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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 N-acetylglucosamine (GlcNAc) catabolism revealed that
the catabolic pathway for MurNAc merges into the GlcNAc pathway on the level of GIcNAc 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-, mannose/glucosamine-, nor
GlcNAc-specific PTS (PtsG, ManXYZ, and NagE, respectively) was found to be necessary. Instead, we iden-
tified 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
(EIIA®™), 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 isopropylthiogalactopyranoside-inducible plasmid. A functional His, fusion of
MurP was constructed, isolated from membranes, and identified as a polypeptide with an apparent molecular
mass of 37 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis. Close
homologs of MurP were identified in the genome of several bacteria, and we believe that these organisms might

also be able to utilize MurNAc.

N-Acetylmuramic acid (MurNAc; 2-acetamido-2-deoxy-3-
O-[(R)-1-carboxyethyl]-pD-glucopyranose) is a monosaccharide
compound present in the cell wall of almost all bacteria and
missing in only few bacterial groups, such as mycoplasmas (32).
Together with N-acetylglucosamine (GIcNAc), it forms the
backbone of the cell wall peptidoglycan of both gram-positive
and gram-negative bacteria (34). Cleavage of peptidoglycan by
lysozyme and other muramidases has been studied intensively
since the 1960s (15, 35). Interestingly, the uptake and further
catabolism of the products of lysozyme degradation have not
been investigated. In contrast, degradation of cellulose and
chitin, B-glycans constituting the cell walls of plants, fungi, and
the exoskeleton of arthropods, has attracted tremendous at-
tention in recent years, and the catabolism of these polysac-
charides has been elucidated in many microorganisms (10, 16,
21, 44, 45, 46). 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 carbohy-
drates and controls the metabolism. The system consists of gen-
eral 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
(17). The genes responsible for uptake and degradation of the
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disaccharide, previously assigned to the cryptic cellobiose
operon, were identified as components EIIB, -C, and -A of a
phosphoenolpyruvate (PEP)-dependent PTS specific for N,N'-
diacetylchitobiose (chbBCA), an N,N’-diacetylchitobiose-induc-
ible repressor (chbR), a phospho-N,N'-diacetylchitobiose phos-
phorylase (chbF), and a gene of unknown function (chbG).

Furthermore, uptake and degradation of GIcNAc have been
described extensively in E. coli. The nag operon (nagEBADC)
is involved in GIcNAc transport and metabolism (29). nagk
encodes a permease responsible for the transport and phos-
phorylation of GlcNAc (19). 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 Glc-
NAc molecule. EIIA itself is phosphorylated by PEP, involving
the general enzymes of the PTS cascade (EI and HPr). The
product, GIcNAc 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
of GIcNAc catabolism and as an activator of the UDP-GIcNAc
anabolic pathway (26, 27).

To date, there is no information available concerning
MurNACc as a 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 (8, 9). During enlargement of the
cell wall, new material has to be synthesized and integrated
into the existing sacculus. This is accomplished by the con-
certed action of synthetic and lytic enzymes in a sophisticated
process presumably involving a multienzyme complex that en-
ables the safe insertion of new material in the stress-bearing
cell wall without the risk of lysing the cell (42). It is believed
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid

Known genotype®

Reference or source

Strains
MC4100 F~ araD139 A(argF-lac)U169 flbB5301 deoC1 relAl rbsR rpsL150 ptsF25 3
BL21 F~ ompT hsd Sp(rg™ mg™) gal dem 37
IBPC5321 thi-1 argG6 argE3 his-4 mlit-1 xyl-5 rpsL AlacX74 mlc-1 28
IBPC590 IBPC5321 AnagEBADC::Tet" 28
IBPC531 IBPC5321 nagA::Cm" 28
IBPC546 IBPC5321 nagB::Km" 28
IBPC542 IBPC5321 nagE::Km" 28
KM540 MC4100 treA::Spc' pgi 13
LR-2-167 argGo6 galT his-1 manl metB phoA rpsL thi-1 nagE ptsM 41
LR-2-168 LR-2-167 ptsG 40
LM1 LR-2-167 crr Josef Lengeler, Osnabriick
PPA69 HfrK16 galR thi glk::Cm" AptsHIcrr Lab stock
ET185 MC4100 P[(malT-lacZ)(\placMu50)] glpK::Cm" Acrr::Km* Tanja Eppler, Konstanz
ET25 MC4100 Acya crp* ilv™* Tanja Eppler, Konstanz
1J3 ET25 Acrr::Km* This study
CM1 113 AtreA This study
DY330 W3110 AlacU169 gal-490 (\ c1857 Acro/broA) 47
CM99 DY330 yfel::Km" This study
CM100 MC4100 yfeV::Km" This study
CM101 KMS553 yfeV::Km" (ptsHIcrr)™ This study
CM102 KMS553 yfelV::Km" AptsHlcrr This study
CM103 MC4100 AyfelV This study
Plasmids

