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The determination of various polymerase structures has sparked interest
in understanding how the polynucleotide template interacts with the
active site. In the primer-independent initiation of transcription, an ad-
ditional question arises as to how the complex directs the first two bases
of the template uniquely into the active site. Recent studies in the model
RNA polymerase from bacteriophage T7 demonstrate that upstream
duplex contacts provide at least some of the binding specificity and
suggest that the enzyme interacts with the template strand in a melted
context near the start site for transcription. The current work probes the
role of the template strand in positioning of the first two templating
bases during initiation. The results suggest that such positioning is not
rate-limiting in steady-state turnover, and that the insertion of a very
large and flexible linker three or four bases upstream of the start site has
no significant effect on the fidelity of start site selection. The insertion of
linkers immediately adjacent to the start site, however, does significantly
decrease the fidelity of start site selection (as evidenced by a large
increase in misinitiation at position +2, with little change in the observed
rate of correct initiation), suggesting that some of the non-transcribed
template DNA does help to position the first two templating bases into
the active site of the RNA polymerase. Finally, incorporation of an abasic
site at position —1 yields a similar decrease in initiation fidelity,
suggesting a role for stacking of the bases at positions —1 and +1.
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Introduction

In determining a unique site along the DNA for

downstream melted domain comprising the site of
transcription initiation (Chapman & Burgess, 1987;
Li et al., 1996; Maslak & Martin, 1993).

the initiation of transcription, an RNA polymerase,
like many sequence-specific DNA-binding proteins,
must interact strongly with specific functional
groups along the promoter DNA. In addition, an
RNA polymerase must direct the initial templating
bases (+1 and +2) of the melted DNA precisely
into the polymerase active site. However, after the
initiation of transcription, an RNA polymerase
should behave as a sequence-independent poly-
merase, accommodating any templating bases into
the active site. In the simplest model to accommo-
date these requirements, the polymerase (phospho-
transfer) active site would not contain direct
specificity elements, but rather would achieve
specificity through adjacent upstream (non-tran-
scribed) contacts with the promoter. In fact, pre-
vious studies in the bacteriophage T7 system
indicate that its promoter can be loosely divided
into an upstream duplex recognition domain and a
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T7 RNA polymerase presents an ideal model
system in which to study fundamental mechanistic
questions in transcription. The single subunit en-
zyme, which requires no additional factors, is
highly specific for a relatively short promoter se-
quence, and initiation begins with good fidelity at
a unique site within the promoter. An emerging
model for promoter recognition in this system,
summarized in Figure 1, suggests that the recog-
nition of promoter elements upstream of about
position —5 occurs via simple major groove con-
tacts in duplex DNA (Chapman & Burgess, 1987;
Li et al., 1996; Schick & Martin, 1995). Downstream
of position —5, specificity determinants shift exclu-
sively to the template strand, in a melted context
(Maslak & Martin, 1993; unpublished results). It
seems obvious that one function of the sequence
“TATA” (positions —4 to —1 of the T7 promoter) is
to provide a low barrier to the melting of the DNA
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Duplex specificity -4 375 -1
contacts What role?

Figure 1. A model for promoter recognition by T7 RNA
polymerase, emphasizing upstream duplex recognition
elements and downstream template strand contacts.
Two nucleoside triphosphate bases are shown bound at
the active site.

at the adjoining transcription start site (Breslauer
et al., 1986; Jia et al., 1996; Ujvari & Martin, 1996).
Indeed, Escherichia coli RNA polymerase can in-
itiate primer-independent transcription from non-
promoter sequences containing an artificially cre-
ated bubble in the DNA, although with significant
loss in start site selection fidelity (Aiyar et al.,
1994). Finally, a narrow region of sequence-derived
melting is not sufficient to uniquely define the start
site, since T7 RNA polymerase initiates with native
fidelity from constructs that are single-stranded
downstream from position —1 (Maslak & Martin,
1993; Milligan et al., 1987; and see below).

One might envision different mechanisms to
achieve the initiation of transcription at a unique
site in the promoter. In one extreme, specificity
contacts on the template strand at positions +1
and 42 would serve to direct those bases into the
active site. In another extreme, mentioned above,
all specificity would come from upstream contacts,
several bases distant from the start site, with
simple linear spacing of the template strand from
those contacts directing the positioning of the in-
itial templating bases. Non-specific interactions
with the phosphate backbone might facilitate the
direction of the templating bases to the active site.

