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We began an analysis of rpoF, the gene encoding the cryptic, 37,000-dalton minor sigma factor (sigma-37)
of Bacillus subtilis RNA polymerase. Using antibody raised against sigma-37 holoenzyme to probe a Agtll
expression vector library, we isolated a 901-base-pair EcoRI fragment that expressed the COOH-terminal half
of sigma-37 fused to lacZ. We used this fragment as a hybridization probe to isolate the entire rpoF gene and
additional flanking sequences. Identity of the cloned gene was confirmed by the size and immunological reaction
of its product expressed in Escherichia coli and, after DNA sequencing, by the homology of its predicted
product (264 residues; 30,143 daltons) with other sigma factors. The DNA sequence also suggested that rpoF
may lie in a gene cluster. Upstream of rpoF was an open reading frame that would encode a protein of 17,992
daltons; this frame overlapped the rpoF-coding sequence by 41 base pairs. Inmediately following rpoF was a
reading frame that would encode a protein of at least 20,000 daltons; expression of this region may be
translationally coupled to that of rpoF. By plasmid integration and PBS1 transduction, we found the
chromosomal locus of rpoF linked to ddl and dal at 40° on the B. subtilis map and near no known lesions
affecting growth regulation or development. Further, an rpoF null mutation resulting from gene disruption had
no effect on cell growth or sporulation in rich medium, suggesting that sigma-37 may partly control a regulon

not directly involved in the sporulation process.

Genetic analysis has begun to define the physiological
roles of the multiple sigma factors which associate with
Bacillus subtilis RNA polymerase core and which determine
promoter recognition specificity in vitro (21). The major
sigma factor (sigma-43; 43,000 daltons) is analogous to the
Escherichia coli major sigma (8) and predominates during
logarithmic growth (21). The minor form sigma-29 (13),
which is the product of the spollIG gene (32, 37), and the
sigma-like spollA gene product (6, 7) both control some
aspect of stationary-phase physiology essential to sporula-
tion.

Less is known regarding the roles of the minor forms
sigma-37 (14), sigma-32 (18), and sigma-28 (38). These are
present during logarithmic growth and may have a vegetative
function, but in the absence of authentic sigma-gene muta-
tions their physiological roles remain unknown. We have
therefore undertaken a genetic analysis to determine the role
of sigma-37 during growth and sporulation and to determine
which additional factors and metabolic signals govern its
expression and activity. We report here the isolation, nucle-
otide sequence, and genetic mapping of the sigma-37 struc-
tural gene rpoF. During the course of these experiments,
Binnie et al. (3) independently isolated the sigma-37 gene by
using a different screening method. Our results agree with
theirs in all major respects and provide additional data on
rpoF map location and the possible genetic organization of
the rpoF region.

MATERIALS AND METHODS

Bacterial strains. We used E. coli Y1090 (41) as host for
Agtll (42), JM101 (40) as host for M13mpl8 and M13mpl9,
and BNN4S5 (4) as transformation host for plasmid construc-
tions. B. subtilis strains from the Bacillus Genetic Stock
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Center (BGSC), Ohio State University, Columbus, are de-
scribed in the text.

DNA and genetic methods. Isolation of plasmid and lambda
DNA, restriction endonuclease digestions, agarose gel elec-
trophoresis, ligations, and transformations of E. coli strains
were done as described by Davis et al. (4). DNA sequencing
was done by the method of Sanger et al. (28) as previously
described (34). For mapping the chromosomal locus of rpoF,
we did plasmid integration, Southern blotting (31), transfor-
mation, and PBS1 transduction with B. subtilis strains as
previously described (26).

Antibody methods. Sigma-37-containing holoenzyme
(Ec?*") was purified from B. subtilis as described by Goldfarb
et al. (9); this purified holoenzyme recognized the putative
sigma-37 promoter of the subtilisin protease gene in vitro
(39). Sigma-37 subunit was purified from the holoenzyme on
sodium dodecyl sulfate-polyacrylamide gels (19). We made
and characterized antibody from New Zealand White
rabbits by using either E¢*’ (anti-Ec>7) or purified sigma-37
(anti-o*’) as antigens, essentially as described for the alpha
subunit (34). The Bio-Rad Express-Blot kit (Bio-Rad Labo-
ratories, Richmond, Calif.) was used to detect antibody
bound to plaque lifts (30) and to Western blots (36).