pKD4 Ap" Km' plasmid, PCR template for homologous gene displacement 6
pCP20 Ap" Cm" plasmid that shows temperature-sensitive replication and 6

thermal induction of FLP recombinase synthesis
pCS19 Expression vector based on pQE31 (Qiagen) Ap', additionally carrying 36

the constitutively expressed lac repressor lacl4
pCS19YfeV yfeV cloned into pCS19, expression vector for IPTG-inducible MurP This study

expression
pCS19YfeV yfeV cloned into pCS19, expression vector for IPTG-inducible MurP His, This study
His, expression

“ Ap', ampicillin resistant; Cm", chloramphenicol resistant; Km®, kanamycin resistant; Spc', spectinomycin resistant; Tet", tetracycline resistant.

that continuous murein turnover is intrinsically connected to
the process of cell elongation and division. The cell wall pep-
tides are efficiently reutilized, without further degradation (i.e.,
recycled), to form new murein (24, 25).

Recently, evidence was provided to suggest that recycling of
cell wall sugars occurs in E. coli (23). 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 rather than
the free sugar (12). The peptidyldisaccharides GleNAc B-(1,4)-
anhydro-MurNAc, with L-alanyl-p-glutamyl-meso-diamino-
pimelic 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 (5) and further degraded within the cyto-
plasm by an N-acetylglucosaminidase, NagZ (4, 43); by an
amidase, AmpD (14); and by an L,p-carboxypeptidase, LdcpA
(39). 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 phospho-
transferase system (named MurP) that is involved in the up-
take and catabolism of MurNAc.

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 (Beverly, Mass.) and
Roche/Boehringer (Mannheim, Germany). E. coli strain BL21 and His-binding
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 medium components were
obtained from Difco. GIcNAc, MurNAc, antibiotics, vitamins, and amino acids
were from Sigma (Taufkirchen, Germany). The expression vector pCS19 was
previously constructed by introducing a lacI gene into pQE60 (Qiagen) to allow
constitutive expression of the lac repressor (36). 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 se-
quence alignment.

E. coli strains were grown at 37°C on minimal medium A (MMA) (22) con-
taining 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 g of
thiamine and 40 pg of 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%
(wt/vol) MurNAc were used to test cell growth on agar plates. Growth kinetic
experiments were performed as follows: 5 to 10 ml of MMA plus 0.2% carbon
source and additives was inoculated with an exponential-phase culture (previ-
ously 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-pl
aliquots of medium in disposable microcuvettes (UVette; Eppendorf, Hamburg,
Germany) at 578 nm. Expression of MurP from plasmids pCS19YfeV and
pCS19YfeV-His, was achieved by growing E. coli BL21 cells in Luria-Bertani
broth containing ampicillin (100 pg/ml). The E. coli strains and plasmids used in
this work are listed in Table 1.

Construction of transporter deletion mutants. We used a combination of the
protocols for homologous gene replacement (6, 47) to introduce a site-specific
insertion of a kanamycin resistance cassette (Km") into yfel/, now named murP.
Primers that contained 3'-end sequences complementary to the first or last 20 bp
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of the kanamycin resistance cassette of plasmid pKD4 (6) and 5'-end sequences
with flanking regions upstream and downstream murP, based on the published
gene sequence (1), were constructed: P1/KD4 murP, 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, 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 wM primers and 0.2 mM concentrations of the
four desoxynucleoside triphosphates in 100 ul 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 pl of Pwo DNA polymerase was added.
Thirty PCR cycles (60 s at 94°C, 30 s at 56°C, and 90 s at 72°C) were performed
in a thermal cycler and revealed a single 1.6-kb fragment, as analyzed by agarose
gel electrophoresis. The linear PCR fragment was transformed by electropora-
tion with a GenePulser (Bio-Rad, Munich, Germany) into strain DY330 (47).
This strain carries a defective N prophage, and expression of the \ red recombi-
nase genes for 15 min at 42°C allows recombination of linear DNA fragments
into the chromosome.

