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Cell viability depends on the stable transmission of genetic information to each successive generation.
Therefore, in the event of intrinsic or extrinsic DNA damage, it is important that cell division be delayed until
DNA repair has been completed. In Bacillus subtilis, this is accomplished in part by YneA, an inhibitor of
division that is induced as part of the SOS response. We sought to gain insight into the mechanism by which
YneA blocks cell division and the processes involved in shutting off YneA activity. Our data suggest that YneA
is able to inhibit daughter cell separation as well as septum formation. YneA contains a LysM peptidoglycan
binding domain and is predicted to be exported. We established that the YneA signal peptide is rapidly cleaved,
resulting in secretion of YneA into the medium. Mutations within YneA affect both the rate of signal sequence
cleavage and the activity of YneA. YneA does not stably associate with the cell wall and is rapidly degraded by
extracellular proteases. Based on these results, we hypothesize that exported YneA is active prior to signal
peptide cleavage and that proteolysis contributes to the inactivation of YneA. Finally, we identified mutations
in the transmembrane segment of YneA that abolish the ability of YneA to inhibit cell division, while having
little or no effect on YneA export or stability. These data suggest that protein-protein interactions mediated by
the transmembrane region may be required for YneA activity.

As cells grow and divide, their survival is dependent on the
stable transmission of genetic information to each successive
generation. This requires that chromosomes be accurately du-
plicated and segregated, and in the event of intrinsic or extrin-
sic DNA damage, that they be accurately repaired. One way
that bacteria are able to sense DNA stress and react accord-
ingly is through the widely conserved SOS response (reviewed
in references 22, 33, 34, and 48). The SOS response is initiated
when single-stranded DNA accumulates following DNA dam-
age or replication blocks. Two proteins, RecA and LexA, reg-
ulate the SOS response: RecA recognizes and forms filaments
on single-stranded DNA, promoting the autocleavage of LexA,
a DNA-binding protein that represses transcription of genes in
the SOS regulon (2, 38, 39, 52). Subsequent transcription of
these SOS genes activates processes such as excision repair,
translesion synthesis, and homologous recombination, as well
as inhibition of cell division (2, 22, 34, 36, 52).

In Escherichia coli, the gene responsible for the inhibition of
cell division during the SOS response, sfiA (or sulA), has been
well characterized (31, 32; reviewed in references 3 and 10).
SfiA blocks polymerization of FtsZ, a tubulin orthologue that
forms a ring at mid-cell and constitutes an early step of division
(15, 30, 57). In addition, SfiA is rapidly degraded by the Lon
protease (43), allowing cells to quickly resume dividing once
chromosome perturbations have been repaired.

Bacillus subtilis has a functional counterpart of sfiA, yneA,
which is transcribed divergently from lexA (35). Like SfiA,
YneA inhibits cell division as part of the SOS response (35). As
with other genes in the SOS regulon, yneA expression is re-
pressed by LexA. DNA-damaging agents such as mitomycin C,
which creates interstrand DNA cross-links, induce the SOS
response and result in yneA-dependent cell elongation (35).
Overexpression of yneA also leads to elongated cell morphol-
ogy, reflecting the continuation of cell growth in the absence of
division (35).

Despite similarities in function, YneA and SfiA likely act by
different mechanisms. YneA differs greatly from SfiA in se-
quence and predicted secondary structure. Whereas SfiA is a
cytosolic protein, YneA is predicted to be a secreted protein
with a short cytoplasmic N-terminal sequence and a single-pass
transmembrane domain followed by a putative signal peptide
cleavage site. The extracellular portion of YneA contains a
single LysM peptidoglycan binding domain and a short C-
terminal sequence. Many proteins that contain one or more
LysM domains, including some autolysins, are involved in pep-
tidoglycan remodeling, a process that is important for septum
formation and daughter cell separation (4, 13, 61). It is un-
known what role, if any, the LysM domain in YneA plays in
blocking cell division. YneA and SfiA also differ in their inter-
actions with FtsZ. While SfiA binds directly to and inhibits
FtsZ in the cytoplasm, two-hybrid analysis does not detect any
interaction between YneA and FtsZ (35). FtsZ ring formation
is merely reduced, not abolished, in yneA-overexpressing cells,
possibly as an indirect result of YneA activity (35).

Recently, SOS-inducible inhibitors of cell division have been
characterized in other Gram-positive bacteria, including Liste-
ria monocytogenes YneA (58, 59), Mycobacterium tuberculosis
Rv2719c (11, 14), and Corynebacterium glutamicum DivS (45).
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Rv2719c interferes with FtsZ ring formation, localizes to sites
of nascent peptidoglycan synthesis, and displays cell wall hy-
drolase activity (14). Rv2719c has a large N-terminal region
facing the interior of the cell that is not present in YneA. This
N-terminal portion, together with the transmembrane seg-
ment, is sufficient for both hydrolase activity and inhibition of
division. Rv2719c also has a single extracellular LysM domain
that does not appear to be necessary for function (14). How-
ever, given the differences in structure between Rv2719c and
YneA, it is unclear whether the LysM domain in YneA is
similarly dispensable.

C. glutamicum DivS lacks a LysM domain and does not have
significant sequence homology to either Rv2719c or YneA.
divS overexpression reduces the number of FtsZ rings, yet as
was the case for YneA, DivS does not appear to interact
directly with FtsZ (45). Zones of nascent peptidoglycan syn-
thesis are reduced in mitomycin C-treated C. glutamicum cells,
suggesting that DivS interferes with septal wall synthesis. In-
terestingly, the N terminus of DivS appears to be dispensable
for function, whereas the extracellular C terminus is required
for activity (45). This is the opposite of what is seen with
Rv2719c.

Given the diverse structures and proposed mechanisms of
the SOS-induced cell division inhibitors that have been char-
acterized so far, we set out to further investigate the effect of
YneA on cell division. Here we show that YneA delays daugh-
ter cell separation in addition to septum formation. Our bio-
chemical analysis indicates that YneA is rapidly cleaved and
exported via the SecA pathway and that association with the
cell wall is transient. Surprisingly, it appears that YneA is
active in its full-length form, prior to signal peptide cleavage.
Lastly, the transmembrane domain of YneA is required for
function, independent of its role in protein export, perhaps due
to critical intramembrane protein interactions. This suggests
that YneA interacts with an unidentified transmembrane tar-
get to transiently delay cell division, after which YneA is rap-
idly cleaved and released from the membrane. Thus, YneA has
a unique and finely tuned mechanism allowing swift resump-
tion of the cell cycle once DNA damage has been repaired and
the SOS response is shut off.

MATERIALS AND METHODS

Media. Strains were grown in LB medium (42), CH and SM media (27),
germination (GMD) medium (26), or GYE medium (47). CH, SM, and GYE
media were supplemented with required amino acids (40 �g ml�1). GYE indi-
cator plates for PhoA assays contained 50 �g ml�1 XP (5-bromo-4-chloro-3-
indolylphosphate, p-toluidine salt; Sigma). Competent cells were prepared es-
sentially as described by Msadek et al. (44), replacing GE medium with MD
medium (100 mM potassium phosphate, pH 7.5, 4 mM trisodium citrate, 2%
[wt/vol] glucose, 11 mg liter�1 ferric ammonium citrate, 0.25% [wt/vol] potassium
aspartate, 3 mM MgSO4, 50 �g ml�1 L-tryptophan, and 50 �g ml�1 L-phenylal-
anine). Antibiotic resistance markers were selected using the following drug
concentrations: for amp, 100 �g ml�1 ampicillin; for cat, 5 �g ml�1 chloram-
phenicol; for erm, 0.5 �g ml�1 erythromycin and 12.5 �g ml�1 lincomycin; for
kan, 5 �g ml�1 kanamycin; and for spc, 100 �g ml�1 spectinomycin.

Plasmids and strains. Strains used in this study are listed in Table 1, and
plasmids and oligonucleotides used in this study are listed in Tables S1 and S2 in
the supplemental material. Strains used in the experiments are derivatives of
strain JH642 and have the common genotype trpC2 pheA1 (9), unless otherwise
noted. See the supplemental material for details on the construction of strains
and plasmids.

