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In order to begin to understand the mechanism of the initiation of tran-
scription in the model bacteriophage T7 RNA polymerase system, the
simplest possible reaction, the synthesis of a dinucleotide, has been fol-
lowed by quench-flow kinetics and numerical integration of mechanism-
specific rate equations has been used to test specific kinetic models. In
order to fit the observed time dependence in the pre-steady-state kinetics,
a model for dinucleotide synthesis is proposed in which rebinding of the
dinucleotide to the enzyme-DNA complex must be included. Separate
reactions using dinucleotide as a substrate confirm this mechanism and
the determined rate constants. The dinucleotide rebinding observed as
inhibition under these conditions forms a productive intermediate in the
synthesis of longer transcripts, and must be included in future kinetic
mechanisms. The rate-limiting step leading to product formation shows a
substrate dependence consistent with the binding of two substrate GTP
molecules, and at saturating levels of GTP, is comparable in magnitude
to the product release rate. The rate of product release shows a positive
correlation with the concentration of GTP, suggesting that the reaction
shows base-specific substrate activation. The binding of another substrate
molecule, presumably wvia interaction with the triphosphate binding
site, likely facilitates displacement of the dinucleotide product from the
complex.
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Introduction

length (Jia & Patel, 1997a,b). For optimal promoters
and native enzyme at saturating levels of NTPs, at

In the initiation of transcription, an RNA poly-
merase must facilitate melting of the DNA at the
transcription start site, exposing (at the very least)
the first two bases in the template strand. Sub-
sequently, the initiating and elongating nucleoside
triphosphates must bind to the template strand
positioned at the active site, and formation of the
phosphodiester bond ensues. The observation of
long transcription products is influenced by this
essential first step, and by the efficiency and rate at
which RNA polymerase escapes the initial abortive
cycling phase. Thus, monitoring of long transcrip-
tion products is not a measure of initial events in
transcription.

Previous pre-steady-state kinetic studies have
characterized the kinetics of synthesis of
poly(G)RNA (slippage) products up to five bases
in length and abortive products up to six bases in
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least, polymerization steps beyond the initial step
are typically fast enough to be safely ignored. The
accumulation of total RNA products shows a dis-
tinct burst in the kinetics, which is independent of
the order of addition of the enzyme, DNA, and
substrate NTPs. These results led to the con-
clusions that under these conditions binding of
RNA polymerase to its promoter is not rate limit-
ing, dinucleotide synthesis or the step immediately
preceding it limits the rate of the fast (burst) phase,
and product release (or enzyme recycling) is rate
limiting in the steady state. These transcription stu-
dies agree well with measurements of the kinetics
of changes in fluorescence following GTP binding
(Jia et al., 1996; Jia & Patel, 1997a).

The use of simple exponential equations to
describe even this reaction does not provide
mechanistic insight. Variations in the amplitude of
the burst phase, for example, do not always fit
well to simple models, and have, in fact, led some
to propose that the enzyme preparation was only
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partially active (Woody et al., 1998). The use of
integrated rate equations is essential to under-
standing the initiation process (Jia & Patel, 1997b),
but the fitting of such equations becomes increas-
ingly difficult as steps are added to the model.

Here, we examine in a simple and well-
controlled system the pre-steady-state kinetics of
dinucleotide synthesis on a template which, in the
presence of GTP as the sole substrate, encodes only
the dinucleotide pppGpG. This simplest reaction
avoids complications (see below) arising from
interpretations of kinetic data where multiple RNA
products are synthesized. The data are fit to expli-
cit kinetic models, revealing several new features
of the mechanism.

Results

Previous studies have shown that a minimal
promoter for phage T7 RNA polymerase consists
of the sequence from position —17 to the initial
templating bases (Martin & Coleman, 1987; Rong
et al., 1998), and recent crystal structures support
earlier conclusions that the essential sequence-
dependent interactions occur upstream of pos-
ition +1 (Chapman & Burgess, 1987; Cheetham
et al., 1999; Cheetham & Steitz, 1999; Ikeda et al.,
1992; Jorgensen et al., 1991; Li et al., 1996; Ujvéri
& Martin, 1997). While this untranscribed part of
the T7 RNA polymerase promoter has a reason-
ably conserved consensus, the early message
sequence varies more widely among the
17 phage promoters (Moffatt et al.,, 1984). Many
studies of transcription in this system have used
the phage ¢$10 promoter, which best represents
the consensus sequence. However, this promoter
encodes an RNA with an initial sequence of
GGGAGA..., and it has been shown previously
that in the presence of GTP as the sole substrate,
a ladder of poly(G) products is synthesized
as the result of a non-physiological slippage
mechanism (Martin et al., 1988).

