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Abstract

A new Bacillus subtilis sporulation-specific gene, yhcN, has been identified, the expression of which is dependent on the
forespore-specific sigma factor (JG and to a much lesser extent on (JF. A translational yhcN-lacZ fusion is expressed at a very high
level in the forespore, and the protein encoded by yhcN was detected in the inner spore membrane. A yhcN mutant sporulates
normally and yhcN spores have identical resistance properties to wild-type spores. However, the outgrowth of yhcN spores is
slower than that of wild-type spores. @ 1998 Elsevier Science B. V. All rights reserved.
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I. Introduction

The Bacillus subtilis genome sequencing project has
identified an open reading frame (ORF) termed yhcN,
which codes for a small protein with an unusual amino
acid composition (Noback et al., 1996; EMBL accession
no. X96983). This gene is located at 84 degrees on the
complete sequence of the B. subtilis chromosome,
between the cspB gene and the glycerol operon glpPFKD
(Kunst et al., 1997), and encodes a 189 residue hypothet-
ical protein which contains 16% asparagine residues.
YhcN shows no significant sequence similarity to any
protein with known function, although B. subtilis geno-
mic sequencing has identified an ORF [ylaJ (EMBL
sequence accession no. Z97025)] coding for a protein
with some sequence homology (20% identity and an
additional 24% similarity) to YhcN. YhcN also has

slight sequence homology (14% identity and an addi-
tional 20% similarity) to one region of a large E. coli
protein (Swiss Prot P15484) which is essential for
the biogenesis of mature CS3 pili (Noback et al.,
1996). The amino-terminal sequence of YhcN
(MFGKKQVLASVLLIPLLMTGCGV- ) also exhibits
significant sequence similarity to sequences at the amino-
termini of membrane anchored lipoproteins, including
a positively charged region at the amino-terminus, and
a stretch of hydrophobic residues followed by the
LMTGC sequence which has some similarity to the
consensus sequence for lipoprotein cleavage and modifi-
cation (LLAGC) (Hayashi and Wu, 1990; Noback
et al., 1996).

Although the function of YhcN could not be inferred
from its amino acid sequence, its high levelof asparagine
residues is similar to the situation in the y-type small,
acid-soluble spore proteins (SASP), which make up a
large percentage of the protein in the dormant spores
of B. subtilis and other related spore formers (Setlow,
1988). In addition, YhcN contains the amino acid
sequence KLEVADE. This sequence is very similar to
the sequence KLEIASE found in (X/p-type SASP of
B. subtilis (Setlow, 1988), which is the recognition and
cleavage site for the protease (termedGPR) that initiates
SASP degradation during spore germination. Thus
YhcN may be a distant relative of one of the SASP
families.
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Botb (X/p-type and y-type SASP are expressed only
during sporulation in tbe developing forespore and tbeir
transcription is initiated by RNA polymerase witb a
forespore-specific sigma factor, (JG (Setlow, 1988;
Haldenwang, 1995). E(JG bas a unique promoter speci-
ficity and transcribes a large number of genes expressed
only in tbe forespore; in particular, genes tbat encode
much of the protein within tbe mature spore
(Haldenwang, 1995). In tbis work the expression of
yhcN was analysed and found to be expressed only in
the forespore of sporulating cells and transcribed almost
exclusively by E(JG. The yhcN gene or gene product also
plays a role, either directly or indirectly, in spore

outgrowth.

wild-type strains of B. subtilis, but PS832 sporulates
more efficiently, while a number of mutations in gelles
for sporulation sigma factors is available in the PY79
background. o

2.2. Construction o/Bacillus subtilis strains containing a

transcriptional yhcN-IacZ/usion

A fragment encompassing 147 bp upstream of yhcN
as well as 25 bp of the yhcN coding region was amplified
by PCR. The primers used were yhcN5' (5'-CCCA-
AGCTTCCCTCCTTTGCAGTGTATTC-3') and yhcN
TRN3' (5'-CGGGATCCAAGGACTTGTTTTTTTC~
CAAAC-3'), which contained extra residues including a
HindIII or BamHl site at their 5' ends (underlined
residues). The PCR product was cut with HindIII and
BamHl and the resulting fragment cloned into HindIII
and BamHl cut plasmid pDG268, a vector for construc.:
tion of transcriptionallacZ fusions and their subsequent
integration into the amyE locus on the B. subtilis chro-
mosome (Stragier et al., 1988). The resulting plasmid,
termed pIB414, was linearized with Bg/II and used to
transform wild-type B. subtilis PS832 to Cmr. Several
Cmr colonies were picked and checked for the lack of
amylase activity as described previously (Cutting and.
Vander Horn, 1990). One amylase-negative Cmr colony
was chosen, and this strain was called IB415.

