ was increased to low, but significant level in the
absence of glucose in the medium (Table 2). This indicates that binding of cAMP-CAP to
murO, even in the presence of MurR, increases the affinity of RNAPol (Busby and
Ebright, 1994) and leads to the higher transcription of the operon. The promoter
arrangement and the position of the binding site suggest that while cAMP-CAP activates
murQ expression, it might repress transcription of murR by acting as a roadblock for
RNAPol.
Growth on MurNAc as carbon source, however, requires MurR derepression by
MurNAc-6-P, which is generated by the PTS. Transport of MurNAc into the cell and
phosphorylation by MurP, however, in turn reduces the activation by cAMP-CAP,
because MurP derives the phosphate from EIIAGlc-P. The ratio between the
phosphorylated EIIAGlc-P and the non-phosphorylated EIIAGlc is shifted towards the nonphosphorylated form, which reduces the activation of adenylate cyclase, and, in
consequence, the cAMP level of the cell decreases, hence adjusts the uptake of MurNAc
to the metabolic capabilities, avoiding an over-shooting of the activation the murQ
operon. This type of feedback-regulation can also explain the earlier described
phenomenon, that accumulation of MurNAc-6-P, in a etherase deletion mutant,
apparently is not toxic for the cells, as it does not affect the growth on glycerol (Jaeger et
al., 2005). This is in contrast to other sugar-phosphates, including GlcNAc-6-P,
accumulation of which is toxic for cells. Since the lack of cAMP-CAP activation reduces
the expression of the murQ operon dramatically, the concentration of MurNAc-6-P within
the cell is stalled at 2 to 7 mM, apparently not toxic for the cell. This in supported by our
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finding, that MurNAc is still present in the culture medium of an outgrown etherase
mutant (C. Mayer, unpublished data).

Fig. 4.8. Illustration of the proposed regulation network of MurNAc catabolism. Operator region
(lower part): hatched boxes mark the two inverted repeats (IR) upstream of the murQ. cAMP-CAP class I
site upstream of murQ is shown as grey shaded box centred at -71.5bp, relative to the PQ1 transcription start
site. Horizontal arrows indicate the transcription start sites (PQ1/PQ2 and PR). For details, see text.

Figure 5 summarizes our current understanding of the regulation of the murQ
operon. Two transcription factors act together in repressing and inducing the operon,
MurR and cAMP-CAP. Normally, the expression of murQP is repressed by the highaffinity binding of the MurR tetramer to the operator region (murO), which harbours two
inverted repeats (IR1 and IR2), upstream of the murQ transcription start site (PQ1) centred
at the -29, upstream of PQ1. Low, but significant expression of murQP results from
transcription from the weak promoters and auto-regulation of murR transcription.
Accumulation of the inducer MurNAc-6-P within the cytoplasm during the recycling of
cell wall turnover products leads to derepression, possibly by binding of the inducer to the
SIS domains of MurR, affecting the stability of the repressor tetramer. Under these
conditions the transcription rate is still kept low, since MurQ readily degrades MurNAc6-P, which in turn enables MurR to re-bind to the operator. Hence, a constant, low level
of expression of the MurNAc pathway is ensured. However, when the cells grow on
MurNAc as sole source of carbon, a strong transcription of murQP is necessary, which
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requires the full induction and depends on binding of the cAMP-CAP complex to the
class I site upstream of PQ1 (-71.5 bp). Phosphorylated EIIAGlc activates the adenylate
cyclase, the enzyme that generates cAMP. The PTS component is also required for
phosphorylation of MurNAc and transport by the MurNAc-specific permease MurP.
MurNAc uptake and phosphorylation reduces the cAMP level of the cell and, thus,
prevents an over-shooting of MurNAc transport, which avoids an accumulation of
MurNAc-6-P that cannot be degraded by MurQ. We propose that under these conditions
cAMP-CAP bound to DNA function as roadblock for the RNAPol and stalls transcription
of the repressor.
Homologs of MurR were found on the genome of several bacterial species, mostly
together with an ortholog of MurQ, which implies that a MurNAc/anhydroMurNAc
catabolic pathway exists in many bacteria that include a conserved regulatory mechanism.
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EXPERIMENTAL PROCEDURES

Chemicals, sugars and sugar phosphates. All chemicals, sugars and sugar
phosphates were from Sigma unless otherwise stated. MurNAc and muramic acid (MurN)
were from Bachem (Bubendorf, Switzerland). AnhydroMurNAc was kindly provided by
Dr. Niels Kubasch (FB Chemie, LS Prof. R.R. Schmidt, University of Konstanz).
MurNAc-6-phosphate was prepared from TJ2 cells grown on MMA supplemented with
glycerol, as described (Jaeger et al., 2005).
Strains, plasmids and promoter fragments. E. coli strains, plasmids and promoter
fragments used in the present study are listed in Table 4.3; the primers used in this study
are listed in Table 4.4. Strains were cultivated in shaking flasks at 37°C in minimal
medium A (MMA) (Miller, 1992) containing one or a combination of the following
carbon sources: 0.2% MurNAc (6.82 mM), 0.2 % glucose (11.11 mM) or 1% casamino
acids (Becton Dickinson AG) supplemented with ampicillin (200 µg ml-1) or isopropyl βD -thiogalactoside