Transcription in the presence of GTP as the sole
substrate on the following promoter template:

-17 -1 +5
| | |
5 ' -TAATACGACTCACTATAGGACT-3'

3 ' -ATTATGCTGAGTGATATCCTGA-S '
>

yields the dinucleotide pppGpG as the sole pro-
duct, and so avoids complications from “slippage”
synthesis of longer products (Martin et al., 1988).
Characterization of dinucleotide synthesis in this
system presents the simplest assay of initiation and
avoids potentially complicating chemical steps
which follow initiation.

Fitting of pre-steady-state kinetic data

The pre-steady-state kinetic trace shown in
Figure 1 presents the time-course of the synthesis
of dinucleotide RNA. As demonstrated previously
for the synthesis of slippage and abortive products
longer than dinucleotide, there is a clear fast initial
phase, followed by an approach to a slower
steady-state kinetic phase (Jia & Patel, 1997a,b;
Kumar & Patel, 1997). As has been done
previously, the data can be fit well by the equation:
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Figure 1. Pre-steady-state kinetic reaction profile for
dinucleotide synthesis on a template encoding GGACU,
in the presence of GTP as the sole substrate. Reaction
(at 25°C) contained 3 pM promoter DNA, 5puM T7
RNA polymerase, and 800 uM GTP, in a buffer of
30 mM Hepes (pH 7.8), 25 mM potassium glutamate,
15 mM magnesium acetate 0.05% (v/v) Tween-20,
0.25 mM EDTA. Reactions were initiated by preincubat-
ing DNA with T7 RNAP, then initiating the reaction by
the addition of GTP. The observed product RNA is the
sum of free RNA plus any RNA bound in a complex
(these cannot be determined independently). The dotted
line is the best fit to the exponential function, equation
(1), with burst amplitude A,y = 5.2 1M, kpoop = 0.34 571,
and Kyieady state = 0-70 pM s". The broken line is the best
fit (numerically integrated) to equation (1), with
k.=23s"! and k., =0.35s7" (k; is set to 126 uM~! s~!
and k, is set to 0.63 s7!). The continuous line is the best
fit to equation (3) with k. =13s", k,=10s",
kee = 0.21 s~% Residuals for each fit are presented. For
equations (2) and (3), numerical integrations were car-
ried out using Euler integration, with a constant step
size of 2 ms. Non-linear regression of the integrated
function was carried out using the Levenberg-Mar-
quardt approach in the program pro Fit (Quantum Soft).
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The steady-state parameter suggests a unimolecu-
lar rate constant of k./[RP] of 0.23 s™! at 25°C
(given that DNA is limiting, at 3 uM). It was pre-
viously proposed that the rate-determining step in
the steady-state synthesis of short RNA products is
the release of product RNA and/or polymerase
recycling, with a first-order rate constant of about
0.15s7! (Jia & Patel, 1997a,b). An immediate
problem with this fit, however, is that the burst
amplitude (5.2 pM) is larger than the limiting DNA
concentration (3.0 pM). In this simple model,
the burst should correspond to an initial single
turnover.

