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ABSTRACT: We have examined the behavior of T7 RNA polymerase (RNAP) at a set of promoter variants
having all possible single base pair (bp) substitutions. The polymerase exhibits an absolute requirement
for initiation with a purine and a strong preference for initiation with GTP vs ATP. Promoter variants that
would require initiation at the normal start site (+1) with CTP or UTP result in a shift in initiation to+2
(with GTP). However, the choice of start site is little affected by base substitutions elsewhere in the
initiation region. Furthermore, when the initiation region is shifted either one nucleotide (nt) closer or 1
nt further away from the binding region, transcription still begins the same distance downstream. These
results indicate that the sequence around the start site is of little importance in start site selection and that
initiation is directed a minimum distance of 5 nt downstream from the binding region. At promoters that
initiate with +1 GGG, T7 RNAP synthesizes a ladder of poly(G) products as a result of slippage of the
transcript on the three C residues in the template strand from+1 to +3. At promoter variants in which
there is an opportunity to form a longer RNA-DNA hybrid, this G-ladder is enhanced and extended.
This observation is not in agreement with recent suggestions that the RNA-DNA hybrid in the initiation
complex cannot extend further than 3 bps upstream from the active site [Cheetham, G., Jeruzalmi, D.,
and Steitz, T. A. (1999)Nature 399, 80-83].

The T7 genome contains 17 promoters recognized by T7
RNA polymerase (RNAP), all of which are related to a 23
base pair (bp) consensus sequence that extends from-17
to +6 (Figure 1). These promoters are referred to as class
II, class III, or replication promoters on the basis of their
location, temporal utilization, and function (ref1 and
references therein). While the sequence of class III promoters
is identical to the consensus sequence, the class II promoters
differ from the conserved sequence at two or more positions
and are generally weaker than the class III promoters. During
infection, transcription from class II and class III promoters
is regulated by T7 lysozyme, which preferentially inhibits
transcription from class II promoters (2-7). Promoters for
other phage RNAPs (e.g., T3, SP6, and K11) exhibit a similar
consensus sequence and contain a core of bps from-7 to
-3 that are identical to those of the T7 promoter, suggesting
that this region may function in a similar manner for all phage
RNAPs. On the other hand, the phage promoters differ from
-12 to-8, consistent with studies showing that this region
is responsible for specific promoter recognition and binding
(8-10). Certain positions (e.g.,-14, -7, -6, -4, and-3;
shaded in Figure 1) are invariant among all phage promoters.

Earlier studies indicated that the T7 promoter is composed
of two functional domainssan upstream binding region from

-17 to -5 and an initiation region from-4 to +6 (11-
14). In general, base substitutions in the upstream region were
found to have large effects on RNAP binding but little effect
on initiation, whereas substitutions in the downstream region
have a greater effect on initiation but little effect on binding
(11-14).

A variety of experimental approaches indicated that the
polymerase recognizes one face of a closed DNA duplex in
the binding region, and that the initiation region is melted
open downstream from-5 (13-18). A collection of T7
promoter variants having single bp substitutions in the
binding region was particularly useful in deducing the nature
of specific promoter recognition and in identifying structural
elements in the RNAP that interact with these determinants
(19-21). The results of recent X-ray structural analysis of
T7 RNAP complexed with its promoter are consistent with
these earlier studies and reveal additional contacts not
previously identified (22). To summarize, specific recognition
of the T7 promoter involves interactions between bps in the
major groove from-7 to -11 with amino acid residues in
a specificity loop (residues 739-770) that projects into the
DNA binding cleft of the RNAP. Additional contacts in the
AT-rich region from-17 to -13 involve a flexible loop
(the AT-rich recognition loop; residues 93-101) that extends
into the minor groove. The transition from duplex DNA in
the binding region to single-stranded DNA in the initiation
region occurs between bps-5 and-4 and is stabilized by
interactions with aâ-hairpin that includes Val237, while the
template strand is led down into the active site by numerous
additional contacts.
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Events that occur after promoter binding and melting are
less well understood. As with all RNA polymerases, T7
RNAP engages in a process of abortive initiation in which
short nascent transcripts are continuously synthesized and
released until the polymerase clears the promoter and forms
a stable elongation complex (for review, see (ref23). The
transition to a stable complex is accompanied by loss of
upstream promoter contacts, enhanced retention of the RNA
product, and isomerization of the ternary complex (as
revealed by a more compact footprint and changes in protease
sensitivity) (24-26). Promoters that deviate from the con-
sensus sequence in the initiation region exhibit a lowered
efficiency of promoter clearance and an altered pattern of
abortive initiation (27-30).

Although a number of T7 promoter variants have been
cloned and characterized (11, 31, 32) the sequence context
and the conditions under which they were analyzed vary,
making direct comparisons difficult. Furthermore, many of
the variants contain changes at multiple positions. In this
work, we describe the construction and characterization of
a collection of T7 promoter variants having all possible single
bp substitutions over the entire region from-17 to+6. These
studies extend previous work that described single bp variants
only in the region from-15 to-6 (19, 33, 34). We anticipate
that this collection of promoters will prove useful in
characterizing a number of aspects of promoter function.

MATERIALS AND METHODS

Construction of Promoter Templates.Desired mutations
were introduced into the test promoter (Px) in pGD13 by
use of the polymerase chain reaction and mismatched primers
as described in Diaz et al. (19). To introduce mutations at
-17, -16, -5, and-4, the mutagenic primer was ATC-
GATCTGCAGTAATACGACTCACTATAGGGAGAGG,
which is degenerate at these positions (boldface type) and
includes aPstI site (underlined) upstream of the promoter.
The second primer (ATAGCGCTAGCAGCACG) is comple-
mentary to a region that lies 228 bp downstream from PX

and contains a uniqueNheI site (underlined). The amplified
products were digested withPstI and NheI, purified from
an agarose gel, and cloned back into the parental construct
at the same restriction sites. Substitutions in the region from
-3 to +6 utilized the mutagenic primer CGCATTGGATC-
CTCTCCCTAT AGTGAG and a second primer (GGCG-
TATCACGAGGCCC) that is complementary to a region 80
bp downstream from PX. The amplified products were
digested withBamHI andEcoRI, purified from an acrylamide

gel, and cloned back into the parental plasmid at the same
restriction sites.

