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The mechanism for elongation catalyzed by human RNA polymerase II
(RNAP 1II) has been analyzed using millisecond phase transient state
kinetics. Here, we apply a running start, two-bond, double-quench
protocol. Quenching the reaction with EDTA indicates NTP loading into
the active site followed by rapid isomerization. HCI quenching defines the
time of phosphodiester bond formation. Model-independent and global
kinetic analyses were applied to simulate the RNAP II mechanism for
forward elongation through the synthesis of two specific phosphodiester
bonds, modeling rate data collected over a wide range of nucleoside
triphosphate concentrations. We report adequate two-bond kinetic
simulations for the reaction in the presence of TFIIF alone and in the
presence of TFIIF+TFIIS, providing detailed insight into the RNAP II
mechanism and into processive RNA synthesis. RNAP II extends an RNA
chain through a substrate induced-fit mechanism, termed NTP-driven
translocation. After rapid isomerization, chemistry is delayed. At a stall
point induced by withholding the next templated NTP, RNAP II
fractionates into at least two active and one paused conformation, revealed
as different forward rates of elongation. In the presence of TFIIF alone or in
the presence of TFIIF + TFIIS, rapid rates are very similar; although, with
TFIIF alone the complex is more highly poised for forward synthesis. Based
on steady-state analysis, TFIIF was thought to suppress transcriptional
pausing, but this view is misleading. TFIIF supports elongation and
suppresses pausing by stabilizing the post-translocated elongation com-
plex. When TFIIS is present, RNA cleavage and transcriptional restart
pathways are supported, but TFIIS has a role in suppression of transient
pausing, which is the most important contribution of TFIIS to elongation
from a stall position.
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Introduction

our laboratory has begun to analyze the formation
of multiple specific phosphodiester bonds during

Transient state kinetic analysis allows an enzyme elon%atlon by human RNA polymerase II (RNAP

reaction to be tracked 1r1 real time through indi-  II).?
% and correlating enzyme

vidual catalytic events,'

Rapid chemical quench-flow techniques
allow the RNAP II reaction to be tracked with

functional dynamics with structural information
allows inference of the most reasonable reaction
mechanism. Using rapid quench-flow technology,

Abbreviations used: TFIIF, transcription factor IIF;
TFIIS, transcription factor IIS; NTPs, nucleoside
triphosphates; RNAP, RNA polymerase; DNAP, DNA
polymerase; EC, elongation complex.
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millisecond precision, allowing characterization of
all but the very fastest rates of bond formation.
These studies provide significant insight into active
site isomerization, phosphodiester bond formation,
translocation, processive elongation, transcriptional
stalling, pausing, RNA cleavage and restart from a
shortened RNA 3’ end.

In recent studies of poliovirus RNA- dependent
RNA polymerase, Cameron and colleagues®’
demonstrated that EDTA and HCl quenched

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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elongation at different reaction stages, when
the reaction was run in the presence of Mn*>" as
the divalent cation. This result indicated that the
elongation Complex (EC) isomerized to sequester
two active site Mn*" atoms from EDTA chelation
and that, after EDTA addition, the isomerized EC
continued on the forward pathway to complete
bond formation. HCl was expected to quench the
reaction instantly, demonstrating the time of
chemistry. We wished to determine, therefore,
whether the human RNAP II elongation mechanism
could snmlarly be divided into stages, according to
the time of Mg sequestration (isomerization) and
the time of phosphodiester bond synthesis
(chemistry). Applying this double-quench
approach, we obtain a more detailed view of the
human RNAP II mechanism.

Here, we compare elongation in the presence of
transcription factor IIF (TFIIF) and in the presence
of TFIIF+TFIIS. TFIIF stimulates elongation
by RNAP II five- to tenfold in steady-state
analysis,” ' and TFIIF is also required during the
initiation phase of the transcription cycle. TFIIS
rescues stalled RNAP II ECs. In the presence of
substrate nucleoside triphosphates (NTPs), TFIIS
helps restart elongation by inducing cleavage of the
nascent RNA chain, primarily in dinucleotide
increments. TFIIS can also stimulate cleavage of
larger RNA segments from previously backtracked
and arrested ECs.'*'” Recent work from our
laboratory, however, indicates that TFIIS has an
activity that does not depend on RNA cleavage,
because TFIIS can also suppress transient transcrip-
tional pausing.” Functions of TFIIS were recently
illuminated by an X-ray Crystal structure of yeast
RNAP II bound to TFIIS.'®

Figure 1 demonstrates our model for NTP
loading and NTP-driven translocation of template
DNA and the RNA-DNA hybrid during transcrig—
tion by RNAP I In the yeast RNAP II EC,'*
template DNA bends at about 90 degrees over the
bridge a-helix. Incoming duplex DNA flows into
the structure through the RNAP II “jaws”. The
RNA-DNA hybrid diverges from incoming DNA,
because DNA bends over the bridge helix and
because of the packing of the RNA-DNA hybrid in
the structure. The eight to nine base-pair hybrid is
constrained by the “clamp” and “wall” domains
and pressed against the bridge a-helix at the site of
chemistry. Like DNA folymerases (DNAPs), RNAP
I utilizes a two-Mg” " catalytic mechanism (metals
A and B)."" % Three unpaired DNA bases (n+1, n+
2, n+3; n=RNA length) are observed projecting
into the main RNAP II channel, indicating  that
NTPs can Palr with cognate DNA bases in the main
channel.”™?® The secondary pore of RNAP II
provides another solvent-accessible route to the
active site and ma ;)rovide a second channel for
NTP loading.'”?"***” In the pre-translocated EC,
however, approach of the RNA-DNA hybrid
toward the bridge a-helix is expected to block
NTP access through the secondary pore. Further-
more, prior to translocation, the n+1 cognate DNA

base projects into the main enzyme channel not the
secondary pore."

Kinetic studies from our laboratory indicated
that, during processive RNA synthesis, NTPs pa1r
with their cognate DNA base prior to translocation.”
This result suggests that, under physiological
elongation conditions, the main enzyme channel
provides the primary route of NTP entry into the
RNAP II active site. After translocation, the n+1
DNA template base projects into the secondary
pore, making the pore the likely route of NTP
loading into the post- -translocated EC.*° We suggest
that both the main enzyme channel and the
secondary pore must be routes for NTP loading,
depending on the translocation state of the EC.

