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Wild-type Escherichia coli cells are unable to grow on ji-glucosides. Spontaneous mutants arise, however,
which are able to utilize certain aromatic j-glucosides such as salicin or arbutin as carbon sources, revealing
the presence of a cryptic operon called bgl. Mutations activating the operon map within (or close to) the
promoter region of the operon and are due to the transposition of an IS] or ISS insertion element into this
region. This operon was reported to consist of three genes coding for a phospho-li-glucosidase, a specific
transport protein (enzyme 1IB1g), and a positively regulating protein. We have defined the extent and location
of three structural genes, bglC, bglS, and bglB, and have determined their DNA sequence. The amino acid
sequences deduced from the open reading frames together with deletion and subcloning analyses suggest that
the first gene, bglC, codes for the regulatory protein, the second, bglS, codes for the transport protein, and the
third, bglB, for phospho-p-glucosidase. A fourth gene may exist which codes for a product of unknown
function. We discuss structural features of the DNA sequence which may bear on the regulation of the operon.
Homologies to sequences preceding the gene for an excreted levansucrase of BacUlus subtiUs, which are known
to be involved in the regulation of this gene, and to sequences preceding the gene for an excreted
P-endoglucanase of B. subtilis, for which data pertaining to regulation are not yet available, suggest a close
evolutionary relationship among the regulatory components of all three systems.

Members of the family Enterobacteriaceae differ in their
capacity to ferment the various P-glucosides. Wild-type
strains of Escherichia coli are 3-glucoside negative but
mutate spontaneously to Bgl+, enabling them to grow on
aryl-,-glucosides such as salicin or arbutin (40). The spon-
taneously occurring Bgl+ mutations uncover a cryptic
operon residing at 83.5 min on the genetic map of E. coli
K-12 (4). The operon contains a regulatory site, bglR, where
the Bgl+ mutations map, and codes for at least three proteins
(31): a phospho-p-glucosidase with high specificity for aryl-
,B-glucosides, a transport protein (enzyme IIBWg) that is a
member of the phosphoenolpyruvate-dependent carbohy-
drate-phosphotransferase system (11, 30, 39) mediating the
intracellular accumulation of aryl-p-glucoside-phosphates,
and a positive regulatory protein specific for the operon.

Substrates for the phospho-p-glucosidase, which is en-
coded by gene bglB of the operon, are phosphorylated
salicin and arbutin. A second gene for a phospho-,3-
glucosidase, bglA, is not linked to the bgl operon and is
expressed constitutively. This enzyme accepts arbutin as a
substrate but not salicin (40).
Genetic (20) and molecular evidence (K. Schnetz and B.

Rak, manuscript in preparation) demonstrates positive reg-
ulation of the operon and suggests that the positive regula-
tion is exerted via specific antitermination of transcription.

Analysis of spontaneous mutations leading to the activa-
tion of the operon showed that they were due to integration
of either IS] or IS5 into a small region proximal to the bgl
operon (33)-upstream of the bgl promoter and cyclic AMP
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binding protein binding site-causing increased activity of
the bgl promoter (34, 35). Indeed, out of about 1,000
spontaneous Bgl+ mutations isolated in E. coli K-12 carrying
the wild-type operon on a plasmid, only 17 were not due to
transposition of one of these elements (H. Ronecker, K.
Schnetz, and B. Rak, unpublished data). Activation could, at
least in the case of IS5, be caused by specific sequences
internal to the element, exerting their effect in an orientation-
independent manner from positions upstream as well as
downstream of the promoter, analogous to the eucaryotic
enhancing sequences (Schnetz and Rak, in preparation).

In this communication we present the nucleotide sequence
of a 5,270-base-pair (bp) segment of the E. coli chromosome
which includes all functions necessary for regulated uptake
and degradation of aryl-,-glucosides but possibly not the 3'
end of the bgl operon. These data extend the known se-
quence information in the region of oriC to a total of >25
kbp, the longest contiguous sequence of the E. coli genome
reported to date.
Our sequence data together with subcloning experiments

confirm the existence of three genes, which are sufficient for
regulated uptake and degradation of aryl-,-glucosides. Ac-
cording to recent mapping studies, the genes and regulatory
sites of the bgl operon are arranged in the following order:
bglR, bgl promoter, bglC, bglS, and bglB. It has been
claimed that bglC codes for the transport protein, bglS codes
for the positive regulator protein, and bglB codes for
phospho-j-glucosidase (4, 33). In the interest of a uniform
nomenclature we use the gene symbols in the order defined
previously (4, 33). It is now clear, however, that bglC codes
for the positive regulator protein and bglS codes for the
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FIG. 1. Construction of plasmid pFDX733. Plasmid pAR6 was
digested with EcoRI, and the protruding ends were filled in with
DNA polymerase I (large Klenow fragment). A BamHI linker
(decamer) was ligated to the ends followed by digestion of the DNA
with MluI. After polymerase treatment as above, the DNA was
digested with BamHI and a 6-kbp DNA fragment was isolated from
an agarose gel. Vector plasmid pACYC177 was linearized with
DraI, ligated with a Sall linker (octamer), and digested with Sall.
The ends were filled in with polymerase as above, and the DNA was
digested with BamHI, treated with alkaline phosphatase (calf intes-
tinal), and run on an agarose gel. A 2.7-kbp fragment containing the
origin of replication and the neo gene was isolated and ligated to the
DNA fragment from pAR6. The ligation mixture was used to
transform strain CSH26, and kanamycin-resistant colonies were
selected.

transport protein. Thus the functional assignments for these
two genes must be exchanged.
Gene bglC is preceded by a leader of 130 bases containing

a potential stem-loop structure reminiscent of rho-indepen-
dent terminators (37) and is followed by a long intercistronic
sequence of 136 bases, which again contains a potential
rho-independent transcriptional stop signal. These two re-
gions contain elements sharing extensive sequence homol-
ogy. Furthermore, similar sequences are also found 5' to two
Bacillus subtilis genes, one coding for an excreted levan-
sucrase (45) and the other coding for an excreted 1B-
endoglucanase (27). In the latter case, this homology ex-
tends-on the level of amino acid sequence-into the C
terminus of bglC, suggesting a conserved evolutionary rela-
tionship between the respective regulatory components.
Expression of levansucrase has recently been shown to be
regulated by a mechanism of antitermination, acting at a site
close to the region of homology (43).

MATERIALS AND METHODS

Bacterial strains and plasmids. The following strains are
derivatives of E. coli K-12: R1068 galK2 rpsL recA52 (from
our collection); CSH26 ara A(lac-proAB) thi (26); JF201
Alac(X74) A(pho-bgl) ara B1- (35). Strain SL5235 is Salmo-
nella typhimurium LT2 metA metD trpD leu rpsL hsdL
(r-m+) hsdSA (r-m+) hsdSB (r-m+) (from B. Stocker).
This strain should be identical to strain LB5000 (8) but
contains additional unidentified auxotrophies. Plasmid pAR6
is a derivative of pBR322 (49) that contains a chromosomal
EcoRI fragment with part of the bgl operon (34); plasmid
pACYC177 (10) is a multicopy vector compatible with
pBR322; plasmid pUC12 (25) is a high-copy-number deriva-

tive of pBR322 with a polylinker sequence. Plasmid
pFDX53-Sal is a derivative of plasmid pFD53 (32) in which a
Sall linker (octamer) was ligated into the singular XmnI site
of the resident insertion element IS5, 25 bp away from its left
end (H. Eibel and B. Rak, unpublished data). Plasmid
pFDX99 carries gene laclq (9) substituted into vector plas-
mid pACYC177 providing overproduction of lac repressor
(T. Khosaka and B. Rak, unpublished data).
Media for bacterial growth. LB (26) was used as standard

liquid medium. If used for plates, 15 g of agar per liter was
added. Bgl indicator plates were prepared as follows: 22.5 g
of antibiotic medium no. 2 (Difco Laboratories) was dis-
solved in 1 liter of H20 and autoclaved. Filter-sterilized
salicin (BS plates) or arbutin (BA plates) was added to a final
concentration of 0.5% followed by 10 ml of a solution
containing 2% bromothymol blue, 50% ethanol, and 0.2 N
NaOH. All media were supplemented with ampicillin or
kanamycin (final concentration, 50 ,ug/ml) or both when
necessary. MacConkey indicator plates contained 0.5%
salicin or arbutin.

