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Integration of multiple developmental 
signals in Bacillus subtilis through the 
SpoOA transcription factor 
Keith Ireton, David  Z. Rudner,  1 Kathryn Jaacks Siranosian,  and Alan  D.  Grossman  2 

Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA 

Multiple physiological and environmental signals are needed to initiate endospore formation in Bacillus 
subtilis. One key event controlling sporulation is activation of the Spo0A transcription factor. Spo0A is a 
member of a large family of conserved regulatory proteins whose activity is controlled by phosphorylation. We 
have isolated deletion mutations that remove part of the conserved amino terminus of Spo0A and make the 
transcription factor constitutively active, indicating that the amino terminus normally functions to keep the 
protein in an inactive state. Expression of an activated gene product is sufficient to activate expression of 
several sporulation genes in the absence of signals normally needed for initiation of sporulation. Our results 
indicate that nutritional, cell density, and cell-cycle signals are integrated through the phosphorylation 
pathway that controls activation of Spo0A. 
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Gene expression and developmental processes in both 
eukaryotes and prokaryotes are often controlled by mul- 
tiple environmental and physiological signals. Tran- 
scription of the lac operon, the relatively simple text- 
book paradigm, is controlled by multiple signals. Inducer 
is required for expression, and the catabolic state of the 
cell has significant effects on levels of transcription. Dif- 
ferent transcription factors (LacI and CAP-cAMP) inde- 
pendently respond to and transduce each of these signals 
(Reznikoff 1992). More complex developmental systems 
are also often regulated by multiple signals, including 
nutritional, cell-cycle, and intercellular signals, with a 
defined set of conditions necessary for the developmen- 
tal process to occur. Sporulation in the yeast Saccharo- 
myces cerevisiae is subject to both nutritional (Fantes 
1989; Gibbs and Marshall 1989) and cell-cycle control 
(Weber and Byers 1992). Aggregation into fruiting bodies 
and subsequent spore formation in the bacterium Myxo- 
coccus xanthus requires starvation for amino acids as 
well as at least four different intercellular signals (Kim et 
al. 1992). Starvation and signaling between cells or or- 
ganisms are also required for heterocyst formation in the 
cyanobacterium Anabaena (Buikema and Haselkorn 
1991) and for dauer formation in the nematode Cae- 
norhabditis elegans (Riddle et al. 1981; Golden and Rid- 
dle 1985). In all of these organisms, mechanisms must 

1Present address: Department of Molecular and Cellular Biology, Uni- 
versity of California, Berkeley, California 94720 USA. 
2Corresponding author. 

exist to sense and integrate the multiple signals that trig- 
ger a given developmental process. 

Several physiological and environmental signals are 
required for the initiation of endospore formation in the 
Gram positive bacterium Bacillus subtilis. Starvation for 
a carbon, nitrogen, or phosphorus source is the primary 
signal needed to initiate spore formation (Sonenshein 
1989). In addition, cells must be at a relatively high den- 
sity (Grossman and Losick 19881 and undergoing DNA 
synthesis (Dunn et al. 1978; Shibano et al. 1978; Ireton 
and Grossman 1992) for spore formation to begin. All 
three of these conditions must be met for the successful 
initiation of sporulation, and B. subtilis must have 
mechanisms for sensing and integrating these signals to 
ensure the appropriate developmental response. 

One of the key regulatory factors required for the ini- 
tiation of sporulation is the spoOA gene product, spoOA 
encodes a transcription factor that can activate or repress 
transcription depending on the DNA target (Strauch et 
al. 1990; Satola et al. 1991, 1992; York et al. 1992). 
Spo0A belongs to a large family of bacterial regulatory 
proteins called response regulators that have conserved 
amino termini (Ferrari et al. 1985; Kudoh et al. 1985). 
The activity of the response regulators is modulated by 
phosphorylation of an aspartate residue in the conserved 
amino terminus (Albright et al. 1989; Stock et al. 1989b; 
Bourret et al. 1991). 

Response regulators comprise one member of so-called 
two-component regulatory systems. The second compo- 
nent is a histidine protein kinase that autophosphory- 
lates at a conserved histidine residue and serves as a 
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substrate for transfer of the phosphate to the amino ter- 
minus of its cognate response regulator (Albright et al. 
1989; Stock et al. 1989b; Bourret et al. 1991). The kinA 
gene product is one of the histidine prOtein kinases in- 
volved in the activation of Spo0A and the initiation of 
sporulation (Perego et al. 1989; Antoniewski et al. 1990). 

Unlike most kinases of two-component systems, 
which appear to transfer phosphate directly to their cog- 
nate response regulators, transfer of phosphate from 
KinA to Spo0A is indirect. Two other genes that are re- 
quired for the initiation of sporulation (spoOF and spoOB) 
encode products involved in activation of Spo0A by 
phosphorylation. These proteins form a phospho-relay in 
which phosphate is transferred from KinA (and probably 
other histidine protein kinases) to SpoOF, from SpoOF to 
Spo0B, and finally from Spo0B to Spo0A (Burbulys et al. 
1991). In addition, genetic evidence indicates that sev- 
eral other loci, including spoOE, spoOJ, and spoOK, might 
regulate one or more steps in the phospho-relay (for dis- 
cussion, see Burbulys et al. 1991; Grossman 1991). 

Speculation abounds concerning the role of this phos- 
pho-relay in the sensing and integration of developmen- 
tal signals (Burbulys et al. 1991; Grossman 1991). In prin- 
ciple, all developmental signals could regulate the activ- 
ity of Spo0A, with each physiological signal affecting one 
or more steps in the phospho-relay. In this way, the phos- 
pho-relay would serve to integrate the multiple signals 
needed for the initiation of sporulation, ensuring that 
Spo0A is activated only in the presence of all appropriate 
signals. Alternatively, some or all developmental signals 
could affect other transcription factors, for example cr A 
and cr H, the rpoD and spoOH gene products, both of 
which are needed for the initiation of sporulation. 

Mutations affecting Spo0A, or the phospho-relay, that 
by-pass developmental signals would provide evidence 
that those signals normally affect the pathway leading to 
activation of Spo0A. Using an altered function mutation 
in spoOA, we recently presented evidence that DNA syn- 
thesis signals control the activation of Spo0A by regulat- 
ing a step in the phospho-relay (Ireton and Grossman 
1992). Expression of genes that are activated by Spo0A 
early during sporulation is inhibited when DNA synthe- 
sis is inhibited. Furthermore, mutations in spoOA that 
make phosphorylation of the Spo0A transcription factor 
independent of the phospho-relay (mutations that by- 
pass the need for spoOB and spoOF) (Kawamura and Saito 
1983; Sharrock et al. 1984; Hoch et al. 1985; Shoji et al. 
1988; Spiegelman et al. 1990) allow early gene expres- 
sion, even when DNA synthesis is inhibited (Ireton and 
Grossman 1992). Thus, DNA synthesis signals affect 
some of the earliest changes in gene expression during 
sporulation by affecting a step in the phospho-relay. 