NTP-driven translocation is a special case of
substrate induced-fit, in which the incoming NTP
substrate pairs with its cognate DNA base prior to
DNA duplex and RNA-DNA hybrid translocation
and movement of the NTP-dNMP base-pair into the
active site for chemistry. We proposed that NTP-
driven translocation is a primary determinant of
transcriptional fidelity, because accurate base-
pairing is a prerequisite for translocatlon, and
translocation is required for cherrustry Incorpor-
ation of an incorrectly specified base, therefore, is
largely prevented, because mispaired NTPs do not
drive translocation. Based on the X-ray structure of
the yeast RNAP II EC, we proposed a model for
NTP-induced translocation, in which NTPs load
through the main RNAP II channel, in the same
direction of flow as incoming duplex DNA. After
pairing of incoming NTPs with single-stranded
DNA cognate bases that face the main channel, the
n+1 NTP enters the active site, paired with its
template DNA base, as translocation proceeds.
After chemistry, pyrophosphate is released into
the secondary pore. Here, we affirm and extend the
NTP-driven translocation model. A similar model
for NTP-stimulated translocation, termed the

“allosteric” model, was recently suggested for
elongation by Escherichia coli RNAP** which is a
multi-subunit homolog of human RNAP IL

Using the potent inhibitor o-amanitin as a probe
of the RNAP II elongation mechanism, we have
obtained strong support for a major tenet of the
NTP-driven translocation mechanism.> NTP-
driven translocation requires two conformations
of the RNAP II EC on the active synthesis pathway,
each capable of binding NTPs: (1) post-translocated;
and (2) pre-translocated. These ECs are observed to
have different responses to NTP substrates and
might show different sensitivities to inhibitors.
Kornberg’s laboratory reported a structure of
yeast RNAP II soaked with the mushroom toxin
a-amanitin, which was located bound to the Rpbl
bridge oc-hehx,30 thought to be essential in trans-
location mechanisms.'>?* Indeed, we find that
a-amanitin blocks the reaction phase we had
previously identified as the translocation step. The
EC that we identify as post-translocated is com-
pletely insensitive to o-amanitin inhibition for
formation of a single phosphodiester bond but
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Figure 1. Routes of NTP loading into the RNAP II EC and the NTP-driven translocation model. When stalled by
deprivation of the next substrate NTP, the RNAP II EC fractionates into pre-translocated and post-translocated
conformations. The pre-translocated EC pairs the n+1 NTP (n=RNA length) to its cognate DNA base, which projects
into the main enzyme channel (yellow shading). The post-translocated EC most likely loads the n+1 substrate NTP
through the secondary pore (light blue shading) and the n+2 NTP through the main channel. During processive
synthesis, NTPs load continuously through the main RNAP II channel, and NTPs are loaded into the active site by NTP-
driven translocation. The DNA template strand is dark blue; the non-template strand is light green; the bridge a-helix is
dark green (circle, open active site conformation; hexagon, closed active site conformation); the DNA duplex and RNA-
DNA hybrid fill the enzyme main channel; PPi indicates pyrophosphate; Mg2+ A and B are indicated in magenta.

becomes highly sensitive to inhibition in the
subsequent bond addition cycle, indicating that
a-amanitin blocks translocation. The EC that we
identify as pre-translocated is fully sensitive to
a-amanitin inhibition. These results confirm that
RNAP II has a minimum of two active confor-
mations with distinct elongation kinetics and
differential sensitivity to a-amanitin, affirming this
key aspect of the NTP-driven translocation model.

In other work, we analyzed the pausing, RNA
cleavage and restart pathways for human RNAP 1.
The strategy was to stall RNAP II at a particular
base position and determine how the enzyme
fractionates between active and paused elongation
modes. This analysis was done in the presence of
TFIIF, TFIIS and hepatitis 8 antigen, a viral
elongation factor. From these studies a model was
developed identifying five distinct ECs: (1) post-
translocated; (2) pre-translocated; (3) paused
(pre-translocated but not further backtracked); (4)
backtracked (backtracked by one nucleotide from
the pre-translocated state); and (5) cleaved
(dinucleotide released, poised for restart). A similar
analysis of human RNAP II elongation and pausing
was presented by Palangat & Landick,*' based on
studies of the strong HIV-1 LTR pause site just
downstream of tar. Their studies affirm many
aspects of our model. In our laboratory, analysis of
stalling revealed an interesting combinatorial effect
of TFIIF and TFIIS in elongation, which we employ
here. In the presence of both TFIIF and TFIIS, RNAP

II elongation rates are as rapid as in the presence of
TFIIF alone, but TFIIS suppresses transcriptional
pausing, making forward elongation more
efficient.” According to our model for the pausing,
backtracking, RNA cleavage and restart pathways,
we define transient transcriptional pausing as an
early intermediate into backtracked, cleaved and
arrested modes. This definition is supported by
recent single molecule studies of transiently paused
E. coli RNAP ECs.***. TFIIS appears to accelerate
the rates into and out of this paused conformation
of the RNAP II EC.> Enhancing the efficiency of
elongation with TFIIS greatly improves the kinetic
analysis of RNAP II elongation, in addition to
providing insight into regulation of elongation by
TFIIF and TFIIS. Comparison of the reaction
mechanism in the presence of TFIIF alone and in
the presence of both TFIIF and TFIIS refines our
understanding of the mechanism for RNA synthesis
and provides insight into translocation, NTP load-
ing and allosteric effects of TFIIF and TFIIS in
elongation control.

Results

TFIIS improves the efficiency, and TFIIF
stimulates the rate of RNAP Il elongation

In previous work, we indicated that TFIIF and
TFIIS can cooperate to suppress transcriptional
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pausing at a stall position.” In Figure 2, we support
this observation by analyzing RNAP II elongation
in the absence of elongation factors, in the presence
of TFIIS, in the presence of TFIIF and in the presence
of TFIIF+TFIIS. In Figure 2A, this comparison is
done at 5 uM GTP, a limiting concentration of NTP
substrate. In Figure 2B, the comparison is shown at
2500 pM GTP. The physiological GTP concentration
for mammalian cells and tissues is reported as
470 uM,** but elongation rates continue to increase
above physiological NTP levels. The running start,
two-bond protocol®>'? is described at the top of the
Figure.

Elongation proceeds through the sequence 40-
CAAAGG-45, starting at the C40 position (a 40-
nucleotide RNA ending in a 3-CMP). The EC is
advanced to the A43 position by addition of ATP for
30-120 seconds, during which time ECs immobi-
lized on beads are transferred into the sample port
of the RQF-3 Rapid Chemical Quench-Flow instru-
ment. ECs are then rapidly mixed with GTP, and the
reaction quenched with EDTA after 0.002 to 0.5s.
The data are compared for the G44 synthesis rate,
reported as G44 plus longer transcripts (G44 + %)
plotted as a function of the elongation time. In the
presence of TFIIF alone or in the presence of both
TFIIF and TFIIS, elongation rates are very similar,
but, when both TFIIF and TFIIS are present, a larger
proportion of ECs advance from the A43 stall point
in 0.5 second (Figure 2B; >80% versus <60%). We
attribute the >20% improvement in elongation
efficiency in the presence of TFIIS to suppression of
transcriptional pausing.® In our analysis, TFIIF
appears to be the major stimulant of the elongation
rate, and TFIIS appears to improve elongation
efficiency, particularly in the presence of TFIIE.
Comparing elongation in the absence of a stimu-
latory elongation factor with elongation in the
presence of TFIIS alone, rates are similar. TFIIS
stimulates the efficiency of RNAP II elongation at
2500 uM GTP (Figure 2B) but this effect is not
noticeable at 5 pM GTP (Figure 2A). We conclude
that TFIIF stimulates elongation rate. TFIIS sup-
presses transient transcriptional pausing, and this
effect is most apparent in the presence of TFIIF.

