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We have studied the initiation of transcription of the gal operon in Escherichia coli (i) by analyzing the
5'-triphosphate ends and (ii) by measuring the level of promoter-proximal gal mRNA made in vivo. The 5'
termini were identified and quantified by capping with GTP:mRNA guanyltransferase, and the mRNA levels
were determined by hybridization of pulse-labeled [32P]RNA with a specific DNA probe. Our results
conclusively demonstrate the in vivo activities of two promoters, P1 and P2, with separate initiation sites (Si
and S2) as suggested before from in vitro and in vivo experiments (S. Adhya and W. Miller, Nature [London]
279:492-494, 1979; R. E. Musso, R. DiLauro, S. Adbya, and B. de Crombrugghe, Cell 12:847-854, 1977). We
have also studied the effect of cyclic AMP (cAMP) on in vivo gal transcription and found that whereas total gal
transcription remains largely unchanged, the relative proportions of the S1 and S2 mRNAs are influenced by
the level of cAMP in the cell. In strains devoid of cAMP (cya), transcription initiates equally at S1 and S2; in
cAMP-proficient cells (cya+), the S1 initiation increases twofold with a concomitant decrease in S2 initiation.
Addition of a saturating amount of exogenous cAMP to cya mutant cells results in a relatively larger switch
from S2 to S1. Our results clearly show that while cAMP is an inhibitor of S2, it is not an absolute requirement
for transcription initiation at S1, but only acts to increase low-level transcription from the P1 promoter. Using
these approaches, we have also studied gal promoter mutants (P211, P18, and P35) which show altered
behavior in transcription initiations and in response to cAMP. On the basis of these results, we have discussed
models by which transcription initiates at the two overlapping gal promoters (P1 and P2) and discussed how
cAMP level modulates the switch between them.

From genetic analysis and in vitro transcription studies of
the gal operon of Escherichia coli, we have postulated that
the operon is under the control of two partially overlapping
promoters, P1 and P2, having separate start sites, S1 and S2,
which are 5 base pairs (bp) apart (2, 17). The structure and
DNA sequence of the control region of the operon are shown
in Fig. 1. S1 is designated as + 1. Cyclic AMP (cAMP) and its
receptor protein (CRP) have opposite effects on the gal
promoters. The cAMP. CRP complex acts as a positive
control element for P1 and as a negative factor for P2.
Genetic analysis and in vitro chemical protection studies
have localized the initial binding site of cAMP- CRP around
position -40 on the DNA, with the G residue at position -35
probably making contact with the protein (5, 6, 27; A.
Majumdar and S. Adhya, manuscript in preparation). It is
believed that cAMP. CRP performs its dual role by binding
to this site, although it has been suggested more recently that
a second molecule of CRP can bind in a sequence-nonspe-
cific way at the -60 region when RNA polymerase occupies
P1 (8, 20, 21, 26).
By analyzing the gal mRNA by Si nuclease protection

studies, we have previously shown that the same two
transcription start sites, Si and S2, are likely to operate in
vivo (4). However, this sizing assay does not distinguish
between intact and processed RNA molecules and thus
should not be taken as a rigorous criterion for determining
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the original 5' terminus of an mRNA. In this paper, we

conclusively demonstrate the existence of two start sites of
gal operon transcription by capping the 5'-triphosphate ends
and identifying the capped gal mRNA. Using the wild type
and several mutant promoters, we have also studied the
influence of cAMP. CRP in turning P1 on and P2 off as
initiation of gal transcription switches between the two
promoters.

MATERIALS AND METHODS

Materials. The bacterial strains used in this study are
described in Table 1. The A gal8 phage used is described by
Feiss et al. (10). Plasmids pMIl and pMI4 are described
below. M56 minimal medium (2), containing 0.2% D-fructose
as a carbon source and supplemented with 20 ,ug each of
L-histidine, L-isoleucine, and L-valine per ml and 1 ,ug of
vitamin B, per ml, was used. Exogenous cAMP, when
added, was at a concentration of 10 mM. SSC (1x) contains
0.15 M NaCl and 0.015 M sodium citrate.
GTP:mRNA guanyltransferase (capping enzyme), purified

from vaccinia virus (28), and poly(A) were gifts of S.
Venkatesan. RNase T, was from Calbiochem, and RNase A
and DNase I (RNase free) were from Worthington.

[a-32P]GTP (300 to 400 Ci/mmol) was obtained from Am-
ersham Corp., and [5-3H]uridine (>20 Ci/mmol) was ob-
tained from Schwarz BioResearch. Nitrocellulose mem-
brane filters were supplied by Schleicher & Schuell.

Methods. (i) Transfer of galP mutants from plasmid to
chromosome. The gal plasmids used in this study have been
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FIG. 1. Structure and sequence of the gal promoter region. The transcription start sites S1 (for the cAMP CRP-dependent transcript) and
S2 (for the cAMP CRP-independent transcript) are designated + 1 and -5, respectively; the corresponding -10 and -35 regions are boxed,
as adopted from Musso et al. (17). The mutational changes associated with the three mutants studied, gaIP211 (17), galP18, and galP35 (5,
6), are also indicated. The wavy underline shows the sequence for cAMP- CRP binding.

described earlier (6) and were supplied by S. Busby. The gal
mutations were transferred first to X gal8 transducing phage
and then to the bacterial chromosome as described in an
earlier communication (14).