Plasmid DNA was purified by the Promega large-scale
maxiprep system. Synthetic DNA oligomers were purchased
from Macromolecular Resources (Fort Collins, CO).

Transcription Conditions.Histidine-tagged forms of wild-
type T7 RNAP and the mutant enzyme Y639F (35) were
purified as previously described (36). To determine relative
promoter strength, reactions (10µL) contained 1.0µg of
template DNA, 0.1 mM ATP, 0.5 mM CTP, GTP, and UTP
(Pharmacia), 2.0µCi of [R-32P]ATP (New England Nuclear)
and 10 ng of wild-type RNAP in GHT buffer [30 mM Hepes,
pH 7.8, 0.25 mM EDTA, 1 mM dithiothreitol (DTT), 15
mM Mg(OAc)2, 0.05% Tween 20, and 0.1 mM potassium
glutamate] (37). Reactions were incubated at 37°C for 15
min and terminated by chilling on ice and the addition of
10 µL 2× stop buffer (6 M urea, 0.01 M EDTA, 0.02%
bromophenol blue, and 0.02% xylene cyanol). Following heat
denaturation (100°C, 2 min), aliquots (10µL) of the
reactions were resolved by electrophoresis in a 6% denaturing
polyacrylamide gel (6 M urea and 0.1% SDS) in 1× TBE
buffer (90 mM Tris-Borate and 2 mM EDTA) at 275 V for
approximately 2 h (38). The gel was fixed with 10% acetic
acid and 10% methanol, dried, exposed to a PhosphorImager
screen, and analyzed by use of ImageQuant software.

To characterize abortive initiation, choice of start site, and
poly(G) synthesis, reactions (10µL) contained 1µg of
template, 20 ng of RNAP, and 2-3 µCi of [γ-32P]ATP,
[γ-32P]GTP, or [R-32P]GTP (as indicated) in a Tris buffer
system (20 mM Tris-HCl, pH 7.9, 15 mM MgCl2, 1 mM
DTT, 0.1 mM EDTA, and 0.05% Tween 20). Abortive
initiation assays included all four NTPs (0.5 mM). For start
site experiments, NTPs and chain-terminating analogues of
CTP and/or UTP were present at 0.5 mM. 3′-dUTP and 3′-
dCTP were provided by Dr. Harry Osterman, P-L Pharmacia
Laboratories; ddTTP and ddCTP were purchased from
Amersham Pharmacia Biotech. For experiments involving
poly(G) synthesis, reactions contained 0.5 mM GTP and 3.0
µCi of [γ-32P]GTP. Reactions were incubated at 37°C for
15 min and the products were resolved by electrophoresis
in a highly cross-linked (12:1 acrylamide:bisacrylamide)
denaturing 20% polyacrylamide gel (38).

RESULTS

Construction of Promoter Variants and Analysis of
Promoter Strength and Specificity.T7 RNAP promoter
variants were constructed by polymerase chain reaction with

FIGURE 1: Comparison of phage promoter consensus sequences The sequence of the nontemplate strand is shown. The number of naturally
occurring promoter sequences that have been determined for each set is given in parentheses (19, 61). Positions that are shaded are invariant
in all 47 natural phage promoter sequences. Positions in boldface type are common among all consensus promoters. Positions that are
underlined are invariant in the 17 naturally occurring T7 promoters. The binding region (-17 to -5) and initiation region (-4 to +6) of
the T7 promoter are indicated.
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mismatched primers and the plasmid pGD13 as a template
((19); see Figure 2). The resulting plasmids contain two
promoters recognized by T7 RNAP [a reference promoter
(PT7) and the test promoter (PX)] and a promoter recognized
by T3 RNAP (PT3). The utilization of each of these promoters
may be determined by comparing the production of a runoff
product of characteristic size from each promoter (Figure
2). The results are summarized in Table 1. For convenience,
we identify promoter variants by referring to the base in the
nontemplate strand of the DNA (e.g., a-17A promoter).

Specific promoter recognition involves interactions of
amino acid residues in the specificity loop with base pairs
in the binding region. In earlier studies, we described the
effects of a number of changes in the specificity loop on
promoter specificity and RNAP activity (19-21; and see
Table 2). However, we had not previously reported our
results with regard to residue R756 and its interaction with
the bp at-9 (39). In the crystal structure of a T7 RNAP-

promoter complex this residue is observed to make direct
hydrogen bonds with the G in the template strand at-9 (22).
The effects of substitutions of R756 are complex and affect
the preference of the mutant RNAP not only for the bp at
-9, but also for the bps at-10 and-11 (Figure 3). As
noted below, these alterations are likely to reflect interactions
between R756 and the amino acid at position 748 (N748),
which contacts the bps at-10 and-11.