TFIIF promotes a highly poised conformation of
the RNAP Il EC

We experienced difficulties obtaining a suitable
kinetic data set using TFIIF as the sole stimulatory
elongation factor.” The problem we encountered
was that TFIIF appeared to support a highly poised
EC that was capable either of scavenging trace GTP
or of misincorporation of AMP for GMP, extending
the chain from A43—G44 or A44 (indicating
misincorporation of AMP). Inappropriate NMP
incorporation at the stall position was a particular
problem for obtaining an interpretable kinetic data
set, because adjusting the background for G44
('A44) synthesis could not be done objectively. For
the experiment shown in Figure 3, the running start
assay was done in the presence of TFIIF or TFIIF +
TFIIS through the 40-CAAAGG-45 sequence. In the
presence of TFIIF alone, the C40 stall position is
overrun by incorporation of AMP from trace ATP to
synthesize A41 (lane 1), and the A43 stall position is
overrun to synthesize G44 or “A44 (lanes 2-5). The
problem of overrunning stall positions is alleviated
by addition of TFIIS to the reaction (lanes 7-11). This
result indicates that trace ATP and GTP are not
likely to substantially contaminate the TFIIF prep-
aration, because TFIIF is present in all reactions.
Furthermore, scavenging of rare NTPs and/or
misincorporation in the presence of TFIIF is a
property of the EC in the presence of TFIIF alone
but not of the EC in the presence of both TFIIF and
TFIIS. We conclude that the RNAP II EC is very
highly poised for RNA synthesis at the stall position
in the presence of TFIIF alone but less highly poised
in the presence of TFIIF and TFIIS. In other
experiments, we determined that background
incorporation of GMP at the A43 stall position
could be minimized by collecting the TFIIF kinetic
data set using a 10 pM rather than a 100 uM ATP
pulse.

Regulation of RNAP Il elongation by TFIIF and
TFIIF+TFIIS

To more fully characterize the effects of

40-CAAAGG-45
ATP +/-S GTP EDTA
C40 +/-F | soswithF | at
uTe +CTP 120s without F
A 10 5uM GTP B 100 2500puM GTP Figure 2. TFIIF stimulates
F+S elongation rate, and TFIIS
80 F+S 801 improves elongation efficiency in
X X the presence of TFIIF. Elongation
4 60y F % 60y rates for G44 synthesis are shown,
O 40 & 40l at5 uM (A) and 2500 uM GTP (B).
G44+% indicates G44 plus all
207 S 20¢ No factor longer transcripts, expressed as
! No factor ol % of total ECs. The reaction
. . . . . . . . . . . s protocol is indicated at the top of
Time (s) Time (s) indicates TFIIS.
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Figure 3. TFIIF supports a highly poised conformation
of the EC that is not supported in the presence of both
TFIIF and TFIIS. This conclusion is indicated by apparent
scavenging of trace ATP and GTP by the stalled C40 and
A43 ECs and/or misincorporation of AMP for GMP at
A43. The protocol is shown at the top of the Figure. The
100 pM ATP pulse time was 0, 30, 60, 120 or 240 seconds,
as indicated. The 250 pM GTP chase was for 0.01 second
(lanes 6 and 12 only). F indicates TFIIF; S indicates TFIIS.

elongation factors on pausing, nascent RNA
cleavage and forward synthesis, we analyzed
RNAP II elongation rates at many different sub-
strate GTP concentrations, in the presence of TFIIF
alone and in the presence of both TFIIF and TFIIS.
Typical elongation assay data are shown in Figure 4,
using an EDTA quench protocol. We previously
reported analysis of RNAP II elongation in the
presence of TFIIF, but, in the course of the current
studies, we learned that the previous analysis could
be improved. All of the data shown here are newly
acquired. For the reaction with TFIIF alone, we used
a 10 uM ATP pulse to suppress background G44
and/or "A44 synthesis (Figure 3). In control

experiments (not shown), we determined that
lowering the ATP concentration did not noticeably
affect elongation rates to G44 and G45 but success-
fully reduced background G44 synthesis. In the
presence of both TFIIF and TFIIS, the EC is less
highly poised for forward synthesis at stall pos-
itions, and background G44 synthesis is not a
problem for kinetic analysis, using a 100 pM ATP
pulse. Using a 10 uM ATP pulse, however, in the
presence of both TFIIF and TFIIS, resulted in a
higher proportion of backtracked and cleaved ECs
(data not shown), so 100 uM ATP was selected for
experiments with both TFIIF and TFIIS.

In Figure 4, sample gel data are shown, obtained
in the presence of TFIIF and in the presence of
TFIIF + TFIIS. This qualitative comparison suggests
the following conclusions: (1) TFIIF causes RNAP II
to advance beyond stall positions by scavenging
trace ATP or GTP and/or misincorporation of AMP
for GMP; (2) TFIIS stimulates nascent RNA
dinucleotide cleavage; (3) TFIIF permits transient
RNAP II pausing at the A43 stall position without
evidence for stimulation of RNA cleavage; and (4)
TFIIS suppresses transient pausing. The first point
is discussed above (Figure 3). TFIIS stimulates
dinucleotide cleavage from C40—U38 and from
A43— A41, as previously shown by others and by
us.>1#161735 Notice the presence of the A41 and U38
gel bands in the presence of TFIIS (Figures 3 and 4).
In the presence of TFIIF alone, A41 originates from
overrunning the C40 stop, not from dinucleotide
cleavage from the A43 stall point. In the presence of
TFIIF alone, U38 is not detected, because C40 — U38
cleavage is not supported, in the absence of TFIIS.
Transient pausing is observed in the presence of
TFIIF. Pausing is indicated by the failure of ECs to
advance significantly from A43 in the time span
from 0.1 to 0.5 second. Paused (or backtracked and
cleaved) A43 ECs advance with longer elongation
times (see Figure 5). The extent of backtracking in
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Figure 4. Elongation in the pre-
sence of TFIIF (left panels) and
TFIIF+ TFIIS (right panels). Proto-
cols are shown above gel data.
Elongation data at 2, 20 and
250 uM GTP are shown. TFIIS (S)
induces nascent RNA cleavage
from C40—U38 and from A43—
A41.3 In the absence of TFIIS, TFIIF
(F) stimulates incorporation of
trace ATP at C40 to synthesize
A41. 0 indicates no ATP pulse, no
GTP chase. 0 indicates ATP pulse
with no GTP chase. Times are
indicated in seconds. Background
incorporation of trace GMP at A43
(or misincorporation of AMP) to
synthesize G44 (' A44) is acceptably
low.
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Figure 5. G44 and G45 synthesis at 2500 pM GTP. Double-quench protocol and model-independent analyses. A-D,
TFIIF alone; E-H, TFIIF+TFIIS. A and E, Double-quench protocol indicating isomerization (EDTA quench) and
chemistry (HCI quench). Filled symbols indicate EDTA quench data. Open symbols indicate HCI quench data. Symbols
are uniform throughout the Figure. EC + % indicates G44 or G45 +all longer transcripts, expressed as a percent. B, C, F
and G, G44 + % rate curves plotted with 0.1, 120 or 5 seconds time scales. Gray lines (B and F) represent the best fit to a
single phase exponential, which is inadequate to fit the EDTA quench rate data. D and H, HCl quench data for G44
synthesis rates can be fit to a single exponential up to 0.2 second. All experiments were done in triplicate except the
EDTA quench data for TFIIF alone, which was done once. Error bars indicate standard deviation. At some data points

error bars are obscured by the graph symbol.

paused A43 ECs has not yet been determined, but
with TFIIF as the sole elongation factor, the majority
of transiently paused ECs are probably not back—
tracked beyond the pre-translocated state.’