(IPTG, 0.05 mM) unless otherwise stated. DNA preparations,

restriction enzyme digestions, ligations and transformations were performed according to
standard techniques. Genes and DNA fragments were amplified by PCR using
chromosomal DNA from E. coli K-12 strain MG1655 (Blattner et al., 1997) and Pwo
DNA polymerase (peQLab, Erlangen, Germany). murR (formerly yfeT) of E. coli was
cloned into vector pCS19 (Spiess et al., 1999) generating plasmid pTB6. This construct
fuses murR to a C-terminal His-tag and puts it under the control of the T5 promoter and
the lac repressor. For the construction of transcriptional phoA- and lacZ-fusions, the
murR-murQ intergenic region that carries the divergent promoters for murQ and murR,
was cloned (using BamHI and BglII sites) in both orientations into the “divergent
promoter-cloning vector” pTAC3575 (Atlung et al., 1991) resulting in two plasmids with
different transcriptional fusions: pPRO2 (murQ-lacZ, murR-phoA) and pPRO7 (murRlacZ, murQ-phoA). For construction of chromosomal transcription fusions, pPRO2 and
pPRO7 were integrated into the lambda prophage attachment site of the E. coli MC4100
chromosome using the lambda InCh integration system as described in (Boyd et al.,
2000), yielding single copy chromosomal fusions. murR was deleted in E. coli DY330 by
homologous replacement with a kanamycin resistance cassette (Kmr) with modifications
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(Dahl et al., 2004) of published protocols (Datsenko and Wanner, 2000; Yu et al., 2000).
In brief, Kmr was amplified from plasmid pKD13 (Datsenko and Wanner, 2000),
integrated into DY330 and then transferred by P1 transduction (Miller, 1992) into strain
MC4100 (Casadaban, 1976) yielding the deletion strain TJ103.
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Table 4.3. Bacterial strains, plasmids and promoter fragments used in the present work.
Name
Bacterial strains
MG1655

Relevant genotype and features
Sequenced E. coli K-12

BL21

E.coli K-12 F— Δ(argF-lac) U169 flbB5 3 0 1
araD139 deoC1 relA1 rbsR rpsL150 ptsF25
W3110 F— Δ(argF-lac) U169 gal-490 (λ cI857
Δcro/broA), heat inducible λRED recombination
system
F— ompT hsdSB(rB- mB-) gal dcm

BL21(DE3)

F— ompT hsdSB(rB- mB-) gal dcm (DE3)

MC4100
DY330

TJ2
TJ103
TJ105
TJ106
TJ107
TJ108
Plasmids
pCS19

pET15b-crp
pPRO 2
pPRO 7
pTAC3575
pTB6
pKD13
Promoter Fragments
reg I

MC4100 murQ::Kmr
MC4100 murR::Kmr
MC4100 murR::Kmr murQ-lacZ, murR-phoA
MC4100 murR::Kmr murR-lacZ, murQ-phoA
MC4100 murQ-lacZ, murR-phoA
MC4100 murR-lacZ, murQ-phoA
Expression vector based on pQE31 (Qiagen) Ampr,
carrying the constitutively expressed lac repressor
lacIq
crp with N-terminal His6-tag (NdeI/BamH1)
murQ-lacZ, murR-phoA; derivative of pTAC3575
murR-lacZ, murQ-phoA; derivative of pTAC3575
Divergent promoter cloning vector, promoterless
lacZ, phoA, Ampr; transcriptional fusions
N c o I and BglII C-terminal His6 fusion protein,
derivative of pCS19
Ampr Kanr, PCR template for homologous gene
displacement

Amplified with ProF/ProR; carrying 5’murR (1108), 5’murQ (1-93), the binding sites for CAP and
MurR
reg II
Amplified with ProF/ProCAP-R; carrying the
consensus CAP site
reg III
Amplified with ProCAP-F/ProRR; carrying the
MurR binding site
reg IV
Amplified with ProRF/ProR; without the binding
sites for CAP or MurR
Ampr, ampicillin resistant; Kmr, kanamycin resistant.

