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ABSTRACT Escherichia coli RNA polymerase (EC
2.7.7.6), bound in a tight complex at an early T7 promoter,
protects 41 to 43 base pairs of DNA from digestion by
DNase I. The protected DNA fragment contains both the
binding site for RNA polymerase and the mRNA initiation
point for the promoter. The sequence of the DNA frag-
ment and the sequence of the mRNA that it codes for are
presented here. A seven-base-pair sequence, apparently
common to all promoters, is implicated in the formation
of a tight binary complex with RNA polymerase.

The transcription of a gene begins at a specific site called a
promoter (1). At such a site the RNA polymerase interacts
with the DNA in order to initiate the synthesis of an RNA
molecule. How does the polymerase recognize a promoter?
The answer might be found in the nucleotide sequence of the
DNA.
At 370, in a low salt environment, the Escherichia coli RNA

polymerase (holoenzyme) * (EC 2.7.7.6; nucleosidetriphos-
phate:RNA nucleotidyltransferase) forms tight binary com-
plexes at a limited number of sites along a DNA template
(2-8). At any particular site, the double-stranded region of
the DNA bound up in a stable complex is "protected" by the
polymerase from digestion with DNase (8-13). The end
product of such DNase treatment is an intact complex con-
sisting of a polymerase molecule bound to a specific DNA
fragment (8, 14). What is the nature of the protected DNA
fragment, and how does it relate to a promoter?

I have isolated a single RNA polymerase-protected frag-
ment from the "early region" of bacteriophage T7 DNA.
This DNA fragment contains the initiation point for an
"early" T7 messenger RNA molecule. Here I report the
nucleotide sequence of the promoter fragment.

METHODS AND RESULTS

E. coli RNA polymerase transcribes the first 20% (the early
region) of the 25 X 106 molecular weight T7 genome in vivo
(15-17) and in vitro (17-20). Most transcription is initiated
at three strong, independent promoters (Al, A2, and A3)
situated at the far left end of the T7 DNA molecule, pre-
ceding the first of the early genes (17, 20). RNA polymerase
forms tight binary complexes at these three sites (4-7). In
order to isolate and determine the sequence of a single T7
binding site, a way had to be found to bind the polymerase
selectively to one T7 promoter.

Tight complexes between RNA polymerase and its binding
sites are destabilized when the salt concentration in the bind-
ing mixture is raised (or when the temperature is lowered)
(2-4, 6, 21-23). Under these conditions DNase can degrade
all of the DNA. If, however, the polymerase has been allowed
to initiate RNA synthesis, elevated salt concentrations do not
disengage the polymerase (2, 21-23), and polymerase-pro-
tected DNA fragments can be obtained (13). I have been
able to selectively "lock" RNA polymerase onto the T7 A3
promoter by forming a salt-stable, initiated complex ex-
clusively at that site on the T7 genome. The key to the
specification of the A3 site is the use of a dinucleotide (24, 25)
to direct a limited initiation event. E. Minkley and I (20)
have shown that particular dinucleotides (50-100 ,m) can be
used in the presence of very low concentrations of triphos-
phates to selectively "prime" transcription by RNA poly-
merase at specific T7 promoters. The polymerase makes use of
a dinucleotide by adding RNA precursors onto its 3'-OH end
(20, 26). When RNA polymerase and T7 DNA are mixed to-
gether with the dinucleotide CpA and the triphosphate CTP,
the polymerase "initiates" synthesis, forming CpApC-OH,
exclusively at the T7 A3 promoter. The formation of the
phosphodiester bond between CpA and CTP renders the
complex stable in 0.2 M KCl and insensitive to inactivation
by the drug, rifampicin (5, 27). [The elongation of Cp-
ApC-OH primer in the presence of rifampicin produced only
class A3 messengers (20).]
The A3 protected fragment was isolated by DNase treat-

