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Mutations in the sacU region have a pleiotropic phenotype. Certain mutations designated sacU(Hy), for
example, express degradative enzymes at high levels, are able to sporulate in the presence of glucose, have
severely reduced transformation efficiencies, and are nonmotile. We isolated and sequenced the sacU gene
region of Bacillus subtilis. Two open reading frames were found in the sacU region, and sacU(Hy) mutations
were localized to both of these open reading frames. The two open reading frames have similarities to two
widespread families of proteins that mediate responses to environmental stimuli.

In Bacillus subtilis, a variety of mutants have been iso-
lated due to their ability to produce higher levels of partic-
ular degradative exoenzymes, such as amylase, proteases,
or levansucrase (4, 22, 37). Upon further characterization, a
number of these mutant strains were shown to produce
higher levels of not only the original exoenzyme of interest
but also most of the other exoenzymes examined (4, 21). The
majority of the mutations were subsequently mapped to one
genetic locus and are most commonly referred to as
sacU(Hy) (40). These sacU(Hy) mutations have a pleio-
tropic phenotype. They overproduce a large number of
enzymes that degrade polymeric substrates; these enzymes
include alkaline and neutral protease, a-amylase, B-glu-
canase, levansucrase, and intracellular serine protease (1,
23, 33). Strains carrying these mutations can also sporulate
efficiently in the presence of glucose, which wild-type strains
of B. subtilis cannot do (23). These strains also lack flagella
and are very poorly transformable (23). Other mutations,
designated sacU, have also been mapped to the same
location as the sacU(Hy) alleles or to a tightly linked
location (22). These mutations almost completely abolish
expression of the levansucrase and intracellular serine pro-
tease genes but have only a minimal effect on the expression
of the other exoenzymes (22, 33).

The mechanism by which the sacU(Hy) mutations in-
crease the level of expression of their target genes has been
recently investigated. Studies of the levansucrase gene
showed that strains carrying a sacU(Hy) mutation had an
increased level of mRNA, and analysis of the mRNA by S1
analysis showed that the mRNA had the same transcrip-
tional start site in sacU* and sacU(Hy) strains (3, 39). A
study of the alkaline protease gene showed similar results
(12), suggesting that the stimulation of expression of these
two genes is by increased transcription of their promoters.
Deletion analysis of the alkaline protease and levansucrase
promoters suggested that the target site for this stimulation
in sacU(Hy) mutant strains is approximately 110 nucleotides
upstream of the transcriptional start site (12, 13).

Two other classes of regulatory mutants have been iso-
lated which appear to have a phenotype similar to that of
strains carrying the sacU(Hy) mutations. The sacQ and prtR
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genes encode 46- and 60-amino-acid proteins, respectively;
overproduction of the sacQ or prtR polypeptides appears to
be directly responsible for the phenotype of exoenzyme
overproduction (1, 27, 43). Both of these genes appear to act
in a manner similar to that of sacU(Hy) mutations, by
stimulating transcription of their target genes (39, 42). The
site necessary for stimulation of the alkaline protease and
levansucrase in sacQ mutant strains appears to be the same
as that defined for strains carrying sacU(Hy) mutations (12,
13); however, the target site for the prtR stimulation has not
been defined. Which, if any, of these gene products interacts
directly with this upstream target site has not yet been
determined.

In this paper we detail the isolation and sequence deter-
mination of the sacU region of the B. subtilis chromosome.
Two open reading frames (ORFs) that appear to be orga-
nized in an operon were identified. Sequence analysis of
sacU(Hy) mutations showed that missense mutations in
either ORF could lead to a SacU(Hy) phenotype. Compari-
sons of the deduced amino acid sequences of these two
proteins showed similarities to two conserved families of
bacterial proteins that transmit environmental stimuli. A
model of how these genes might function to stimulate
transcription of degradative enzymes in B. subtilis is pre-
sented.

MATERIALS AND METHODS

Strains. The B. subtilis strains used in this study are listed
in Table 1. Escherichia coli SR101 [A(lac-pro) supE thi F'
traD36 proAB lacI°Z AMI15 tonA], a derivative of strain
JM101 (48), was used for plasmid constructions and as a host
for M13 phages. E. coli transformation was performed by the
calcium shock procedure (6), and transformants were se-
lected on Luria-Bertini (LB) plates supplemented with car-
benicillin at 50 pg/ml. B. subtilis was transformed by a
previously published procedure (2), with selection on tryp-
tose blood agar bases plates supplemented with chloram-
phenicol at 5 pg/ml. Screening for the SacU(Hy) phenotype
was done by poking colonies onto LB plates supplemented
with 1.5% Carnation powdered nonfat milk and 5 pg of
chloramphenicol per ml. Screening for the SacU~ phenotype
was done in BG4088, which contains a single copy of a
sacB’'-'lacZ fusion (M. Yang and D. Henner, unpublished
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TABLE 1. B. subtilis + strains“