In this report, we present evidence that other develop- 
mental signals, including nutrient deprivation and cell 
density, regulate the activation of Spo0A through the 
phospho-relay. We have identified mutations in spoOA 
that by-pass the requirement for nutrient deprivation in 
expression of several sporulation genes. These mutations 
activate expression of target genes in the absence of a 
component of the phospho-relay or of the putative phos- 

phorylation site, indicating that they encode forms of 
Spo0A that are constitutively active. One of these mu- 
tations also suppresses the sporulation defect normally 
observed when cells are starved at low density. Taken 
together, our results indicate that all three signals that 
affect the initiation of sporulation, nutritional, cell den- 
sity, and DNA synthesis are integrated through the phos- 
pho-relay to affect the activation of Spo0A. 

R e s u l t s  

Rationale 

We set out to identify mutations in spoOA that would 
make the transcription factor constitutively active. 
These mutations should by-pass the activation pathway 
and no longer require phosphorylation to be active. Such 
mutations should also by-pass developmental signals 
that regulate the activation pathway. Thus, by determin- 
ing which developmental signals become unnecessary 
for induction of sporulation gene expression in these mu- 
tants, we hoped to determine which signals normally 
control activation of Spo0A. 

It seemed likely that expression of a constitutively ac- 
tive form of Spo0A that was able to activate expression 
of sporulation genes might also inhibit vegetative 
growth, even in the presence of spoOA +. We used this 
putative toxicity to screen for mutations in spoOA that 
might make the gene product constitutively active. We 
isolated dominant mutations in spoOA that, when ex- 
pressed, caused a defect in vegetative growth. Expression 
of mutagenized spoOA was controlled from a fusion to 
the LacI-repressed/IPTG-inducible promoter, Pspac (Yan- 
sura and Henner 1984; Henner 1990), so that any mutant 
form of Spo0A would be expressed only in the presence 
of IPTG (Fig. 1). Replacing the endogenous regulatory 
region of spoOA with the heterologous promoter Pspac 
provided the added benefit of removing sites that might 
be involved in autogenous regulation. There are three 
Spo0A binding sites in the spoOA promoter region 
(Strauch et al. 1992), and an activated Spo0A might re- 
press its own synthesis, masking effects on expression of 
other genes. 

The mutagenesis strategy used to generate activated 
mutations in spoOA was inspired by studies on certain 
prokaryotic and eukaryotic transcription factors. The ac- 
tivity of several regulatory proteins is masked by an in- 
hibitory domain on the same protein (Godowski et al. 
1987; Hollenberg et al. 1987; Menon and Lee 1990; Choi 
and Greenberg 1991). For these proteins, deletion of the 
inhibitory region results in a constitutively active tran- 
scription factor. In addition, for certain bacterial re- 
sponse regulator proteins, the conserved amino terminal 
region appears to inhibit the activity of the rest of the 
protein (Simms et al. 1985; Kahn and Ditta 1991). These 
results suggested that it might be possible to generate 
constitutively active mutations in spoOA by deleting 
parts of the amino-terminal domain. In addition, we 
were encouraged by recent work indicating that small 
deletions in the amino terminus of Spo0A made the pro- 
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tein independent of phosphorylat ion (Green et al. 1991). 
It is not clear, however, if these muta t ions  by-pass any of 
the normal developmental  signals. 

Figure 1. Construction of Pspac-spoOA and generation of the 
sad deletions. (A) Map of pDR66, the cloning vector that was 
used to construct a fusion of spoOA to the LacI-repressed/IPTG- 
inducible promoter, Pspac. pDR66 was made from pDH32 (Shi- 
motsu and Henner 1986) and pAG58 (Jaacks et al. 1989) and 
contains the selectable marker amp and an origin of replication 
(or/) for growth and maintenance in E. coli. pDR66 also contains 
a selectable marker for B. subtilis (cat) conferring Cm ~, and 
regions of homology to the nonessential amyE locus (amyE 
front and amyE back). A similar plasmid, pDR67 contains the 
multiple cloning site from pDH88 (Henner 1990). In the course 
of constructing both pDR66 and pDR67, we first deleted the 
DraIII-SphI fragment from pDH32. Next, the EcoRI-BamHI 
fragment from pAG58 or pDH88, which contains the Pspac cas- 
sette, including lacI, was cloned between the EcoRI site (found 
in the cluster of initial cloning sites in pDH32), and the SacI site 
(located approximately in the middle of lacZ). Thus, pDR66 
contains unique HindIII, XbaI, SalI, and SphI sites downstream 
of P~pac that are suitable for cloning. In addition, there is no 
longer an intact lacZ. (B) The spoOA structural gene, without 
the promoters, was cloned into the SalI-SphI sites of pDR66 to 
produce pDR69. Bacillus subtilis DNA containing spoOA ex- 
tends from the HpaI site, that is between the promoter and the 
5' end of the structural gene, to the HincII site, that is down- 
stream of the structural gene (Ferrari et al. 1985; Kudoh et al. 
1985). (C) Deletions in spoOA were generated by linearizing 
pDR69 at the unique BglII site, located approximately one- 
fourth of the way into the structural gene, digesting with Bal31 
exonuclease, and ligating with T4 DNA ligase as described (Ma- 
terials and methods). Mutant alleles of spoOA fused to Pspac were 
then placed into the chromosome of spoOA + cells by recombi- 
nation into the amyE locus. The resulting sad (s_.poOA dominant) 
alleles were tested for the ability to inhibit growth when ex- 
pressed by addition of IPTG, and mutations that produced the 
desired phenotype (sad54, sad57, sad67, and sac176) were cloned 
from the chromosome by PCR using primers rud-4 and rud-5 as 
described (Materials and methods). 

Identification of mutations in spo0A that make the 
gene product constitutively active 

Deletion muta t ions  in spoOA were made beginning at 
the BglII restriction site located approximately one- 
fourth of the way into the coding region (Fig. 1). Muta- 
genized D N A  was transformed into wild-type cells and 
transformants  were tested for their ability to form colo- 
nies when the mutagenized copy of spoOA was ex- 
pressed, that  is in the presence of IPTG. Out  of about 800 
transformants,  - 6 0  had impaired growth on LB plates 
containing IPTG, compared to growth on plates lacking 
IPTG. These muta t ions  were called sad (s_po0A domi- 
nant), because they caused a defect in growth even in the 
presence of the spoOA § allele. 