ment of the initiated complex. First, RNA polymerase and
T7 [32P]DNA (molar ratio of RNA polymerase to T7 DNA,
15:1) were incubated together for 10 min with CpA and CTP
in 0.05 M KCl (370) to allow initiation at the A3 site to take
place, and then KCl was added to a final concentration of 0.2
M to dislodge noninitiated polymerase molecules from other
binding sites. Next, the DNA was digested with DNase I (200
Mug/ml) for 10 min at 37°. After the reaction was stopped with
EDTA, the remaining A3 complexes were run directly on a 2
ml Sephadex G-100 column. Radioactive fractions excluded
from the column were pooled and extracted with phenol to
remove the polymerase. The [32P]DNA was then precipitated
with ethanol, resuspended, and electrophoresed on a non-

denaturing, 10% polyacrylamide gel.
The double-stranded A3 DNA migrated on the gel as a

single (although slightly diffuse) band in the size range of 40
to 50 base pairs. The DNA fragments were over 90% pure,
since less than 10% as much DNA was recovered from a reac-

tion where initiation was precluded by withholding CpA or
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CTP. Nothing but small digestion products was obtained
when polymerase was absent from the initiation reaction.
An advantage of obtaining the protected fragment from an

initiated complex is that the fragment is expected to contain
the sequence at which RNA polymerase normally initiates A3
mRNA synthesis. To verify this, I determined the initial
sequence of the RNA molecule transcribed from the T7 A3
promoter and then asked whether the A3 protected fragment
coded for that same RNA sequence.
In order to obtain RNA from the A3 promoter alone, I

allowed RNA polymerase to initiate at the A3 site with CpA
and [a-32P]CTP (5 min, 370) and added rifampicin to block
any subsequent initiation. Then I added ATP, GTP, and
UTP (all a-82P-labeled) to a final concentration of 2.0 ,uM and
allowed synthesis to proceed at 25° for 10 min before stopping
the reaction with sodium dodecyl sulfate. In the presence of
very low concentrations of triphosphates (1.0-5.0 IM), RNA
polymerase "pauses" (for reasons which remain unclear) as it
transcribes a template, giving rise to a series of overlapping
products with a common initiation point (28). Thus, a radio-
autograph of a polyacrylamide gel on which the A3 RNA
products were run showed a series of distinct, labeled RNA
bands, whose sizes ranged from about 5 to 80 nucleotides.
New Ti oligonucleotides appeared on the fingerprints as
progressively longer RNAs were eluted from the gel, digested
with RNase Ti, and fingerprinted, establishing -a unique
oligonucleotide order extending from the 5' end. When the
sequences of the individual oligonucleotides were determined
by subsequent pancreatic RNase digestion and alkaline hy-
drolysis, the sequence of the longest RNA product analyzed
could be deduced. The first 19 bases of the CpA-primed A3
RNA are: 5' C-A-C-A-U-G-A-A-A-C-G-A-C-A-G-U-G-A-
G-OH 3'. Does the protected fragment from the A3 site code
for any of this sequence?

I prepared complexes between RNA polymerase and the A3
DNA fragment by initiating synthesis with CpA and CTP
and then treating with DNase, as described earlier. At the
end of 10 minutes' DNase digestion, however, ATP, GTP,
and UTP (all a-'2P-labeled, 3.5 MM) were added to the reac-
tion, and RNA synthesis was allowed to proceed for 5 min at
370. When the products of this "run-off" synthesis were
electrophoresed on a polyacrylamide gel, a pattern of labeled
bands identical to that obtained in the previous experiment
was observed, except that no products longer than 21 or 22
nucleotides had been synthesized. The sequence of the longest
"run-off" product, transcribed from the initiation point to the
end of the DNA fragment, was found to be: 5' C-A-C-A-U-
G-A-A-A-C-G-A-C-A-G-U-G-A-G-N-N(N)-OH 3' (the last
two or three bases were not determined).
The two CpA-primed RNA sequences are identical, but

