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Members of the COG2244 protein family are integral membrane proteins involved in synthesis of a variety
of extracellular polymers. In several cases, these proteins have been suggested to move lipid-linked oligomers
across the membrane or, in the case of Escherichia coli MviN, to flip the lipid II peptidoglycan precursor.
Bacillus subtilis SpoVB was the first member of this family implicated in peptidoglycan synthesis and is
required for spore cortex polymerization. Three other COG2244 members with high similarity to SpoVB are
encoded within the B. subtilis genome. Mutant strains lacking any or all of these genes (yabM, ykvU, and ytgP)
in addition to spoVB are viable and produce apparently normal peptidoglycan, indicating that their function
is not essential in B. subtilis. Phenotypic changes associated with loss of two of these genes suggest that they
function in peptidoglycan synthesis. Mutants lacking YtgP produce long cells and chains of cells, suggesting
a role in cell division. Mutants lacking YabM exhibit sensitivity to moenomycin, an antibiotic that blocks
peptidoglycan polymerization by class A penicillin-binding proteins. This result suggests that YabM may
function in a previously observed alternate pathway for peptidoglycan strand synthesis.

The Bacillus subtilis spoVB gene was first identified as a locus
in which a mutation could produce a block at a late stage of
spore development (14, 30). Analysis of this locus revealed that
it encoded an apparent integral membrane protein (33), and a
detailed analysis of a spoVB null mutant demonstrated a block
at a very early step in synthesis of the spore cortex peptidogly-
can (PG) (40). The mutant synthesized essentially no cortex
and accumulated cytoplasmic PG precursors, the same pheno-
type found in other mutant strains blocked in functions known
to be directly involved in PG polymerization (40). These results
suggested that SpoVB plays a direct role in assembly or func-
tion of the spore PG synthesis apparatus.

PG synthesis is a highly conserved and complex process
that must span the cell membrane (reviewed in reference
38). Soluble nucleotide-linked PG precursors are synthe-
sized in the cytoplasm. N-Acetylmuramic acid with a pen-
tapeptide side chain is then transferred to an undecaprenol
lipid carrier to produce lipid I, with subsequent addition of
N-acetylglucosamine to produce lipid II, undecaprenyl–
pyrophosphoryl–N-acetylmuramic acid (pentapeptide)–N-
acetylglucosamine. Lipid II is then flipped across the mem-
brane via an unknown mechanism. Two families of proteins
have been postulated to perform this function: the SEDS fam-
ily of integral membrane proteins, including FtsW, RodA, and
SpoVE (13), and, more recently, the COG2244 family (23),
which includes SpoVB and the MviN (MurJ) protein of Esch-
erichia coli (35). In both cases, loss of a protein within one of
these families has been shown to result in a block in PG
synthesis and the accumulation of lipid-linked and/or soluble
PG precursors (16, 20, 35, 40).

In the standard model of PG synthesis, flippase activity
brings the disaccharide-pentapeptide moieties to the penicil-
lin-binding proteins (PBPs), which polymerize the PG macro-
molecule on the outer surface of the membrane (39). The class
A, high-molecular-weight PBPs possess an N-terminal glycosyl
transferase domain that polymerizes the disaccharides into
polysaccharide chains (38). These chains are cross-linked via
the transpeptidase activity within the penicillin-binding, C-ter-
minal domains of both the class A and the class B PBPs. The
N-terminal domains of the class A PBPs and the closely related
monofunctional glycosyl transferases found in some species are
the only defined PG glycan strand polymerases, and in several
species the presence of at least one of these enzymes is essen-
tial. However, in B. subtilis (26) and Enterococcus faecalis (3),
strains lacking all of these known glycosyl transferases are
viable and produce PG walls, indicating the presence of an-
other glycosyl transferase capable of this activity. This alter-
nate glycosyl transferase is distinct in that it is relatively resis-
tant to moenomycin (3, 26), an inhibitor of the class A PBP
glycosyl transferase activity (6).