The FtsZ-yellow fluorescent protein (FtsZ-YFP) fusion in strain AM293
has been described previously (21). Genomic DNA from strain 1058

[amyE::(Pxyl-ftsZ-yfp spc); kindly provided by Peter Lewis] was used to generate
strains in the JH642 strain background. Strain AM280 was derived from the
temperature-sensitive secA mutant TB301 [B. subtilis strain 168 secA341(Ts)
trpC2] (kindly provided by Kunio Yamane [28]). Strain AM200 was derived from
extracellular protease mutant WE1 (B. subtilis strain 168 epr::tet wrpA::kan trpC2)
(kindly provided by Junichi Sekiguchi [61]).

Overexpression of yneA. Unless indicated otherwise in the figures, strains
containing Pspank(hy)-yneA, Pspank(hy)-yneA-phoA, and Pspank(hy)-yneA-S-flag-his10
were grown overnight in liquid LB cultures, diluted to an optical density at 600
nm (OD600) of �0.02 in LB medium, and incubated at 37°C. In experiments
involving phoA-tagged strains, GYE minimal medium, in which endogenous
phoA expression is repressed, was used instead of LB medium. Upon reaching
exponential phase (OD600 � 0.3 to 0.5), yneA (or its epitope-tagged forms) was
induced with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside).

Microscopy. Samples were taken for fluorescence microscopy (0.5 to 1.0 ml) at
the times indicated in the figures. Cells were pelleted by centrifugation for 1 min
at 5,000 � g and were resuspended in a small amount (�50 �l) of 1� phosphate-
buffered saline (PBS). Cell membranes were visualized using the fluorescent dye
FM4-64 (10 �g ml�1 [final concentration]; Invitrogen), and DNA was visualized
using DAPI (4�,6-diamidino-2-phenylindole; 2 �g ml�1). Samples were immobi-
lized on either 1% agarose pads or coverslips treated with 0.1% poly-L-lysine
solution (Sigma) and were visualized using a Zeiss AxioImager M1 microscope
fitted with an Orca-ER charge-coupled device (CCD) camera (Hamamatsu).
The following Zeiss filter sets were used: 43 (FM4-64), 46 (YFP), and 49 (DAPI).
Images were collected and processed using Openlab 5 (Improvision).

Spore preparation and germination. Spores were prepared as described pre-
viously (26). Briefly, cells were spread on potato dextrose agar plates and incu-
bated for several days to obtain spores. The spores were washed twice with water,
resuspended in Tris-EDTA (TE) buffer, treated with 1 mg ml�1 lysozyme
(Sigma) for 1 h at 37°C, and shaken with 2% sodium dodecyl sulfate (SDS) for
45 min. Spores were then repeatedly washed with sterile distilled water (with
pelleting of spores by centrifugation at 4,000 � g for 10 min) until the superna-
tant remained clear. Spore preparations were inspected by microscopy to ensure
that phase-bright spores comprised at least 90% of visible particles. Spores were
stored in sterile distilled water at 4°C.

Potato dextrose agar plates were prepared as follows (protocol kindly provided
by Liz Harry, University of Technology, Sydney, Australia). Potato dextrose agar
(35.6 g; Difco) and 15 g Bacto agar (Difco) were added to 1.25 liters deionized
water and autoclaved. After cooling of the agar to 50°C, the following supple-
ments were added and the final volume was adjusted to 1.5 liters (amounts given
are final concentrations): 1� Spizizen’s minimal salts [125 mM potassium phos-
phate (14 g liter�1 K2HPO4, 6 g liter�1 KH2PO4), 15 mM (NH4)2SO4, 3.4 mM
sodium citrate, 0.8 mM MgSO4], 20 �M MnCl2, 360 �M CaCl2, 1� trace
elements solution containing (per liter) 125 mg MgCl2 � 6H2O, 5.5 mg CaCl2,
13.5 mg FeCl2 � 6H2O, 1.0 mg MnCl2 � 4H2O, 1.7 mg ZnCl2, 0.43 mg
CuCl2 � 2H2O, 0.6 mg CoCl2 � 6H2O, and 0.6 mg Na2MoO4 � 2H2O (27), 40 �g
ml�1 tryptophan, and 40 �g ml�1 phenylalanine.

To germinate spores, purified spores were resuspended in 10 ml sterile deion-
ized water to a final OD600 of 1. Spores were incubated at 80°C for 30 min and
then allowed to cool for 10 min at room temperature. The spores were centri-
fuged at 3,500 � g for 10 min, resuspended in an equal volume of prewarmed
GMD medium, and incubated at 37°C with shaking (the 0-min time point). IPTG
(1 mM [final concentration]) was added at the time of resuspension to induce
yneA. Samples were collected at the indicated times and visualized by fluores-
cence microscopy.

Cell fractionation. Strains were grown overnight in LB medium and then
diluted to a final OD600 of 0.02 to 0.04 in 20 ml GYE medium. Cells were grown
at 37°C, and yneA-phoA expression was induced with IPTG (1 mM [final con-
centration]) for 2 h. To separate the cell and secreted fractions, the cultures were
centrifuged at 3,500 � g for 10 min, and the supernatant was concentrated to 1/10
the original volume (�1.6 ml), using Amicon Ultra-15 centrifugal filter units (30
kDa; Millipore); YneA-PhoA is 58.6 kDa. Proteins bound to the cell wall (wall
fraction) were extracted from the cell fraction by use of high concentrations of
LiCl as described previously (61). Briefly, the cell pellet was washed twice with 20
mM Tris-Cl (pH 7.5), resuspended in 400 �l LiCl solution (20 mM Tris-Cl, pH
7.5, 3 M LiCl), and incubated on ice for 15 min. Samples were centrifuged at
5,000 � g for 10 min, and supernatant containing cell wall-bound proteins was
removed to a fresh tube on ice. The cell pellet was washed once with lysis buffer
(50 mM Tris-Cl, pH 7.5, 50 mM NaCl, 5 mM MgCl2), resuspended in 50 to 200
�l lysis buffer containing lysozyme and detergent (50 mM Tris-Cl, pH 7.5, 50 mM
NaCl, 5 mM MgCl2, 0.5 mg ml�1 lysozyme, 0.2% Triton X-100, 100 U ml�1

DNase I, 20 �g ml�1 RNase A, 0.5% [vol/vol] protease inhibitor cocktail [Sigma
P-8849]), and incubated at 37°C for 10 min. The lysate was centrifuged at
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16,000 � g for 2 min to remove debris, and the supernatants were transferred to
fresh tubes on ice.

Proteins in the cell wall and secreted fractions were precipitated with trichlo-
roacetic acid (TCA) and resuspended in 50 �l urea lysis buffer (100 mM
NaH2PO4, 10 mM Tris-Cl, pH 8.0, 8 M urea). Protein concentrations of all
fractionated samples were determined by Bradford assay (Bio-Rad).

For separation of cell fractions in experiments with strains carrying the
secA314(Ts) mutation (see Fig. 5C), strains were grown in GYE medium as
described above, but at 30°C instead of 37°C. Upon reaching exponential phase
(OD600 � 0.3), cells were washed once with T-base, resuspended in GYE me-
dium containing 1 mM IPTG, and incubated at either 30°C or 45°C. After 1 h of

induction, cultures were centrifuged and the secreted fraction prepared as de-
scribed above. The cell pellet was washed once with Tris-Cl (pH 7.5) and then
treated with lysozyme and detergent as described above, but omitting the treat-
ment with LiCl (leaving wall-associated proteins in the cell fraction). Protein
concentrations were measured by Bradford assay.

