Proc. Nat. Acad. Sci. USA
Vol. 72, No. 11, pp. 4394-4398, November 1975
Biochemistry

Initiation of in vitro mRNA synthesis from the wild-type Ilac

promoter

(regulation of catabolite gene activator protein/repressor function/dinucleotides/restriction fragment)

JOHN MAJORS

Committee on Biophysics, The Biological Laboratories, Harvard University, Cambridge, Massachusetts 02138

Communicated by Charles Yanofsky, September 5, 1975

ABSTRACT  An in vitro transcription system, dependent
on catabolite gene activator protein (CAP), utilizing a 200
base-pair restriction fragment, has been used to show that
the initiation site of the wil -tg'se Escherichia coli lac
mRNA, and that of two mutants, 8d and p*, are identical to
that previously reported for the CAP-independent promoter
mutant UV5. Order of addition experiments are uses to show
that the binding of lac repressor to the operator is competi-
tive with that of the RNA polymerase (nucleosidetriphos-
phate:RNA nucleotidyltransferase, EC 2.7.7.(3:0 the promot-
er, thus demonstrating functional overlap of the operator and
promoter sites.

Control of gene expression in prokaryotic cells is exercised
primarily at the level of transcription. In the lactose operon
of Escherichia coli, a model system for the study of this con-
trol, coordinate transcription by the RNA polymerase of the
three genes responsible for lactose metabolism is subject to
the negative control of the lactose repressor protein and the
positive control of the catabolite gene activator protein,
CAP. In the absence of a suitable inducer, the lac repressor
binds to the operator and prevents expression of the lac z, y,
and a genes (1, 2). CAP is the cAMP-activated mediator of
catabolite repression in E. coli (3, 4), a mechanism that en-
ables a cell growing in the presence of glucose to restrict
synthesis of enzymes responsible for the less efficient metab-
olism of certain other sugars (5). A low extracellular glucose
concentration induces a high intracellular level of cAMP (6),
whereby CAP is activated and potentiates initiation by the
RNA polymerase at promoters of catabolite repressible genes
(7-9).

In vitro transcription from the lac promoter has been
shown to be sensitive to these controls and to promoter
mutations in the template DNA (9, 10). The sequence of the
first 63 bases of the mRNA from the CAP-independent pro-
moter mutant, UV5, has been determined (11), as has that of
the entire promoter-operator region of the wild-type strain
(12). The operator has been isolated; its base sequence has
been determined and contains the initiation site for the UV5
mRNA (13). This evidence argues for a simple competitive
binding model for the interaction between lac repressor, the
RNA polymerase, and the UV5 control region. Earlier re-
sults by Chen et al. (14) suggested a different model for
wild-type lac control in which the repressor and polymerase
binding are completely independent, presenting the possibil-
ity that the wild-type mRNA initiation site differs from that
of the mutant UV5. I report here experiments which show
that the wild-type mRNA initiation site is in fact identical to
that of UV5, and demonstrate that, contrary to the results of
Chen et al., the binding of repressor to the operator and the

Abbreviations: CAP, catabolite gene activator protein; TBM, 0.1 M
Tris-borate, pH 8.3, 2 mM MgCly; TBE, 0.1 M Tris-borate, pH 8.3,
1 mM EDTA; IPTG, isopropyl-3-D-thiogalactopyrannoside.
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binding of polymerase to the promoter are mutually exclu-
sive events.

METHODS

The Hae 200 DNA Fragment. The two-hundred base
pair Hae 200 fragment, which carries the lac promoter-op-
erator region, was isolated starting from intact Aplacs phage.
Sonicated, thousand base pair fragments were prepared and
purified for lac-containing DNA as described by Gilbert and
Maxam (13). These fragments, typically 500 ug in a volume
of 2 ml, were digested for 1 hr at 37° with Haelll enzyme in
a buffer containing 10 mM Tris-HCI, pH 7.5, 10 mM MgCl,,
1 mM dithiothreitol, and 200 ug/ml of bovine serum albu-
min. The Haelll enzyme, purified by the method of Mid-
dleton et al. (15), was kindly supplied by Edith Butler. The
cut fragments were then made up to 2 M NH4OAc, precipi-
tated with 2 volumes 95% ethanol, resuspended in 0.5 M
NH4OAc, again precipitated with ethanol, and then electro-
phoresed through a 5% polyacrylamide TBM (0.1 M Tris-
borate, pH 8.3, 2 mM MgCly) gel (13). The Hae 200 frag-
ment, visualized with ultraviolet light by viewing the gel
against a fluorescent screen, was cut out, eluted overnight
into 0.5 M NH4OAc, 0.1% sodium dodecyl sulfate, 10 mM
Mg(OAc)z, and 0.1 mM EDTA, then precipitated twice with
ethanol and used in the in vitro reaction described below.