RESULTS

Isolation of Agtll bacteriophages encoding sigma-37. We
screened two Agtll libraries to isolate phages encoding a
product recognized by anti-Ec?” antibody. As described
elsewhere (34), these libraries were constructed with B.
subtilis chromosomal DNA cut either with EcoRI (EcoRI
library) or with Alul, Haelll, and Rsal (random library). We
found 18 positive signals among 31,000 phages of the EcoRI
bank and 9 positive signals in 15,000 phages of the random
bank.

Because the initial screening was done with antibody
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FIG. 1. Physical map of the B. subtilis rpoF region. The upper part is a map of the rpoF region derived from restriction analysis of the Agt11
recombinant phage inserts shown above the map. The flanking EcoRI sites (in parentheses) are from linkers inserted during library
construction. Insert orientation is given by the hatched boxes and adjacent arrows, which show the location and direction of transcription of
the lacZ gene carried on the right arm of Agtll (42). The rpoF-coding sequence and direction of transcription are represented by the heavy
arrow above the map. The lower part of the figure is an expanded map of the 1,029- and 901-bp EcoRI fragments carried by clone 21. The
light arrows beneath the map show the strategy for sequencing both DNA strands. The coding region for rpoF and the two flanking open

reading frames (ORF-W and ORF-X) are represented as heavy arrows.

raised against holoenzyme, we used epitope selection (30) to
identify the clones that might encode sigma-37. Briefly, this
technique involved using each plaque-purified clone to af-
finity purify a specific cross-reacting fraction from the
antiholoenzyme antibody. We then assayed each fraction for
reaction to the sigma-37 subunit by probing a Western blot of
purified sigma-37 holoenzyme. This method identified one
clone from the random bank and three from the EcoRI bank
that likely carried part of the sigma-37 coding region (data
not shown).

The restriction maps of the four clones showed that they
fell into two classes. One class (represented by clone 1 in
Fig. 1) comprised the three EcoRI clones, which all carried
a 901-base-pair (bp) EcoRI fragment in the same orientation
with respect to the lacZ gene of the vector. The other class
was clone 11 from the random bank. Restriction analysis and
subsequent DNA sequencing showed that clone 11 carried a
3,100-bp insert which overlapped one end of the 901-bp
EcoRI fragment by 585 bp (Fig. 1).

Identification of sigma-37 expressed in E. coli. A Western
blot of lysate proteins showed that both classes of clones
likely encoded a B-galactosidase-sigma-37 fusion. In E. coli,
clone 1 of the EcoRI class synthesized a 125,000-dalton
protein that strongly bound both anti-Ec*’ and anti-o*’
antibodies, whereas clone 11 of the random class encoded a
protein of 115,000 daltons that reacted only with anti-Eo>’
(Fig. 2). The results suggest that clone 1 encoded an 11,000-

dalton COOH-terminal fragment of sigma-37 fused to the
114,000-dalton NH,-terminal fragment of lacZ and that clone
11 encoded only a 1,000-dalton COOH-terminal sigma frag-
ment similarly fused. DNA sequencing later confirmed that
clone 1 encoded the 122 COOH-terminal residues of sigma-
37, whereas clone 11 encoded only 17 COOH-terminal
residues. Thus, these 17 residues formed an epitope recog-
nized by the anti-Ec*’ antibody but not by the anti-a*’.

The Western blot results suggest that the remainder of the
gene lay to the left of the 901-bp EcoRI fragment carried by
clone 1 (Fig. 1). Consequently, we used this fragment as a
hybridization probe to screen the random Agtll library for
clone 21, which carried additional flanking DNA (Fig. 1) and
which expressed a protein with the mobility and antigenic
properties of sigma-37 (Fig. 2). In contrast to sigma-29 (37),
sigma-37 apparently lacks a larger precursor.

Nucleotide sequence of the rpoF region. We determined the
DNA sequence of the 1,029- and 901-bp EcoRI fragments
carried by clone 21 (Fig. 1) either by subcloning the appro-
priate fragments or by making a series of overlapping dele-
tions within M13mp18 (40). Sequence was determined for
both DNA strands by sequencing through all restriction sites
and deletion endpoints used in the subcloning. To precisely
map the beginning of fusion clones 1 and 11, we also
sequenced the regions where their inserts abutted the Agtll
lacZ gene.

Based on the fusion data and the mass of sigma-37
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estimated from gel mobility (Fig. 2), we expected the sigma-
37-coding region would begin at about bp 500 on the 1,029-bp
EcoRI fragment. Consistent with this estimate, the sequence
had an open reading frame beginning at bp 601 and extending
into the 901-bp EcoRI fragment in correct frame for fusion
expression in clones 1 and 11 (Fig. 3).