To construct a B. subtilis strain containing a transcrip-

2. Materials and methods

2.1. Bacterial strains and media

Escherichia coli strain TG1 (Sambrook et al., 1989)
was used for cloning. The B. subtilis strains used in this
work are listed in Table 1. Bacillus subtilis strains with
the PS832 background were used to study yhcN expres-
sion and for analysis of the phenotype of the yhcN
mutant; B. subtilis strains with a PY79 genetic back-
ground were used for studies of the genetic dependence
of yhcN expression. PS832 and PY79 are very similar

Table 1
Bacillus subtilis strains

DescriptionStrain

PS43S"

PS832a

IB331"

IB333"

IB34S"

IB368"

IB373"

IB37S"

IB377"

IB38Sc

IB387c

IB389c

IB391c

IB393c

IB41S"

IB419"

PY79c

RLS60c

RL831c

SC64c

SC137c

SCllS9

Source (reference)
-

Mason et al. (1988)
Laboratory stock
pIB278-+PS832
pIB320-+PS832
See Section 2.6
pCm::Errn (Steinmetz and Richter, 1994)-+IB333
RL560-+IB368
pSDA4-+ IB373
pDG298-+IB373
IB331-+PY79
IB331-+SC1159
IB331-+SC137
IB331-+RL831
IB331-+SC64

pIB414-+PY79
pIB417-+PY79
Youngman et al. (1984)
R. Losick
R. Losick
S. Cutting
S. Cutting
S. Cutting

sspE: :sspE-laczb Cmr
Wild-type derivative of strain 168
yhcN: :yhcN-laczb Cmr
amyE::yhcN-laczb Cmr

~yhcN::spc Spr
amyE::yhcN-laczb Emr
amyE::yhcN-laczb spoIIIG Cmr Emr
amyE::yhcN-laczb spoIIIG [pSDA4] Cmr Emr Kmr
amyE::yhcN-laczb spoIIIG [pDG298] Cmr Emr Kmr
yhcN: :yhcN-laczb Cmr
spoIIA C yhcN: :yhcN-laczb Cmr
spoIIGB yhcN: :yhcN-laczb Cmr Emr
spoIIIG yhcN: :yhcN-laczb Cmr Kmr
spoIVCB yhcN: :yhcN-laczb Cmr Emr
amyE::yhcN-laczd Cmr
yhcN: :yhcN-laczd Cmr

Wild-type
spoIIIG Cmr
spoIIIG Kmr
spoIVCB Emr
spoIIGB Emr

spoIIAC

a Genetic background is PS832,

b TranslationallacZ fusion.

c Genetic background is PY79.

d TranscriptionallacZ fusion.



L Bagyan er al. / Gene 212 ( 1998) 179-188

tional yhcN-IacZ fusion at the yhcN locus, pIB414 was
cut with Hindl11 and ClaI and the fragment containing
the yhcN promoter and the 5'-end of lacZ was cloned
between the Hindl11 and ClaI sites of pTKlac ( Kenney
and Moran, 1987). The resulting plasmid, termed
pIB417, was integrated into the B. subtilis PS832 chro-
mosome by a single crossover event, selecting for Cmr
transformants. A Cmr transformant that contained only
one copy of the transcriptional yhcN-IacZ fusion at the
yhcN locus, as determined by Southern blot analysis,
was called strain IB419. Chromosomal DNA was iso-
lated from strain IB419 and used to transform B. subtilis
strain PY79 and its derivatives containing different spo
mutations to Cmr.

(JF of (JG under control of the IPTG inducible spac
promoter were grown at 37°C in 2 x YT medium (per
liter: 16 9 tryptone, 10 9 yeast extract and 5 9 NaCI) to
an OD6oo Dm of 0.25. The culture was then split in half,
IPTG added to 2 mM to one half, and incubation
continued. p-Galactosidase activity was determined with
o-nitrophenyl-p-D-galactopyranoside as described pre-
viously (Nicholson and Setlow, 1990); Iysozyme
(200 ~g mI-l) was used for cell permeabilization prior
to enzyme assay. To analyse p-galactosidase activity in
spofes, the spofes were first decoated and then treated
with Iysozyme prior to enzyme assays, as described
previously (Nicholson and Setlow, 1990). AII p-galactos-
idase-specific activities are expressed in Millef units