Additional potential contacts had been identified in the
region upstream from the recognition region. Specifically,
UV-laser cross-linking studies revealed an intimate contact
between the RNAP and the bp at-17, and fluorescent inter-
ference studies suggested close approaches of the polymerase
to -17 and-15 (40, 41). These interactions were confirmed
in the crystal structure, where an A‚T rich recognition loop
(amino acid residues 93-101) was found to be inserted into
the minor groove from-17 to-13. In the region from-16
to -14, A‚T and T‚A substitutions are generally well

FIGURE 2: Characterization of T7 RNAP promoter variants Panel A. Template structure. Plasmid templates contain a test promoter (PX)
having the desired substitution, a reference promoter (PT7), and a promoter for T3 RNAP (PT3). Digestion withEcoRV andSspI results in
the synthesis of 163, 295, and 247 nt runoff products, respectively, from these promoters (19). (B) Analysis of promoter activity. A
representative promoter strength assay is shown for promoters having the indicated bp substitutions at-17, -16, or-15. Products from
a control template in which PX corresponds to the consensus promoter are shown in lane 1. Reaction products were resolved by electrophoresis
in a denaturing 6% polyacrylamide gel and visualized by PhosphorImager analysis. In these experiments, the template was present in 5-fold
molar excess of RNAP (50 nM template vs 10 nM RNAP). Assuming aKd for the promoter-polymerase complex of 5 nM (62), the
enzyme is expected to be>90% saturated with promoter under these conditions. The reduced production of total transcripts in lane 8 may
be due to poor initiation (but good binding) by T7 RNAP on the-16T promoter variant, which would sequester the RNAP in poorly active
initiation complex; further experiments will be needed to address this question. (C) Relative activity of promoter variants. The height of
each bar indicates the activity of each promoter relative to that of the consensus promoter (data are from Table 1).
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tolerated, while C‚G or G‚C substitutions are not (Table 1).
The preference for A‚T or T‚A bps in this region may reflect
a need for flexibility during promoter recognition and
initiation but would also be consistent with base-specific
readout in the minor groove (42, 43).

The transition from duplex DNA in the binding region to
a melted form in the initiation region occurs between bps
-5 and-4, and is stabilized by intercalation of aâ-hairpin
structure (residues 229-243) and stacking interactions

between Val237 and the template strand base at-5 (22).
There appears to be a moderate degree of specificity in this
region of the promoter. Thus, while substitution of G is
tolerated at-6, substitutions of C or T are not. Further
downstream, substitution of G is tolerated at-5 while A or
T substitutions are not, and at-4 there is tolerance for G
but little tolerance for A or C substitutions. Beyond-4 (-3
to +6) the polymerase appears to tolerate nearly all substitu-
tions, except at the start site for transcription (+1).

Table 1: Utilization of T7 Promoter Variants

plasmida PX
b

consensus
basec

naturally occurring
promotersd

relativ
promoter
strengthe plasmida PX

b
consensus

basec
naturally occurring

promotersd

relativ
promoter
strengthe

pGD13 consensus 1.00 pDP38 -5A C 0.06
pDP39 -5G C φ1.3 0.37

pDP2 -17A T 0.47 pDP40 -5T C 0.04
pDP3 -17C T φ1.1A, 4c, 4.7 0.54
pDP4 -17G T 0.50 pDP41 -4A T 0.08

pDP42 -4C T 0.09
pDP5 -16C A 0.09 pDP43 -4G T 0.23
pDP6 -16G A 0.14
pDP7 -16T A φ 4.7 0.72 pDP44 -3C A 0.29

pDP45 -3G A 0.21
pGD44 -15C A 0.06* pDP46 -3T A 0.27
pGD45 -15G A 0.11*
pGD46 -15T A 0.71* pDP47 -2A T φ 1.5, 1.6, 3.8, 4c, 4.3 0.54

pDP48 -2C T 0.30
pGD47 -14A T 0.43* pDP49 -2G T 0.49
pGD48 -14C T 0.10*
pGD49 -14G T 0.10* pDP50 -1C A 0.44

pDP51 -1G A 0.32
pGD50 -13C A φ4c 0.44* pDP52 -1T A φ 2.5 0.33
pGD51 -13G A 0.47*
pGD52 -13T A φ 3.8, 4.7 0.57* pDP53 +1A G φ OL, 2.5 0.33

pDP54 +1C G 0.08
PDP17 -12A C 0.51* pDP55 +1T G 0.18
PDP18 -12G C φ 3.8 0.48*
PDP19 -12T C 0.40* pDP56 +2A G φ1.1A, 4c 0.54

pDP57 +2C G 0.50
pGD17 -11A G φ OL, 3.8 0.72* pDP58 +2T G 0.80
pGD18 -11C G <0.03*
pGD19 -11T G <0.03* pDP59 +3A G φ 1.1B,1.5,1.6,4.3,4.7 0.88

pDP60 +3C G 1.11
pGD14 -10C A 0.31* pDP61 +3T G 0.80
pGD15 -10G A 0.04*
pGD16 -10T A 0.30* pDP62 +4C G 0.75

pDP63 +4G A φ1.1A, 1.1B, 1.5, 1.6, 2.5,4.3,4.7 0.96
pGD27 -9A C 0.04* pDP64 +4T A 0.69
pGD28 -9G C <0.03*
pGD29 -9T C <0.03* pDP65 +5A G φ 1.6, 2.5, 4.3, 4.7 0.86

pDP66 +5C G φ1.3 0.88
pGD30 -8A T <0.03* pDP67 +5T G 0.92
pGD31 -8C T <0.03*
pGD32 -8G T <0.03* pDP68 +6C A φ 1.6, 4.3 0.97

pDP69 +6G A 0.89
pGD33 -7A C <0.03* pDP70 +6T A φ 1.5, 4.7 0.87
pGD34 -7G C <0.03*
pGD35 -7T C <0.03*

pGD41 -6C A 0.04*
pGD42 -6G A 0.30*
pGD43 -6T A 0.06*

a Plasmids in the pDP series were constructed in this work; those in the pGD series were described previously (19). b Promoter variants are
designated as P-nX, wheren indicates the position in the promoter and X indicates the base in the nontemplate strand.c The base in the nontemplate
strand of the consensus promoter at the indicated position.d Naturally occurring T7 RNAP class II promoters that contain the indicated substitution;
all class II promoters have two or more substitutions.e Plasmid templates were transcribed as described in Figure 2, and the products were resolved
by gel electrophoresis. After the number of adenosine residues (the labeled substrate) encoded in each transcript was taken into account, the data
for each lane were normalized to the internal control (PT7). The utilization of each mutant promoter was then expressed relative to that of the
consensus promoter when it was present at the position of PX (19). Data obtained for the previously described pGD series (19) are indicated with
an asterisk, and are presented here for comparison.
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T7 polymerase prefers to initiate with GTP but has also
been observed to initiate with ATP (1). In keeping with this
observation, substitution of a T in thetemplate stand (which
directs initiation with ATP) is tolerated, while substitutions
that direct initiation with CTP or UTP are not.