Transient pausmg can occur without substantial
backtracking,***® and paused ECs demonstrate

homogeneous kinetic behavior in forward
elongation (Figure 5), indicating that a mixture of
many paused conformations (i.e. many backtracked
states) does not form during the brief duration of
the stall. In the presence of TFIIS, paused ECs are
not evident. With TFIIS addition, about 7% of A43
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ECs advance slowly, but these ECs advance with
similar kinetics to A41 ECs, which are the product
of RNA cleavage from A43 (Figure 4, right panel;
250 pM GTP). There is clearly a period of confor-
mational recovery for cleaved A41 ECs, because
they are not rapidly extended in the presence of
100 uM ATP. If transcriptional restart were rapid,
little A41 would be apparent in the gels, because
100 pM ATP supports rapid A42 and A43 synthesis
for active pathway ECs. We conclude that, in the
presence of TFIIS, transient pausing is suppressed,
and paused ECs either quickly re-enter active
synthesis or are backtracked to cleave a dinucleo-
tide and restart elongation from A41. Some A43 ECs
may progress through recovery without cleavage to
A41, but, if this is the case, these ECs advance with
very similar kinetics to A43 ECs that are first
cleaved to A41 before recovery and restart. In the
presence of TFIIS, at most 7% of A43 ECs could be in
a paused conformation.’ In the presence of TFIIF
alone, almost 50% of A43 ECs are paused. We
conclude that TFIIS suppresses transient transcrip-
tional pausing.

Double-quench protocol distinguishes active
site isomerization from chemistry

Cameron and colleagues determined that, in the
presence of Mn®* as the metal co-factor, isomeriza-
tion and chemistry could be distinguished as
separate stages for poliovirus RNA-dependent
RNAP-catalyzed elongation, using EDTA quench-
ing to detect 1somer1zat10n and HCI quenching to
determine chemistry.®” We, therefore, tested both
EDTA and HCI as quenching agents of the human
RNAP 1II elongation reaction (Figure 5). As pre-
viously demonstrated for poliovirus RNAP, human
RNAP 1II can protect active site divalent cations
from EDTA chelation, in an isomerization step prior
to chemistry. Quenching with EDTA 1nd1cates
sequestration of the active site Mg atoms.
Chemistry occurs subsequently, as shown from
HCI quench curves. The isomerization step must
be essentially irreversible, because the EDTA
quench curve is so well separated from the HCl
quench curve. If isomerization were rapidly revers-
ible, EDTA and HCIl quench rate curves would
superimpose. To simplify the kinetic analysis of the
EDTA quench curves, we assume that the isomer-
ization step is irreversible, but this must be a
reasonable assumption for the reason cited above.

Model-independent analyses

Model-independent analysis is used to gain a
simplified view of the elongation mechanism, as a
prelude to global kinetic analysis. 53 The goal of
model-independent analysis is to determine the
number, amplitudes and apparent rates of different
kinetic phases of a reaction. As the substrate GTP is
increased, apparent rates approach true rate con-
stants for elemental reaction steps, so the model-
independent analysis at high GTP may be

particularly informative for construction of an
adequate global kinetic model. Model-independent
analyses are shown in Figure 5 for the reaction
stimulated by TFIIF or TFIF+TFIIS at 2500 pM
GTP. In Figure 6, we show global kinetic analyses
for synthesis of the G44 and G45 bonds, determined
at multiple GTP concentrations. In Figure 7, we
show inferred reaction mechanisms and rate con-
stants, derived from the kinetic analyses in Figures 5
and 6. The rate curve simulations shown in Figure 6
derive from the kinetic mechanisms shown in
Figure 7.

For the experiments shown in Figure 5, reactions
were quenched either with EDTA or HCL In
Figure 5(A and E), EDTA and HCI quench rate
curves are compared for G44 and G45 synthesis.
Separation of isomerization (EDTA quench) and
chemistry (HCI quench) rate curves indicates a
smooth cadence between A43 isomerization and
G44 chemistry and subsequent G44 isomerization
and G45 chemistry. Separation of EDTA and HCl
quench curves indicates that additional rate-limit-
ing steps may separate initial, essentially irrevers-
ible A43 isomerization and subsequent G44
chemistry. From the known steps of the RNAP II
elongation mechanism, additional steps must sep-
arate G44 chemistry and G44 isomerization, includ-
ing GTP-loading into the RNAP II active site,
translocation, and pyrophosphate release.

When elongation times up to 0.1 second are
considered for EDTA quench data (Figure 5B and
F), kinetic parameters for the fastest phases of the
RNAP II elongation mechanism can be estimated.
In this short time interval, G44 synthesis rate curves
(EDTA quench) can be fit adequately to double
exponential curves (black curves) but not single
exponential curves (gray curves), indicating at least
two distinct rapid phases of the elongation reaction
from A43. The rates are tabulated in the Figures,
and the corresponding fractions (b and a) are
indicated, as vertical arrows on the G444 % scale.
Fractions b, a and c represent the estimated
occupancies of the A43b (post-translocated) A43a
(pre-translocated) and A43c (paused or backtracked
and cleaved) EC conformations (Figure 7). The three
distinct reaction rates (ky,, k,, and k. ascribed to
these different EC conformations are well-resolved
in the model-independent analyses shown in
Figure 5. The existence of at least two rapid reaction
phases is confirmed by studies with a-amanitin,
because the fastest reaction phase (b) is found to be
a-amanitin-resistant, but the slower reaction phase
(a) is sensitive.”

Because the two rate phases are not merged into a
single rate at high GTP concentration, the two rate
phases represent distinct conformations of the A43
EC (A43b and A43a) that respond to addition of
GTP substrate in distinct ways. If the two reaction
phases were merged into a single rate at high GTP
concentration, this would indicate a reaction mech-
anism in which a single conformation of the EC
could diverge into two distinct elongation path-
ways. Biphasic rate curves describing elongation by
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Figure 6. Global kinetic analyses of elongation by RNAP II in the presence of TFIIF (A and B) and TFIIF + TFIIS (C and
D). A and C, G44 synthesis rates. B and D, G45 synthesis rates. GTP concentrations were tested between 0.1 and 2500 pM,
as indicated in the keys. Reactions were quenched with EDTA (black) or HCI (red). For HCI quench rate curves, the GTP
concentration was 2500 uM. Residuals, a statistical test, are shown below, indicating the quality of curve fits to
experimental data. The kinetic models used for curve fitting are shown in Figure 7.

E.coli RNAP were interpreted in terms of this
second type of mechanism, in which a single
starting conformation diverges into two forward
pathways.”® The rate data for human RNAP II,
however, cannot be fit using this type of model.
Instead, there appear to be at least two distinct
forms of the active pathway RNAP II EC at the A43
stall position (post- and pre-translocated) with
different elongation kinetics to G44.