Given the strong and early block in cortex PG polymeriza-
tion observed to occur in a spoVB mutant (40), we wished to
further analyze the potential role of this class of protein.
SpoVB is a member of a relatively large family of proteins,
COG2244 (23), some of which are involved in polymerization
of other polysaccharides in bacteria, archaea, and eukaryotes.
Bioinformatic analysis has generally predicted that these pro-
teins span the membrane 12 to 14 times, and in some cases
experimental evidence has supported this structure (7, 24). A
role generally ascribed to these proteins is the flipping of
lipid-linked oligosaccharides, produced on the inner face of a
membrane, to the outside, where the oligosaccharides are then
further polymerized or transferred to other substrates. Some
prominent members of this family include Wzx, which func-
tions in O-antigen synthesis in gram-negative bacteria (41);
TuaB, which functions in teichuronic acid synthesis in B. sub-
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tilis (36); and Rft1, which functions in protein glycosylation in
eukaryotes (12). MviN is essential in some gram-negative spe-
cies, including Burkholderia pseudomallei, E. coli, and Sinorhi-
zobium meliloti (22, 34), and has been shown to play a role in
E. coli PG synthesis (16, 35). A Rhizobium tropici mutation that
truncates mviN approximately 50% into the coding sequence
was not lethal (29). However, it is not known whether this was
the sole mviN homolog in the genome or whether the trun-
cated gene product might be functional.

We have analyzed the phenotypic properties of B. subtilis
strains lacking other proteins within the COG2244 family that are
most closely related to SpoVB. Results suggest that these proteins
also play roles in PG synthesis and that, in one case, this role is in
a synthetic system that is relatively moenomycin resistant. We
postulate that these proteins function in an alternate pathway for

PG synthesis that may involve the flipping of lipid-linked PG
oligosaccharides rather than lipid II disaccharides.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains of B. subtilis listed in Table
1 were derivatives of strain 168. Transformation was performed as previously
described (2). Transformants were selected and maintained using erythromycin
(0.5 mg/ml) plus lincomycin (12.5 mg/ml) (macrolide-lincosamide-streptogramin
B [MLS] resistance). Growth and induction of sporulation by nutrient exhaustion
were determined by use of 2� SG medium (21) at 37°C with shaking. Antibiotics
were omitted in cultures grown for assays. Spore production was determined by
heating a culture sample at 80°C for 10 min, followed by serial dilution and
plating for viable counts. Spores were purified by repeated water washing (28),
and relative heat resistance was determined as previously described (31).

Construction of mutant strains. Oligonucleotides used for PCR and plasmid
constructions are listed in Table 2. Plasmid insertion mutations with associated
lacZ transcriptional fusions were produced by PCR amplification of �300-bp

TABLE 1. Bacillus subtilis strains

Strain Genotype Constructiona Source

PS832 Wild type Setlow lab
DPVB327 ykvU::MLS pDPV2213PS832 This work
DPVB335 yabM::MLS pDPV2203PS832 This work
DPVB336 ytgP::MLS pDPV2223PS832 This work
DPVB450 �ykvU pDPV2833PS832b This work
DPVB488 �yabM pDPV3373PS832b This work
DPVB489 �ytgP pDPV3383PS832b This work
DPVB520 �yabM ykvU::MLS DPVB3273DPVB488 This work
DPVB521 �yabM ytgP::MLS DPVB3363DPVB488 This work
DPVB522 �ytgP ykvU::MLS DPVB3273DPVB489 This work
DPVB523 �ytgP yabM::MLS DPVB3353DPVB489 This work
DPVB532 �yabM �ytgP ykvU::MLS DPVB489�DPVB3273DPVB488 This work
DPVB614 �ytgP amyE::xylP-ytgP pDPV4113DPVB489 This work
DPVB615 �yabM amyE::xylP-yabM pDPV4123DPVB488 This work

a The designation preceding the arrow indicates the source of donor DNA in a natural transformation of the recipient strain following the arrow.
b The indicated transformation was unique and the first in a series of steps in introduction of the in-frame deletion, as described in Materials and Methods.

TABLE 2. Bacillus subtilis plasmids and oligonucleotides

Plasmid Oligonucleotidea Sequenceb Vector

pDPV220 DLP179 CGGAATTCCACCATATTAAAAATATCAGC pMUTIN4
DLP180 CGGGATCCTCCCGCAGTATAAAGCGAGGC pMUTIN4

pDPV221 DLP175 CGGAATTCAATCCTAAGTTTCATGAAAGC pMUTIN4
DLP176 CGGGATCCGAAATCAGCACAGCCATGTCC pMUTIN4

pDPV222 DLP177 CGGAATTCAAAGGGGATTATGAGACAAGC pMUTIN4
DLP178 CGGGATCCACTCAATAGAAAGATGATGCG pMUTIN4

pDPV283 DLP311 GCTCTAGAAGTCTGAAAAAGAGTTGC pBKJ236
DLP312 CTTCAATTCGCGGGGATCCCACAAATCGATTCATGATG pBKJ236
DLP313 GAATCGATTTGTGGGATCCCCGCGAATTGAAGGATG pBKJ236
DLP314 GAACTGCAGGTGATGATATGATACTCC pBKJ236