The strength of the different sad alleles varied greatly. 
In the presence of IPTG, the most  severe mutan t s  formed 
very small, pinpoint colonies, whereas the less severe 
mutants  formed colonies only slightly smaller  than wild 
type. We have characterized in detail two muta t ions  
(sad67 and sad76) that, when expressed, cause the 
strongest inhibition of growth, sad67 is a deletion of 19 
codons, removing amino acids 63 through 81, whereas 
sad76 is a deletion of 21 codons, removing amino acids 
61 through 81 (Fig. 2, Materials and methods). In addi- 
tion, we have characterized in less detail two other alle- 

I ~1 I I ~A I I [2 I I ~B I I ~3 I 
HEKI KVCVADDNRELVSLLS EYI EGQEDMEVI GVAYNGQECLSLFKEKDPDVLVLD 

1 ~C ~4 ~D [35 5-6 
I I H PH L DOILAvL E RL RE'S DLKKQIpNv I HLTAIFGQ E%VTK K A V D % G A ~ - ~ - ~ p  F DM 

[-q Sad54 112 
] { Sad67 

[ ] Sad76 
] ] Sad57 

~E 
I I 

ENLVGHI RQVSGNASSVTHRAPS SQS S I I RSSQPEPKKKNLDAS ITS I IHE IGVPA 
113 168 
H I KGYLYLREAI SMVYNDI ELLGS I TKVLYPDIAKKFNTTASRVERAI RHAI EVAW 

224 

SRGNI DS I S SLFGYTVSMTKAKPTNSEF IAMVADKLRLEHKAS 
267 

F i g u r e  2. Sequence of Spo0A protein and location of the sad 
mutations. The amino-terminal phospho-acceptor domain, con- 
served among response regulators, is located within the first 126 
amino acids of Spo0A. The a-helical regions and B strands in 
Spo0A are predicted on the basis of the structure of the response 
regulator protein CheY (Stock et al. 1989a) and have been pre- 
sented elsewhere (Stock et al. 1989b; Spiegelman et al. 1990; 
Green et al. 1991). The conserved aspartate (asp56) that corre- 
sponds to the site of phosphorylation in two of the well-char- 
acterized response regulators, NtrC and CheY (Sanders et al. 
1992a, b) is underlined. The amino acids deleted by the sad54, 
sad57, sad67, and sad76 mutations are underlined, and the de- 
letion end points are indicated by vertical lines. In addition to 
the random Ba131 deletions made from the BglII restriction site, 
we constructed a deletion, by site-directed mutagenesis, that 
removed amino acids 4 through 81. This allele did not encode a 
functional protein as it was unable to complement a spoOA null 
mutation (K. Ireton and A.D. Grossman, unpubl.). 
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les (sad54 and sad57) that caused a less severe growth 
defect�9 sad54 and sad57 are deletions of one codon, re- 
moving amino acid 75, and 15 codons, removing amino 
acids 61 through 75, respectively (Fig. 2). 

The sad mutations activate expression of sporulation 
genes during growth 

We tested the ability of the sad mutations to activate 
transcription of sporulation genes in the absence of star- 
vation signals by monitoring expression of two different 
lacZ fusions, spolIA-lacZ and spoHG-lacZ. The spolIA 
and spolIG operons are essential for sporulation and en- 
code ~ factors that are involved in cell-type-specific con- 
trol of gene expression (Losick and Stragier 1992). These 
operons both require Spo0A for expression, but are tran- 
scribed by different forms of RNA polymerase holoen- 
zyme. The spolIA promoter is recognized by RNA poly- 
merase containing ell, the spoOH gene product, whereas 
the spoHG promoter is recognized by RNA polymerase 
containing c A, the major vegetative ~ factor. Transcrip- 
tion from both of these promoters is normally very low 
or off during growth, is induced early during sporulation, 
and requires nutrient deprivation (Kenney and Moran 
1987; Kenney et al. 1989; Wu et al. 1989) and DNA syn- 
thesis {Ireton and Grossman 1992). In vivo, spoOA and 
the phospho-relay are required for transcription of 
spolIA and spolIG (Kenney et al. 1989; Wu et al. 1989). 
In vitro, Spo0A binds to these promoter regions and ac- 

tivates transcription (Burbulys et al. 1991; Satola et al. 
1991, 1992; York et al. 1992). 

Both the sad67 and sad76 gene products were able to 
activate transcription from the spolIA and spolIG op- 
eron promoters during vegetative growth (Fig. 3). Cells 
containing either the sad67 or sad76 allele under control 
of P~pa~ and either a spolIA-lacZ or spoHG--lacZ tran- 
scriptional fusion were grown in LB medium. Transcrip- 
tion of the spolIA-lacZ or spolIG--lacZ reporter fusions 
was induced within 1 hr after induction of expression of 
the sad allele (+ IPTG)(Fig. 3). Accumulation of ~-ga- 
lactosidase continued for at least 2.5 hr after induction of 
expression of the sad gene product, whereas no signifi- 
cant accumulation of ~-galactosidase was observed in 
cells that were not expressing the sad gene products (in 
the absence of IPTG). In contrast, expression of the wild- 
type Spo0A transcription factor from P~p~r +, in 
parallel experiments, did not induce expression of either 
sporulation gene (Fig. 3). 

The sad54 and sad57 mutations were also able to ac- 
tivate expression of spolIA in the absence of starvation 
conditions, although activation by these two alleles was 
somewhat weaker than the activation caused by express- 
ing sad67 or sad76. Two hours after induction of sad54 
during vegetative growth in LB medium, accumulation 
of f~-galactosidase from the spolIA-lacZ reporter fusion 
was typically 30-40% the level of f~-galactosidase accu- 
mulated in cells expressing the sad67 allele. Induction of 
the sad5 7 allele during growth in LB typically resulted in 
accumulation of ~-galactosidase 2 hr after induction that 