Proteolysis rate experiments. Experiments to determine rates of proteolysis
were adapted from previously described methods (49). Strains were grown and S
protein-tagged YneA fusions were induced with IPTG (final concentration, 1
mM) as described in the figure legends. After 1 h of induction, protein synthesis
was arrested by adding chloramphenicol to a final concentration of 200 �g ml�1,
and a 1-ml sample was immediately removed to a tube containing trichloroacetic

TABLE 1. Strains used in this study

Strain Genotype Reference

AM62 amyE::pDG1662 (cat) trpC2 pheA1
AM69 amyE::pAM45 �spc Pspank(hy)-yneA lacI	 trpC2 pheA1
AM70 amyE::pDR111 �spc Pspank(hy) lacI	 trpC2 pheA1
AM93 amyE::pAM67 �cat Pspank(hy)-yneA lacI	 trpC2 pheA1
AM98 thrC::pAM73 �erm Pspank(hy)-yneA-phoA lacI	 trpC2 pheA1
AM133 amyE::pAM89 �spc Pspank(hy)-yneA(ASAA) lacI	 trpC2 pheA1
AM155 amyE::pAM115 �spc Pspank(hy)-yneA(D97A) lacI	 trpC2 pheA1
AM175 amyE::pAM129 �spc Pspank(hy)-yneA(E6A) lacI	 trpC2 pheA1
AM187 thrC::pAM133 �erm Pspank(hy)-yneA(E6A)-phoA lacI	 trpC2 pheA1
AM199 thrC::pAM148 �erm Pspank(hy)-yneA-S-flag-his10 lacI	 trpC2 pheA1
AM200 thrC::pAM148 �erm Pspank(hy)-yneA-S-flag-his10 lacI	 epr::tet wprA::kan trpC2
AM202 thrC::pAM150 �erm Pspank(hy)-yneA(ASAA)-S-flag-his10 lacI	 trpC2 pheA1
AM206 thrC::pAM72 �erm Pspank(hy) lacI	 trpC2 pheA1
AM214 yneA::pAM157 (erm single crossover; yields . . . yneA-S-flag-his10 erm bla �yneA . . .) trpC2 pheA1
AM218 lytE::pAM160 (cat single crossover; yields . . . lytE-phoA cat bla �lytE . . .) trpC2 pheA1
AM220 amyE::pAM162 �spc Pspank(hy)-yneA(L25A) lacI	 trpC2 pheA1
AM221 amyE::pAM163 �spc Pspank(hy)-yneA(S26A) lacI	 trpC2 pheA1
AM222 lytE::pAM160 (cat single crossover; yields . . . lytE-phoA cat bla �lytE . . .) thrC::pAM73�erm

Pspank(hy)-yneA-phoA lacI	 trpC2 pheA1
AM228 thrC::pAM166 �erm Pspank(hy)-yneA(D97A)-S-flag-his10 lacI	 trpC2 pheA1
AM232 amyE::pAM169 �spc Pspank(hy)-yneA(S7A) lacI	 trpC2 pheA1
AM233 amyE::pAM170 �spc Pspank(hy)-yneA(I8A) lacI	 trpC2 pheA1
AM234 amyE::pAM171 �spc Pspank(hy)-yneA(I9A) lacI	 trpC2 pheA1
AM235 amyE::pAM172 �spc Pspank(hy)-yneA(F10A) lacI	 trpC2 pheA1
AM236 amyE::pAM173 �spc Pspank(hy)-yneA(V11A) lacI	 trpC2 pheA1
AM237 amyE::pAM174 �spc Pspank(hy)-yneA(L13A) lacI	 trpC2 pheA1
AM238 amyE::pAM175 �spc Pspank(hy)-yneA(F14A) lacI	 trpC2 pheA1
AM239 amyE::pAM176 �spc Pspank(hy)-yneA(T15A) lacI	 trpC2 pheA1
AM240 amyE::pAM177 �spc Pspank(hy)-yneA(V16A) lacI	 trpC2 pheA1
AM241 amyE::pAM178 �spc Pspank(hy)-yneA(I17A) lacI	 trpC2 pheA1
AM242 amyE::pAM180 �spc Pspank(hy)-yneA(S19A) lacI	 trpC2 pheA1
AM243 amyE::pAM181 �spc Pspank(hy)-yneA(V21A) lacI	 trpC2 pheA1
AM244 amyE::pAM182 �spc Pspank(hy)-yneA(I22A) lacI	 trpC2 pheA1
AM245 amyE::pAM183 �spc Pspank(hy)-yneA(L23A) lacI	 trpC2 pheA1
AM247 thrC::pAM185 �erm Pspank(hy)-yneA(S7A)-phoA lacI	 trpC2 pheA1
AM248 thrC::pAM186 �erm Pspank(hy)-yneA(I8A)-phoA lacI	 trpC2 pheA1
AM250 thrC::pAM188 �erm Pspank(hy)-yneA(F10A)-phoA lacI	 trpC2 pheA1
AM252 thrC::pAM190 �erm Pspank(hy)-yneA(L13A)-phoA lacI	 trpC2 pheA1
AM253 thrC::pAM191 �erm Pspank(hy)-yneA(F14A)-phoA lacI	 trpC2 pheA1
AM254 thrC::pAM192 �erm Pspank(hy)-yneA(T15A)-phoA lacI	 trpC2 pheA1
AM255 thrC::pAM193 �erm Pspank(hy)-yneA(I17A)-phoA lacI	 trpC2 pheA1
AM256 thrC::pAM194 �erm Pspank(hy)-yneA(S19A)-phoA lacI	 trpC2 pheA1
AM257 thrC::pAM195 �erm Pspank(hy)-yneA(V21A)-phoA lacI	 trpC2 pheA1
AM258 thrC::pAM196 �erm Pspank(hy)-yneA(I22A)-phoA lacI	 trpC2 pheA1
AM259 thrC::pAM197 �erm Pspank(hy)-yneA(L23A)-phoA lacI	 trpC2 pheA1
AM260 thrC::pAM184 �erm Pspank(hy)-yneA(L25A)-phoA lacI	 trpC2 pheA1
AM261 thrC::pAM199 �erm Pspank(hy)-yneA(T15A)-S-flag-his10 lacI	 trpC2 pheA1
AM263 thrC::pAM200 �erm Pspank(hy)-yneA(V21A)-S-flag-his10 lacI	 trpC2 pheA1
AM280 secA314(Ts) thrC::pAM73 �erm Pspank(hy)-yneA-phoA lacI	 trpC2
AM293 amyE::spc Pxyl-ftsZ-yfp thrC::pAM224 �erm Pspank(hy)-yneA lacI	 trpC2 pheA1
JH642 trpC2 pheA1 9
SB881 amyE::spc Pxyl-ftsZ-yfp trpC2 pheA1 S. J. Biller, unpublished

lab strain
TB301 secA314(Ts) trpC2 28
WE1 epr::tet wprA::kan trpC2 61
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acid (final concentration, 10% [wt/vol]) and incubated on ice (0-min time point).
In the same manner, additional 1-ml samples were removed at the time points
indicated in the figures. Cell material and proteins were centrifuged, washed with
acetone, and air dried. The pellet was resuspended in 500 �l immunoprecipita-
tion (IP) lysis buffer (50 mM Tris-Cl, pH 7.8, 10% [wt/vol] sucrose, 5 mM EDTA,
5 �g ml�1 lysozyme, 0.5% [vol/vol] protease inhibitor cocktail [Sigma P-8849])
and incubated at 37°C for 30 min. Five hundred microliters of IP buffer (100 mM
Tris-Cl, pH 7.8, 300 mM NaCl, 1% Triton X-100, 10 mM EDTA, 0.5% [vol/vol]
protease inhibitor cocktail [Sigma P-8849]) was then added, and samples were
incubated on ice for 30 min. Sample supernatant was collected after centrifuga-
tion (16,000 � g, 2 min).