Reference/Source
( B l a t t n e r et al.,
1997)
(Casadaban, 1976)
(Yu et al., 2000)

(Studier and Moffat,
1986)
(Studier and Moffat,
1986)
(Jaeger et al., 2005)
This work
This work
This work
This work
This work
(Spiess et al., 1999)

S. Seitz
(unpublished)
This work
This work
(Atlung et al., 1991)
This work
(Datsenko
and
Wanner, 2000)
This work

This work
This work
This work
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Table 4.4. Oligonucleotide primers used in the present work.

Priming or restriction sites are underlined.
Primer
Construction of murR deletion strain
yfeT del P1/F

yfeT del P4/R

Sequence (5’ to 3’)

GAT CAG CTC ACT AAT TCA GGA AAA TCT CAA TCC
AGT CGC TGC TTT ATG CAG TGT AGG CTG GAG CTG
CTT CG
GTC ATA AGA ACT TAA GCG GAA TTT ATG CTG CCA
GCC CAG GAG AGT GGA AGA TTC CGG GGA TCC
GTC GAC

Construction of plasmid pTB6
yfeT Nco1/F
AGT GGA CCA TGG TGT ACC TGA CGA A
yfeT Bgl2/Hind3 R
AGT CGA AGC TTT TAA GAT CTT TTC AGG CGT TG
Construction of plasmids pPRO2 /
pPRO7
ProF
AGA AAC AGA TCT CAG CTC ACT CAC GTT GG
ProR
GTT GAG GAT CCG GCA CAT TTC CAG C
Construction of promoter fragments
ProCAP-F
CTT CAC ACT CTG CGA GTG TAG ACT CAA T
ProCAP-R
ATT GAG TCT ACA CTC GCA GAG TGT GAA G
ProRF
GAT CGT AAA TAG TAA GGT CAC CAC C
ProRR
GAT GTA TGG AAT CAT ATA TCC CGA ATT GAC
Primer for 5’-RACE
RTQ1
GTG CTG AAT GGC ATA TTC
RTQ2
CCA ACC ACC AGA CCC GGT TTC ACG
RTQn
GGA CAT TCG CTG GCA TCC AGA ATC C
RTR1
CAT ACG CAA TTC AGT AAA TCC
RTR2
CTT GCG CGC CGA GTT TTT GGG CAA ATT TC
RTRn
CTG GCT AAT GCC GAG CTG TTT CGC CAT CTG C