The introduction of nucleoside analogs into syn-
thetic oligonucleotides allows simple tests of struc-
tural constraints in DNA function. A specific
analog that is useful in maintaining backbone con-
nectivity, while removing all base and sugar con-
straints, is the simple propyl spacer shown in
Figure 2. This spacer and longer polyethylene gly-
col spacers have been used previously to cross-link
the ends of duplexes (Altmann et al., 1995) or as
components of hairpin structures (Durand et al.,
1990; Williams & Hall, 1996). Non-nucleosidic
spacers have also been exploited to link two do-
mains of DNA or RNA, to test the role of specific
regions of the DNA backbone in helicase function
(Amaratunga & Lohman, 1993) or of the RNA
backbone in RNA splice site selection (Pasman &
Garcia-Blanco, 1996).

The promoter DNA construct used in the current
studies consists of the T7 RNA polymerase consen-

sus sequence from positions —17 through —1, fol-
lowed by DNA encoding the 5 base runoff
transcript GGGAA.

-17 -10 -5 +1 +5
TAATACGACTCACTATAGGGAA nontemplate
ATTATGCTGAGTGATATCCCTT template

We have shown previously that for full promoter
function, only the template strand is required in
the region (positions —4 to —1) linking the up-
stream recognition element of the T7 RNA poly-
merase promoter with the start site at position +1
(Maslak & Martin, 1993). In order to characterize
the role of this DNA in positioning the start site,
we have incorporated into the promoter at unique
positions, a simple non-nucleoside spacer that
mimics the normal DNA backbone in its overall
connectivity. Although the backbone in this con-
struct can adopt the path taken by the backbone in
the native promoter complex, it is not constrained
to do so by interactions with, or conformational
constraints of, the sugar and/or base. We have ex-
tended this analysis to include the substitution of
individual nucleosides by longer alkyl spacers, to
disrupt the spacing and to effectively lengthen the
connection between the upstream specificity el-
ement and the downstream start site for transcrip-
tion. The effects of these substitutions on both
initiation kinetics and start site fidelity are exam-
ined, in order to provide insight into the mechan-
ism of template strand positioning in the initiation
of transcription.

Results

In transcription, the template strand of the DNA
acts as a cofactor, binding to the enzyme and form-
ing a part of the active site. The templating bases
in the DNA then direct the corresponding ribonu-
cleoside triphosphate bases to the active site, in
order to allow specific phosphotransfer chemistry.
In initiation, the template strand presumably
serves to direct the placement of the first two nu-
cleoside triphosphates. Thus positions +1 and +2
of the DNA template (the templating bases) must
be placed into well-defined positions within the ac-
tive site prior to initiation. Previous studies have
defined upstream promoter elements involved in
the specific binding of T7 RNA polymerase to its
promoter (Li et al., 1996; Maslak et al., 1993; Schick
& Martin, 1995). Studies have also shown that con-
structs containing the (single-stranded) template
DNA coupled to an upstream duplex portion of
the promoter are sufficient to allow initiation of
transcription (Maslak & Martin, 1993; Milligan
et al, 1987). Indeed, the steady-state rate of in-
itiation increases twofold on such constructs
(Maslak & Martin, 1993). What then are the roles
of template strand nucleotides immediately adja-
cent to the templating bases? Distance and confor-
mational constraints imposed by the linkage to
upstream duplex recognition elements might ac-
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Figure 2. Description of the non-nucleosidic linkers and their incorporation at position —1, immediately adjacent to
the start site for transcription. Note that (spacer), and 2X-spacer have comparable extended lengths, but very different

linear charge densities.

tively direct the templating bases into the active
site. Other factors, such as stacking of the +1 and
—1 bases, could further stabilize the correct struc-
ture.

Spacer substitutions at position —1

Replacement of the normal nucleotide linkage at
position —1 by a simple alkyl linkage allows the
correct placement of the downstream DNA into
the active site, but removes steric constraints im-
posed by the sugar and removes any potential in-
teractions of the base at position —1 with the
templating base at position +1. The results sum-
marized in Table 1 show that in multiple turnover
transcription from a double-stranded construct en-
coding a five base runoff transcript, substitution of
the nucleoside at position —1 by a simple spacer
leads to a twofold increase in the apparent activity.
That transcription is not dramatically reduced by
this substitution suggests that the base at position
—1 does not play an essential role in the rate-limit-
ing step(s) governing the initiation of transcription.

Under the conditions used for this simple ac-
tivity assay, the enzyme should be about 75 to 80%
saturated by promoter, assuming a native Ky of
5nM (Ujvarl & Martin, 1996). Therefore a twofold
increase in activity cannot arise solely from an in-
crease in binding affinity. More detailed steady-
state kinetic assays yield the kinetic parameters

m=61nM and k,, = 80 minute ™" for the promoter
construct containing a simple spacer in the tem-
plate strand at position —1 (compared with
K,=6nM and k., =30 minute™! for the native
promoter construct). A two- to threefold increase
in apparent activity is therefore predicted from the
increase in k., Promoter binding (as reflected in
the parameter K,) appears not to be affected by
this substitution.