S protein agarose beads (EMD) were prepared by four washes in IP buffer,
with centrifugation at 2,000 � g for 5 s each time. Supernatants from the
centrifuged TCA-precipitated and lysed samples described above were added to
50 �l of washed beads and incubated overnight on a rotator at 4°C. The S-tagged
protein-bound beads were then washed four times with 250 �l IP wash buffer (50
mM Tris-Cl, pH 7.8, 300 mM NaCl, 0.1% Triton X-100, 5 mM EDTA) and once
with 1 ml phosphate-buffered saline, with centrifugation at 2,000 � g for 5 s each
time. After the final wash, all supernatant was removed and the beads were
mixed with 10 �l of phosphate-buffered saline and 4 �l of 5� Laemmli SDS
loading buffer. Samples were then incubated at 95°C for 5 min to release the
S-tagged protein from the beads. Beads were removed by centrifugation at
16,000 � g for 2 min, and supernatant was transferred to a fresh tube. Eight
microliters of supernatant was loaded into each lane of an SDS-Tris-Tricine-
polyacrylamide gel for detection (see “Immunoblot analysis”).

Immunoblot analysis. Immunoblots were carried out essentially as described
previously (49). Samples for immunoblotting were prepared by adding Laemmli
SDS loading buffer to a final concentration of 1�. In the experiments to deter-
mine rates of proteolysis, 2 �l of additional 5� loading buffer was added to each
8-�l sample, which aided in gel loading. Ten-microliter samples were separated
in 10% SDS-Tris-glycine-polyacrylamide (precast; Bio-Rad), 10% SDS-Tris-
Tricine-polyacrylamide, or 13.8% SDS-Tris-Tricine-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes. For cell fraction-
ation experiments, the amount of total soluble protein loaded into each lane is
indicated in the figures. After being blocked, membranes were probed with
monoclonal mouse antibodies raised against PhoA (1:10,000 dilution; Sigma) or
S protein (1:5,000 dilution; EMD), followed by incubation with a 1:10,000 dilu-
tion of rabbit anti-mouse antibodies conjugated to peroxidase (Sigma). Detec-
tion was performed by chemiluminescence using the ECL system (Amersham)
and by exposure to X-ray film (Amersham Hyperfilm ECL).

Where indicated, the membrane was stripped and reprobed as follows. The
membrane was soaked in membrane stripping buffer (25 mM glycine, 1% SDS,
pH 2.0) for 1 h, rinsed twice with phosphate-buffered saline, and reblocked. The
membrane was then probed with a 1:5,000 dilution of chicken anti-DnaA anti-
bodies, followed by incubation with donkey anti-chicken secondary antibodies
conjugated to horseradish peroxidase (1:10,000 dilution; Jackson Immuno-
Research). Detection was carried out as described above.

RESULTS

Overexpression of yneA delays cell division. In order to study
the effects of YneA on cell division, we placed yneA under the
control of an IPTG-inducible promoter, Pspank(hy), at an ec-
topic locus, amyE. Kawai et al. previously observed that over-
expressing yneA results in filamentation (35). Consistent with
this, overexpressing yneA inhibited the formation of single col-
onies on LB agar containing 1 mM IPTG (Fig. 1A). Cells were
also visibly elongated after an hour of induction (approxi-
mately two doublings) (Fig. 1B). As shown in Fig. 1C, overex-
pression of yneA resulted in a range of cell lengths, but on
average, cells were 2-fold longer than either uninduced cells or
vector control cells. This suggests that cells continued to grow
when yneA was overexpressed but that formation of the divi-
sion septum was delayed. Cell density measurements indicated
that cultures of yneA-overexpressing cells displayed similar
growth rates to those of uninduced cultures (see Fig. S1 in the
supplemental material).

As another measure of YneA’s effect on division, we in-

duced yneA in a synchronized culture of germinating spores.
Three hours after cells were induced to germinate, nearly all
vector control and uninduced cells had divided at least once
(Fig. 1D). In contrast, fewer than 10% of yneA-overexpressing
cells had divided in that time frame. Although the yneA-over-
expressing cells eventually began dividing, they required an
additional 45 min for the fraction of divided cells to approach
the level of divided cells in the uninduced culture. Thus, al-
though YneA activity does not result in extreme filamentation,
as seen with SfiA in E. coli, it still has the clear ability to delay
cell division.

Overexpression of yneA delays FtsZ ring assembly. While it
appears that YneA affects septum formation, it is otherwise
unclear which stage of division YneA acts upon. Kawai et al.
previously observed that FtsZ rings form at a reduced fre-
quency in yneA-overexpressing cells compared to those in wild-
type cells, leading them to suggest that YneA may act by
inhibiting Z ring formation (35). However, the use of phase-
contrast rather than membrane-stained images did not allow
for the quantitation of FtsZ rings in relation to cell length.
Since overexpression of yneA resulted in various degrees of cell
elongation (Fig. 1C), we wanted to quantitatively determine
whether reduced FtsZ ring formation correlated with in-
creased cell length.

In order to examine the relationship between FtsZ rings and
cell elongation, we constructed a strain carrying a xylose-in-
ducible FtsZ-YFP fusion at the amyE locus, together with an
IPTG-inducible yneA gene integrated at thrC. When expres-
sion of FtsZ-YFP was induced with 0.5% xylose, FtsZ-YFP
localized to the mid-cell and the cell poles, as expected (Fig.
2A). We noted that FtsZ-YFP localized to septa or poles
rather than the mid-cell in a fairly large fraction of the popu-
lation for both cells overexpressing yneA and uninduced con-
trol cells. Although this might reflect an effect of the YFP
fusion, cell growth and morphology were unaffected by expres-
sion of FtsZ-YFP (data not shown).

We measured cell lengths and sorted the cells by 0.5-�m
increments (Fig. 2B, left y axis). Cells overexpressing yneA
were elongated overall compared to uninduced cells (Fig. 2A
and B), consistent with the results in Fig. 1C. We then deter-
mined the average number of nonpolar FtsZ rings per cell for
each group of cells binned by cell length (Fig. 2B, right y axis).
Our results show that FtsZ ring assembly was delayed in yneA-
overexpressing cells: yneA-overexpressing cells that fell be-
tween 3.0 and 4.0 �m were less likely to contain nonpolar FtsZ
rings than uninduced cells of the same length (Fig. 2). Among
the longer yneA-overexpressing cells, there was a positive cor-
relation between cell length and the average number of non-
polar FtsZ rings per cell. The longest yneA-overexpressing cells
(
5.0 �m) contained, on average, more than one FtsZ ring.
Therefore, while YneA appears to inhibit FtsZ ring assembly
to some extent, Z rings still form in the most elongated cells.

Overexpression of yneA inhibits cell separation. Cells of B.
subtilis typically form chains during exponential growth.
Around the time when cells cease exponential growth, the
increased activity of several autolysins separates sister cells,
gradually reducing chains to single cells (6, 23). In the course
of our experiments, we observed that many yneA-overexpress-
ing cells remained in chains well into stationary phase. This
effect was not due to a delay in the onset of stationary phase,
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since yneA-overexpressing cells appeared to cease exponential
growth at approximately the same time as vector control cells
(see Fig. S1 in the supplemental material). To address whether
YneA affects cell separation in addition to septum formation,
we quantitated chain length in populations overexpressing
yneA. Five hours after induction, well into stationary phase, the
yneA-overexpressing strain contained a greater number of cells
per chain than the vector control did (Fig. 3A). The majority of
uninduced cells existed as single cells, with 19% of the ob-

served chains being pairs and only a small percentage (�2%)
containing three or more cells (Fig. 3B). In contrast, the fre-
quency of longer chains, of three or more cells, in yneA-over-
expressing populations was much higher (approximately 28%).
Therefore, it appears that YneA inhibits not only septum for-
mation but also daughter cell separation.