(Millef, 1972).
2.3. Construction o/Bacillus subtilis strains containing a

translational yhcN-IacZ/usion 2.5. Determination of the yhcN transcription start site

Tota1 RNA was extracted from sporu1ating ce11s of
B. subtilis strain IB333 3.5 h after the beginning
of sporu1ation as described previous1y (Moran, 1990).
The RNA was used in primer extension reactions at
47aC with avian mye1ob1astosis virus reverse trans-
criptase (Moran, 1990) and as primers either
yhcN-80 ( 5'-GCAGCCAGTCATAAGCAAAGG-3'),
which annea1s on1y to yhcN mRNA, or 1acZ- 70

( 5'-AAGGCGATTAAGTTGGGTAACG-3'), which
annea1s on1y to yhcN-lacZ mRNA. DNA size standards
for ana1ysis of the primer extension products were
produced using the same two primers in DNA sequen-
cing reactions. The yhcN-80 primer was used with
p1asmid pIB321, carrying a 900-bp fragment encom-
passing the yhcN region (see Section 2.6), and the
1acZ- 70 primer with p1asmid pIB320, which carries the
trans1ationa1 yhcN-lacZ fusion in p1asmid pDG268.

2.6. Construction of the yhcN null mutant

A fragment encompassing 147 bp upstream of the
yhcN ORF as we11 as 27 bp of the coding region was
amp1ified by PCR. The primers used were yhcN5' (see
Section 2.2) and yhcN3' (5'-CGGGATCCGCAA-
GGACTTGTTTTTTTCC-3'); the yhcN3' primer had
extra residues inc1uding a BamH1 site at the 5' end
(under1ined). The PCR fragment was treated with T4
DNA po1ymerase to generate blunt ends, cut with
BamH1 and the fragment cloned between the Smal and
BamH1 sites of pJF751, a vector for the construction
of translationallacZ fusions (Ferrari et al., 1985). The
resulting plasmid, termed pIB278, was integrated into
the PS832 chromosome by a single crossover event with
selection for Cmr. A Cmr transformant containing only
a single copy of the translationa1 yhcN-IacZ fusion at
the yhcN locus as shown by Southem blot analysis was
called strain IB331. Chromosomal DNA was isolated
from strain IB331 and used to transform B. subtilis
strains with PY79 backgrounds to Cmr.

To construct a B. subtilis strain containing the transla-
tional yhcN-IacZ fusion at the amyE locus, pIB278 was
cut with HindIII and ClaI and the fragment containing
the yhcN regulatory region and 5'-end of lacZ was
cloned between the HindIII and ClaI sites of pDG268
(Stragier et al., 1988). The resulting plasmid, termed
pIB320, was linearized with Bg/1I and used to transform
strain PS832 to Cmr. Cmr colonies were picked and
checked for the lack of amylase activity as described
previously (Cutting and Vander Hom, 1990). One amy-
lase-negative Cmr colony was chosen and the corre-
sponding strain was called IB333.

Plasmid pSGMU2 (Perego, 1993) was linearized with
EcoR1, treated with T4 DNA polymerase to fill the ends
and ligated to give plasmid pIB297, which is pSGMU2
cured of its EcoRl site. A 900-bp fragment containing
yhcN and its flanking regions (Fig. I) was amplified by
PCR. The primers used were: yhcN-mut-new5' (5'-~

CCAAGCTTGATCCTATGATCAATGCTG-3') and
yhcN-mut-new3' ( 5'-CGGGATCCGCAAACGTCT -
CCCTCC-3'), each containing extra residues including
a BamHl or HindlIl site at their 5' ends (underlined
residues). The PCR fragment was cut with HindlIl and
BamHl and cloned between the BamH1 and HindlIl
sites of plasmid pIB297 to yield plasmid pIB321. To
delete most of the coding region of yhcN from plasmid
pIB321, the plasmid was cut with BstE2, treated with
T4 DNA polymerase to fill the ends and then cut with
EcoRl. The 4.1-kb fragment was isolated and ligated
with a l.l-kb fragment containing a spectinomycin

2.4. Analysis of p-galactosidase activity in sporulating

cells, spores and vegetative cells

Sporulatioll of B. subtilis cells was induced at 37°C
by tbe resuspensioll metbod (Sterlini and Mandelstam,
1969). Strains witb plasmids carrying gelles encoding
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900 b p