Figure 3. Expression of sad67 and sad76 
induces expression of Spo0A-controlled tar- 
get genes in the absence of starvation. The 
indicated strains were grown in LB me- 
dium, and samples were taken for determi- .~ 
nation of B-galactosidase specific activity 
as described in Materials and methods. 
Time zero (To) represents the time at which f3~ 
IPTG was added to induce expression of the 
sad67, sad76, or spoOA + alleles from Pspac" 
In A, each culture was divided into two 
parts, one with and one without IPTG. In B, ~J3 
C, and D, cells were grown in LB and di- �9 
luted into prewarmed LB with and without .~ 
IPTG. To represents the time of addition of 
IPTG (1 raM). [Normal expression of these 
spolIA-lacZ and spolIG--lacZ fusions dur- �9 
ing sporulation in wild-type cells results in f2~ U3 
peak specific activity values of ~ 170-240 
units and ~80-120 units, respectively. For 
example, see (Ireton and Grossman 1992).] 
(A) Strain SIK83 [spolIA-lacZ amyE:: 
{P~p,~sad67 cat)]: (0)plus IPTG; (O)no 
IPTG. Strain SIK85 [spolIA-lacZ amyE:: 
{P~pa~spoOA + cat)]: (X) plus IPTG. (B) 
Strain SIK84 [spolIA-lacZ amyE::(P~par 
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sad76 cat)]: (&) plus IPTG; (A) no IPTG. Strain SIK85 [spolIA-lacZ amyE::(Pspac-spoOA + cat)]: (X) plus IPTG. (C) Strain SIK103 
[spolIG--lacZ amyE::(Pspar cat)]: (Q) plus IPTG; (O)no IPTG. Strain SIK105 [spolIG-lacZ amyE::{Pspar + cat)]; {X) plus 
IPTG. {D) Strain SIK104 [spolIG--lacZ amyE::Psp~r cat)]: (&) plus IPTG; (A) no IPTG. Strain SIK105 [spolIG-lacZ amyE::P~p~r 
spoOA + cat)], (X) plus IPTG. The data for P~p~r + are from the same experiment as C. 
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was 60-90% the amount accumulated in cells express- 
ing sad67 (data not shown). 

sad67 and sad76 repress transcription of abrB during 
vegetative growth 

In addition to activating transcription of several sporu- 
lation genes (e.g. spolIA and spolIG), Spo0A represses 
expression of other genes, most notably abrB (Perego et 
al. 1988; Strauch et al. 1990). Repression of transcription 
of abrB is one of the mechanisms by which Spo0A indi- 
rectly activates expression of other genes. The abrB gene 
product is a transcriptional repressor, inhibiting expres- 
sion of several genes involved in sporulation, including 
spoVG (Zuber and Losick 1987), spoOE (Perego and Hoch 
1991), spoOH (Weir et al. 1991), and csh163 (Jaacks et al. 
1989) (Y.H. Wang, K. Shim, and A.D. Grossman, un- 
publ.). Spo0A binds to a site just downstream of one of 
the promoters for abrB, inhibiting synthesis of AbrB at 
the end of exponential growth (Strauch et al. 1990), 
thereby activating expression of AbrB-repressed genes. 

Expression of sad67 caused decreased transcription of 
abrB in the absence of starvation conditions. When ex- 
pression of sad67 was induced with IPTG, B-galactosi- 
dase specific activity from an abrB-lacZ fusion de- 
creased, compared to no IPTG (Fig. 4). In the course of 
these experiments, the cells continue to double every 20 
to 30 min. The decrease in B-galactosidase specific ac- 
tivity had a half-life of - 2 0  to 30 rain, indicating that the 
amount of enzyme per cell was depleted as the cells di- 
vided. Expression of sad76 had a similar effect on abrB- 
lacZ expression (data not shown). In contrast, expression 
of spoOA + from Pspac under similar conditions had little 
or no effect on expression of abrB-lacZ (data not shown). 
As expected, expression of a gene (csh163) that is 
strongly repressed by AbrB was induced when expression 
of sad67 (Fig. 4B) or sad76 (data not shown) was induced. 
These data demonstrate that the sad mutations allow 
Spo0A to function as both an activator and repressor of 
transcription in the absence of starvation signals. 

sad67 and sad76 encode proteins that are active in the 
absence of phosphorylation 

Activation of response regulators requires phosphoryla- 
tion of an aspartate residue in the conserved amino ter- 
minus, corresponding to amino acid 56 of Spo0A (Sand- 
ers et al. 1992a, b). Although this aspartate is essential for 
Spo0A function (Burbulys et al. 1991; Green et al. 1991), 
it was not essential for function of the sad67 and sad76 
gene products, sad67 and sad76 encode mutant  proteins 
that retain the conserved aspartate at amino acid 56 (see 
Fig. 2). Changing the codon 56 in these alleles from GAT 
(aspartate) to _AAT (asparagine) did not impair the ability 
of these mutants to activate expression of spolIA-lacZ 
in conditions of nutrient excess, sad67 and sad67D56N 
were indistinguishable in their ability to activate expres- 
sion of spolIA-lacZ during vegetative growth in LB me- 
dium (Fig. 5A). Surprisingly, the sad76D56N allele of 
spoOA was more effective at activating expression of 
spolIA than sad76 (Fig. 5B), suggesting that phosphory- 
lation might inhibit the activity of the sad76 gene 
product. 

We expected that the sad mutations would by-pass the 
need for the phosphorylation pathway, because the sad 
gene products were active during vegetative growth and 
were able to function with the asp to ash change at 
amino acid 56. As expected, the sad mutations were able 
to induce expression of spolIA in the absence of the 
phospho-relay, that is, in a spoOB mutant  (data not 
shown). Mutations in spoOB normally cause a severe de- 
fect in sporulation and block expression of many spo 
genes, including spolIA. 

sad67 and sad76 have different abilities to 
support sporulation 

Expression of sad67 or sad76, in the absence of nutrient 
deprivation, was not sufficient to induce sporulation, 
even though it was sufficient to induce expression of 
several sporulation genes. Cells expressing either allele 
were unable to form an asymmetric division septum, 
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Figure 4. Expression of sad67 inhibits expres- 
sion of abrB and induces expression of csh163 
in the absence of starvation. Strains (AI SIK27 
[SPB::(abrB-lacZ) amyE::(Pspac-sad67 catl] and 
(B) SIK13 [csh163-1acZ amyE::(Pspac-sad67 
cat}] were grown in LB medium and samples 
were taken for determination of [3-galactosi- 
dase specific activity as described in the Mate- 
rials and methods. The time at which cells 
were diluted into LB medium lacking IPTG or 
containing 1 mM IPTG to induce expression of 
sad67 or spoOA § from Pspac is defined as time 
zero {To}. (O) Plus IPTG; (OI no IPTG. 

G E N E S  & D E V E L O P M E N T  287 

 Cold Spring Harbor Laboratory Press on May 16, 2008 - Published by www.genesdev.orgDownloaded from 

http://www.genesdev.org
http://www.cshlpress.com


Ireton et al. 