pDPV337 DLP307 GCTCTAGAAGTGCTGATTTGTGATCG pBKJ236
DLP308 CCATTTTGTTCGGATCCTATTGAATCGTCCATCC pBKJ236
DLP309 GGACGATTCAATAGGATCCGAACAAAATGGCGGGTAA pBKJ236
DLP310 GAACTGCAGGAAGCCGTCATTTGGTCG pBKJ236

pDPV338 DLP315 GCTCTAGACTTCCTTCAATTGAATGC pBKJ236
DLP316 CTGCATGTCTGCCGGATCCCAGTTTGCTTGACATGTTTC pBKJ236
DLP317 GTCAAGCAAACTGGGATCCGGCAGACATGCAGGCTG pBKJ236
DLP318 GAACTGCAGATCTGTGATTTTAAATGG pBKJ236

pDPV411 DLP468 GCGCTTAATTAAATGGTGATGAAGAAACATGTC pSWEET-bgaB
DLP469 GCGCGGATCCTCATCAGCCTGCATGTCTGCC pSWEET-bgaB

pDPV412 DLP466 GCGCTTAATTAAGGGAAGGAGCTTTTGGATGG pSWEET-bgaB
DLP467 GCGCGGATCCCGACGACTGTAATTTTACCC pSWEET-bgaB

a The two or four oligonucleotides listed for each plasmid were used to perform PCR as described in Materials and Methods to produce fragments that were cloned
into the indicated vector.

b Underlined sequences indicate restriction sites used to clone PCR products to the indicated vector. Bold sequences indicate the BamHI sites inserted within
in-frame deletion sites.
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internal fragments of the beginning of each coding sequence and ligation into
pMUTIN4 (37). These plasmids were transformed into B. subtilis with selection
for MLS resistance, and insertion into the proper chromosomal locus was veri-
fied by PCR.

In-frame deletions were produced by markerless gene replacement as de-
scribed previously (17, 19), with the following modifications. PCR was used to
amplify a fragment containing approximately 500 bp upstream of a coding se-
quence through the first five codons and a second fragment containing the last
five codons plus approximately 500 bp of the downstream flanking region. Prim-
ers were designed with tails such that the two PCR products overlapped over the
length of the first and last five codons plus two intervening codons produced by
the addition of a BamHI site. The two products were mixed and subjected to a
second round of PCR using the most-upstream and -downstream primers to
produce a product containing the in-frame deletion and with XbaI and PstI
restriction sites on the upstream and downstream ends, respectively. The PCR
products were digested with XbaI and PstI and were ligated into similarly di-
gested pBKJ236 (17). The plasmids were transformed into B. subtilis with MLS
selection at 37°C, resulting in insertion of the plasmid via a single crossover at the
chromosomal gene locus. The presence of both the deleted and the wild-type
alleles in these strains was verified by PCR using the outermost primers de-
scribed above. pBKJ223 (17) was transformed into the resulting strains to allow
expression of I-SceI, and strains in which the chromosomal plasmid insertion was
deleted from the chromosome by a second recombination event were identified
by screening for MLS sensitivity. Strains lacking wild-type alleles and carrying the
in-frame deletion mutations were verified by PCR and sequencing of the result-
ing PCR product carrying the deletion. Strain DPVB532 (�yabM �ytgP
ykvU::MLS) was constructed by congression of excess chromosomal DNA from
DPVB489 (�ytgP) plus limiting DNA from DPVB327 (ykvU::MLS) into
DPVB488 (�yabM). The desired strain was identified by selection for MLS
resistance followed by PCR screening of transformants for the presence of all
three mutations and the absence of wild-type alleles.