(ii) Preparation of plasmid DNA for hybridization. DNA for
each plasmid was prepared by lysing cells with Triton (30)
and purified by banding twice in CsCl-ethidium bromide
gradients. The Sepharose B chromatography step was omit-
ted. For the quantitative determination of promoter-prox-
imal labeled galE mRNA, the linearized plasmid DNAs used
as probes were further purified by isolating the linearized
DNA bands from 0.8% agarose gels by the perchlorate
method (7).
For purification of gal mRNA for capping, the i-strand of

X gal8 phage DNA, prepared by the method of Szybalski et
al. (25), was supplied by D. Court.
For DNA hybridization, 7-mm filter disks were punched

out of large filters. The amount of DNA loaded onto a large
filter was adjusted to yield the desired amount of DNA in
each punched-out filter. Alkaline-denatured, linearized plas-
mid DNA was diluted to concentrations between 1 and 5
pug/ml with 10 ml of 6x SSC, neutralized, and passed
dropwise through previously soaked and washed filters. The
filters were again washed with 6x SSC solution under high
suction, dried at room temperature, punched, and baked at
72°C for 2 h under vacuum. The filters were used within 1
week after baking. In loading the i-strand DNA of phage X
gal8, 25-mm filters were used and the alkaline denaturation
step was omitted.

(iii) Isolation of gal mRNA for capping. An overnight
culture of cells grown in supplemented M56 medium con-

TABLE 1. E. coli K-12 strains used

Strain Genotype Source or
reference

SA500 F- thi his rpsL relA (3)
SA2346 SA500, ilv-2::TnlO Acyaa This study
SA2231 SA500, ilv-2::TnlO cya-1039 This study
M1104 SA500, A(gal-chlA)1421 lacI This study

lacPUVS
M1601 MI104, gaIP+ This study
MI701 M1104, galP35 This study
M1703 M1104, gaIP18 This study
MI705 M1104, gaIP211 This study
M1602 M1601, galP+ ilv::TnJO Acya This study
M1604 M1601, galP+ ilv::TnlO cya-1039 This study
MI702 M1701, galP35 ilv::TnIO Acya This study
MI704 M1703, gaIP18 ilv::TnJO Acya This study
MI706 M1705, galP211 ilv::TnIO Acya This study

a Acya allele originated from strain CA8306 obtained from J. Beckwith.

taining fructose was diluted 345-fold into 70 ml of fresh
medium, additionally containing 0.2% D-galactose as an
inducer of the gal operon, and was grown to an optical
density of 0.3 at 590 nm at 37°C. The cells were poured over
crushed ice and sodium azide (0.1 M), collected, and lysed in
8 ml of lysis buffer (0.01 M Tris hydrochloride, pH 7.5, 0.01
M NaN3, 0.001 M EDTA, and 200 ,ug of lysozyme per ml) by
two cycles of freezing and thawing. After treatment with 20
,ug of DNase (RNase free) per ml in the presence of 10 mM
MgCl2 on ice for 20 min, acetic acid and sodium dodecyl
sulfate (SDS) were added to 4 mM and 0.5%, respectively,
and the resulting clear lysate was extracted twice with an
equal volume of a 1:1 mixture of phenol and chloroform. The
latter mixture was previously equilibrated with 0.02 M
sodium acetate, 0.02 M potassium acetate, and 0.01 M
magnesium acetate at pH 5.2. The RNA was purified by two
cycles of precipitation with ethanol, washed, dried, and
dissolved in water.
Samples of pMI4 DNA (10 pLg; see Results), immobilized

on 7-mm filter disks, were used to purify the gal mRNA by
hybridization. Samples of RNA (1.5 mg) were used to
hybridize to DNA filters in 600 ,u1 of hybridization buffer
consisting of 20 mM PIPES buffer [piperazine-N,N'-bis(2-
ethanesulfonic acid)], 400 mM NaCl, 50% formamide (deion-
ized), and 0.1% SDS at pH 6.5 at 37°C for 16 h. The reaction
mixture was then chilled, and the filters were washed at
room temperature six times with 10 ml of 2x SSC, followed
by two incubations of 30 min each at 37°C in the hybridiza-
tion buffer without SDS. For elution, the washed filters were
incubated at 67°C for 6 min with 90%o formamide in 20 mM
PIPES buffer at pH 6.5, containing 30 ,ug of alkaline phos-
phatase-treated tRNA. The incubation was repeated with
fresh solution without tRNA, and the RNA was purified
from the combined supernatants by three cycles of ethanol
precipitation. In later experiments, I-strand DNA of X gal8
phage immobilized on 25-mm filters was used as the gal-
specific probe.