Near the beginning of the frame, at nucleotides 587
through 594, was a sequence similar to other B. subtilis
ribosomal binding sites (12), followed by two possible initi-
ation codons, i.e., TTG at 601 through 603 and ATG at 607
through 609. We chose TTG because it was optimally spaced
from the proposed ribosomal binding site (12). The protein
product encoded by this frame had significant homology to
other sigma factors in regions proposed to be important for
core recognition and DNA binding (Fig. 4).

Thus, by the criteria of gel mobility, antigenicity, and
homology to other sigma factors, we isolated the structural
gene for sigma-37. Consistent with the accepted nomencla-
ture for RNA polymerase genes (15), we designated the gene
rpoF. As with the major sigma factor (8), the predicted size
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FIG. 2. Western blot of B, subtilis sigma-37 expressed in E. coli.
Proteins from lysates of E. coli Y1090 infected with each of the three
Agtll clones and the Agtll vector alone were separated on a 10%
polyacrylamide gel (19) and electroeluted onto nitrocellulose. The
blots were incubated with antibody raised against either sigma-37
RNA polymerase holoenzyme (anti-Ec?’) or purified sigma-37
subunit alone (anti-o*7). Clone 21 encoded a protein (P37) which had
the same mobility as the sigma-37 standard in lane 5 and which was
recognized by both antibodies. Clones 1 and 11 encoded fusion
proteins of 125,000 (P125) and 115,000 (P115) daltons, respectively.
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of sigma-37 (264 residues; 30,143 daltons) was smaller than
that expected from its gel mobility.

Additional features of the sequence suggest possible reg-
ulation and genetic organization of the rpoF region. Imme-
diately preceding rpoF was a region of dyad symmetry at bp
523 through 572. A transcript through the region of symme-
try has the potential to form a stem-loop structure (AG =
—20.4 kcal [1 cal = 4.184 J] [35]) that may influence rpoF
expression. Beginning 442 bp upstream of rpoF was an open
reading frame (ORF-W) encoding a hypothetical protein of
160 residues (17,992 daltons), preceded by a possible ribo-
somal binding site and an ATG initiation codon (Fig. 3). This
reading frame overlapped the rpoF coding sequence by 41
bp. We have not yet determined whether this reading frame
is expressed,

Another possible ribosomal binding site lay within the 3’
end of rpoF, preceding at ATG initiation codon which began
an open reading frame (ORF-X) that waquld encode a protein
of at least 20,000 daltons (Fig. 3). Because this ribosomal
binding site was quite weak (AG = —9.4 kcal) and because
the termination codon of rpoF overlapped the initiation
codon of ORF-X by 1 bp, expression of ORF-X may be
translationally coupled to that of rpoF.

Chromosomal locus of rpoF. We mapped the chromosomal
locus of rpoF to establish whether any known mutations lay
either within the rpoF-coding sequence or within the flanking
open reading frames. We moved the 2,500-bp EcoRI frag-
ment from clone 11 into the pCP11S5 integrative mapping
plasmid (26) and transformed strain PB72 (furBl trpC2;
BGSC 1A113) to Cm’", thereby inserting a selectable drug
resistance element (cat) adjacent to the chromosomal locus
of rpoF (indicated by the symbol rpoF::cat). Southern
blotting (31) confirmed the plasmid integration near rpoF
(data not shown). We used the resulting Cm" strain PB73
(rpoF::cat furBl trpC2) as donor in PBS1 transductional
crosses with the kit strains of Dedonder et al. (5) as recipi-
ents.

With strain PB4 (arol906 dal-1 purB33 trpC2; BGSC 1A4)
as recipient, Cm", and therefore rpoF, was 90% linked to dal
(86 Dal*/95 Cm"), 25% linked to arol (24 Aro*/95 Cm"), and
4% linked to purB (4 Pur*/95 Cm"), placing rpoF at 40° on the
B, subtilis map (25). We used one of the recombinants from
this cross, strain PB74 (arol906 dal-1 rpoF:.cat purB33
trpC2), as donor in a three-factor transductional cross with
PB75 (ddi-1475 ilvAl metBS purAl6; BGSC 1A463) as recip-
ient (Table 1). Marker order indicated by this cross was ddl
dal rpoF (Fig. S).

The linkage between rpoF and dal was confirmed by a
transformational cross between the PB73 donor and PB4
recipient (Fig. 5). Because the transformational linkage data
suggested that rpoF and dal were physically close, we also
transformed PB4 with donor DNA from clone 21 and estab-
lished that dal was not carried within the cloned region.