The substitution of a spacer that mimics the
length of a normal nucleoside results in a relatively
small change in the rate of initiation. To what ex-
tent can more dramatic structural perturbations be
incorporated and still allow effective initiation? To
address this question, the single nucleotide linkage
at position —1 was replaced by two non-nucleosi-
dic spacers, a construct labeled (spacer), in
Figure 2. This construct formally allows more flexi-
bility, but also introduces steric bulk and added
charge density (an extra phosphate group). The re-
sults summarized in Table 1 show that in this case,
the apparent activity still does not change signifi-
cantly relative to the wild-type promoter. To
achieve a similar linkage, but without an added
phosphate group, a construct was prepared con-
taining a glycol spacer of approximately the same
length, labeled (2X spacer) in Figure 2. The results
again show a relative activity the same as that of
the (spacer), construct.
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Table 1. Relative activities of double stranded constructs
containing non-nucleoside spacers at position —1

Substitution Relative activity
Native 1.0
Spacer 1.7
(spacer), 1.2
2X spacer 1.1
(2X spacer), 1.1
(2X spacer), 0.5

Relative amount of runoff synthesis in a ten minute incubation
at 37°C, containing 0.08 uM T7 RNA polymerase and 0.20 uM
promoter encoding the transcript GGGAA, and using
[0-32P]GTP as a label, as described in Materials and Methods.

With DNA bound at the active site, it appears
that the enzyme can accommodate substantial
added bulk and charge at position —1. In addition,
the similar activities of the promoters containing
(2X spacer) or (spacer),, which differ in the pre-
sence of a large negatively charged phosphate
group in the latter, suggest that the DNA backbone
in this region is not substantially constrained in the
enzyme-DNA complex. To further test these pro-
posals, constructs (2X spacer), and (2X spacer)s,
with still longer linkages, were prepared and
tested. The data presented in Table 1 indicate that
for both constructs, the relative activity is compar-
able to that of the smaller (2X spacer) construct,
with a small reduction for the largest construct (2X
spacer);. Steady-state kinetic assays on the promo-
ter containing (2X spacer); at position —1 yield
values of K, =31 (21 to 46) nM and k., = 13.6
(124 to 14.8) minute™!, suggesting at most a five-
fold decrease in binding affinity and a twofold de-
crease in initiation, relative to wild-type. In
previous studies, the removal of a single methyl
group, or hydrogen bond donor or acceptor, in the
upstream region was sometimes found to result in
much larger perturbations to the kinetics (Li et al.,
1996; Maslak et al., 1993; Schick & Martin, 1995).
Preliminary fluorescence measurements of binding
confirm that K, is not increased substantially in the
(2X spacer); construct (unpublished results). It is
clear that substantial added charge and steric bulk
are reasonably accommodated very near the active
site, with only mild perturbations in promoter
binding and in the apparent steady-state kinetics.

Fidelity of initiation site selection

In the above experiments, the relative activity
presented represents the total amount of labeled
ATP incorporated into RNA product in a defined
period of time (for the template used, encoding the
transcript GGGAA, only the four and five base
transcripts will be detected). Although the results
clearly show that transcription continues at a
reasonable rate in the presence of substantial
spacer substitutions, they do not indicate whether
the full-length (five base) transcript, corresponding
to initiation at position +1, is the major product. In
order to assess the fidelity of initiation, RNA pro-
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Figure 3. Representative product profiles from transcrip-
tion reactions, analyzed by denaturing gel electrophor-
esis (see Materials and Methods). In all cases, only the
nucleoside triphosphates GTP and ATP were present in
solution. (a) Representative reactions on a template
encoding the five base runoff transcript GGGAA, and
incorporating [y-*>P]GTP as the label, so that each tran-
script is labeled only once. Partially ss denotes a promo-
ter construct that is single-stranded from positions +1
through +5; all other constructs are fully duplex. Lanes
denoted spacer substitute the simple spacer for the tem-
plate strand base at the indicated position in the promo-
ter. (b) Reactions on a longer template, encoding a 12
base runoff transcript (although transcription halts at
the same five base transcript due to a lack of UTP in the
solution). In these reactions, [0->?P]GTP was used as the
label in order to emphasize longer transcripts.