(iv) End labeling of gal mRNA. Capping of RNA was
performed essentially as described by Venkatesan and Moss
(29). The RNA recovered after hybridization was incubated
in 50-pul reactions containing 50 mM Tris hydrochloride (pH
7.5), 4 mM dithiothreitol, 4 mM MgCI2, 50 FM S-adenosyl-
homocysteine, 300 ,uCi of [cK-32P]GTP, and 6 ,ul of RNA
guanyltransferase. After 30 min at 37°C the reactions were
terminated by the addition of EDTA to 10 mM and SDS to
0.2%. The RNA was extracted with phenol-chloroform (1:1),
ethanol precipitated, and dissolved in 50 p.l of water. It was
then passed through a column (0.7 by 10 cm) of G-50
Sephadex to remove the residual GTP and was ethanol
precipitated twice. This capped RNA was rehybridized to
pMI4 DNA filters in 200 ,ul of hybridization buffers as
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described above. For elution, the filters were washed with
2x SSC six times at room temperature, eluted either with
90% formamide, as described above, or by heating with
water in the presence of 50 p.g of tRNA at 90°C, and finally
recovered by ethanol precipitation.

(v) Pulse-labeling of RNA with [3H]uridine. Cells grown to
an A590 of 0.3 as described above were exposed to 50 ,uCi of
[3H]uridine per ml for the desired length of time and then
arrested by pouring over a mixture of ice and sodium azide
(0.1 M). The RNA was extracted using diethyl pyrocarbon-
ate essentially as described by Summers (24). It was purified
by two ethanol precipitations. The specific activities of the
RNA samples ranged from 20,000 to 115,000 cpm/,ug of RNA
for durations of the pulse ranging between 15 and 90 s.

(vi) Hybridization assay of pulse-labeled galE message. The
hybridizations were performed in 200 ,ul of 2x SSC at 67°C
for 20 h in the presence of 0.1% SDS and 200 ,ug of yeast
tRNA. Filters (7 mm) containing 0.5 ,ug of highly purified
plasmid DNA were used. The reactions were terminated by
chilling on ice. The filters were then washed six times with 3
ml each of 2x SSC and incubated with 20 ,ug of RNase
(heated for 10 min at 90°C to inactivate DNase) in 1 ml of 2 x
SSC at room temperature for 1 h. They were rewashed eight
times with 2x SSC, dried under a heating lamp for 10 min,
and counted in Econofluor in a Beckman scintillation
counter. For estimating the background hybridization, a
similarly prepared filter containing 0.5 ,ug of purified pBR322
DNA was incubated in each of the hybridization tubes. The
gal-specific counts were taken to be the difference between
the counts retained by the gal-DNA filters and those retained
on the pBR322 filters. The counts on the control filters were
approximately 10% of the experimental counts. In kinetics
experiments (see Table 2), a fixed amount of [3H]RNA (20
,ug) was used as input RNA for each of the time points.

(vii) Computer analysis of promoter sequences. The DNA
sequences of the gal wild type and of promoter mutants were
compared with a consensus promoter sequence by using the
computer program developed by Mulligan et al. (16). Only
those promoterlike sequences resulting in RNA start sites at
+1 (i.e., galPI) or -5 (i.e, galP2) are reported; several
pseudo-promoter sequences with homology scores of 30 to
45% were detected by the computer but not by experimental
analysis of RNA transcripts.

RESULTS

Mapping of the 5' end of in vivo gal mRNA. The principle
of the mapping technique is outlined in Fig. 2. Total RNA
isolated from exponentially growing E. coli cells was specif-
ically end labeled with [cx-32P]GTP at the 5'-triphosphate
termini. The reaction catalyzed by the enzyme GTP:mRNA
guanyltransferase involves an initial cleavage of the terminal
5'-tri- or diphosphate of the RNA molecules, followed by the
transfer of the [32P]GMP residue from GTP to the 5' end of
RNA, forming a cap structure (28). In the second step, the
capped RNA is digested with RNase T1, generating labeled
5'-terminal T1 oligonucleotides whose size would be charac-
teristic of the position of transcription initiation with respect
to the position of the first GMP residue in the mRNA.
We deduced the in vivo initiation sites of gal transcription

on the basis of the size analysis of the terminal T1 oligonu-
cleotides from gal mRNA. gal transcription in vitro initiates
at + 1 (Fig. 1) in the presence of cAMP and CRP and at -5 in
their absence (17). If the same two start sites are functional
in vivo, as suggested by protection experiments with S1
nuclease (4), the S1 transcript would generate a T1 decamer

STEP 1: Capping of gal mRNA with GTP:mRNA guanyltransferase

pppN-RNA > ppN RNA + Pi

Gppp + ppN RNA I.. GpppN-RNA + PPi

STEP II: RNase Ti digestion of capped gal mRNA

SI: G ppA-U-A-C-C-A-U-A-A-Gs 10 mer

S2: G * p pA-U-U-U-C-A-U-A-C-C-A-U-A-A-GI 15 mer

FIG. 2. Scheme for mapping the 5'-triphosphate ends of gal
mRNA. The asterisks indicate the phosphate labeled with 32p. The
downward arrows are the sites of digestion by RNase T1.

with the cap structure on the 5' end, and S2 transcript would
produce a capped T1 oligonucleotide 15 bases long. The two
oligonucleotides can easily be resolved by gel electrophore-
sis, and their size can be determined by comparing their
mobilities with those of capped poly(A) ladder. Figure 3
shows the results of such an analysis performed on RNA
samples from wild-type and adenylate cyclase-defective