By P1 transduction, the yfel::Km" insertion from CM99 was introduced into
strains MC4100 and KM553, resulting in strain CM100 (MC4100 yfel::Km") and
two KM553 derivatives, CM101 (yfeV::Km" glk::em ptsHIcrr™) and CM102
(vfeV::Km* glk::cm AptsHlcrr). The kanamycin resistance cassette was eliminated
from strain CM100 with the Flp recombinase provided from plasmid pCP20 (6).
The resulting strain, CM103, contained a pKD4 scar in the place of murP (Fig.
5). Colony PCR was performed to confirm the site-specific insertion and deletion
of murP in strains CM99 and CM103.

Construction of plasmids pCS19YfeV and pCS19YfeV-His, and overexpres-
sion of the encoded His, fusion protein. DNA preparations, restriction enzyme
digests, ligation, and transformations were performed by standard techniques.
The gene yfel” 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 (1): yfel” BamHI/F, AACCATGGGAG
GATCCGCCAAAGAGATCAGCAGTG-3'; and yfel/ BgllI-HindIII/R, TTC
CCAAGCTTAAGATCTGTCCAGATTGACGTTACGG-3'.

The PCR mixture contained 0.8 wM primers and 0.2 mM concentrations of the
four desoxynucleotides in 100 pl 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 pl of Pwo DNA polymerase was added. Thirty PCR cycles (45 s at
94°C, 45 s at 56°C, and 90 s at 72°C) were performed in a thermal cycler and
revealed a single 1.4-kb fragment, as analyzed by agarose gel electrophoresis.
The fragments were subsequently cloned into pCS19 vector in two ways: diges-
tion with BamHI and BglII for cloning of a C-terminal His, fusion protein and
digestion with BamHI and HindlIII 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 mem-
brane fraction. E. coli MC4100 carrying pCS19YfeV-His, was induced with
isopropylthiogalactopyranoside (IPTG) and grown for an additional 3 h. IPTG-
induced cells from a 200-ml Luria-Bertani broth culture were collected by cen-
trifugation and resuspended in a minimal volume of buffer (20 mM Tris-HCI).
The cells were ruptured by passing them three 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 (SDS-PAGE). Pro-
teins were transferred to fluoropolymer membranes (Fluorotrans; Pall GmbH,
Dreieich, Germany) and analyzed with antihistidine-horseradish peroxidase con-
jugates with the QIAexpress detection kit according to the manufacturer’s pro-
tocol (Qiagen, Hilden, Germany).

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 se-
rovar Typhimurium LT2, Bacillus subtilis, and Enterococcus
faecalis; data not shown). However, growth of E. coli on
MurNAc was slow compared to growth on GIcNAc and glu-
cose (Table 2). The doubling time for E. coli MC4100 growing

MurNACc-PTS 2387

TABLE 2. Doubling times and maximal optical densities for
MC4100 on different carbon sources

Mean maximum

Medium* (no. of optical density at

Mean doubling

replicates) time (h) 578 nm
MMA-glucose (3) 0.83 = 0.03 27*03
MMA-GIcNAc (2) 0.84 = 0.02 27x0.3
MMA-MurNAc (6) 34x03 1.8 +0.2

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

on MurNAc in minimal medium at 37°C with continuous shak-
ing was determined to be about four times longer than for
growth on glucose or GIcNAc. MurNAc depletion from the
growth medium was observed by high-pressure liquid chroma-
tography analysis and indicates uptake of MurNAc by E. coli
cells (data not shown).