ducts from a similar transcription reaction were
characterized by denaturing gel electrophoresis,
examples of which are shown in Figure 3. To pro-
vide a simple analysis of transcript sequence, par-
allel reactions were carried out in the presence of
either [y->?P]GTP, [a-*?P]GTP or [0-*?P]ATP (the
temgolate encodes only G and A). The nucleotide
[y-**P]GTP results in the labeling of each transcript
only once (at the 5 end), while [¢-**P]GTP and
[0->*P]ATP label each transcript proportional to the
number of G or A residues, respectively. For each
band on the gel, the approximate length derived
from its gel mobility (note that for short RNA tran-
scripts there will be some sequence-dependence of
mobility), combined with the measured compo-
sition of G and A, provide a very good assignment
of transcript identity. Examples of the compo-
sitional information used in assignment of tran-
scripts are shown in Table 2. Note that
misinitiation at position —1, followed by premature
termination at position +4 would yield a transcript
with the sequence AGGGA, with the same length
and formal composition as the correct transcript
GGGAA. However, in analyses of the type shown
in Table 2, misinitiation at position —1 would not
incorporate any [y-*?P]GTP, leading to artificially
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Table 2. Assignment of transcription products

Native promoter

Partially ss/spacer at —1

[0-P]GTP [a-PJATP [0-P]GTP [a-PJATP
RNA seq [y-2P]GTP [y-2P]GTP [y-2P]GTP [y-2P]GTP
GGGAA 2.7 21 27 22
GGGA 29 12 32 1.1
GGAA 19 2.0 19 23
GGG 29 34
GGA 2.1 13 2.1 13
GG 22 22

Ratios represent the relative incorporation of each nucleotide, in a ten minute reaction,
under the conditions (0.2 pM each of enzyme and promoter DNA) described in Materials

and Methods.

Promoter constructs were either: fully duplex or duplex from position —17 to —1, but sin-
gle-stranded (template strand only) from positions +1 to +5.

high values for the ratios presented. This is not ob-
served, consistent with the conclusion that the en-
zyme does not misinitiate at position —1 to any
significant extent.

Analysis of transcripts produced from the native
promoter, containing the normal thymidine at pos-
ition —1 of the template strand, summarized in
Table 3, shows that the 5Smer GGGAA is the predo-
minant product. In addition, very small amounts
of the transcript, GGAA, corresponding to misini-
tiation at position +2, and some abortive transcript
of sequence GG (which could arise from initiation
at either position +1 or +2) are observed. Substi-
tution of the simple spacer at position —1 leads to
a fivefold increase (13 versus 2.6 uM) in the amount
of the incorrect product GGAA, with only a slight
(14 versus 17 uM) decrease in the amount of the
correct five base transcript. Thus the increase in ap-
parent activity associated with the substitution of
the simple spacer arises almost completely from a
fivefold increase in incorrect initiation at position
+2. In contrast, the twofold increase in activity as-
sociated with the removal of the non-template
strand in this region, denoted (native)/ss in
Table 3, does not arise from incorrect initiation;
fidelity is not decreased in the partially single-
stranded construct containing the consensus thymi-
dine at position —1.

For longer spacer substitutions, as for the simple
spacer substitution, the amount of misinitiation at
position +2 remains comparable to the amount of

correct initiation at position +1. This is true even
for the very dramatic substitution of the (2X
spacer); at position —1. This construct, however,
may lead to a small increase in the synthesis of the
product (GGGA) that is correctly initiated, but
which is truncated prematurely at the 3’ end. The
substantial added steric bulk and/or charge may
facilitate abortive termination prior to successful
runoff transcription.

The above results suggest a unique role for the
nucleotide at position —1 in determining the fide-
lity of start site selection. The replacement of the
thymidine nucleotide at position —1 by a simple
spacer alters potential constraints imposed by the
backbone, and removes potential interactions with
the thymine base. To elucidate the nature of the in-
teractions at this position, we incorporated an aba-
sic site at position —1. The results summarized in
Table 4 indicate that this construct has the same in-
creased misinitiation at position +2 as does the
spacer substitution, suggesting that base stacking
interactions may be important in determining the
positioning of the start site.

The result that partially single-stranded con-
structs (which lack the non-template strand from
position +1 to 45) initiate transcription well with
either the consensus thymidine or a spacer at pos-
ition —1 clearly demonstrates that the non-template
strand is not necessary to direct the transcribed
template strand into the active site. To confirm that
the direct connection of the template strand to up-

Table 3. Product distributions for constructs containing non-nucleoside spacers at position —1

[RNA product] (uM)?
GGG

Substitution GGGAA GGGA GGAA GGA GG Total
(Native) 17 0.9 2.6 0.5 0.4 6.7 28
Spacer 14 <0.5 13 0.3 1.0 14 42
(Native)/ss® 38 3.2 43 1.0 0.9 9.4 57
Spacer/ss® 23 1.3 15 0.8 2.2 16 58
(Spacer), 5.8 0.9 11 0.2 1.6 17 36
2X spacer 3.7 0.5 4.0 0.4 0.7 10 36
(2X spacer)s 3.3 22 11 0.3 0.7 7.3 15
abasic site 11 32 8.6 24 1.1 6.3 33

2 Final concentration of each RNA in a ten minute reaction, as described for Table 2.

® Partially single stranded construct, as described in Table 2.
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Table 4. Product distribution for a construct containing an abasic site at position —1

[RNA product] (uM)?