Strain Genotype

1168 trpC2

1A10 trpC2 thr-5 his-1

1A72 mir-264

1A95 leuA8 sacU32(Hy) trpC2

1A199 leuA8 sacU200(Hy) trpC2

1A201 leuA8 sacU42(—) trpC2

1A165 sacU32(Hy) trpC2

1A311 amyE*M amyR2 metB5 purB6 sacU9(Hy) str

1A340 amyE*M amyRI aroll16 metB5 sacU118(Hy) str
trpB3

1A200 leuA8 sacUI00(Hy) trpC2

BG4088 amyE::(sacB’-'lacZ erm) trpC2 thr-5 hisAl

BG3019 sacU32(Hy) trpC2 mot*

4 All the strains were obtained from the Bacillus Genetic Stock Center, The
Ohio State University, except BG3019 (39) and BG4088. Strain BG4088 is
identical to strain BG4024 (39), except that the erm gene was used to integrate
the single-copy sacB’-'lacZ fusion (D. Henner and M. Yang, unpublished
data).

data). The SacU~ phenotype could be distinguished from the
wild type by the lack of blue color on medium C plates (30)
containing 2% sucrose, 50 p.g of 5-bromo-4-chloro-3-indolyl-
B-D-galactopyranoside (X-gal) per ml, and 5 pg of chloram-
phenicol per ml.

Plasmids and plasmid constructions. Plasmids pJH101 (9)
and pJM102 are plasmids which cannot replicate in B.
subtilis but which can integrate into the chromosome via
homologous recombination. Plasmid pJM102 is a derivative
of pUC18 (48) containing the pC194 cat gene subcloned into
the unique Ndel site (M. Perego and J. A. Hoch, personal
communication). Plasmid pEAK1 was constructed by Vicki
Singer and is a subclone of plasmid pMG102 (11) in the
integrative vector pJH101. The following plasmids are de-
scribed by the restriction sites at the ends of the insert, and
these are located by the nucleotide numbering in Fig. 1. A
schematic diagram of the insert contained in each of the
described plasmids is shown in Fig. 2 or 3. pDH49 contains
the EcoRI(2383)-Sall(3073) fragment cloned into the EcoRI
site of pJM102. pDHS51 contains the EcoR(1)-Dral(256)
fragment cloned into the EcoRI and HinclI sites of pJM102.
pDHS54 contains the EcoRI(1)-Stul(1484) fragment cloned
into the EcoRI and Hincll sites of pJM102. pDHSS contains
the EcoRI(2383)-EcoRV(2137) fragment cloned into the
EcoRI and Hincll sites of pJM102. pDHS59 contains the
Stul(1484)-EcoRV(2137) fragment cloned into the EcoRI and
Hincll sites of pJM102. pDH64 contains the Stul(1484)-
Pst1(1029) fragment cloned into the EcoRI and Hincll sites
of pJM102. In the above constructions, ends that were not
complementary were repaired to flush ends with the Klenow
fragment of DNA polymerase I and deoxynucleoside tri-
phosphates before ligation.

To construct plasmids pDH69 and pDH74, chromosomal
DNA from strains 1A95 and 1A311 was digested with EcoRV
and HindlIl, and DNA in the size range of 750 base pairs was
eluted from an acrylamide gel and ligated into pJH101.
Colony screening was done by hybridization with a synthetic
25-nucleotide oligonucleotide complementary to nucleotides
2390 through 2415. Colonies that hybridized to the probe
were screened for the proper restriction map, and one
plasmid of the expected structure with an EcoRV(2137)-
HindIII(2896) insert was chosen from each DNA source.
The entire sequence of the insert of each plasmid was
confirmed. pDH69 had the sequence shown in Fig. 1,
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whereas pDH74 had a single nucleotide change correspond-
ing to the sacU(Hy)9 mutation, as discussed in Results.
Colony hybridization was done as described by Maniatis et
al. (25). The oligonucleotide used as a probe was labeled by
phosphorylation with polynucleotide kinase and 5'-[y*’P]
dATP (5,000 p.Ci/mmol; Amersham Corp.).

Plasmids pMY12 and pMY13 contain a 1,600-base-pair
EcoRI(1)-BamHI(1615) fragment cloned into the EcoRI and
BamHI sites of pJM102. The BamHI site at nucleotide 1615
was introduced during a polymerase chain reaction as de-
scribed below. Plasmids pMY12 and pMY13 were derived
from DNA amplified from strains 1A199 and 1A200, respec-
tively. The sequence of the inserted DNA was determined to
show that each plasmid differed in only the single nucleotide
corresponding to the particular sacU(Hy) mutation, as dis-
cussed in Results.

DNA manipulations. The procedures used for isolation,
analysis, and construction of plasmid DNAs were carried
out by standard methods (25). DNA sequencing was con-
ducted by the dideoxy-chain termination method of Sanger
et al. (36). Either single-stranded M13 phages (46) or plas-
mids pUC118 and pUC119 were used to generate templates
for sequencing (45). The sequence was determined on both
strands for the entire region depicted in Fig. 1, with the
exception of the regions from nucleotide 1 through 90 and
2890 through 3078. Polymerase chain reactions (34) were
done as suggested by New England BioLabs with a thermo-
stable Taq polymerase. Synthetic oligonucleotides of 25 to
30 nucleotides in length were used as primers; the primers
included mismatches from the known sequence which would
create restriction sites. Approximately 1 pg of chromosomal
DNA was used for the input, and 30 rounds of amplification
were performed. Temperatures used were 96°C for 60 s, 46°C
for 45 s, and 68°C for 315 s. After the amplification, the
sample was extracted with an equal volume of phenol-CHCl,
and precipitated with 2 volumes of ethanol. The sample was
digested with the appropriate restriction enzymes, and the
DNA fragments were purified by acrylamide gel electropho-
resis. Each fragment was ligated into appropriately digested
pUC118. Amplification of DNA by this method has been
shown to lead to a high rate of nucleotide changes (34). To
differentiate errors during amplification from a nucleotide
change in the input DNA, two templates derived from
separate amplification reactions were sequenced for each
input DNA. Only a change consistent between the two
templates could be derived from the input DNA; as dis-
cussed in Results, several of the mutations discovered by the
sequence analysis were reintroduced into the chromosome,
and their phenotype was confirmed.