An rpoF null mutation sporulates normally. Because no
known mutations lie within the rpoF locus, we made a null
mutation to help establish sigma-37 function. We moved the
376-bp Pvul-EcoRI fragment, which carried rpoF-coding
information but which lacked the 5’ and 3’ ends of the gene
(Fig. 1 and 3), to pCP115 and transformed B. subtilis PB2
(26) to Cm". Southern blotting (31) confirmed that Campbell
integration of this plasmid disrupted rpoF (data not shown).

The null rpoF mutation caused no obvious phenotype. The
growth rate, sporulation frequency, and spore heat resist-
ance of the mutant and wild type were indistinguishable on
Schaeffer 2x SG sporulation medium (26). The mutant also
produced extracellular subtilisin protease activity during
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ACCGGATTGGGCGTTTTTGTAGGGACCTTTAAAATGGTGAAAAAACAAGGTGGTTCGCTGAAACTTGAAAATCTTTCTGAACGGCTGATCCGACTGTTTG 100

. . . . .

ACATTACAGGCTTGAAGGACATCATTGATATTTCTGCAAAGTCAGAAGGTGGAGTGCAATGAAGAATAATGCTGATTACATCGAAATGAAAGTGCCGGCC 200
. . MetLysAsnAsnAlaAspTyrIleGluMetLysValProAla

CAACCTGAATATGTGGGAATTATAAGACTGACGCTGTCAGGGGTCGCAAGCAGAATGGGCTATACGTACGATGAAATTGAAGACTTGAAAATCGCAGTCA 300
GInProGluTyrValGlyIleIleArgLeuThrLeuSerGlyValAlaSerArgMetGlyTyrThrTyrAspGlulleGluAspLeuLysIleAlavals

GTGAGGCGTGCACAAATGCGGTTCAGCACGCTTACAAAGAAGATAAAAATGGGGAAGTGTCAATACGATTCGGTGTGTTTGAAGACCGTTTAGAGGTTAT 400
erGluAlaCysThrAsnAlaValGinHisAlaTyrLysGluAsplLysAsnGlyGluValSerIleArgPheGlyValPheGluAspArgLeuGluValll

TGTGGCGGATGAAGGAGACAGCTTTGACTTTGATCAAAAGCAGCAGGATCTAGGGCCGTACACACCTTCGCACACAGTTGATCAATTATCAGAAGGAGGG 500
eValAlaAspGluGlyAspSerPheAspPheAspGlinLysG1nGInAspLeuGlyProTyrThrProSerHisThrvalAspGlnLeuSerGluGlyGly

CTCGGTCTATATTTAATGGAAACGCTCATGGATGAAGTCAGAGTGCAAAACCACTCCGGCGTCACCGTAGCGATGACAAAGTATTTAAATGGGGAGCGAG 600
LeuGlyLeuTyrLeuMetGluThrLeuMetAspGluValArgValGlnAsnHisSerGlyVal ThrvalAlaMet ThriysTyrLeu ASnGTyGluArgy

rpoF —s
MetIleMetThrGinProSerLysThrThrLysLeuThrLysAspGluValAspArgLeulleSerAspTyrGInThrLysGlnAspGluGinAlaGlnG
TTGATCATGACACAACCATCAAAAACTACGAAACTAACTAAAGATGAAGTCGATCGGCTCATAAGCGATTACCAAACAAAGCAAGATGAACAAGCGCAGG 700
alAspHisAspThrThrileLysAsnTyrGluThrAsn-- Pvul . . .

luThrLeuValArgValTyrThrAsnLeuValAspMetLeuAlaLysLysTyrSerLysGlyLysSerPheHisGluAspLeuArgGinValGlyMetIl
AAACGCTTGTGCGGGTGTATACAAATCTGGTTGACATGCTTGCGAAAAAATACTCAAAAGGCAAAAGCTTCCACGAGGATCTCCGCCAGGTCGGCATGAT 800
Accl. HincIl . . HindIII . .

eGlyLeuleuGlyAlalleLysArgTyrAspProvalValGlyLysSerPheGluAlaPheAlalleProThrilelleGlyGlulleLysArgPheleu
CGGGCTGCTAGGCGCGATTAAGCGATACGATCCTGTTGTCGGCAAATCGTTTGAAGCTTTTGCAATCCCGACAATCATCGGTGAAATTAAACGTTTCCTC 900
. . HindIII . .