Convergence of the MurNAc and the GlcNAc degradation
pathways. Mutant strains interrupted in the degradative path-
way for GIcNAc (deletion of the entire nag operon, AnagEBADC;
deletion of the GIcNAc 6-phosphate deacetylase, AnagA; and
deletion of the glucosamine-6-phosphate deaminase, AnagB)
were found to be unable to utilize MurNAc as the sole source
of carbon and energy (Table 3). However, a mutant deficient in
glucose 6-phosphate isomerase (pgi) that was not able to utilize
glucose efficiently (2) was able to grow on MurNAc and Glc-
NAc. It can be concluded that the MurNAc and GIcNAc me-
tabolism pathways merge on the level of GIcNAc 6-phosphate,
which implies that MurNAc is phosphorylated in the process
and that the lactyl ether substituent is cleaved off prior to
deacetylation and deamination (Fig. 1).

MurNAc is transported by a PTS. Mutants defective in
ptsIHerr (encoding EI, HPr, and EIIAS') were unable to grow
on MurNAc. This strongly suggests the involvement of a PTS
in MurNAc transport. Since GlcNAc transport and phosphor-
ylation are mediated by the nagE- and the manXYZ-encoded
PTS, we tested E. coli nagkl manXYZ mutants for growth on
MurNAc. Strains LR2-167 (nagE manXYZ) and LR2-168
(nagE manXYZ ptsG) were unable to grow on GIcNAc and
were deficient in utilization of glucose, whereas they grew
normally on MurNAc (Table 4). Hence, neither nagE,
manXYZ, nor ptsG is responsible for MurNAc uptake and
phosphorylation.

It should be noted that after prolonged incubation (>24 h)
of strains LR-2-167, LR-2-168, and LM1 on MMA-GIcNAc or

TABLE 3. Growth of E. coli strains defective in glucose or
GlcNAc metabolism”

Growth
Medium IBPC  IBP C590 IBP C531 IBP C546 KM540
5321 AnagEBACD::Tet" nagA:Cm" nagB:Km"  pgi
MMA-glucose — ++ ++ ++ ++ (+)
MMA-GIcNAc  ++ — — — ++
MMA-MurNAc  + - - - +

“ Growth rates on MMA supplemented with 0.2% carbon source (plus thia-
mine, arginine, and histidine) were classified as follows: ++, fast growth, colo-
nies visible within 1 day at 37°C; +, slow growth, small colonies visible within 1
day but clearly visible within 2 days; (+), residual growth, small colonies visible
within 2 days; —, no growth. Only relevant genotypes are indicated.
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FIG. 1. Proposed MurNAc degradation pathway of E. coli. Con-
vergence with the GlcNAc degradation pathway occurs on the level of
GIcNAc 6-phosphate. A hypothetical etherase is required for removal
of the lactyl ether substituent of MurNAc.

MMA-MurNAc, few colonies appeared (Tables 4 and 5). Since
the deficiency of nagE, manXYZ, and crr in these strains is the
result of point mutations only, a high frequency of back-mu-
tations is expected. When transferred to fresh agar plates, the
strains grew as well as if there were no mutations in these
genes, and we believe that the colonies represent revertants.

TABLE 4. Growth of E. coli strains defective in sugar transport”

Growth
. LR-2-168 LM 1
Medium PPA69  IBPC542 Ll}lf'EW nagE nagk:
AptsHIcrr  nagE::Km" i manXYZ manXYZ
manXYZ
ptsG crr
MMA-glucose - ++ ++ (+) (+)
MMA-GIcNAc - ++ _b _b b
MMA-MurNAc — ++ + + _b

“ Growth rates on MMA supplemented with 0.2% carbon source (plus thia-
mine, methionine, arginine, and histidine) were classified as defined in Table 3,
footnote a.

b Revertants appeared after prolonged incubation (see the text for explana-
tions).

J. BACTERIOL.

TABLE 5. Effect of cAMP and growth of cAMP/CAP-independent
E. coli strains”

Growth”
LM1 nagE
Medium manXYchrr ET25 113 Acya C]\/Llrpécya
Ao cp” Acrr::Km”
0 mM 0.5 mM Crp* Acrr:: Km* Atred
cAMP cAMP
MMA-glucose (+)° ND ++ (+) (+)
MMA-GIcNAc - ND ++ ++ ++
MMA-glycerol + ++ ++ + +
MMA-trehalose  (+) (+) ++ (+) -
MMA-MurNAc —¢ = + - -

“ Growth rates on MMA supplemented with 0.2% carbon source (plus thia-
mine, methionine, arginine, and histidine) were classified as defined in Table 3,
footnote a.