Isolation of Bgl+ mutants. Bacteria were streaked onto BS
plates and incubated at 37°C. Bgl+ mutants grew to orange
papillae on the light-green background. They were picked
and restreaked several times for purification.
DNA manipulations. DNA manipulations were done essen-

tially as described previously (21, 32). DNA restriction
fragments for cloning and sequencing were eluted from
agarose gels by using DEAE-membrane NA45 (Schleicher &
Schuell Co.) as suggested by the manufacturer, except that
the buffer for elution (high NaCl-EDTA-Tris hydrochloride)
was 2 M for NaCl, which increased the yield. A 1:2 dilution
with H20 was made before ethanol precipitation.
DNA sequencing. DNA was sequenced by the chemical

degradation method of Maxam and Gilbert (23). Fragments
to be sequenced were prepared from plasmid pFDX733 (Fig.
1) and either processed directly or first subcloned into the
SmaI site of plasmid vector pUC12. For subcloning the ends
of the fragments were made blunt with DNA polymerase
(Klenow large fragment) where necessary. The relevant
structures of the various subclones are schematically given
in Fig. 2. For preparation of fragments, plasmid DNA was
cut with the restriction enzyme specific for the site to be
labeled. The 5' ends were dephosphorylated by using calf
intestinal phosphatase followed by agarose gel electropho-
reses and isolation of the appropriate fragment or by phenol-
chloroform extraction and ethanol precipitation. The DNA
was recut with an appropriate restriction enzyme, fragments
were separated on an agarose gel, and the fragment to be
sequenced was isolated. Fragments of the subclones were
isolated by using restriction sites within the polylinker of the
vector. Fragments prepared in this fashion accept label at
only one end when treated with polynucleotide kinase,
circumventing the use of preparative DNA gels with radio-
actively labeled fragments. For sequencing five degradation
reactions with the following specificity were used: G, A>C,
G+A, C+T, C. The resulting degradation products were
separated on thermoregulated (50°C), 1-m-long, 0.26-mm-
thick 4, 6, and 16% polyacrylamide gels containing 7 M urea
(2). The 6% gel contained a buffer step gradient (5). On the
average, about 500 bases could be read from a single
end-labeled fragment under the conditions used. The se-
quencing strategy is outlined in Fig. 2.

RESULTS
Subcloning. An approximately 6-kbp MluI-EcoRI frag-

ment thought to contain the genes and sites of the bgl operon
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FIG. 2. Relevant restriction map, sequencing strategy, and subclones constructed for sequencing. Only restriction sites used for
sequencing or subcloning are given. The integration site of IS5 in mutant bglR-S7::IS5-Sal is marked. The lines at the top give the extent of
the individual subclones; the numbers refer to the subclones constructed in vector pUC12, and the roman numerals behind the hyphen give
the relative orientation of the fragment. The arrows mark the direction and extent of the sequence analysis: *, pUC12 polylinker site was used
for labeling; A, restriction site of fragment was used for labeling; A, BamHI site of deletion derivative pFDX750-S7::IS5-Sal (Fig. 5) was used
for labeling; O, Sall site within the mutant insertion element in plasmid pFDX733-S7::IS5-Sal (Fig. 5) was used. Overlapping sequences were
determined for all parts.

involved in regulated uptake and degradation of aryl-p-
glucosides was subcloned in vector plasmid pACYC177,
resulting in plasmid pFDX733 (Fig. 1).

Selection of a Bgl+ derivative of plasmid pFDX733 carrying
a mutant IS5 element. Strains of S. typhimurium do not
mutate to Bgl+ (40; data not shown), nor do they contain IS]
(29) or IS5 (41; H. Eibel and B. Rak, unpublished observa-
tion). S. typhimurium SL5235 was transformed with plas-
mids pFDX733 and pFDX53-Sal as a donor for IS5 (a mutant
element carrying a SalI linker inserted 25 bp away from the
left end). Double transformants were selected on BS-
kanamycin-ampicillin plates. Bgl+ mutants were picked, and
the plasmid structures were analyzed. A large proportion of
these carried the tagged IS5 element integrated in a small
region between about 320 and 380 bp away from the Mlu site,
previously identified as bglR (34, 35). Plasmids isolated from
these mutants conferred an (inducible) Bgl+ phenotype upon
retransformation into various Bgl- strains. One such isolate,
carrying the Sail site of the mutant IS5 element close to the
bgl operon genes, was designated pFDX733-S7; the muta-
tion is referred to as bglR-S7::IS5-Sal.

Restriction map. Relevant restriction sites within the MluI-
EcoRI fragment are given in Fig. 2. The integration site of
IS5 in mutant bglR-S7::IS5-Sal is indicated by an arrow.
DNA sequence. The nucleotide sequence given in Fig. 3

(5,270 bp) starts at the MluI site and ends at an XmnI site
approximately 740 bp proximal to the EcoRI site (Fig. 2).
The first 376 bp (48) and the first 586 bp (1) are identical to
the 3' end of the sequence published for gene phoU. Thus,
our sequence includes the C-terminal part of the phoU-gene,
which is followed by an inverted repeat structure (Fig. 3).
No deviation from the published sequences was found. The
sequence at bp 205 to bp 552 is identical to the published
sequence of the bgl control region (34, 35). At position 458,
however, we determined a G instead of an A residue. An A
residue at this position would result in a MaeI site, and a G
residue would result in a BstNI site. Enzyme MaeI did not

cut at this position, whereas we detected cleavage by BstNI
(data not shown).
The cyclic AMP binding protein binding site and the -35

and -10 sequences of the bgl promoter (Fig. 3) as well as the
transcription start site of the bgl mRNA (+ 1) have been
determined (34, 35).
Open reading frames. Aside from the C-terminal sequence

of gene phoU, three large open reading frames were found,
all reading from left to right. These are designated bglC,
bglS, and bglB in Fig. 3. The first reading frame has an ATG
in its 5' region (at bp 582), preceded by a translational start
signal (Shine-Dalgarno sequence [44]), AGGT, at a distance
of 7 bp, suggesting that the first gene of the operon, bglC,
starts with this ATG. Consequently, bglC is preceded by an
untranslated leader RNA of 130 bases. The reading frame
stops at bp 1415 and thus contains 278 codons corresponding
to a protein of Mr 32,067. The second open reading frame,
625 codons long, could code for a protein of Mr 66,400. It
starts with ATG at bp 1552 and stops at bp 3426. Here again,
the initiator codon is preceded by a translational start signal,
GAGG, at a distance of seven bases, suggesting that it is the
beginning of gene bglS. The intercistronic region between
genes bglC and bglS would then be 136 bases long. A third
open reading frame of 471 codons (protein Mr, 53,120), a
candidate for gene bglB, extends from the ATG at bp 3448 to
4860. This ATG is preceded at a distance of six bases by the
translational start signal AGGAG. In this case, the apparent
intercistronic region is only 21 bases in length. The first
possible start codon (ATG) of a fourth open reading frame,
which does not terminate within the sequenced fragment, is
found at bp 4932, 72 bp distal to the preceding reading frame.
The ATG of this open reading frame is preceded by the
sequence AGGGA, which could qualify as a translational
start signal.
Codon usage. Many attempts have been made to relate the

relative usage of synonymous codons (i.e., the frequency
with which the different codons encoding identical amino
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1 ACGCGTTCGCGCGGATGGACATTGACGAAGCGGTACGTATTTATCGTGAAGATAAAAAAGTCGATCAGGAATACGAAGGTATTGTTCGTCAACTGATGAC
Al^Ph*AlaArgMetAspll*AspGluAlaV&lArgIllTyrAr9gluAspLysLYsVa)AspGlnGluTyrGluGlyl1eV&lArgGlnLeuM*tTh
phol -

101 CTACATGATGGAAGATTCGCGTACCATTCCGAGCGTACTTACTGCGCTGTTClGCGCGCGTTCTATCGAACGTATTGGCGACCGCTGCCAGAATATTTGTrTyrM*tM*tGluAspSerArgThrlleProS"6rValLouThrAlaL*uPh*CysAlaArgS*rillGluAr911eGlyAspArgCysGlnAsnllecys

201 GAGTTTATCTTCTACTACGTGAAGGGGCAGGATTTCCGTCACGTCGGTGGCGATGAGCTGGATAAACTGCTGGCGGGGAAAGATAGCGACAAATAATTCA
GluPhe lePheTyrTyrValLysGlyG1nAspPheArgHisVa1GlyGlyAspO1uLeuAspLysLeuLeuAlaGlyLysAspSerAspLys-e-

I -pho *87::13S CAIP bliding site

301 CCAGACAAATCCCAATAACTTAATTATTGGGATTTGTTATATATAACTTTATAAATTCCTAAAATTACACQAAGTTAATAACTGCGAGCATGGTCATATT
-35 tpb -10 1 bog&"'

401 TTTATCAATAG CC TTTCTCTGCA.CGCAA ATTTCCGAACCTGGATGTTCGTTATAAAAACCATTAATAAATGAC GGATTGTTA
IN-bVlCOPN"nl.tThrgTlyLeuLibol 'G -s3b-q 30SD start orti,