We sought to confirm this effect by triggering cell separation
via nutrient downshift. When Bacillus cells are shifted from
rich to starvation medium, they are known to separate into

FIG. 1. YneA delays cell division. (A) Strains overexpressing yneA are unable to form single colonies on plates. AM69 [amyE::Pspank(hy)-yneA]
and AM70 [amyE::Pspank(hy)] were streaked onto LB agar containing 1 mM IPTG and grown overnight at 30°C. (B) Cells overexpressing yneA are
elongated. AM62 (amyE::cat) and AM93 [amyE::Pspank(hy)-yneA] were induced with 1 mM IPTG as described in Materials and Methods. One hour
after induction, cells were stained with FM4-64 and DAPI and then visualized. Bars, 5 �m. (C) Cell length distributions from the same experiment
as that for panel B. At least 300 cells were measured for each strain. The experiment was repeated more than four times under essentially the same
conditions. The graph shown here is from a representative experiment. (D) Overexpression of yneA delays the first cell division during spore
outgrowth. Spore preparations of AM69 [amyE::Pspank(hy)-yneA] and AM70 [amyE::Pspank(hy)] were resuspended in GMD medium containing 1 mM
IPTG and incubated at 37°C. Samples were taken at the indicated times. Cell membranes were stained with FM4-64. Cells or cell chains with one
or more visible septa were scored as having divided. At least 125 germinated cells were counted for each sample.
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single cells as they enter the sporulation pathway (19). In order
to test whether YneA can prevent cell separation under these
conditions, we grew strains to exponential phase in rich CH
medium and then resuspended the cultures in minimal SM
medium with IPTG. At the time of resuspension (T0), a sig-
nificant proportion of cells (35 to 43%) formed chains of two
or more (Fig. 3C). Ninety minutes following nutrient downshift
and induction of the yneA-overexpressing strain, almost all
vector control chains had separated into single cells, with only
10% remaining in pairs. In contrast, yneA-overexpressing cells
existed in chains despite the shift to nutrient-limiting condi-
tions, with comparatively few (20%) separating into single
cells. In fact, there was an increase in higher-order chains of 3
or more cells (23%). Based on these experiments, in which
yneA-overexpressing cells failed to separate even when cell
separation was induced, YneA activity may have a direct effect
on a late stage of division occurring after septation. However,
we cannot rule out the possibility that delayed septation also
contributes indirectly to the cell separation defect seen in
yneA-overexpressing cells.

Cells rapidly resume division after yneA expression is shut
off. From our analysis, it appears that YneA delays, rather than
permanently blocks, cell division. Furthermore, to avoid a loss
in viability, cells must have a mechanism for shutting off YneA
activity, allowing the resumption of growth after DNA damage
has been repaired. We examined the response of cells to tran-
scriptional shutoff. In our IPTG-induced yneA overexpression

system, we mimicked the effect of shutting off the SOS re-
sponse by resuspending yneA-overexpressing cells in fresh me-
dium without inducer. Zero, 20, 40, and 60 min following
resuspension, cell lengths were measured. Cells resumed divi-
sion rapidly after yneA expression was shut off (Fig. 4). Within
the first 20 min in the absence of inducer, cells that had pre-
viously been overexpressing yneA (�IPTG, �IPTG) under-
went a great reduction in length, to sizes closer to that of
uninduced control cells (�IPTG). On the other hand, yneA-
overexpressing cells that were resuspended in medium contain-
ing inducer (�IPTG) remained relatively long in the 60 min
following resuspension. These data are consistent with the idea
that cells must be able to rapidly resume division once DNA
damage is cleared.

YneA is rapidly cleaved and secreted into the medium.
While yneA expression is controlled by the SOS response,
posttranslational regulation of the YneA protein is not well
understood. The predicted domains of YneA, based on se-
quence, are shown in Fig. 5A. Sequence analysis suggests that
YneA is secreted. Using SignalP trained on Gram-positive
bacteria (5; http://www.cbs.dtu.dk/services/SignalP/), a signal
peptide was predicted with 99% probability, with cleavage be-
tween residues G31 and Q32. A LysM peptidoglycan domain
makes up the majority of the C terminus of YneA (Pfam
database [http://www.sanger.ac.uk/Software/Pfam/]).

We were unable to obtain useful antibodies against YneA,
so we monitored export by using PhoA fused to the C terminus

FIG. 2. YneA delays FtsZ ring formation. (A) FtsZ-YFP localization in cells expressing yneA. AM293 [amyE::Pxyl-ftsZ-yfp thrC::Pspank(hy)-yneA]
was induced with 1 mM IPTG (�YneA) and 0.5% xylose. IPTG was omitted in one culture (�YneA). One hour after induction, cells were stained
with FM4-64 and visualized. Bars, 1 �m. (B) YneA delays FtsZ ring assembly. Cell lengths were measured as described for Fig. 1C and were plotted
with the length on the x axis and the fraction of the population at each length on the left y axis (bars). Fluorescent bands seen in the YFP channel
that were not associated with completed septa or cell poles were scored as nonpolar FtsZ rings. The average number of these FtsZ rings per cell
at each length was plotted on the right y axis (lines). More than 300 cells from each sample were measured. Of the 
200 total FtsZ rings counted
in each sample, between 15% (�YneA) and 37% (�YneA) were nonpolar. This experiment is representative of two independent trials.
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of YneA. Assays of PhoA activity on indicator plates and in
liquid culture confirmed that YneA is exported, and based on
plate growth and morphology, YneA-PhoA is partially func-
tional (data not shown). Since proteins translocated across the
membrane may remain linked to the membrane, associate with
the cell wall, or be released into the surrounding medium (12,
53), we wanted to determine where the YneA protein local-
ized. We separated cells expressing yneA-phoA into cell-asso-
ciated, wall-associated, and secreted fractions. Because of the
presence of a LysM peptidoglycan binding domain in the ex-
ported C terminus, we expected that YneA would interact with
the cell wall; however, the resulting immunoblot indicated that
the vast majority of YneA was secreted into the medium, with
only a small amount visible in the wall-associated fraction (Fig.
5B). In contrast, LytE-PhoA, a well-characterized wall-binding
protein containing three LysM repeats (40), was found in the
wall-associated fraction but not in the secreted fraction. Some
LytE-PhoA was also present in the cell-associated fraction,
probably due to contaminating cell wall material or the pres-
ence of unprocessed LytE-PhoA in the cell prior to export. As
expected, the cytosolic DnaA protein was detected only in the
cell-associated fraction. Therefore, despite the presence of a
LysM domain, YneA appears to bind the cell wall only tran-
siently.

Several secretory pathways have been characterized, but the
majority of exported proteins in B. subtilis are translocated via
the Sec pathway (53). The signal peptide of YneA is typical of
this class of proteins, although the predicted cleavage site in
YneA diverges somewhat from the consensus. SecA, a key
component of the translocation machinery, is required for ex-
port via the Sec pathway (41). Using a temperature-sensitive
allele of secA, we confirmed that export of YneA is SecA
dependent. No secreted YneA was detected on an immunoblot
when cells were shifted to the nonpermissive temperature (Fig.
5C). As a control, we used a secA� strain background to show
that YneA-PhoA is stable and exported at 45°C. Thus, YneA is
likely to be secreted through the SecA pathway, with subse-
quent cleavage of the signal peptide.

Based on the fractionation experiments described above, it is
clear that the signal peptide of YneA is cleaved, thereby re-
leasing large amounts of YneA into the medium. We used