Substitution GGGAA GGGA GGAA GGG GGA GG Total
(Native) 17 0.9 2.6 0.5 0.4 6.7 28
Abasic site 11 3.2 8.6 24 1.1 6.3 33

2 Final concentration of each RNA in a ten minute reaction, as described for Table 2.

stream promoter elements is required for initiation,
we prepared two constructs that completely break
the connection between position +1 and the up-
stream template DNA. In one construct, three sep-
arate pieces of DNA were annealed so as to
present a nick between positions —1 and +1 of the
template strand (flanked by 3’ and 5 hydroxyl
groups). In the second construct, a gap was intro-
duced at position —1 (deleting the template strand
thymidine base completely). In both cases, in order
that a stable duplex downstream would be main-
tained, the downstream sequence was extended to
position +12, as shown below.

-17 -10 -5 +1 +5 +12
TAATACGACTCACTATAGGGAATTCGAGC
ATTATGCTGAGTGATATCCCTTAAGCTCG

The sequence of this construct is such that in the
presence of only GTP and ATP, the same full-
length RNA sequence (GGGAA) is expected. As
shown in Figure 3, while the fully connected con-
struct produces the expected RNA products in
good yield, no detectable transcription is observed
from either the nicked or the gapped construct.
A covalent tethering of the downstream template
strand to the upstream promoter element is
required.

Spacer substitutions at other sites

The above results demonstrate that substitutions
at position —1, immediately adjacent to the start
site for initiation, do influence positioning of the
templating bases. In order to determine the extent
to which interactions more distant (upstream) from
the start site influence positioning, substitutions
were incorporated along the template strand at
positions —2, —3 and —4 within the TATA se-
quence. As seen in Table 5, the introduction of a
simple spacer at position —2 yields a threefold in-
crease in apparent activity, similar to the effect of
the substitution at position —1, while the same sub-
stitution at position —4 yields near-native activity.
In addition, the results presented in Table 6 show
clearly that the fidelity of initiation from the pro-
moter containing a spacer at position —2 is not as
good as that of wild-type, but is better than that of
the construct containing a spacer at position —1.
However, placement of a simple spacer further up-
stream at position —4 or a double length spacer at
position —3 yields native levels of correctly and
misinitiated products, indicating that template

DNA downstream of position —3 is sufficient to
accurately position the templating bases.

Substitution of a simple spacer for the templat-
ing base at position +1, now within the normally
transcribed region, must significantly disrupt the
initiation of transcription, forcing the enzyme to in-
itiate at position +2. The analysis of apparent ac-
tivity presented in Table 5 confirms that initiation
is substantially inhibited, while analysis of product
distributions, shown in Table 6, demonstrates that
the complex can initiate transcription at position
+2, at a rate that is an order of magnitude reduced
from the initiation at +1 by the native complex
(approximately one-fourth the rate of misinitiation
at +2 by the native complex).

Discussion

The promoter sequence in DNA directs an RNA
polymerase to a specific base for the (primer-inde-
pendent) initiation of transcription. In normal in-
itiation of transcription, the RNA polymerase must
minimally bind to the specific sequence of DNA
and facilitate melting of the DNA duplex, provid-
ing some site selectivity. In fact, previous studies
have shown that both T7 and E. coli RNA poly-
merases can bind to and elongate from pre-formed
DNA-RNA transcription bubbles, in a primer-de-
pendent process (Daube et al., 1994; Daube & von
Hippel, 1992, 1994). More recent studies have
shown that T7 RNA polymerase can transcribe
(elongate) through a large gap in the template
strand, requiring the direction of a disconnected
template strand into the active site, presumably
without regard to sequence (Liu & Doetsch, 1996;
Zhou et al., 1995). Elongation then continues using
the newly positioned template strand. Finally, it
has been shown that E. coli RNA polymerase can
initiate (primer-independent) RNA synthesis from

Table 5. Relative activities of constructs containing non-
nucleoside spacers at other positions

Position Substitution Relative activity?
native 1.0

-2 Spacer 29

-2 2X spacer 0.5

-3 Spacer 2.7

-3 2X spacer 0.7

—4 Spacer 1.2

—4° Spacer 22

+1 Spacer <0.1

2 Relative activity as described for Table 1.
® Partially single-stranded as described for Table 2.
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Table 6. Product distributions for constructs containing non-nucleoside spacers at other positions