Equation (1) does not derive from a specific kin-
etic model. In order to more clearly interpret the
kinetic profile, we instead fit the data to numeri-
cally integrated solutions of simple kinetic models.
Recognizing that open complex formation is not
rate determining in this system (Jia et al., 1996;
Ujvari & Martin, 1996), we initially attempted to fit
the above data to an equation of the form:

where RNA polymerase (R) combines with the
promoter DNA (P) to form an initial binary com-
plex (RP). Under conditions in which the concen-
tration of GTP does not change substantially
during the course of the reaction, the binding
of two molecules of GTP and the catalysis of
phosphodiester bond formation can be treated as
pseudo first-order process (represented by a con-
centration-dependent k). The best fit of the data in
Figure 1 to the above kinetic mechanism is shown
as a broken line. The parameters describing
binding have been previously determined
(k=126 uM~! s7! and k., =0.20s7!), and since
that reaction is fast and lies far to the right under
these conditions, the fit shows only a minor depen-
dence on them (Jia et al., 1996; Ujvéari & Martin,
1996). Fixing those parameters, the best fit values
for k. (2.3(£1.0) s™) and k, (0.35(+0.03) s') are
comparable to those obtained previously, 3.5s™!
and 0.15 s, respectively (Jia & Patel, 1997b). Care-
ful inspection of the curve and the residuals plot,
however, shows that equation (2) does not accu-
rately represent the observed data. Similar kinetic
models were tried, including models in which the
enzyme-DNA complex initially formed must
undergo a transition to an activated state. How-
ever, these models were unable to provide a fit sig-
nificantly better than that provided by equation
).

In considering alternative models, we can
exclude from consideration possible product inhi-

bition by accumulated pyrophosphate, since the
reported K; for PP; is 830 pM (Guajardo & Sousa,
1997). However, it is well known that T7 RNA
polymerase can initiate with a dinucleotide as an
initial substrate (Jia & Patel, 1997b; Moroney &
Piccirilli, 1991), so we reasoned that as the product
dinucleotide accumulates, it might serve as a com-
petitive inhibitor of initiation. This results in inhi-
bition only under conditions of dinucleotide
synthesis, in the synthesis of longer products such
rebinding is productive, but nevertheless cannot be
ignored in kinetic treatments. The continuous line
in Figure 1 shows the best fit of the data to the
following equation, which incorporates product
inhibition explicitly:

In this case, at a saturating concentration
of GTP (800 uM, see below), the best fit values
for k. (1.3(£0.2) s7!) and k, (1.0(£0.3)s™!) are
comparable, and the apparent bimolecular
rate constant for product rebinding (k) is
0.21(+0.07) uM~! s7, such that this step becomes
significant within a single turnover (at 3 pM
pprpGpG, the pseudo first-order rate constant for
this step becomes 0.6s7!). The ratio Ko/ kgg
(4.8 uM) provides a measure of the equilibrium
dissociation constant K4 for binding of dinucleo-
tide to the polymerase-promoter complex. This
low value explains why product inhibition
becomes significant even at relatively low pro-
duct concentrations, since the Ky values for GTP
binding are 20-200 times higher (Jia & Patel,
1997a).

Direct measurement of
dinucleotide consumption

In order to measure more directly kinetic par-
ameters for the incorporation of dinucleotide
described by the parameter k,, we carried out
transcription in the presence of ATP, CTP, UTP
and the dinucleotide pppGpG (producing a five
base runoff transcript). The kinetic curves shown
in Figure 2(a) follow simultaneously the pro-
duction of the runoff transcript and the consump-
tion of dinucleotide under conditions of low
dinucleotide concentration, where the binding rep-
resented by k. is rate limiting. For this reaction,
the estimated second-order rate constant for dinu-
cleotide consumption (k,,, divided by the limiting
concentration of enzyme-DNA complex, 0.02 uM)
is 0.25 M~ ! 57!, and is comparable to the value
for k,, (0.21 pM ! s7') obtained from the fit to the
data i Figure 1. This result also demonstrates that
the K, for the substrate dinucleotide must be high-
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Figure 2. Transcription kinetics
using exogenous dinucleotide as a
substrate. (a) Time-course of dinu-
cleotide conversion to a five base
] runoff transcript under conditions
of limiting dinucleotide. The con-
tinuous curves represent best fits
1 with  k,,, =0.307(+0.019) and
0.312(£0.018) min~! for the con-
sumption and production curves,
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8 respectively.  Concentrations  of
polymerase and promoter DNA
were 0.2 and 0.02 uM, respectively,
while the initial concentration of

time (min)

dinucleotide was 2.0 pM. (b) Time-course of dinucleotide conversion under a large excess of dinucleotide. Initial rates

were determined by linear regression of time points from 0 to 5 minutes, and fit 4.91(+0.11) pM min

—1. Concen-

trations of polymerase and promoter DNA were 0.2 pM each, while the initial concentration of dinucleotide was
40 pM. For both reactions, the reaction conditions were as described in Materials and Methods. The temperature

was 25°C.

er than 2 uM, consistent with the above estimate of
K, 56 uM).