Figure 5. Sad67 and Sad76 activate expres- 
sion of spolIA-lacZ in the absence of phos- 
phorylation. Cultures were grown in LB me- 
dium, and samples were taken for determi- 
nation of ~-galactosidase specific activity as 
described above. Time zero (To) is defined as 
time at which the culture was split and 
IPTG was added to one part of newly di- 
vided culture to induce expression of sad67 
or sad76. (Closed symbols) Plus IPTG; 
(open symbols) no IPTG. {A) Strain SIK83 
[SPB: :(spolIA-lacZ) amyE: :(P~pa~sad6 7 cat)]; 
(circles) strain SIK183 [SPB::(spolIA-lacZ) 
amyE::(P~p~c-sad67D56N cat)], (squares). 
(B) Strain (A) SIK84 [SPB::(spolIA-lacZ) 
amyE::(Psp~c--sad76 cat)]; (0 SIK184) [SPB:: 
(spolIA-lacZ) amyE: :(P~vac--sad76D56Ncat)]. 
Similar results to those shown in A and B 
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were obtained when experiments were performed with strains containing a deletion in spoOA (spoOA: :erm) or with strains containing 
a null mutation in spoOB, which encodes a component of the phospho-relay that normally activates Spo0A in vivo. 

which  is one of the first morphological indicators of 
spore development,  and genes normal ly  expressed just 
after formation of the sporulation septum were not ex- 
pressed (data not shown). It is not surprising that s imply 
making  activated Spo0A is not sufficient to cause effi- 
cient sporulation. Spo0A does not control expression of 
all genes that are induced early during sporulation. For 
example, both citB (Freese et al. 1979; Dingman et al. 
1987; Fouet and Sonenshein 1990) and ald (K. Jaacks Sir- 
anosian, K. Ireton, A.D. Grossman, in prep.) are required 
for sporulation and are expressed early during sporula- 
tion, independently of spoOA. As expected, these genes 
were not induced by expression of the sad gene products 
in nutr ient  excess (data not shown). In addition, starva- 
tion might  also affect metabolic  processes and protein 
turnover, which  are thought to be important  for sporu- 
lation and might  not depend totally on spoOA. 

In combinat ion wi th  nutr ient  deprivation, expression 
of sad6 7 was sufficient to cause sporulation. Sporulation 
of wild-type {spoOA +) cells is very efficient, typically 
>50% of the cells give rise to heat-resistant spores, cor- 
responding to - 2  x 108 spores per mil l i ter  of culture. 
When spoOA +, or sad67, is expressed from Pspac, wi th  a 
spoOA null  muta t ion  at the normal  chromosomal locus, 
a s imilar  sporulation frequency was observed (Table 1). 
Cells expressing the sad67D56N allele from Pspac typi- 
cally produced - 1 0 - 5 0 %  as many  spores as cells ex- 
pressing sad67 (Table 1), indicating that the ability of the 
Sad67 mutan t  protein to support sporulation is largely 
independent of phosphorylat ion at asp56, in striking 
contrast to the D56N muta t ion  in the otherwise wild- 
type spoOA (Table 1}. Consistent  wi th  the abili ty of 
sad67D56N to support sporulation, was the finding that 
it was also able to induce expression of spolIA-lacZ 
(Fig. 5A). 

In contrast to sad67, sad76 was considerably less ef- 
fective in supporting sporulation under these conditions. 
A culture of cells expressing sad76 from Pspac produced 
3-4  orders of magni tude fewer spores than a culture ex- 

pressing a wild-type copy of spoOA. Interestingly, the 
inabil i ty of the Sad76 mutan t  protein to support sporu- 
lation seems to be attributable, in part, to inhibi t ion  of 
this protein by phosphorylation. Cells expressing 
sad76D56N were able to sporulate at a reasonably high 
frequency (typically -10--50% of cells expressing 
spoOA + ) and produced about 3 orders of magni tude more 
spores than cells expressing sad76. Genetic inact ivat ion 
of the phospho-relay, wi th  a spoOB mutation,  also in- 
creased the ability of cells expressing sad76 to sporulate. 
Typically, the sad76 spoOB strain was able to sporulate 
at a frequency of -10--100% of the sad76D56N strain. 
These results indicate that the increased abili ty of the 
protein encoded by sad76D56N to support sporulation 

T a b l e  1. sad67 and sad76 have different abilities to 
support sporulation 

Strain Relevant genotype a Sporulation frequency b 

S IK31  Psp~c-sad67 5.9 x 10-1 
SIK190 Psp~c-sad67D56N 1.6 x 10-1 
S I K 3 0  Pspac-sad76 4.1 x 10 -4 
SIK191 Pspa~-sad76D56N 3.2 x 10-1 
DZR160 Pspac-spoOA + 7.0 X 10- l 
SIK167 P~pac-spoOAD56N < 10- 7 

Cells were grown in 2 x SG medium, and IPTG was added in 
late exponential growth, approximately one to two doublings 
before stationary phase. Similar results were obtained in several 
independent experiments. 
aAll strains contain a spoOA allele fused t o  Pspac, as indicated, 
and integrated into the chromosome at the amyE locus. In ad- 
dition, all strains have a null mutation in the endogenous spoOA 
gene (spoOA: :erm). 
bSporulation frequency is the number of heat-resistant spores 
per viable cell. In these experiments, the sporulation frequency 
is primarily an indication of the number of spores in the culture 
and not due to a drastic decrease in cell viability. The viable cell 
counts ranged from a low of 6.8 x 107 (SIK190) to a high of 2.8 
x 10 s (DZR160). 
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was probably attributable to an inabi l i ty  of this protein 
to be phosphorylated and probably not attributable to a 
structural alteration that fortuitously increased the ac- 
t ivity of the protein. These effects of sad76 and 
sad76D56N on sporulation are consistent wi th  the ef- 
fects of these alleles on expression of spolIA-lacZ in 
conditions of nutr ient  excess (Fig. 5B). 

sad67 by-passes the requirement for high cell density 
for efficient sporulation 

In addition to nutr ient  deprivation, efficient sporulation 
requires that B. subtilis be at high cell density. Cells at 
low density, even when  starved, sporulate poorly (Vas- 
antha and Freese 1979; Grossman and Losick 1988). Ef- 
ficient sporulation requires the presence of at least one 
extracellular factor that accumulates  in culture med ium 
as cells reach high density. Condit ioned med ium con- 
taining this factor s t imulates  sporulation of cells at low 
density (Grossman and Losick 1988). 

Expression of sad67 suppressed the sporulation defect 
normal ly  observed when  cells are starved at low density 
(Table 2). Cells expressing the wild-type copy of spoOA 
from Pspar (in addition to spoOA + from the normal chro- 
mosomal  locus) sporulated poorly at low density (OD6o o 
-0.06) compared to sporulation at high density (OD6o o 
-0.6). In contrast, cells expressing the sad67 allele (in 
addition to spoOA + from the normal  chromosomal  lo- 
cus} did not exhibit  a sporulation defect at low density. 
In fact, the sporulation efficiency of these cells at low 
density was similar  to that at high density and some- 
what  greater than that of spoOA + cells at low density in 
the presence of conditioned m e d i u m  (Table 2). These 
results demonstrate that cell density signals are by- 
passed by production of activated Spo0A. Normally,  it 
seems that cell density signals, in addition to nutr i t ional  
signals, regulate activation of Spo0A through the phos- 
pho-relay. 

