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We have generated a series of deletions in the downstream region of the lac promoter. The promoter activities
of these mutations were compared by measuring the levels of j8-galactosidase gene expression in vivo. Our
results show that deletion of downstream lac promoter sequences changes the promoter strength only two- to
threefold. The effects of these deletions on transcription initiation site location were studied through primer
extension assay of in vivo mRNAs. We found that the transcription start sites are primarily chosen as an
approximate distance from the -10 region of the lac promoter; however, starts are sometimes manifested at
a GAATT(C) sequence, which is identical to the wild-type preferred start site. lac promoter P2 and a newly
identified promoter, P3, are transcribed in vivo at low levels. Catabolite activator protein complexed with cyclic
AMP represses P2 and P3 expression in vivo. The secondary catabolite activator protein binding site plays at
most a modest role in catabolite repression in vivo.

plexed with cyclic AMP (cAMP). The mechanism of positive
control is not yet understood. The lac promoter-operator
region contains two CAP binding sites (6, 17). The primary
CAP binding site (CAP site 1) has been well studied, and it is
essential for CAP-dependent stimulation; however, no function has been reported so far for the secondary CAP binding
site which is located at a position overlapping the lac
operator (3, 6, 17).
Like some other promoter regions, the lac promoter
contains more than one overlapping promoter sequence. In
addition to the major in vivo promoter (P1) which programs
transcription starting from position + 1, a second RNA
polymerase interaction site (P2), which is displaced 22 bp
upstream from P1, has been identified. In vitro, P2 programs
transcription, and in the absence of CAP-cAMP, it is the
major binding site of RNA polymerase. No transcripts
derived from this promoter have been detected in vivo prior
to the experiments reported here (11, 15, 20). It was postulated that CAP might activate P1 transcription by preventing
RNA polymerase binding to P2, thus facilitating RNA polymerase binding to P1. However, P2 was later found to play
little or no role in the activation of the P1 promoter by
CAP-cAMP (2). It is not clear what the function of this
promoter is in vivo.
Mutant analysis of the lac promoter has been instrumental
in identifying its critical regions. Although many types of
mutations have been studied in the core region of the lac
promoter, few mutations have been made in the downstream
region. To evaluate the role of this downstream region
(which includes the P1 transcription initiation site and the
secondary CAP binding site), we have generated a series of
deletions. Quantitation of lac expression from these deletions has allowed us to study the role of these regions on
gene expression, transcription start site choice, and catabolite repression.
Our results show that deletion of downstream lac promoter sequences changes the promoter strength only two- to
threefold. In contrast, the deletion of the downstream-most
T- A base pair in the -10 region has a dramatic effect on the
level of transcription initiation as well as transcription initiation start site selection. We found that P2 and a newly
identified promoter, P3, are transcribed in vivo. Our studies
also indicate that the start sites are primarily chosen as an