501 CT6CAT1*CA66CAAAAdIGACLA_ CAGAGAATACTG6 AGGGGTTTTTTTGTTTATAAAAAAGGTCCTTGCTATGAACATGCAAATCACCA
LeuHtisSerGlnAlaLysProAspIl*ThrArgGluTyrTrp-*- MetAsnMetGlnileThrL

start bgIC

601 AAATTCTCAACAATAATGTTGTGGTGGTTATTGATGATCAACAGCGGGAAAAATCGTCATG(GGGCGCGGAATTGGCTTTCAAAAACGC6CTGiGCGAAAG
ysleLsuAsnAsnAsnValValValValIleAspAspGlnGlnArgGluLysValValMletGlyArgGlyIleGlyPheGlnLysArgAlaGlyGluAr

701 AATTAACTCAAGTGGAATAGAAAAAGAGTATGCCTTGAGCAGTCATGAACTGAACGGGCGATTAAGCGAACTCTTAAGTCATATTCCTCTTGAGGTGATG
gl1eAsnS*rSerGlyIleGluLysGluTyrAlaLeuSerSerHisGluL.uAsnGlyArgLeuSerGluLeuLeuSerHisIleProLeuGluValtet

801 GCAACCTGTGATCGTATTATCTCTTTAGiCGCAGiGAGCGCTTGGGjAAAATTACAGiGACAGTATTTATATCTCGCTAACTGACCATTGCCAGiTTTGiCGATTA
AlaThrCysAspArgl1elleSerLeuAlaGlnGluArgLeuGlyLysLeuGlnAspSeri1eTyrileSerLeuThrAspHisCysGlnPheAlalleL

901 AAC6CTTTCAGCAAACGTGTTGCTGCCCAACCCGTTGCTGTGGGiATATCCAGCGGCTTTACCCGiAAAGAGTTCCAGiCTA(GGGGAAGAAGCGTTAACCAT
ysArgPheGlnGlnAsnValLeuLeuProAsnProLeuL.uTrpAspIleG1nArgLeuTyrProLysGluPheGlnLeuGlyGluGluAlaLeuThrII

1001 TATTGATAAACGvGTTGiGGCGTGCAGiTTACCGAAAGATGAAGTGGiGCTTTA'TTGCCATGCATCTGGTCAGiTGCCCAAATGAGCGGAAATATGGAGGATGTT
*lleAsPLysArgLeuGlyValGlnL*uProLysAspGluValGlyPhoIleAlaM*tHisLeuValSerAlaGlnMetSerGlyAsnM*tGluAspVaI

1101 GCAGGTGTCACGCA6TTAATGCGCGAAATGCTGiCAATTAATAAAATTTCAGiTTCAGCCTTAATTACCAGGiAAGAAAGiCTi(GAGTTATCAGCGiACTGGTTA
AlaGlyValThrGlnLeuMetArgGluMetLeuGlnLeul1eLysPheGlnPheSerLeuAsnTyr6lnGluGluSerLeuSerTyrGlnArgLeuValT

1 20 1 CACATCTGAAGTTTTTATCCTGGCGTATTCTTGAACATGCTTCAATTAACGATAGTGATGAATCATTACAACAAGCAGTAAAACAAAATTACCCGYCAAGCi
hrHisL*uLysPheLouS*rTrpArgIleLeuGluHisA)aSerIleAsnAspSerAspGluS*rL*uGlnG)nAlaValLysGlnAsnTyrProGlnAI

1301 ATGGCAATGTGCGiGAACGGATCGiCCATTTTTATTGGTTTGCAGTATCAACGTAAAATTTCACCCGCAGiAGATTATGTTTTTAGiCCATAAATATAGAGjCGC
aTrpGlnCysAlaGluArgll*AAlalePhelleGlyLeuGlnTyrGlnArgLyslleSerProAlaGlulleMet PheLeuAlalleAsnIleGluArg

boszAh bosz"" Il-lCd A"
.~~~~~~~~~~~~~~~~~~~~~~~4o.anw,

1401 GTGCGCAAAG AACACTGAAATATTATTACTGAGT CCTG TTGCTTGATTCACGTCAGGCCGTT
ValArgLysGluHis-e-

3D

1501 TTTTTCAGGTTTTTTTTTGGAGTTTTGCCGCAAAGCGGTAGAGGGCAAGTTATGACGGAGTTAGCCAGAAAAATAGTCGCAGGAGTCGGGGGCGCAGATA
MetThr6luLcuAlaArgLysi1eValAlaGlyValGlyGlyAlaAspA

start bglS

1601 ACATTGTGAGTCTGATGCATTGCGCAACGCGATTACGTTTTAAATTAAAGGATGAAAGC~AAAGCGCAAGCAGAGiGTACTGAAAAA6ACCCCCGGTATTAT
snIleValSorL*uMetHisCysAlaThrArgLouAroPhoLysLouLysAspGluSerLysAlaGlnAlaGluValLeuLysLysThrProGlyIlI
1601 . . .

1701 TATGGTGGTGGAAAGCGGTGGCCAGTTTCAGGTGGTCATAGGTAACCATGTGGCCGATGTCTTCCTGGCGGTTAACAGTGTGGCAGGCCTTGACGAA
eMetValValGluSerGlyGlYGlnPhoGlnValValilleGlyAsnHisValAlaAspValPhoLouAlaValAsnS*rValAlaGlyL*uAspGluLys

1801 GCGCAACAGGCACCGGAAAATGATGATAAAGGTAATCTGCTAAACCGCTTTGTTTAtGTTATTTCAGGTATTTTTACGCCTCTGATCGG'TTTGATGGCGG
AlaGlnGlnAlaProGluAsnAspAspLysGlyAsnLouLouAsnArgPh*ValTyrValIleSerGlyllePhoThrProLoulleGlyLeuMetA)aA

1901 CAACCGGGATCTTGAAAGGTATGCTGGCTCTGGCGCTCACTTTTCAGTGGACGACCGAACAAAGTGGTACTTATTTAATTTTATTCACGCCAGTGATGC
laThrGlylleL*uLysGlyMetLeuAlaLeuAlaL*uThrPhoGlnTrpThrThrGluGlnSerGlyThrTyrLeulleL*uPheSerAIaSerAspAI

2001 CTTGTTTTGGTTCTTCCCGATAATCCTGGGATACACCGCGGGGAAACGCTTCGGCGGTAATCCATTTACTGCCATGGTGATTGGTGGA6CGTTAGTGCAT
aLeuPheTrpPhePheProllelleLeuGlyTyrThrAlaGlyLysArgPheGlyl1yAsnProPh*ThrAlaMetValII1GlyGlyAlaLeuValHis

2101 CCATTAATTCTGACTGCTTTCGAGAACGGGCAAAAAGCGGATGCGCTGGGGCTGGATTTCCTGGGTATTCCGGTCACATTGTTGAATTACTCGTCATCGGProLeul1eLeuThrAlaPheGluAsnGlyGlnLysAlaAspAlaLeuGlyLeuAspPheLeuGlylleProValThrLeuLeuAsnTyrSerSerSerV
FIG. 3. Nucleotide sequence of the MluI-XmnI fragment containing bgl. See the text for details.
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2201 TTATTCCCATTATTTTTTCTGCCTGGTTGTGCAGCATTCTGGAACGCCGACTTAATGCGTGGTTACCGTCGGCAATCAAAAATTTCTTCACACCATTGCT
ailleProIllel)Ph*SerAloTrpLeuCysSerlleLeuGluAr9Ar9LouAsnAlsTrpLeuProS*rAilileLYsAsnPhePheThrProLeuL*

2301 ATGTCTGATGGTTATCACACCCGTCACCTTTCTGCTGGTGGGGCCGCTATCAACCTGGATAAGCGAACTGATTGCCGCCGGTTATCTCTGGCTTTATCAi
uCysLeuMetVallieThrProValThrPh*LeuLeuValGlyProLeuS*rThrTrPlleSerGluLeuI)eAlaAlaGlyTyrLeuTrpLeuTyrGln

2401 GCGGTTCCTGCATTTGCGGGCGCGGTAATGGGCGGCTTCTGGCAAATCTTCGTCATGTTCGGACTGCACTGGGGCCTGGTGCCGCTGTGTATCAATAACT
Al&ValProAlaPh*AlaGlYAlaVa)MetGlyGlyPheTrpGlnllePheValMetPheGlyLeuHisTrPGlYLeuValProL*uCysIleAsnAsnP

2501 TCACCGTGCTGGGCTACGACACCATGATCCCGCTGTTAATGCCCGCCATTATGGCGCAGGTCGGGGCGGCGCTCGGCGTCTTCCTCTGCGAACGCGATGC
h*ThrVJa1LeuG1YTYrAspThrMetleProLeuLeuM1etProAla1eMetAlaG1nVa1G1yAlsA1aLeuG1yVaIPheL*uCysG1uArgAspAI