Given this estimate for K,,, we next carried out
the same reaction at saturating concentrations of
dinucleotide. The results presented in Figure 2(b)
yield a steady-state value for turnover of
0.4-0.5 s7! (depending on the exact steady-state
concentration of the enzyme-DNA complex). The
initial linear rate under these conditions confirms
that K., for dinucleotide is well below 40 uM. Pre-
steady-state kinetic measurements of this reaction
can provide a measure of the rate-determining step
following dinucleotide synthesis, but preceding
product dissociation (Jia & Patel, 1997b).

Dependence of kinetic parameters on
GTP concentration

In the pre-steady-state synthesis of runoff dinu-
cleotide, the time interval studied has been chosen
to prevent significant depletion of the substrate
pool in order to justify the use of the pseudo first-
order approximation of k. in the model.

In order to more fully understand the par-
ameters in the mechanistic model, we repeated the
kinetic measurements (Figure 1) at a series of GTP
concentrations. For each concentration of GTP, a
complete new fit was performed, providing the
simultaneous best fit values for k, k,,, and k, (a
global fit at all GTP concentrations is not possible
at this time). For the data at 400, 800, and 2000 uM
GTP, this was a reasonable approach. However,
the burst phase on the curves obtained at lower
concentrations of substrate was insufficiently pro-
nounced to allow all three parameters to be fit
independently. In particular, the value for k,, was
not well defined (k. fit well and reproducibly in all
cases). Since k,, was ill defined below 800 pM, but
was constant at 800 and 2000 pM GTP, k,, was set
to a constant for subsequent fits, as summarized in
Table 1 (see also Figure 3).

The step represented by k. involves, at the very
least, the binding of two GTP molecules followed
by phosphoryl transfer chemistry, although a con-
formational change in the complex preceding phos-
phoryl transfer is thought to be rate determining at

Table 1. Best fit parameters for the kinetic data presented in Figure 3

[GTP] (M) k67 Ko (57 Ky (M 57)
2000 1.3£02 14+£02 0.21
1.3+£03 14+£07 0.18 +0.07
800 12+£02 091 +0.14 0.21
12+£02 1.0+ 04 0.21 +0.01
400 0.83 £ 0.09 0.84 +0.11 0.21
0.89 £0.13 0.65 £0.20 0.13 £0.06
200 0.61 +£0.04 0.68 + 0.07 0.21
100 0.13+£0.01 0.61 +0.18 0.21
20 0.0091 nd 0.21

In the second row of the cells representing 400, 800, and 2000 uM GTP, all three parameters in the model represented by equation
(3) were allowed to vary; the results of those fits are reported in the second row within each cell. For the first rows of these, and for

20, 100, and 200 pM GTP, k,,
GTP).

was forced to remain constant at 0.21 pM~! s! (it is not well determined at lower concentrations of
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Figure 3. Production of dinucleotide pppGpG at var-
ious concentrations of substrate GTP (given in micromo-
lar concentration above each data set). Conditions are
given in Materials and Methods. Concentrations of
enzyme and DNA are 5.0 and 3.0 uM, respectively.

saturating levels of substrate (Jia & Patel, 1997a,b).
As shown in Figure 4, at sub-saturating concen-
trations of GTP, the pseudo first-order rate con-
stant k. depends on GTP in a manner which
suggests that it reflects the binding of both sub-
strate GTP molecules, as proposed previously (Jia
& Patel, 1997a,b):

kS GTPP
K3 +[GTPP

Ka = vKiKy “4)
Fitting the data to the Hill equation, as in the pre-
vious work, yields a geometric average for the two
GTP dissociation constants of 290(+90) uM,
comparable to the value of 320(£97) uM from the
previous study.