Fig. 1. Physical map of the yhcM/N region. The 900-bp fragment used in the construction of the yhcN null mutant is shown schematically. Tb
horizontal arrows denote the direction of transcription as shown (yhcN, this work) or inferred (yhcM). The box es denote the limits of the yhCl1
and yhcN ORFs.

cassette obtained by digestion of plasmid pJL 74
(LeDeaux and Grossman, 1995) with EcoRl and
Ec/l36II. The resulting plasmid, termed pIB325, con-
tains yhcN flanking regions with the spectinomycin
cassette replacing much of the coding sequence of yhcN,
and was linearized with HindIII and used to transform
B. subtilis PS832 to Spr. In this transformation the
spectinomycin cassette was integrated into the B. subtilis
chromosome by a double crossover event removing most
ofthe yhcN coding sequence. The expected chromosomal
structure of one Spr transformant ( termed strain IB345 )
was confirmed by Southem blot analysis.

2.7. Analysis of resistance, germination and outgrowth

of Bacillus subtilis spores

Spores were harvested from cultures grown for 48 h
at 37°C in 2 x SG medium (Goldrick and Setlow, 1983;
Leighton and Doi, 1971) and purified as described
previously (Mason and Setlow, 1986). Spores in water
were heat treated or UV irradiated with 254 nm light
and survival was measured as described previously
(Mason and Setlow, 1986; Setlow and Setlow, 1987;
Fairhead et al., 1993).

Purified spores in water were heat activated for 30 min
at 70°C, cooled on ice and then diluted to an OD6oo Dm
of around 0.4 in 2 x YT medium containing 4 mM
L-alanine, or to an OD600 nm of around 0.8 in Spizizen's
minimal medium (Spizizen, 1958) without Casamino
acids but containing 4 mM L-alanine and 50 I!g ml-1
L-tryptophan. Cultures were incubated at 37°C with
good aeration and the OD6oo Dm of the cultures was
monitored.

2.8. Analysis ofproteinsfrom Bacillus subtilis spores

and spore membranes

extracted with 0.6-0.8 m1 of ice-cold buffer (25 m~
Tris-HCl (pH 7.4),5 mM EDTA, 0.3 mM PMSF) fo
30 min on ice, fo1lowed by centrifugation for 2 min in -

microcentrifuge. Aliquots of both the supernatant an~
pe1let fractions were analysed by SDS-PAGE on ;
15% gel. -

Spore coats were removed from cleaned spores ~
incubation in 0.1 M DTT, 0.1 M NaCl, 0.1 M NaOH
0.5% SDS (pH 10) at 65°C for 30 min. This procedui
removes much of the spore coat protein as we1l as t~
spore's outer membrane, and a1lows subsequent ruptu~
of spores with lysozyme. The decoated spores wer
washed extensively (> 10 times) with disti1led water aru
resuspended in buffer A ( 50 mM Tris-HC1, pH 7.4
5 mM EDTA, 1 mM PMSF, 0.2 mg ml-1 MgCl~
1 Jlg m1-1 DNAse I) at 50-75 OD6oo nm U m1-]
Lysozyme was added to a final concentration G
1 mg m1-1 and the mixture was incubated for 2 min a
25°C and then for 20 min on ice. The lysate was soni
cated for 1 min with glass beads present to shear thJ
spore's inner membrane from the cortex and germ cej
wa1l, and the resulting extract was centrifuged in ;
microfuge for 5 min. The supernatant fluid was centri
fuged at 28 000 x 9 for 5 min to pe1let spore cortex ani
ce1l-wa1l fragments, and the membrane fraction wa:
recovered from the supernatant fluid by centrifugatio~
at 100000 x 9 for 1 h. The membrane pe1let was washe!
with buffer A and resuspended in 50 J.Ll of buffer A;
Membranes from vegetatively growing ce1ls (OD = l.j
in 2 x SG medium) were recovered by an essentia1l:
identical protocol except that the ce1ls were not treate(
with decoating solution. Approximately 10 Jlg of mem
brane protein was run on SDS-PAGE using !
Tris/Tricine polyacrylamide gel (Schagger and vo~
Jagow, 1987), proteins were transferred to polyvinyli
dene difluoride paper and the paper was stained witJ
Coomassie Blue. The 22 000 mol. wt band tentativel1
identified as YhcN was digested with trypsin, peptide-
were purified by high-pressure liquid chromatograph:
and a peptide was sequenced as described previousi:
(Patel-King et al., 1996).