Genes were placed at the amyE locus under the control of a xylose-regulated
promoter for demonstration of complementation. Either the ytgP coding se-
quence plus the 18 preceding bp or the yabM coding sequence plus the 14
preceding bp was PCR amplified (Table 2) and inserted between the PacI and
BamHI sites in pSWEET-bgaB (5). The resulting plasmids, pDPV411 and
pDPV412, respectively, were verified by DNA sequencing of the inserts, linear-
ized with XhoI, and transformed into B. subtilis with selection for chloramphen-
icol resistance. Recombination into the amyE locus was verified by screening for
amylase activity, and maintenance of the deletion mutations at the yabM and ytgP
loci was verified by PCR. Due to the low expression levels of the native ytgP and
yabM loci, full complementation was observed during growth with very low levels
of inducer (0.01% xylose) and partial complementation was observed in the
absence of inducer (data not shown).

Assays. �-Galactosidase was assayed as previously described (28). PG was
purified and analyzed by high-pressure liquid chromatography as previously
described (4, 26).

Microscopy. Cultures grown in 2� SG medium at 37°C with shaking were
harvested, centrifuged at 5,000 � g for 5 min at 4°C, resuspended in 1/5 volume
of cold 0.5 M NaPO4, pH 7.0, and fixed by addition of glutaraldehyde to a final
concentration of 1.3%, followed by incubation at 4°C for 12 h. Cells were washed
four times with 0.1 M NaPO4, pH 6.7, mounted on polylysine-coated slides, and
observed with an Olympus IX81 upright fluorescence microscope. Cell lengths
and widths were measured using SlideBook software (Intelligent Imaging Inno-
vations, Inc.). In some cases, the membranes of fixed cells were stained with FM
4-64 (Invitrogen) for easy visualization of septa.

RESULTS

Bioinformatic identification of SpoVB homologues. A search
of the available nucleotide databases for predicted protein
sequences with similarity to the 518-amino-acid SpoVB se-
quence revealed highly similar proteins in all other endospore-
forming species and significantly similar proteins in a broad
range of species, including both gram-positive and gram-neg-
ative bacteria and archaea. These proteins are grouped within
the COG2244 family (23), and some have been shown to be
involved in the export of polysaccharides from the cell. All are
predicted to span the membrane 10 or more times. In B.
subtilis, three additional genes encode proteins that are highly
similar to SpoVB: yabM, ykvU, and ytgP (Table 3).

yabM appears to be the first gene in a transcriptional unit, as
the well-defined spoVT gene terminates 184 bases upstream of
the predicted yabM start codon. There is no obvious transcrip-
tional terminator downstream of yabM, and thus it appears to
be in an operon with two downstream genes, yabN and yabO.
However, as the end of the yabM coding sequence overlaps the
predicted yabN coding sequence by 8 bp, it is possible that
yabN begins at an alternate start codon further downstream
and that this is not truly an operon. YabN contains domains
similar to tetrapyrrole methylases and nucleoside triphosphate
pyrophosphohydrolase. YabO contains a domain with similar-
ity to the RNA binding domain of bacterial ribosomal protein
S4. No functions have yet been ascribed to yabN or yabO.

YkvU has previously been shown to be expressed within an
operon that includes the downstream ykvV (spoIVH, stoA)
gene (9, 11, 15). The operon is expressed during sporulation in
the mother cell compartment under the control of sigma E. A
sigma G-dependent promoter drives expression of only ykvV in
the forespore (15). YkvU has been suggested to be involved in
spore germination (1), but the mechanism of this effect is not
clear. YkvV (StoA) is a thiol-disulfide oxidoreductase postu-
lated to be involved in breaking disulfide bonds in proteins
important for cortex synthesis (10). YtgP appears to be mono-
cistronic, as the upstream gene is oriented in the opposite
direction and the downstream gene is separated from ytgP by
72 bp and a predicted transcription terminator.

Gene expression. We constructed plasmid insertion muta-
tions in yabM, ykvU, and ytgP such that transcriptional fusions
to lacZ were produced, and we assayed expression of each
gene throughout growth and sporulation (Fig. 1). Growth rates
of the mutant strains in rich medium were comparable to that
of the wild type. YabM was expressed at low levels during

TABLE 3. SpoVB paralogs in B. subtilis

Protein Length
(amino acids)

Identity/ similarity/
alignmenta

Membrane span
predictionb Operon predictionc Expressionc

SpoVB 518 12–14 No Mother cell, �E

YabM 532 26/48/339 12–14 Probable yabMNO Weak vegetative
YkvU 445 30/52/450 10–12 ykvUV Mother cell, �E