RNA polymerase normally initiates synthesis at the T7 A3
promoter with ATP (17, 20). However, it is known that
dinucleotide initiations do occur within a few bases of normal,
ATP or GTP (29) initiations. CpA primes synthesis from the
T7 Al promoter (20), generating the sequence C-A-U-C-G-OH
(D.P., unpublished results), and Kramer et al. (30) have
shown that the in vivo Al mRNA sequence begins ppp-
A-U-C-G-OH; in addition, the dinucleotide GpA primes lac
UV5 RNA synthesis, giving rise to the sequence G-A-A-
U-U-G-OH (28), and the normal, ATP-initiated UV5 RNA
sequence begins pppA-A-U-U-G-OH (28). Preliminary evi-
dence (R. Kramer, personal communication) indicates that

A3 initiated complex

transcription

DNase I phenol

A3 DNA
fragment

mix &"read through'
RNA
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RNase phenol

denature run on gel

RNA copy of promoter fragment

FIG. 1. Scheme for the isolation of an RNA whose sequence is
complementary to the T7 A3 promoter fragment.

the initial T7 A3 mRNA sequence synthesized in vivo is
pppA-U-G-OH, suggesting that the polymerase normally in-
itiates at the A-U-G in the CpA-primed RNA sequence (see
Fig 2). Thus, the A3 promoter fragment, which is over 40
base pairs long, codes for 18 or 19 bases of A3 mRNA. Now,
what is the sequence of the entire fragment?
Determination of the sequence of RNA is technically more

manageable than determination of that of DNA. I, therefore,
wanted to obtain an RNA sequence that was complementary
to the A3 promoter fragment. Since RNA complementary to
the entire transcribed strand (r-strand) (31) of the DNA frag-
ment would contain the A3 "run-off" sequence at its 3' end,
I decided to isolate the RNA by hybridizing denatured A3
DNA fragments to natural, r-strand transcripts which "read
through" the A3 promoter. RNase treatment of the hybridiza-
tion mixture should leave no RNA intact except that which is
directly hybridized to the r-strand of the DNA fragments.
The scheme is outlined in Fig. 1 and is detailed below.

Since RNA chains initiated at the Al and A2 promoters
"read through" the A3 site (17, 20), a complete copy of the A3
promoter sequence is contained within these transcripts (see
Fig. 2). Therefore, in one reaction I synthesized high specific
activity [82P]RNA from the Al, A2, and A3 sites using the
dinucleotides CpA and CpC (20) to prime transcription.
The synthesis was limited so that transcripts (average length
about 900 bases) did not proceed too far beyond the A3
promoter. In a separate reaction, I prepared A3 promoter
fragments by initiating RNA polymerase on T7 DNA with
CpA and CTP, raising the salt concentration, and treating
the mixture for 10 min with DNase I. The two reactions con-

F IL N qb

T7 Promoter Sequence 785



Proc. Nat. Acad. Sci. USA 72 (1975)

Al

A2 A3 -

A3*v

early

transcripts

'17 DNA

5' AAGTAAACACGGTACGATGTACCACATGAAACGACAGTGAGTCAC(C,A)CACTG(A) 3'
3' TTCATTTGTGCCATGCTACATGGTGTACTTTGCTGTCACTCAGTG(G,T)GTGAC(T) 5'

A3 mRNA 5' pppAUGAAACGACAGUGAGNNN-OH 3'

FIG. 2. DNA and mRNA sequences at the T7 A3 promoter.
DNA sequence are indicated with arrows.

Hyphens have been omitted. The ends of the polymerase-protected

taixng the [32P]RNA and the polymerase-DNA complexes
were each extracted with phenol and ether and separately
dialyzed into 0.30 M NaCl/0.030 M sodium citrate. After
extensive dialysis, Mg++ was added to the RNA solution;
it was treated with DNase I to eliminate the endogenous
template and was again extracted with phenol and ether.
Aliquots of labeled RNA and unlabeled promoter fragments
were then mixed (molar ratio of RNA to DNA molecules
about 2:1), boiled for 2 min to denature the DNA, and hy-
bridized for 1 hr at 600. The DNA- RNA hybrids were cooled
to room temperature and treated with RNase T1 (or RNase
A) for 1 hr to digest all but the hybridized RNA. After a last
phenol extraction, the hybrids were precipitated with ethanol,
resuspended in Tris-borate buffer (pH 8.3) containing urea,
and run on a 40 cm 12% acrylamide-7 M urea gel (32).
Fig. 3 shows a radioautograph of part of such a gel.
Bands A and B are labeled RNA species that are com-