1 2 3 1 2 3

15- _

,O_

A *#6 BO
FIG. 3. 5'-End analysis of gal mRNA. (A) gal mRNA, cap

labeled as described in Materials and Methods, was digested with
RNase T, in 10 ,ul of 20 mM Tris hydrochloride (pH 7.4)-2 mM
EDTA for 45 min at 37°C. The samples were next dried in vacuo,
dissolved in 4 ,ud offormamide-dye solution (15), and fractionated by
electrophoresis on 25% polyacrylamide-8 M urea gels by the pro-
cedure of Maxam and Gilbert (15). Results with RNA from M1601
(cya+) (lane 2) and with RNA from M1604 (cya-1039) (lane 3) are
shown. The calibration standard of capped poly(A) degraded by
heating with formamide is displayed in lane 1. The 10- and 15-mer
capped poly(A) residues are marked. Salt concentration and total
amount of RNA were adjusted to match the experimental samples.
(B) The capped RNA was purified by one more round of hybridiza-
tion to gal DNA (Materials and Methods) before being digested with
RNase T,. The conditions of RNase T1 treatment and electropho-
resis and the designation are the same as for panel A. Lane 1,
Capped poly(A) residues; lane 2, cya+ RNA; lane 3, cya RNA. The
total counts loaded in each lane vary somewhat.
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mutant (cya) cells. cya cells do not make cAMP and are

expected to increase the level of S2 RNA while decreasing
Si RNA (see next section). In initial experiments, the gal
mRNA was isolated following a hybridization of total cellu-
lar RNA to gal DNA as described in Materials and Methods.
The results (Fig. 3A) show that the capped material after T1
digestion produced oligonucleotides ranging from the small-
est to about 12 bases long, indicating that the gal mRNA
from both cya+ and cya cells was heavily contaminated with
other mRNA species. However, complete purification was

achieved by a second cycle hybridization to gal DNA, after
capping but before the gal mRNA was subjected to T1
digestion. Less than 1% of the counts came through a second
hybridization; these appeared, after treatment with RNase
T1, as two bands at positions 10 and 15 (Fig. 3B, lanes 2 and
3). This clearly shows that the mRNA species which hybrid-
izes specifically to the cloned gal DNA initiates at two
distinct positions which correspond precisely to the Si and
S2 positions defined in vitro (see Fig. 1). The plasmid pMI4
used in the gal-specific hybridization carries the first 374
base pairs of gal mRNA and a 187-bp region upstream of the
Si start site. Inspection of the DNA sequence of this region
does not reveal any other potential promoterlike sequences,

which could account for the existence of the 10- and 15-mer
RNase T1-generated capped oligonucleotides. The relative
amounts of Si and S2 in wild-type and c(a cells are dis-
cussed next.

Effect of cAMP on gal initiation in vivo. The relative
proportions of the two types of initiations in gal in wild-type
and various mutant cells (see Fig. 3 to 5) were studied by
quantifying the two capped oligonucleotides (Table 2). We
have used two cya mutations, a point mutation (cya-1039)
and a deletion (Acya), for this purpose. Both mutants, unlike
the wild-type strain (cya+), are pleiotropic sugar defective
and synthesize 03-galactosidase at 2% of the wild-type level
in the presence of isopropyl-3-D-thiogalactopyranoside in
the experimental medium (data not shown; see reference 13).
For the gal mRNA assay a set of isogenic strains, harboring
additionally lacI and the lacUV5 mutations, were used. This
ensured constitutive expression of the lac Y gene under both
cya+ and cya conditions (23) and the uptake of D-galactose
for induction of the gal operon through LacY permease (1).

:;er a**S

--
-

-

FIG. 4. Effect of cAMP on gal initiation in vivo. The experimen-
tal conditions were the same as described in Fig. 3B except that the
first hybridization was to the 1-strand of X gal8. The following RNAs
were analyzed: lane 2, from M1601 (cya+); lane 3, from M1602
(Acya) grown in the presence of 10 mM cAMP; lane 4, from M1602
(Acya). The numbers 10 and 15 indicate the positions of the capped
oligonucleotides 10 and 15 bases long, respectively. Lane 1 is again
the poly(A) standard.

TABLE 2. Modulation of P1 and P2 by cAMP

Relative amts
Relative of galE

Relevant features amts" of: % galE messagemessage" from":

Si S2 P1 P2

1. cya+ galP' 2 1 100 66 33
2. cya-1039 gallP 1 1 ND"
3. Acya galP+ 1 1 88 44 44
4. Acva galP' (+cAMP) 4 1 100 80 20
5. (cxa+ galP35 1 3 60 15 45
6. A(ca galP35 (1) (3) 59 (14) (45)
7. cva+ galP18 (P24) + - 25 25 0
8. Acva galP18 (P2 ) + - 46 46 0
9. cya' galP211 (P1 ) + 31 0 31

10. A(ua galP211 (P1) - (+) 40 (0) (40)

" The relative amounts of gail RNA starting at SI and S2 were derived by
densitometry scanning of autoradiograms shown in Fig. 3B, 4. and 5. The
relative proportions were determined by weighing the area of paper corre-
sponding to the two peaks. Numbers in parentheses are very approximate due
to low amounts of radioactivity in these analyses. When only one RNA was
detectable, the results are indicated by + and -.