Oligonucleotides were provided by the Genentech Organic
Synthesis Group. Restriction enzymes, polymerases, and
polynucleotides kinase were obtained from commercial
sources.

RESULTS

Isolation of the sacU gene. Plasmid pEAK1 overlapped a
plasmid that had been previously shown to map near the
sacU region of the B. subtilis chromosome (E. Ferrari,
unpublished data). Plasmid pEAK1 was transformed into
strain BG3019. DNA was extracted from a transformant and
used to transform strain 1168 to chloramphenicol resistance.
Eighty percent of the chloramphenicol-resistant transform-
ants had a SacU(Hy) phenotype, indicating a very close
linkage of the insert of plasmid pEAK1 and the sacU gene.
Lambda phage 1-26 (11) contains an approximately 8-kilo-
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GAATTCAACA
AsnLeuMe

TTTTCTGAAT
tlysGlnlle

GCATGATTCG
MetIleArg

CATAAGCTTC
MetLeuLysA

AARTGCCTCCG
IleGlyGlyP

AAGTAGCGTG
heTyrArgTh

CCGTCATCAT
AspAspAs

TGGCTTTTTG
nAlaLysGln

ATTCCTGTGC
GluGlnAla

CTCTTGITCG
GluGlnGluT

ATAGCTGTGC
TyrSerHisL

AGCATGCTAG
euMet
TAAAGAGTAG ATAGTATATA

ATATATGACA ACGCCGTGAC

GGGAGCAAGG
GlySerLysA

ACGAGGTTTT
spGluvalPh

TGATTGAGCT
IleGlule

TGGCGATAAA
uGlyAspLys

CCGCAATGCT
ArgAsnAla

TATGAAAAAG
TyrGluLysA

AGATTGCTAG
ArgleuleuG

GGCTTCAGGA
lyLeuGlnGl

GACTGCTTCT
LeuLeuLe

TGCTGATGCT
uAlaAspAla

CGGACCCGCT
GlyProAla

CAAATGCTGG
GlnMetLeuA

AATCTCCGCC
AsnleuArgG

AAAATGTTCG
1nAsnValAr

TAAGAAAATA
ArgLysTy

TCTATATACA
rLeuTyrThr

TGAGGTTGCG
GluvalAla

CTCTTCAGGC
LeuPheArgL

AAGGATTTCC
LeuIlleGluL

CGTTCTACAA
rgGluvalva

TAACGACGGC
rvalvalala

GATATGATCA
IleHisAspA

GTAGAAACAC
hrSerValAr

CTGACCCTCC

AAAATGTTTT
GGAGGGAAAT
TCAAATCGGG
eGlnIleGly

CTTGAAGTGC
LeuGluvalG

CCCATAAGCT
laHisLysle

AATCATTGAG
ullelleGlu

CAGGCAAAAC
GlnAlaLysG

CGAATGTTAT
laAsnValMe

GAATGCCCTT
gAsnAlaleu

ACCGAGGAAT
ThrGluGluT

TCGCACAGGA
euAlaGlnGl

TTTAACAGAA
ysLeuleuPh

ATTGTGACTC
eGlnSerGlu

CACCTATATG
1GlyIleHis

ATTTAATCCT
AsnLeuGlyG

GCAAGTATCC
CysThrAspL

TTCAGCCTGC
ysLeuArgAr

TTCTCGCCAA
snGluGlyIl

TAACATAAGC
eValTyrAla

GGCTTAAATG
gSerLeuHlis

ACAGATAAAA
CysIlePheA

TGCTAAGCAT AAAAGACTGC

TTTCTAGAAT ATACGCATTC

ACAAAGATGG
ThrLysMetA

TATGAATARA
MetAsnLys

GAGCAGTCAC
GluGlnSerA

GCCAGCAGTA
rgGlnGlnTy

TGCGAGAAAC
sAlaArgAsn

AAACTCGCCA
1nThrArgHi

TTGACGATGA
LeuThrMetI

GCAGGTAGAA
uGlnValGlu

CATTAGTAAG
erLeuvalSe

CGGTCAGAAT
ArgSerGlus

CTTAAGAATT
yleuArglIle

AGGATTTCGG
1nAspPheGl

GAATTAATCG
GluLeulleG

GATGAGATCG
tMetArgSer

TACGAAGTGA
TyrGluvalA

GAAGGATTAT
rgArglleIl

ATAACGGGAA
yrAsnGlyLy

GGTCAAAATA
sVallysIle

AGCTGTGTCT
uAlaValSer

AATGCGCTAA
AsnAlaleul