In Vitro Synthesis of Wild-Type mRNA. Typical reac-
tion mixtures contained in a volume of 25 ul: 30 mM Tris-
HC], pH 8.0, 3 mM MgCl, 100 mM KCl, 0.1 mM EDTA,
0.1 mM dithiothreitol, 0.5 mg/ml of bovine serum albumin,
1 mM cAMP, 0.1 ug of Hae 200, 1 ug of RNA polymerase
(nucleosidetriphosphate:RNA  nucleotidyltransferase, EC
2.7.7.6), and 0.25 ug of CAP. RNA polymerase was purified
by the method of Berg et al. (16) through the glycerol gradi-
ent step and was stored at 4° as it came off the gradient.
CAP was purified by the method of Pastan et al. (17) with
the modification that dithiothreitol was excluded through-
out. In a typical reaction, salts, DNA, cAMP, and CAP were
preincubated at 37°; after 3 min RNA polymerase was
added and incubation was continued for an additional 5-10
min. At this time heparin(Upjohn), a polyanionic inhibitor
of free RNA polymerase (18), was added to a concentration
of 100 ug/ml to eliminate nonspecifically bound polymeras-
es. One minute later synthesis was begun with the addition
of triphosphates, ATP and GTP to a concentration of 200
uM, and UTP and CTP to a concentration of 2-10 uM. Ei-
ther or both of the latter were [a-32P]NTP at a specific ac-
tivity of greater than 100 Ci/mmol (New England Nuclear).
After 10 min, synthesis was terminated by the addition of
0.5 ml of an ice-cold solution containing 2 M NH4OAc, 2
mM EDTA, and 100 ug/ml of tRNA (Schwartz). Two vol-
umes of 95% ethanol were added, and the RNA was precipi-
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FIG. 1. The lac Hae 200 fragment with significant genetically
and biochemically defined regions as determined by Gilbert et al.
(20, 33) and Beckwith et al. (21, 22). The sequence to the left of
the initiation site was determined by both Dickson et al. (12) and
A. Maxam (unpublished results).

tated. The precipitate was resuspended in 0.5 ml of 0.5 M
NH,4OAc, again precipitated with ethanol, resuspended in
100 ul of distilled water, and lyophilized. The RNA was then
electrophoresed through a 12% polyacrylamide, 7 M urea,
TBE (0.1 M Tris-borate, pH 8.3, 1 mM EDTA) gel (13). The
RNA band, visualized by autoradiography, was cut out and
its radioactivity was determined in a scintillation vial or it
was eluted into 0.5 ml of the elution buffer described in the
previous section containing 20 ug of tRNA.

Alkaline Phosphatase Digestion. RNA was synthesized
in reaction volumes of 50 ul. After 10 min of synthesis at 37°
the mixture was divided into equal aliquots, to one of which
was added 20 ug of bacterial alkaline phosphatase (Worth-
ington), and incubation was continued at 37° for 1 hr. The
reaction was terminated with the addition of 0.5 ml of 2 M
NH,OAc, 2 mM EDTA, 100 ug/ml of tRNA, and the sam-
ple was prepared for electrophoresis as described previously.

Fingerprinting. Fingerprinting techniques are described
in Barrel (19) and in Maxam and Gilbert (13). The first di-
mension buffer was 5% HOAc, 0.1% pyridine, 7 M urea, and
5 mM EDTA. The high EDTA concentration was to prevent
any triphosphate end from smearing. The secand dimension
buffer was 7% formic acid, pH 1.7.