About 125 OD600 nm units of B. subtilis spores were
1yophi1ized and dry-ruptured (eight times for 1 min each)
with a dental ama1agamator (Wig-L-Bug) using glass
beads ( ~ 100 mg) as the abrasive. The dry powder was
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2.9. Synthesis of YhcN in E. coli and its cleavage with

GPR
approx. 2 h after induction of sporulation, with the
maximum p-galactosidase specific activity after 4-5 h
( Fig. 2) .Surprisingly, the translational yhcN-lacZ fusion
was expressed to a much higher level than the transcrip-
tional fusion, although both fusions exhibited similar
kinetics of expression during sporulation (Fig.2A,B).
Analysis of the p-galactosidase level in spores of the
different yhcN-lacZ fusions showed that more than 75%
of the yhcN-driven p-galactosidase accumulated during
sporulation was incorporated into the mature spore
(data not shown). These data indicate that yhcN is not
only a sporulation gene, but also a forespore-specific
gene. The similar kinetics and levelof p-galactosidase
expression from the transcriptional yhcN-lacZ fusion
incorporated at the yhcN and amyE loci (Fig.2A)
further indicate that the 147 bp upstream of yhcN that
were inserted at amyE probably contain the complete
yhcN promoter. Similar results were obtained with the
translational yhcN-lacZ fusion (Fig. 2B).

3.2. Sigmafactor dependence ofyhcN expression

In order to express yhcN in E. coli, the yhcN ORF
was amplified by PCR. The primers used were 5'pET
( 5'-GGAATTCCATATGTTTGGAAAAAAACAAGT -
CC-3') and 3'pET (5'-CCGCTCGAGTTCAGCGTTA-
GGGAATACAC-3'), each of which had extra residues
at their 5' ends (underlined) including NdeI and XhoI
sites. The PCR product was cleaved with NdeI and
XhoI, and cloned between the NdeI and XhoI sites of
the expression vector pET29(b + ) (Novagen,
Milwaukee, WI, USA). 1'he resulting plasmid, termed
pIB4l0, was introduced into the E. coli expression strain
BL2l(DE3) (Novagen) and yhcN expression was
induced with IPTG according to the Novagene pET
System Manual. Cells were collected 1.5 h after induc-
tion and disrupted with lysozyme, crude soluble and
insoluble fractions were prepared according to the pET
System Manual, and aliquots analysed by SDS-PAGE
along with aliquots from uninduced cells. The insoluble
fraction of induced cells had one new prominent protein
band migrating at 22 000 mol. wt, which is close to the
size expected for YhcN (21000 mol. wt). The insoluble
fraction of induced cells was lyophilized, weighed and
dissolved in 8 M urea/25 mM Tris-HCl (pH 7.5) for 1 h
at room temperature to obtain a protein concentration
of ~IOmgml-l.

To test for GPR cleavage of YhcN produced in
E. coli, 300 ~l of a mix containing 0.8 M urea, 5 mM
Tris-HCl (pH 7.5), 2.5 mM CaCl2 and 300 ~g of the
protein from the induced cells with or without 20 ~g of
active B. megaterium GPR, purified as described by
Illades-Aguiar and Setlow ( 1994 ), was incubated for
30 min at 37°C. The YhcN remained soluble during this
incubation. To check that GPR was active in this
mixture the same reaction was also carried out with the
GPR substrate SspC (60 ~g) (Loshon et al., 1997).
Aliquots ofreaction mixes were analysed on SDS-PAGE
for YhcN and on a polyacrylamide gel run at low pH
(Illades-Aguiar and Setlow, 1994) for SspC.

3. Results

3.1. Expression ofyhcN duringgrowth and sporulation

To examine yhcN expression, transcriptional and
translational yhcN-lacZ fusions were constructed and
placed at both the yhcN and amyE loci, and yhcN-
directed p-galactosidase activity was measured during
vegetative growth and sporulation, and in dormant
spores. No significant expression of the yhcN-lacZ
fusions was observed in vegetatively growing cells
(Fig. 2). However, the transcriptional and translational
yhcN-lacZ fusions were both expressed beginning