CCTTAATTCA
ArgLeuGluA

TTTTCAATCT
snGlullely

TCAGACACTG
luServValse

ATTTCCCATA
rLysGlyTyr

GTTTTTTTAA
glyslysleu

AACCTCGAGC
ValGluLeuM

CGAGCAATTA
SerCysAsnH

TGAGTCGCAT
isThrAlaAs

CGCGATTTTT
rgSerLysGl

CTATAACAAT
ulleVallle

CTATACAAAT TCGTACAGTC

TTTCATTATA ATTCGACATA

GCTGGATTCT
1LeuAspSer

ATTCCAAAGT
spSerLysVa

TGAACAGCTG
rGluGlnleu

GTCGAAGAAC
ValGluGluL

CGTTTATCCG
ArgleuSerG

AGGTCAGCCG
luValSerAr

TCCAGCAGCG
leG1nGlnAr

TGAGAAGCAA
gGluLysGln

CCAAATTACA
rGlnIleThr

GTTGTGCTCA
ValVallLeuA

ATTGAGGCGC
IleGluAlaG

AGGAAGAAGA
1nGluGluGl

AGCGGATTTT
luArgIlePh

CCGTGACCGG
eArgAspArg

AGACCGATGG
ArgProMetA

ATATGATTTA
eTyrAspleu

CATTTTCAGT
HisPheGlnC

GCATTGGAGA
ysIleGlyGl

AGCATTCTGA
ysHisSerGl

ATCTGAAGAA
uSerGluGlu

TGCCAAGCCA
sGlyLeuTrp

TGTGTAATCT
ThrTyrAspA

AGCGCGAATT
AlaArgllel

AATCCGCCAG
euGlyGlyAl

ATCGGCACTC
etProvalGl

CCGCTGTACC
yAlaThrGly

TCCAGTGCTG
nTrpHisGln

TTTCTTTATT
LysLysIlel

CTCGTGTTCT
GluHisGluG

CCCGCTTCTT
1yAlaGluLy

TTTAGAATTT TTGTGCGTAT

ATTTGCAGAT CAATTACATT

ATTTTGATGA
IleLeuMetL

AGATGCTGAA
ysMetLeuly

TGAAACAAAT
euLysG1lnIl

TAAACAGCAG
eLysG1lnGln

TAATTTTCAT
gAsnPheHis

AGATTCAGTG
ArgPheSerG

TTGCGCGAAC
LeuArgGluA

GGCGGGACGA
rgArgAspAs

ACTACTTGAA
snTyrLeuAs

TCAGGATTTG
nGlnAspleu

GCGARAAAAGA
VArgLysArg

GTCTCAAGAG
ValSerArgG

GGCGCAGAGG
GlyAlaGluA

ACGGATTCCA
sSpGlyPheGl

CCCTTGATGA
laLeuAspAs

CCTAGGCCTG
pleuGlyleu

AACAGAGGAT
uThrGluAsp

CAGAGGCTAG
GlnArgLeuA

ATTACAGTCA
IleThrvVall

AAGTTGAGAT
ysValGluIl

TTTGTGATTT
PhevalIleL

GAGTAGATTT
ValAspLe

TAATGATAAA AGATAACGGT
euMetIleLy sAspAsnGly

ATTGGAAGGA ACGATGACAA
uLeuGluGly ThrMetThrl

AAAGGGTTCG
LysGlyPheA

TAGATTCGAA
leAspSerLy

ACCTGAAGGA
spLeuLysGl

AGCGAAAGAG
uAlalysGlu

AATAGGTCTT GGGACATTTA
sIleGlyLeu GlyThrPhel

AAGAAAAACA
LysLysAsnL

TTATGATTAA
leMetIlely

AATCATTCGG
ysSerPheGl

GGTTCCGTTA
sValProleu

CTTGCTGGGC
yleuleuGly

TCTCTTTGAC
SerLeuOP*
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GCAGAAGTAT
laserThrHis

CACCAAGCTT
aGlyLeulys

GCTTGGTTCC
SerProGluGly

TTCTGTATAA
ysGlnIlePhe

TCACAGTAAA
sValThrPhe

TTTGGTATCA

TATAATAAAA

AACCGTTGAC
sThrValAsp

GTGTATGAAG
ValTyrGluVal

AAGAGGAAAT
luGluGlulle

TTTGGAGCGC
pLeuGluArg

CGCGAAGTTG
ArgGluValGly

AAATCCATGA
lulleHisAsp

AGARATTAAA
nGlulleLys

ATTCCAACTT
IleProThrLeu

CGCCTCAGTT
laProGlnPhe

CACAAAGGAT
eThrLysAsp

ATGAAAGAAA
MetlysGluArg

TATGATTTGT
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l:"IG. 1. Nucleotide sequence of the sacU region. The translated amino acid se
Shine-Dalgarno sequences and initiation codons to determine the start of ope
the reverse complement of the depicted sequence. Shine