[RNA product] (uM)?
GGG

Substitution Pos GGGAA GGGA GGAA GGA GG Total
(Native) 17 0.9 2.6 0.5 04 6.7 28
Spacer -2 45 49 1.3 1.9 23 87
2X spacer -2 4.9 0.8 24 0.6 25 6.4 18
2X spacer -3 8.2 0.9 1.3 0.5 1.3 19 31
Spacer —4 6.4 0.3 1.0 0.8 0.3 13 21
Spacer/ss —4 24 2.3 2.7 1.9 1.0 20 52
Spacer +1 0.7 0.3° 2.3 4

2 Final concentration of each RNA in a ten minute reaction, as described for Table 2.
® For the construct containing a spacer at position +1, a product assigned as GAA (0.5 pM) was also observed.

artificially constructed transcription bubbles that
contain no promoter sequence (Aiyar et al., 1994;
Tripatara & deHaseth, 1993).

In the T7 RNA polymerase system, previous stu-
dies have shown that promoter recognition is
achieved, at least in part, by specific (duplex)
major groove contacts 5 to 11 bases upstream of
the start site (Li et al., 1996; Maslak et al., 1993;
Schick & Martin, 1995) and that melting represents
only a small barrier to the steady-state rate of in-
itiation (Maslak & Martin, 1994). Upstream binding
interactions would seem sufficient to direct the
transcription start site at position +1 to the vicinity
of the enzyme active site, but not to precisely direct
initiation to a unique site on the DNA template
(i.e. placement of the two templating bases into the
active site of the enzyme). The latter should require
specific interactions with functional groups on
the template strand, restricted conformations of the
template strand, and/or a precise spacing of the
DNA from the upstream recognition elements.

A direct linkage to upstream elements is
required for initiation

Previous studies in which a gap was introduced
into the template DNA some distance downstream
of the promoter indicate that during the processive
elongation phase of transcription, T7 RNA poly-
merase can bypass a gap in the DNA, bringing a
disconnected template strand into the active site
(Liu & Doetsch, 1996; Zhou et al., 1995). In this
case, it was proposed that the non-template strand
serves as an indirect linkage between the two
pieces of template DNA. This mechanism for tem-
plate strand positioning clearly does not apply to
the initiation of transcription from spacer-contain-
ing constructs, since the absence of the non-template
strand in this region has little effect on initiation.
Furthermore, the introduction of a nick or gap in the
template strand, as used in the previous studies of
processive elongation, completely abolishes the pri-
mer-independent initiation of transcription.

Positioning of the template strand is not
rate-limiting

The incorporation of a simple linker at position
—1 results in a twofold increase in the apparent

activity, consistent with a previous study which
showed that removal of the barrier to melting in
this region (in this case, the loss of an AT base-
pair) leads to a twofold increase in the steady-state
parameter k_,, (Maslak & Martin, 1993). The incor-
poration of a variety of more perturbing linkers at
positions —1 through —4, including a linker, (2X
spacer);, which is potentially six times the linkage
length of the single nucleotide it replaces, results in
very minor changes in the apparent activity in this
system. Although statistical mechanical arguments
predict that the average separation between the ad-
joining nucleotides will be smaller than the maxi-
mum extended length (Williams & Hall, 1996), it is
clear that these substitutions provide very different
(and fewer) restrictions on the path of the DNA
backbone connecting upstream elements with the
start site bases. Moreover, the larger substitutions
require the accommodation of significantly more
steric bulk and negative charge, suggesting that
the backbone linkage at position —1 of the tem-
plate strand enjoys ready access to the aqueous
phase, while the immediately adjacent templating
bases (+1 and +2) are positioned correctly at the
active site.

These results strongly support the assignment of
a step beyond template positioning as rate-limiting.
This is consistent with recent results, which indi-
cate that promoter binding and helix melting occur
on a much faster time-scale than does initiation (Jia
et al., 1996; Ujvari & Martin, 1996).

Base stacking interactions at position —1 are
uniquely required for maximal fidelity

Although the overall rate of initiation is not de-
creased substantially by the above substitutions,
simple assays of activity do not provide infor-
mation on the precise fidelity of start site selection.
It is well known that promoter-dependent in-
itiation by T7 RNA polymerase begins with good
fidelity at the +1 site in the promoter, and the re-
sults presented here for the native promoter de-
monstrate this. Ignoring the dinucleotide product
(which could, in principle, initiate from either pos-
ition +1 or position +2), at most 14% of transcripts
misinitiate at position +2 (this is an upper limit,
since some of the GGAA or GGA product could
arise from correct initiation, followed by forward
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slippage of the dinucleotide), No detectable pro-
duct corresponding to misinitiation at position —1
is observed. This fidelity occurs despite the fact
that initiation at position —1 would incorporate
ATP as the first base in the transcript, and some T7
phage promoters do begin with adenine as the first
coded base (Dunn & Studier, 1983). Finally, it is
clear from the current studies that the non-tem-
plate strand in this region is not required for native
fidelity. What is the physical basis for this speci-
ficity?