plementary in sequence to the T7 A3 promoter fragment. In
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FIG. 3. Radioautograph of a polyacrylamide gel showing:
RNA products (bands A and B) complementary to the A3 pro-

moter fragment (left); and the RNA products obtained in a con-

trol hybridization (right). Less radioactivity was present in the
control. (xc, xylene cyanol dye marker.)

the first column is a sample derived from a T1 RNase digest
of labeled transcripts that had been hybridized to A3 DNA
fragments. In the second column is a control sample in Which
the hybridization was carried out in the absence of DNA
fragments. A similar control pattern was obtained when:
(i) A3 fragments were addedbafter the 600 hybridization, (ii)
the hybridization was carried out at 00, and (iii) the prepara-
tion of DNA fragments was done without initiation-no CTP
was present in the binding reaction.
The lengths of bands A and B, estimated from a calibration

curve provided by T. Maniatis, are 52 and 49 bases, respec-
tively. Since both bands represent RNA copied from the same
DNA strand, band B must be a slightly shorter piece of band
A RNA. This is borne out by the sequence determined for
each RNA.
The sequence of the longer band (A) is: 5' A-A-G-U-A-A-

A-C-A-C-G-G-U-A-C-G-A-U-G-U-A-C-C-A-C-A-U-G-A-A-A-
C-G-A-C-A-G-U-G-A-G-U- C-A- C(C,A)C- A-C-U-G(A) -OH
3'. Band B has exactly the same sequence except that it does
not contain the 5' oligonucleotide, A-A-G. These sequences
were determined by standard techniques (33), including
RNase T1 and RNase A fingerprints, digestion of T1 oligonu-
cleotides with RNase A or RNase U2, digestion of RNase A
oligonucleotides with RNase T1, and alkaline hydrolysis to
determine nearest neighbors (the RNA was labeled separately
with each of the four triphosphates). The italicized portion of
the RNA sequence given above is identical to the A3 "run-
off" sequence, proving that the hybrid RNA does in fact
contain the sequence of the A3 promoter fragment.
The DNA sequence of the promoter fragment, inferred di-

rectly from the RNA sequence, is presented in Fig. 2. It is
slightly longer than the sequence of nucleotides physically
protected from DNase by the polymerase. This is a conse-
quence of the specificity of the RNase T1 (which cuts after
G) used to digest the A3 DNA-RNA hybrid, since RNA
extending beyond either end of the hybrid is conserved up to
the point of a T1 cleavage site.
The probable ends of the A3 protected fragment are indi-

cated in Fig. 2 by arrows. (Although the arrows represent
the ends of the DNase-resistant sequence in the bottom
strand, the ends of the upper strand are expected to lie within
a few bases of these points.) The A-A-G at the 5' end of the
hybrid RNA can be removed, albeit slowly, by the T1 en-
zyme. This places the left end of the A3 DNA fragment in the
immediate vicinity of the G in the oligonucleotide, A-A-G.
When the DNA-RNA hybrid was digested with RNase A
(which cuts after U and C), the sequence A-A-G-U-A...
was conserved at the 5' end of the RNA, showing that the
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b
-AAGUAAACACGGIUACGAUGIUACCAC.A IUGAAACGACAGUGAGUCA

UGCUUCUGACIUAUAAUA IGACAGI GG IUAAAGACCUGAUUUUUGA
UUUAUUGCAGCU
CCACUGGCGGU
CGUCAUUUGA

CUUCCGGCUCG

UAUAAUG
GAUACUG

GUUAC
AGCAC

AA AUAAAGCAAUAGCA...
AU CAGCAGGACGCACUGAC
_As ro,

UAUGUU UGUGG A"A-UUGUGAGCGGAUAACAA

(9)

(34)
(35M
(36)
(37)

FIG. 4. Comparison of promoter sequences (see text). b, Homologous sequence probably engaged by RNA polymerase; i, mRNA
initiation point (underlined). Hyphens have been omitted. SV40, simian virus 40; w.t., wild type.

