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ABSTRACT: The role of the small RNA polymerase II subunit Rpb9 in
transcriptional proofreading was assessed in vitro. Transcription elongation
complexes in which the 3′ end of the RNA is not complementary to the DNA
template have a dramatically reduced rate of elongation, which provides a fidelity
checkpoint at which the error can be removed. The efficiency of such
proofreading depends on competing rates of error propagation (extending the
RNA chain without removing the error) and error excision, a process that is
facilitated by TFIIS. In the absence of Rpb9, the rate of error propagation is
increased by 2- to 3-fold in numerous sequence contexts, compromising the efficiency of proofreading. In addition, the rate and
extent of TFIIS-mediated error excision is also significantly compromised in the absence of Rpb9. In at least some sequence
contexts, Rpb9 appears to enhance TFIIS-mediated error excision by facilitating efficient formation of a conformation necessary
for RNA cleavage. If a transcription error is propagated by addition of a nucleotide to the mismatched 3′ end, then the rate of
further elongation increases but remains much slower than that of a complex with a fully base-paired RNA, which provides a
second potential fidelity checkpoint. The absence of Rpb9 also affects both error propagation and TFIIS-mediated error excision
at this potential checkpoint in a manner that compromises transcriptional fidelity. In contrast, no effects of Rpb9 on NTP
selectivity were observed.

The accuracy of transcription is of clear importance in gene
expression, as errors in transcription can result in proteins

with altered function. The error frequency of eukaryotic RNA
polymerase II (pol II) in vitro has been measured in a number
of studies,1,2 and estimates vary between about 10−3 and 10−5

errors per nucleotide incorporated, depending on the template
and the concentration and type of divalent metal ion present.
Recent studies have suggested one mechanism by which pol II
(as well as other multisubunit RNA polymerases) discriminate
correct, template-specified nucleoside triphosphates (NTPs)
from incorrect NTPs and dNTPs. This selectivity depends on
the trigger loop, a mobile structural element within Rpb1, the
largest of the pol II subunits. The trigger loop can move into
proximity of the active site, a conformational change that serves
to trap the correct NTP and position functional groups
required for catalysis.3−5 The role of the trigger loop in
transcription has been thoroughly discussed in several recent
reviews.6−9

In addition to substrate selectivity, transcriptional fidelity can
also depend on proofreading in which mistakes can be excised
from the growing transcript as it is synthesized. Pol II possesses
an intrinsic nuclease activity that cleaves single nucleotides or
short oligonucleotides from the 3′ ends of nascent RNAs, and
this activity can be enhanced by the accessory protein TFIIS
(for a review, see ref 10). Crystal structures of pol II-TFIIS
complexes have revealed that a C-terminal zinc ribbon domain
of TFIIS inserts into the active site of the polymerase where the
side chains of two acidic residues (TFIIS D290 and E291 in
Saccharomyces cerevisiae) coordinate a metal and position a
water molecule for hydrolysis.11,12 Deletion of DST1, the gene
that encodes yeast TFIIS, has very little measurable effect in

some in vivo assays designed to assess fidelity,13,14 but easily
detectable effects have been seen in others.15 These differences
may reflect differential sensitivities of the assays or, perhaps,
that the indirect readout these assays provide is, at least in some
cases, more sensitive to parameters other than transcriptional
fidelity. It is clear, however, that intrinsic and TFIIS-mediated
cleavage activities are important in vivo. TFIIS with alanine
substitutions at D290 and E291 not only lacks the ability to
stimulate cleavage but also inhibits intrinsic cleavage activity in
vitro and, when overexpressed, confers a severe growth defect
when it is the only TFIIS present in yeast.16 TFIIS, as well as its
bacterial counterpart GreA, can stimulate removal of
misincorporated NTPs in vitro, consistent with a possible
role in proofreading.2,17,18

Rpb9 is a small (122 amino acids in S. cerevisiae) pol II
subunit that is highly conserved among eukaryotes.19,20

Although Rpb9 is not essential for growth in yeast, rpb9-null
mutants have growth and drug-hypersensitivity pheno-
types21−23 as well as upstream shifts in transcription start
sites for a number of genes.24−26