The incorporation at position —1 of a flexible lin-
ker that mimics the backbone connectivity of a nor-
mal nucleoside results in normal initiation at
position +1, but leads to a fivefold increase in the
amount of products misinitiated at position 42 (in
this case, misinitiation one base upstream is not ex-
pected, since there is no base at position —1). This
suggests that torsional constraints imposed by the
sugar and/or stacking interactions between the
template strand bases at positions —1 and +1 are
important in directing position +1 into the active
site of the enzyme. That the incorporation of an
abasic site at position —1 yields similar results
points more strongly to stacking interactions, pre-
sumably between the bases at positions —1 and
+1, as the essential determinants (although the
sugar in an abasic site may adopt alternative
conformations, the backbone in this construct is
certainly more constrained than in constructs con-
taining spacers at position —1). These observations
are qualitatively the same on a construct lacking
the non-template strand in this region, consistent
with the proposal that the non-template strand is
not involved in the precise placement of the tem-
plate strand into the active site. As the length and
charge of the spacer at position —1 are increased,
the relative amounts of the correctly initiated and
misinitiated transcripts remain comparable.

The nature of the upstream linkage is
not critical

The above results suggest that the precise nature
of the connectivity between the start site and up-
stream elements is important for ensuring the fide-
lity of initiation. However, spacer substitutions at
positions —2 through —4 result in ratios of cor-
rectly initiated to misinitiated transcripts that are
more like that of the native system. Although in-
corporation of the “2X linker” at position —2 leads
to only a twofold preference for correct to incorrect
initiation, the other substitutions all lead to ratios
greater than four, comparable to the ratio observed
for the native promoter. Finally, these results are
consistent with the proposal that stacking between
the bases at positions —1 and +1 plays a role in
start site positioning.

The observation that significant disruptions in
the template strand at positions —3 and —4 are tol-
erated with no measurable effect on the initiation
of transcription casts doubt on the simplest model
for initiation in which upstream specificity el-

ements (duplex major groove contacts) direct
downstream non-specific interactions via a simple
spacing of the phosphate backbone. In fact, inter-
actions very close to the start site are involved in
the precise positioning of the first two templating
bases into the enzyme active site. The critical
nature of the template strand in this region is
underscored by the observation that the incorpor-
ation of a simple spacer at position +1 leads to a
significant decrease in initiation at position +2, as
measured by the synthesis of both the expected
runoff transcript and the aborted dinucleotide.

Materials and Methods
RNA polymerase

T7 RNA polymerase was prepared from E. coli strain
BL21 carrying the overproducing plasmid pAR1219
(kindly supplied by F. W. Studier), in which RNA poly-
merase is expressed under inducible control of the lac
UV5 promoter (Davanloo et al., 1984; Morris et al., 1986).
The enzyme was purified and the concentration deter-
mined (g5 = 1.4 x 10° M™' cm™!) as described pre-
viously (King et al., 1986). Purity of the enzyme (>95%)
was verified by denaturing polyacrylamide gel electro-
phoresis.

Oligonucleotides

Oligonucleotides were synthesized by the phosphora-
midite method on a Milligen/Biosearch Cyclone Plus
DNA synthesizer. The standard phosphoramidites (CPG
and Prime Synthesis) were coupled normally. The spacer
analogs (Prime Synthesis) 3-O-dimethoxytrityl-propyl-
1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
(spacer) and 9-O-dimethoxytrityl-triethyleneglycol,1-
[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (2X
spacer) were coupled off-machine as described (Schick &
Martin, 1993). Detritylation was monitored throughout
each synthesis to verify the efficiency of coupling. Single
strands from a 1 pmol scale synthesis were purified tri-
tyl-on using an Amberchrom CG-161lcd reverse phase
resin as described (Schick & Martin, 1993). Purity of the
oligonucleotides was confirmed by denaturing (urea) gel
electrophoresis of 5 end-labeled single strands.

