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Two regulatory proteins, Gal repressor and isorepressor, control the expression of the gal and mgl operons
in Escherichia coli. The transcription start sites for gaiR and galS, the genes for the repressor and isorepressor,
were determined by primer extension of in vivo transcripts. Study of the promoter-lacZ gene fusions introduced
into the chromosome indicated that galS expression was elevated in cells in which the normal galS gene was
interrupted, but not in cells in which the gaiR gene was deleted. When both genes were disrupted, galS
expression was further elevated. Expression from the galS promoter was stimulated by the addition of D-fucose,
repressed by glucose, and dependent on cyclic AMP receptor protein (CRP). Expression of a similar gene fusion
of the gaiR promoter to lacZ was unregulated. Both gaiR and galS genes contain two potential operator sites
(OE and 01) and a CRP-binding site. The arrangement of OEI 01, and the CRP-binding site in the galS gene
is analogous to the arrangement in the gal and mgl promoters, but the arrangement in gaiR is atypical. The
increased concentration of the isorepressor when inducer is present may facilitate early shutoff of the
isorepressor-regulated genes of the gal regulon when inducer (substrate) concentration falls.

In Escherichia coli, the genes responsible for D-galactose
metabolism (the galactose operon [galETK]) and for high-
affinity transport of methylgalactosides, glucose, and galac-
tose (the mglBAC operon) are controlled by a repressor,
GalR (5, 17, 18, 24), and an isorepressor, GalS (9, 32). Both
operons are induced by D-galactose or by its nonmetaboliz-
able analog, D-fucose (3, 4, 7, 12, 14, 16, 23, 32). For GalR,
inducer binding results in a loss of repressor affinity for DNA
(17, 18). The same mechanism is presumed to mediate mgl
induction, which is under the control of GalS (32).
GalR and GalS have overlapping regulatory specificities,

as indicated by ultrainduction of the gal operon. In the
absence of GalR, the gal operon is induced two- to fourfold
by the addition of D-galactose or D-fucose (27). Ultrainduc-
tion, which occurs at the level of transcription, is mediated
by GalS (9, 32), which can be titrated specifically by multiple
copies of the same operators to which Gal repressor binds
(27).
GalS and GalR belong to the GalR-LacI family of regula-

tors (33). Two of the other members of this family, PurR and
CytR, are negatively autoregulated. Negative autoregulation
of PurR is mediated by interaction of PurR with two opera-
tors downstream of the start of transcription (20, 22). Re-
pression is two- to threefold and requires hypoxanthine or
guanine as a corepressor. CytR is also negatively autoregu-
lated by twofold when CytR is supplied on a low-copy-
number plasmid to cells containing a fusion of the cytR
promoter and the lacZ gene (8). The cytR promoter contains
one cytR operator upstream of the transcription start site.
We investigated whether the Gal repressor and isorepressor
are regulated, autoregulated, or cross-regulated. We present
evidence that galS is (i) negatively autoregulated and (ii)
positively regulated by cyclic AMP (cAMP) receptor protein
(CRP) and that galR is constitutively expressed.
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MATERIALS AND METHODS
Bacterial strains, plasmids, phage, and growth conditions.

A list of bacterial strains and plasmids used in this study is
presented in Table 1. Bacteriophage Plvir was from our
laboratory collection, and XNT5 (6) was a gift from N. Trun.
The transfer of AgalR::Cmr, galS::TnlO (Tcr), or Acrp::Cmr
to strain MC4100 or its derivatives was by bacteriophage
P1-mediated transduction followed by selection for resis-
tance of the transductants to the appropriate antibiotics.
Phage XNT5 contains a promoterless, truncated lacZ gene
and a truncated bla gene incapable of conferring resistance
to ampicillin (Apr). Lysates of XNT5 were prepared with
strain TG1 containing either plasmid pPRW201 or pPSW201.
Subsequent infection of the MC4100-derived strains contain-
ing galR and galS mutations by these lysates created Apr
lac+ lysogens by homologous recombination between the
plasmid and the phage.
The media used for this study were made as described by