When the EDTA quench reaction is analyzed
through longer times (120 or 5 seconds), paused
(TFIIF alone) and cleaved (TFIIF+ TFIIS) ECs
advance, providing best estimates of the rates
forward for the slowest conformations of the EC.
Rate plots to 120 or 5 seconds must be fit with well-
resolved triple exponential curves, indicating a
minimum of three conformations of the RNAP II
EC at the A43 stall point: two that elongate rapidly
(A43b, A43a) and one that advances much more
slowly (A43c). The two most rapid elongation
phases have different responsiveness to GTP sub-
strate, but the slowest phase is largely unresponsive
to GTP, indicating that a conformational change

(escape from pausing) is required for these ECs to
re-enter the active elongation pathway.

With TFIIF as the sole elongation factor, the
fastest phase of the triple exponential has a
fractional occupancy of about 45% of total ECs
and an apparent rate of 540(450) s~ (Figure 5B;
fraction b). The fastest reaction phase is too fast to
measure with confidence using the RQEF-3, for
which the fastest start-stop time is 0.002 second.
As a result of instrument limitation, only a few data
points can be collected (at 25 °C) that relate to the
fastest RNAP Il reaction rate. So 540 s~ ' is probably
a minimal estimate of the true rate constant. The
next fastest reaction phase (fraction a) has a
fractional occupancy of about 11% of total ECs
and an apparent rate of 35(£9) s~ . This slower rate
is accurately measured with the RQF-3. In the
presence of TFIIF as the sole stimulatory elongation
factor, only about 56% of ECs are initially on the
forward elongation pathway. The remaining 44% of
total ECs are paused (fraction c) and extend slowly
at a rate of 0.07(+0.004)s "

In the presence of TFIIF+TFIIS, the triple
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Figure 7. Adequate kinetic models to describe RNAP II elongahon stimulated by TFIIF and TFIIF+TFIIS. Rate

constants for GTP-dependent steps are in units of pM ™"

GTP binding are also indicated. GTP-independent rate constants have units of s~

! (steps indicated w1th black triangles). Estimated Kgs for
! Lower case italic letters (g, b, ¢, d, and

e) indicate distinct conformational states of the EC. Fractions (A43a, A43b, and A43c) indicated from model-independent
analyses (Figure 5) are boxed. Rate constants (from apparent rates k,, ky, k., and kq) indicated from model-independent
analyses are within ovals. Black dots indicate whether the cognate DNA template base projects toward the main RNAP II
channel (pre-translocated EC) or the secondary pore (post-translocated EC) (see Figure 1). Main pathways for elongation
are shaded gray. PPi indicates pyrophosphate. Relaxed and taut transitions are between closed (EDTA-resistant) and
open (EDTA-sensitive) conformations of the EC (Figure 1).

exponential indicates a fastest reaction phase with a
fractional occupancy of about 55% of total ECs and
an apparent rate of 1450(+240) s ! (Figure 5G;
fraction b). The next fastest reaction phase (fraction
a) has a fractional occupancy of about 26% of total
ECs and an apparent rate of 33(4+4) s~ '. So in the
presence of both TFIIF and TFIIS, about 81% of total
ECs are extended within 0.1 second, indicating that
these ECs are on the forward elongation pathway.
We attribute the 25% increase in rapidly elongating
ECs that accompanies addition of TFIIS to suppres-
sion of transcriptional pausing by TFIIS. In the
presence of TFIIS, most of the remaining 19% of
total ECs (fraction c) are not paused but are in the
backtracked, cleaved and restart pathway About
7% of A43 ECs are very slow to advance.’ These ECs

are expected to be backtracked and poised for
dinucleotide cleavage to A41, although some of
these ECs may recover at the A43 posmon without
cleavage. Cleaved A41 ECs extend slowly.® A43 and
A41 ECs that are in the backtracking (cleavage) and
recovery pathway elongate with an apparent rate of
1.0(+0.2) s !, similar to the determination made
previously.®> Therefore, the major differences
between the mechanism stimulated by TFIIF alone
and TFIIF+TFIIS involves TFIIS activities in sup-
pression of transcriptional pausing and in support-
ing RNA cleavage, recovery and restart. The
apparent rates that we measure at 2500 uM GTP
are expected to approach elemental rate constants
in a global kinetic analysis.

HCI quench data specify the time of chemistry.
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With EDTA quenching, if Mg®" atoms are seques-
tered in a tightened active site, elongation can
continue forward after EDTA addition. In principle,
the reaction could reverse after addition of EDTA,
but, in studies of the forward elongation reaction,
reversal of isomerization is not detected. With HCl
addition, the reaction is quenched instantly. In
Figure 5D and H, rate data for G44 chemistry are
fit to single phase exponential curves, with rates of
kq=30(£2)s~' (TFIIF) and kq=27(+4)s '
(TFIIF+TFIIS). When HCI quench curves are
analyzed to longer times, the slowest rate of
elongation (k.) is confirmed (not shown). HCl
quench rate data appears monophasic rather than
biphasic in the 0.2 second time span, because the
rate of chemistry is too slow to resolve the two
previous isomerization rates, detected in the EDTA
quench rate data (Figure 5B and F).

Based on the model-independent analyses, it was
our judgement that the EDTA quench data were
most informative about NTP-dependent steps in the
RNAP II mechanism. EDTA quenching allows
faster kinetic events to be analyzed than HCl
quenching. EDTA quenching yields higher kinetic
complexity than HCl quenching, indicating that
analysis based on HCI quench data alone would
oversimplify the RNAP II mechanism. The higher
kinetic complexity reflected in the EDTA quench
data is confirmed by inhibition studies using
a-amanitin, which distinguishes two translocation
states of RNAP 11,%° as indicated in EDTA quench
rate curves. Furthermore, active site isomerization
requires prior NTP loading, so EDTA quench data
were considered to better reflect substrate NTP
binding events than HCI quench data, which stop
the reaction at a later stage of elongation.

Global kinetic analyses

To simulate the most rapid rates of RNAP II
elongation, transcription was monitored through
both the G44 and G45 bond positions through 0.2
and 0.5 second, using the running start, two-bond,
double quench protocol (Figure 6). Curve fitting
was done with the program DYNAFIT,” using the
pathway and rate constants shown in Figure 7. In
designing the simulation shown in Figure 7, every
attempt was made to preserve the estimations of
rate constants from apparent rates (k,, kv, k., and kq)
and corresponding EC fractions (4, b, ¢) derived
from the model-independent analyses at 2.5 mM
GTP (Figure 5). In the discussion that follows,
different EC conformations (a, b, ¢, d, and e) are
described according to the notations defined in
Figure 7. EDTA quench rate curves are shown for
GTP concentrations from 0.1 to 2500 pM.