Previous work suggested that the base at-1 might be
important in start site selection. Weston et al. (44) proposed
that base stacking interactions between the-1 and+1 bases
in the template strand contribute to the specificity of
initiation, and Cheetham et al. (22) identified an interaction
of Trp422 with the template base at-1. However, substitu-
tions at-1, while reducing activity slightly, reveal little base
specificity at this position. Furthermore, these substitutions
have little effect on the choice of start site (see below).

Although the bps at certain positions are conserved among
all phage promoters (i.e.,-14, -7, -6, -4, and-3; see
Figure 1), this does not necessarily indicate that the poly-
merase will not tolerate substitutions at these positions. While
no substitutions are acceptable at-7, the polymerase will
tolerate substitution of A at-14, G at-6, G at -4, and
nearly all substitutions at-3 (Table 1).

Effects of Substitutions in the Initiation Region on Start
Site Selection.The use of plasmid templates that contain both
a reference promoter and a test promoter was convenient in
the experiments described above because these templates
provide an internal standard for activity (PT7). However, to
examine the effects of bp substitutions on other aspects of
promoter function such as choice of start site or synthesis
of abortive initiation products, the presence of two promoters
in these templates makes it difficult to identify products that
arise solely from the test promoter. In subsequent studies it
was therefore necessary to subclone individual mutant
promoters into a background that contained no other promot-
ers (Table 3).

To characterize the choice of start site, we carried out
transcription under conditions of limiting substrate in order
to limit synthesis to the production of short products whose
lengths could be readily determined (Figure 4). The con-
sensus promoter in pDP71 initiates with the sequence
GGGAGAGGATC... Transcription of this template is ex-
pected to give rise to a 10 nt product in the presence of GTP,
ATP, and UTP and to a runoff product of 21 nt in the
presence of all four NTPs. However, an additional product
1 nt larger (n + 1) is observed under both conditions (lanes
3 and 4). This phenomenon has been attributed to the addition
of a non-template encoded base at the 3′ end of the transcript
(28) and/or to slippage of the RNA on the template during
the early stages of initiation (45). To prevent incorporation
of additional nucleotides at the 3′ end of the transcript, we
employed 3′-deoxy chain terminators. As shown in Figure
4, when UTP is replaced by 3′-deoxy-UTP (dU; lane 5)
synthesis of the extraneous (11 nt) product is eliminated.
The extra band observed in our experiments is therefore due
to the nontemplated addition of a single nt to the 3′ end of
the nascent RNA and does not arise by slippage at the ini-
tiation site. Using dUTP to prevent the addition of the extra
nt, we examined the effects of changes around the start site
in various promoter variants, labeling the resulting transcripts
either with [γ-32P]GTP or [γ-32P]ATP (lanes 6-16).

Transcription from the+1A promoter in the presence of
[γ-32P]ATP results in the synthesis of a discrete product of
10 nt, indicating initiation at+1 (Figure 4, lane 13). How-
ever, some initiation also occurs at+2 at this promoter, as
evidenced by the synthesis of a 9 nt product labeled with
[γ-32P]GTP (lane 7). Weaker bands above 9 and 10 nt are
observed under both conditions, indicating some slippage
during initiation at this promoter. Although T7 RNAP can
initiate with either GTP (at+2) or with ATP (at+1) at this
promoter, it prefers to start at+1, as demonstrated by the
predominant synthesis of the 10 nt product, when the tran-
scripts are labeled with [R-32P]GTP (see Figure 5B, lane 5).

At the+4G promoter, initiation occurs at+1 (as evidenced
by production of a 10 nt product; Figure 4, lane 10), but
enhanced synthesis of products>10 nt is also observed. The
greater synthesis of the latter products probably reflects an
increased opportunity for slippage of the nascent transcript
at this promoter due to the longer uninterrupted run of C
residues in the template strand from+1 to +5.

At the-1G promoter, strong initiation at+1 was observed
(Figure 4, lane 6, 10 nt product) but enhanced synthesis of
products>10 nt was again observed. At this promoter, these
products could arise either by slippage of the nascent RNA
or by initiation at-1 (see below).

Table 2: Properties of T7 RNAP Mutants with Substitutions in the
Specificity Loop

mutationa plasmidb

activity at
consensus
promoterc

nonspecific
catalytic
activityd

L749M* CAR52 NC +++
M750I* CAR29 NC +++
M750A BH218 NC +++
M750V BH219 NC +++
F751L BH215 NC +++
G753A,Q754E MR81 NC +++
G753R,Q745T MR82 NC +++
Q754A MR77 NC +++
Q754N MR78 NC +++
Q754G MR79 NC +++
Q754D MR80 NC +++
R756E MR85 none +++
R756A MR86 CH +++
R756Q MR87 CH +++
R756S MR88 CH +++
R756K MR89 CH ND
R756D MR90 none ND
R756C MR91 CH ND
R756N,Q758K MR96 CH +++
T760A MR108 low +++
T760S MR109 NC +++
T760D MR110 low ND
N762A BH217 NC +++
N762E MR84 NC +++
T763Re MR58 ND ND
T763H MR59 NC +++
N764T MR60 NC +++
K765R MR61 NC +++
K765E MR92 NC ND
D766E MR94 NC ND
S767E MR95 NC ND
a Mutations are identified by position of the residue; the letter to