Miller (21) and by Tokeson et al. (27). Broth cultures were
prepared in Luria broth (LB) or minimal medium consisting
of M63 supplemented with 0.4% fructose or 0.2% glycerol,
0.1% Casamino Acids, 1 jig of thiamine per ml, and appro-
priate antibiotics when necessary. Ampicillin was used at a
concentration of 50 pug/ml, and tetracycline and chloram-
phenicol were used at a concentration of 25 ,ug/ml.
Enzymes and chemicals. Restriction endonucleases, T4

DNA ligase, Moloney murine leukemia virus reverse tran-
scriptase, T4 DNA polymerase, and T4 polynucleotide ki-
nase were purchased from GIBCO BRL (Gaithersburg,
Md.), and calf intestinal alkaline phosphatase was obtained
from Promega (Madison, Wis.). O-Nitrophenyl-3-D-galacto-
side was obtained from Calbiochem (La Jolla, Calif.); iso-
propyl-,-D-thiogalactopyranoside was obtained from U.S.
Biochemicals, Inc. (Cleveland, Ohio); D-fructose, D-galac-
tose, and D-glucose (dextrose) were obtained from Pfanstiel
Laboratories, Inc. (Waukegan, Ill.); and 5-bromo-4-chloro-
3-indolyl-13-D-galactopyranoside (X-Gal) was obtained from
Boehringer Mannheim (Indianapolis, Ind.). Denaturing poly-
acrylamide gel solutions for sequencing were Gel-Mix
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TABLE 1. Bacterial strains and plasmids

Strain or Genotp Source or
plasmid reference

Strains
MC4100 F- araDl39 A(argF-lac)U169 M. Casadaban

rpsLS50 deoCi rel4l thiA ptsF25
flbB5310

AG701 MC4100 galE::lacZ galS::ATnJO/F' 9
gal+

MW130 MC4100 AgalR::Cmr This study
MW131 MC4100 galS::ATnlO (Tcr) This study
MW132 MC4100 AgalR: :Cmr galS::ATnlO This study

(Tcr)
MW134 MC4100 (XNT5 Apr pgalR-lacZ+) This study
MW136 MC4100 (XNT5 Apr pgalS-lacZ+) This study
MW138 MW130 (XNT5 Apr pgalR-lacZ+) This study
MW140 MW130 (XNT5 Apr pgalS-lacZ+) This study
MW142 MW131 (XNT5 AprpgalR-lacZ+) This study
MW144 MW131 (XNT5 Apr pgalS-lacZ+) This study
MW146 MW132 (XNT5 Apr pgalR-kacZ+) This study
MW148 MW132 (XNT5 Apr pgalS-lacZ+) This study
MW157 MW134 Acrp::Cmr This study
MW158 MW136 Acrp::Cmr This study
SA2600 F- rpsL his reL4 2
TG1 K-12 A(lac-pro) supE thi hsdD5/F' Amersham

traD36 lacPq lacZAM15 Corp.
Plasmids
pDOG pBluescript SK+ A(EcoRI-HindIII) 32

::galS+ Ap' lacZ
pGROP pMT4 A(EcoRI-BamHI)::[p291A 32

(EcoRI-BamHI galOE+O1 ]
galR+ KMr

pMLB1034 Apr; promoterless lacZ 26
pPRW201 pMLB1034 AprpgalR-lacZ+ This study
pPSW201 pMLB1034 Apr pgalS-lacZ+ This study

(GIBCO BRL) or Sequagel (National Diagnostic, Manville,
N.J.).

Cloning. Basic cloning protocols used were those de-
scribed by Maniatis et al. (19) and Sambrook et al. (25).
Competent cells were prepared and frozen by the method of
Hanahan (10).

Polymerase chain reaction (PCR) subcloning of the gaiR
andgalS promoters was performed by using a Gene Machine
II (USA/Scientific Plastics, Ocala, Fla.) thermocycler and
primers which included unique restriction sites in their
sequences. After 24 amplification cycles, the DNA was

extracted once with an equal volume of chloroform-isoamyl
alcohol (24:1 [vol/vol]) and precipitated with 2 volumes of
pure ethanol. After one wash with 70% ethanol, the ends
were filled in by using T4 DNA polymerase according to the
manufacturer's instructions (GIBCO BRL). After being in-