ArgAspLysThrTrpSerValHisValProArgArglleLysGluLeuGlyProArglleLysMetAlaValAspGinLeuThrThrGluThrG1nArgS
AGAGATAAAACATGGAGCGTTCATGTGCCGAGACGAATTAAAGAACTCGGTCCAAGAATCAAAATGGCGGTTGATCAGCTGACCACTGAAACACAAAGAT 1000

. . . . .

erProLysValGluGlulleAlaGluPheLeuAspValSerGluGluGluValLeuGluThrMetGluMetGlyLysSerTyrGInAlaLeuSerValAs
CGCCGAAAGTCGAAGAGATTGCCGAATTCCTCGATGTTTCTGAAGAAGAGGTTCTTGAAACGATGGAAATGGGCAAAAGCTATCAAGCCTTATCCGTTGA 1100
. EcoRI . . . Hincll

pHisSerIleGluAlaAspSerAspGlySerThrValThrileLeuAspIleValGlySerGInGluAspGlyTyrGluArgValAsnGlnGlnLeuMet
CGCACAGCATTGAAGCGGATTCGGACGGAAGCACTGTCACGATTCTTGATATCGTCGGATCACAGGAGGACGGATATGAGCGGGTCAACCAGCAATTGATG 1200
. . EcoRV . . Hincll .

LeuGInSerValLeuHisValLeuSerAspArgGluLysGinIlelleAspLeuThrTyrIleGInAsnLysSerGinLysGluThrGlyAsplleLeuG
CTGCAAAGCGTGCTTCATGTCCTTTCAGACCGTGAGAAACAAATCATAGACCTTACGTATATTCAAAACAAAAGCCAAAAAGAAACTGGGGACATTCTCG 1300
orf—X —»
lylleSerGinMetHisValSerArgLeuGinArgLysAlaValLysLysLeuArgGluAlaLeulleGluAspProSerMetGluLeuMet--MetIle
GTATATCTCAAATGCACGTCTCGCGCTTGCAACGCAAAGCTGTGAAGAAGCTCAGAGAGGCCTTGATTGAAGATCCCTCGATGGAGTTAATGTAATGATC 1400
. . Stul . .

G1nValGluGluAsnGluHisIleGInThrLeuValTyrGlinLeuAsnLysGluGlyLysSerIl1eCysGlyAspSerPhePheMetLysAlaAspAspL
CAGGTTGAAGAAAACGAGCATATTCAAACTCTAGTATATCAACTGAATAAAGAAGGGAAATCGATTTGCGGTGACAGTTTTTTTATGAAAGCTGATGATA 1500
. . .Clal . .

ysGluLeulleCysAlaValAlaAspGlyLeuGlySerGlySerLeuAlaAsnGluSerSerAlaAlalleLysAspLeuValGluAsnTyrAlaSerGl
AGGAGTTAATTTGCGCGGTTGCTGACGGACTGGGAAGTGGATCACTTGCTAACGAATCCTCTGCAGCCATCAAAGACTTAGTGGAAAACTATGCGAGTGA 1600
. . . Pstl . .

uAspValGluSerIlelleGluArgCysAsnGinAlaMetLysAsnLysArgGlyAlaThrAlaSerIleLeulysIleAsnPheGluGlnArgGlnPhe
AGACGTAGAAAGCATTATCGAACGCTGTAATCAGGCGATGAAAAACAAAAGAGGCGCTACAGCATCTATCCTGAAAATCAATTTTGAGCAAAGGCAGTTT 1700

ThrTyrCysSerValGlyAsnValArgPhelleLeuHisSerProSerGlyGluSerPheTyrProLeuProlleSerGlyTyrLeuSerGlyLysProG
ACGTACTGCTCTGTCGGAAATGTACGGTTTATTCTGCATTCCCCGTCTGGTGAAAGCTTTTATCCTCTGCCGATTTCGGGCTATTTATCAGGCAAGCCGC 1800
. . HindIII . .

InLysTyrLysThrHisThrAlaThrTyrGluLysGlySerLysPhellelleHisThrAspGlyLeuAsnValProAsplleArgSerHisLeulysLy
AAAAATACAAAACGCACACCGCCACCTATGAAAAGGGTTCAAAGTTCATTATACATACAGATGGACTCAACGTACCTGATATCCGCTCCCATTTGAAAAA 1900
. . . EcoRV .