The timing of yhcN-lacZ expression was essentially
identical to that of sspE, another forespore-specific gene
(Fig. 2B). Since sspE is known to be transcribed almost
exclusively by RNA polymerase containing the fore-
spore-specific sigma factor uG (Sun et al., 1989), this
suggests that yhcN may also be under uG control. To
prove the uG dependence of yhcN expression the expres-
sion of the translational yhcN-lacZ fusion in different
spo mutant backgrounds was analysed. A mutation in
the spoIVCB gene coding for a part of the late mother-
cell-specific sigma factor UK had no significant effect on
yhcN-lacZ expression (Fig. 3A). In contrast, a mutation
in spoIIIG, which codes for the late forespore-specific
sigma factor uG, decreased the levelof yhcN-driven lacZ
expression to only approx. 4% that of the wild-type
level (Fig.3B). However, a mutation in the spoIIAC
gene, which codes for the early forespore-specific sigma
factor UF, abolished yhcN-lacZ expression (Fig.3B).
Since UF is required for synthesis of uG (Haldenwang,
1995), these data indicate that yhcN is a forespore-
specific gene which is transcribed primarily by EuG and
to a small extent by EUF. yhcN-lacZ expression in a
spoIIGB mutant lacking the mother-cell-specific UE was
higher than in a uG mutant (Fig. 3B), as was observed
previously for other genes that are either fully or par-
tially dependent on UF (Lewis et al., 1994; Karow et al.,
1995; Londono-Vallejo and Stragier, 1995; Londono-
Vallejo et al., 1997). Similar results were obtained when
the sigma factor dependence of the expression of the
transcriptional yhcN-lacZ fusion during sporulation was
analysed (data not shown).

To prove conclusively that UF is able to direct the
transcription of yhcN, plasmid pSDA4 (Shazand et al.,
1995), which contains the structural gene for UF under
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the control of the IPTG-inducible spac promoter, was
introduced into a strain containing a translational yhcN-
lacZ fusion as weIl as a mutation in spoIIIG. Upon
induction of (JF synthesis in vegetatively growing cells
of this strain there was some increase in p-galactosidase
activity (Fig. 4A), showing that (JF was able to direct a
low levelof expression of yhcN-lacZ. However, vegeta-
tive cells containing plasmid pDG298 (Sun et al., 1989)
carrying spac-spo/IIG showed more than IOO-fold higher
expression of the yhcN-lacZ fusion upon induction of
(JG synthesis (Fig. 4B). Therefore, it was concluded that

yhcN is transcribed primarily by E(JG but can also I:
recognized to a small extent by (JF. However, it is uncle;
whether this (JF-dependent expression is of any fun!
tional significance.

3.3. Localization of the yhcN promoter

To localize precisely the yhcN promoter, primer exter
sion analysis was carried out using RNA from sporul~
ing cells of strain IB333 containing the translation~
yhcN-lacZ fusion at the amyE locus. Two differei
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YT medium, and at an OD6oo nm of 0.25 cultures were split in half, one half made 2 mM in IPTG, and samples taken from both cultures for assay
of p-galactosidase. The strains and symbols used are: (A) 18375 (Pspac-uf); (8) IB377 (Pspac-uG); 0, without IPTG; ., with IPTG.

primers were used for this analysis: one annealed to the
lacZ portion of yhcN-lacZ mRNA, while the other
annealed only to the yhcN mRNA. Both primers gave
the same start site for transcription from the yhcN
promoter (Fig. SA,B). However, the yhcN-lacZ mRNA
appeared to be more abundant than yhcN mRNA, since
> lO-fold more extension product was obtained with

the primer annealing to yhcN-lacZ mRNA (Fig. 5A)
than with the primer annealing only to yhcN mRNA
(Fig. 5B). Transcription of yhcN starts 24 nucleotides
(nt) upstream of the yhcN AUG codon, at a T residue
(Figs. 5 and 6). Sequences centered 10 and 35 nt
upstream of the transcription start site show good
similarity to the -10 and -35 consensus sequences
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Fig. 5. Primer extension analysis of the start of transcription of yhcN. RNA from sporulating cells of strain IB333 was isolated, and primer extension
products were obtained and analysed as described in Methods. The primer used in (A) is lacZ- 70, which anneals on1y to lacZ sequences; the primer
used in (B) is yhcN-80 which anneals on1y to yhcN sequences. The lanes labeled A, G, C and T are DNA sequencing reactions with appropriate
prirners and either (A) pIB320 or (B) pIB321. Lanes labeled 1 are primer extension reactions with sporulating ce1l RNA. Prirner extension products
are marked with arrows, and the transcription start site on the yhcN upstream sequence to the left of the figure is marked with a dot. The upstream
sequence of yhcN is taken from Noback et al. ( 1996). The intensity of the DNA sequencing lanes in (B) was approximately equal to that in (A)
when both samples were exposed to fi1rn for equivalent amounts of tirne.
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A A AA

GCATG CATTCTA

Spo Veg

RBS yhcN -.. ~

Fig. 6. Sequence of yhcN 5' region. Sequences corresponding to -10
and -35 promoter elements and yhcN ribosome binding site (RBS)
are underlined. Consensus sequences for -10 and -35 promoter ele-
ments (Haldenwang, 1995) of (JG-dependent promoters are shown in
bold letters, as is the transcription start site.