Several studies have suggested a role for Rpb9 in transcrip-
tional fidelity. Deletion of RPB9 was shown to increase
expression of functional Can1 protein arising from a nonsense
allele of CAN1, presumably because of transcription errors, and
sequence analysis of cDNAs derived from a rpb9Δ strain
provided direct evidence of increased base substitutions and
insertions.13 Increased expression of a functional protein from a
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plasmid-borne nonsense allele of Escherichia coli lacZ in rpb9Δ
yeast has also been observed.27 In addition, it has been reported
that, in at least one sequence context, the absence of Rpb9
affects substrate selectivity in vitro, decreasing the ability of the
polymerase to discriminate between correct and incorrect
NTPs.28

Indirect evidence suggests that Rpb9 may affect transcrip-
tional proofreading. The Rpb9 homologues in RNA poly-
merases I and III (A12.2 and C11, respectively) are required for
the intrinsic nuclease activity of these polymerases,29−31 which
are much more robust than that of pol II, and the related
archaeal protein TFS has been shown to affect transcriptional
fidelity in vitro.32 All of these proteins contain highly related N-
terminal and C-terminal zinc ribbon domains characterized by
the zinc chelating motif (CX2CXnCX2C).

31−34 Moreover, a
chimeric protein in which the C-terminal 35 amino acids of
Rpb9 are replaced by the 25 C-terminal residues of C11
dramatically increases the intrinsic nuclease activity of pol II.35

Other in vitro experiments indicate that pol II lacking Rpb9
(pol IIΔ9) is less responsive to TFIIS-mediated transcript
cleavage at defined pause and arrest sites,2,36 but a potential
effect of Rpb9 on cleavage of mismatched 3′ ends generated by
transcription errors has not been explored.
The present study directly examines potential roles of Rpb9

in transcriptional proofreading in vitro. We show that Rpb9 is
important in slowing pol II elongation after a misincorporation
event in order to provide a checkpoint during which
proofreading can occur. We have identified two such
checkpoints, one immediately after the incorrect NTP has
been incorporated and a second located one nucleotide
downstream of the misincorporation. In addition, in at least
some sequence contexts, Rpb9 is required for a pol II
elongation complex (EC) containing an error at its 3′ end, or
immediately adjacent to its 3′ end, to adopt efficiently a
conformation in which TFIIS-mediated cleavage can occur. In
addition and in contrast to a previous report,28 we show that in
at least two sequence contexts the effect of Rpb9 on selectivity
is minimal, suggesting that its role in proofreading, which we
observed in a wide variety of sequence contexts, may be the
dominant effect of Rpb9 on fidelity.

■ EXPERIMENTAL PROCEDURES

Yeast Strains and Preparation of Whole Cell Extract.
The parental S. cerevisiae strain was derived from a protease-
deficient BJ5464 strain in which the RPB3 ORF had been
modified to contain two affinity tags, a 6×-His tag and a 26
amino acid sequence recognized by BirA, a bacterial biotin
protein ligase.37 This parental strain was generously provided
by Mikhail Kashlev. The RPB9 ORF was deleted from this
strain (rpb9Δ::kanMX4) by PCR-mediated one-step gene
disruption.38,39 Whole cell extract (WCE) was prepared as
described by Kireeva et al.37

Pol II and TFIIS Purification. Pol II and pol IIΔ9 were
purified essentially as described by Kireeva et al.37 with
modifications described by Sydow et al.40 The recombinant
TFIIS used in assays with purified pol II was a cleavage-
competent N-terminal truncation of TFIIS (TFIIS Δ2−146)3
and was generously provided by Craig Kaplan.

RNA Labeling and RNA−DNA Hybrid Formation. RNA
oligos (16.7 pmol) were labeled with an equimolar amount of
[γ-32P]ATP (3000 Ci/mmol) using T4 polynucleotide kinase in
transcription buffer TB(40) [20 mM Tris-HCl (pH 7.9), 40
mM KCl, 5 mM MgCl2, and 2 mM 2-mercaptoethanol]. It was
then annealed with the appropriate DNA template strand (16.7
pmol) as described by Kireeva et al.37 Unlabeled NTPs were
from GE Healthcare.