RESULTS

These experiments were made possible by the recent isola-
tion of a small promoter-containing DNA fragment, gener-
ated by the digestion of thousand base pair sonicated lac
fragments with the Haelll restriction endonuclease of He-
mophilus aegyptius (20). The fragment, detailed in Fig. 1
and designated Hae 200, is about 200 base pairs long and
was originally shown to contain the complete lac control re-
gion by the following criteria: (i) In an in vitro system using
the Hae 200 fragment from the UV5 mutant and the dinu-
cleotide GpA as a primer, UV5 mRNA was synthesized
whose sequence extends into the region of the message cod-
ing for the NHs-terminus of 8-galactosidase, the product of
the z gene (N. Maizels, unpublished results). (ii) In a digest
of DNA from a strain containing the L1 deletion, known to
cover both the COOH-terminus of the i gene and part of the
lac promoter (21, 22), only the Hae 200 fragment showed an
altered mobility on polyacrylamide gels (W. Gilbert, J. Gral-
la, and A. Maxam, to be published); the deletion falls com-
pletely within this fragment. The Hae 200 piece therefore
must contain the entire region from the end of the i gene to
the beginning of the z gene.

The fragment was isolated in microgram quantities start-
ing from 50 or 100 mg of sonicated Aplacs fragments and
used as a template in the in vitro transcription system de-
scribed in Methods. (Although the majority of lac specific
RNA synthesized in vitro from whole Aplacs DNA origi-
nates from a phage promoter and is not subject to either re-
pressor or CAP control, the strain does contain a wild-type
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FIG. 2. Polyacrylamide gel electrophoresis pattern of RNA
synthesized in vitro from the wild-type lac Hae 200 fragment. In
each case the major band (4), about 56 bases long, was cut out,
placed in a scintillation vial, and counted using Cerenkov radia-
tion. Reaction conditions for each were as described in Methods
with the indicated modifications:

Cerenkov cpm

(i) — cAMP + CAP 814
(ii) + cAMP — CAP 1,072
(iii) + cAMP + CAP 18,262
(iv) + cAMP + CAP + 0.25 mg of lac re-
pressor added before RNA poly-
merase 384

(v) + cAMP + CAP + 0.25 mg of lac re-
pressor + 1 mM IPTG, an inducer

of the repressor 11,300
(vi) + cAMP + CAP + 0.25 mg of lac re-

pressor added 10 min after RNA

polymerase 15,262

o is the origin; xc is the position of the xylene cyanol dye marker;
and bpb is the position of the bromphenol blue dye marker. IPTG,
isopropyl-g-D-thiogalactopyrannoside.

lac promoter and operator which can be isolated apart from
the phage promoter on the Hae 200 fragment.) Fig. 2 shows
that the major synthesis product is a broad band on a 12%
polyacrylamide, 7 M urea TBE gel, with a mobility corre-
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sponding to a piece of RNA about 56 bases long. As can be
seen in the same figure, its synthesis (and that of a number
of minor bands, about which more will be said shortly) is
about 20-fold stimulated by cAMP and CAP and is sensitive
to the action of lac repressor. The major band was eluted
from the gel, digested with either T1 or pancreatic ribonu-
clease, and subjected to two-dimensional electrophoresis.
The resultant fingerprints contained each of those T1 and
pancreatic fragments found by N. Maizels in RNA of the
same length synthesized from the UV5 promoter (11), with a
possible ambiguity existing only in the identity of the tri-
phosphate end. This identity was indirectly determined by
treating part of a reaction mixture with alkaline phospha-
tase. Treated and untreated aliquots were then run in paral-
lel through a 12% gel, digested with either pancreatic or T1
ribonuclease, and fingerprinted. The appearance of addi-
tional label in"a fragment of the treated material identifies
that fragment as the 5’-triphosphate end. In the T1 finger-
print of RNA labeled with both [a-32P]UTP and [a-
32PICTP, the treated sample has additional label only in Ap-
ApUpUpGp and is missing a spot that moves like a triphos-
phate end in a fingerprint of the nonphosphatased aliquot. A
pancreatic fingerprint of identical RNA shows that phospha-
tase treatment transfers label only to ApApUp and GpAp-
ApUp and nowhere else. Therefore, the message can begin
either pppApApUpUpGp . .. or pppGpApApUpUpGp .. .,
the same result as found for UVS5 (11). The location of the
initiation site within the Hae 200 fragment and in relation
to other genetic landmarks is shown in Fig. 1. Although the
ratio of ATP starts to GTP starts varies with the experimen-
tal conditions, approximately equal recovery of pppApAp-
UpUpGp and ApApUpUpGp in the T1 fingerprints of RNA
synthesized in a number of different experiments indicates
that the RNA polymerase will initiate at either site with al-
most equal probability, in contrast to the results of synthesis
off UV5 at 25°, where a predominance of ATP starts was
seen (11).