cubated for 30 min at 37°C, the DNA solution was extracted
with an equal volume of chloroform-isoamyl alcohol and the
blunt-ended fragments were precipitated by adding 0.1 vol-
ume of 7 M sodium acetate and 2 volumes of pure ethanol.
The DNA was washed once with 70% ethanol, dried, resus-
pended in restriction enzyme digestion buffer, and digested
with EcoRI and BamHI. After digestion, the DNA was

loaded into a 3% NuSieve GTG agarose gel (FMC BioProd-
ucts, Rockland, Maine). Separation of the promoter frag-
ment from contaminating DNA was accomplished by elec-
trophoresis at 8 V/cm for 45 min. The portion of the gel
containing the promoter fragment was removed, and this
DNA was ligated to pMLB1034, which had been digested
with EcoRI and BamHI and then dephosphorylated by using
calf intestinal alkaline phosphatase according to the manu-

facturer's instructions. Ligation was accomplished in the gel
in accordance with the manufacturer's instructions. Compe-
tent TG1 cells were transformed directly with this ligation
mixture, and clones containing PCR promoter fragment
inserts grew as blue colonies on LB plates containing 40 ,ug
of X-Gal per ml and 50 ,ug of ampicillin per ml, while those
transformed with vector pMLB1034 alone produced white
colonies.
Enzyme assays. Cells were grown and galactokinase assays

were performed as described by Adhya and Miller (1).
Levels of 3-galactosidase were determined from cells grown
in M63 minimal medium supplemented with 0.2% glycerol or
0.4% fructose, 0.1% Casamino Acids, and 1 ,ug of thiamine
per ml and permeabilized by the addition of toluene as
described by Miller (21).
DNA sequencing. The sequence upstream of the galR gene

was determined from plasmid pGROP containing a galR
clone. The sequences of promoter clones were confirmed
from plasmid DNA prepared from broth cultures by alkaline
lysis followed by passage of the lysate through anion ex-
change columns by using procedures, solutions, and col-
umns obtained from Qiagen, Inc. (Studio City, Calif.). The
DNA was sequenced by using Sequenase version 2.0 (USB,
Inc.) reagents and the manufacturer's instructions for dou-
ble-stranded plasmid sequencing. Sequencing primers (galR,
5'-TTAATGACGCGGGAAACGG-3'; galS, 5'-AAACCGT
TGCCACAGAG-3' and 5'-TGACGCGCTACATCACG-3')
were synthesized on an Applied Biosystems 380B DNA
synthesizer by using trityl off synthesis, and purified by
evaporation with a Savant Speed Vac concentrator, two or
three cycles of rehydration in deionized water, and reevap-
oration.

In vivo transcription. Total E. coli RNA was purified from
cells growing in LB plus antibiotic, since the promoters
examined were present on plasmids. Hot phenol extraction
followed by sodium acetate precipitation was performed as
described by Lau et al. (15). Purified y-32P end-labelled
sequencing primers and total cell RNA were coprecipitated
with ethanol, and primer extension of in vivo transcripts was
performed as described previously (32).

RESULTS

Determination of the gaiR and galS transcription start sites.
We identified the in vivo start sites of transcription for the
gaiR and galS genes by primer extension with template
strand primers from within the coding regions of the genes
that were extended through polymerization by Moloney
murine leukemia virus reverse transcriptase. mRNA specific
for galR or galS was difficult to detect when the genes were
in single copy. To increase the level ofgalR andgalS specific
message, RNA was isolated from strains containing multiple
copies ofgaiR orgalS on a plasmid in addition to the normal
chromosomal copy. The primer extension products were
analyzed by electrophoresis alongside sequencing ladders
generated by extension of the same end-labelled primers.
Although primer extension can yield bands indicative ofRNA
processing as well as those indicative transcription start sites,
we saw no evidence of message degradation. Figure 1 shows
what we believe to be the transcription start sites along with
the corresponding DNA sequence from the template strand.
Transcription starts at a single position in both promoters, an
A (Fig. 2), the complement of T in the template strand
sequencing ladder in Fig. 1. In both promoters, transcription
begins near the translation initiation codon, 30 bp upstream
in gaiR and 42 bp upstream in galS (Fig. 2).
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FIG. 1. Transcription from galR and galS promoters in strains
containing multicopy galS and galR clones. Primer extension of 20
(gaiR) and 50 (galS) pug of total RNA per reaction determined the 5'
start sites of transcription. Cells were induced with 4 mM D-fucose
for at least 1 h at an optical density at 600 nm of 0.5 to 0.9 before
RNA was isolated. The sequencing ladder was generated by using
the same end-labelled primer and shows the sequence of the
template strand, i.e., the complement of the transcription start site.