Fig. 7. Analysis of membrane proteins from spores and vegetative ce
of B. subtilis. The inner spore membrane and vegetative cell membraJ]
were isolated, ~ 10 J.lg of protein was run on Tris/Tricine SDS-PAG
and the gel stained with Coomassie Blue. The samples in the vario
lanes are from spores (Spo) and vegetative cells (Veg). The rnigrati~
position of mol. wt markers is given to the right of the figure, and f
arrowhead to the left indicates a 22 000 mol. wt protein unique ,

spores, which was shown to be YhcN.
recognized by both O"G and O"F, with appropriate spacing
(17 nt) between these consensus sequences (Fig.6)
(Haldenwang, 1995). The yhcN sequence has one G
residue three residues upstream of the -10 region, a
feature of several promoters recognized by both O"F and
O"G. In contrast, G residues both three and two residues
upstream of the -10 sequence are hallmarks of good
O"F-dependent promoters (Sun et al., 1991).

seen (data not shown); the rate of cleavage of YhcN t
GPR was at least 500-fold slower than cleavage of SSR
(data not shown).

3.5. Characterization ofthe yhcN nullmutant

3.4. Analysis of YhcN in Bacillus subtilis and its

overexpression in E. coli
In addition to using the yhcN null mutant to asse

the level of YhcN in spores, the properties ofthis muta)
were analysed to elucidate a role for yhcN. The mutaj
strain sporulated normally, with killetics and yield j
phase-bright spores identical to those of the wild-typ
The yhcN spores also had the same resistance to he:
and UV radiation as did the wild-type spores (data n~
shown). The yhcN spores exhibited no defect in tI
initiation of spore germination, as measured by t~
initial fall in optical density of a spore culture followi\c;
mixing of spores with germinant (Fig.8). Howev�
yhcN spores did have a slight defect in spore outgrowfl
as they retumed to vegetative growth more slowly th;:1
did wild-type spores (Fig. 8). This defect was moj
pronounced when spore germination and outgrow1
took place in a minimal medium than in a rich mediu~

(Fig. 8A,B).

4. Discussion

The expression of yhcN was initially chosen for anal~
sis because its size, amino acid composition a1:1
KLEV ADE sequence suggested that YhcN might be~
SASP that was susceptible to cleavage by GPR. yhcN
expressed only in the developing spore, as are gen~
coding for both IX/p-type and y-type SASP. Howeve
these SASP are major spore proteins, and levels ~
YhcN are extremely low in spores, and YhcN does n{
have other conserved amino acid sequences found j
IX/p-type and y-type SASP (Setlow, 1988). In additioJ

The forespore-specific expression of yhcN, as weIl as
the capture of most yhcN-driven p-galactosidase in the
dormant spore, suggested that YhcN is a spore protein,
although SDS-PAGE of aliquots of total soluble and
insoluble protein from disrupted spores did not reveal
any significant difference in the protein pattem from
wild-type and yhcN mutant spores (data not shown).
However, SDS-PAGE of proteins from vegetative cell
membranes and the inner spore membrane identified a
protein of ~22 000 mol. wt (approximately the predicted
size of YhcN, 21 000 mol. wt), which was present in
spores but not in growing celIs (Fig. 7). Tryptic digestion
of this 22 000 mol. wt protein folIowed by amino acid
sequence analysis of one tryptic peptide gave the
sequence NIDNVYVSAN, which is identical to residues
141-150 in YhcN (Noback et al., 1996). These data
indicate that YhcN is a spore-specific membrane protein.
However, it was estimated that YhcN comprises <0.1%
of the protein of dormant spores. In contrast, the IX/ p-
type and y-type SASP together comprise approx. 12%
of total spore protein (Setlow, 1988).