"7 The fraction of total RNA synthesis corresponding to galE mRNA is
expressed as a percentage of that determined with control strain M1601 (taken
as 100%7). Results are an average of at least two determinations. For strains
M1601. M1602, and M1701. RNA was prepared from culture samples taken at
various times after a 90-s pulse-labeling with [3H]uridine. The g/l-specific
RNA was determined by hybridization of the first 400 nucleotides of galE (see
Materials and Methods) and plotted as a function of total trichloroacetic
acid-precipitable 3H counts. The slope of the resulting linear graph measured
the galE transcription as a fraction of total incorporation of [3H]uridine into
extractable RNA. For the remaining strains, cultures were pulse-labeled for
40 s, and ga(lE mRNA was assayed in duplicate samples and normalized to
total incorporation.

' The relative level of gail transcription from P1 and P2 is calculated from
the amount of total galE mRNA synthesis determined as described in footnote
b above and the relative utilization of SI and S2 start sites determined as
described in footnote a. Owing to the limited precision in the latter, minor
differences in the final calculated levels for P1 and P2 transcription are not
regarded as significant.

" ND. Not deter-mined.

As we have discussed before, it was apparent (Fig. 3B) that
gal transcription initiates at Si and S2 in both the wild type
and the cya-1039 mutant. In the cya-1039 mutant both the
start sites were utilized with equal efficiency (Table 2, line 2).
This changed to a ratio of 2:1 in favor of the Si transcript in
cAMP-proficient wild-type cells (line 1).

Figure 4 (lane 4) shows the amounts of Si and S2 in the
AXcya strain. These cells behaved identically to the point
mutant, giving an equal proportion of the capped oligonucle-
otides (Table 2, line 3). Thus gal transcription from P1
cannot be explained by residual cAMP due to leakiness of
the cya-1039 point mutation. Lane 2 of Fig. 4 displays the 2:1
distribution of SI to S2 for the wild-type strain. If the higher
ratio of S1 to S2 in the wild-type strain is a consequence of
higher cAMP levels in these cells, as predicted before (2, 17),
the addition of the cyclic nucleotide to the cya cultures
should elicit the same response. In the presence of exoge-
nous cAMP, the Acya strain changed the ratio of SI to S2
from 1:1 (Fig. 4, lane 4) to 4:1 (Fig. 4, lane 3) (Table 2). The
higher (4:1) ratio in this case compared to that of 2:1 in the
cya+ strain was due to the subsaturating levels of cAMP
present in wild-type cells growing under the conditions used
(data not shown).

Thus, from the results of Fig. 3B and 4, it is apparent that
gal transcription initiates at Si and S2 in both the presence
and absence of cAMP. The ratio of Si to S2 is about 1:1 in
the absence of cAMP and changes to about 4:1 when the
cyclic nucleotide is in excess.
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1 2 3 4

15I
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FIG. 5. Analysis of gal initiation in galP mutants. The experi-
mental conditions were the same as described for Fig. 3B. Analysis
of gal transcription in (lane 2) M1705 (galP211 cya+), (lane 3) M1704
(galP18 Acya), and (lane 4) M1701 (galP35 cya+). Lane 1 is the
calibration standard, with the numbers 10 and 15 marking the
positions of capped poly(A) molecules 10 and 15 residues long,
respectively.

5'-End analysis ofgal mRNA in various galP mutants. From
the preceding section it is clear that the transcription of the
gal operon is initiated at two start sites, which are modulated
in opposite directions by the level of cAMP in the cell.
Several promoter variants of the gal operon have been
characterized for their pattern of transcription and for their
ability to bind cAMP CRP in vitro (3, 5, 6, 17, 22). We have
investigated the in vivo initiations of some of these mutants.
The three galP mutations (galP211, galP18, and galP35)
studied are shown in Fig. 1. Of these, galP18 and galP35
were isolated in recombinant plasmids and were transferred
to the chromosome as explained in Materials and Methods.

(i) galP211. The galP211 mutant carries an A T-to-T A
transversion at position -11, which inactivates the P1 pro-
moter but has only a marginal effect on P2 (2, 17, 22). In
contrast to the wild-type promoter, the galP211 mutant
yields capped S2 RNA but not S1 RNA in both cya+ (Fig. 5,
lane 2) and cya (not shown) strains. This confirms the
prediction that the galP211 mutation affects the P1 pro-

moter, which is stimulated by cAMP, and not P2, which is
inhibited by the cyclic nucleotide.