Characterization of control elements in galR and galS
promoters. We resequenced thegalR promoter region and an
additional 168 bp 5' to that previously published (31). Up-
stream of the transcription start site, the gaiR promoter has
a weak a70 promoter. The -10 region contains three of six
bases homologous to the TATAAT consensus, separated by
17 bp from the -35 region with four of six bases homologous
to the TTGACA consensus (Fig. 2). The galS promoter
bears little resemblance to the galR promoter (Fig. 2). Eight
bases 5' to the transcription start sites is a -10 region with
four of six bases homologous to the consensus sequence, but
the -35 region most homologous to the consensus sequence
(four of six bases) is 21 bp away from -10, a spacing rare in
E. coli (11).

Gene Operator Strand Sequence

0@0

Consensus G T G K A A N C
galE OEP op GTG T A A A C

Bottom G T G G A A T C
0 Top GT GG A G C

Bottom A T G T A A C C
galR OE Top A T G T A A G C

Bottom GG T A A A C

01 Top TT GGSA A C

Bottom T G T A A C C
galS 0E TOP G T A A C C

Bottom ATG G A A A C
0I Top T G A A C

Bottom G G WA A C C
mglB 0 Top A T G T A A C C

E Bottom T

Top
galE OE 5-G T G T A A C A T T C C A C -3'

3'- C A C A T T G C T A A Q T G|-5'
Bottom

FIG. 3. Comparison of half sites for the symmetric operator
sequences and potential operators. The 5' antisense (left top half)
sequence and the 3' sense (right bottom half) sequence are aligned in
a 5'-to-3' orientation (see galOE example at bottom). The consensus
gal operator (18) is at the top. The filled circles above the consensus
sequence indicate bases believed to make direct contact with GalR.

An examination of the galR and galS sequences revealed
four regions homologous to gal and mgl operators (two for
each) (Fig. 3). In each case, one potential operator is located
near the promoter region, called OE, and a second one called
01, is located in the structural gene. In addition, potential
CRP-binding sites homologous to the consensus sequence
(TGTGA-N6-TCACA) were found near each promoter (Fig.
2). In gaiR, the CRP-binding site is centered at +9.5,
overlapping the external operator. The CRP-binding site
overlaps the -35 region in galS (Fig. 2).

Construction of single-copy gaIS-lacZ and galR-lacZ gene
fusions. We determined the effect of mutations ingaiR, galS,

-35 -10
ATCTCTTTTTTTGTCTTACTTA[TTTGCGTTTGGCTCACATTCCCACGATGAAAACACGCCACCCC TGAACCAACGGGCGTTTTCCGTAACACTGAAAGA

+1 O/CRP S.D. met ala thr ile lys ...GalR protein va115
CTAAGGTATTTTC ATG GCG ACC ATA AAG GAT GTA GCC CGA CTG GCA GGC GTT TCA GTC ...

ile94 01

... A AA]C

ATCAC[ATTCGTTAACAAAACGG TGC
CRP -35 -10

.iir.d:C-icAPc_:_ AAGTCCTGTATTCAGTGCTGACAAAATAGCCGCC

+1 S.D. met ile thr ile arg asp ...GalS protein
lGCAAGCAGTCATTTACTGCAATCTCATAACAGGTAGTGAAT ATG ATC ACC ATT CGT GAT GTA GCG CGT CAG GCT GGC GTC TCT

OI
I r.Tr. -C Tcr. -c-r7G G]TG CTC AAT

FIG. 2. Sequences of the gaiR and galS promoter regions. The sequences of the antisense strand of the gaiR (top) and galS (bottom)
promoter regions are shown, with important features indicated. The promoter -10 and -35 regions are underlined. The potential
Shine-Dalgarno sequence (S.D.) is in boldface type for both gaiR and galS. The putative gal operators and CRP-binding sites are in boldface
type and boxed, and the +1 transcription start sites are indicated by the enlarged letters. The initial codons and translated amino acids of the
GalR and GalS proteins are shown. The sequences included in the promoter-lacZ gene fusions are enclosed by brackets. Part of the galR
coding region, from Val-15 to Ile-94, is not shown (.*) but is available in reference 31.
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gaiR or galS prornoter