the left indicates the wild-type residue, the letter to the right indicates
the substitution. Mutants identified with asterisks have been previously
described (56). b The plasmid that carries the indicated RNAP.c The
activity of the mutant enzyme at the consensus promoter vs promoters
with substitutions from-7 to -11 was determined as described in
Figure 3. NC indicates no change in activity or specificity; low indicates
decreased activity but no change in specificity; CH indicates change
in specificity. d Nonspecific catalytic activity was determined as
synthesis of poly(G) on a poly(dC) template;+++ indicates high
activity (39). e T673R is highly sensitive to protease and could not be
tested.
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Substitution of C or T at+1 results in initiation at+2 (as
evidenced by synthesis of a 9 ntproduct labeled with [γ-32P]-
GTP; Figure 4, lanes 8 and 9). However, we cannot exclude
initiation at +1 on the basis of this experiment as we did
not employ [γ-32P]CTP or [γ-32P]UTP to label the products.
To examine this in more detail, we carried out similar
experiments with [R-32P]GTP as the label, employing ddCTP
or ddTTP as chain terminators and taking advantage of a
mutant RNAP (Y639F) that is able to incorporate dideoxy-

nucleotides (35) (Figure 5). In the presence of GTP, ATP,
and UTP, the wild type (WT) polymerase again gave rise to
n (10 nt) andn + 1 (11 nt) products, which was suppressed
in the presence of dU (Figure 5A, lanes 1 and 2). When
presented with ddTTP, the WT enzyme mostly terminated
before the incorporation of the analogue, resulting in
production of a 9 ntproduct and small amounts of the 10 nt
product (Figure 5A, lane 3). The mutant enzyme gave rise
to n andn + 1 products in the presence of GTP, ATP, and
UTP (Figure 5A, lane 4), but this was completely suppressed
by the addition of either dU or ddTTP (Figure 5A, lanes 5
and 6). Similar results were observed with GTP, ATP, UTP,
and ddCTP (Figure 5A, lanes 8, 9, 11, and 12), however;
due to the sequence of the template, transcription is extended
1 nt further under the latter conditions, resulting in the
synthesis of an 11 nt product. In the presence of all four
rNTPs (Figure 5A, lanes 7 and 10) both enzymes produced
runoff products of the expected lengths.

Using this procedure, we observed initiation at+1 at the
-1C, -1G, +1A, +2A, +2C, +4G, -1T, and +2T
promoters, as evidenced by production of a discrete 10 nt
product (Figure 5B, lanes 3, 4, 5, 7, 8, 9, 11, and 13,
respectively). However, transcription from the+1C and+1T
promoters resulted in synthesis only of a 9 nt product,
indicating initiation at+2 (Figure 5B, lanes 6 and 12).

FIGURE 3: T7 RNAP mutants with altered promoter specificities. (A). Plasmid templates were prepared as described as in Figure 2 and
transcribed with the RNAP indicated. Reactions in lanes marked C contained a control plasmid in which the consensus T7 promoter was
present at PX. Reactions in lanes marked-11 through-8 contained a mixture of three plasmid templates, each having a promoter with one
of the nonconsensus bps at the indicated position. Note that the wild-type (WT) enzyme preferred the reference promoter (PT7) over the
nonconsensus mixtures. In contrast R756C preferred a T3 promoter (which differs from the T7 promoter at-10 and-11) to the consensus
T7 promoter (lane C), and furthermore preferred templates having a nonconsensus bp at-11, -10, and-9, but not at-8. Similar results
were obtained with R756S, but in this case a stronger preference for promoters with substitutions at-9 was observed. (B). The preference
of the wild-type, R756K, R756C, and R756S RNAPs for promoter variants with individual bp substitutions at-11, -10, and-9 was
determined as described in Figure 2. Each panel represents the activity of the RNAP at a T7 promoter having the substitution indicated. The
activities in each set have been normalized to the most active promoter in the set. Thus, at-11 the WT RNAP prefers-11G whereas
R756C prefers-11C and R756S prefers-11A. At -10 the WT RNAP prefers-10A while the mutant enzymes prefer-10C. At -9, the
WT RNAP prefers-9C while the mutant enzymes prefer-9A.

Table 3: Single-Promoter Constructs

plasmida promoter plasmida promoter

pDP71 consensus pDP79 +1A
pDP72 -5G pDP80 +1C
pDP73 -5T pDP81 +1T
pDP74 -4C pDP91 +2A
pDP75 -4G pDP92 +2C
pDP76 -3G pDP93 +2T
pDP77 -2C pBH199b +3T
pDP89 -1C pDP82 +4G
pDP78 -1G pBH197b +4T
pDP90 -1T

a The promoter indicated was excised from the plasmid described
in Table 1 by digestion withBamHI andKpnI and subcloned into the
corresponding sites of pUC19.b Plasmids pBH197 and pBH199 were
incorrectly identified in He et al. (60); the correct assignments are given
here.
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Increased synthesis of slippage products was again observed
at the-1G and+4G promoters (Figure 5B, lanes 4 and 9;
also see below). We also examined the effects of single bp
substitutions in the region from-5 to-2, and in all instances
observed initiation exclusively at+1 (46).

Effects of Repositioning the Initiation Region.The results
above demonstrate that the choice of start site by T7 RNAP
is quite stringent. However, with the exception of substitu-
tions at+1, most single bp changes in the initiation region
had little effect on start site selection. To explore further
the question as to whether sequence-specific information in
the initiation region contributes to start site selection, we
constructed partially single-stranded (pss) templates in which
the consensus initiation sequence (-4 to+6) was positioned
either 1 nt closer or 1 nt further away from the upstream
binding region by inserting or deleting a base at-4 (Figure
6). It had previously been shown that removal of the
nontemplate strand downstream of-5 has little effect on
the kinetics of initiation or the choice of a start site (14, 44,
47); however, the stability of T7 RNAP elongation com-
plexes on pss templates is not as great as on completely
double-stranded (ds) templates, and increased premature
release of products in the 11-14 nt range is observed on
the pss templates (48). Nevertheless, the largest, and
predominant, product from the consensus promoter in the
presence of GTP, ATP, CTP, and dUTP is the expected
transcript of 16 nt (Figure 6, lane 3). When the initiation
sequence is moved one position closer to the upstream region,
initiation occurs at the same distance downstream from the
binding region, resulting in the synthesis of products that
are 1 nt shorter (lane 4). When the initiation region is moved
1 nt away from the upstream binding region, initiation still
occurs the same distance downstream, resulting in products
that are 1 nt larger (lane 5). Since the base in the template

strand at the new start site in this promoter is a T, the latter
transcript is expected to start with an A. This was confirmed
by labeling of this transcript with [γ-32P]ATP but not [γ-32P]-
GTP (Figure 6, lanes 13 and 9, respectively).