(ii) galP18 and galP35. galP18 is a single-base-pair (T- A)
deletion at position -18. This mutant does not make the S2
transcript in vitro, but shows S1 transcript in the absence but
not in the presence of cAMP (6). In vivo detection of capped
gal RNA in this mutant shows only S1 RNA in both Acya

(Fig. 5, lane 3) and cya+ (data not shown) cells. Opposite
results were obtained with the galP35 mutant in which the
cAMP CRP-binding site had been mutated, resulting in
abolition of P1 transcription in vitro (5, 6). In vivo, the
galP35 mutation initiates gal transcription largely at S2, both
in cya+ (Fig. 5, lane 4) and in cya (not shown) cells. If the
cAMP. CRP complex fails to bind to the galP35 DNA in
vivo, then the normal 2:1 ratio of S1 to S2 for the wild-type
promoter should be skewed in the direction of S2 in a cya+
background. The observed distribution of S1 to S2 was 1:3
(Table 2), which confirms this prediction.
Rate of synthesis of galE mRNA. cAMP changes the

relative proportions of the two starts of gal transcription, as

measured above by quantifying the 5'-triphosphate ends. We
have also studied the rate of total gal mRNA elongation
(from both start sites) by estimating the amount of pulse-
labeled RNA which is hybridizable to gal DNA and normal-

izing that to the net amount of radioactivity in total extract-
able RNA, as described in Materials and Methods. For a
gal-specific hybridization probe, we used plasmid pMI4
DNA, which contains the promoter-proximal 400 bp down-
stream from the +1 start (S1) and the 187 bp upstream of it
(Table 2, column 3). The rate of galE message synthesis in
the galP+ cya+ strain (Table 2, line 1) is compared with that
in galP+ Acya cells growing in the presence (line 3) and
absence (line 4) of cAMP. The results show that the rate of
total galE transcription was not very different (88 versus
100%) in the galP+ strains under conditions which altered
the ratio of S1 to S2 from 1:1 to 4:1. The cAMP-deficient
cells showed only a 12% decrease. In contrast, in the three
galP mutants examined, there was a more significant reduc-
tion of total galE RNA transcribed (as low as 25%). These
results are discussed later.
To verify that the measured RNA was purely gal mRNA,

we hybridized the labeled RNA to a shorter gal DNA probe,
pMIl, which carries the same upstream region but only 45 bp
downstream of the + 1 site. The radioactive RNA hybridized
to the shorter plasmid was 1/10 of that observed with pMI4,
indicating that the hybridizable RNA is mostly gal mRNA
and the upstream DNA present on the plasmids is not
significantly transcribed under the conditions of gal induc-
tion used.
The last column of Table 2 displays the distribution of the

total galE transcription between the two initiations accord-
ing to the ratios of S1 and S2 derived from the analysis of the
capped T1 oligonucleotides. This provides a means for
comparing the changes in the actual elongation ofRNA from
each promoter under different sets of conditions. It is now
clear that cAMP and CRP, in vivo as in vitro, act both to
stimulate transcription from P1 and to inhibit that from P2
(Table 2, line 3 versus line 4). A fourfold increase in the ratio
of S1 to S2 translates to a twofold activation of P1 (44 versus
80%) and a twofold inhibition of P2 (44 versus 20%).
With the galP35 mutant which does not bind

cAMP- CRP, the P2 transcription in the Acya background
(45%) was the same as that observed with galP+ Acya (44%)
(Table 2, line 5 versus line 3) cells. The activity of P1 (15%),
however, was significantly lower (about threefold) than that
seen in galP+ in Acya cells (44%), suggesting that the
mutation may also have affected the cAMP-independent P1
activity.
The galP18 mutation did not make S2-initiated RNA in

either cya+ or cya strains (Table 2, lines 7 and 8). The
amount of S1 transcript was low (25%) in the presence of
cAMP but was considerably higher (46%) in the absence of
the cyclic nucleotide. The amount of S1 RNA synthesis and
its inhibition by cAMP in galP18 paralleled that of S2 RNA
in the wild-type promoter, as seen in vitro.
When the galP211 mutation was characterized for relative

promoter strength, we found that the amount of S2-initiated
transcript was very comparable to that of the wild-type
promoter in the cya+ background (31 versus 33%) as well as
in the Acya background (40 versus 44%). There was no
detectable S1 RNA under either condition. Thus, cAMP
does not cause P1 activation but displays P2 inhibition.

DISCUSSION

The cAMP CRP complex binds to the promoters of many
operons, e.g., lac, srl, etc., and dramatically stimulates their
rate of transcription. In the absence of cAMP, the residual
transcription of these operons is very low. Consequently, a
cya strain is phenotypically Lac-, Srl-, etc. Under appro-
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TABLE 3. Homology scores of wild-type and mutant gal promoters

Spacing -10 Start HomologyPromoter Mutation -35 Region -35/-10 Region site score'(bp)

P1 Wild type GTCACA 21 TATGGT A(+1) 40.8%
P1 Wild type CACTTT' 17 TATGGT A(+1) ND
P2 Wild type ATGTCA 18 TATGCT A(-5) 59.8%
P1 galP211 GTCACA 21 TTTGGT A(+1) 29.6%
P2 galP211 ATGTCA 18 TATGCT A(-5) 59.2%c
P1 galP35 GTCAGA 21 TATGGT A(+1) 35.5%
P2 galP35 ATGTCA 18 TATGCT A(-5) 58.6%
P1 galP18 GTCACA 20 TATGGT A(+1) 40.8%
P1 galP18 ATGTCA' 22 TATGGT A(+1) ND
P2 gaIP18 ATGTCA 17 TATGCT A(-5) 60.4%

a Homology scores were determined by the program of Mulligan et al. (16) and reflect sequences besides the -35 (ideally TTGACA), -10 (ideally TATAAT),
and spacing (ideally 17 bp) determinants shown above. ND, Not detected.