X
lacY lacZ'

j lacY-_1

galR or galS promoter
lacZ b1b

m

la ci LacZ'
Apr

Integration into bacterial chromosome at X aft site

FIG. 4. Strategy for constructing single-copy promoter-lacZ fusions. The circular diagram (top) represents plasmids pPRW201 and
pPSW201 and contains a fusion of a promoter cloned by PCR (galR orgalS promoter) and the lacZ gene. Recombination between the plasmid
and homologous sequences on the lambda phage (linear diagrams) is represented by the large x. A portion of the map of lambda NT5 is shown
(middle), with the truncated genes designated lacZ' or bla'. Lambda NT5 lysogens are LacZ- and ampicillin sensitive (Aps). Recombinants
(bottom) have intact genes and lysogens and are LacZ' and resistant to ampicillin (Apr). Arrowheads indicate the directions of genes; bla is
the ampicillin resistance determinant.

and crp (which encodes CRP) on galR and galS promoter
activity in the presence and absence of inducers (D-galactose
and D-fucose). The promoter activities of gaiR and galS
were determined from single-copy galS-lacZ and galR-lacZ
gene fusions, present in the chromosome as lambda lyso-
gens, by measuring expression of P-galactosidase. The con-

struction of the fusion strains required four steps: creation of
Alac isogenic strains differing only in the gaiR, galS, or crp

gene; making fusions to lacZ; construction of an appropriate
lambda phage containing the gene fusion; and integration of
the phage into the chromosome. The strategy, shown in part
in Fig. 4, was carried out as follows.

(i) A series of strains, isogenic except for mutations in the
gaiR, galS, or crp locus, was constructed by bacteriophage
P1 transduction into MC4100, a background which is deleted
for the chromosomal lac operon. Ultrainduction of the gal
operon was verified by measuring the level of galactokinase,
the product of the galK gene. In these strains, galactokinase
synthesis was derepressed in the strain containing the AgalR
mutation but not in the galS::TnJO-containing strain, as

expected (Table 2) (9). Both strains showed ultrainduction in
the presence of inducer. The strain carrying both galR and
galS mutations had ultrainduced levels of galactokinase
activity with or without the presence of inducer.

(ii) galR and galS promoter segments (enclosed in brack-

ets in Fig. 2) were amplified by PCR with primers carrying
unique restriction sites. After restriction endonuclease di-
gestion, these promoter sequences were ligated to a plasmid
containing a promoterless lacZ gene, creating translational
fusions. Each fusion included the N-terminal portion of the
repressor structural gene. This allowed the inclusion of the
potential operator sequence found in each of the repressor
genes (internal operator [Or]). The galR-lacZ fusion was 94
amino acids longer at the amino terminus than P-galactosi-
dase, while the galS-lacZ fusion was 14 amino acids longer.
Each clone was confirmed by sequencing.

TABLE 2. Specific activity of galactokinase in isogenic
galS and/or galR mutant strains

Fold inductiona of

Strain Relevant galactokinase sp act with:
genotype

No inducer D-Fucose

MC4100 Wild type 7.2 74.4
MW130 AgalR 57.8 97.6
MW131 galS::ATnJO 14.1 116.0
MW132 AgalR galS::ATnlO 132.1 134.2

a Induction was with 4 mM D-fucose for 2 to 3 h.

J
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(iii) Lambda lysates were prepared on strains containing
plasmids with galR- or galS-lacZ promoter fusions. Recom-
bination between the truncated P-lactamase (Apr) and n-gal-
actosidase (lacZ) genes on the lambda phage and corre-
sponding genes on the plasmids creates a subpopulation of
bacteriophage with a complete 13-lactamase gene and a
3-galactosidase gene transcribed from the cloned promoter

(Fig. 4).
(iv) The isogenic strains created in step i above were

infected with lysates from step iii. Lambda lysogens resis-
tant to ampicillin and that also produced P-galactosidase, as
judged by blue colonies on LB plates containing X-Gal, were
selected for further study (Fig. 4).