U-A phosphodiester bond was inaccessible to the enzyme.

Thus, the probable left end of the DNA fragment is after the
A-T base pair or after the G-C base pair, as indicated in Fig.
2. Since "run-off" synthesis apparently proceeds all of the way
to the end of the bound DNA, the right end of the protected
fragment is established by the length of the "run off" product.
The CpApC-primed "run-off" RNA is 21 or 22 nucleotides
long, placing the right end of the DNA fragment immediately
after the C-G base pair or the A-T base pair, again indicated
by arrows. The actual length of the polymerase-protected A3
DNA fragment is therefore 41 to 43 base pairs.
Whereas the DNA sequence (Fig. 2) is that of a promoter

fragment obtained from an "initiated" complex, RNA poly-
merase does form a tight, but noninitiated complex at the A3
promoter (5-7). What is the relationship between the posi-
tions occupied by the polymerase at the A3 promoter in
these two alternative states? To answer this question, I first
incubated RNA polymerase and T7 [32P]DNA together in low
salt (0.05 M KCl, 10 min at 370), enabling complexes to form
at all early T7 promoters (no dinucleotides or triphosphates
were present); then the mixture was treated for 10 min with
DNase I, still in low salt, and the digestion was stopped with
EDTA. When the radioactive DNA fragments were subse-
quently run on a polyacrylamide gel, they were seen to migrate
as a single band in the same position as purified A3 promoter
fragments (obtained from initiated complexes). Thus, RNA
polymerase protects the same amount of double-stranded
DNA when it is initiated at the A3 promoter and when it is
bound in a noninitiated conformation at any early T7 pro-

moter.
To determine what sequence at the A3 promoter is pro-

tected from DNase by noninitiated polymerase molecules, I
did a hybridization experiment similar to that described
earlier (Fig. 1), but using DNA fragments that were obtained
in low salt from DNase-treated, noninitiated complexes.
When the [32P]RNA complementary to the protected frag-
ments was run on a polyacrylamide gel, several distinct bands
in the size range of 40 to 50 nucleotides were observed. Two
of these bands migrated identically to the A3 bands A and B
shown in Fig. 3. These two RNAs were eluted from the gel
and fingerprinted, and it was determined that they had ex-

actly the same sequences as the hybrid RNAs A and B.
The other RNA species in the same size range on the gel came
from hybrids with protected fragments from other early T7
promoters (D.P., unpublished results). The tight binding site
occupied by a noninitiated polymerase molecule at the A3
promoter is therefore the same as the site occupied by a

polymerase molecule that has initiated synthesis with CpA
and CTP.
Given that the A3 fragment contains the tight binding site

and the mRNA initiation point, can the polymerase recognize
it as a functional promoter? I prepared A3 promoter frag-

ments several times by the DNase I protocol outlined earlier,
followed by phenol extraction to eliminate polymerase mole-
cules. The fragments were dialyzed into fresh buffers (0.05-
0.15 M KCl); and, under a variety of conditions, attempts to
get added RNA polymerase to synthesize A3 mRNA from
the fragments failed. Apparently, the A3 promoter fragment is
missing some critical information. Details of the sequence

analysis will be published later.