In summary, T7 RNAP prefers to start at+1 if it can
initiate with a purine (and preferably with GTP), but when
a pyrimidine is encoded at+1 and a purine start is available
at +2, it will initiate at the latter position. When given the
opportunity to start at-1, even in the context of an optimal
initiation sequence, the polymerase continues to initiate 5
nt away from the downstream boundary of the binding
region.

Effects of Substitutions on AbortiVe Initiation. The abun-
dance and distribution of abortive products made by T7
RNAP depends on the sequence of the initially transcribed
sequence (ITS) that lies downstream of the start site, and it
has been proposed that these differences reflect sequence
and position effects on substrateKm (27, 28, 30). We have
also observed changes in the pattern of abortive products as
a result of substitutions in the ITS. The most dramatic effects
are observed at promoters that direct the early incorporation
of UMP. (In all natural T7 promoters UMP is not incorpo-
rated prior to+6.) For example, a promoter that directs the
incorporation of UMP at+3 (+3T) results in increased
production of both 3 and 4 nt products (46). This may be
the result of slower substrate incorporation by T7 RNAP due
to weak rU‚dA interactions and poor orientation of the
incoming or accepting base in the active site (49-51).

An Extended G:C Hybrid GiVes Rise to a Longer Ladder
of Poly(G) Products.When GTP is provided as the sole
substrate for T7 RNAP at a promoter that directs initiation
with GGG... a ladder of poly(G) transcripts that extends to
14 nt is observed (Figure 7). It is thought that these products
arise as a result of repeated cycles of slippage of the nascent
RNA on the template strand and subsequent addition of GMP
(49). The synthesis of poly(G) products is greatly reduced
on promoters that initiate with GGA..., suggesting that a
minimum of three rG‚dC bps is required to maintain the
stability of the complex (49, 52). The synthesis of poly(G)
product is enhanced on supercoiled templates vs linear
templates (Figure 7, A), which reflects the greater stability
of the initiation complex on supercoiled DNA due to a
reduced tendency of the duplex DNA to renature and displace
the RNA (53, 54). Enhanced synthesis of poly(G) products
is also observed on pss templates (46).

A more robust poly(G) ladder is also observed at the-1G
and+4G promoters (Figure 7A, lanes 4 and 5; Figure 7B,
lanes 3 and 4). However, as compared to the poly(G) ladder
made at the consensus promoter, the distribution of products
is skewed toward a greater length on these templates,
particularly for the-1 G promoter (Figure 7C). Presumably
this is due to the enhanced retention of the nascent RNA as
a result of the opportunity to form a longer G‚C hybrid.

During initiation, the affinity of the RNAP for the upstream
binding region hinders the free extension of the active site
downstream, resulting in competition between slippage of
the nascent RNA vs translocation of the active site (55). The
different behavior of the-1G promoter vs+4G promoter
may reflect this competition. At the-1G promoter there is
an opportunity to form a longer hybrid (by slippage of the
nascent product back to-1) while the active site need extend
only to +3 (as at the consensus promoter). At the+4G

FIGURE 4: Effects of substitutions in the initiation region on choice
of start site. Plasmids that contain the indicated promoter (see Table
3) were linearized by digestion withHincII, which results in the
synthesis of runoff products of 21 nt. Transcription reactions
contained substrates as indicated (0.4 mM each); the reactions in
lanes 5-16 contained 3′-deoxy-UTP (dU) in place of UTP. Products
were resolved by electrophoresis in a denaturing 20% polyacryla-
mide gel; the lengths of the products (in nucleotides) are indicated
at the left.
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promoter (which initiates with the sequence+1 GGGGGA‚
‚‚), the formation of an even longer G‚C hybrid is possible,
but the active site must extend to+5.

To examine this further, we utilized synthetic templates
that alter the position of the consensus ITS relative to the
upstream binding site (Figure 8). A promoter in which the
G3 tract is 1 bp closer to the binding region (template 2)
gives rise to a weaker poly(G) ladder that extends to∼5 nt.
At this promoter, initiation occurs at the central G in the G3
tract (see Figure 6) and even though a 3 bphybrid could be
formed by slipping back to-1, this would occur when the
active site is at+2, not at+3 as at the consensus promoter.
At a promoter in which the G3 tract is moved one position
further from the upstream binding region (template 3),
initiation occurs with the A just ahead of the G3 tract. Under
these conditions, more G-ladder production is observed than
with template 2 but less than with the consensus promoter
(template 1). Here the opportunity to form a 3 bphybrid is
possible (as at the consensus promoter), but the active site
must extend to+4. From these experiments, we conclude
that the formation of a poly(G) ladder reflects both the length
of the G‚C hybrid and the position of the active site relative
to the binding region.

DISCUSSION

Studies of T7 RNA polymerase have provided significant
insights into RNAP-promoter interactions. These studies
have employed both structural and biochemical approaches,
as well as the use of promoter variants. A collection of single
base pair variants in the binding region from-15 to -6
was particularly useful in probing the basis of specific
promoter recognition. The collection of promoter variants
reported here (which covers the entire promoter region from
-17 to +6) should prove useful in characterizing other
aspects of promoter function such as abortive initiation,
isomerization, and inhibition by T7 lysozyme.