The parameter k, which represents the dis-
sociation of the ternary complex (most likely dinu-
cleotide dissociation, see above) also varies with
the concentration of GTP, as shown in Figure 5.
The fact that k, increases with increasing concen-
tration of GTP suggests that GTP binding may
play a role in facilitating complex dissociation.
Extrapolation to zero GTP concentration yields an
inherent value for the dissociation rate of approxi-
mately 0.6s™'. In any case, the concentration
dependence of this rate complicates simple kinetic
analyses.

08}

ke (s)

04}

0.0

0 500 1000 1500 2000
[GTP] (M)
Figure 4. The dependence of the product formation

step on the concentration of substrate GTP. Data pre-
sented are from Table 1.

Discussion

Transcription is a very complex process, invol-
ving numerous steps with (possibly) sequence and
context-dependent rates. The system presented
here probes the simplest possible reaction which
can be carried out by an RNA polymerase: the
polymerase-promoter open complex forms, two
substrate molecules bind, product dinucleotide is
formed and released. Hence, mechanistic analysis
of this reaction should be relatively straightfor-
ward. Assumptions do not have to be made
regarding the rates of intermediate processes and
alternate initiation sites (with alternate rates) can
be ignored. In fact, translocation of the complex
along the DNA is not required for this process.

A kinetic mechanism for initiation

Despite the apparent simplicity of this reaction,
the current results demonstrate that accurate fitting
of the rate data for this process requires inclusion
of an additional step not present in previous
related reaction schemes. In the kinetic mechanism
represented by equation (3), the polymerase-
promoter association (k;=50 pM™" s7!) and dis-
sociation (k, =0.2 s™") rates have been previously
determined (Jia et al., 1996; Ujvari & Martin, 1996).
At the concentrations used here, the association is
much faster than the kinetic parameters observed
and the equilibrium lies substantially to the right
(Kg for complex dissociation is approximately
10 nM). Consequently, variation of these par-
ameters does not dramatically affect the kinetics.

The above model shows product release as the
last step, represented by k, thereby leaving
enzyme and DNA associated. Previous results
have demonstrated that during turnover on similar
templates, recycled complexes show some resist-
ance to challenges by heparin or by another
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Figure 5. The dependence of the fit parameter k. on
the concentration of substrate GTP. Data presented are
from Table 1.

promoter, indicating that a model in which the
complex remains associated is more correct (Diaz
et al., 1996; Jia & Patel, 1997b). Since rebinding is
fast under the current conditions, the nature of this
last step does not impact the fits of the current
study, however, the ratio of forward synthesis
measured here (k. = 1.2 s7") to binary complex dis-
sociation  (k, =0.2 s!) determined previously
(Ujvari & Martin, 1996) is, in fact, consistent with
the above observations and confirms the kinetic
mechanism as portrayed in equation (3).

The current results agree reasonably well with
previous pre-steady-state kinetic quench-flow and
stopped-flow measurements in this system (Jia
et al., 1996; Jia & Patel, 1997a,b). As expected, the
apparent first-order step represented by k. shows a
saturable dependence on the concentration of GTP
consistent with the binding of two substrate GTP
molecules with the K,,, values (about 1000 pM and
50 uM for the initiating and elongating GTP’s,
respectively) estimated previously (Jia & Patel,
1997a).

Rebinding of product dinucleotide

A new feature of the current model is the pro-
duct inhibition by substrate dinucleotide. In retro-
spect, this result should not be surprising, in that it
has been previously determined that RNA poly-
merase can efficiently extend a substrate dinucleo-
tide (Moroney & Piccirilli, 1991). The current
results, however, point out that at concentrations
of enzyme and DNA wused for quench-flow
measurements, rebinding of product cannot be
ignored even at very short times. Previous studies
have contained up to 10 pM polymerase-promoter
complexes, such that after even one turnover,
rebinding of 10 uM dinucleotide would occur at an
apparent first-order rate of 1.7 s~!, a rate faster
than the maximal rate of dinucleotide synthesis
(1.3 s7). In reactions synthesizing an array of

abortive products, dinucleotide product grows
rapidly at first, but then increases more slowly
(data not shown) as it begins to be consumed, as
expected by the current model.