2601 GCAGAAAAAAGTGGTGGCGGGATCAGCGGCGTTGACGA6TCTGTTTGGTATCACCGAACCAGCGGCTATATGGCGTCAACCTGiccCGCTAAGTACCCCTTi
aGlnLysLysValValAlaGlySerAlaAlaLeuThrSerL*uPheGlyIlieThrGluProAlaValTyrGlyValAsnLouProAroLysTyrProPhe

2701 GTTATCGCCTGTATCAGTGGGGCTTTGGGGGCCACCATTATTGGCTACGCGCAAACGAAAGTCTACTCCtTTrGGTTT(GCCAA6TATTTTCACCTTCATGC
ValIleAl aCYSlI1eSerG1YA1aLeuG1YA1aThrlIel1eG1YTYrA1aG1nThrLYSVa1TYrSerPh*G1YLeuProSerlIePheThrPheMotG

2801 AAACCATCCCGTCAACGGGAATTGATTTCACCGTCTGGGCCAGCGTTATTGGCGGTGTCATTGCCATCGGTTGCGCATTTGTCGGTACGGTGATGCTTCA
1nThrl1eProSerThrGl yl 1 .AspPheThrValTrpAlaSerVall e1 YGlyVal 1sAlalleG1YCYsAlaPheValGiyThrValMetLeuHi

2901 TTTCATCACCGCTAAACGTCAGCCAGCGCAGGGTGCCCCGCAAGAGAAAACACCAGAGGTTATTACACCACCTGAGCAGGGCGGTATCTGTTCACCGATG
sPhel)eThrAlaLysArgGlnProAlaGlnGlyAlaProGlnGluLysThrProGluValIleThrProProGluGlnGlyGlylleCysSerProMet

3001 ACGGGAGA6ATTGTGCCGCTCATTCACGTCGCTGATACCACGTTT6CCAGTGGCCTGTTGGGTAAAGGTATTGCCATTCTGCCCtCGGTTGGTGAAGTGC
ThrGlyGlul1eValProLeul1eHisValAlaAspThrThrPheAlaSerGlyLeuLeuGlyLysGl Yl 1eAl alleLeuProSerValGlyGluVa)A

3101 GTTCTCCGGTTGCGGGTCGAATTGCTTCGTTGTTCGCCACATTACACGCCATTGGCATTGAGTCAGATGATGGTGTGGAGATCCTGATTCATGTCGGTAT
rgSerProValAlaGlyArgileAlaSerLeuPheAlaThrLeuHisAlalleGlylle6luSerAspAspGlyValGluIleLeul)eHisValGlyI

3201 CGACACCGTAAAACTGGACGGCAAATTCTTTTCCGCTCACGTCAACGTGGGTGACAAGGTCAATACAGG~CGATCGGCTGATTTCTTTTGA~TATCCCTGC'T
eAspThrValLysLeuAsp6lyLysPhePheSerAlaHisValAsnValGlyAspLysV&lAsnThrGlyAspArgLeulleS*rPheAspIleProAla

3301 ATTCGCGAGGCCGGATTTGATCTGACGACGCCGGTATTAATCAGTAATAGCGATGATTTTACGGACGTATTACCCCACGGCACGGCGCAGATAAGCGCAG
lleArgGluAlaGlyPheAspLeuThrThrProVa1L.uIleSerAsnSerAspAspPh.ThrAspValLeuProHisGlyThrAlaGlnIleSerAlaG

3D

3401 GTGAACCGCTGTTATCCATCATTCGCTAACGATAAAAGGAGTTAATTATGAAAGCATTTCCAGAAACATTTCTTTGGGGTGGCGCAACAGCTGCCAATCA
lyGluProLeuLeuSerIlelleArg-*- MetLysAlaPheProGluThrPh.LeuTrPGlYGlyAlaThrAlaAlaAsnGl

stert bglB

3501 GGTGGAAGGTGCCtGGCA6GAAGATGGCAAAGGGATCTCGACCTCA6ATTTACAGCCTCATGGCGTAATiGGGAAATGGAACCGCGCAtCCTGGGGAAA
nVal6luGlyAlaTrpGlnGluAspGlyLysGlylIeSerThrSerAspLeuGlnProHisGlyValMetGlYLysMetGluProArgi1eLeuGlyLys

3601 GAGAAtATCAAAGATGTCGCCATCGATTtTTTATCACCGTTACCCGGAAGATATCGCGTTATttGCCGAGATGGGCtTCA'CCTGtCTGCGtATTTCCATtG
GluAsnIleLysAspValAlalleAspPheTyrHisArgTyrProGluAspl1AleaLeuPheAlaGluMetGlyPheThrCysLeuArgIleSerileA

3701 CCTGGGCGCGAAtTTTCCCTCAGGGCGACGAAGTCGAACCGAATGAA6CGGGGTTAGCGTtTTACGATCG'GCTGTTTGATGAAATGGCGCAGGCGGGGAT
laTrpAlaArgliePheProGlnGlyAsp6luValGluProAsnGluAlaGlyLeuAlaPheTyrAspArgLeuPheAsp6luMetAlaGlnAlaGlylI

3801 CAAGCCGCTGGTAACGtTATCCCAtTACGAAATGCCATATGGGCTGGTGAAAAACTACGGCGGTtGGGCTAATCGAGCGGTCATCGGTC'ACTTCGAGCAT
eLysProLeuValThrLeuSerHisTyrGluMetProTyrGlyLeuValLysAsnTyrGlyGlyTrpAlaAsnArgAlaValIlleGlyHisPheGluHis5

3901 TACGCCCGCACGGTCTTTACTCGCTACCAACATAAAGTGGCGTTATGGCTGACGTTTAATGAAATCAACATGTCGTTACACGCGCCATTCACGGGCGTGi
TyrAlaArgThrValPheThrArgTyrGlnHisLysValAlaLeuTrpLeuThrPheAsnGlulleAsnMetSerLeuHisAlaProPheThrGlyValG

4001 GGCtGGCAGAAGAGAGTGGCGAGGCGGAAGTTTATCAGGCTATCCACCATCAACTGGTTGCCAGTGCGCiGGGCAGTTAAAGCCtGTCATAGCCTGCTCCC
lyLeuAlaGluGluSerGlyGluAlaGluValTyrGlnAalaleHisHisGlnLeuValAlaSerAlaArgAlaValLysAlaCysHisSerLeuLeuPr

4101 CGAAGCGAAAATCGGCAATATGCTTCTCGGTGGGCTCGTTTACCCCCTCACCTGCCAGCCACAGGATATGTTGCAGGCCATGGAAGAGAACCGGCGCTGG'
oGluAlaLysl1eG1yAsnMetLeuLeuGlyGlyLeuValTyrProLeuThrCysGlnProGlnAspMetLeuGlnAlaMetGluGluAsnArgArgTrp

4201 AtGTTCTTTGGTGATGTTCAGGCGCGTGGCCAGTATCCCGGCTATATGCAGCGTTTCTTCCGCGiACCACAATATCACCATTGAG7ATGACTGAAA6TGACG
MetPhePheGlyAspValGinAlaArgGlyGinTyrProGIyTyrMetG)nArgPhePheArgAspHisAsnileThrileG)uMetThrGluSerAspA

4301 CAGAAGATTTAAAACATACiGTCGATTTCATCTCTTTTAiTTATTACAT6ACTGGTTGTGTTTCCCACGACGAAAGCATTAATAAAAATGCGCAG(GGCAA
laGluAspLeuLysHisThrVa]AspPhelleSerPheSerTyrT%frMetThrGlycYsValSerHisAspGluSerIleAsnLysAsnAlaGlnGlyAs

Continued on next page
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4401 CATACTGAATATGATCCCCAATCCGCATCTGAAAAGTTCAGAGTGGGGGTGGCAAATTGATCCGGTTGGATTACGGGTTCTGTTAAATACGCTTTGGGAT
nIleLeuAsnMetIleProAsnProHisLeuLysSerSerGluTrpGlyTrpGlnileAspProValGlyLeuArgValLeuLeuAsnThrLeuTrpAsp

4501 CGTTATCAAAAACCGTTATTTATTGTCGAGAACGGATTAGGCGCAAAAGACAGCGTTGAAGCGGATGGTTCGATACAGGACGATTATCGAATTGCCTATT
ArgTyrGlnLysProL.uPheIleValGluAsnGlyLSuGlyAlaLysAspSerVa1GJuAlaAspGlySerIleGlnAspAspTyrArglleAlaTyrL

4601 TAAACGATCACCTGGTACAGGTAAATGAAGCGATTGCCGATGGTGTGGATATTATGGGGTACACCAGTTGGGGGCCAATTGATTTAGTCAGTGCATCTCA
*uAsnAspHisL.uVal lnVa1AsnGluAlaIleAlaAspGlyValAsplleMetGlyTyrThrSerTrpGlyProIleAspLeuValSerAlaSerHi