CGACCATCAG
AspHisGln

TTATTTCGTG
LeuPheArgG

ATTGTTGAGC
IleValGluH

ACTATCATCC
isTyrHisPr

AATCTAAAGT
SerLysVa

AATTATTCTA
1IleIleLeu

TGATACATTA
AspThrlLeu

ATTGAAGCGG
IleGluAlaVv

ACAAGCGGAG
ThrSerGlyV

TTTCTGCACA
alSerAlaHi

TTGCAGACGG
AlaAspGl

AAAAAGCAAC
yLysSerAsn

ARACGACCGG
AsSnAspArg

ACGCAAGCCG
ThrGlnAlav

TTAGGCTGCC GTTTCCCTTA

AAAGAAATGC
LysGluMetA

GTGAACAACA
rgGluGlnHi

TTTATGAAGA
TyrGluGl

AGTGAARAAA
uValLyslys

TGCGGTTATC AGTATCCATC
AlaVallle SerlleHisL

AAGGTGTTAA
1uGlyVallLy

TGATGTTGTG
oAspValval

TCAATTCACG
SerIleHisA

TTAAAGTAGT
allysvalva

CCCTCAACAT
sProGlnHis

CGCGGTATTG
ArgGlylIleG

TTGTGGICGC
alvalvalAl

CAATAGAGTT

TCAGATACAT
sGlnIleHis

CATAATGAGC
HisAsnGlulL

TTTCCAGCGG
euSerSerGl

ACGGATATTG
sArgIleLeu

GATTTTGAAC
AspPheGluP

ATCATGGATA
IleMetAspl

TCAATATGCC
leAsnMetPr

ATGACGAAAA
spAspGluAs

TTATGTAACA
nTyrValThr

GGCTGAGGGC
1AlaGluGly

GGATCTTACC
GlySerTyrL

GAGGTTTACC
GluvValTyrP

CTGARATCCG
roGluIleAr

GTGAATCATT
lyGluSerLe

GTTTATCAGT
uPhelleSer

CATTAAAAAT
allelysAsn

GGCTGGGTAG
GlyTrpValG

ATAAAGCAAT AAGGCAGGTA

ATGATCCCTC "TCCAGGTTGT
MetIleProlL euGlnValVa

TCCCGACGAC
euProThrTh

TTCTCAGCCG
rSerGlnPro

GATCAGCGGA ACATTCAGCA
yIleSerGly ThrPheSersS

after degU is designated (>><<) below the hairpin structure.

CTACCTTTGA AGTGGTAGCC
roThrPheGl uValvalAla

AAACGTAAAT
oAsnValAsn

GGTGTGGAAG
GlyValGluA

CATGCCCTGA
HisAlaLeul

AAACAGGTGC
ysThrGlyAl

TCCATCCGAA
euHisProly

GGTTACTCAC
sValThrHis

CAGACCATTA
gArgProleu

CATATTTTAA
HisIleLeuT

GAGAAAACCG
GluLysThrV

TTAAAAACCA
allysAsnHi

AAATGAGATA
1uMetArgAM

GTATAATAGG
*

TCGAAGCTAT
Me

GAATATTGCA
tAsnIleAla

TTTTAGGGAG
1PheArgGlu

GAGACTTACC
GluThrTyrA

AGCTGGTTGC
luleuVvalAl

CCAATCGGCG
ProIleGlyG

GTGCAGCAGC
erAlaAlaAl

GGCTGATTCG
aAlaAspSer

-Dalgarno sequences are overlined. A possible rho-

MetThrLys ValAsnlleV

GAAGGTGATG ACGGGGACGA
GluGlyAspA spGlyAspGl

CTACAAAACA
laThrLysGl

GCTTGTAGAG
nleuvValGlu

AAGAGGTTAT
aArgGlyTyr

CTGCTGAAAG
LeuLeulysG

AACCTCGTTA
AsnleuValA

ACGAATTCCG
snGluPheAr

CTAGGCGGGA
hrArgArgGl

ATGTGAAGTG
uCysGluVal

TGTCAGCAAT
sValSerAsn

ATTTTACAAA
IleLeuGlnL

AGACTTGCCT
333> >5>>>

TTTACTAGGC
<<«

GTCGTAACAG
ValValThrA

ACAGCACGGC
spSerThrAl

GTGAAGAAAT
rgGluGlull

TGAGTTGGAC
eGluLeuAsp

GTTGTATGAA
aLeuTyrGlu

GAGCTTGGCA
GluLeuGlyL

ATGGTCGAC
MetValAsp

alllelleAsp

AGCGGCTCGT
uAlaAlaArg

CTGTATCCTG
LeuTyrProGlu

AGATGGATGC
luMetAspAla

CCGCCTTGCA
gArgLeuAla

CTGCAGATGC
LeuGlnMetLeu

AAATGAATGT
ysMetAsnVal

AGGTCTTTTT
< <k«

ATATATTCCG
aTyrIlePro

TGGAAAAGCT
TrpLysSerPhe

AGTCTTATGA
ysSerTyrAsp

_sequence is presented by using the presence of likely
n reading frames. ORF-L (nucleotides 1 through 515) reads from
independent terminator sequence
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FIG. 2. Phenotype of integration mutations into the sacU region.
A schematic diagram of the ORFs in the sacU region is shown, with
a scale in kilobases. The direction of transcription of each ORF is
shown by an arrow. Each of the plasmids contains the indicated
region cloned into pJM102. The details of the plasmid constructions
are described in Materials and Methods. The recipient strains for
each plasmid were BG3019 [sacU32(Hy)] and BG4088 [sacU
amyE::(sacB’-'lacZ erm)]. The phenotype of BG3019 transformants
was determined on LB-skim milk plates. Protease halo size is not a
good indicator to differentiate SacU* from SacU~, and it is not clear
whether the true phenotype of the integrations into BG3019 is
SacU* or SacU~. The phenotype of BG4088 transformants was
determined on medium C plates containing sucrose and X-gal.