Effect ofgaiR and galS mutations on galS gene expression.
The differential rate of synthesis of j3-galactosidase from the
galS-lacZ fusion was inducible by threefold by D-fucose in a
galR+ galS+ or AgalRgalS+ background (Fig. 5A and B). In
a galS mutant, the differential rate of P-galactosidase syn-
thesis was constitutive, equivalent to the fully induced level
in the wild type, and was not further inducible by fucose
(Fig. 5C). The differential rate of 3-galactosidase synthesis
was twofold higher still in strains lacking both repressors and
was not further inducible (Fig. 5D). This indicates that GalS
acts as a repressor of its own synthesis and that GalR
represses galS in a noninducible manner. The derepression
caused by AgalR is epistatic to GalS.

Effect ofgaiR and galS mutations on galR gene expression.
Expression of P-galactosidase from the galR promoter was
not significantly affected by the loss of GalR and/or GalS
(Fig. 6), nor was it inducible by D-fucose or D-galactose (data
not shown). The galR promoter was constitutive under all
conditions tested. Although the amount of 3-galactosidase
produced by the galR-lacZ fusion was consistently 5- to
10-fold higher than the amount produced from the galS-lacZ
fusions, suggesting that the galR promoter is stronger than
thegalS promoter, we cannot exclude the possibility that the
GalR mRNA or fusion protein is more stable than the
corresponding GalS mRNA or fusion protein.

Effect of a crp deletion on gaiR and galS gene expression.
The expression of 13-galactosidase from the galS-lacZ fusion
was reduced by more than 10-fold when strains were grown
in minimal medium containing glucose (data not shown),
whereas the addition of glucose had only a minimal effect
(-25% reduction) on the production of 3-galactosidase from
galR-lacZ fusion strains. Production of P-galactosidase from
promoter-lacZ fusions in a wild-type strain was compared
with that in an isogenic strain into which a deletion of the crp
gene (with replacement by a Cmr marker) had been intro-
duced by P1 transduction. Chloramphenicol-resistant galS-
lacZ transductants were no longer able to synthesize P-gal-
actosidase, as indicated by a lack of colony color on
MacConkey lactose or X-Gal plates. When Acrp cells were
grown in LB, virtually no 13-galactosidase was detected from
cells carrying the galS-lacZ fusion compared with that
detected from the wild type (Fig. 7A). The crp deletion had
no effect on 3-galactosidase production from the galR-lacZ
fusion (Fig. 7B).

DISCUSSION

Features of the galS and gaiR promoters. We have deter-
mined the in vivo start site of transcription of the galS and
galR genes by primer extension of their mRNAs from strains
containing multicopy plasmids with the galS or galR pro-
moter. The galR and galS transcripts were virtually unde-
tectable in single copy under the same conditions and RNA
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FIG. 5. Differential rate of 13-galactosidase synthesis from galS-

lacZ fusions. Four strains were grown in supplemented minimal
medium to an optical density at 600 nm of at least 0.1, at which time
the culture was split; half received the inducer D-fucose to a final
concentration of 4 mM. Samples were taken throughout exponential
growth, and linear regressions of the 3-galactosidase activities
versus the culture optical density were plotted for each culture.
Filled squares and dashed lines indicate cultures supplemented with
fucose, and circles and solid lines indicate cultures grown without
inducer. (A) Wild type (MW136); (B) AgalR (MW140); (C) galS
(MW144); (D) AgalR galS (MW148).

preparations used to detect transcripts from the mgl and gal
promoters (32). From the transcription start sites, we have
identified sequences likely to be important in the regulation
of transcription initiation. The start site of transcription is
preceded by a ET70-type promoter in each case. The galR
promoter and its regulation appear quite simple. The galR
cr70 promoter has a -10 region that is homologous to the
TATAAT consensus at only three of six bases, separated by
17 bp from the -35 region homologous to the TTGACA
consensus at four of six bases (Fig. 2). The promoter directs
lacZ expression from our gene fusion in a constitutive
manner.
Both promoters contain sequences homologous to gal and

mgl operators (Fig. 3) and CRP-cAMP binding sites. The
conservation of the operator sequences suggests a role in the
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FIG. 6. Differential rates of 13-galactosidase synthesis fromgalR-

lacZ fusions. Four strains were grown without induction as de-
scribed for Fig. 5. Datum points are from two independent experi-
ments. (A) Wild type (MW134); (B) AgalR (MW138); (C) galS
(MW142); (D) AgalR galS (MW146).