4701 TTCACAAATGTCTAAGCGCTACGGCTTTATTTATGTGGATCGTGATGATAATGGCGAAGGAAGCCTCACAAGAACACGCAAGAAAAGCTTTCGGATGGTA
sSerG1nMetSerLysArgTyrGlyPhel1eTyrValAspArgAspAspAsnGlyGluGlySerLeuThrArgThrArgLysLysS.rPheArgMetVaI

ZR-bglU.a.e

4801 TGCGCAGAG6TGATCAAGAC6C6GGG6GCTGTCATT A'^'TAACCATTAAAGCACCTTAATTATCGTCGCATTCAGAACAGTCTGGATGCGATGCGT
CysAlaGiuValIleLysThrArgGlyLeuSerLeuLysLysI1eThrIleLysAlaPro-c-

SD

4901 TAATTCTTTCTTTGCACCATAAAGGGATATTATGTTTAGACGAAATCTTATTACCTCTGCCATCTTATTAATGGCACCGTTAGiCCTTTTCTGCACAATCA
MltPheArgArgAsnLeul1eThrSerAlalleLeuLeuMetAlaProLeuAlaPheSerAlaGinSer

start ore

5001~~~~~~~~~~~~~~~~~~~~~
LeuAlaGluSerLeuThrVal1luGinArgLeuGluLeuLeuGluLysAlaLeuArgGluThrGlnSerGluLeuLysLysTyrLysAspGluGluLysL

5101 AAAAGTATACGCCAGCGACGGTGAATCGTAGCGTAAGTACGAATGATCAAGGGTATGCCGCCAATCCGTTCCCGACCAGTAGTGCCGCAAAACCTGATGC
YsLysTyrThrProAlaThrValAsnArgSerValSerThrAsnAspGlnGlyTyrAlAlAaAsnProPheProThrSerSerAlaAlaLysProAspAl

5201 TGTACTGGTCAAAAATGAAGAGAAAAATGCCAGTGAGACAGGCTCGATTTATTCTTCCATGACTCTGAAA
aValLeuValLysAsnGluGluLysAsnAlaSerGluThrGlySerlleTyrSerSerMetThrLeuLys

acids are used) to the rate of expression of individual genes.
Codon usage has been discussed as a factor influencing
translational fidelity and thus as a means to determine
whether a gene belongs to the highly or weakly expressed
class (13, 15). For comparisons of relative synonymous
codon usage of the bgl operon we chose the most recent
investigation of this issue (42), based on the most extensive
compilation of genes to date. We compared the codon usage
of the open reading frames found in the bgl operon with that
of the two extreme groups, containing genes expressed at a
high level on the one hand and moderately and weakly
expressed genes on the other hand. This latter class theoret-
ically contains genes not subject to selection for efficient
translation (42). Table 1 gives the relative synonymous
codon usage values (42), which are the observed frequency
of a codon divided by the expected frequency, assuming that
all codons for any particular amino acid are used equally.

It is apparent that the relative synonymous codon usage
values for the three reading frames (bglC, bglS, and bglB in
Table 1) are closely related to the low-bias group, indicating
that translation of the genes belonging to the bgl operon may
be quite low.
Hydropathy. One of the genes of the bgl operon (bglC in

references 31 and 33) codes for a specific transport protein.
The corresponding polypeptide thus should contain typical
hydrophobic transmembrane domains. We therefore ana-
lyzed the primary amino acid sequences deduced from the
nucleotide sequence by using the data of Kyte and Doolittle
(16). Whereas the hypothetical proteins encoded by bglC
and bglB in Fig. 3 are soluble and hydrophilic with no major
hydrophobic domains (data not shown), the one encoded by
bglS shows a hydropathy pattern characteristic of a
transmembrane protein (potentially spanning the membrane
several times) and contains an intermediate to hydrophilic
N-terminal and C-terminal part (Fig. 4A). The bgl transport
protein belongs to the group of phosphotransferase system-
coupled transport systems, whose members phosphorylate
the substrate concomitantly with the transport process (11,

30, 31, 36, 39). We therefore compared the hydropathy
patterns of the product of bglS with the mannitol-specific
transport protein, enzyme H"Mt', the only other enzyme II
(i.e., phosphotransferase system-coupled transport protein)
of known protein sequence (17). Interestingly, the size of
this protein (637 amino acids) is almost identical to that of
the protein encoded by bglS (625 amino acids). In Fig. 4 the
pattern of the mannitol-specific protein has been aligned to
give maximal match with the pattern of the bglS-encoded
protein. The comparison revealed striking similarities be-
tween them, the main difference being in their termini.
Whereas enzyme IIMt1 has a relatively hydrophilic tail of
about 280 amino acids, the bglS-encoded protein has an
N-terminal stretch of about 100 amino acids and a C-terminal
tail of about 180 amino acids showing a considerably less
hydrophobic pattern than the core.

Functional assignment of the bgl genes. A second gene
coding for a phospho-p-glucosidase (bglA) is present on the
chromosome of E. coli. This gene is expressed constitutively
(31, 40). The enzyme encoded by bglA is specific for arbutin,
whereas the enzyme encoded by bglB hydrolizes salicin as
well as arbutin. There is, however, only one transport
system supplying both enzymes, and this is encoded by the
bgl operon. To map the genetic functions of bgl we con-
structed several deletions of Bgl+ mutant S7::IS5-Sal af-
fecting the distal part of the operon and tested them for the
phenotypes they conferred on E. coli JF201 (which is A bgl,
but contains bglA) and on S. typhimurium (lacking bgl genes
[40]). Bacterial strains containing the various deletion plas-
mids were streaked out on BS and BA plates containing
kanamycin, and the phenotypes were scored (Fig. 5). A
deletion removing the distal part (ca. 740 bp) of the insert
(plasmid pFDX750-S7::IS5-Sal) is phenotypically indistin-
guishable from pFDX733-S7: :IS5-Sal. A bglB deletion
(pFDX751-S7: :IS5-Sal) is salicin and arbutin negative in
Salmonella sp. and salicin negative and arbutin positive in E.
coli JF201. These phenotypes indicate that bglB codes for
phospho-p-glucosidase B. Deletions extending into bglS
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TABLE 1. Relative synonymous codon usage

Relative synonymous codon usagea
Amino Codon Standardb Genes of this paperc

High Low BgIC BglS BgIB

Ala GCA
GCC
GCG
GCU

Arg AGA
AGG
CGA
CGC
CGG
CGU

1.10 0.74 1.25 0.70 0.92
0.23 1.24 1.25 1.21 1.13
0.80 1.49 1.00 1.59 1.64
1.88 0.53 0.50 0.51 0.31

(104) (106) (57) (101) (82)

0.02 0.13 0.35 0.40 0.26
0.00 0.09 0.00 0.00 0.00
0.02 0.29 0.71 1.20 0.78
1.56 2.76 2.47 2.40 1.83
0.02 0.57 1.41 0.40 1.56
4.39 2.17 1.06 1.60 1.56

(57) (56) (61) (25) (49)

Asn AAC 1.90 1.09 1.08 0.94 0.60
AAU 0.10 0.91 0.92 1.06 1.40

(43) (42) (47) (27) (43)

Asp GAC 1.39 0.72 0.36 0.50 0.43
GAU 0.61 1.28 1.64 1.50 1.57

(63) (51) (39) (39) (60)

Cys UGC 1.33 1.21 0.67 1.00 0.80
UGU 0.67 0.79 1.33 1.00 1.20

(5) (11) (11) (12) (10)

Gln CAA 0.22 0.66 0.96 0.84 0.50
CAG 1.78 1.34 1.04 1.16 1.50

(36) (48) (90) (31) (43)

Glu GAA 1.59 1.37 1.36 1.05 1.35
GAG 0.41 0.63 0.64 0.95 0.65

(74) (59) (79) (34) (66)

Gly GGA 0.02 0.33 1.23 0.51 0.41
GGC 1.65 1.74 1.23 1.21 1.54
GGG 0.04 0.59 0.92 0.57 1.13
GGU 2.28 1.34 0.62 1.71 0.92

(88) (76) (46) (100) (82)

TABLE 1-Continued
Relative synonymous codon usage'

Amino Codon Standardb Genes of this papercacid__

High Low BglC BgiS BgIB

Pro CCA 0.44 0.75 0.00 0.94 1.05
ccC 0.04 0.52 1.14 0.82 0.84
CCG 3.29 2.19 2.29 1.76 1.47
CCU 0.23 0.55 0.57 0.47 0.63

(33) (42) (25) (54) (40)