YhcN was also overexpressed in E. coli. Although the
protein was insoluble it was not in E. coli membranes
(data not shown). The crude YhcN was then tested as
a substrate for cleavage by GPR which initiates cleavage
of S"ASP during spore germination (Setlow, 1988).
Under conditions where cleavage of a good GPR sub-
strate (Ss pC) was observed, no cleavage of YhcN was

yhcH

CAACATGATCCCTCCTTTGCAGTGTATTCATATTTTCCCCCTCGTT
L M

AGACAAATTAACCGTTATATTTCCCGGGAAAGCATTTCCTCCAGAT

-35 -10 +1

TTGCA T~ TT AAAGCCAGTT AGAAAAAC CT A T AAGT AAAGTG

AT AAAGGAGGAA TTCACATGTTTGGAAAAAAACAA

MFGKKQ
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Fig. 8. Germination and outgrowth of spores of the yhcN mutation in (A) a minimalor (B) a rich medium. Spores of strains PS832 (wild-type)
(.) and IB345 (AyhcN::spc) (0) were germinated in either (A) a minimal medium (Spizizen's) or (B) a rich medium (2 x YT), and the
OD6oo nm was folIowed.

YhcN that had been overexpressed in E. coli was not
cleaved by GPR in vitro. The lack of cleavage of YhcN
by GPR was somewhat surprising, as this protease
tolerates a variet y of substitutions in its canonical
recognition and cleavage site (EIASE), including substi-
tution of Asp for the fust Glu residue, a variet y of large
hydrophobic residues for ne, and even GIn for the
second Glu (Carillo-Martinez and Setlow, 1994).
However, while proteins with these various substitutions
are cleaved appropriately by GPR, the cleavage rate can
be decreased by more than 104. The conserved Ser
residue in the GPR cleavage site can also be varied, as
Ala, Arg, Asn, GIn, Leu, Lys and Val have been found
in this position, although again at least some of these
subsitutions greatly reduce the rate of GPR cleavage
(Cabrera-Martinez and Setlow, 1991; Carillo-Martinez
and Setlow, 1994; Setlow, 1988). The fact that cleavage
of YhcN was > 500-fold slower than that of a good
GPR substrate suggests that GPR does not tolerate an
acidic residue at the position normally occupied by Ser .

One of the surprising results from this work was the
large (> 10-fold) difference in the levelof expression of
transcriptional and translationallacZ fusions to yhcN,
with the translational fusion giving much higher levels
of expression. While the translational yhcN-lacZ fusion
utilized the same transcription start site as yhcN mRNA,
much more RNA was found from the translational
yhcN-lacZ fusion. These data suggest that the mRNA
from the translational yhcN-lacZ fusion is much more
stabIe than either yhcN mRNA or mRNA from the
transcriptional yhcN-lacZ fusion. An altemative possi-
bility is that, since a stop codon in-frame with yhcN was
generated in the transcriptional yhcN-lacZ fusion junc-
tion, this stop codon may exert a polar effect on lacZ
expression. However, these points were not studied
further .

Some of the present findings with YhcN are simi1ar
to those made previous1y with SspF. The latter protein
is a1so encoded by a forespore-expressed gene; its mRNA
is quite abundant, yet SspF is present at minute levels
at best in spores (Loshon et al., 1997; Ollington and
Losick, 1981; Stephens et al., 1984). SspF shares weak
sequence simi1arity with (X/p-type SASP, and contains
the potentia1 GPR c1eavage site ELAKD, which is
c1eaved by GPR in vitro (Loshon et al., 1997; Set1ow,
1993) .However, mutation of the sspF gene had no effect
on sporu1ation, spore resistance, spore germination or
spore outgrowth (Loshon et al., 1997).

The yhcN mutation had no effect on sporu1ation,
spore resistance or germination, but did retard spore
outgrowth. This latter phenotype seems 1ike1y to be due
to the 1oss of yhcN and not a po1ar effect on a down-
stream gene, as yhcN has a strong transcription termina-
tor just downstream of the coding region, and the next
ORF (yhcO) is 179 nt downstream of yhcN (Noback
et al., 1996). However, the reason for the effect of the
yhcN mutation on spore outgrowth is not c1ear. YhcN
is 1ocated in the inner spore membrane, and its mem-
brane 1ocation is consistent with the simi1arity between
the YhcN amino-termina1 sequence and sequences at
the amino-termini of membrane-anchored 1ipoproteins.
However, it is not known whether YhcN is a 1ipoprotein,
or how its membrane 1ocation might affect any function
of this protein during spore outgrowth.
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