Detection of the murQ and murR transcription start sites. The transcription start
sites were identified with the 5’-RACE (rapid amplification of cDNA ends) kit from
Invitrogen (Carlsbad, California) according to the manufacturer’s instructions. Total RNA
was prepared from logarithmically growing cultures with the RNA Mini preparation kit
from Qiagen (Hilden, Germany). TJ103 grown on Luria-Bertani (LB) broth was used to
prepare RNA for identification of the murQP operon transcriptional start site, and
MC4100 grown on MMA with 0.4% glycerol and 0.1% MurNAc was used to prepare
RNA for identification of the murR operon start site. The primers used for reverse
transcription and amplification of cDNA by PCR are listed in Table S1. The resulting
PCR products were sequenced by GATC (Konstanz, Germany). The transcription start
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sites were determined in three independent experiments with different RNA preparations
obtained from cultures grown under different conditions.
Purification of MurR and CAP. The regulator MurR was expressed in E. coli
BL21 carrying pTB6. The strain was grown in LB with ampicillin (200 µg ml-1) at 37°C
to an OD578 of 0.6, then IPTG was added to a final concentration of 0.05 mM and
cultivation was continued for 4 h with shaking. Cells were harvested by centrifugation,
resuspended in buffer (50 mM sodium phosphate, 1 M NaCl, 10 mM imidazole, pH 8.0)
and disrupted using a French cell disrupter. Debris and unbroken cells were removed by
ultra-centrifugation (100 000 x g, 60 min). The His-tagged protein was found within the
supernatant and was purified on a 5 ml HisTrap HP column (GE Healthcare) according to
the manufacturer’s instructions. The protein was eluted with a linear gradient from 20 500 mM imidazole. The peak fractions (at 160 mM imidazole) were pooled and stored at
4°C.
Purification of CAP protein was performed using BL21-DE3 cells that contained
the plasmid pET15b-crp (Sabine Seitz, unpublished). Induction and purification were
carried out essentially as described for MurR, using a buffer containing 50 mM sodium
phosphate, 300 mM NaCl, 10 mM imidazole, pH 8.0. The peak fractions (at 175 mM
imidazole) were pooled and stored at 4°C. Protein concentrations were determined using
Bradford reagent (Bio-Rad, Hercules, CA) according to a published method (Bradford,
1976).
Size determination of MurR. Oligomeric forms of MurR were separated by gel
filtration chromatography. Protein purified by nickel chelating chromatography (0.25 ml;
1 mg ml-1) was applied to a Superdex 200 HR1030 column (GE Healthcare) equilibrated
in 50 mM sodium phosphate, 1 M NaCl, pH 7.5, and eluted with the same buffer at a flow
rate of 0.5 ml min-1. The fractions were analysed by Western blotting with antibodies
against the His-Tag as described by the manufacturer (Qiagen, QIAexpress). The
hydrodynamic radius of MurR was measured and the molecular mass was calculated by
dynamic light scattering using a DynaPro99E instrument from Protein Solutions
(Lakewood, NJ, USA). The instrument was calibrated with buffer (50 mM sodium
phosphate, 1 M NaCl, pH 7.5). Once a stable baseline of 1.0 was established, 12 µl of
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concentrated MurR (gel filtration pool fraction; 3 mg ml-1 protein in calibration buffer)
was injected and data were recorded at 20°C.
Electrophoretic mobility shift assay (EMSA). DNA fragments containing various
parts of the murR-murQ intergenic region were amplified by PCR using the plasmid
pPRO2 as template (the DNA fragments are listed in Table 3, the primers are listed in
Table S1). The fragments were gel purified (Gel extraction kit; Qiagen) and 5’endlabelled with [γ32P]ATP (10 µCi; Hartmann Analytic GmbH, Braunschweig, Germany)
and 10 units of T4 polynucleotide kinase (Fermentas, Ontario, Canada). Excessive
[γ32P]ATP was removed with mini-Quick-Spin-Oligo columns (Roche Diagnostics).
Binding of MurR or cAMP-CAP to the radioactively labelled DNA fragments was
performed in HEPES/potassium glutamate buffer (25 mM HEPES, 150 mM K-glutamate,
pH 8) containing 0.5 mg ml-1 BSA as described in (Plumbridge and Kolb, 1991). For the
EMSAs performed with CAP, the samples and the electrophoresis buffer, in addition,
contained cAMP (200 mM). Proteins were diluted in the same buffer and mixed with
[γ32P]ATP-labelled DNA (100 - 200 Bq, 0.5 - 1 µg) and 0.5 µg of unspecific competitor
polynucleotides (poly(dI-dC); Roche Diagnostics) within a final volume of 10 µl. The
samples were incubated for 15 min at room temperature and then mixed with 5 µl of the
same buffer supplemented with 40% glycerol and bromophenol blue. Free DNA and
MurR-DNA complexes were separated on 6% polyacrylamide gels in TBE buffer (89
mM TRIS-Base, 89 mM sodium borate, 1 mM EDTA pH 8.3). The EMSAs were
visualized by autoradiography.
DNase I protection assay. A radioactively labelled DNA fragment containing the
entire MurR operator region was generated by PCR using the primers ProF and ProR
(listed in Table S1). A primer combination was used that contains one unlabelled primer
and the second primer, 5’-labelled with T4 polynucleotide kinase (10 units) and 10 µCi of
[γ32P]ATP. As PCR template unlabelled PCR product of the operator region was used.
The resulting PCR product was purified with the PCR purification kit (Qiagen). 20 000
cpm of the labelled DNA were incubated with varying amounts of MurR in a total volume
of 25 µl (conditions were as described for the EMSAs). The DNase I digest was carried
out using 0.005 units of DNase I (GE Healthcare) at 37°C for 1 minute. The reaction was
stopped by adding 50 µl stop solution containing 20 mM EDTA, 0.4 M sodium acetate,
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pH 5.0 and 10 µg ml-1 herring sperm DNA. The protein was removed with
phenol/chloroform followed by a chloroform/isoamylalcohol extraction. The DNA was
precipitated with 2.5 volumes of 96% ethanol with 0.3 M sodium acetate (pH 5.0) at
–20°C for 2 hours. After centrifugation the DNA pellet was washed once with 70%
ethanol, dried and resuspended in sequencing stop solution (MBI Fermentas). The
samples were heated to 95°C for 3 minutes and applied directly onto a 6%
polyacrylamide sequencing gel containing 7 M urea. A sequencing reaction with the
corresponding primer was run in parallel.
Beta-galactosidase assay. ß-galactosidase activity was determined according to
the method of Miller (Miller, 1992) with few alterations. Hydrolysis of ortho-nitrophenylß-D-galactoside (ONPGal) in CHCl3-sodium dodecyl sulfate-permeabilized cells was
performed at 28°C. After stopping the reaction with sodium carbonate (1 M), the
suspension was clarified by centrifugation prior to measuring the optical density at 405
nm. To calculate the specific activity, an extinction coefficient for ortho-nitrophenol of
4 860 mol-1 cm-1 was used. Specific activity (U mg-1 protein-1) was given in µm o l
ONPGal hydrolysed per min per mg protein at 28°C. All cultures were assayed in
duplicate, and reported values are averaged from at two or three independent experiments.
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