The first step in gene expression is the process of transcription. Transcription initiation involves a series of specific interactions between RNA polymerase and the promoter DNA sequence. Upon binding to a promoter,
Escherichia coli RNA polymerase is in contact with a region
of about 70 bp (18, 19). It has generally been accepted that
the information essential for the functioning of unregulated
E. coli promoters is located within a core region of about 39
bp, which spans the sequence from position + 1 (transcription initiation point) to position -38. A comparison of many
E. coli promoters revealed striking sequence homologies
near the -35 and -10 regions, and the location of most
promoter mutations supported the proposal that sequences
in the -10 and -35 regions were essential for promoter
function. Sequence information flanking the core region may
also be important for promoter function. Of the 70 bp which
RNA polymerase contacts, about 20 bp (defined as downstream sequences) are transcribed. Kammerer et al. (8)
found that by changing such downstream sequences, promoter strength of PN25 (in coliphage T5) and Pcon (a synthetic
promoter with a consensus sequence) can be varied more
than 10-fold in vivo. They proposed that information encoded within this transcribed region may be involved in the
late steps of transcription initiation such as RNA chain
initiation and promoter clearance (8).
Transcription initiation of the lac operon includes a bimolecular binding reaction to form a closed complex,
isomerization to an open complex, formation of first phosphodiester bond, abortive initiation and recycling of the
polymerase, transition into an elongation complex, and
promoter clearance. Although the start site is generally
chosen as an approximate distance from the -10 region, how
the precise transcription initiation start point is chosen is not
fully understood (4).
lac expression is regulated at the level of transcription
initiation (for a review, see reference 16). Negative control
of lac expression involves the binding of lac repressor to the
operator sequence, thereby preventing transcription. Positive control of lac expression results from the activation of
transcription by the catabolite activator protein (CAP) com*
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approximate distance from the -10 region. However, apparent weak start sites are sometimes manifested at a GAA
TT(C) sequence, which is identical to the wild-type preferred
start site sequence. In situations in which more than one -10
region is present, the presence of the CAP-cAMP complex
can have a dramatic effect with respect to which -10 region
(and hence which start site) is chosen. Changes in the
secondary CAP binding site have at most a modest effect on
CAP-cAMP regulation of lac expression in vivo.
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MATERIALS AND METHODS
Enzymes, media, and reagents. Avian myeloblastosis virus
reverse transcriptase was purchased from Molecular Genetic
Resources, Inc. EcoRI, PvuII, T4 DNA ligase, EcoRI linker,
and the 1212 primer (dGTTl-TCCCAGTCACGAC) were
purchased from New England BioLabs. T4 nucleotide kinase was purchased from Promega Biotec. Si nuclease was
purchased from Pharmacia, Inc. Amp 400 primer (dTCATT
GGAAAACGTTCT) of the ,B-lactamase gene was obtained
from the University of Wisconsin Biotechnology Center.
Diethyl pyrocarbonate, ampicillin, and o-nitrophenyl-P-Dgalactopyranoside (ONPG) were purchased from Sigma.
Actinomycin D was purchased from Boehringer Mannheim

Biochemicals.
[-y-32P]ATP (>5,000 Ci/mmol) and [ct-32P]dATP (>3,000
Ci/mmol) were purchased from Amersham Corp.
Bacterial strains and plasmids. DHSa [F- endAl hsdRJ7
supE44 thi recAl gyrA96 relAl A(lac)U169 480dIacZM15
endAl] was used as the host for the generation of deletion
mutants. CSH26 [F- A(lac-proAB) thi] and CSH26 Acya [FA(lac-proAB) thi Acya] were used for P-galactosidase and
primer extension assays. XplacS-T743 and its derivatives
(see Fig. 2) were used to make single-copy X lysogens.
Starting plasmid pRZ8000 was constructed in this laboratory by replacing the 268-bp PvuII fragment of pUC119 with
a lac PvuII fragment which contains a wild-type lac sequence except for a G-to-C change at +5. A unique EcoRI
site was created by such change.
Construction of deletions. Plasmid pRZ8000 DNA was
used as the substrate for in vitro deletion mutagenesis (Fig.
1). A 10-plg sample of DNA was first digested with EcoRI
and then digested with 2.5 U of S1 nuclease for 5 to 10 min
at 30°C in S1 nuclease digestion buffer (5). S1 digestion was
stopped by phenol extraction. The DNA ends were filled in
with the Klenow fragment of DNA polymerase I and ligated
to a 12-mer EcoRI linker (CCGGAATTCCGG). After transformation into strain DH5a, the bacteria were incubated on
TYE agar plates containing 5-bromo-4-chloro-3-indolyl-pgalactoside and ampicillin. Light blue or blue colonies were
chosen for further study. Deletion mutants were screened by
EcoRI and PvuII digestion. The structures of these deletion
mutants were defined by dideoxynucleotide DNA sequencing.
3-Galactosidase assays. The mutations were crossed onto
XplacS-T743, which contains lacZ but is phenotypically
Lac- because it has the -11 G mutation in the lac regulatory
region. CSH26 and CSH26 Acya were lysogenized with the
recombinant phages as described by Karls et al. (9). Six of
the sixteen recombinant phages have been sequenced to
confirm their sequences. Monolysogens were identified by
the Ter excision assay (14). ,-Galactosidase assays were
performed by the methods of Miller (13) from lysogens
grown in M9 plus glucose. Values for P-galactosidase activities given in Table 1 are averages of three independent
isolates.