FIG. 3. YneA inhibits cell separation. (A) Cells overexpressing
yneA remain in chains after the onset of stationary phase. Images are
from the same experiment as that described for Fig. 1C. Cells were
stained with FM4-64 and DAPI and were visualized 5 h after induction
of yneA with 1 mM IPTG (stationary phase). Bars, 5 �m. (B) Quan-
titation of cell chain lengths from the same experiment as that for
panel A. Samples were taken 5 h after induction of yneA. The number
of cells per chain was determined by comparing phase-contrast and
FM4-64-stained images. At least 400 cells (
200 chains) were counted
for each strain. This experiment is representative of two independent
trials under essentially the same conditions. (C) AM62 (amyE::cat) and
AM93 [amyE::Pspank(hy)-yneA] were grown overnight on LB agar, re-
suspended in T-base, diluted to an OD600 of �0.02 in CH (rich)
medium, and grown at 37°C to exponential growth phase (OD600 � 0.3
to 0.5). Cells were then resuspended in SM (minimal) medium con-
taining 1 mM IPTG. Samples were taken at the time of resuspension
(top graph) and 90 min after resuspension (bottom graph), and chain
lengths were quantified as in panel B. This experiment is representa-
tive of two independent trials.
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epitope-tagged YneA in proteolysis rate experiments to deter-
mine the rate of signal peptide cleavage as well as to visualize
any additional proteolytic processing of YneA. Analysis of
cell-length distributions showed that the S-Flag-His10-tagged
form of YneA is partially functional (see Fig. S2 in the sup-
plemental material). Epitope-tagged YneA was overexpressed
from an ectopic locus (thrC), and samples from the total cul-
ture were collected at short intervals following arrest of protein
synthesis. Antibodies to the C-terminal S tag on YneA allowed
us to examine the stability of YneA-S before and after signal
peptide cleavage. Consistent with the fractionation experi-
ments described above, full-length YneA-S was processed very
rapidly and had a half-life of �5 min (Fig. 5D). In the wild-type
background, we were unable to visualize the C-terminal por-
tion of YneA that is released from the membrane upon signal
peptide cleavage. Previous studies have shown that certain
LysM-containing proteins are stabilized in strains lacking wprA
and epr, two of the eight known genes encoding extracellular
proteases in B. subtilis (61). We hypothesized that YneA might
also be susceptible to these proteases. Indeed, when the pro-
teolysis rate experiments were repeated with a strain lacking
wprA and epr, a persistent band, presumed to be the signal
peptide-cleaved C terminus of YneA, was evident (Fig. 5D). In
support of this, the band migrated similarly to what would have
been expected for the mature form of YneA-S on a 13.5%
SDS-polyacrylamide gel. At least three additional, smaller
products were also stabilized in the protease-deficient strain.
These were likely the result of further degradation of the
YneA C terminus by extracellular proteases. The stability of
full-length YneA-S in the protease-deficient strain was similar
to that of YneA-S in the wild-type background, consistent with
the idea that full-length YneA is membrane bound and un-
likely to be degraded by wprA and epr. Thus, two separate
events may contribute to the posttranslational regulation of
YneA, namely, signal peptide cleavage and, once it is released
from the membrane, proteolysis of the C terminus.

Although so far the SOS response has not been found to
regulate export, signal peptide cleavage, or extracellular pro-
tease activity, we wanted to ascertain that YneA induced with
IPTG accurately mirrored the rate of proteolysis of SOS-in-
duced YneA. We introduced YneA-S at the native yneA locus
and induced the cells with 1 �g/ml of mitomycin C. The sta-
bility of SOS-induced full-length YneA-S was similar to that of
YneA-S induced with IPTG (Fig. 5E). We concluded that the
cleavage and degradation of YneA are not regulated in re-
sponse to DNA damage.

Residues affecting the stability and activity of YneA. Given
the instability of full-length YneA, it seemed likely that signal
peptide cleavage is one mechanism by which cells either rap-
idly activate YneA or shut it off. In order to determine which
form of YneA is active, we identified mutations that either
stabilized full-length YneA or increased the amount of cleaved
YneA and then determined their effect on YneA’s ability to
inhibit division. First, we mutated the signal peptide cleavage
site in YneA (SSGQ) to the consensus sequence AXAA (54).
We predicted that this would increase the rate of signal peptide
cleavage, thus creating more cleaved YneA product. In prote-
olysis rate experiments, YneA(ASAA)-S displayed a signifi-
cantly larger amount of signal peptide-cleaved product than
did wild-type YneA-S, which was visible on an immunoblot

FIG. 4. Division resumes rapidly after yneA expression is shut off.
AM69 [amyE::Pspank(hy)-yneA] was induced with 1 mM IPTG. IPTG
was omitted in one culture throughout the experiment, as a control
(�IPTG; white bars). One hour after induction, cells were centrifuged
and resuspended in an equal volume of LB, with (�IPTG; black bars)
or without (�IPTG, �IPTG; gray bars) 1 mM IPTG. Samples were
taken 0, 20, 40, and 60 min after resuspension. Cells were stained and
measured as described in the legend to Fig. 1C. This experiment is
representative of two independent trials under essentially the same
conditions.

3166 MO AND BURKHOLDER J. BACTERIOL.



FIG. 5. YneA is rapidly cleaved and secreted into the medium. (A) Predicted domains of YneA. Predictions are based on sequence analysis using
SignalP and Pfam. (B) YneA is secreted into the medium and does not associate strongly with the cell wall. Asterisks (*) indicate probable LytE-PhoA
degradation products. AM206 [thrC::Pspank(hy)], AM218 (lytE::lytE-phoA), and AM222 [lytE::lytE-phoA thrC::Pspank(hy)-yneA-phoA] were grown in GYE
minimal medium and induced with 1 mM IPTG. Two hours after induction, cultures were centrifuged and then separated into cell, wall, and secreted
fractions as described in Materials and Methods. Samples were separated in a 10% SDS-polyacrylamide gel. Each lane contains 2 �g of cell fraction, 0.5
�g of wall fraction, or 0.5 �g of secreted fraction. Immunoblots were performed with either anti-PhoA antibody or anti-DnaA antibody. (C) YneA export
is SecA dependent. AM98 [thrC::Pspank(hy)-yneA-phoA] and AM280 [secA314(Ts) thrC::Pspank(hy)-yneA-phoA] were incubated at either 30°C or 45°C in
GYE medium containing 1 mM IPTG. After 1 h of induction, cultures were centrifuged and the secreted fraction prepared as described in Materials and
Methods. Samples were separated in a 10% SDS-polyacrylamide gel. Each lane contains 2 �g of cell fraction or �0.5 �g of secreted fraction.
Immunoblots were performed with anti-PhoA antibody. (D) Full-length YneA is rapidly cleaved. Black arrowheads, full-length YneA-S-Flag-His10
(�16.9 kDa); open arrowheads, C-terminal portion of YneA-S-Flag-His10 lacking signal peptide (�13.5 kDa); asterisk, nonspecific band. AM199
[thrC::Pspank(hy)-yneA-S-flag-his10] and AM200 [epr::tet wprA::kan thrC::Pspank(hy)-yneA-S-flag-his10] were induced with 1 mM IPTG. After 1 h of induction,
protein synthesis was inhibited with 200 �g ml�1 chloramphenicol, and whole culture samples were removed at the indicated times after drug addition.
S-tagged proteins were isolated as described in Materials and Methods and separated in a 13.8% SDS-polyacrylamide gel. Immunoblots were performed
using diluted (1:5,000) anti-S primary antibody. (E) Induction of the SOS response does not affect the stability of YneA. AM199
[thrC::Pspank(hy)-yneA-S-flag-his10] and AM214 [yneA::Pspank(hy)-yneA-S-flag-his10] were induced with 1 mM IPTG and 1 �g ml�1 mitomycin C, respec-
tively. After 1 h of induction, protein synthesis was arrested, and samples were taken and treated as described for panel D.
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even when the strain contained a full complement of extracel-
lular proteases (Fig. 6A). We sought to make a mutation that
would have the opposite effect on cleavage rate to that of
ASAA. Previous studies suggested that inserting proline at the
�1 or �3 site in the signal peptide cleavage site prevents
cleavage (8, 51). However, mutating the YneA cleavage site to

PSPQ did not appear to stabilize full-length YneA (data not
shown). It is possible that inserting prolines caused signal pep-
tidase to recognize a different cleavage site nearby.