D i s c u s s i o n  

We have isolated and characterized muta t ions  in spoOA 
of B. subtilis that make  the gene product const i tut ively 
active. These mutat ions  are in-frame deletions and pro- 
vide information about the funct ion of the SpoOA tran- 
scription factor. In addition, these muta t ions  uncouple 
expression of sporulation-specific genes from the normal  
developmental  signals and provide evidence that these 
developmental  signals are normal ly  integrated through 
the pathway that activates SpoOA. 

SpoOA transcription factor contains an inhibitory 
amino-terminal domain 

The fact that a variety of deletion muta t ions  in the 
amino terminus of Spo0A make  the transcription factor 
consti tutively active indicates that the amino- terminal  
domain inhibi ts  the abili ty of the carboxyl terminus  to 
function as a transcriptional activator. The sad deletions 
could produce consti tut ively active forms of Spo0A ei- 
ther by physically deleting the region responsible for in- 
hibi t ion or by disrupting the structural integrity of this 
region. The latter possibil i ty is more l ikely because a 
deletion of a single codon (sad54) creates an activated 
Spo0A. In the wild-type protein, phosphorylation of an 
aspartate in the amino terminus  probably relieves the 
inhibi t ion and unmasks  the abil i ty of the protein to ac- 
tivate transcription. 

The amino-terminal  domain of many  response regula- 
tors might  normal ly  function to inhibi t  the activity of 
the carboxy-terminal domain. Amino- terminal  deletions 
of at least two other response regulators seem to create 
activated forms of these proteins. A form of the CheB 
methylesterase lacking the amino- terminal  two-fifths of 
the protein exhibits elevated methylesterase activity in 
vitro (Simms et al. 1985), and an amino- terminal  dele- 
tion of the FixJ transcriptional activator creates a protein 

Table 2. sad67 suppresses the sporulation defect of cells at a low density 

Sporulation frequency a 

Strain IPTG high density low density low + CM 

SIK221 P s p a c - s p o O A  + - 1.4 x 10 -1 8.1 x 10 -s 1.3 x 10 .2 
+ 2.3 x 10 -1 9.6 x 10 -s 1.6 x 10 -2 

SIK219 Pspa~-sad67 - 1.4 x 10 -1 9.6 x 10 -s 1.4 x 10 -1 
+ 2.6 x 10 -1 1.7 x 10 -t 6.4 x 10 -1 

Cultures of SIK219 (spoOA +, Pspac-sad67) and SIK221 (spoOA +, Pspac-spoOA +) were grown in defined minimal medium in the absence 
(-)  or presence (+) of IPTG to induce expression of the sad67 or spoOA + alleles from Pspac- (Note that even in the absence of IPTG 
these strains express the spoOA + gene product from the normal location in the chromosome. (At OD6o o of ~0.60, cells were induced 
to sporulate by addition of decoyinine (high density) or were diluted 1 : 10 into fresh medium containing decoyinine (low density), or 
into conditioned medium (CM) containing decoyinine (low + CM). Conditioned medium was made from strain AG132 (spoOA abrB), 
as described (Grossman and Losick 1988). 
aSporulation frequency is the number of heat-resistant spores per viable cell. In these experiments, the sporulation frequency is 
primarily an indication of the number of spores in the culture and not due to a drastic decrease in cell viability. At high density, the 
viable cell count ranged from 6.9 x 107 to 1.5 x 108. At low density, the final viable cell counts ranged from 1.0 x 107 to 1.6 x 107, 
except for SIK219 in the presence of IPTG, which were 1.2 x 106 and 1.5 x 106 (low density + CM). 
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that is active in the absence of its cognate kinase (Kahn 
and Ditta 1991). 

The type of regulation in which one domain masks the 
activity of a DNA-binding or transcriptional-activating 
domain appears to be relatively common among prokary- 
otic and eukaryotic transcription factors. The steroid 
hormone binding domain of the glucocorticoid receptor 
inhibits this protein's activity as a transcriptional en- 
hancer in the absence of hormone (Godowski et al. 1987; 
Hollenberg et al. 1987). The AraC and LuxR transcrip- 
tional activators contain amino-terminal regions that in- 
hibit the ability of these proteins to activate transcrip- 
tion in the absence of their respective inducer molecules 
(Menon and Lee 1990; Choi and Greenberg 1991). In ad- 
dition, the major cr factor of Escherichia coli contains a 
region that masks the ability of free cr z~ to bind DNA 
(Dombroski et al. 1992), and inhibition of DNA binding 
by this region is presumably relieved by interaction of cr 
with core RNA polymerase. In B. subtilis, two of the 
sporulation-specific cr factors are synthesized as inactive 
precursors. In both cases, several amino acids are re- 
moved from the amino terminus, causing activation of 
the (r factor (for review, see Losick and Stragier 1992). 

Mutations in spo0A that bypass 
developmental signals 

Spore formation in B. subtilis involves the sensing and 
integration of several environmental and physiological 
signals, including nutritional, cell-density, and cell-cycle 
signals. For cells to initiate the process of sporulation, 
they must be starved for a carbon, nitrogen, or phospho- 
rus source (Sonenshein 1989), and be at a relatively high 
density (Grossman and Losick 1988). Spore formation 
also requires DNA replication (Dunn et al. 1978; 
Shibano et al. 1978; Ireton and Grossman 1992), and 
blocking DNA synthesis affects the ability of cells to 
enter into the earliest stages of sporulation (Ireton and 
Grossman 1992). 

Our results indicate that the multiple environmental 
and physiological signals that control the initiation of 
sporulation affect the activity of the transcription factor 
encoded by spoOA. The sad mutations make the spoOA 
gene product constitutively active and by-pass the need 
for the activation (phospho-relay) pathway and by-pass 
the need for the aspartate at position 56, the putative site 
of phosphorylation. These mutations also uncouple ex- 
pression of sporulation-specific genes from the environ- 
mental and physiological conditions normally required 
for their induction. 

Many mutations (called sof, rvtA, surOB, coi) that alter 
the conserved amino-terminal phospho-acceptor domain 
of Spo0A by-pass the normal phosphorylation pathway 
(Kawamura and Saito 1983; Sharrock et al. 1984; Hoch et 
al. 1985; Shoji et al. 1988; Olmedo et al. 1990; Spiegel- 
man et al. 1990). Unlike the sad mutations, however, 
these mutations do not appear to encode constitutively 
active proteins because they still require starvation sig- 
nals to activate expression of sporulation genes (Olmedo 

et al. 1990; Ireton and Grossman 1992). In addition, most 
(if not all) of the proteins encoded by these mutations 
still appear to require phosphorylation to be active 
(Spiegelman et al. 1990). We have also shown that the 
rvtAll mutation (Sharrock et al. 1984) does not allow 
sporulation when combined with an aspartate to aspar- 
agine change at amino acid 56 (K. Ireton and A.D. Gross- 
man, unpubl.), again in contrast to the sad mutations. 
Two mutations in Spo0A (small deletions in the amino- 
terminus) have been described that suppress the sporu- 
lation defect of an aspartate to glutamate change at 
amino acid 56 (spoOAD56Q). These pin {phosphorylation 
independent) mutations also bypass the need for the 
phospho-relay (Green et al. 1991), but it is not known if 
these alleles encode proteins that are active in the ab- 
sence of developmental signals. 