Ser AGC 1.05 1.93 1.58 1.37 1.20
AGU 0.22 0.87 2.21 1.54 1.68
UCA 0.20 0.59 1.26 1.20 0.96
UCC 1.91 0.83 0.32 0.51 0.72
UCG 0.04 0.95 0.32 0.86 0.72
UCU 2.57 0.83 0.32 0.51 0.72

(44) (61) (69) (56) (52)

Thr ACA 0.14 0.48 0.67 0.68 0.80
ACC 1.87 1.78 2.00 1.56 1.40
ACG 0.18 1.13 0.67 1.37 1.20
ACU 1.80 0.62 0.67 0.39 0.60

(59) (50) (23) (65) (42)

Trp UGG (5) (12) (11) (14) (21)

Tyr UAC 1.61 0.82 0.86 1.09 1.00
UAU 0.39 1.18 1.14 0.91 1.00

(27) (23) (25) (18) (42)

Val GUA 1.11 0.60 0.25 0.45 0.71
GUC 0.15 0.89 1.00 1.36 1.00
GUG 0.50 1.53 1.75 1.36 1.00
GUU 2.24 0.98 1.00 0.83 1.29

(87) (71) (57) (86) (60)
a Values given are observed frequency of a codon divided by the expected

frequency if all codons for any particular amino acid are used equally (42).
Total occurrence of each amino acid (per thousand) is also given within
parentheses.

b Values for standard are taken from reference (42); "high" is the group
defined as highly expressed genes (15 genes with a total of 9,223 codons), and
"low" is the low codon bias group (58 genes, 22612 codons) (42).

c Genes bglC (278 codons), bglS (625 codons), and bglB (471 codons).

His CAC 1.55 0.86 0.29 1.00 0.88
CAU 0.45 1.14 1.71 1.00 1.12 (plasmids pFDX752-S7::IS5-Sal and pFDX753-S7::IS5-Sal)

(16) (23) (26) (16) (34) are negative for salicin and arbutin in E. coli as well as in

Ile AUA 0.01 0.12 0.46 0.26 0.30 Salmonella sp., indicating that bglS, alone or in conjunction
AUC 2.53 1.24 0.58 1.03 1.40 with bglC, is required for the uptake of arbutin. To delimit
AUU 0.47 1.64 1.96 1.71 1.30 the minimum requirement for transport of substrate we

(78) (56) (93) (93) (64) inserted gene bglS downstream of the lac operator-
promoter, transformed this plasmid into strain JF201 harbor-

Leu CUA 0.04 0.18 0.36 0.26 0.00 ing plasmid pFDX99 (directing overproduction of the lac
CUC 0.20 0.64 0.36 0.44 0.65 repressor), and screened the phenotype. JF201 was arbutin
CUG 5.33 3.12 1.27 2.65 2.43 positive only when the lac promoter was induced (Fig. 5,CUU 0.22 0.54 0.73 0.35 0.49 plasmid pFDX841) supporting the conclusion, drawn from
UUA 0.11 0.74 1.27 1.15 0.26 hydropathy analysis, that gene bglS codes for the transport

(73) (104) (118) (109) (78) protein mediating accumulation of the different aryl-p-
glucosides. On the basis of these results we assume that bglC

Lys AAA 1.60 1.51 1.86 1.64 1.64 codes for the regulatory protein.
AAG 0.40 0.49 0.14 0.36 0.36 Potential signal sequences. The evidence presented above

(75) (39) (51) (35) (46) suggests that gene bglC codes for the regulatory protein,
bglS codes for the transport protein, and bglB codes for

Met AUG (21) (26) (36) (24) (38) phospho-p-glucosidase B. The functioning of the bglC gene
product in the regulation of the bgl operon was furtherPhe UUG 1.54 0.89 .460 1.03 0.76 substantiated and analyzed (Schnetz and Rak, in prepara-

UUU 6(33 (381 (360 (6209 (14 tion). The arrangement with the regulatory gene at the head

of the operon is unusual. Are there any structures in the
Continued primary sequence that shed light on the mechanism of
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FIG. 4. Hydropathy plot using the standard parameters of Kyte
and Doolittle (16). (A) Product of gene bglS as deduced from the
DNA sequence. (B) enzymeIIIM (17). The window size was 9 amino
acids. Relative charge distributions are given at the top of each plot
with the same window.

regulation? The regulatory gene is preceded by a rather long
leader and followed by an intercistronic region, which again
is unusually long. When we investigated both of these
untranslated regions we found a potential stem-loop struc-
ture within each of them (Fig. 3). Both are followed by
oligo(dT) sequences typical of rho-independent terminators
(37). The free energy of formation of stem-loop structures
(AG) can be calculated as -21 and -26 kcallmol (ca. -87.9
and -108.8 kJ/mol, respectively) for the first and second
inverted repeats, respectively, when formed as RNA (50).
Within the leader, an open reading frame of 19 amino acids
which terminates within the potential terminator, and thus
could interfere with its functioning if expressed, can be
found. Expression of this possible leader peptide, however,
seems unlikely, because no decent translation start signal is
present. When we aligned the leader sequence with that of
the intercistronic region, we found two sequence boxes of
extensive homology (Fig. 3 and 6). Box A is located at the
foot of the potential terminator stems, and box B reaches
well into the stem structures. This suggests that these

structures play a role in the regulation of the operon. When
we screened the sequence for possible promoters in addition

to the one mapped previously (34, 35), we recognized a

sequence within the first stem-loop structure, which could
qualify for a promoter (-35 and -10 in Fig. 3). An additional
potential stem-loop forming structure (AG of -16 kcal/mol
[ca. -66.9 kJ/mol]), which is followed by a stretch of T
residues, is located between the C terminus ofgene bglB and

the start of the open reading frame (Fig. 3). This sequence is
suggestive of a signal terminating the bgl operon. However,
our own preliminary evidence (derived from in-frame fusions
in lacZ) suggests that the open reading frame is, at least in
part, expressed coordinately with the bgl genes (data not
shown).
Homology to other systems. A search of the EMBO Se-

quence Data Bank yielded some interesting homologies.
Highly significant is the occurrence of homologous se-

quences proximal to a gene of B. subtilis coding for f-

endoglucanase, an excreted endohydrolase degrading
mixed-linked polymers of the type 1,3-1,4-p-D-glucan (6, 27)
(Fig. 6 and 7). Coincidentally, this B. subtilis gene is also
called bgl. The gene for,B-endoglucanase is preceded by a

stem-loop structure. This structure overlaps a block of
obvious homology to box B at the same position as the bgl
hairpin. Lying 5' is a sequence highly homologous to box A.
Thus, a motif found twice within the bgl operon is present

proximal to the P-glucanase gene of B. subtilis. The stretch
of sequence preceding the,B-glucanase gene and the box
A-box B motif contains 85 codons of the 3' end of an

unidentified open reading frame. Alignment of the amino
acid sequence of this open reading frame with the C-terminal
85 amino acids of gene bglC showed a homology of 38%
(54%, allowing exchanges for functionally similar amino
acids; Fig. 7). Significantly, no homology on the level of
DNA sequence could be detected between these two coding
regions.

Particularly noteworthy is the occurrence of homology to

the box A-box B motif in the control region of another B.
subtilis gene, sacB, which codes for an excreted levan-
sucrase (45). Again box A-box B can be found at the same

relative position to a stem-loop structure (Fig. 6). In this case

the site has been shown to function as a transcriptional
terminator involved in regulation of the sacB gene (43).
Homology between the B. subtilis genes bgl and sacB in this
region has been noted previously (3).

DISCUSSION

The 5,270 bp of sequence presented extends the longest
uninterrupted block of nucleotide sequence data presently
available for the E. coli chromosome to a total length of >25
kbp. The sequenced region (from 83.4 to 84.1 min on the E.
coli genetic map [4]) includes asnA, MriC, gidA, gidB, the
nine genes of the unc operon, g1mS, phoS, phoW, pstA,
pstB, phoU, and three genes of the bgl operon (bglC, bglS,
and bglB) (1, 7, 18, 19, 24, 28, 46-48, 51). Interestingly, all of
the genes up to the origin of replication (oriC) are transcribed
counterclockwise.
The bgl operon is known to contain three structural genes,

designated bglB, bglS, and bglC, which code for a phospho-

P-glucosidase, a phosphotransferase system-coupled trans-

port protein, and a positive regulator protein, respectively
(31). The nucleotide sequence of the sequenced segment

spans a region sufficient for regulated utilization of aryl-p-
glucosides. It shows three tandemly arranged large open

reading frames, each with an ATG codon at the 5' end.

Translational start sequences precede each of t4e start

codons at a distance of six to seven bases, suggesting that
the above three genes of the operon do indeed start at the

positions indicated in Fig. 3. Assuming that this is the case,

proteins of 278 amino acids (Mr 32,067), 625 amino acids (Mr

66,400), and 471 amino acids (Mr 53,120) can be deduced for
the gene products of bglC, bglS, and bglB, respectively.