YtgP 544 23/45/421 13–14 No Vegetative

a Values are percent amino acid identity/percent amino acid similarity/total length of the alignment (amino acids) with B. subtilis SpoVB, determined using BlastP.
b Predictions of membrane-spanning helices were produced using five different software packages. The ranges of predictions are shown.
c Relative expression levels and timing are based on data shown in Fig. 1. Operon structures and ykvUV expression information are from references 9 and 11. A

forespore-specific, �G-dependent promoter also drives expression of ykvV (15).
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growth, and expression dropped off to background levels dur-
ing sporulation. YtgP was expressed somewhat more strongly,
but still at low levels, during vegetative growth, with expression
decreasing significantly during sporulation. As expected, ykvU
was not expressed during vegetative growth but was tran-
scribed between the first and third hours of the sporulation
process.

Topology analysis. We used five different protein topology
prediction programs to analyze the members of this protein
family (Fig. 2). These programs all predicted 14 transmem-
brane helices for SpoVB. They predicted 12 to 14 membrane
spans for YabM and YtgP, which are similar in size to SpoVB,
but only 10 to 12 membrane spans for YkvU, which is 73 amino
acids shorter than SpoVB. We examined the B. subtilis genome
sequence to determine if a sequencing error might have led to
the prediction of a truncation of ykvU. This does not appear to
be the case, as there are stop codons in all three reading frames
and the characterized ykvV gene begins 50 bp downstream of
the predicted ykvU stop codon.

Growth and morphology of mutant strains. We constructed
two types of null mutations in each gene, the plasmid insertion
mutations described above for gene expression analysis, which
likely have negative polar effects on expression of downstream
genes, and nonpolar in-frame deletion mutations. To deter-
mine whether the creation of these mutations required the
appearance of second-site suppressor mutations, we deter-
mined the transformation frequencies of the plasmid inser-
tion mutations, in the form of chromosomal DNA from the
original mutants, into a wild-type background. Each of the
mutations could be introduced at high frequencies (between
2 � 104 and 9 � 104 transformants per �g DNA), indistin-
guishable from the rate of introduction of a known nonlethal
mutation (pbpD::Cm in PS1958 [32]). Thus, loss of any of these

three individual genes was tolerated without the appearance of
suppressor mutations. We also constructed multiple mutants
lacking all combinations of the three genes, and these trans-
formations were reproducible with high transformation fre-
quencies (data not shown).

None of the mutant strains, including the insertion or the
deletion mutants, exhibited a defect in maximum growth rate
in rich medium (Table 4). The triple mutant may have a very
slightly, but nearly undetectably, slower growth rate. All of the
mutants were examined for their ability to produce heat-resis-
tant spores (Table 4). All of the strains lacking either or both
yabM and ykvU were fully competent at producing spores, at a
frequency equal to or greater than that for the wild-type strain.
All of the strains lacking ytgP produced significantly fewer
spores. Eight hours after entry into stationary phase, the ytgP
single mutant had produced only 11% of the number of spores
produced by the wild type. After 24 h, this had increased to
31%. This was a defect in the number of spores produced
rather than in the relative heat resistance of the spores. Spores
were harvested after 24 h and were tested for their survival
over time at 90°C. Wild-type and ytgP spores exhibited similar
D values, losing 1 log of viability in approximately 40 min (data
not shown). The ytgP yabM double mutant and the triple mu-
tant produced only about 10% of the number of spores pro-
duced by the wild type after 24 h, suggesting that yabM may
partially compensate for the loss of ytgP.

We examined cells from wild-type and ytgP cultures using
transmission electron microscopy to determine the stage of
sporulation that was blocked in the mutant. At 2, 4, and 6 h
after entry into stationary phase, we did not observe a signif-
icant number of cells in the ytgP culture that appeared to be
blocked at a particular stage of sporulation. Rather, many of
the cells seemed to never enter the sporulation process or to
enter very late. Even 6 h after the cessation of significant
growth, �50% of the cells showed no sign of asymmetric sep-
tation and many were still undergoing symmetric division (data
not shown). We believe that decreased spore formation by ytgP
strains is due simply to a defect in cell division (see below),
leading to slow initiation of sporulation rather than a specific
defect in sporulation itself.