base (kb) insert, and entirely contains the 1.2-kb insert of
plasmid pEAKI1 in the middle (V. Singer and M. Chamber-
lin, personal communication). DNA extracted from lambda
phage 1-26 was not able to transform strain BG3019
[sacU32(Hy)] from sacU(Hy) to sacU*. The ends of the
insert DNA of phage 1-26 were separately mapped with
respect to the sacU32(Hy) locus (data not shown), and the
end that was most closely linked was used to isolate further
overlapping lambda phage. Several phage were isolated
which could transform BG3019 from sacU(Hy) to sacU*,
indicating that those phage carried DNA extending over the
sacU32(Hy) mutation. Restriction digestion analysis of
those recombinant phage (data not shown) indicated that all
of the phage that were able to transform the sacU32(Hy)
mutation extended past the end of the insert of phage 1-26
and also had in common a 2.3-kb EcoRI fragment and a
2.5-kb Hindlll fragment, indicating that the sacU gene must
lie in this region. One phage containing this region, desig-
nated A-U9, was chosen for further characterization of the
sacU region.

Sequence of the sacU gene region. Approximately 3 kb
from the sacU region, which included the 2.3-kb EcoRI and
2.5-kb HindllII fragments mentioned above, was sequenced.
The sequence showed four potential ORFs (Fig. 1 and 2).
ORF-L extends from right to left for 515 nucleotides and is
truncated at the end of the determined sequence. The other
OREFs all extend from left to right. ORF1 encodes a protein
with a translated molecular weight of 45,000. It is followed
by 80 untranslated nucleotides and then ORF2, which en-
codes a protein with a translated molecular weight of 26,000.
ORF?2 is followed by an untranslated region of 100 nucleo-
tides and then ORF3, which extends past the end of the
sequenced region. The start of each ORF was assigned as the
furthest upstream potential initiation codon that appeared to
be preceded by a reasonable Shine-Dalgarno sequence. A
potential rho-independent terminator follows ORF2, sug-
gesting that ORF2 and ORF3 are separate transcription
units. We have named the ORF1 and ORF?2 genes deg$ and
degU, respectively, and will refer to them by those names.

Integrative mutations in the sacU region. Subclones of
DNA fragments from the sequenced region were constructed
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in the integrative plasmid pJM102, as described in Materials
and Methods. These plasmids integrate by Campbell integra-
tion via homology of the plasmid insert with the chromo-
somal DNA. Each plasmid, containing the region shown
schematically in Fig. 2, was transformed into strain BG3019
[sacU32(Hy)], and the phenotype was determined. Plasmids
that do not interrupt either degS or degU, such as pDH49
and pDH51, had no effect on the SacU(Hy) phenotype (Fig.
2). Similarly, pDH54, which after integration would leave an
intact copy of degS, has no effect on the SacU(Hy) pheno-
type. However, plasmids pDH64 and pDHSS, which inter-
rupt degS or degl, abolish the SacU(Hy) phenotype. Sim-
ilarly plasmid pDH59, which spans degS and degU, also
abolishes the SacU(Hy) phenotype. Our interpretation of
these results is that degU is necessary for the SacU(Hy)
phenotype. Since pDH59 does not interrupt either degS or
degU, yet leads to a loss of the SacU(Hy) phenotype, it is
probable that degU is transcribed with degS. The interrup-
tion of degS$ is not informative about whether degS is
necessary for the SacU(Hy) phenotype, since disruption of
the transcription of degS could be responsible for the loss of
the SacU(Hy) phenotype.

To determine whether the interruption of degS or degU
leads to a SacU~ phenotype, the same plasmids were
integrated into strain BG4088 (sacU"* sacB’-'lacZ). Expres-
sion of the sacB gene is abolished in SacU ™ mutants, and the
phenotype can be easily distinguished on plates containing
sucrose and X-gal. Transformants with an integrated copy of
either plasmid pDHS5 or pDH64 no longer express the
sacB’-'lacZ fusion and appear to have a SacU™ phenotype.
These results indicate that a loss of function of degU, and
possibly degS, can lead to a SacU™ phenotype.