0

EcoRl

0

p

z

p

I

SI nuclcase digestion

0
_

t._

0
0

.f
0

p

JI

EcoRl Linker Ligation
(CCGGAAITCCGG)

0

FIG. 1. Generation of the deletions by 51 nuclease. The starting
plasmid pRZ8000 DNA was first linearized with EcoRI. A series of
deletions was then generated by 51 nuclease digestion. Blunt ends
were made by filling in with deoxynucleoside triphosphates, using
the Klenow fragment of DNA polymerase I. A 12-mer EcoRI linker
(CCGGAATTCCGG) was inserted between the deletion endpoints.

Preparation of RNA. Plasmid-encoded RNAs were prepared as follows. CSH26 and CSH26 Acya cells containing
the plasmid of interest were grown to an optical density at

550 nm of 0.5 in 4 ml of LB medium at 30'C. Then 6 ji,l of
chloramphenicol (20 mg/ml) was added to the culture, and 1
ml of culture was immediately transferred to a microfuge
tube. After a spin of 15 s in the microfuge, the cell pellet was
resuspended in 200 pAl of STET buffer (12). An equal volume
of phenol-chloroform (1:1) was added. Samples were placed
at 100'C for 40 s and then microfuged for 3 min. The aqueous
phase was extracted with an equal volume of chloroform and
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precipitated by adding 100 ,ul of 7.5 M ammonium acetate
and 1 ml of ethanol. After incubation on ice for 10 min, RNA
was pelleted by centrifugation for 10 min at 4°C, washed with
absolute ethanol, and resuspended in 50 lI of diethyl pyrocarbonate-treated H20.
Primer extension assays. Primer extension assays were
carried out as described by Inoue and Cech (7). 5'-Endlabeled 1212 and Amp 400 primers were used. Samples of 3
to 20 ,lI (10 pg) of RNA prepared as described above were
speed vacuum dried and redissolved in 10 ,ul of hybridization
buffer containing 5 ,ug of either the 1212 primer alone or both
1212 and Amp 400 primers. The hybridization step was done
at 37°C for 15 min, and the primer extension step was done
at 45°C for 30 min in the presence of actinomycin D (100
,ug/ml). Quantitation of mRNA was done by measuring the
radioactivity of corresponding transcripts on a primer extension gel with a Betascope model 603 blot analyzer from
Betagen Corp.
RESULTS
Generation of deletion mutants. Si nuclease was used to
generate deletions from an engineered EcoRI site located at
-1 to +5 in the wild-type lac-controlling elements of
pRZ8000 (Fig. 1). The EcoRI site was restored by insertion
of an EcoRI linker between the two deletion endpoints. Two
types of deletions were obtained. One type of mutant contains long deletions (13 to 23 bp) progressively encroaching on the -10 region and extended to +8 (pRZ8004 to
pRZ8011), including one (pRZ8012) which deleted further up
to the -35 region. The other type of mutant contains short
deletions of 4 to 9 bp around + 1 (Fig. 2, pRZ8026 to
pRZ8033). pRZ8031 contains only the EcoRI linker insertion.
Transcription initiation site choice. The 5' ends of the in
vivo lac mRNAs of different deletion mutants were studied
through primer extension method. Typical results are shown
in Fig. 3 and 4.
In the mutant set containing the long deletions, transcription usually began from multiple sites located at -22 (P2),
-15 (which shall be called P3), and around the +1 (P1)
position of the wild-type sequence GAATT(C) (Fig. 2,
pRZ8004 to pRZ8011) in both CSH26 and CSH26 Acya
strains. In addition, one more start site was found to be
located 10 bp downstream of the -10 T position in CSH26
for pRZ8004, pRZ8005, and pRZ8006. pRZ8012, containing
the deletion into the -35 region, gave no detectable lac
transcripts.
In the short-deletion set (Fig. 2, pRZ8026 to pRZ8033),
transcription initiation sites were generally at a preferred
distance 9 to 11 bp downstream from the -10 T in the
presence of CAP-cAMP (in CSH26). Without CAP-cAMP
(in CSH26 Acya), multiple start sites were often found at
positions -22 (P2), -15 (P3), and 9 to 11 bp downstream
from the -10 T (P1).
pRZ8031, which contains the 12-mer EcoRI linker inserted
between +4 and +5, starts only around +1 with or without
CAP-cAMP. This result indicates that the multiple starts
found in other constructs in the absence of CAP-cAMP were
not due to the insertion of the EcoRI linker.
In addition to the bands representing transcription starts in
the P1, P2, and P3 regions, there are faint bands at approximately +20 (relative to the wild-type start site) in Fig. 3 and
4. These bands may be due to an avian myeloblastosis virus
reverse transcriptase pause site which is sequence dependent, or they may be due to a very weak start site corre-
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sponding to a downstream promoterlike activity described