To observe changes in cell morphology, we used phase-
contrast and fluorescence microscopy to examine cells at mid-

FIG. 2. Protein topology predictions. Five different topology pre-
diction programs were used to identify membrane-spanning regions
and cytoplasmic versus extracellular domains. The predictions shown
are those produced by Phobius (18), which produced the matches most
consistent with the majority of the other programs in each instance
where differences were apparent. Hatched boxes indicate membrane-
spanning helices, white boxes represent cytoplasmic domains, and
black boxes indicate extracellular regions. B. canis, Brucella canis.

FIG. 1. Timing of expression of spoVB homologues. Strains were
shaken vigorously in 2� SG medium at 37°C, and samples were col-
lected for OD determinations and �-galactosidase assays. Time in
sporulation is relative to the entry into stationary phase, which occurs
at an OD of �3.0 in this medium. Growth rates (�) were similar for
all strains, so only a single curve is plotted. �-Galactosidase activity
(�-gal. act.) was assayed for PS832 (wild type with no lacZ fusion, �),
DPVB335 (yabM-lacZ, F), DPVB327 (ykvU-lacZ, Œ), and DPVB336
(ytgP-lacZ, f). Values are averages determined for three independent
cultures, with error bars indicating standard deviations.
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log and late log phases of growth. We photographed multiple
fields and then measured approximately 200 cells from each
culture and time point. We recorded the numbers of cells
present as single cells and in chains of any length, and we
measured the length of each cell (Table 4). The yabM and ykvU
mutants did not exhibit significant differences from the wild
type in cell length or in chain formation. Cells in all strains
carrying ytgP mutations tended to be longer and were found in
longer chains than those of the wild type (Fig. 3). During
mid-log growth, �30% of the ytgP cells were in chains of
greater than two cells, and many of these chains were longer
than eight cells. As the ytgP cultures approached stationary
phase, the number of cells in very long chains decreased but
did not drop to the levels seen for the wild-type strain. Effects
on cell length and chain formation, as well as on spore pro-
duction, were eliminated by complementation with ytgP in the
chromosome at an ectopic locus and under the control of a
xylose-regulated promoter (Table 4), indicating that these phe-
notypic changes are specifically due to the loss of ytgP. The
increase in chain formation as well as in cell length suggests
that ytgP plays a role in cell division. PG was purified from cells
in exponential growth and was digested with muramidase. Muro-
peptides were separated and quantified by high-pressure liquid
chromatography. No reproducible significant difference in PG
structure was observed between the wild type and any mutant
strain lacking a single gene (data not shown).

A quadruple mutant lacking all of the above-mentioned
genes in addition to spoVB was constructed (data not shown).
As expected from the sporulation-specific expression of spoVB,
this strain appeared identical to the triple mutant during
growth but produced no detectable heat-resistant spores.

Moenomycin resistance. Previous studies demonstrated the
presence of two separable B. subtilis PG synthetic systems that
can be differentiated based on sensitivity to the antibiotic

moenomycin (26), which directly inhibits the glycosyl trans-
ferase activity of class A PBPs. The effects of mutations elim-
inating COG2244 proteins on moenomycin sensitivity were
examined. While ykvU had no effect on the B. subtilis minimum
inhibitory concentration of moenomycin, loss of yabM reduced
the minimum inhibitory concentration approximately fourfold
(Fig. 4A). Loss of ytgP had surprising effects. While the ytgP
mutant grew similarly to the wild type under optimum aerobic
conditions (Fig. 1), ytgP cultures grown in a microtiter plate
without vigorous mixing reached a final optical density (OD) of
only 25 to 40% of that seen with cultures of the wild type and
other mutant strains (data not shown). This was also true of
multiple mutants lacking ytgP. On the other hand, loss of ytgP
produced a measure of moenomycin resistance. In the pres-
ence of moenomycin concentrations up to 10 �g/ml, the ytgP
mutant reached final OD values significantly greater than those
for other strains and approximately half the OD it reached in
the absence of the antibiotic (Fig. 4A and data not shown).
However, mutant strains lacking both yabM and ytgP exhibited
the moenomycin sensitivity of the yabM strain (Fig. 4A). While
the moenomycin sensitivity of the double mutant does not
appear as dramatic as that of the yabM single mutant, this is in
part due to the low maximum OD achieved by ytgP strains,
resulting in a lower percentage drop due to moenomycin.
These results indicate that the degree of moenomycin resis-
tance is dependent on YabM.