Fortuitously, while examining other regions of YneA, we
identified a point mutation at the extreme C terminus (D97A)
that appears to stabilize full-length YneA. YneA(D97A)-S was

FIG. 6. Full-length YneA may be the active form. (A) ASAA and D97A mutations affect the stability of full-length and cleaved YneA. Black
arrowheads, full-length YneA-S-Flag-His10; open arrowheads, C-terminal portion of YneA-S-Flag-His10 lacking the signal peptide; asterisk, nonspecific
band. AM199 [thrC::Pspank(hy)-yneA-S-flag-his10], AM202 [thrC::Pspank(hy)-yneA(ASAA)-S-flag-his10], and AM228 [thrC::Pspank(hy)-yneA(D97A)-S-flag-
his10] were grown and samples were prepared as described in the legend to Fig. 5D. Proteins were separated in a 13.8% SDS-polyacrylamide gel, and
immunoblots were performed using diluted (1:5,000) anti-S primary antibody. (B) YneA(ASAA) is inactive, while YneA(D97A) remains active. AM69
[amyE::Pspank(hy)-yneA], AM70 [amyE::Pspank(hy)], AM133 [amyE::Pspank(hy)-yneA(ASAA)], and AM155 [amyE::Pspank(hy)-yneA(D97A)] were grown and
induced, and cells were stained and measured as described in the legend to Fig. 1C. This experiment is representative of two independent trials.
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cleaved at a lower rate than wild-type YneA-S, which was
especially evident 10 and 20 min after the arrest of protein
synthesis (Fig. 6A). This increased stability of YneA(D97A)
relative to that of wild-type YneA was consistent over several
independent experiments, although the half-life of YneA var-
ied slightly from experiment to experiment. One explanation
for this increased stability is that changing the D97 residue
results in a conformational change or protein interaction that
affects access to the signal peptide cleavage site region of
YneA. This hypothesis seems plausible, as the ratio of full-
length to cleaved product was increased in the YneA(ASAA,
D97A)-S double mutant compared to that in the YneA
(ASAA)-S mutant (data not shown).

We next wanted to correlate the prevalence of the full-
length and cleaved forms of YneA with the ability to inhibit
division. We overexpressed the yneA(ASAA) and yneA(D97A)
mutants and quantified cell length as described above. The
YneA(ASAA) strain displayed a median cell length similar to
that of the vector control (median lengths of 2.7 �m and 2.2
�m, respectively), suggesting that increasing the amount of
cleaved product inactivates YneA (Fig. 6B). It should be noted
that YneA(ASAA) might have decreased activity if the muta-
tion shifted cleavage away from the native site and inactivated
the protein as a result. On the other hand, cells overexpressing
yneA(D97A) were elongated to a similar extent to that for cells
overexpressing wild-type yneA (both with median lengths of 5.2
�m). Therefore, stabilizing the full-length form of YneA does
not reduce the ability of YneA to inhibit cell division. The
behavior of the YneA(ASAA) and YneA(D97A) mutants sug-
gests that YneA is active in the full-length form and that
increasing the amount of cleaved YneA may reduce activity.

Since YneA(D97A) was cleaved more slowly than wild-type
YneA, we asked if cells overexpressing yneA(D97A) would take
longer to resume dividing after YneA expression was shut off.
This was not the case, as we found that cells overexpressing
wild-type yneA and yneA(D97A) resumed cell division with
similar timing (data not shown). However, we note that the
experimental conditions probably did not allow us to observe
small changes in the amount of time required to resume divi-
sion.

The largest distinguishing feature of YneA is the C-terminal
LysM domain. LysM repeats are often found in proteins
known to bind to the cell wall (13), although given our obser-
vation that YneA displays very little association with the wall
(Fig. 5B), it is unclear whether the LysM domain is required
for YneA function. A truncated version of YneA lacking the
LysM domain and C-terminal tail was exported but was non-
functional (data not shown). Based on that mutant, it appears
that some portion of the C terminus is required for YneA
activity.

The transmembrane region is required for YneA activity,
independent of its role in protein export. The other identifiable
feature of YneA is the transmembrane segment. We used
alanine scanning mutagenesis to establish whether the trans-
membrane domain is required for YneA activity. Several of the
resulting mutations abolished YneA function in a qualitative
growth assay (Table 2). PhoA fusions were used to rule out
export defects in these mutants. Strikingly, when the mutations
were superimposed on a model of a transmembrane helix,
inactivating mutations clustered on one face of the helix, while

mutations that resulted in a partially or fully functional protein
were grouped on the opposite face (Fig. 7A). We further char-
acterized one of the inactivating mutations, T15A, and found
that the rate of signal peptide cleavage for YneA(T15A)-S was
similar to that for wild-type YneA-S (Fig. 7B). When cell
lengths were quantified, cells overexpressing yneA(T15A) were
less elongated than wild-type cells (median lengths of 3.3 �m
and 5.2 �m, respectively), although still slightly longer overall
than vector control cells (median length of 2.2 �m) (Fig. 7C).
Thus, mutating the T15 residue reduces YneA activity, even
though the mutant protein displays normal secretion and sta-
bility. It is possible that T15 is involved in a protein-protein
interaction through the transmembrane helix that is required
for YneA activity. An alignment of the B. subtilis YneA trans-
membrane region with orthologues from other Gram-positive
bacterial species revealed that many of the inactivating muta-
tions were in conserved residues (S7, I8, F10, T15, and L23)
(Fig. 7D), supporting the idea that this face of the transmem-
brane region is important for function.

DISCUSSION

We have shown that YneA delays FtsZ ring formation and
septation, as well as daughter cell separation following septa-
tion. YneA is an exported protein that transiently associates

TABLE 2. Residues in the transmembrane region are required for
YneA activity

Strain YneA
Mutation

Growth
inhibitiona Commentsb

AM69 Wild type �
AM175, AM187 E6A � Exported
AM232, AM247 S7A � Exported
AM233, AM248 I8A � Exported
AM234 I9A 

AM235, AM250 F10A � Exported
AM236 V11A �
AM237, AM252 L13A 
 Exported
AM238, AM253 F14A � Exported
AM239, AM254 T15A � Exported; protein stability

similar to that of the
wild type

AM240 V16A �
AM241, AM255 I17A 
 Exported
AM242, AM256 S19A 
 Exported
AM243, AM257 V21A � Exported; full-length

protein less stable than
wild-type protein

AM244, AM258 I22A � Exported
AM245, AM259 L23A � Exported
AM220, AM260 L25A � Exported
AM221 S26A �

a Strains were streaked onto LB agar and LB agar containing 1 mM IPTG and
were incubated overnight at 30°C. The ability to form normally sized single
colonies was assessed to determine YneA activity. �, inability to form single
colonies on IPTG-containing plates, indistinguishable from phenotype of wild-
type YneA; �, normal formation of single colonies, no growth defect on IPTG-
containing plates compared to plates without IPTG; 
, intermediate growth,
cases where only very small single colonies were able to form.

b Protein export was determined by using YneA-PhoA fusions and assaying for
blue colonies (indicating export of PhoA) on GYE-XP indicator plates. Strains
used for PhoA assays are listed as the second strain in the first column of the
table. Protein stability was assessed by performing proteolysis rate experiments,
using the S-tagged form of YneA {AM261 �Pspank(hy)-yneA(T15A)-S-flag-his10	
and AM263 �Pspank(hy)-yneA(V21A)-S-flag-his10} as described in Materials and
Methods.
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FIG. 7. Mutations in the transmembrane region inactivate YneA. (A) Mutations that inactivate YneA cluster on one face of the predicted
transmembrane region. The transmembrane region was modeled as an alpha-helix, using Swiss-PDP Viewer. Residues are colored as follows: blue
indicates alanine substitutions that inactivate YneA, green indicates alanine substitutions that have little or no effect on YneA, and white indicates
residues that were not mutated or tested. (B) The T15A mutation does not affect the stability of YneA. AM199 [thrC::Pspank(hy)-yneA-S-flag-his10]
and AM261 [thrC::Pspank(hy)-yneA(T15A)-S-flag-his10] were grown and samples were prepared as described in the legend to Fig. 5D. Proteins were
separated in a 13.8% SDS-polyacrylamide gel, and immunoblots were performed using diluted (1:5,000) anti-S primary antibody. Asterisks indicate
nonspecific bands. (C) The T15A mutation reduces YneA function. AM69 [amyE::Pspank(hy)-yneA], AM70 [amyE::Pspank(hy)], and AM239
[amyE::Pspank(hy)-yneA(T15A)] were grown and induced (in the same experiment as that for Fig. 6B), and cells were stained and measured as
described in the legend to Fig. 1C. This experiment is representative of two independent trials. (D) Many inactivating mutations are in conserved
residues. Alignment of transmembrane domains in YneA orthologues was performed using ClustalX2.0. Open circles, alanine substitutions with
little or no effect on YneA activity; closed circles, alanine substitutions that inactivate YneA; single and double dots indicate conserved amino acid
groups.
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with the cell wall. Unexpectedly, YneA appears to be active
prior to signal peptide cleavage. YneA is rapidly proteolyzed,
and cells quickly resume division after yneA expression is
turned off. Furthermore, mutations in the transmembrane re-
gion of the YneA signal peptide inactivate YneA without af-
fecting export or stability, suggesting that the transmembrane
may dimerize or interact with other proteins. Taken together,
these results suggest a novel mechanism for an inhibitor of cell
division.