This result substantially complicates a recent
steady-state kinetic study of dinucleotide synthesis,
in which the amount of dinucleotide formed in five
minutes was followed as a function of the concen-
tration of GTP (Villemain et al., 1997). The current
results show that at low concentrations of GTP
(less than micromolar), rebinding of dinucleotide
may be safely ignored, but at micromolar or higher
concentrations of GTP, product inhibition will very
significantly influence the observed concentrations
of product dinucleotide.

From the mechanism in equation (3), rebinding
of product to the complex competes directly with
the binding of the correct substrate. When brought
in to the model, however, the observed rate con-
stant for product rebinding, k., should be inde-
pendent of GTP concentration. For concentrations
of GTP at which k,, can be reliably measured,
this is observed, further supporting the current
mechanism.

Complex dissociation is promoted by free
nucleoside triphosphate

Surprisingly, the dissociation of the ternary com-
plex shows a mild but significant dependence on
the concentration of GTP. A model which could
explain this result is shown in Figure 6. We know
from studies of homologous polymerases that the
incoming substrate (elongating NTP) is bound by
Watson-Crick interactions with the template
strand, as well as (and very importantly) by inter-
actions with the triphosphate group (Astatke et al.,
1995). Following dissociation of the pyrophosphate
group, as shown in Figure 6(b), the triphosphate
binding pocket is available to bind another nucleo-
side triphosphate. This might allow binding of
another substrate molecule while product remains
in place. Indeed, this type of behavior has recently
been postulated in the T7 RNA polymerase system
(Guajardo & Sousa, 1997). However, in the current
experiment, the correct substrate (ATP) is not pre-
sent to drive forward translocation. Instead, GTP
can bind at the substrate-binding site, competing
with the +2 G in the product for binding of the
template strand C at position 42, thereby increas-
ing the rate of product release. This model further
suggests that the disruption of the ternary com-
plex, represented by the final step in equation (3),
is indeed RNA dissociation, at least in the syn-
thesis of dinucleotide, consistent with the studies
cited above which conclude that the polymerase
and the promoter do not immediately dissociate on
recycling. Finally, consistent with this mechanism,
inclusion in the reaction of non-templated nucleo-
tide (0.4 mM UTP or 1.6 mM CTP) does not affect
the kinetic parameters (data not shown).

In summary, we have presented data for the
simplest possible initiation reaction, and have fit
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Figure 6. A model for substrate activation of product
dissociation.

that data to the simplest, complete kinetic mechan-
ism. No approximations are made, and intermedi-
ate steps are avoided. The results reveal that
rebinding of the dinucleotide product cannot be
ignored in these measurements, and must be
included in future kinetic studies which try to

measure subsequent steps, as the enzyme translo-
cates along the DNA template.

Materials and Methods

RNA polymerase

T7 RNA polymerase was prepared from Escherichia
coli strain BL21 carrying the overproducing plasmid
PAR1219 (kindly supplied by F. W. Studier), which con-
tains the T7 RNA polymerase gene under the inducible
control of lacUV5 promoter (Davanloo et al., 1984). The
enzyme was purified and concentration determined
(€250=14 x10° M cm™) as described previously
(King et al., 1986). Purity of the enzyme was verified by
SDS-PAGE.

Oligonucleotides

Oligonucleotides were synthesized by the phosphor-
amidite method on an Applied Biosystems Expedite
8909 DNA synthesizer. Standard phosphoramidites
(CPG Inc.) were coupled normally. Single strands from a
1 pmol scale synthesis were purified trityl-on using an
Amberchrom CG-161cd reverse phase resin (TosoHaas
Inc) as described (Schick & Martin, 1993). Purity of the
oligonucleotides was confirmed by denaturing (urea) gel
electrophoresis of 5'-end-labeled single strands. Double-
stranded DNA was made by annealing complementary
single strands at 90°C and allowing the resulting mix-
ture to cool to room temperature over two hours.