Nature of sacU(Hy) mutations. To determine the nature of
the sacU(Hy) mutations, this region of DNA was isolated
from several strains carrying various sacU alleles by ampli-
fication with the polymerase chain reaction technique as
described in Materials and Methods. After the amplification,
the DNA fragments were subcloned into pUC118 for se-
quence analysis. Four mutations were located in five mutant
backgrounds, two in degS and two in degU. Strain 1A199
[sacU200(Hy)] had a G-to-A change at position 1384, caus-
ing a Gly-to-Glu change at amino acid 218 in degS$. Strain
1A200 [sacU100(Hy)] had a G-to-A change at position 1433,
causing a Val-to-Met change at amino acid 236 in degS.
Strains 1A95 and 1A165, which carry the sacU32(Hy) mu-
tation, both had an A-to-T change at nucleotide 2006, which
causes a His-to-Leu change at amino acid 12 of ORF2. Both
strains 1A340 and 1A311, carrying the sacUII8(Hy) and
sacU9(Hy) mutations, respectively, had an identical G-to-A
change at nucleotide 2290, which causes a Glu-to-Lys
change at amino acid 107 in ORF2. No other nucleotide
changes were found in the sequenced region (nucleotides 500
to 2670) in these strains.

To test whether these nucleotide changes were sufficient
for a SacU(Hy) phenotype, several of the mutations were
introduced into the chromosome via integrative plasmids.
Plasmids pMY12, pMY13, pDH69, and pDH74 have the
structures outlined in Fig. 3, and details of their construction
are given in Materials and Methods. Transformants that
arise via the integration events depicted in Fig. 3 by cross-
overs at B or C would have the single-nucleotide change
from the plasmid introduced into an intact copy of the gene
in the chromosome. Each plasmid was transformed into
strain 1A10 (sacU™), and the phenotype of the chloramphen-
icol-resistant transformants was checked on skim milk
plates. None of the more than 100 pDH69 (sacU™) transform-



5106 HENNER ET AL.
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FIG. 3. Introduction of sacU(Hy) mutations via integration plas-
mids. The structures of plasmids pMY12, pMY13, pDH69, and
pDH74 are indicated, not to scale. Lines A and B indicate the
structures of the chromosomes after integration events A and B
above. X indicates the location of a mutation. Symbols: (——)
plasmid regions, (#ER) chromosomal regions, (C, 213 degS and
degU coding regions, ( EZ3) portions derived from the plasmid-
borne copy. Jagged lines at the end of the boxed regions indicate a
truncated copy of the gene.

degu

ants exhibited an altered phenotype, whereas approximately
50% of the pDH74 [sacU9(Hy)] transformants showed a
SacU(Hy) phenotype on the skim milk plates. When the
same plasmids were transformed into strain BG3019
[sacU32(Hy)], all of the pDH69 transformants still showed a
SacU(Hy) phenotype. This was expected since the sacU32
(Hy) mutation lies upstream of the cloned fragment. Unex-
pectedly, approximately 50% of the pDH74 transformants no
longer had a SacU(Hy) phenotype. Presumably integration
events that give a protein with both mutations no longer have
a SacU(Hy) phenotype. Approximately 15% of the pMY12
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[sacU200(Hy)] and 8% of the pMY13 [sacUI00(Hy)] trans-
formants had a SacU(Hy) phenotype. These data indicate
that the single nucleotide changes identified for the sacU9,
sacUI100, and sacU200 mutations are sufficient to cause a
SacU(Hy) phenotype and that mutations in either deg$ or
degU can cause such a phenotype.

Similarity of degS and degU with other proteins. A com-
parison of the deduced amino acid sequence of degU with
other protein sequences showed that it is a member of a large
family of bacterial proteins. Figure 4 shows a comparison of
the N-terminal sequence of degU with the N termini of a
subset of other members of this previously identified family
(32). degU has about 25 to 30% identity in pairwise compar-
isons with the other members of this family, which is about
the same level as pairwise comparisons within previously
noted members of this family. The C terminus of degU
showed similarity to the C termini of four other known
proteins (Fig. 5). These proteins include the B. subtilis gerE
protein and three E. coli proteins, including the product of
the malT loci and two ORFs of unknown function in the uvrC
operon (URF1 and URF2 in Fig. 5). No striking similarities
of degS with other protein sequences were noted.

DISCUSSION

There are two families of bacterial proteins that make up
pairs of proteins that transmit information regarding envi-
ronmental stimuli to the appropriate transcriptional or enzy-
matic signals (for a review, see reference 32). The first family
of proteins has been termed either the modulator or the
sensor family. The modulator proteins have nonconserved N
termini that either directly sense environmental information
or receive sensory information via additional signal trans-
duction protems A loosely conserved C-terminal domain of
the modulators is presumably important in transmitting the
information to the cognate member of the second family.
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FIG. 4. Similarity of degU with the effector family of proteins. The amino-terminal regions of the indicated proteins were aligned by hand.
Residues that are identical in at least four of the eight aligned proteins are boxed. The references for the protein sequences used in this
comparison are as follows: cheY (26), ompR (46), phoB (24), ntrC (5), spo0A (10), spoOF (44), and sfrA (8).
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malT PEVPELIRTSPLTQREWQ GLI YS YSNEQ GE[L|IEVAAT|Tl KT|H[I R|N|L
URF1 @IVMT EMNFSKREK RWTAE TSA M1 L[S N|T VIN F|H/Q K[N|M
URF2 EP|EJKTES FAS.SERELQIMLMITK QKVN SEQLINL[S|IPIKTVINSYRYRM
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URF2
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degU LQKMNVND QAVVV@IKN WV E MR
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FIG. 5. Comparison of the C terminus of degS with other proteins. Residues that are identical in three of the five sequences are boxed.
URF1 and URF?2 refer to ORFs identified upstream of the E. coli uvrC gene. The references for the protein sequences used in this comparison

are as follows: gerE (16), malT (7), URF1 and URF2 (38).