HCl quench rate curves are shown for 2500 pM
GTP only, because steps between isomerization and
chemistry were not thought to be highly NTP-
dependent, and the HCI quench defines the
chemical step of the reaction. Also, the 40-
CAAAGGCCTTT-50 template is not optimal for
determining NTP-dependent effects on the rates of

chemistry, because it encodes incorporation of GMP
at both the G44 and G45 positions. In the future, we
will test templates with 44-GC-45, 44-GT-45 and / or
44-GA-45 sequences, to determine the effects of
CTP, UTP and ATP on G44 synthesis. The 44-GG-45
template is useful for the current study, because for
this template NTP competition is minimized at the
G44 position in the two-bond assay. A43b+GTP —
A43b.GTP is very rapid, followed by rapid
A43b.GTP — A43d.GTP isomerization (both steps
are essentially complete in 0.002 second), and
A43d.GTP — G44e.PPi chemistry is slow (rate of
about kg ~30 s~ "), so EDTA quench curves provide
the most recent reporting about NTP-binding steps.

Global analyses are shown for RNAP II
elongation in the presence of TFIIF and in the
presence of both TFIIF and TFIIS, to assess effects of
TFIIS on forward synthesis and to gain insight into
the RNAP II elongation mechanism stimulated by
TFIIF. At higher GTP concentrations (20 to
2500 uM), EDTA quench rate curves for G44
synthesis are notably biphasic (Figure 6A and C),
as was also demonstrated in the model-indepen-
dent analyses (Figure 5B and F). In the HCI quench
data, these two kinetic phases merge into a single
detectable rate, because of the delay between initial
rapid isomerization and chemistry (Figure 5A, D, E
and H).

EDTA quench G45 synthesis rate curves
(Figures 5A and E and 6B and D) are sigmoidal
in shape, indicating a rate-limiting step prior to
G44 isomerization. In part, this sigmoidal
character can be attributed to a slow rate of G44
chemistry (or an undefined isomerization step
preceding chemistry) (kq=30(+£2) s or kg=27(+
4)s~'; Figure 5D and H; HCl quench data).
Translocation must separate G44 chemistry and
G44b.GTP — G444.GTP isomerization, and trans-
location is expected to be rate-limiting in this
interval. A43a.GTP — A43b.GTP translocation pro-
ceeds at a rate of k,=35(+9) s ™' or k,=33(£4)s '
(Figure 5C and G). The mechanism shown in
Figure 7 couples pyrophosphate release to NTP-
driven translocation, so G44¢.PPi.GTP — G44b.GTP
translocation and coupled pyrophosphate release is
expected to be a rate-limiting step, proceeding at a
rate of about kq~30s”'. G44b.GTP— G44d.GTP
isomerization is expected to be very rapid, because
A43b+GTP — A43b.GTP — A43d.GTP proceeds at a
rate of about k, =540 s ' ork,=1450s (Figure 5C
and G). As shown for the HCl quench data, G45
synthesis is a slow step after G44d.GTP isomeriza-
tion. Based on the rate of A43d.GTP— G44e.PPi
chemistry, this rate constant should be approxi-
mately kg~30s~ "

Homogeneous kinetic behavior of the RNAP Il
EC preparation

Because RNAP II ECs are isolated from an extract
of HelLa nuclei, by a Sarkosyl and salt-washing
procedure, the biochemical composition of the EC
preparation is not known. It was therefore
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important to establish that our kinetic measure-
ments reflected intrinsic functions of RNAP II
elongation rather than different activities of a
mixture of biochemically heterogeneous ECs with
distinct kinetic behavior. Based on the stringency of
the washing procedure, we were confident that
endogenous TFIIF, TFIIS and general RNAP II
initiation factors would dissociate from washed
ECs,*® but more tightly bound factors might remain
associated. Using the EDTA quench procedure for
G44 synthesis indicated three conformations of the
RNAP II EC, interpreted as pre-translocated, post-
translocated and paused A43 ECs (or backtracked
and cleaved) (A43a, A43b and A43c), but kinetic
heterogeneity in G44 synthesis (Figure 5B, C, F
and G) might be attributed to biochemical
heterogeneity. From the HCl quench data
(Figure 5D and H), however, it is unlikely that the
pre- and post-translocated ECs detected in the
EDTA quench data can be attributed to biochemical
heterogeneity in the EC preparation. The two most
rapid kinetic phases (b and a) merge into a single
kinetic phase in the HCl quench rate data. Further-
more, the extent of pausing is regulated by addition
of recombinant human TFIIS to the reaction, so
occupancy of the slowest kinetic state (c) is
determined, not by the EC preparation, but by
treatments after purification: addition or omission
of TFIIS.

Discussion

Translocation and the catalytic mechanism of
human RNAP Il

A compelling debate has been joined in the
transcription and replication fields to clarify the
mechanisms of translocation by multisubunit and
simpler RNAPs and DNAPs. Landick® framed this
debate in terms of the Brownian, thermal ratchet
mechanism, in which translocation must precede
NTP binding, and various “powerstroke” models,
in which a protein conformational change drives
forward translocation.*” In the case of T7 RNAP, the
powerstroke appears to be rotation of the O-a-helix,
driven by templated NTP substrate binding to the
NTP “pre-insertion” site.*** Subsequent O-helix
rotation and NTP movement into the T7 RNAP
catalytic site tightens the active center for chemistry,
providing the final induced fit conformational
change that boosts fidelity of simple RNAPs and
DNAPs.*"*34 After chemistry, pyrophosphate
release is suggested to initiate relaxation of the T7
RNAP active site, rotating the O-helix against the
DNA template to drive the next increment of
translocation.*! In this way, pyrophosphate release
may be coupled to translocation, followed by NTP
loading to the pre-insertion site, O-helix rotation,
active site tightening and chemistry.

For yeast RNAP II, the powerstroke may involve
bending or local unwinding of the bridge a-helix
toward the RNA-DNA hybrid, as suggested by

Kornberg and colleagues.'”**** In support of a
powerstroke model, our kinetic data for human
RNAP II are inconsistent with a pure thermal
ratchet mechanism because the kinetic analysis
requires NTP binding to both pre- and post-
translocated A43 ECs. On the other hand, the
model does allow conversion between pre- and
post-translocated ECs, in the absence of the tem-
plated GTP at the A43 stall position, as required by
the Brownian ratchet mechanism. In our kinetic
mechanisms, however, NTP-driven translocation
must be significantly faster than the NTP-indepen-
dent pathway. We posit that, during processive
RNA synthesis, translocation is NTP-driven, con-
sistent with an NTP-driven powerstroke mechan-
ism. Loading of the NTP-dNMP base-pair from the
main enzyme channel into the RNAP II active site
could induce bridge a-helix bending or an alternate
assisting protein conformational change. The con-
formational change would drive translocation by
propelling the RNA-DNA hybrid and DNA duplex
through the RNAP II main channel.