sGlyGInSerValGluGlulleSerAsnSer
AGGCCAATCGGTAGAAGAAATATCGAATTC 1930
. EcoRI
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Sigma-37 41-73 tinL Vd4dm|L|A[KK Y(s . K|Glk s f . .HE|DL r|Q v|G|m|I GL L|(g|A I
Sigma-70 384-416 LIRLVTI s|I|/A[KK Yt NRIGILgf . . . 1|DL I|Q E|GINI]IGL M|K|IAV
Sigma-43 143-175 LIRLVVSs|I|/AIKRY|vgR|GIM1 f . . . 1(DL I/h E|GINI[MGL M(K|IAV
Sigma-32 58-90 L|IR £ VVh|I|AIRn Yjagy|GILpg . . .a|lDL I|Q E[GIN|{I GL M|K|IAV
Sigma-29 67-99 LIRLVVY|I|IAIRKF|leN¢t|G|[Ini...E|DLTI|s i|jG|t|I GL I|K|AV
SPOl1 gp28  28-63 L|{i t f a ajr|g/gme|n Ng|A|dt mms RQIDL e(Q E|G|1|L k L y|d|c w
SPOl1 gp34  25-58 LIRk s Vy|.|./[KKF|/kDKm|{IngsdREIDLM|gt|ijD|lgqi £ Lfgfl V
T4 gp55 48-83 M|(1 I a e g|L(s[KRF|nf s|GlytgqswEKQ Q|EMI|aD|Gjile As I|KIGL
Sigma-37 74-109 k RIYDI[Pvv Gk sFealFA|ipt|{I|ige|lIlkREfLrDEkTV*t|wS|VHIV
Sigma-70 417-452 DKFE|lyr RGY KF s T|Y A|ITw W|I|RQ alI|{t R ss|I|laDQ a|R|T|I R|I
Sigma-43 176-211 EK|IFDlyrKGYyKF s T|Y AITwW[IIRQa|I|t Ra|I|la DQ a(R|T|I R|I
Sigma-32 91-126 r RIF NJPev Gv R1vS|FA|lvhW|IIKae|Ilhey|V|[lr NWR|i|[VK|V
Sigma-29 100-134 Nt(FNIPeKkiK1laT|YA|Src|Ile Ne|I|lmy|Lirr Nn|K|.[I Ris
SPO1 gp28 64-98 EKWc|fkenkgmde|FG|piPF|.|Rk s s|L|fREk|VIKQs g[g|T|g R|a
SPOl1 gp34 59-94 s el]YNNIPn RGv dFpyl|lYilk rm{L|el rit|y Hh|I|t ky 1l[K|r|I n|g
T4 gp55 84-115 hn|FDlet KyknphalYyilT . .|.|. Qaj|c|fnalfjlvQr i|Kjkje Rjk
B.

Sigma-37 132-165 QRSPKVEE|IAI[EFLIDVS|IEEE|IVILETMEMGIEKSYQALS
Sigma-70 475-506 GREPTPEE|ILAI[ERMILMP|IEDK|IIRK. .VLKIAKEPTIS
Sigma-43 234-265 GREPTPEEIIAIEDMDLTIPEK|VIRE. .ILKIAQEPVS
Sigma-32 149-181 FNQDEVEMVAREL|IGVTISKD|IVIRE.MESRMAAQDMT

a te—T—+ a

Sigma-37 221-253 IQNKSQEKE|ITGIDIL|IGI SIQMH|VIS . RLQRKAVEKKLTR RE
Sigma-70 567-600 NTDYTLEE|VGIKQFIDVTIRER|IIRQ .IEAKALRKLRH
Sigma-43 327-359 GRTRTLEE|IVGIKVFIGVTIRER|IIRQ . I EAKALRKLRH
Sigma-32 248-280 DNKSTLQEILAIDRY|IGVSIAER|VIRQ.LEKNAMKIKLRA
Sigma-29 200-233 EEEKTQKDIIVAIDMM|IGI S|IQ S Y(I|S.RLEKRITIKRLTR REK
SPOl gp28 185-217 DTTVRMKH|IIDIQTL|GI SINKQ|YIDSEL . KKFVKRLTI
SPOl1 gp34 151-183 IRKKTLQEILAIQEEIGVPLDRILIEARLYF .LIRKTFEK

FIG. 4. Comparison of the predicted amino acid sequence of B. subtilis sigma-37 to the proposed core and DNA-binding regions of other
sigma factors. The sequence of sigma-37 from Fig. 3 is given here in single-letter code. The alignments and proposed functional domains of
the other seven sequences are from Gribskov and Burgess (10). (A) Alignment in the proposed core binding regions. Chemically similar
residues (AG, DENQ, FWY, ILMV, KHR, and ST) are uppercase when present in at least four sequences and boxed when present in six
or more. Periods indicate gaps introduced to improve the alignment. (B) Alignment of proposed DNA-binding regions. The helix-turn-helix
secondary structure predicted by Gribskov and Burgess is indicated between the aligned sequences; boxes enclose conserved regions found
in other DN A-binding proteins (10). Four of the five cellular sigma factors, including sigma-37, have two helix-turn-helix regions; sigma-29
and the SPO1 phage factors have one.