Promoter Structure.In keeping with prior observations
that suggested a two-domain model for promoter function
(11-13), substitutions in the upstream binding region have
a stronger effect on promoter strength than substitutions in
the initiation region. Surprisingly, however, alterations of
certain positions that are conserved in all phage promoters
(not just T7 promoters), while weakening the promoter, did
not prevent its function (for example, at-14, -6, -4, and
especially at -3). Why are these positions so highly
conserved? Perhaps these bps are critical for promoter
function in vivo but not in vitro, or perhaps the moderate
decrease in the level of utilization seen in vitro is not tolerated
in the infected cell. In previous work, Chapman and Burgess
(11) noted dramatic differences in transcription from certain
promoter mutants in response to changes in template topol-
ogy or reaction conditions. Similar effects may be important
to promoter function in vivo.

A characteristic feature of all phage promoters is the
presence of an AT-rich region that extends from-13 to-17.
While A‚T vs T‚A substitutions are well tolerated in this
region, G‚C or C‚G substitutions are not. This could reflect
a direct base readout in the minor groove (42, 43) or could
reflect a need for low helix stability or flexibility of the
promoter in this region. Two of the amino acid residues in
the AT-rich recognition loop are in positions where they
could form hydrogen bonds with the nontemplate strand (R96
with N3 of A at -16 and K96 with N3 of A at-13; see ref
22); however, these bonds do not discriminate among
different base pairs and would not account for the observed
specificity at these positions. In the crystal structure of the
T7 RNAP-promoter complex, the insertion of the AT-rich
recognition loop is accompanied by a widening of the minor
groove and a slight bend of the DNA, suggesting that the
inherent flexibility of this region may be important in
recognition (22). All class III promoters have an uninter-
rupted run of A‚T bps that extends upstream beyond-17

FIGURE 5: Choice of start site in promoter variants. Experiments were carried out as in Figure 4 with either WT T7 RNAP or a mutant
enzyme (Y639F) (35) that is able to incorporate dNTPs. The chain-terminating analogues 3′-deoxy-UTP (dU), 3′-deoxy CTP (dC), dideoxy-
TTP (ddTTP), or dideoxy-CTP (ddCTP) were present as indicated.
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(up to -22 in some promoters) while nearly all class II
promoters have a G‚C interruption that limits the AT run to
4-6 bps. Interestingly, experimental class III promoter
constructs in which the AT run was truncated upstream of
-17, or interrupted in the region from-17 to -13 by a
single G‚C pair, behave as class II promoters in vivo (31).

Promoter Specificity.Previous efforts to characterize
RNAP-promoter interactions involved the construction and
characterization of RNAP mutants having alterations in the
specificity loop. In such a manner, we found that N748 makes
specific contacts with the bps at-10 and-11, R756 interacts
with the bp at-9, and Q758 interacts with the bp at-8
(20, 21, 39, 56). The crystal structure of a T7:RNAP
promoter complex confirmed these interactions and revealed
an additional contact between the template strand base at
-7 and R746 (22). While no bp substitutions are tolerated
at positions-7, -8, or -9, some changes are accepted at
-10 and-11 (Table 1 and Figure 2). The interactions at
-7, -8, and-9 each involve two direct hydrogen bonds,
and the bidentate nature of these contacts probably accounts
for the high specificity at these positions. In contrast, the
interaction at -11 involves one direct and one water-

mediated hydrogen bond and the interaction at-10 involves
only a single water-mediated bond; this may account for the
lower stringencies at the latter positions.

As noted in Figure 3, substitution of R756 with other
amino acids altered the preference of the mutant RNAP not
only for the bp at-9, but also for the bps at-10 and-11.
The observation that the change of a single amino acid
affected promoter preference over a 3 bprange was initially
puzzling but is understandable in light of the crystal structure,
where it is observed that, in addition to the two hydrogen
bonds R756 makes with the 6-keto and 7-imino groups of
G at -9 in the template strand, it also forms a hydrogen
bond with N748 via its guanidinium nitrogen. As noted
above, the latter residue (N748) is involved in contacts with
the bps at-10 and-11. All of the substitutions tested here
are expected to change the interaction with N748. While
some changes (such as R756K) resulted in altered promoter
preference only at-9 and -10, others, such R756C and
R756S, resulted in more dramatic changes over the 3 bp
interval, suggesting that they have a greater potential to alter
the orientation of N748. A similarly broad set of effects on
promoter recognition was observed when N748 was replaced
with the corresponding residue found in T3 RNAP (T7-
N748D; 20), suggesting that a reorientation of side chain
interactions might also be involved in this case (57).

Choice of Start Site.The question as to how T7 RNAP
chooses the correct site for initiation has been the subject of
a number of recent investigations. Two (nonexclusive)
models for start site selection have been discussed. In the
first, the polymerase initiates at a position on the template
strand that is a preferred distance from the upstream binding
region, while in the second model, specificity is dependent
upon information in the template strand in the initiation
region (44). In the crystal structure of the T7 RNAP-
promoter complex, the template strand is led down into the
active site by contacts along the surface of the RNAP (22).
It is clear from the studies reported here that, with the
exception of substitutions at+1, changes in the initiation
region are well tolerated and have little effect on start site
selection. These observations are consistent with the notion
that there is little sequence-specific information in the
template strand in the initiation region that is required for
start site selection and that initiation occurs at a particular
distance downstream from the binding region. The effects
of deleting or inserting base pairs between the binding region
and the initiation region are also consistent with the poly-
merase counting off the distance from the binding region to
the start site. For example, repositioning the entire initiation
region (-4 to +6) either 1 nt closer or 1 nt further away
from the upstream binding site still resulted in initiation the
same distance downstream (Figure 6).