DISCUSSION

How does the T7 A3 fragment compare with other promoter
fragments? Heyden et al. (8) have shown that at a low molar
ratio of RNA polymerase to bacteriophage fd DNA, the poly-
merase will preferentially bind to and protect one fd promoter
from digestion by DNase I. Schaller et al. (14) have de-
termined the nucleotide sequence of the resulting 42-base-
pair DNA fragment, which codes for 19 bases of fd mRNA.
J. Gralla (personal communication) has isolated a 42- to 43-

base-pair protected fragment from the E. coli lac UV5 pro-
moter, and this fragment codes for 19 bases of lac mRNA.
In these respects, the fd and lac UV5 promoter fragments are

virtually identical to the T7 A3 fragment. I conclude that, in
general, when RNA polymerase is bound at any initiation site
on a natural DNA template, it protects a stretch of nucleotides
about 42 base-pairs long from digestion by DNase I. The
protected DNA fragment contains an RNA polyinerase
binding site and an mRNA initiation point, and it codes for
about 20 bases of mRNA.
There must be some specific sequence within all promoters

that is involved in the stable binding of polymerase molecules,
and that sequence is at least largely contained within the
protected DNA fragments. In addition to the sequences of
the fdi and T7 A3 protected DNAs, sequences extending at
least 20 base pairs on either side of the mRNA initiation
points are known for simian virus 40 (34), lambda PL (35),
and the E. coli Tyr-tRNA (36) and lac (37) genes. These
sequences are presented in Figure 4 (as inferred protected
sequences), along with the fd and T7 sequences, and are

written as RNA sequences so as to facilitate a comparison.

Transcription is oriented from left to right, and the mRNA
initiation point is underlined in each case. The sequences are

written with the initiation points essentially in vertical align-
ment, since the polymerase binds promoters in a fixed position
relative to the initiation points.
Among the promoter sequences, there is a homologous, 7-

base sequence lying to the left of the initiation points. I feel
that the DNA sequence

5' T-A-T-Pu-A-T-G 3'
3' A-T-A-Py-T-A-C 5'

is implicated in the formation of a tight binary complex with
RNA polymerase. Essentially the same conclusion has been

T7 A3
fd

SV40
Lambda P
Tyr tRNA
Lac w.t.
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reached by Schaller et al. (14). The difference between two lac
promoter sequences demonstrates the importance of this
common sequence. The wild-type lac promoter sequence re-
quires an auxiliary protein, catabolite activator protein (38),
for efficient function. J. Gralla (personal communication) has
shown that the UV5 promoter mutation (39) changes the lac
sequence so that it exactly matches the proposed binding
sequence, and the UV5 promoter functions efficiently without
the effector protein (40, 41). The fact that the 7-base-pair
sequence is A-T-rich is probably significant in that formation
of a tight polymerase-DNA complex involves "local melting"
of the DNA strands (42).

In functional and molecular terms, a promoter is a region
along a DNA template at which RNA polymerase first
"recognizes" some sequence, then "melts out" a section of the
DNA (42), forming a tight binary complex, and then initiates
an RNA chain with ATP or GTP (29) as it begins transcribing
the template. [A "weak" binary complex, demonstrated by
Mangel and Chamberlin (6), may be formed at that recogni-
tion sequence. ] Several arguments suggest that some se-
quence information required for promoter function defined in
these terms is not contained in the polymerase-protected
DNAs. Attempts to rebind RNA polymerase to isolated fd
(14) and T7 A3 promoter fragments and to synthesize mRNA
from these fragments have been unsuccessful. In addition,
Maurer et al. (43) find that polymerase cannot form a stable
complex with a large piece of lambda DNA, the left end of
which is about 33 base pairs to the left of the lambda PL initia-
tion point (as oriented in Fig. 4). Furthermore, a strong
lambda promoter mutation, sex (44), and two lac promoter
mutations (45) fall in a region about 35 base pairs to the left
of the lambda PL (35) and lac (37) mRNA initiation points.
Therefore, it is likely that before the RNA polymerase can
form the tight pre-initiation complex, it must interact with
some sequence about 35 base pairs upstream from the initia-
tion point, adjoining the region of the promoter that it pro-
tects from digestion by DNase.

I am very grateful to Bob Simpson for the RNA polymerase
used in these experiments, to Allan Maxam for teaching me the
RNA sequencing technology, and to Wally Gilbert for helping me
put together an intelligible manuscript. This work was supported
by USPEIS Grant GM09541 from the National Institute of
General Medical Sciences.
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