Previous studies have shown that gene bglB of the bgl

operon encodes phospho-pi-glucosidase B, an enzyme which
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FIG. 5. Functional mapping of the bgl operon genes. Phenotypes were scored with BA and BS plates and MacConkey salicin and arbutin
plates. Strain JF201 carries a deletion removing the bgl operon. Construction of the different deletion derivatives was as follows: plasmid
pFDX733-S7::IS5-Sal was partially digested with XmnI, and the linearized form was isolated from a gel and digested with BamHI. After
polymerase treatment (Klenow large fragment) the DNA was loaded onto a gel, and the DNA fragments were separately eluted and ligated.
Strain R1068 was transformed, and transformants were selected on LB-kanamycin plates. Plasmid pFDX841 contains gene bglS cloned as an
Fnu4HI-PvuII fragment (positions 1529 to 3491 in Fig. 3) into the EcoRI site of plasmid vector pUC12. Details of the construction will be
published elsewhere. Expression of gene bglS in this plasmid is controlled by the lac operator-promoter (lacOP). The compatible plasmid
pFDX99 codes for the lac repressor. Isopropyl-3-D-thiogalactoside (IPTG; 2 mM) was used for induction.

catalyzes the hydrolysis of phosphorylated salicin as well as
arbutin. Another gene of E. coli, bglA, codes for an enzyme
that hydrolyzes arbutin but not salicin. Expression of bglA is
constitutive (31, 40). The import of both substrates is medi-
ated by the same transport protein encoded by the bgl
operon (31, 40). Strains of S. typhimurium encode neither an
aryl-p-glucosidase nor a corresponding transport protein
(40). Transformation of S. typhimurium with a plasmid-
borne bgl operon deleted for the distal region including bglB
(plasmid pFDX751-S7::IS5-Sal in Fig. 5) resulted in Bgl-
cells, i.e., salicin and arbutin negative. When the same
deleted plasmid was introduced into E. coli deleted for the
chromosomal bgl operon, the cells were salicin negative but
arbutin positive (Fig. 5), indicating that bglB does in fact
code for phospho-p-glucosidase B. This result is in accord-
ance with the mapping data reported previously (31) as well
as with a more recent map of the bgl genes (4, 33).
As to the genes coding for the regulator protein and the

boxA

transport protein, the functional assignment must be ex-
changed. Hydropathy analysis of the three hypothetical
proteins revealed that the product of gene bglS alone has the
characteristics of a membrane-spanning transport protein
(Fig. 4A). Moreover, comparison of the hydropathy plots of
the bglS gene product and the mannitol-specific enzyme II
transport protein reveals extensive similarity (Fig. 4B),
suggesting that the second gene of the operon codes for the
aryl-p-glucoside-specific transport protein (enzyme IIBgl).
Evidence supporting this assignment was obtained from
plasmid deletion mutants and by a gene fusion. Transforma-
tion of an E. coli Abgl strain with plasmids deleted for all of
bglB and part of bglS (plasmids pFDX752-S7::IS5-Sal and
pFDX753-S7::IS5-Sal in Fig. 5) resulted in a salicin-
negative, arbutin-negative phenotype, whereas a plasmid
carrying the bglS structural gene under the control of the lac
promoter-operator (plasmid pFDX841 in Fig. 5) gave an
arbutin-positive phenotype with the lac promoter in the

box9

3C-bil-ts GAGTC GGGCAAAAC TTGATTCACGTCAGGCCGTTTTT CAGGTT-TTTTTSGGAGSTTSGCCGCAAAGCG

3C-bgl-ts AAATACjSATSTGTACTGCAT¶PCAAGCAACCT ACATA4CCAGAGaATACTGGTGAAGTCGGGwCCT GTTTkTAkAAAAAGGTCCTTGCTATGAACATG
53-bgl-II GT~GTGTCGTAAcCGCAACAAT.ATATCGTATCTCTGTCSGSGCTG_ATGATAGTTTTTSTTTTCCSAGT. , . @ ,~i 0-,_I
5S--aa-t TCGCGCGCdkCT TTACTGATAJIA pCAGGCAAGACCTAAAATGSTAAAGGGCAaAGTGTATACTTTGGCGTCACCCCTTACATATTTTAGG?CTTTCT7-TTATT

FIG. 6. DNA sequence comparison of the box A-box B-terminator motifs. Ec-bgICdist, Motif seen distal to bglC (AG, -26 kcal [ca. -108.8
kJ]); EC-bglCProX; motif seen proximal to gene bglC (AG, -21 kcal [ca. -87.9 kJ]); BS-bgl, corresponding sequence from the B. subtilis gene
bgl(AG, -17 kcal [ca. -71.1 kJ]); BS-sacR, sequence from the leader ofB. subtilis gene sacB (AG, -39 kcal [ca. -158.2 kJ]). Arrows indicate
inverted repeats. The AGs of inverted repeats (if formed as mRNA) were calculated as described previously (50).
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MC-bglC UATTACCAGWWAMAACTTATTATCAGAC6GA 6 TCACATCTGACT AAS TATCCT6GGT ATT CTTWGACATGCTT7CA ATTAAATATAST GATGAICATTA CAAWCAAGAGTA
Asn Tyr Gln 61u 6lu Ser LeujSerfTqyr6lnArgLo l Thr His Leu Lys Ph Leu Sr TrpArg lleieu Glu His Al Ser Asn Asp Ser PiGii]SerELuGln n Alai[a
61u PheIAsn l1u61u Str leulHsfTyruhFhs I T is LwLysPhi Phe Ala Gln PhiljAhn Gly Thr His u Sir61SGln PheILeuLeu Asp ThrIVa

SSbgll 6M TIC AtC G6M TCGCTT CAC TAT TAT CBS TtC GTCAMCCAC TT Am T TTC GCCA6 CST CTA m MC GGC ACT CWC ATGGM AEC CAAGAC BAT m TTG CTG GAT ACA GTG

"IgC A CA MT TAC CC6 CAETGCTM CA 76T 6MGATCBS AtTTCCTT ATT GGT T CA6 TAt CA CST A ATTTU CC GCA 6AGATT At6 M TTA 6CC 1 AATATA AG C6C
6nlAsnTyrProla6AAlaTrp Cysla 6luAg Ile Ala Ile Phi Iley Lou 61n TyrilnArg Lp Ile Sero Alalu IleINt Ph Lou Ala jiiiAsn[ile 61u Ag

L 1GluLysIJ His A Ala tyrlu LsTrI1rpLys liilHinhr|t.JluAbgSLyT Lou ThJer Asp|61u Lou Lou tyr LoutThrWejHisjIsl le Glu AIr
gI AAUA6U A TAtCTCA CGCG TAT GTtEC ACSAAG AAtCCM CAA AACtAC lT CGS66A 6 CAC AAGCtC aG GACGAGCTG CTG TAt 6tA SCATT CAC TAT AAAS

bsoxXA b@XSoa ,_BIR EC-bglCdist
"S-IC tiG t6C AM G CAC ItA MTATTATTACTAGTAAn MTT MCEAGMAi@i- CT ATTCAC6SmTACCGT C TTT GGAGTTTTGmccA

ii1*rg D1l. His * B 1 ACATTAUTGAMTGAt'W1TWSITTsT AlCASGMAACTTrAt GTGATCATCTCTGTCTGTGCTGATGGTMASTMATTTTTTUTC
IL_ ___v_IR____Vl hai ln Ala * es-i1gi

"ngl STA BIT Am WA EATATAGECGIATTTITIIG

EC4bgl
S Not

AEGGTAG nA T start EC-bglS

Sl -- t

-10
start BS-bglA

retstop

FIG. 7. Alignment of the C-terminal part of bglC and the intercistronic region with the B. subtilis sequence proximal to the
P-endoglucanase gene. The -35 and -10 motif of a hypothetical promoter (27) is indicated. Also marked is an ATG in the B. subtilis sequence
located 3' of the box A-box B motif, which can be found at an almost identical relative position as the probable start codon of bgIS. As in
the case of bglS it is preceded at a distance of seven nucleotides by the identical Shine-Dalgarno sequence GAGG. The corresponding reading
frame, however, terminates after 22 codons. EC-bglC, Distal portion of gene bglC and the corresponding amino acid sequence; BS-bglX,
sequence proximal to B. subtilis 3-glucanase gene and its hypothetical translation product; BS-bglA, B. subtilis P-glucanase gene. Identical
and homologous amino acids are boxed. Homologous amino acids are as follows (12, 22): (i) Lys, Arg, and His; (ii) Asp and Glu; (iii) Asn
and Gln; (iv) Ile, Leu, Val, and Met; (v) Ser and Thr; (vi) Phe, Trp, and Tyr; (vii) Ala and Gly. For other details, see the text.

induced state and was arbutin negative with the lac promoter
uninduced.