Kinetic assays

Quench-flow experiments were performed on a Kin-
Tek RQF-3 quench-flow apparatus (KinTek Inc., Austin,
TX) at 25°C. The final reaction mixture contained
30 mM Hepes (pH 7.8), 15 mM magnesium acetate,
25 mM potassium glutamate, 0.25 mM EDTA, 0.05%
(v/v) Tween-20 (Calbiochem, protein grade), variable
amounts of GTP (Roche Biochemicals), less than 0.03 uM
[¢-*2P]GTP (NEN Life Sciences) as a label, 3.0 uM DNA
promoter and 5.0 yM T7 RNA polymerase. Reactions
were quenched by addition of a 95 % formamide, 20 mM
EDTA (pH 7.8) gel-loading buffer. Aliquots (3.0 ul) were
loaded onto a 7 M urea/18 % polyacrylamide, sequen-
cing gel. After 2.5 hours of electrophoresis at 50 W (2000
V), gels were dried and quantified using a Molecular
Dynamics Storm 840 Phosphorimager.

Dinucleotide was synthesized by T7 RNA polymerase
under similar conditions, with 0.8 mM GTP, 0.5 pM pro-
moter DNA, and 0.5 uM T7 RNA polymerase at 37°C
for 30 minutes. The resulting mixture was loaded onto a
6 M urea/15% polyacrylamide sequencing gel for gel
purification. After six hours of electrophoresis at 25 W
(1000 V), the gel was imaged with X-ray film. The band
corresponding to the dinucleotide was excised and
soaked in 10 mM Tris (pH 7.8). Eluent was collected and
was purified further on a 25 cm C18 Microsorb MV chro-
matography column (Beckman). The column was run at
1.0 ml min™! in 0.1 M triethylamine/acetic acid buffer
pH 7.0, using a 30 minute gradient from 0 to 30 % (v/v)
acetonitrile. The radioactivity-containing peak eluted at
35 minutes. Fractions were collected, dried, and resus-
pended in 100 uM Hepes (pH 7.8). Dinucleotide con-
sumption was measured under conditions similar to the
above, with 400 uM (each) ATP, CTP and UTP, and
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enzyme, DNA, and dinucleotide as indicated in the
Figures.

Acknowledgments

This work was supported by grant MCB-9630447 from
the National Science Foundation.

References

Astatke, M., Grindley, N. & Joyce, C. (1995). Deoxy-
nucleoside triphosphate and pyrophosphate binding
sites in the catalytically competent ternary complex
for the polymerase reaction catalyzed by DNA
polymerase I (Klenow fragment). J. Biol. Chem. 270,
1945-1954.

Chapman, K. A. & Burgess, R. R. (1987). Construction of
bacteriophage T7 late promoters with point
mutations and characterization by in vitro transcrip-
tion properties. Nucl. Acids Res. 15, 5413-5432.

Cheetham, G. M. & Steitz, T. A. (1999). Structure of a
transcribing T7 RNA polymerase initiation complex.
Science, 286, 2305-2309.

Cheetham, G. M., Jeruzalmi, D. & Steitz, T. A. (1999).
Structural basis for initiation of transcription from
an RNA polymerase-promoter complex. Nature, 399,
80-83.

Davanloo, P., Rosenberg, A. H., Dunn, J. J. & Studier,
F. W. (1984). Cloning and expression of the gene for
bacteriophage T7 RNA polymerase. Proc. Natl Acad.
Sci. USA, 81, 2035-2039.

Diaz, G. A., Rong, M., McAllister, W. T. & Durbin, R. K.
(1996). The stability of abortively cycling T7 RNA
polymerase complexes depends upon template con-
formation. Biochemistry, 35, 10837-10843.

Guajardo, R. & Sousa, R. (1997). A model for the mech-
anism of polymerase translocation. J. Mol. Biol. 265,
8-19.

Ikeda, R. A., Ligman, C. M. & Warshamana, S. (1992).
T7 promoter contacts essential for promoter activity
in vivo. Nucl. Acids Res. 20, 2517-2524.

Jia, Y. & Patel, S. S. (1997a). Kinetic mechanism of GTP
binding and RNA synthesis during transcription
initiation by bacteriophage T7 RNA polymerase.
J. Biol. Chem. 272, 30147-30153.

Jia, Y. & Patel, S. S. (1997b). Kinetic mechanism of
transcription initiation by bacteriophage T7 RNA
polymerase. Biochemistry, 36, 4223-4232.