A number of the minor bands, whose syntheses are subject
to both CAP and repressor control, were also fingerprinted.
Each of those examined initiated at the same site as the
major product. The longest was 63 bases long (see Fig. 2)
and contained RNA complementary to the entire right end
of the Hae 200 fragment. Therefore, under the conditions of
the synthesis a majority of the polymerases halt before
reaching the end of the fragment. This phenomenon is en-
hanced by the use of heparin; more polymerases reach the
end when rifampicin is used or when heparin is omitted.
This pausing site does not correspond to any of those re-
ported by Maizels, and is a function of the polymerase hav-
ing to “run-off” the end of the DNA fragment.

This same system has been used to synthesize mRNA from
the Hae 200 fragments of several promoter mutants: UVS5,
as discussed earlier; 8d, a UV5-like partially CAP-indepen-
dent mutant (23); and p®, a mutant with a greater sensitivity
to CAP in in vitro systems (24). The RNA polymerase ini-
tiates from all of these promoters at the same site, again
showing no preference for ATP or GTP as the initiating tri-
phosphate.

Dinucleotides may be used to prime synthesis by RNA
polymerase when the purine triphosphate concentrations are
too low to allow initiations to occur (25, 26). The ability of
the polymerase to initiate synthesis at sites close to the above
reported initiation site was checked by using primer dinu-
cleotides complementary to the known sequence around this
site (see Fig. 1). The dinucleotides UpG, GpU, GpG, GpA,
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FI1G. 3. Functional overlap of the repressor and polymerase
interaction sites demonstrated by measuring the kinetics of forma-
tion of a heparin-resistant complex. In the first experiment (®)
RNA polymerase was added to a reaction mixture containing CAP,
cAMP, and Hae 200 at 0 min. lac repressor was added at the indi-
cated times. Five minutes later heparin was added to a concentra-
tion of 100 ug/ml, followed 1 min later by the addition of triphos-
phates, including [a-32P]JUTP. The synthesized RNA was electro-
phoresed on a 12% polyacrylamide gel and the major band cut out
and counted as described in Methods. In the second experiment
(O) repressor was added to a reaction mixture containing CAP,
cAMP, and Hae 200. After 5 min at 37° RNA polymerase was
added. Ten minutes later, at 0 min on the time scale in the figure,
the repressor was induced by the addition of IPTG to a concentra-
tion of 1 mM. Heparin to 100 ug/ml was added at the indicated
points in the time course, and synthesis was begun 1 min later with
the addition of triphosphates. (X) is the level of RNA synthesis
when IPTG is added before the addition of lac repressor.

ApA, and ApU were each tested at concentrations of 200 uM
with the triphosphates all held below 10 uM. Of these, only
GpA, GpG, and ApA stimulated any mRNA synthesis; GpA
was about 3-fold more efficient than GpG and many-fold
more efficient than ApA, which barely promotes synthesis.

How the lac Repressor Works. The polymerase initiates
synthesis of the wild-type mRNA within the operator, func-
tionally defined as that sequence of DNA made resistant to
DNase digestion by the interaction of the lac repressor. It
follows that the repressor probably functions by preventing
the polymerase from forming an initiation complex. This
scheme is contrary to the accepted model for the repressor-
polymerase interaction with the wild-type lac promoter
(14), though consistent with that for both UV5 and p* (10,
14). To check this prediction, I did simple order of addition
experiments: adding repressor and polymerase at different
times to a reaction mixture containing DNA and CAP. The
major synthesis product was isolated on polyacrylamide gels,
cut out, and counted for incorporated radioactivity. Fig. 3
shows that within an incubation time of 8 min a large num-
ber of RNA polymerase-lac promoter complexes become re-
fractory to the influence of lac repressor. Presumably this
lag represents the time it takes the polymerase to attach it-
self to the promoter and form a heparin-resistant complex,
since a similar lag is seen if one alters the above experiment
by adding heparin instead of repressor at the indicated times
and then allows synthesis to proceed (data not shown).