postexponential growth, grew well on glucose-ammonia min- suggest the transcriptional organization of a region by sepa-
imal plates (26), and grew well at 37 and 45°C. Thus, rating downstream genes from their promoter (24). In this
sigma-37 is not essential for growth or development under regard, integrating pCP115 by using the larger, 901-bp EcoRI
the conditions used. fragment from clone 21 (carrying the 3’ end of rpoF as well

However, similar disruptions of the region downstream of as the 5’ end of ORF-X; Fig. 1 and 3) also caused a
rpoF did produce growth and sporulation phenotypes. Inte- small-colony phenotype which proved stable. Notably, this
grating pCP115 via the 367-bp PstI-EcoRI fragment con- strain grew more slowly than wild type in 2X SG medium
tained within ORF-X (Fig. 1 and 3) caused a small-colony (doubling time of 33 versus 23 min) and was oligosporo-
phenotype, but this strain proved unstable, reverting to genous. Thus, ORF-X (or a downstream gene) may be
wild-type colony size and retaining Cm'. In addition to cotranscribed with rpoF and likely functions in both vegeta-
mutagenesis of single cistrons, plasmid integration can also tive and sporulating cells.

FIG. 3. DNA sequence of the rpoF region. The sequence of the 1,029- and 901-bp EcoRI fragments begins with the A (nucleotide 1)
immediately following the EcoRlI linker of clone 21. Clone 1 begins at nucleotide 1025, and clone 11 begins at 1340. The predicted amino acid
sequences for sigma-37 (rpoF) and the protein that would be encoded by ORF-X are given above the DNA sequence, whereas that for the
protein that would be encoded by ORF-W is given below. Sequences for proposed ribosomal binding sites (12) for ORF-W (AG = —12.8 kcal
[35]), rpoF (AG = —13.6 kcal), and ORF-X (AG = —9.4 kcal) are underlined at nucleotides 144 through 152, 587 through 594, and 1383 through
1386, respectively. A transcript through the region of dyad symmetry upstream of rpoF (converging arrows between nucleotides 523 through
572) has the potential to form a stem-loop structure (AG = —20.4 kcal) that may affect rpoF expression.
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TABLE 1. Three-factor transductional cross to map the rpoF
chromosomal locus“

Recipient classes® No. of

Selection m recombinants Order implied
DdI* 1 1 1 75 ddl dal rpoF
1 1 0 S
1 0 1 0
1 0 0 16
Cm" 1 1 1 84 ddl dal rpoF
0 1 1 7
1 0 1 0
0 0 1 5

“ Donor was PB74 arol906 dall purB33 rpoF::cat trpC2. Recipient was
PB75 ddl1475 ilvAl metB5 purAl6.
b 1, Donor phenotype; 0, recipient phenotype.

DISCUSSION

A genetic analysis is essential to establish the physiologi-
cal roles, regulation, and functional interactions of the
components of the complex B. subtilis transcriptase. Losick
and Pero (21) have suggested that the minor sigma factors in
association with the transcriptase partly control the sporula-
tion process, and indeed, mutations within the spoIlAC and
spollG genes, which encode sigmalike products, do affect
development (6, 7, 32, 37).

In contrast, the minor sigma factors of the enteric tran-
scriptase partly control global systems such as the heat
shock (11, 20) and nitrogen (16, 17) regulons. Here we report
the beginning of a genetic analysis of the 37,000-dalton minor
sigma factor of B. subtilis RNA polymerase, sigma-37. In
vitro, the sigma-37 holoenzyme is known to transcribe three
genes, all of which are expressed only during the stationary
growth phase: aprA, encoding the extracellular subtilisin
protease (39), and the cryptic spoVG and ctc genes (14).
However, sigma-37 is also found in logarithmically growing
cells (14) and thus may have a vegetative function analogous
to the enteric factors.

We isolated the sigma-37 gene from a Agtll library by
using an antibody probe and confirmed the identity of the
gene product by its size, antigenicity, and homology with
other sigma factors (Fig. 2 and 4). Consistent with the
accepted nomenclature for RNA polymerase genes (15), we
designated the sigma-37 gene rpoF. Using an oligonucleotide
probe, Binnie et al. (3) independently isolated the sigma-37
structural gene. Our results agree in all major respects. They
found an identical nucleotide sequence for the fragment they
analyzed (between bp 477 and 1472 [Fig. 3]); they suggested
a start of the coding region the same within 6 bp; they
determined a similar chromosomal locus; and they found a
cryptic phenotype for a null mutation in the sigma-37 gene,
which they call sigB.