Integration of multiple developmental signals by the 
SpoOA transcription factor during the initiation 
of sporulation 

Nutritional, cell density, and cell-cycle signals could all 
regulate activation of the Spo0A transcription factor by 
affecting one or more steps of the phospho-relay (Fig. 6). 
We speculate that cell density signals regulate the acti- 
vation of Spo0A by affecting the activity of one or more 
histidine protein kinases. Cells sense high density by 
sensing the presence of an extracellular factor that accu- 
mulates in the culture fluid. This factor is at least in part 
a peptide (Grossman and Losick 1988) and may stimulate 
sporulation by acting through the oligopeptide permease 
encoded by the spoOK operon, spoOK is required for the 
initiation of sporulation (and the development of genetic 
competence), and the five genes encode an oligopeptide 
uptake system with extensive similarity to oligopeptide 
permease from Salmonella typhimurium (Perego et al. 
1991; Rudner et al. 1991). The requirement for spoOK in 
sporulation can be by-passed by overproduction of the 
histidine protein kinase encoded by kinA, indicating 
that the normal role of spoOK might be to activate one 

Nutritional DNA synthesis Nutritional 
signals signals signals 

Cell density / 
oligopeptide Kin / signals ~Jr ~ ~ t 

I R-P S o0A 

Spo0F~P Spo0B~P Spo0A-P 

Activate/repress transcription 
Figure 6. Integration of developmental signals through the 
phospho-relay affects the activity of the Spo0A transcription 
factor. Lighter arrows indicate speculative points of regulation. 
We speculate that nutritional signals might regulate more than 
one step. 
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of the kinases needed for sporulation (Rudner et al. 
1991). 

In addition to nutr i t ional  and cell density signals, cell- 
cycle or D N A  replication signals also regulate activation 
of Spo0A. Altered funct ion muta t ions  in spoOA (rvtA11, 
sad67) that do not require the phospho-relay for activity, 
suppress the defect in early sporulation gene expression 
normal ly  observed when  D N A  synthesis is inhibi ted in 
starving cells (Ireton and Grossman 1992; K. Ireton and 
A.D. Grossman, unpubl.). Thus, all three of the main  
signals required for spore formation, nutr ient  depriva- 
tion, high cell density, and D N A  synthesis are involved 
in the activation of Spo0A. 

In principle, integration of mul t ip le  signals can be 
achieved by a variety of different mechanisms.  The phos- 
pho-relay allows inputs for mul t iple  regulatory signals 
and provides a way of integrating these signals to affect 
the activation of a single transcription factor, the spoOA 
gene product (Fig. 6). In contrast, integration could be 
achieved by a mechan i sm in which  each signal controls 
the activity of a different transcription factor. The com- 
binatorial interaction of mul t ip le  transcription factors 
on a D N A  template  then ensures that gene expression 
occurs only when  all relevant conditions are met. For 
example, expression of HO endonuclease in the yeast 
Saccharomyces cerevisiae occurs in response to three 
signals, cell type, cell cycle, and cell lineage. Transcrip- 
tion occurs only in a or ~ haploid cells, only in late G1 
phase of the cell cycle, and only in mother  cells (Her- 
skowitz 1989). Each of these conditions or signals con- 
trols the activity of different transcription factors, which  
interact in a combinatorial  fashion to control expression 
of HO. These two contrasting mechan i sms  of signal in- 
t egra t ion- in tegra t ion  to affect a single transcription fac- 
tor, and integration by combinatorial  interaction of mul- 
tiple transcription factors-i l lustrate different solutions 
to a common biological problem. 

Materia ls  and m e t h o d s  

Strains 

The following E. coli strains were used for cloning and main- 
taining plasmids: JM101 [supE thi A(proAB-lac) (F' traD 
proAB § lacI q lacZM15)]; AGllS, which is MC1061 [araD139 
A(ara-leu)7697 AlacX74 galU galK rpsL hsdR] containing F' la- 
cI q lacZ::Tn5; and AG1111, which is MC1061 with F' proAB + 
lacI q lacZM15 TnlO. Strain CJ236 [dut-1 ung-1 thi-1 tel-l, 
pCJ105] was used for preparing uracil-containing single- 
stranded DNA for oligonucleotide-directed mutagenesis reac- 
tions (Kunkel et al. 1987). 

The B. subtilis strains used are listed in Table 3. All strains 
are isogenic with JH642 (trpC2, pheA1 ) (Perego et al. 1988). The 
spoOA::erm is a deletion-insertion similar to the spoOA::cat 
mutation described previously (Grossman et al. 1992). The 
spolIA-lacZ {Wu et al. 1991) and spolIG--lacZ (Kenney et al. 
1989) transcriptional fusions were all carried in the specialized 
transducing phage SP[3 and have been described. The abrB-lacZ 
transcriptional fusion in SP[3 was a gift from P. Zuber. The 
csh163::Tn9171ac is a transcriptional fusion identified in a 
search for genes controlled by cH {Jaacks et al. 1989). 

Media 

LB medium (Davis et al. 1980) was used for the routine growth 
and maintenance of E. coli and B. subtilis, as well as for studies 
on gene expression with the sad mutants. The nutrient sporu- 
lation medium used for B. subtilis was 2x SG medium (Leigh- 
ton and Doi 1971}. The minimal medium was the $7 minimal 
salts medium of Vasantha and Freese (1980), except that MOPS 
(morpholine-propanesulfonic acid) buffer was used at a concen- 
tration of 50 rather than 100 mM. The minimal medium was 
supplemented with 1% glucose, 0.1% glutamate, and 40 ~g/ml 
of each required amino acid as described (Jaacks et al. 1989). 
Media for plates was solidified with 15 g of agar (Difco Labora- 
tories) per liter. Antibiotics were used at standard concentra- 
tions as described (Harwood and Cutting 1990). IPTG {isopro- 