negative regulation of these promoters, although this must
include a mechanism by which GalR and GalS can discrim-
inate between different operators (32). No function is indi-
cated for the potential operators (OE and OI) and CRP-
binding sequences in the galR promoter region; however,
this CRP-cAMP binding site is much less homologous to the
CRP-cAMP consensus sequence than are the CRP-cAMP
sites in gal, galS, and mgl. In addition, note that the
positions of these potential sites with respect to the start site
ofgalR transcription (OE. +8.5; 01, +318.5; and CRP, +9.5)
are different than are for the other gal regulon promoters
(Fig. 8). We have not distinguished whether the lack of
function of these potential regulatory sites is due to the
locations or the sequences of the sites. GalR, GalS, and
CRP-cAMP apparently do not play any role in gaiR regula-
tion under the conditions we tested.
The galS gene also contains a a70-type promoter, but it is

very different from the gaiR promoter. The 7-bp spacer
between the -10 region and the transcription start site of
galS is very G+C rich (Fig. 2). The sequence surrounding
the transcription start site is homologous to the discriminator
sequence of promoters, which is subject to stringent control
(28, 29). The promoters under stringent control are generally
expressed at high levels during exponential growth, unlike
the galS promoter, which is expressed only weakly. The
galS promoter has unusual spacing between the -10 and
-35 regions of the promoter. In E. coli, the normal spacing
between the -10 and -35 regions is 17 bp (11). ThegalS -10
and -35 regions are 21 bp apart (Fig. 2). The expression of
the galS promoter is absolutely dependent upon CRP. The
scarcity of transcripts as well as the very low expression of
13-galactosidase from the galS-lacZ fusions, even in the

150-
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0 0.2 0.4 0.6 0.8 1.0 1.2

Culture Optical Density (600 nm)
FIG. 7. Differential rates of 0-galactosidase synthesis from galS-

lacZ and galR-lacZ fusions in strains containing Acrp. Four strains
were grown in LB. Filled circles and solid lines indicate data for
cTp+ strains, and open circles and dashed lines indicate data for Acrp
strains. (A) Wild-type galS-lacZ (MW136 [filled circles]) and Acrp
galS-lacZ (MW158 [open circles]); (B) wild-type galR-lacZ (MW134
[filled circles]) and Acrp galR-lacZ (MW157 [open circles]).

presence of CRP, suggests that it is a poor promoter.
However, the -35 sequence of the strong promoter, galPi,
is separated from the -10 region by 21 bp (13). In addition,
both galS and galPi are CRP-cAMP-dependent promoters
whose CRP-binding sites overlap the -35 region. In the
galPi promoter, this CRP site is centered at -41.5, while for
galS it is centered at -42.5, but the spacing between the -10
region and the center of the CRP site is 29 bp in each case,
a distance optimal for cAMP-CRP-activated promoters in E.
coli (30). This suggests that the relative weakness of the galS

promoter, from which no transcripts were detectable com-
pared with the easily detectable transcripts from the gal
promoter assayed simultaneously, may be due to sequences
other than the -10 or -35 sequences (or the spacing
between them), such as the G+C-rich discriminatorlike
sequence surrounding the transcription start site (Fig. 2).