The effect of YabM on resistance was also apparent in
shaken broth cultures. When exponential-phase cultures were
diluted into fresh medium with moenomycin, the wild-type
strain exhibited a minor growth inhibition (Fig. 4B). The yabM
strain and multiple mutants lacking yabM were severely inhib-
ited for up to 6 h (Fig. 4B). Moenomycin sensitivity of the
yabM strain was eliminated by complementation with yabM in
the chromosome at an ectopic locus and under the control of

TABLE 4. Mutant phenotypic properties

Strain Genotype Doubling
time (min)a

No. of heat-resistant sporesb
Avg cell length

(�m)c

% Cells in chains ofc:

T8 T24 2 �2 �8

PS832 Wild type 19 	 1 2.5 � 108 3.1 � 108 4.1 	 1.1 58 0 0
3.9 	 1.0 44 2 0

DPVB488 �yabM 19 	 1 3.5 � 108 5.0 � 108 4.6 	 1.3 54 0 0
3.9 	 0.9 53 0 0

DPVB450 �ykvU 20 	 2 1.2 � 108 5.3 � 108 4.6 	 1.4 47 2 0
4.2 	 2.3 39 0 0

DPVB520 �yabM �ykvU 19 	 1 8.3 � 107 4.2 � 108 4.5 	 1.2 69 0 0
3.8 	 0.9 47 0 0

DPVB489 �ytgP 20 	 2 2.7 � 107* 9.7 � 107 6.4 	 1.9** 49 42 19
5.7 	 1.7** 74 17 0

DPVB614d �ytgP amyE::xylP-ytgP 20 	 2 2.4 � 108 ND 4.5 	 1.4 53 2 0
DPVB521 �yabM ytgP::MLS 21 	 2 4.3 � 106* 3.6 � 107 6.5 	 1.5** 57 39 20

6.3 	 3.1** 40 52 0
DPVB522 �ytgP ykvU::MLS 20 	 1 1.4 � 107* 9.4 � 107 7.3 	 2.4** 37 45 19

5.7 	 1.4** 82 9 0
DPVB532 �yabM �ytgP ykvU::MLS 22 	 1 2.5 � 106* 2.8 � 107 6.9 	 1.8** 45 45 26

5.6 	 1.7** 61 22 0

a Values are averages determined for three independent cultures 	 standard deviations.
b Values are averages determined for three independent cultures. T8, 8 h after entry into stationary phase; T24, 24 h after entry into stationary phase. �, value is

significantly different (P � 0.05 using unpaired Student’s t test) than that observed for the wild-type strain.
c For each strain, the first value is for a mid-log culture (OD of 0.5) and the second value is for a late log culture (OD of 1.5). Average cell lengths are for 200 cells,

and standard deviations are given. Cells in chains of �8 are also included in chains of �2. ��, value is significantly different (P 
 0.0001 using unpaired Student’s t test)
than that observed for the wild-type strain.

d This strain was assayed for ytgP complementation only during mid-log growth with 0.01% xylose.
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a xylose-regulated promoter (Fig. 4B), indicating that this phe-
notypic change was specifically due to the loss of yabM.

DISCUSSION

Members of the COG2244 protein family play roles in mem-
brane translocation of lipid-linked oligosaccharides in multiple
systems. The failure to produce spore cortex PG in a spoVB
mutant was the first indication of a role for this type of protein
in PG synthesis (40). Demonstrations of PG precursor accu-
mulation in E. coli upon MviN depletion extended this link (16,
35). It was suggested that MviN is the lipid II flippase (35), a
role that would be consistent with the spoVB phenotype. How-
ever, if these proteins function as lipid II flippases, then in B.
subtilis they cannot be the sole source of this activity, as a strain
lacking all of these proteins is viable and produces a relatively
normal PG structure. The possibility remains that other, more
distantly related members of this family in B. subtilis and other
species can substitute in the flippase role. Alternatively, there
may be multiple classes of proteins that can function as a

flippase during PG synthesis, including perhaps the SEDS pro-
teins (13).