Table 3. Bacillus subtilis stratus used 

Strain Genotype or description 

DZR160 
KI1317 
SIK13 
SIK27 
SIK30 
SIK31 
SIK83 
SIK84 
SIK85 
SIK103 
SIK104 
SIK105 
SIK167 
SIK183 
SIK184 
SIK190 
SIK191 
SIK219 
SIK221 

amyE::(Pspac-spoOA + cat) spoOA::erm 
AG130 (Grossman and Losick 1988) converted to Spec r, Cm s (trp +, phe +) 
csh163::Tn9171acZ amyE::{Pspac-sad67 cat) 
amyE: :(Pspa~sad6 7 cat) SPl3::abrB-lacZ 
amyE::(Pspac-sad76 cat) spoOA::erm 
amyE::{Psp~r cat) spoOA::erm 
amyE: :(Psp~c--sad6 7 cat) SPI3: :spollA-lacZ 
amyE: :(Pspi-sad76 cat) SPB::spollA-lacZ 
amyE: :(P~p~r + cat) SPl3::spollA-lacZ 
amyE::(P~pac-sad67 cat) SPB::spoHG--lacZ 
amyE: :(Psp~c--sad76 cat) SPl3::spoHG--lacZ 
amyE::(Psp~spoOA + cat) SPB::spolIG-lacZ 
amyE::(P~pac-spoOA + cat) spoOA::erm 
amyE: :(Pspac-sad6 7D56N cat) SP[5: :spollA-lacZ 
amyE: :(Pspac--sad76D56N cat) SP~::spoIIA-lacZ 
amyE: :(P~pac-sad6 7D56N cat) spoOA: :erm 
amyE: :(Pspar cat) spoOA: :erm 
KI1317 amyE::(Pspac--spoOA + cat) 
KI1317 amyE: :(P~p~c--sad6 7 cat) 
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pyl-thio-13-D-galactoside) was used at a final concentration of 1 
raM. Decoyinine, an inhibitor of GMP synthetase, was used at 
0.5 mg/ml or 1 mg/ml to initiate sporulation in minimal media 
(Mitani et al. 1977). 

Transformations and transductions 

Cells of E. coli and B. subtilis were made competent and trans- 
formed according to standard procedures (Dubnau and Davidoff- 
Abelson 1971; Sambrook et al. 1989; Rudner et al. 1991). SPf3 
phage lysates were made and transductions done essentially as 
described (Harwood and Cutting 1990). 

Materials 

Molecular biological reagents (enzymes, PCR and DNA se- 
quencing reagents) were purchased from commercial suppliers 
and used according to standard procedures (Sambrook et al. 
1989; Ausubel et al. 1990) or the suppliers instructions. Syn- 
thetic oligonucleotides were purchased from Oligos Etc., Inc. 
(Guilford, Conn.) or the Biopolymers lab of the MIT Center for 
Cancer Research. 

Isolation of sad mutations 

sad deletion mutations were made by Bal31 nuclease digestion 
of a linearized plasmid containing the wild-type spoOA gene. 
pDR69 contains the spoOA + structural gene cloned down- 
stream of the LacI-repressed/IPTG-inducible promoter Pspac, in 
vector pDR66 (Fig. 1). pDR69 was linearized with BglII, which 
cuts approximately one-fourth of the way into spoOA, and 
treated with Bal31 exonuclease. Samples were removed at var- 
ious times between 10 sec and 13 rain after the start of Bal31 
digestion, and reactions were stopped by addition of EDTA to 40 
mM. After ethanol precipitation, the DNA ends were repaired 
with T4 DNA polymerase, ligated, and transformed into wild- 
type B. subtilis, selecting for resistance to chloramphenicol. 
Individual transformants were tested for growth on LB and/or 
2 x SG plates with and without IPTG. Transformants that had 
impaired growth when the sad allele was expressed (+IPTG) 
were chosen for further study. 

Cloning and sequence analysis of sad mutations 

The sad alleles were amplified from the chromosome using the 
polymerase chain reaction (PCR) and oligonucleotide primers 
rud-4 (5'-ACATCCAGAACAACCTCTG) and rud-5 (5'- 
GATCTTTCAGCCGACTCAA), which are complimentary to 
sequences in pDR69 that flank the P~pac-spoOA fusion (Fig. 1C). 
Amplified products should contain the SalI and SphI restriction 
sites upstream and downstream of spoOA, respectively. The 
products of the PCR reactions were digested with SalI and SphI 
and the -1.5-kb fragment containing the spoOA allele was sub- 
cloned between the SalI and SphI sites of pGEMcat to generate 
plasmids pDR80 (sad76), pDR81 (sad54), pDR83 (sad57), pDR88 
(spoOA+), and pDR89 (sad67). The DNA sequence of the sad 
mutations was determined from these plasmids by use of the 
primer rud-7 (5'-TTTGGTTCAGGCTGGCT), which is compli- 
mentary to a sequence -200 bp downstream of the BglII site 
that was used as the starting point for the Bal31 digestion. 

Oligonucleotide site-directed mutagenesis 

Codon 56 of spoOA was changed from CAT (asp) to AAT (ash) by 
site-directed mutagenesis with the oligonucleotide KI-14 (5'- 
C T C G T A T T ~ T A T T A T T A T )  and single-stranded DNA 

from pDR80 (sad76), pDR88 (spoOA +) and pDR89 (sad67). Mu- 
tagenesis was performed by use of standard procedures with 
uracil-containing DNA (Kunkel et al. 1987). Plasmids pIK152 
(sad76D56N), pIK153 (sad67D56N), and pIK155 (spoOAD56N) 
contained the indicated mutations as determined by DNA se- 
quencing with primer rud-7. 

The sad76D56N, sad67D56N, and spoOAD56N alleles were 
placed under transcriptional control of the Lad-repressed/ 
IPTG-inducible promoter Pspac and recombined into the chro- 
mosome of B. subtilis. The SalI-SphI fragments from pIK152 
(sad76D56N), pIK153 (sad67D56N), and pIK155 (spoOAD56N) 
were subcloned into the SalI-SphI sites of pDR66 generating 
plK173 (Pspac-sad76D56N), pIK165 (Pspac-sad67D56N), and 
pIK168 (Pspac-spoOAD56N). These plasmids were linearized 
with ScaI and transformed into the nonessential amyE locus, 
selecting for resistance to chloramphenicol. 

fl-Galactosidase assays 

Cells were grown and treated as described in figure legends. 
13-Galactosidase activity was determined as described previ- 
ously (Miller 1972; Jaacks et al. 1989) and specific activity is 
presented as the (AA420 per min per ml of culture per OD6o o 
unit) x 1000. 

Spore assays 

Cells were grown in either 2 x SG or minimal medium as indi- 
cated. The number of spores per milliliter of culture was deter- 
mined as the number of heat-resistant (80~ for 20 min) colony 
forming units (CFU) on LB plates. The number of viable cells in 
the same culture was determined as the total number of CFU 
(before heat treatment) on LB plates. Sporulation frequencies are 
expressed as the number of spores per milliliter as a fraction of 
the number of viable cells per milliliter. 
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