" An alternative -35 assignment which has been previously suggested for promoter P1 but which is not detected by the Mulligan program (homology, <30%)
due to the poor match to the consensus -35 sequence.

' An alternative -35 assignment suggested by Busby et al. (5) for P1 of gaIP18 but which is not recognized by the Mulligan program (homology score, <30%)
due to the excessively long -35/-10 spacing.

priate conditions, in vitro gal transcription can also be
shown to be dependent on the cAMP. CRP complex (18),
and the specific binding of cAMP- CRP to the gal promoter
region has been demonstrated by DNase protection experi-
ments (27; Majumdar and Adhya, in preparation; see Fig. 1).
However, a cya strain is phenotypically Gal' (2). This
apparent discrepancy has been explained by postulating the
presence of two promoters in gal, P1 and P2. The former is
dependent upon cAMP, and the latter is inhibited by it.
Thus, gal is transcribed from P1 in a cya + strain and from P2
in a cya mutant. With a purified transcription system, we
have in fact discovered two start sites of transcription in gal,
Si and S2 (17). The initiation at SI is stimulated by
cAMP. CRP, and that at S2 is inhibited. In qualitative
agreement with these observations, we have shown here that
in vivo gal transcription starts with the same two 5'-triphos-
phate ends as in vitro. Using cya strains we have shown that
cAMP. CRP enhances initiation at SI and inhibits starts at
S2. Comparison of the start sites for wild type and several
mutant gal promoters in both cya+ and cya cells demon-
strated that in vivo SI and S2 correspond, respectively, to P1
and P2. The results also authenticate the use of capping
techniques in identifying true transcription start sites.
Our results also demonstrate that both Si and S2 start in

the absence of cAMP with nearly equal efficiency. Such
cAMP-independent transcription has also been seen in vitro
(12, 17), although not under some conditions (18). According
to the consensus sequences developed for promoters (11), P1
has a good -10 spacing but either a poor -35 or an excessive
-10 to -35 spacing, and P2 has a fair -35 but a poor -10
spacing (Table 3). Equally efficient transcription from both
P1 and P2 in the absence of cAMP can be explained in two
ways: (i) RNA polymerase forms a closed complex at the
good -35 of P2 and, during subsequent isomerization to
open complex, switches over to P1 about half of the time, or
(ii) RNA polymerase forms closed complexes and isomerizes
to open complexes at P1 and P2 independently. In the latter
event, the net efficiency is similar for the two promoters.
Using a computer program to compare DNA sequences,
Mulligan et al. (16) have calculated homology scores of 40.8
and 59.8 for P1 and P2, respectively, which reflect their
promoter strengths (Table 3). Recent kinetic studies of open
complex formation in gal support model (ii) above (12).
These in vitro studies also indicate that interconversions
between open complexes are slow processes and probably
not significant.

In vivo, we observed that the presence of cAMP shifted
the relative proportion of S1 to S2. With a (ya mutant, that
ratio of S1 to S2 changed from 1:1 (no cAMP) to 4:1 (excess
cAMP). A ratio of 2:1 was seen in wild-type cells, in which
the cAMP level is less than maximal when growing in
fructose plus galactose minimal medium. The results of
transcription initiation and extension in gal show that P1 is
different from the cAMP-dependent lac promoter. The re-
sidual lac transcription is very low and cAMP stimulates it
50-fold, whereas there is considerable gal transcription from
P1 without the cyclic nucleotide which stimulates it only
twofold. Concurrently, cAMP reduces the gal transcription
from P2 also by twofold.
cAMP. CRP binds to gal DNA at the -30 to -52 region,

which contains the 5'-AANTGTGANNT consensus se-
quence developed by Ebright et al. (9). It overlaps with the
-35 region for P2 as well as with that for P1. Thus, it is very
likely that cAMP CRP reduces P2 activity by competing
with RNA polymerase for closed complex formation at P2.
The twofold inhibition of P2 by cAMP in vivo may reflect the
relative binding affinities of cAMP- CRP and RNA polymer-
ase competing for the same site and their concentrations in
the cell. In this model, only a portion of the gal promoters in
the population will be occupied by the cyclic nucleotide
complex in wild-type cells. The bound cAMP CRP would
then stimulate gal transcription from the P1 promoter only in
this population. In vitro kinetic measurements suggest that
the stimulation of P1 is due to the product KB X kf being five
times greater in the presence of cAMP CRP than in the
absence of the complex (12). It remains to be known how
cAMP. CRP affects KB (closed complex formation) and kh-
(isomerization) individually.
The above models of initiation of gal transcription are

consistent with the 5'-triphosphate analysis of gal mRNA in
the promoter mutants in vivo as discussed next.