The cell length at which FtsZ rings are first observed in cells
overexpressing yneA is longer than that for uninduced cells,
suggesting that YneA may delay FtsZ ring assembly (Fig. 2).
This may account for the delay in septation that we observed
(Fig. 1), or YneA might also delay a step of septum assembly
after FtsZ ring formation. Attempts to determine if YneA
localizes to division sites by use of fluorescent fusion proteins
have so far been unsuccessful. In addition, YneA also delays
daughter cell separation following division (Fig. 3), which is
consistent with the model that YneA influences cell wall re-
modeling during cytokinesis. In B. subtilis, cell separation is
promoted by the LytC, LytD, LytE, LytF, LytG, and CwlS
autolysins, several of which contain LysM domain repeats (23,
29, 50). LytC and LytD are also involved in other processes of
cell wall turnover, cell elongation, and peptidoglycan remod-
eling that are important during cell division (6). Interference of
these autolysins by YneA could explain the cell separation
defect seen in yneA-overexpressing cells. In this model, disrup-
tion of autolytic activity could hinder peptidoglycan remodel-
ing, which in turn might also delay septum formation.

YneA is smaller than the other SOS-induced cell division
inhibitors that have been identified in Gram-positive bacteria,
such as M. tuberculosis Rv2719c and C. glutamicum DivS (11,
14, 45). YneA consists only of the extracellular LysM domain,
a short C-terminal sequence, and the signal peptide. Due to
the presence of the LysM domain, we expected YneA to lo-
calize to the cell wall, with localization possibly needed to
affect peptidoglycan remodeling. Instead, we determined that
the vast majority of YneA was released into the surrounding
medium after signal peptide cleavage (Fig. 5). It should be
noted that peptidoglycan binding proteins often contain sev-
eral LysM repeats, as opposed to the single LysM domain seen
in YneA (13, 23). Our mutational analysis nevertheless sug-
gests that the LysM domain and C-terminal tail are required
for YneA function. It is possible that weak association of the
single LysM domain of YneA with the cell wall modulates
YneA activity, allowing cells to delay division transiently.

YneA is rapidly degraded and cells quickly resume division
after transcription of yneA is shut off (Fig. 4 and 5). Unlike
Rv2719c and DivS, which are integral membrane proteins,
YneA contains a putative signal peptide cleavage site. Starting
at the �3 position relative to the cleavage site, the predicted
cleavage site sequence in YneA is SSGQ, which differs slightly
from the consensus (AXAA, with the �1 site tolerating most
residues, except for cysteine and proline [53, 54]). We were
unable to isolate enough cleaved YneA protein to determine
the exact site of cleavage; therefore, cleavage may actually
occur at another site nearby. Our mutational analysis indicated
that YneA may be active as a full-length protein: stabilizing the
full-length form of YneA [YneA(D97A)] did not interfere with
the ability of YneA to inhibit division, while increasing the

amount of cleaved YneA [YneA(ASAA)] decreased activity
(Fig. 6). This is in contrast to many exported proteins that are
inactive until released from the membrane by signal peptide
cleavage. Full-length YneA-S had a half-life of �5 min (Fig. 5),
although it is possible that the S tag affected the proteolysis
rate. Five minutes, though rapid, is not as fast as the processing
of certain secreted proteins with consensus cleavage sites (7,
55). Thus, the nonconsensus cleavage site of YneA may serve
as a way to slow the action of signal peptidases, allowing
full-length YneA to function. The fact that cleavage still oc-
curred rather efficiently supports the role of YneA as a tem-
porary inhibitor of division.

In addition to signal peptide cleavage, YneA is quickly de-
graded by extracellular proteases. Previous studies have impli-
cated epr and wprA in the proteolysis of LysM-containing pro-
teins (61), and we determined that this was also the case for
YneA (Fig. 5). However, many of the eight known extracellular
proteases in B. subtilis may be functionally redundant (1), so it
is likely that there are other proteases that can degrade YneA
after it has been released from the membrane. The proteolysis
of YneA—signal peptide cleavage and degradation by extra-
cellular proteases—appears to be constitutive. The rate of pro-
teolysis was not affected by DNA damage or induction of the
SOS response. Thus, the regulation of YneA follows the par-
adigm of some other checkpoint proteins, such as SfiA and Sda
(an inhibitor of the sporulation cell cycle in B. subtilis), which
are regulated at the level of transcription but are constitutively
degraded (25, 43, 49). It should be noted that both signal
peptide cleavage and C-terminal degradation by extracellular
proteases may play a role in negatively regulating YneA activ-
ity, and our evidence does not clearly delineate which event is
the rate-limiting step for shutting off YneA.

Surprisingly, mutations in the transmembrane region of the
YneA signal peptide inactivated YneA without affecting pro-
tein export or stability (Fig. 7). This suggests that the trans-
membrane segment may interact with other proteins, ho-
modimerizing, oligomerizing, or perhaps interacting directly
with the target of YneA. Single-pass transmembrane domains
have been shown to dimerize or oligomerize in a protein-
specific manner (37, 46, 56). In some cases, protein-protein
interactions in the membrane can promote or inhibit activity
(see the discussion of divisome proteins below). A direct role
for the transmembrane region in the inhibition of cell division
by YneA is consistent with the model that full-length YneA is
the active form. This does not preclude a role for the LysM
domain, which might be needed, for example, to position
YneA in the membrane or to localize YneA to sites of pepti-
doglycan synthesis.

Components of the B. subtilis divisome are attractive candi-
dates for proteins that may interact with YneA via the trans-
membrane region. These single-spanning integral membrane
proteins include DivIB, DivIC, PBP2b, and FtsL and assemble
interdependently after FtsZ at division sites (reviewed in ref-
erences 20 and 24). DivIB, DivIC, and FtsL interact to form a
complex that is required for recruiting PBP2b and promoting
septum formation (16, 18). Depleting DivIB or FtsL affects the
stability of other proteins in the complex and can inhibit divi-
sion (18). The transmembrane domain of DivIB is sufficient to
localize the protein to the mid-cell, and previous studies have
speculated that DivIB and FtsL interact through their trans-
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membrane domains (60). We have observed that a divIB mu-
tation suppresses the growth defects caused by overexpressing
yneA (unpublished data). One possibility is that YneA targets
DivIB or another component of the divisome, thus disrupting
or destabilizing the complex and preventing division. Deple-
tion of PBP2b, one of a large family of penicillin-binding pro-
teins (PBPs), results in cell elongation and aborted septal
cross-wall formation (17). Therefore, it is possible that the cell
separation defect we observed in yneA-overexpressing cells was
due to defective PBP2b activity. Further study will be needed
to determine if YneA interacts with the divisome, PBPs, or
autolysins and whether targeting these proteins affects FtsZ
ring assembly or stability.

We present one possible model for the regulation of YneA
that is consistent with our data (Fig. 8). YneA interacts with
another protein via the transmembrane region, resulting in
inhibition of division (left panel). The LysM domain may also
be involved in this protein-protein interaction, or it may help to
localize YneA by transiently binding peptidoglycan. Signal
peptide cleavage releases the LysM-containing C terminus into
the medium (middle panel). The C-terminal portion of YneA
is degraded by extracellular proteases (right panel). These
constitutive proteolytic events may contribute to the rapid re-
sumption of cell division following downregulation of yneA
expression. This model represents a novel mechanism for an
SOS-induced inhibitor of division and serves as a framework to
guide future investigations regarding targets of YneA.
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