? ND, not determined.

¢ Revertants appeared after prolonged incubation (see the text for explana-
tions).

EIIA®" 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
putative MurNAc-PTS might be dependent on EIIAC". How-
ever, reduced uptake of MurNAc in the crr strain could pos-
sibly be explained by a repression effect involving the catabolite
gene activator protein (CAP). EIIA®'" in its phosphorylated
form stimulates adenylate cyclase (cya) to produce cyclic AMP
(cAMP), required for activation of cAMP- and CAP-depen-
dent transcription (30). 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 5).

We also 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 EIIA™ (crr). These strains were also unable
to grow on MurNAc; however, these strains grew on glycerol as
the sole source of carbon, confirming the EITA®' indepen-
dence of glycerol metabolism. A dependency on EIIA®'® has
been found previously for the trehalose-PTS (treB) (18), and
therefore our intention was to use trehalose as a substrate for
negative control. Strain JJ3 (Acya crp* Acrr::Km") showed re-
sidual growth in the absence of EIIA“' caused by hydrolysis of
trehalose by the periplasmic trehalase, TreA (18), and a strain
(CM1) that additionally carries a deletion in tre4 was con-
structed. Indeed, strain CM1 did not grow on trehalose or on
MurNAc, proving the EIIA®' dependence of both PTS. Strain
CM1 was able to grow on GIcNAc, and residual growth on
glucose independent of a functional glucose-PTS has been
described (11).

Genomic database search for a possible PTS-EIIBC. A
genomic database search revealed a candidate PTS-EIIBC
(b2429, Swiss-Prot P77272) (Fig. 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 (38). YfeV showed high
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P77272 YFEV_ECOLI
Q83QN3 YFEV_SHIFL
Q8xXBJ1 YFEV_H157:H7
Q9KVD9 PPTS_VIBCH
QB81HHO YBBF_BACCE
0824L3 PPTS SALTY
Q8ZN26 PPTS SALTM
0831R5 PPTS ENTFA
Q9CGG5 PPTS LACLA
Q45579 YBBF_BACSU
P08470 PTSB_SALTM
P27219 PTSB_KLEPN
P08722 BGLF ECOLI

P36672 TREB ECOLI

MurNAc-PTS 2389

-MAKEI SSELLNTILTRVGGPGNIASCONGRENRI GVHDSSLVD - PNIKTLEGVKGVIL
-MAKEISSELLNTILTRVGGPGNIASCCNEIAIT GVHDSSLVD -PNIKTLEGVKGVIL
-MAKEISSELLNTILTRVGGPGNIASCCNERINRTT GVEDSSLVD -PDIKTLEGVKGVIL
-MMAKI TQTMMAQVLSLVGGSGNVAKCONEYRIIRTT TLNN SALADHAALKK I SGVMGVVE
————————— MAKEISEQLGGIKNIRST AHGYRUIRIL TLHDESKVNMNLLKKVEGVMG-VI
---MDKTAALASDILRGIGGEQNT LRLENGUWIRGIVEVODDSQLD I PRLKALPGVSGYVK
---MDKTAALASDILRGIGGEQNT LRLENGRERIVEVODDSQLD I PRLKALPGVSGYVK
MAEER- IKRIADGI YKEVGGQENVDKV I HEVEsayaMD IRDYDKVD I EGLKKIDGVMG-VV
MAEEK-IARTIAREIYENVGGTQNVKKLI LEYIERIMT I I DDSKVNLAGLKAIDGVMG-VV
MSKENNYHHLAQKILELCGGKSNISSY THEVEIWENT TPYDESKADAQALRKLDGVLG-VV
---MD-FEQISCSLLPLLGGKENIASAAHBINUIR VL.VDDSLADQQAI GKVEGVKGCFR
---MD-FEQISRSLLPLLGGKENIASAAHBIRUIR VL.VDDALADQOAI GKIDGVKGCFR
—————— MTELARKIVAGVGGADNIVSLMEEEIIFK LKDE SKAQAEVLKKTPGI IMVVE

-MMSKINQTDIDRLIELVGGRGNIATVSH@NRANFVLNQPANARPKEIEQLPMVKGCFEFT

* * kk ok,

FIG. 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.