galP211. The galP211 mutation alters the most conserved
second base in the -10 of P1 (Fig. 1, Table 3) and is expected
to inactivate this promoter without affecting the activity and
cAMP inhibition of P2. The calculated promoter homology
scores with galP211 are essentially unchanged for P2 (59.2)
but reduced for P1 (29.6). This is consistent with our
observation of the absence of S1-initiated transcript and
normal modulation of S2 by cAMP CRP as was previously
shown in vitro (17). These results indicate that the mutation
affects open complex formation at P1 both for cAMP-
independent and for cAMP-stimulated S1 RNA synthesis.
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galP35. The explanation of the behavior of the galP35
mutation is straightforward: it is a mutation of the
cAMP. CRP-binding site (5, 6). Thus, its property should be
similar to that of the wild-type promoter in the absence of
cAMP. In agreement with this, S2 RNA synthesis from
galP35 in both the presence and absence of cAMP is the
same as that from P2 of the wild-type promoter in the
absence of cAMP. In both cya+ and cya strains, little Si
RNA is made for the galP35 mutant. Thus, failure to bind
cAMP. CRP abolished cAMP-dependent stimulation of P1.
However, the amount of P1 transcription from this mutant is
also reduced threefold compared to that of wild-type P1 in
the absence of cAMP. This is very likely because the galP35
mutation reduces the homology at -35 of P1 (GTCAGA
versus GTCACA for galP+), thus affecting the cAMP-
independent formation of a closed complex at P1 (Table 3).
The corresponding galP35 promoter homology scores are
35.5 for P1 and 58.6 for P2. Ponnambalam et al. (19) also
have reported a twofold reduction in cAMP. CRP-indepen-
dent transcription from P1 or P2 when the -35 region is
deleted.

galP18. The single-base-pair deletion of galP18 eliminates
S2 RNA synthesis and causes Si RNA initiation to be
regulated by cAMP. CRP as if it were S2. These in vivo
results correlate with those obtained in vitro by Busby et al.
(5), who suggested that the galP18 deletion at -18 caused a
fusion of the -35 region of P2 to the -10 region of P1. In the
absence of cAMP. CRP, RNA polymerase at the proposed
hybrid promoter would preclude the RNA starts at S2. When
cAMP. CRP bound at -40, it would prevent RNA polymer-
ase access to the -35 of P2 and thus inhibit SI starts from
the proposed hybrid promoter.
Although the observed behavior of galP18 can be ex-

plained by this proposed hybrid promoter, comparison with
the consensus E. coli promoter sequences suggests other
factors may be involved. First, the spacing between the -35
(of P2) and -10 (of P1) regions for the proposed hybrid
promoter in galP18 is 22 bp (Table 3). This is greater than for
any known promoter in the survey by Hawley and McClure
(11) and is not recognized as a promoter in the computer
program developed by Mulligan et al. (16). Second, for P2 of
gaIP18 the -35 (of P2) to -10 (of P2) spacing is reduced
from 18 (galP+) to an ideal 17 bp. This should improve P2
activity, and the promoter homology score of 60.4 is indeed
slightly higher than for galP+ (59.8). Nonetheless, S2 RNA
is detected neither in the absence nor in the presence of
cAMP. CRP. A possible explanation is that the single-
base-pair deletion at -18 has destroyed the normal align-
ments of P2 (identical with the consensus promoter) at -17
(T) and at -151-14 (T-G), which may be more crucial for P2
activity than the weighted values used in the program of
Mulligan et al. (16), thus eliminating S2 RNA synthesis.
Third, since the 20-bp spacing for P1 is a better match to the
consensus promoter than to the hybrid promoter proposed
for galP18, we propose that the -35 region as well as the
-10 region of the P1 is used for S1 RNA in galP18. If P1 is
used for S1 starts in both galP+ and galPJ8 cells, we need to
explain how cAMP. CRP stimulates the former and inhibits
the latter. We propose that the angular relationship between
RNA polymerase contacts with the DNA at -10 and con-
tacts with either the DNA or CRP protein at the -35 region
is critical to the dual effects on P1 and P2 observed with
cAMP. CRP. In galP18 the single-base-pair deletion at -18
must cause a rotational perturbation that precludes stimula-
tion and facilitates inhibition by cAMP- CRP as seen for
galP+.

In summary, the following interactions will explain the
results obtained so far in studying transcription initiation of
the gal operon. (i) In the absence of cAMP. CRP, RNA
polymerase alone forms closed complexes poorly at P1, but
better at P2, whereas isomerization at P1 is more efficient
than that at P2. These disparate properties result, however,
in about equal promoter strengths for P1 and P2. (ii)
cAMP- CRP competes with RNA polymerase to bind to the
-40 region, which is critical for binding of the latter to P2.
Thus, cAMP- CRP inhibits P2 activity by precluding closed
complex formation. cAMP- CRP enhances the activity of
P1, possibly by enhancing the isomerization of RNA poly-
merase at this promoter. (iii) The degree of cAMP. CRP
activation of P1 and inhibition of P2 depends on the effective
concentration of the cAMP- CRP in the cell. In wild-type
cells, growing under conditions of little catabolite repres-
sion, both the enhancement of P1 and the inhibition of P2 are
about twofold. This modulation of P1 and P2 in opposite
directions could be made more severe by exogenous supply
of cAMP or by mutation. Another protein:DNA interaction
that may prove to be important for gal regulation has been
reported by Shanblatt and Revzin (20, 21). When RNA
polymerase plus cAMP- CRP occupy P1, a second CRP
complex can form immediately upstream in the -60 region
of the gal promoter. The physiological significance of this
complex is not known.
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