In a different experiment repressor, CAP, and Hae 200
were preincubated at 37° before the addition of RNA poly-
merase. Polymerase was then added, and incubation contin-
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ued for another 10 min, at which time repressor was in-
duced by the addition of IPTG. The ability of the polymer-
ase to form a heparin-resistant initiation complex after in-
duction was then monitored by adding heparin at different
times with respect to this induction. As can also be seen in
Fig. 3, the kinetics of this formation were essentially identi-
cal to those found in the previous experiment, requiring up-
wards of 8 min after induétion for full expression to be
reached. Because IPTG-induced repressor dissociates from
the operator extremely rapidly (27), this lag again probably
represents the association of free RNA polymerases. A simi-
lar lag has been reported for the association of the polymer-
ase with the ¢rp promoter (28) and with the lac p* promoter
(9). Hinkle and Chamberlin (28), using filter binding, have
shown that RNA polymerase forms a tight complex with T7
DNA with a half-life of on the order of 20 sec, while the
above-mentioned systems show half-life association times of
on the order of 2-4 min. The reason for the difference be-
tween these association times is not known, although in some
cases a small amount of core enzyme in the polymerase
preparation might partially inhibit the formation of initia-
tion complexes by the holoenzyme.

Because the results of Chen et al. were obtained from ex-
periments in which rifampicin rather than heparin was used
as an inhibitor of free RNA polymerases, I have also done
order of addition experiments using this inhibitor, adding it
to a concentration of 10 ug/ml along with the triphosphates.
There was no significant difference between these results
and those with heparin except for the previously mentioned
difference in the pausing pattern.

DISCUSSION

The use of restriction endonucleases to generate small, pro-
moter-containing DNA fragments greatly facilitates the
study of the interactions of RNA polymerase and related
regulatory proteins with these promoters. RNA synthesized
in an in vitro system using such a fragment as a template
can be limited solely to that initiated from the promoter of
interest. The ease with which the sequences of the fragment
and the RNA synthesized from it may be determined then
allows one to make correlations between sequence informa-
tion and other experimentally determined parameters. The
lac Hae 200 fragment has been used in these experiments to
show that the wild-type mRNA and that from a number of
different mutant promoters are all initiated at the same site.
Each of these mutations then must represent either an alter-
ation in the affinity of the polymerase for an already exist-
ing binding site or an altered ability of the polymerase to ap-
proach this site, rather than the substitution of a completely
new promoter, as was postulated by Chen et al. (14).

The ambiguity in the initiating triphosphate of the lac
mRNA reported here and elsewhere (11) implies a flexibility
on the part of the polymerase in the initiation process. The
sequences of a number of different RNA polymerase bind-
ing sites have been reported (see ref. 29); although a region
of homology has been found about 10 base pairs to the left
of the mRNA initiation sites (29), there is no discernible
homology at the initiation site itself. This supports a model
in which the polymerase is held in the correct conformation
for initiation by interactions removed from the actual initia-
tion site, which then becomes any properly situated purine-
coding base pair.

The simplest and most efficient way for a repressor to
work would be for it to block the approach of the polymer-
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ase to the binding site and prevent the formation of an initi-
ation complex. Evidence for this type of control has been re-
ported for the gal operon (30), the trp operon (28), the early
lambda promoter, p, (31), and for CAP-independent mu-
tants of lac. It is not surprising that the same is true for wild-
type lac, although an earlier report (14), using hybridization
assays to monitor synthesis from whole Ah80dlac DNA, ar-
gued for a model in which repressor and polymerase bind-
ing were completely independent. The reason for the dis-
crepancy between that report and these results remains ob-
scure. The most likely explanation for the functional overlap
reported here is that lac repressor physically covers those se-
quences with which the polymerase must interact. It is
known that DNA fragments protected from DNase digestion
by polymerase bound to both the lac and lambda promoters
contain substantial operator sequence information, though
on lac these sequences are on the mRNA proximal end of
the fragment (J. Gralla, to be published) while in lambda
they are on the mRNA distal end (32). The system described
here is being used to investigate in more detail the interac-
tions between CAP, polymerase, repressor, and the wild-
type lac promoter.
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