Because several mutations isolated for their developmen-
tal phenotype later proved to be alterations in sigma-factor
genes (6, 7, 26, 32, 37), we mapped the chromosomal locus of
rpoF (or sigB) to determine whether any known mutations
lie within the sigma-37-coding sequence. By plasmid integra-
tion and PBS1 transduction, rpoF was closely linked to dal
and ddl at 40° on the B. subtilis map, a region presently
devoid of markers that affect development or growth regu-
lation (25). However, the research groups of Haldenwang,
Losick, and Moran have isolated and mapped to this region
mutations which enhance czc gene expression; these may lie
within either rpoF (22) or the flanking reading frames we
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identified (Fig. 1). Because the function of the ctc gene itself
remains cryptic, in vitro mutagenesis of rpoF provided
another approach to establishing the physiological role of
sigma-37. In this regard, our gene disruption experiments
suggest that sigma-37 is not essential for either sporulation or
subtilisin gene expression (39) and support the notion that
sigma-37 controls a regulon not directly involved with de-
velopment. The results of Binnie and his colleagues also
support this view; their null sigma-37 mutation had no effect
on sporulation (3) or transcription of spoVG (22), but it
abolished transcription of ctc (22). But because an rpoF
disruption would also prevent expression of distal genes
cotranscribed with rpoF, a definitive analysis of sigma-37
function requires a better understanding of the genetic
organization of the region.

Once the role of sigma-37 has been identified, the question
becomes what factors and metabolic signals regulate expres-
sion and activity of sigma-37 itself. Our DNA sequence
analysis suggests two features that may be important in rpoF
regulation. First, we found a potential RNA secondary
structure encoded immediately upstream of rpoF (Fig. 3)
which may partly control rpoF expression. Second, we
found possible open reading frames overlapping both the 5’
and 3’ ends of the rpoF-coding sequence (Fig. 1 and 3).

The initiation codon of the downstream frame, ORF-X,
overlapped the first of the dual termination codons of rpoF,
i.e., UAAUG. This arrangement is strikingly similar to genes
known to be translationally coupled in the tryptophan
operon of E. coli (23). Translational coupling is presumed to
ensure equimolar synthesis of products that associate in vivo
(2, 23, 29), although this is not invariably the case (27). We
have no direct evidence that ORF-X is expressed, but
plasmid integration in the ORF-X region produced slow-
growing, oligosporogenous strains. Our results suggest that
ORF-X (or a distal gene) is cotranscribed with rpoF and may
function during both the vegetative and sporulation phases
of growth. If ORF-X proves to be cotranscribed with rpoF,
the absence of a small-colony phenotype in our rpoF gene

arol dd!l dal rpoF purB
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FIG. 5. Genetic map of the B. subtilis rpoF region. Genetic
distances within the rpoF-ddl interval were calculated from the
three-factor transductional cross in Table 1; those to arol and purB
were from the two-factor cross described in the text. Both are
expressed as percent recombination (100% minus percent co-
transduction). Distances between rpoF and dal from the two-factor
transformational cross described in the text are expressed as 100%
minus percent cotransformation. Arrows point from the selected
marker to the unselected marker in each cross. For rpoF, selection
and scoring were actually for the Cm" element of the pCP115
mapping plasmid (26) integrated adjacent to the rpoF chromosomal
locus.
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disruption is formally analogous to intergenic suppression
and leads us to speculate that loss of the ORF-X product is
deleterious only when rpoF is expressed. Establishing the
possible functional relationship between sigma-37 and the
ORF-X product will require additional genetic analysis.

Nor do we yet have evidence that the upstream ORF-W is
expressed. This frame extends 41 bp into the NH,-terminal
coding region of rpoF. A precedent for such sequence
overlap is found in the B. subtilis tryptophan operon, in
which the trpD-coding region begins 29 bp before the trpE
termination codon (1). Because the results of Schumperli et
al. (29) show that even a 98-bp overlap does not adversely
affect translation of a downstream gene, we cannot exclude
the possibility that ORF-W encodes a functional product. S1
mapping and operon fusion experiments can address
whether the rpoF transcriptional unit encompasses these
adjacent reading frames. Should rpoF constitute part of an
operon, such experiments will also help interpret the pheno-
types of null and point mutations which may manifest
transcriptional or translational polarity in vivo.

Finally, our sigma-37 sequence supports and extends the
analysis of Gribskov and Burgess (10) and of Stragier et al.
(33), who suggested on the basis of homology that certain
sigma domains are important for core recognition and DNA
binding. By using the cloned sigma-37 gene, hybrid sigma
factors can now be constructed to experimentally define
sigma domains crucial for promoter specificity.
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