similarity (79% overall amino acid sequence similarity accord-
ing to the BLAST sequence alignment tool) with a putative
sucrose PTS from Vibrio cholerae (PPTS_VIBCH) and 50 to 60%
similarity with a putative sucrose PTS from Bacillus spp. (Bacillus
cereus, YBBF_BACCE; Bacillus subtilis, YBBF_BACSU), Sal-
monella 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 sero-
var Typhimurium LT2 (PTSB_SALTM) and Klebsiella pneu-
moniae (PTSB_KLEPN) showed 53% overall sequence simi-
larity. Furthermore, some 40% sequence similarity was
observed with the trehalose PTS (TREB_ECOLI) and the
EIIBC portion of the cryptic B-glycoside PTS (BGLF_ECOLI)
of E. coli. Interestingly, genes nearly identical to yfel” could be
found within the genome of other E. coli strains (E. coli O157:
H7; YFEV_HI157:H7 and E. coli O6) and also within the Shi-
gella flexneri chromosome (YFEV_SHIFL). The Shigella pro-
tein was 100% identical on the amino acid level and 98%
identical on the nucleotide level to the E. coli protein.

yfeV knockout mutants fail to grow on MurNAc. We con-
structed a genomic yfel (murP) deletion mutant in strain
DY330 by a combination of the methods developed by Donald
Court and coworkers (47) and Datsenko and Wanner (6). The
yfeV:Km" deletion was introduced into strains MC4100 and
KM553 by P1 transduction, resulting in strain CM100 (MurP ™)

and two KMS553 derivatives, CM101 (MurP~, Glk~, and
PTS™) and CM102 (MurP~, Glk~, and PTS ™). Recombination
of the DNA portion carrying yfel/::Km" from the transducing
P1 phage resulted in both upkeep and correction of the ptsHI
crr deletion of strain KMS553. A cotransduction frequency of
about 50% was observed, consistent with the distance between
ptsHI crr and yfel” of 0.3 min on the E. coli chromosome. The
kanamycin resistance cassette was eliminated from strain
CM100 with the Flp recombinase from plasmid pCP20 (6). The
resulting strain, CM103, carries only the characteristic “scar”
sequence in place of yfel” (see Fig. 5). All deletion mutants of
yfeV constructed were found to be unable to grow on MurNAc.
There was no difference between yfel’::Km" strains CM101 and
CM102, although the first strain had deletions in essential PTS
genes and the second strain did not.

Growth was rescued by providing yfel in trans. Gene yfel”
was amplified by PCR and cloned into the expression vector
pCS19 (a derivative of the commercial vector pQE60 from
Qiagen, containing a constitutionally expressed lacl?). The
cloning was performed in two ways, which allows IPTG-in-
duced overexpression of native YfeV (MurP) enzyme as well
as a C-terminal YfeV (MurP)-His, 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. 3): only slow growth
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Time (h)

FIG. 3. Growth curves of wild-type E. coli and mutant strains grow-
ing on MMA supplemented with 0.2% MurNAc (6.8 mM) and induced
with 0.5 mM IPTG (solid symbols) or without induction (open sym-
bols): wild-type E. coli (MC4100) carrying control plasmid pCS19 with
(V) and without induction (V); murP (yfel) deletion strain CM103
carrying plasmid pCS19 with (@) and without (O) induction; murP
deletion strain CM103 carrying plasmid pCS19YfeV with (@) and
without (OJ) induction; and murP deletion strain CM103 carrying plas-
mid pCS19YfeV-His, with induction (A). Representative data out of
three replicates are shown.

in the absence of IPTG indicates a low level of constitutive
expression of MurP, but fast growth was observed in the pres-
ence 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-His, was induced with IPTG
and grown for an additional 3 h. Membrane vesicles were
isolated as described above, and membrane proteins were sep-
arated by SDS-PAGE. Subsequent blotting onto fluoropoly-
mer membranes allowed detection of the Hiss-tagged fusion
protein, YfeV-His,, with antibodies. We found that YfeV-
His6, a protein with a theoretical molecular mass of 50 kDa,
ran in SDS-PAGE with a mobility similar to that of the 37-kDa
marker (Fig. 4). It is known from the literature that membrane
proteins show mobilities not consistent with that of soluble
globular proteins (7), but we cannot exclude possible proteo-

kD
250 —
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75—
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25 —

20 —

IPTG 0 0.1 05 1.0 mM

FIG. 4. Western blot of SDS-PAGE with anti-His, antibodies.
Strain CM103 carrying pCS19YfeV-His, 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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lytic degradation of the MurP protein. A faint band of approx-
imately 95 kDa was also observed that might represent a mul-
timeric form of MurP or a complex of MurP with soluble PTS
components.