Jia, Y., Kumar, A. & Patel, S. (1996). Equilibrium and
stopped-flow kinetic studies of interaction between
T7 RNA polymerase and its promoters measured
by protein and 2-aminopurine fluorescence changes.
J. Biol. Chem. 271, 30451-30458.

Jorgensen, E. D., Durbin, R. K., Risman, S. S. &
McAllister, W. T. (1991). Specific contacts between

the bacteriophage T3, T7, and SP6 RNA
polymerases and their promoters. J. Biol. Chem. 266,
645-651.

King, G. C,, Martin, C. T., Pham, T. T. & Coleman, J. E.
(1986). Transcription by T7 RNA polymerase is not
zinc-dependent and is abolished on amidomethyla-
tion of cysteine-347. Biochemistry, 25, 36-40.

Kumar, A. & Patel, S. S. (1997). Inhibition of T7 RNA
polymerase: transcription initiation and transition
from initiation to elongation are inhibited by T7
lysozyme via a ternary complex with RNA poly-
merase and promoter DNA. Biochemistry, 36, 13954-
13962.

Li, T., Ho, H. H., Maslak, M., Schick, C. & Martin, C. T.
(1996). Major groove recognition elements in the
middle of the T7 RNA polymerase promoter.
Biochemistry, 35, 3722-3727.

Martin, C. T. & Coleman, J. E. (1987). Kinetic analysis of
T7 RNA polymerase-promoter interactions with
small synthetic promoters. Biochemistry, 26, 2690-
2696.

Martin, C. T., Muller, D. K. & Coleman, J. E. (1988).
Processivity in early stages of transcription by T7
RNA polymerase. Biochemistry, 27, 3966-3974.

Moffatt, B. A., Dunn, J. J. & Studier, F. W. (1984).
Nucleotide sequence of the gene for bacteriophage
T7 RNA polymerase. J. Mol. Biol. 173, 265-269.

Moroney, S. E. & Piccirilli, J. A. (1991). Abortive pro-
ducts as initiating nucleotides during transcription
by T7 RNA polymerase. Biochemistry, 30, 10343-
10349.

Rong, M., He, B., McAllister, W. T. & Durbin, R. K.
(1998). Promoter specificity determinants of T7
RNA polymerase. Proc. Natl Acad. Sci. USA, 95, 515-
519.

Schick, C. & Martin, C. T. (1993). Identification of
specific contacts in T3 RNA polymerase-promoter
interactions: kinetic analysis using small synthetic
promoters. Biochemistry, 32, 4275-4280.

Ujvéri, A. & Martin, C. T. (1996). Thermodynamic and
kinetic measurements of promoter binding by T7
RNA polymerase. Biochemistry, 35, 14574-14582.

Ijjvéri, A. & Martin, C. T. (1997). Identification of a
minimal binding element within the T7 RNA poly-
merase promoter. J. Mol. Biol. 273, 775-781.

Villemain, J., Guajardo, R. & Sousa, R. (1997). Role of
open complex instability in kinetic promoter selec-
tion by bacteriophage T7 RNA polymerase. ]. Mol.
Biol. 273, 958-977.

Woody, A. Y., Osumi-Davis, P. A., Hiremath, M. M. &
Woody, R. W. (1998). Pre-steady-state and steady-
state kinetic studies on transcription initiation cata-
lyzed by T7 RNA polymerase and its active-site
mutants K631R and Y639F. Biochemistry, 37, 15958-
15964.

Edited by R. Ebright

(Received 17 August 2000; received in revised form 31 October 2000; accepted 31 October 2000)



	Introduction
	Figure 01

	Results
	Figure 2
	Figure 3
	Figure 02
	Table 1
	Fitting of pre-steady-state kinetic data
	Direct measurement of dinucleotide consumption
	Dependence of kinetic parameters on GTP concentration

	Discussion
	Figure 03
	Figure 04
	Figure 05
	A kinetic mechanism for initiation
	Rebinding of product dinucleotide
	Complex dissociation is promoted by free nucleoside triphosphate

	Materials and Methods
	Figure 06
	RNA polymerase
	Oligonucleotides
	Kinetic assays

	References