Negative autoregulation of the galS promoter. We have
demonstrated that the transcription of the galS gene, like the
gal and mgl operons, is inducible by D-fucose and is re-
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FIG. 8. Comparison of the galE, mgl, galS, and galR regulatory sequences. Transcription initiates at +1, indicated by the small arrow,
and also initiates at -5 (P2) in galE. The beginning of the protein-coding region is indicated by the larger arrow. CRP- and repressor-binding
sites (operators) are indicated by hatched boxes. Operator sites are internal (Or) or external (OE) to the protein-coding region.

pressed by the product of its own gene. The absence of Gal
repressor had no appreciable effect on the differential rate of
P-galactosidase synthesis from a galS-lacZ fusion unless it
was coupled with a galS mutation. We have identified a
potential external operator, 0E' centered at -61.5 of the
galS promoter (Fig. 2 and Fig. 8) and an internal one, OI,
centered at +92.5 in the galS structural gene (Fig. 8). The
arrangement of the two operators is very similar to that of
OE and OI in the gal operon and OE in the mgl operon (Fig.
8). In the gal operon, the 0E is centered at -60.5, while for
mgl, it is centered at -58.5. The gal 01 is centered at +53.5,
closer to the promoter than it is in galS (+92.5). Since GalS
apparently binds gal or gal-like operator sequences (27, 32),
we believe that isorepressor (GalS) represses galS transcrip-
tion by binding to O( or 01 or both.
A model for negative autoregulation. GalS is the third

member of the GalR-LacI family of bacterial regulatory
proteins for which negative autoregulation has been demon-
strated. Negative autoregulation of the expression of PurR, a
member of the family, requires two operators, though unlike
galS, both are located downstream of the start of transcrip-
tion (20, 22). Negative autoregulation of the expression of
CytR, another member of this family, requires only one cytR
operator located upstream of the transcription start site (8).
Like galS, repression is weak (two- to threefold) for both
cytR and purR, but PurR requires hypoxanthine or guanine
as a corepressor instead of being inducible (22).
Negative autoregulation of these repressors may, in the

context of the competing metabolic pathways in a cell,
increase a cell's efficiency and flexibility. Small increases in

the repressor concentration (two- to threefold) in the pres-
ence of inducer do not represent a significant investment,
because these regulators are in relatively low abundance.
However, the metabolic and transport operons they regulate
represent significant commitments of the cell to these path-
ways. As the substrate (inducer) for these pathways is
exhausted, an increased repressor concentration facilitates a
quicker shutoff of these operons, avoiding wasteful produc-
tion of proteins no longer necessary in the cell. This quick
adaptation may improve the efficiency and competitiveness
of the cell in complex environments.

Implications ofgaiR and galS regulation for the gal regulon.
The highly homologous Gal repressor and isorepressor are
differentially regulated, suggesting at least some independent
functions for each. We have previously demonstrated that
the isorepressor is both a second repressor for the gal
operon and the repressor for the mgl operon (32). The
evidence presented in this report indicates that the level of
galR transcription is constitutive, while galS transcription is
regulated two ways; it has absolute dependence on CRP-
cAMP and shows negative autoregulation. We cannot rule
out the possibility that galR is regulated posttranscription-
ally, but since we used agalR-lacZ gene fusion, we conclude
that GalR is most likely maintained at a constant level in
cells. However, maintaining a constant concentration of
GalR while carefully regulating the concentration of GalS
would be an efficient mechanism of differentially modulating
the members of the gal regulon to mediate cellular responses
to physiological changes.
GalR regulates transcription of the gal operon in the
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absence of GalS, and GalS regulates transcription of the mgl
operon (32) and the galS gene in the absence of GaIR.
Ultrainduction of the gal operon occurs when either repres-
sor is absent, and the galS promoter is sensitive to the loss
of both repressors at the same time (Fig. 5), demonstrating
that regulation of these promoters includes both repressors.
Both GalR and GalS are known to respond to inducers, but
the presence of saturating concentrations of inducer does not
allow induction of the gal operon to the maximal level (27).
This may be due to a cellular population of repressor
molecules which are multimers composed of a mixture of
GalR and GalS subunits. Such heteromers might be resistant
to induction and could be considered a third species of gal
repressor with potentially different characteristics of (i)
inducer affinity, (ii) operator affinity, or (iii) ability to un-
dergo the requisite conformational change after inducer
binding.
The galactose utilization and transport genes have a

system of regulatory control and coordination which in-
cludes two repressors as well as the cAMP-CRP complex.
We have defined how transcription of the isorepressor gene,
galS, is autoregulated, while that ofgalR is constitutive. The
mechanisms by which they coordinate, with CRP-cAMP, the
regulation of the gal regulon and discriminate between
similar operator sequences could have important implica-
tions for the study of global regulatory networks and the
regulation of gene expression.
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