After NTP-driven translocation, the RNAP II EC
isomerizes very rapidly (within 0.002 second;
kp~500 to 1000s~ ') to sequester the two active
site Mg®" atoms from EDTA chelation. Phospho-
diester bond synthesis, however, occurs slowly
(ka~30s~") after rapid isomerization (k,~500 to
1000 s~ 1). This result could indicate that the
chemical step is slow or that a slow isomerization
step (or steps) separates initial rapid isomerization
and chemistry. Very similarly, Tsai and colleagues
have identified the chemical step as rate-limiting for
elongation catalyzed by rat DNAP B.°** Because
the RNAP II active site tightens before chemistry, it
must relax after chemistry, as observed in simple
RNAP and DNAP mechanisms. #4344 Here, we
support a model in which the incoming NTP
substrate helps to complete the previous bond
addition cycle.5 NTP-driven translocation, there-
fore, may be coupled to conformational relaxation
of the RNAP II EC after chemistry, driving pyro-
phosphate release. Coupling of NTP-driven trans-
location to pyrophosphate release requires that a
conformationally tightened RNAP II active site, at
the time of chemistry, must relax after chemistry to
complete each bond addition cycle and release
pyrophosphate. The slow rate of NTP-driven
translocation (G44¢.PPi.GTP — G44b.GTP; k~52 or
455!, Figure 7) is rate-limiting between G44
chemistry and G44 isomerization. We posit that
NTP-driven translocation is coupled to a confor-
mational change in the RNAP II EC. This confor-
mational change allows subsequent pyrophosphate
release.

Transient state kinetic analysis of RNAP Il
elongation

Our transient state kinetic analysis of human
RNAP II elongation has several notable features. We
utilized a running start, two-bond, double-quench
protocol to obtain detailed insight into RNAP II
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elongation. Using the running start, we stall RNAP
II briefly before adding the next substrate NTP(s).
To our knowledge, no other laboratories have
reported complete transient state, multiple bond
analyses of RNAPs or DNAPs, although, for our
analyses, this treatment proved essential. We
monitor the formation of at least two bonds because
different kinetic information accrues from analysis
of stall recovery (A43— G44) and processive syn-
thesis (G44 — G45). Analysis of a single bond would
be less informative and potentially confusing. For
G44 synthesis, after the stall at A43, the EDTA-
quenching procedure produced biphasic rate
curves in a 0.1 second time-course. HCI quenching,
however, simplified the kinetics of G44 synthesis,
indicating that the complexity of the EDTA quench
curves provided detailed information about RNAP
IT translocation, a conclusion supported by studies
with the translocation inhibitor a-amanitin.*> Our
analyses through two bonds, using the double
quench procedure, provided us with rates that
relate to different translocation states and to the
timing of initial EC isomerization (EDTA quench)
and chemistry (HCl quench). In this regard, rapid
quench technology compares favorably with single-
molecule elongation studies of E. coli RNAP, which
only begin to approach single bond resolution.***
A wide range of substrate GTP concentrations (0.1
or 0.2 to 2500 pM) was analyzed, taking many data
points, to saturate the appropriate data space
(Figure 6). This large collection of data, obtained
using several elongation factors, provides the basis
for our global kinetic analyses, which are consistent
with our model-independent analgyses. RNAP II has
high conformational flexibility,'”*' which makes
the kinetic analysis particularly interesting and
challenging. Furthermore, human RNAP II is
highly responsive to regulators such as TFIIF and
TFIIS, making analyses of biological significance.

Regulation by TFIIF and TFIIS

The view of TFIIF and TFIIS regulation of RNAP
IT that we present, based on transient state kinetic
studies, is different from that previously inferred
from steady-state approaches. We show that TFIIF
accelerates RNAP II elongation rate by supporting
the post-translocated EC, and TFIIS improves
elongation efficiency by suppressing transcriptional
pausing. By itself, TFIIS does not accelerate
elongation rate nor does it enhance rate when
combined with TFIIF over the rate supported by
TFIIF alone. In the presence of both TFIIF and TFIIS,
these factors appear to affect elongation inde-
pendently, but inclusion of the two factors has a
combinatorial effect on suppression of transient
RNAP II pausing,’ because of the cooperative
nature of the independent actions of TFIIF and
TFIIS. We show that, in order for TFIIS to have a
strongly stimulatory effect on forward elongation,
TFIIF must be present. Our explanation of these
observations is as follows. TFIIS suppresses paus-
ing whether or not TFIIF is present in the reaction,

but in the absence of TFIIF, TFIIS supports entry of
RNAP II into the backtracking, RNA cleavage and
restart pathway. We suggest that the paused state of
the EC is suppressed by TFIIS, because TFIIS
accelerates rates into and out of the paused EC,?
TFIIS may stimulate backtracking and TFIIS par-
ticipates directly in RNA cleavage.'® After cleavage
of the nascent RNA, the EC must recover to
commence RNA synthesis, but in the presence of
TFIIS as the sole factor, the recovering EC may be
more likely to enter another cycle of backtracking
and cleavage rather than transcriptional restart. In
the presence of both TFIIF and TFIIS, however,
TFIIF compels RNAP II toward the post-trans-
located EC, so fewer ECs become trapped down the
pausing, backtracking and RNA cleavage pathway.
Suppression of pausing by TFIIS allows TFIIF to
more efficiently stimulate the forward elongation
mechanism. So TFIIF stimulates elongation by
supporting the post-translocated EC. Elmendorf
et al. demonstrated that TFIIF and TFIIS could
interact to suppress the transcript cleavage activity
of TFIIS.** We suggest that TFIIF has this effect by
maintaining the post-translocated EC. TFIIS aids
elongation by suppressing transcriptional pausing
without noticeable stimulation of elongation rate,
unless TFIIF or another stimulatory factor is also
present. From a practical point of view, inclusion of
TFIIS significantly enhances the efficiency of for-
ward elongation from the A43 stall position,
improving the kinetic analysis of rapid elongation
by human RNAP II stimulated by TFIIF.

NTP substrate loading and NTP-driven
translocation

As discussed in Introduction, we previously
proposed a model for NTP-driven translocation by
human RNAP 1T (Figure 1).° Analyses described
here are fully consistent with the NTP-driven
translocation model. These studies indicate that
step-wise translocation of the RNA-DNA hybrid
and DNA template through the RNAP II main
channel is normally driven by prior binding of the
substrate NTP to its cognate DNA base. Indeed,
three unpaired DNA bases (n+1, n+2 and n+3;
n=RNA length) face the main enzyme channel in
the pre-translocated yeast RNAP II EC."” After
pairing of the incoming NTP, the ANMP-NTP base-
pair is thought to drive RNA-DNA hybrid dis-
placement, allowing the substrate NTP to be loaded
as a base-pair into the RNAP II active site for
chemistry.

The reaction simulation shown in Figure 7 is not a
perfect representation of the NTP-driven transloca-
tion model, because the scheme shown does not
allow for base-pairing of the GTP substrate for G45
synthesis prior to G44 chemistry. This omission
does not affect the quality of the data fit, however,
because the GTP loading step is only rate-limiting at
low GTP concentrations, at which the mechanism
proceeds essentially as shown. At higher GTP
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concentrations, NTP-driven translocation is rate-
limiting, as shown in the mechanism.

Combining the NTP-driven translocation model
and the yeast RNAP II structure, it appears that
substrate NTPs are normally loaded through the
main enzyme channel rather than through the
secondary pore, because prior DNA translocation
appears to be re%uired for secondary pore NTP
loading (Figure 1).° On the basis of structural data,
others have suggested that the secondary pore is the
primary route for NTP loading.'*?*****7 Our
kinetic studies, however, indicate that this inference
may not be correct. Of course, to the post-
translocated EC, NTPs would be expected to load
through the secondary pore,® so, in our experi-
ment, the A43b EC might load GTP through the
secondary pore. A43a and G44e are expected to load
GTP through the main channel. During processive
synthesis, NTPs are expected to load through the
main RNAP II channel, prior to the translocation
step. So, secondary pore loading of an NTP
substrate is expected only after transcriptional
stalling and NTP-independent translocation,
which for human RNAP II is highly dependent on
stimulation by an elongation factor such as TFIIF.