Our data do suggest roles for the B. subtilis COG2244 pro-
teins in PG synthesis. Strains lacking YtgP produce slightly
longer cells and chains of cells than do wild-type strains, sug-
gesting a role in septum formation. A ytgP strain also exhibits

FIG. 3. Cell length increase and chain formation by a ytgP mu-
tant. Cells were grown to mid-log phase, washed, fixed, stained with
FM 4-64, and observed for fluorescence of this membrane stain,
which appears white in the image. (A) PS832 (wild type); (B and C)
DPVB489 (�ytgP); (D and E) DPVB532 (�yabM �ytgP ykvU::MLS).
Bar, 10 �m. All panels are shown at the same magnification.

FIG. 4. Moenomycin sensitivity of mutant strains. (A) Cultures in
exponential growth phase were inoculated into multiwell plates
containing medium with various concentrations of moenomycin.
One hundred to 200 cells were inoculated into 250 �l of medium.
OD values were determined after 16 h at 37°C and are expressed as
percentages of that obtained in the absence of moenomycin. Results
for PS832 (wild type, �), DPVB488 (�yabM, F), DPVB450 (�ykvU,
Œ), DPVB489 (�ytgP, f), and DPVB521 (�yabM ytgP::MLS, �) are
shown. Values are averages determined for two independent cul-
tures, with error bars indicating standard deviations. Where error
bars are not visible, the standard deviations are 
2%. (B) Cultures
in exponential growth phase were diluted into fresh medium with-
out (open symbols and �) or with (filled symbols and �) moeno-
mycin, and OD was monitored during shaking at 37°C. Results for
PS832 (wild type, � and �), DPVB488 (�yabM, E and ●),
DPVB521 (�yabM ytgP::MLS, � and f), DPVB532 (�yabM �ytgP
ykvU::MLS, � and �), and DPVB615 (�yabM amyE::xylP-yabM, Œ)
are shown. Complementation of �yabM was observed during growth
of DPVB615 in the presence of 0.01% xylose.
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some resistance to moenomycin, an antibiotic that specifically
blocks the glycosyl transferase activity involved in PG polymer-
ization by class A PBPs. We suggest that in the absence of
YtgP, some important aspect of PG polymerization is shifted
toward a pathway that is moenomycin resistant and which
potentially involves YabM. On the other hand, strains lacking
YabM exhibit increased sensitivity to moenomycin, and this
effect dominates over that produced by loss of YtgP. This
observation of a role of YabM in moenomycin-resistant PG
polymerization suggests a novel model for an alternative
method of PG synthesis.

It was observed previously for B. subtilis (26) and E. faecalis
(3) that the loss of all class A PBPs did not produce the lethal
effect expected, given the accepted model for PG synthesis in
which these proteins carried the sole PG glycosyl transferase
activities in these species. Rather, these strains grew poorly,
but with PG walls, and this growth was now moenomycin
resistant, leading to the proposal of an alternative class of
moenomycin-insensitive PG glycosyl transferases. We now sug-
gest that YabM and other members of this protein family may
function with these alternative glycosyl transferases in an al-
ternate pathway for PG synthesis. By analogy with other sys-
tems in which COG2244 proteins function, it is possible that
initial glycan polymerization takes place within the cell and
that lipid-linked PG oligosaccharides are flipped across the
membrane for further polymerization. Depending on the size
of the oligosaccharides that are transported, further glycan
strand polymerization may or may not be required outside the
cytoplasm. The lengths of PG strands produced in the absence
of class A PBPs have not been reported. PG cross-link forma-
tion via transpeptidation is certainly required outside the cell,
and this activity is likely provided by class B PBPs, as some of
these proteins become essential in the absence of class A PBPs
(unpublished data).

This alternative pathway for PG polymerization is not the
major pathway, as growth without the class A PBPs is severely
limited, and in some species may be dispensable in the
presence of the class A PBP pathway. However, the alter-
native pathway may play important roles in particular parts
of the cell cycle and under certain environmental conditions,
as evidenced by the essential nature of MviN in some species
(16, 35). One instance where this alternate pathway becomes
primary may be during spore formation. While class A PBPs
do play a role in synthesis of a minor component of spore PG,
the germ cell wall (25), no class A PBP has been demonstrated
to be required for production of the major component, the
cortex. On the other hand, SpoVB is essential for cortex PG
production (40). This may be a situation where the alternative
pathway produces all of the PG strands, which are then cross-
linked to a very limited degree (27) by the class B PBP SpoVD
(8, 40). Further study of the COG2244 family proteins and
their roles in PG synthesis will provide new insights into this
central bacterial function and may identify novel potential an-
tibiotic targets.
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