An abasic site was incorporated into DNA by first
synthesizing the appropriate single-stranded construct
containing deoxyuracil at the target site, followed by en-
zymatic removal of the base using the enzyme uracil-N-
glycosylase. Briefly, single-stranded oligonucleotides
containing deoxyuracil were incubated for one hour at
37°C in 20 mM Tris-HCI (pH 8.0), 50 mM KCl, 2.5 mM
MgCl,, 0.1 mg/ml bovine serum albumin, and one unit
of uracil-N-glycosylase (Life Technologies). Cleavage of
the glycosidic bond was verified by heating a small
amount of 5'-labeled sample for one hour at 95°C (result-
ing in strand cleavage under these conditions) followed
by denaturing gel electrophoresis (Schick & Martin,
1993).

Kinetics assays

Steady-state assays of transcription initiation (Martin
& Coleman, 1987) were carried out in a total volume of
20 pl. Reaction conditions as originally reported (Maslak
et al., 1993) and revised (Ujvéri & Martin, 1996) were
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30mM Hepes (pH 7.8), 15mM magnesium acetate,
25 mM potassium glutamate, 0.25 mM EDTA, 0.05% (v/
v) TWEEN-20 (Calbiochem, protein grade), 0.8 mM GTP
and 04 mM ATP, using [0-**P]ATP as a label. It is im-
portant to note that in these assays, full-length product is
generally assumed, since the velocities used in the deter-
mination of k., and K, derive from total radioactivity
incorporated divided by the predicted amount of label
per transcript (two adenosine bases per GGGAA tran-
script). This assumption is good for the native promoter,
but is less so for some of the spacer-containing promo-
ters. In the current study, the transcripts GGGAA and
GGAA represent the dominant products, allowing the
assumption above. The dinucleotide GG also appears in
electrophoretic product analyses (see below), but does
not separate well in the paper chromatography used in
the steady-state assays.

For the steady-state kinetic analyses of each template,
reaction velocities were measured at different enzyme
(0.04, 0.08 uM) and DNA (0.02 to 0.30 uM) concen-
trations. The error in each velocity was approximated as
the higher of 0.1 pM/minute or the t-distribution 80%
confidence interval of the fitted slope for the three time-
points. Velocity data were then fit as described (Martin
& Coleman, 1987) to the exact solution of the steady-
state equation, using a weighted non-linear least-squares
minimization algorithm based on the Gauss-Newton
method (Johnson et al., 1981). Ranges in the values rep-
resent a 67% joint confidence interval of the fitted par-
ameters. As a result of the non-linear nature of the
velocity equation and the potential interdependence of
the fit parameters, increases in K, typically have more
confidence than do decreases (Johnson, 1983), and we
have recently shown (I:Ijvéri & Martin, 1996) that K,
may not accurately reflect increases in binding affinity
(decreases in Ky). Similarly, small changes in k., (less
than a factor of 2) should be interpreted with caution.

Analysis of transcription products

Relative activities of the various promoter constructs
were determined under the conditions described above,
using [0-**P]GTP as a label. Reactions were incubated for
ten minutes at 37°C with 0.08 pM enzyme and 0.2 pM
duplex DNA, and were quenched by spotting onto chro-
matography paper pre-spotted with 200 mM EDTA.
Activities were proportional to the total amount of radio-
activity that did not migrate significantly from the origin
in ascending paper chromatography in 60% saturated
ammonium sulfate (Mulligan ef al., 1985). For constructs
producing more than one major transcript, relative ac-
tivity is not necessarily proportional to the frequency of
initiation, since different transcripts will contain different
amounts of the radioactive label. Also note that the chro-
matographic separation does not typically isolate pro-
ducts shorter than three or four bases.

To determine the fidelity of initiation, reactions were
carried out as for the determination of relative activities,
except that reactions contained 0.2 uM enzyme and
0.2 uM duplex DNA and ten minute time-points were
quenched into a 95% formamide mixture and loaded
onto 7M urea/18% polyacrylamide, sequencing gels.
The upper reservoir contained 0.5x TBE buffer (45 mM
Tris, 45 mM boric acid, 1 mM EDTA), while the lower re-
servoir contained 1.0 M sodium acetate and 0.67x TBE
buffer (60 mM Tris, 60 mM boric acid, 1.3 mM EDTA).
Gels were electrophoresed at 2000 V (50 W) until the bro-
mophenol blue dye had migrated approximately 70%
the length of the gel (approximately three hours). Fol-

lowing electrophoresis, gels were dried and quantified
using a Molecular Dynamics Storm840 Phosphorimager.
This allowed quantification of individual transcription
products for comparison between the constructs. Typi-
cally, parallel experiments were run containing
[0-*?P]ATP, [0-32P]GTP or [y-*?P]GTP. The ratios of the
extent of incorporation of [0-**PJATP or [o-**P]GTP to
that of [y-**P]GTP provide unambiguous identification of
almost all RNA products (note that the templates encode
RNA products containing only G or A, and that CTP
and UTP are left out of the reactions).
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