Materials and Methods

Cell culture, extracts and proteins

HeLa cells were purchased from the National Cell
Culture Center (Minneapolis, MN). Extracts of HeLa cell
nuclei were prepared as described.*® Recombinant TFITF
was prepared as described.**”° Recombinant human
TFIIS was purified by phosphocellulose chromatography
followed by MonoS chromatography (our unpublished
procedure).

NTP stocks

Ultrapure NTP sets were purchased from Amersham
Pharmacia Inc. Based on our experience using these
reagents, CTP and UTP stocks appear to be free of
detectable ATP and GTP contamination. The ATP stock is
substantially free of GTP contamination. The GTP
preparation appears to be lightly contaminated with
ATP, which does not complicate our experiment, because
GTP is the final addition to the reaction, after prior
addition of ATP. In reactions containing TFIIF, we observe
some tendency to incorporate AMP or GMP, when none
has been deliberately added to the reaction. As we show
here, this observation results from stimulation of RNAP II
elongation by TFIIF. The probable major source of ATP
and GTP contamination in these reactions is the HeLa
extract from which we initially derive ECs and not the
NTP stocks. When TFIIS is added to the reaction in
addition to TFIIF, inappropriate AMP and GMP
incorporation is suppressed, indicating that the TFIIF
preparation is not likely to be a source of ATP or GTP
contamination.

Preparation of RNAP Il ECs

Protocols for rapid quench-flow experiments have been
published.>**'3 Briefly, **P-labeled C40 (40-nucleotide

RNA ending in a 3'-CMP) RNAP II ECs were formed on
metal bead-immobilized templates in a HelLa transcrip-
tion extract. Initiation was from the adenovirus major late
promoter using a modified downstream sequence (+1-
ACTCTCTTCCCCTTCTCTTTCCTTCTCTTCCCTCTCC
TCC-+40). The purpose of the 39-nucleotide CT-cassette
is to synthesize C40 with ApC dinucleotide, dATP,
[¢-**P]CTP and UTP, bypassing the requirement for
addition of ATP and GTP. C40 ECs were washed with
1% Sarkosyl and 0.5 M KCl buffer to dissociate initiation,
elongation, pausing and termination factors, contributed
by the HeLa extract, and re-equilibrated with transcrip-
tion buffer containing 8 mM MgCl, and 20 pM CTP and
UTP. TFIIF (10 pmol per 15 pl reaction) and TFIIS (3 pmol
per reaction) were added as indicated in particular
protocols. In work to be published elsewhere, we have
determined that Sarkosyl-washed RNAP II ECs behave
very similarly to ECs prepared by washing in 60 mM or
1M KCI transcription buffer, supporting the use of
Sarkosyl-washed ECs to analyze human RNAP II
elongation.

Running start, two-bond, double-quench protocol

The running start, two-bond protocol has been
described.>**' Here, we improve the procedure by
reporting data from experiments quenched with EDTA
or with HCL®” Rapid quench experiments were done
using the Kintek Rapid Chemical Quench-Flow (RQEF-3)
instrument. All steps were done at 25 °C. Elongation was
through the sequence 40-CAAAGGCC-47. C40 ECs were
incubated with 20 uM CTP and UTP. 10 or 100 pM ATP
(depending on the protocol) was added to bead-immobi-
lized C40 ECs on the bench top, to extend the EC to the
A43 position. During the next 30-120 seconds (depending
on the protocol), ECs were loaded into the left sample
port of the RQF-3 instrument. GTP (in transcription
buffer) at twice its working concentration was loaded into
the RQF-3 right sample port. Programmed, equal volume
mixing in the RQF-3 first combined ECs with GTP
substrate. Reactions were then quenched with 0.5M
EDTA or 1 M HC], after a precisely timed delay (>0.002
second). For EDTA-quenched reactions, ECs on beads
were collected with a magnetic particle separator and
processed by electrophoresis, as described.”'* HCI
quenching dissociates the transcript from the RNAP II
EC. HCl-quenched reactions were delivered into collec-
tion tubes containing a sufficient volume of 1 M KOH and
300 mM Tris-base (~70 pl), to neutralize the pH of the
solution. Beads were removed using a magnetic particle
separator. The solution was extracted with an equal
volume of phenol-chloroform. The aqueous phase was
adjusted to 0.3 M sodium acetate containing 20 pg of
glycogen carrier and ethanol-precipitated. After vacuum
drying, RNA samples were analyzed by electrophoresis.
Gel bands were quantified using a Molecular Dynamics
Phosphorimager. At the A43 stall point, the EC fraction-
ates into multiple conformational states, which are
revealed by their distinct elongation kinetics to G44.
Formation of the G44 bond, therefore, provides detailed
insight into the mechanism and informs about recovery
from the transcriptional stall at A43. The transition from
G44—G45 provides information about processive
elongation.

Model-independent analysis

Model-independent analysis®**® was done with the

program Microcal Origin version 7.0, fitting rate data to
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single, double or triple exponential rate curves, as
appropriate. A significant advantage of the human
RNAP II elongation system is that these kinetic phases
are so easily distinguished, giving a clear demonstration
of distinct rates, which relate to distinct conformations of
the RNAP II EC at the time of substrate GTP addition.
Typical reproducibility of experiments is demonstrated in
Figure 5. The high reproducibility of quantification results
from determining the signal within individual gel tracks.
Because transcripts are labeled at multiple CMP positions
near the 5 end, and because signal is determined as a
ratio of bands within a single gel lane, there is little
contribution of error due to gel sample loading, and rate
determinations are highly consistent in independent
experiments. Independent experiments compared in
Figure 5 were done over a period of eight months, during
which period, the RQF-3 was serviced and re-calibrated.

Global kinetic modeling

Global kinetic modeling was done using the program
DYNAFIT.*” Model-independent analysis was used to
make the best initial estimates of individual rate constants
in the mechanism. Models were constrained to be initially
in thermodynamic balance, and thermodynamic balance
was required around cycles. For the reaction in the
presence of TFIIF+TFIIS, the RNA cleavage and restart
pathway cannot be brought into thermodynamic balance
with the pre-translocated EC, maintaining an adequate
curve fit (A43a<+> A43/A41c is not in thermodynamic
balance). Qualitatively, this observation indicates that, at
low GTP concentration, A43 backtracking and cleavage is
enhanced, a result we do not understand. A more detailed
analysis of the backtracking, cleavage and restart path-
way has been published elsewhere.” GTP dissociation
rates were constrained to be 10,000s™ 7, although
DYNAFIT would select faster rates. Estimated rate
constants were selected so that the rate constants for
G44 synthesis are as similar as possible to the rate
constants for G45 synthesis. So far as we can determine,
simpler models cannot describe the human RNAP II
elongation mechanism.”
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