by Karls et al. (9).
P-Galactosidase assay. Mutations were crossed onto a X
phage containing the lac regulatory region and lacZ. Single
lysogens were constructed in strain CSH26 (with CAP and
cAMP). f3-Galactosidase activities were measured (Table 1).
The starting construct (8000) programs levels of 3-galactosidase almost identical to those of a true-wild type lac promoter (with a G/C at position +5) (data not shown). For the
long-deletion set (8004 to 8011), 3-galactosidase activities
decreased dramatically; only 2 to 3% of the f3-galactosidase
activity was left. This is true even when a single base pair of
the -10 region was deleted, as demonstrated by mutants
8004 and 8005. When the deletion extended into the -35
region, such as in 8012, the 3-galactosidase activity was
barely detectable. The short-deletion set (8026 to 8033),
however, showed two- to threefold increases in f-galactosidase activities relative to the wild-type control except for
mutant 8030, which exhibited a 70% decrease in activity.
3-Galactosidase activities of these mutants were also
measured as monocopy lysogen constructs in CSH26 Acya.
In the cya background, f-galactosidase expression for the
mutants varied less than fourfold (Table 1). A twofold
increase of ,B-galactosidase activity in the long-deletion
mutants (8004 to 8012) was observed in the absence of
CAP-cAMP when compared with that in a cya+ background.
In contrast, CAP-cAMP could stimulate f-galactosidase
expression in the short-deletion mutants (8026 to 8033) to
levels comparable to that of the starting strain 8000 (36-fold
stimulation). Two exceptions were found in this group: 8030
was stimulated only 8.9-fold, and 8026 was stimulated about
19-fold.
Quantitation of mRNA in CSH26. The amount of mRNA
programmed in vivo by short deletions was determined by
primer extension analysis. We used the f-lactamase message
(also encoded by the plasmid carrying the deletions) as an
internal standard for copy number variations between the
different plasmids. Quantitation of lacZ message was done
only for short deletions in the cya+ background (Table 2).
None of the deletions examined showed great differences in
mRNA levels from that of the wild-type promoter. It was
difficult to quantify mRNAs accurately for the long deletions
or under cya conditions because of the very low levels of
lacZ expression. The autoradiograms of primer extension
products showed that the mRNA levels of long-deletion
mutants dropped dramatically; the mRNA levels exhibited
changes similar to those of their f-galactosidase levels.
DISCUSSION
Downstream deletions of the lac promoter. The contributions of downstream sequences to the lac promoter have
been studied through a deletion analysis. As with any
deletion study, the resulting properties might be a consequence of the sequences which are removed or of the new
sequences. In these studies, we believe that we are primarily
examining the effect of sequence removal, since many different deletions with different new downstream sequences
manifest qualitatively similar properties.
In vivo transcription of promoters P2 and P3. In addition to
the lac P1 transcription initiation site, two upstream lowlevel start sites were observed in vivo for almost all of the
deletion mutations that we studied in cya strains or for those
deletions without an intact -10 region in a cya+ background
(mutants 8004 to 8011). One start site, which is presumably
programmed by the lac P2 promoter, is around -22. Al-
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FIG. 2. DNA sequences of deletion mutants. The resides are numbered relative to the transcription start site of the wild-type lac promoter
(+ 1). The -35 and -10 regions of lac P1 are underlined. The positions of the EcoRI linker are boxed. The apparent in vivo transcription start
sites are indicated by arrows in strain CSH26 (with CAP-cAMP) or by dots in strain CSH26 Acya (without CAP-cAMP).