It has been speculated that the different enzyme II pro-
teins may have evolved by duplication and subsequent
mutational diversification from an ancestral fusion of genes
for a porin-like protein and a phosphoenolpyruvate-
accepting molecule (14, 30, 38). We have compared gene
mtlA with gene bglS on the DNA as well as protein level and
were unable to detect any clear homology. This indicates
that, if the above hypothesis is true, either there must be
more than one ancestor or the common root of genes mtlA
and bglS lies too far back to be easily recognized.
Comparison of codon usages of the bgl genes and of highly

expressed genes on the one hand and, at the other extreme,
of the low-bias group as defined previously (42) revealed that
selection among codons encoding identical amino acids is
more related to the latter group for all three genes (Table 1).
This seems to indicate that translation of all three genes is
relatively poor. Preliminary expression studies with the
minicell system support this interpretation (K. Fuchs and B.
Rak, unpublished data).
Where is the 3' boundary of the operon? The functions of

the bgl operon sufficient for regulated uptake and degrada-
tion of aryl-p-glucosides occupy 4,493 bp extending from the
cyclic AMP binding protein binding site of bglR to and
including the translation stop codon of bglB. Distal to gene
bglB and separated by only 68 bp from its translational stop
signal is an ATG preceded by a Shine-Dalgarno sequence.
This open reading frame does not terminate within the
segment of DNA sequenced (113 codons). On the other
hand, a sequence can be found between gene bglB and this
open reading frame, which could qualify as a rho-
independent terminator. We are hesitant, however, to inter-
pret this structure as the 3' limit of the bgl operon, because
our preliminary evidence indicates that the open reading
frame is expressed and controlled-at least partially-
coordinatively with the bgl genes (data not shown). Note-
worthy in this context is the location of the potential

terminator: the left inverted repeat overlaps the last codon of
bglB. It is conceivable that translation of bglB could atten-
uate or eliminate activity of the terminator, providing for a
coordinated expression of bglB and the open reading frame.
The bgl operon is cryptic in wild-type E. coli K-12 cells.

Spontaneous mutations to Bgl+ arise, the majority of which
are due to integration of insertion element IS] or IS5 into a
region proximal to the cyclic AMP binding protein binding
site of the operon (34, 35; K. Schnetz, H. J. Ronecker, and
B. Rak, unpublished data), leading to an enhancement of the
activity of the bgl promoter (34, 35; Schnetz and Rak, in
preparation). These events saturate the DNA sequence from
the cyclic AMP binding protein binding site to a region
within the potential phoU terminator (34, 35; data not
shown). All of the mutants of this class which have been
tested are inducible by the substrate (31, 33; Schnetz and
Rak, in preparation). Thus it is unlikely that signal sequences
involved in substrate-dependent positive regulation map
upstream of the bgl promoter (Fig. 3). What kind of model
for the regulation of the bgl operon can we make? The
structural gene coding for the positive regulation protein
should be bglC. If this is correct, then its position as the first
gene of the operon is unusual. Other remarkable features are
the 130-nucleotide-long leader and the extensive
intercistronic region between bglC and bglS. A search for
signal sequences that could be involved in the regulation of
the operon revealed that bglC is bracketed by potential
stem-loop structures similar in motif to rho-independent
terminators. Preceding these structures and partially over-
lapping them we found highly homologous sequences (box A
and box B in Fig. 3 and 6). If the stem-loop structures
represent terminators, then in the induced state transcription
initiating at the bgl promoter must overcome both of these
terminators, i.e., antitermination must take place. This
model would involve the bglC gene product as a specific
antitermination factor which, when charged with effector,
may recognize the box A-box B-terminator motif. How then
could the system provide for the synthesis of enough bglC

0-0-PAWTVtIgATAGTTACAGGATTCAAGTTASTAAGATTCGATATTARATTATMGAMSATGTTCCCTTTT-UA"TCATSTAAGA7CAACAUGAAAACGCTMAA
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gene product (and transport protein) in the uninduced state
to ensure inducibility? Either the terminators are leaky
enough to allow for sufficient synthesis or a second promoter
is present directing low-level expression of bglC (and bglS)
in the uninduced state. A sequence which could qualify for
such a second promoter has been found (Fig. 3). On the
other hand, the stem-loop structure that could be formed by
the proximal inverted repeat is less stable than that one
predicted for the distal inverted repeat (AG, -21 versus -26
kcal/mol; Fig. 6). Thus a hierarchy of termination could
exist.
Our own experimental evidence supports the above sce-

nario of regulation by antitermination. In a separate commu-
nication (Schnetz and Rak, in preparation) we show that the
stem-loop structures bracketing gene bglC both function as
efficient transcriptional terminators and that the bglC gene
product acts as a specific antiterminator at these signal
structures, but only in the presence of an inducer. A mech-
anism of regulation involving antitermination of transcrip-
tion is also postulated in the accompanying paper (20).
An excreted 3-endoglucanase (1,3-1,4-P3-D-glucan-4-

glucanohydrolase) is synthesized by B. subtilis 168 from a
gene which coincidentally is called bgl (6). The nucleotide
sequence of this gene and several hundred base pairs of the
upstream region has been determined (27). Not surprisingly,
no homology between the B. subtilis gene and bglB (or the
other two genes of the bgl operon) could be detected on the
nucleotide or protein level (data not shown). The region
proximal to the B. subtilis gene, however, showed homology
to the bgl operon on two levels (Fig. 7). The DNA sequence
preceding the P-endoglucanase gene contains the 3' part of
an open reading frame 85 codons in length. Alignment of the
corresponding amino acid sequences of this open reading
frame and the C-terminal 85 amino acids of gene bglC
showed matches at 32 positions (38%). If exchanges of
chemically similar amino acids are allowed, homology is
54%. The presence of a single cysteine at identical positions
may also be of significance. These observations strongly
suggest evolutionary conservation of the C-terminal part of
the bglC gene product and the hypothetical product encoded
by the unidentified reading frame. No relationship is appar-
ent on the level of the nucleotide sequence, indicating that
selective pressure acted to conserve the functional structure
of the proteins. This leads to the question of whether the
expression of the P-glucanase gene of the gram-positive
bacterium B. subtilis and the bgl operon of the gram-negative
bacterium E. coli is regulated in a similar fashion. Nothing is
known about the regulation of the B. subtilis gene. Again
striking, however, is the high degree of homology-in this
case on the level of DNA-between the region downstream
of the unidentified reading frame of B. subtilis and the box
A-box B-terminator motif flanking the bglC gene of E. coli
(Fig. 3, 6, and 7) which, according to our model, plays an
essential role in the regulation of the E. coli bgl operon.

Inspection of the sequence of another B. subtilis gene,
sacB, which encodes an excreted levansucrase (3, 45), also
revealed significant homologies to the box A-box B motif.
The homologous sequences are located in the leader be-
tween the promoter and the translation start signal of the
gene (sacR). No other homologies on the nucleotide or
amino acid levels were found in this case. In Fig. 6 the
relevant sequences of the E. coli bgl operon are shown
aligned with the respective sequences of B. subtilis genes bgl
and sacB. In all four cases box A-box B overlaps with an
inverted repeat beginning at identical positions within box B.

In contrast to B. subtilis bgl, regulation of sacB has been

studied in some detail (3, 43). A gene necessary for induction
but not linked to sacB (sacS) has been defined. Expression
can be induced by sucrose, and it has recently been shown
that in the uninduced state transcription is constitutive but
terminates at the inverted repeat. Termination is overcome
upon induction (43), resulting in the expression of the distal
coding region. Thus, a mechanism of inducer-mediated
transcriptional antitermination probably involving a com-
mon sequence motif is found both in a gram-negative system
and in a gram-positive system.
We believe that the protein and DNA homologies taken

together point to a conserved regulatory principle common
to all three systems. The regulation of the P-endoglucanase
gene of B. subtilis and its relationship to the regulatory
mechanisms of sacB and the bgl operon certainly merits
further investigation. A comparative examination of the
proteins encoded by bglC and sacS would be most interest-
ing in this context, and it will become tempting to speculate
about the evolutionary significance of the relationships
found.
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ADDENDUM IN PROOF

Gene sacS of B. subtilis has now been cloned, and its
nucleotide sequence has been determined. It encodes a
protien of Mr 32,000 which has an evenly distributed homol-
ogy of about 30% (identical amino acids) to the bglC gene
product. The same degree of homology was detected be-
tween the SacS protein and the protein potentially encoded
by the open reading frame preceding the ,-endoglucanase
gene of B. subtilis (M. Steinmetz, personal communication).
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