Elongation Complex Assembly and in Vitro Tran-
scription. The assembly of elongation complexes (ECs) was
essentially as described by Kireeva et al.37 Purified pol II or pol
IIΔ9 (250 ng) or WCE (25 μL) was added to 25 μL of Ni2+-
NTA beads (Qiagen) that had been washed with TB(40).
Binding and wash steps were performed at room temperature
using an orbital shaker at 1000 rpm. After 30 min, the beads
were washed with 1 mL of TB(1000) (same composition as
TB(40) except with 1 M KCl) for 10 min and then washed
three times with 1 mL of TB(40). RNA−DNA hybrid (1 pmol)
was then incubated with the beads for 10 min in a total volume
of 100−150 μL followed by addition of the nontemplate DNA
strand (10 pmol) for an additional 10 min. ECs were then
washed with 1 mL of TB(1000) for 10 min and then three
times with 1 mL of TB(40). The final suspension of
immobilized ECs was in 100−200 μL of TB(40). After

Figure 1. Effect of Rpb9 on extension of a mismatched 3′ end. (A) Schematic representation of an assembled elongation complex. Template and
nontemplate DNA oligos depict the transcription bubble. 32P-labeled RNA with a 3′ mismatch is between the DNA strands. The small box indicates
the template position for extension by the next correct NTP, and the shaded area represents the approximate region associated with pol II. (B) Time
course of 3′-mismatch extension. The EC depicted in panel A was assembled with purified pol II (lanes 1−6) or pol IIΔ9 (lanes 7−12) and
incubated with ATP (250 μM). Aliquots were removed at the indicated times, and the products were separated by denaturing polyacrylamide gel
electrophoresis and visualized on a phosphorimager. (C) Quantitation of the extension time course. The fraction of ECs extended to 12 nt was
plotted versus time and fit to a single exponential equation (open circles, pol II; closed circles, pol IIΔ9). Error bars indicate the SD for three
independent experiments. (D) Summary of 3′-mismatch extension rates for different sequence contexts. Rates of mismatch extension were
determined with ECs that differed from that shown in panel A as depicted (with complementary template and nontemplate strands). The rate
constants for extension with the next correct NTP (250 μM) were calculated for pol II and pol IIΔ9. Errors indicate the chi-square value for the fit of
the exponential curve to the averages of individual time points.
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addition of NTPs or TFIIS, aliquots (10 μL) were removed at
various times and added to a tube containing 10 μL of 2× gel
loading buffer [10 M urea, 50 mM EDTA (pH 7.9), 0.005%
bromophenol blue, and 0.005% xylene cyanol]. Products were
separated by polyacrylamide gel electrophoresis with a gel
containing 20% acrylamide (19:1 acrylamide/bisacrylamide), 7
M urea, and TBE [50 mM Tris-borate (pH 8.3), 1 mM EDTA].
ECs with mismatched RNAs using WCE were assembled as
above except that the 10 min wash times were shortened to 1
min to reduce the extent of cleavage during assembly. RNAs
were visualized and quantitated with a Phosphorimager (Bio-
Rad PharosFX Plus). Least-squares curve fits and the
determination of the errors associated with the fits were
performed with Kaleidagraph software (Synergy Software).

■ RESULTS

Absence of Rpb9 Increases the Rate of Elongation
beyond a Mismatched 3′ End. Transcriptional proofreading
involves competing rates of error propagation and error
elimination. To explore the potential effect of Rbp9 on error
propagation, we immobilized purified pol II or pol II Δ9 with
Ni2+-NTA beads via a 6×-His tag on Rpb3, and ECs were
assembled with DNA and RNA oligonucleotides37 in which the
11 nt RNA was 5′-end labeled with 32P (Figure 1A).
Using an EC with a G−U mismatch at its 3′ end to mimic a

transcription error, we followed the time-course of extension
with ATP (the next correct nucleotide) (Figure 1B). The
fraction extended to 12 nt was plotted against time, and the
data were fit to a single exponential equation (Figure 1C). The
rate of mismatch extension for pol IIΔ9 (kobs = 1.1 min−1) was
2 to 3 times faster than for pol II (kobs = 0.44 min−1). Assays
with higher concentrations of ATP, up to 1 mM, gave
essentially identical results, strongly suggesting that the ATP
concentration used here (250 μM) is near saturating in this
assay (data not shown). Interestingly, the number of complexes
capable of being extended, which is generally 80−95% in assays
in which the template and nascent RNA are completely
complementary (for an example, see Figure 7), was significantly
lower with these mismatched ECs; only about 30% of the pol II
and 50% of the pol IIΔ9 complexes were extended at the
reaction end points.
To explore mismatch extension in other sequence contexts,