though P2 was previously found to transcribe in vitro (11, 15,
20), our experiments indicate that P2 can also be transcribed
in vivo at the same site as in vitro. Another start is around
-15, which has not been previously reported. A possible
-35 and -10 promoter sequence can be assigned for the -15
start site (Fig. 5). It is interesting that the wild-type lac
promoter as exemplified by pRZ8000 shows very low levels
of P2 transcripts and no detectable P3 transcripts in the
absence of CAP-cAMP. P2 expression probably always
exists but cannot be easily observed because of the overwhelming expression of P1. P3 is an even weaker promoter;

its transcription may be observed only by mutations that
alter P1.
CAP usually acts as an activator protein of lac expression.
However, CAP causes about a twofold repression in lac
expression in mutants 8004 to 8011. In the wild-type lac
operon, CAP stimulates P1 expression to a very high level so
that the contribution of P2 and P3 to the total level of lac
expression is negligible. In deletions 8004 to 8011, however,
P1, P2, and P3 are transcribed at comparable levels in a cya+
background. Consequently, repression of P2 and P3 led to
significant reduction in the total level of lac expression in
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FIG. 3. Primer extension analysis of the long deletions of the lac promoter. The in vivo start points of lac transcripts programmed by lac
promoter mutations were examined by primer extension analysis as described in Materials and Methods. Lanes 1 to 4 represent a sequencing
ladder of the lac promoter region from plasmid pRZ8000. The transcription products of the mutant promoters are shown in strain CSj126 (A)
and in strain CSH26 Acya (B). Lanes: 5, pRZ8000; 6, pRZ8004; 7, pRZ8005; 8, pRZ8006; 9, pRZ8007; 10, pRZ8008; 11, pRZ8010; 12,
pRZ8011; 13, pRZ8012.

these mutants. These results indicate that CAP can function
as a repressor of P2 and P3. These data are consistent with
previously reported P2 results in vitro (11).
The physiological function of P2 and P3 is unknown. One
possibility is that the existence of such nascent promoters
may help increase the local concentration of RNA polymerase for P1 transcription. Alternatively, these promoters may
be' the remnants of ancestral promoters that have been
superseded by P1, which is efficiently regulated by catabolite
repression.
Transcription initiation start site choice. A transcription
initiation start site is generally chosen as an approximate
distance from the so-called -10 region (4); however, it is not
known what factors determine the precise start site. The
results of our experiments demonstrate that the start site
choice of the lac promoter P1 is affected by at least three
factors: the -10 region, CAP-cAMP, and the start site
sequence. We conclude the following. (i) The -10 region is
the dominant factor for start site choice and programs a start
at a preferred distance of 9 to 11 bp from the -10 position.
(ii) In situations with more than one prQrnoter, the CAPcAMP complex can have a dramatic effect in regard to which
-10 region is chosen. We found that in the' presence of
CAP-cAMP, transcription from P1 is preferred. (iii) Transcription starts at a GAATT(C) sequence, which is identical
to the wild-type preferred start site, when either an intact
-10 region or CAP-cAMP is absent.

Our analysis of P1 transcripts confirmed previous findings
that in the presence of an intact -10 region (mutants 8026 to
8033), transcription initiation sites are usually located at a
preferred distance of 9 to 11 bp from the -10 T regardless of
the sequence at the start site (Fig. 2). If the -10 region has
been partially deleted, one can detect weak transcription
starts which are in the G or the first A of the GAATT(C)
sequence in the linker (mutants 8004 to 8010). These data
indicate that in the presence of an intact -10 region,
transcripts are programmed to start at a preferred distance of
about 10 bp downstream from the -10 position and that
deletions into the -10 region will decrease this preference
and result in starts at the GAATT(C) sequence.
When more than one promoter is present, such as P1, P2,
and P3 in mutants 8026 to 8033, CAP-cAMP has a dramatic
effect on which -10 is chosen. In the presence of CAPcAMP, transcription of mutants 8026 to 8033 starts only from
P1. CAP-cAMP achieves this goal by stimulating P1 and
meanwhile inhibiting P2 and P3 transcription. CAP-cAMP
can also facilitate lac P1 transcription initiation at the
preferred distance programmed by the -10 region even
when the -10 region has been partially deleted. Deletions of
only a small portion of the -10 region of lac P1 (mutants
8004, 8005, and 8006) have led to a partial loss of the function
of the -10 region. However, some mRNAs are still made
initiating at about 10 bp from the -10 T in these mutants in
the presence of CAP-cAMP.
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TABLE 1. ,B-Galactosidase activity
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8000
8004
8005
8006
8007
8008
8010
8011
8012
8026
8027
8028
8029
8030
8031
8032
8033