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 were
about four times lower than with favorable sugars (glucose and
GlcNAc), indicating a less energy-efficient degradation path-
way. Although overexpression of the transport system (MurP)
from a plasmid increased the growth rate to some extent
(see Fig. 3), the amount of MurP did not seem to be the
major factor that limited growth. The further degradation of
MurNAc 6-phosphate via a hypothetical etherase possibly
represents the rate-limiting step in MurNAc degradation. A
prolonged lag phase for growth on MurNAc in minimal
medium was observed compared to the growth on glucose or
GlcNAc (Fig. 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. How-
ever, 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 phosphory-
lated form) might not be sufficient to fully induce the MurNAc
degradation system. Cells growing on MurNAc reached max-
imal densities of only 1.8 (optical density at 578 nm) compared
to 2.7 for growth on glucose and GlcNAc (Table 2). An expla-
nation could be that at higher optical densities, oxygen be-
comes rate limiting and an oxygen dependency for growth on
MurNACc 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 (EITAS')
was found for members of the glucose-glucoside family of PTS
(4.A.1) (38): e.g., the trehalose PTS TreB (18) of E. coli and
the plasmid-encoded sucrose PTS Scr (20). We found that crr,
encoding EIIAS", is also required for growth on MurNAc.
However, it is known that a crr deletion results in continuous
catabolite repression because of unstimulated adenylate cy-
clase 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
(33). A crr crp* strain was still not able to grow on MurNAc,
and this result unequivocally confirms the EITA' dependence
of MurP.
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FIG. 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 an 80-bp-long scar sequence in place of murP. A putative divergent promoter was identified in the yfeT-yfeU intergenic region,

and an additional promoter was identified within murP.

Searching the E. coli GenData base for a possibly EITAS-
dependent PTS involved in MurNAc metabolism revealed a
possible candidate, yfel. 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
growth on MurNAc as the sole source of carbon.

The 1,424-bp open reading frame (ORF) identified as murP
starts with an ATG codon and ends with a TGA stop codon. A
putative ribosome-binding site (Shine-Dalgarno sequence) was
found 7 bases upstream from the start codon. murP is very
likely part of an operon flanked by genes of unknown function
(Fig. 5, top). An ORF upstream of murP ends three bases
before its start codon (yfeU), while another ORF downstream
of murP starts four bases after its stop codon (yfeW). This
putative operon may be transcribed from two divergently ori-
ented promoters that are positioned face to face (Fig. 5),
resulting in transcripts that might overlap in a stretch of 18 bp.
The OREF 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 pro-
teins (SIS motif), and displays homology with regulators of the
ribose repressor (ripR) family. In the other direction of tran-
scription, as mentioned above, murP lies between two addi-
tional ORFs. The first shows similarity with mammalian glu-
cokinase 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 conferred no detectable
phenotype (data not shown).

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.
2). Since Escherichia, Salmonella, and Shigella are closely re-
lated 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 sub-
tilis chromosome. Interestingly, these genes are linked to a
homolog of nagZ, encoding the B-N-acetylglucosaminidase of
E. coli that was found to be involved in the hydrolysis of cell
wall recycling products (4). 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 (4, 43), yielding intracellular GIcNAc and anhydro-
MurNAc. The NagZ homolog of Bacillus subtilis, however, is
predicted to possess a signal sequence and to be lipid anchored
and oriented 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 genome of Bacillus subtilis identified the close homolog of
MurP as an uncharacterized PTS of the sucrose-permease fam-
ily (31); however, MurP itself has not been mentioned in the
recent PTS survey within the genome of E. coli (38).

Close MurP homologs have been found within the genomes
of several bacteria (Fig. 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
among all bacterial niches. We are currently investigating how
MurNAc is degraded further and if there is a connection be-
tween MurNAc utilization and cell wall recycling in E. coli.
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