In earlier work, Weston et al. found that the insertion of
flexible nonnucleosidic linker segments between the binding
region and the initiation region had little effect on the choice
of start site (44). While this observation would seemingly
argue against a model for start site selection that involves
counting off a fixed distance from the upstream binding
region, the linkers used in these studies did not allow
initiation within the inserted region (as there were no bases
to direct incorporation). Instead, the work by Weston et al.,
together with the results presented here, are consistent with
a model in which the RNAP initiates a minimum distance

FIGURE 6: Effects of moving the initiation region on choice of start
site. Synthetic templates were prepared by annealing together
template (T) and nontemplate (NT) strand oligomers as indicated.
Template 1 contains the consensus T7 promoter; positions in this
template are numbered relative to the start site of transcription (+1),
the initiation region from-4 to +6 is shown in bold-face type. In
templates 2 and 3 the position of the initiation region relative to
the upstream binding region has been shifted by the deletion of
the base at-4 (template 2) or insertion of a base between-5 and
-4 (template 3). The templates were transcribed by T7 RNAP in
the presence of GTP, ATP, CTP, and dUTP with the indicated
substrate labeled, and the products were resolved by electrophoresis
in a denaturing 20% polyacrylamide gel (- indicates no template
was present). Transcription from the consensus promoter is expected
to terminate at 16 nt following incorporation of dU (underlined).
Shorter products due to premature release are visible in each lane.
The start site for transcription in each template (as determined by
these experiments) is boxed and shaded.
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(i.e., not less than 5 nt) downstream from the binding region.
Superimposed upon this restraint is the absolute preference
for initiation with purines (and especially GTP). Thus, while
we never detected initiation closer than this interval (even
when the consensus initiation region was shifted 1 nt closer

to the binding region), we detected initiation at+2 when a
pyrimidine start was required at+1. Recent work by Huang
et al. (58) indicates that the strong preference for initiation
with GTP may involve residue H784.

Weston et al. (44) found that removal of the base at-1
or substitution with an abasic linker at this position resulted
in changes in start site selection, suggesting that stacking
interactions between the-1 and+1 bases might contribute
to start site specificity. However, we have found that
initiation occurs accurately at+1 regardless of which base
is present at-1. In the crystal structure of a T7 RNAP-
promoter complex, Cheetham et al. (22) observed stacking
interactions between the template strand base at-1 and the
aromatic side chain of Trp422, and suggested that these
interactions might be important in positioning the base at
+1 in the active site. While this finding could account for
the effects of an abasic linker at-1 on start site selection
observed by Weston et al., our results indicate that this
stacking interaction is not sequence-specific, as base sub-
stitutions at this position do not affect start site selection.

Poly(G) Synthesis and the Length of the RNA:DNA Hybrid.
The synthesis of poly(G) products by T7 RNAP is thought
to result from repeated cycles of slippage of the nascent RNA
on the template strand and subsequent addition of GMP (49).
We have found that this process is enhanced on promoter
variants in which there is an opportunity to form a more
extended G‚C hybrid (such as the-1G or+4G promoters).
Presumably this is due to a decreased tendency of the RNA
to dissociate before it can again be extended.

In solving the crystal structure of a T7 RNAP initiation
complex at a consensus promoter, Cheetham and Steitz (59)
utilized the nonhydrolyzable ATP analogueR,â methylene-

FIGURE 7: Effects of base-pair substitutions in the initiation region on poly(G) synthesis. (A). Plasmid templates carrying the indicated
promoter (see Table 3) were digested withHincII. Reactions (10µL) contained 500 ng of template, 0.5 mM GTP, 20 ng of WT RNAP, and
[γ32-P]GTP and were incubated at 37°C for 15 min. The products were resolved by electrophoresis in a highly cross-linked 20%
polyacrylamide gel (acrylamide:bisacrylamide 12:1). The length (in nucleotides) of each transcript is indicated at the side. (B) Same as
panel A except that the labeled substrate was [R-32P]GTP and the gel was less cross-linked (acrylamide:bisacrylamide) (19:1) to improve
the resolution of longer products. (C) Densitometric scans of lanes 3 and 4 of panel A. Since the transcripts were labeled at their 5′ end with
[γ32-P]GTP, the peak heights provide an indication of the relative molar production of each species.

FIGURE 8: Effects of repositioning the initially transcribed sequence
on poly(G) synthesis. Synthetic templates were prepared as
described in Figure 6. The conserved initiation region is shown in
boldface type, and the start site of transcription at each promoter
(as determined in Figure 6) is shaded and boxed. Templates were
transcribed by T7 RNAP in the presence of [γ-32P]GTP as the sole
substrate, and the products were resolved by electrophoresis in a
20% polyacrylamide gel.
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ATP in an apparent attempt to limit RNA synthesis to the
trinucleotide pppGpGpG. They noted that the base at the 5′
terminus of the trinucleotide was involved in non-Watson-
Crick base pairing, suggesting that it might be peeling off
the template strand at this point, and further observed that
extension of the RNA‚DNA hybrid beyond 3 bp would result
in steric clashes with the N-terminal domain of the RNAP.
On the basis of these findings, they suggested that the RNA‚
DNA hybrid may not extend further than 3 bp upstream from
the active site in the IC. However, we and others have found
that under standard conditions of transcriptionR,â-methyl-
ene-ATP does not inhibit poly(G) synthesis, even at very
high ratios of the analogue to GTP (W.T.M., unpublished
observations; Craig Martin, personal communication); fur-
thermore, the analogue is not visible in the structure presented
(59). The likely heterogeneity of the RNA in the crystal
complicates the interpretation of the diffraction data. In
addition, the conclusion that the RNA‚DNA hybrid cannot
extend further than 3 bp upstream from the active site (59)
is not consistent with our observation that the opportunity
to form a more extended hybrid results in enhanced synthesis
of poly(G) products. Additional studies involving complexes
in which the transcript is longer than 3 nt will be needed to
resolve this issue.
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