(A-7 to +8)
(A-7 to +6)
(A-8 to +8)
(A-II to +7)
(A -12 to +8)
(A-14 to +9)
(A-14 to +6)
(A-32 to +6)
(A-1 to +6)
(A-3 to +4)
(A+ 1 to +4)
(A-I to +4)
(A-3 to +6)
(insert at +4)
(A-2 to +5)
(A+ 1 to +6)

cva +/cya

cya

1,400 (100)
36 (3.3)
29 (2.2)
28 (2.2)
26 (2.1)
18 (1.7)
30 (2.6)
26 (2.3)
0.73 (0.073)
1,900 (140)
2,700 (270)
3,600 (330)
2,700 (300)
350 (0.31)
1,900 (170)
2,500 (280)
1,400 (150)

38
74
47
71
66
43
73
59
1.6
99
86
150
120
39
67
81
60

(100)
(210)
(130)
(190)
(170)
(110)
(120)
(170)
(3.8)
(260
(210)
(310)
(380)
(100)
(170)
(260)
(200)

36C
0.49
0.62
0.39
0.39
0.42
0.41
0.44
0.47
19
35
23
23
8.9
28
31
23

Standard deviations are less than 10% of sample averages.
b Value in parentheses is percentage of wild-type level, normalalized from
daily data with a true wild-type lac (Mplac-5) as a control.
XplacS displays a 24-fold cya+/cya ratio.

FIG. 4. Primer extension analysis of the short deletions of the lac
promoter. The in vivo start points of lac transcripts programmed by
lac promoter mutations were also examined by primer extension

analysis for the short deletions in strain CSH26. Lanes 1 to 4
represent a sequencing ladder of the lac promoter region from
plasmid pRZ8000. The transcription products of the mutant promoters are shown. Lanes: 5, pRZ8000; 6, pRZ8026; 7, pRZ8027; 8,
pRZ8028; 9, pRZ8029; 10, pRZ8030; 11, pRZ8031; 12, pRZ8032; 13,
pRZ8033.

The start site sequence can also play a role in transcription
initiation start point selection, especially when the other two
determinants (CAP and the -10 region) are absent. We have
found that a GAATT(C) sequence at the start site is preferred. In the presence of CAP-cAMP, transcription starts
only at a preferred distance of 9 to 11 bp from the -10 T
when the -10 region is intact (mutants 8026 to 8033). In the
absence of CAP-cAMP, however, some transcripts also
initiate at the GAATT(C) sequences whose locations do not
satisfy the distance requirement (mutants 8028, 8029, and
8033). Starts at such a GAATT(C) sequence may always
exist at low levels, but they cannot be seen when CAPcAMP stimulates lac P1 transcription to a very high level.
When the -10 region has been partially deleted (mutants
8004 to 8007), one can detect weak transcription starts at the
GAATT(C) sequence regardless of the distance from the
-10 region. Such starts are sometimes manifested even in
the absence of an obvious upstream -10 region (mutants
8008 and 8010).
Effects of downstream promoter deletions on lac expression.
Kammerer et al. found that by changing so-called downstream sequences, promoter strength of PN25 and Pcon can be
varied in vivo more than 10-fold (8). Our results of downstream deletions in the lac promoter show that the deletion