The second family of proteins, termed the effector or regu-
lator family, have a conserved N-terminal domain that is
modified by the cognate member of the modulator family
(17). The best-understood pairs of these two component
signal transduction systems are the nzrB-ntrC proteins in-
volved in nitrogen regulation and the cheA-cheB and cheA-
cheY proteins involved in chemotaxis. In both cases the
modulator, ntrB or cheA, can transfer a phosphate molecule
to the effector molecule, ntrC, cheB, or cheY (14, 28, 29, 47).
The effectors can act in different ways. The ntrC protein can
bind to a DNA sequence upstream of its target promoters
and in its phosphorylated state activates transcription from
these promoters (31). In the case of cheB, the phosphory-
lated protein has an increased methylesterase activity, in-
creasing the rate of demethylation of the transmembrane
receptors and initiating adaptation (A. Stock, personal com-
munication). The phosphorylated cheY protein is somehow
involved in an interaction with the flagellar motor to cause
tumbly swimming behavior (Stock, personal communica-
tion). There have been two proteins described in B. subtilis
which are members of the effector family, spo0A and spoOF
(10, 44). Mutations in these genes lead to defects in sporu-
lation (15). However, no cognate modulator proteins have
been described for these sporulation proteins.

The membership of the degU gene product in this effector
family of proteins suggests a model for how it might activate
transcription of genes for degradative enzymes. We presume
that the degU protein is phosphorylated by its cognate
modulator protein. Whether the degU protein then directly
interacts with the target sites located upstream of the aprE
and sacB promoters (12, 13) has yet to be proven. However,
this hypothesis is attractive for two reasons. The ntrC
protein interacts with sites upstream of its target promoters
to activate transcription (31). Also, the C terminus of the
degU protein is similar to the C termini of a number of other
positive regulatory proteins, which have been postulated to
be DNA-binding proteins (7, 16, 38). The most striking
similarity is to the gerE protein, a 72-amino-acid protein
involved in the regulation of spore formation (16). It appears
to be a transcriptional repressor of the cotA gene (35) and a
transcriptional activator of the cotC gene (L. Zheng and S.
Cutting, personal communication). However, whether this
protein binds directly to DNA to cause these effects has not
been demonstrated.

The most attractive hypothesis for the role of the degS
gene product is that it is the cognate modulator for the degU
gene product. There are some similarities between the amino
acid sequence of the degS gene and other members of the
modulator family, as pointed out in the accompanying paper
(20). Also, an examination of the similarity of this protein

with conserved domains of other modulator proteins by a
computer analysis (19) shows a rather high alignment score
(S. Parkinson, personal communication). However, purifi-
cation of these proteins and demonstration of enzymatic
activities will be needed to resolve this issue.

Several possibilities for how the sacU(Hy) mutations
localized in the degU gene cause the SacU(Hy) phenotype
come to mind. The first is that these changes alleviate the
need for phosphorylation and cause this protein to become a
constitutive transcriptional activator. The second is that the
change makes the protein a better substrate for a related
modulator protein and that ‘‘crosstalk’’ (28a) is activating
the degU protein. The third is that the mutations increase the
rate of phosphorylation or decrease the rate of autodephos-
phorylation of this protein (17). Mutations of ntrC have been
isolated which seem analogous to the degU [sacU(Hy)]
mutations. These mutations allow activation of target pro-
moters in strains that are deleted for ntrB (18). Analysis of
these mutant proteins suggests that one class of them is
indeed active in the absence of phosphorylation, whereas
others behave as though they are more effectively phosphor-
ylated by ‘‘crosstalking’’ modulators (S. Kustu, personal
communication). If the degS gene product were indeed a
kinase, the phenotype of the sacU(Hy) mutations in that
gene could be explained by either increased kinase activity
or by activity in the absence of the natural signal.

We have previously suggested that the sacU(Hy) stimula-
tion is part of a global regulatory system involved in the
regulation of degradatory enzymes, perhaps in response to
the need for alternative carbon or nitrogen sources (13). The
nature of the operon described in this paper is consistent
with this hypothesis, since the other members of this two-
component family of sensory proteins are involved in such
global regulatory systems as osmolarity changes, phosphate
limitation, nitrogen limitation, and chemotaxis (32). How-
ever, we are still left with the puzzle of what signal this
complex regulatory system senses. When the upstream
sacU(Hy) stimulation site of either the aprE or sacB pro-
moter is removed, there is little effect on the expression of
these promoters in wild-type strains (12, 13), suggesting that
this regulatory system has a very small role under the
physiological conditions used for the assays. A major puzzle
remains to determine the physiological trigger for this global
regulatory system.

Nomenclature. A recent report by Tanaka and Kawata
(41) described the isolation of a gene, iep, which is identical
to the gene designated degU in this report. We are jointly
proposing with Tanaka and Rapoport that these genes be
designated deg, to reflect their role in the regulation of
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degradative enzymes. The sacQ gene will be renamed degQ,
and the prtR gene will be renamed degR.
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