of such downstream sequences changed the lac promoter
strength by less than threefold (Table 1, mutants 8026 to
8033). However, deletions of sequences in the core region,
especially in the -10 region, significantly reduced promoter
strength (Table 1, mutants 8004 to 8012). The results suggest
that information encoded in the downstream sequences of
the lac promoter is not as important as information in the
core region of the promoter.
Since the 5' ends of the mRNAs of our deletions have been
changed, variations in messenger stability in translation
initiation efficiency may have been a problem. Quantitation
of mRNAs, however, showed that none of the deletions
examined exhibited significant changes in messenger levels
except those which entered the -10 region. Also, since the
level of transcription is consistent with the level of translation, we believe that the stability of mRNA and the frequency of translation initiation are relatively constant for our
series of deletion mutants.
Functioning of a secondary CAP binding site. Although a
secondary CAP binding site was found in vitro covering the
lac operator region (6, 17), the function of this site is
unknown. We studied mutants with deletions in this CAP

TABLE 2. Quantitation of mRNA in strain CSH26a
Deletion

8000
8026
8027
8028
8029
8030
8031
8032
8033

(A-1 to +6)
(A-3 to +4)
(A+1 to +4)
(A-1 to +4)
(A-3 to +6)
(insert at +4)
(A-2 to +5)
(A+1 to +6)

(transcription)

% 3-galactosidase activity
(transcription
and
translation)

100
120
210
98
130
100
120
280
130

100
140
270
330
300
31
170
280
170

% lacZ
mRNA level

Standard deviations are less than 10% of sample averages.
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-60

-50

-40

-30

-20

-10

+1

+10

+20

5'GCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTT 3'

FIG. 5. DNA sequences of lac promoters P1, P2, and P3. The start points for transcription from the lac promoters are shown; the + 1
position corresponds to the start point of the transcript programmed by the P1 promoter, transcription from the P2 promoter initiates at -22,
and transcription of P3 promoter starts from -15. The -10 and -35 regions of P1, P2, and P3 are indicated by solid, wavy, and bold lines,
respectively.

binding site in order to assess the possible roles of CAP site
2 for catabolite repression.
The sequence TGTGA is generally believed to be crucial
for CAP-cAMP recognition (1, 3, 21). Two sets of such
sequences can be found in the secondary CAP binding site of
wild-type lac promoter (Fig. 6). Since, with respect to the
DNase I protection pattern, the TGTGA sequence around
+6 is located at a position similar to that of its counterpart of
CAP site 1, it is more likely to be the relevant CAP
recognition sequence even though in our constructs the first
G of the pentamer has been changed to C. Therefore, we
predict that deletions made in the left-side sequence (TC
TGA) can be used to examine the role of the secondary CAP
binding site in catabolite repression. The catabolite repression ratio of deletions 8026 through 8033 are usually close to
that of the wild type. Therefore, the secondary CAP site
does not play a role in catabolite repression. Two exceptions
were found which exhibited significant decreases for catabolite repression: 8030 retained only one-fourth the sensitivity
of catabolite repression of 8000, and 8026 retained about
half. An examination of this deletion set revealed that 8026
and 8030 made the largest deletions into the left CAP
recognition sequence (three of the five base pairs of TCTGA
were deleted). However, this cannot explain why 8033 with
the same extent of deletion into the secondary CAP recognition sequence did not show the same degree of catabolite
repression. Since the insertional mutant 8031 did not exhibit
a dramatic decrease in catabolite repression, we rule out the

possibility that the reduction of catabolite repression in 8030
and 8026 is due to the insertion of an EcoRI linker. There can
be other explanations for the decreases of catabolite repression ratios in mutants 8026 and 8030. For example, mutant
8026 has only a 19-fold catabolite activation, but it activates
to wild-type levels and the reduction might be due to an
elevated basal level of expression (Table 1). Mutant 8030 has
a threefold-reduced activated ,B-galactosidase but has 100%
of wild-type mRNA; thus, there may be a translation problem.
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ADDENDUM
After submission of this report, we learned of an independent work by Lorimer et al. (10) in which the downstream
region of the lac promoter was studied. Their finding that the
normal sequence downstream from -6 is not essential for
proper and efficient in vitro utilization of the E. coli lac
promoter is consistent with the in vivo results found in this
study.
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