we assembled ECs in which the next correct NTP was changed
from ATP to GTP or in which either the penultimate or the
mismatched ribonucleotide was altered. Each of the sequence
changes had an effect on the absolute rate of mismatch
extension, but in every context, pol IIΔ9 was faster by 2−3-fold
(Figure 1D). Among the sequence contexts tested, the fastest
rate observed was with an EC containing a G−C base pair just
preceding a G−U mismatch. Extension rates determined by
rapid-quench kinetics using comparable ECs with completely
matched RNAs have been reported to be 1000-fold or more
higher than the rates we have determined with 3′-end-
mismatched ECs.28 Thus, a slow rate of mismatch extension
provides a significant checkpoint that could be exploited for
proofreading, as was first described by Thomas et al.18 The
fraction of complexes that was subject to extension also varied
in each of these sequence contexts, but, in contrast to the
sequence context represented in Figure 1A, the fraction of ECs
that could be elongated in each of the other contexts was not
significantly different for pol II and pol IIΔ9. This difference
may depend on the G−C base pair immediately preceding the

mismatch, as it is present only in the sequence context shown
in Figure 1A.

Rpb9 Promotes TFIIS-Mediated Cleavage of Tran-
scripts with a Mismatched 3′ End. The observed increase in
the rate of error propagation in the absence of Rpb9 is relevant
for fidelity only if it is not offset by a corresponding increase in
the rate of error elimination. As has been observed in several
studies,3,35,36 we have not detected significant endogenous
cleavage activity with pol II ECs at near-neutral pH. However,
when ECs with mismatched 3′ ends were incubated in the
presence of a cleavage-competent41 N-terminal truncation of
TFIIS (TFIISΔ2−146 3), relatively slow (kobs = 0.05 min−1)
but efficient (65% cleavable) cleavage was apparent (Figure 2

panel A, lanes 1−8, and panel B, open circles). Furthermore,
the observed removal of 2 nt from the RNA was as expected for
a TFIIS-mediated process.42 The cleaved RNAs remained in
active ECs, as addition of ATP, CTP, and GTP (10 μM each)
after 180 min resulted in rapid extension of the cleavage-
generated 9-mer to longer products up to 20 nt, whereas the
relatively small amount of 11-mer remaining (still containing
the mismatch) was not efficiently extended during the 30 s
incubation with NTPs (Figure 2A, compare lanes 8 and 9), as
expected on the basis of the slow rate of mismatch extension.

Figure 2. Effect of Rpb9 on TFIIS-mediated cleavage of a 3′-
mismatched end. (A) Time course of cleavage. ECs with a mismatched
3′ end identical to that shown in Figure 1A were assembled with
purified pol II (lanes 1−9) or pol IIΔ9 (lanes 10−19). An abbreviated
depiction of the EC is shown here for reference. These ECs were
incubated with purified recombinant TFIIS (10 μM). Aliquots were
removed at the indicated times, and the products were separated by
denaturing polyacrylamide gel electrophoresis and visualized on a
phosphorimager. After 180 min, ATP, CTP, and GTP (10 μM each)
were added to the reaction and incubated for 30 s (lanes 9 and 18). An
aliquot of the pol IIΔ9 ECs was incubated for 60 min with ATP (250
μM) (lane 19). (C) Quantitation of the cleavage time course. The
fraction of ECs cleaved to 9 nt was plotted against time and fit to a
single exponential equation (open circles, pol II; closed circles, pol
IIΔ9). Error bars indicate the SD for three independent experiments.
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In an identical experiment with pol IIΔ9 ECs, cleavage was
slower (kobs = 0.01 min−1) and less efficient (only about 30%
cleavable) (Figure 2 panel A, lanes 10−17, and panel B, closed
circles). As with the pol II ECs, all of the cleaved complexes
remained in functional ECs that could be quickly elongated to
20 nt by addition of ATP, GTP, and CTP (10 μM each)
(Figure 2A, compare lanes 17 and 18). The different responses
of pol II and pol IIΔ9 ECs was not the result of differential
binding of TFIIS to the two types of complexes. The
concentration of TFIIS used (10 μM) is sufficient to saturate
both pol II and pol IIΔ9 (Kd ≈ 80 nM for each43), and we
confirmed that both the rate and the extent of cleavage were the
same at TFIIS concentrations between 7 and 30 μM (data not
shown).
These results demonstrate that Rpb9 affects transcriptional

proofreading. The presence of Rpb9 slows extension of a
mismatched 3′ end, and the impact of slower mismatch
extension is not nullified by a corresponding decrease in the
rate of TFIIS-mediated cleavage. In fact, for the sequence
context used in Figures 1B and 2, Rpb9 increases both the rate
and efficiency of cleavage. In addition, our results are consistent
with the idea that, at least in this sequence context, EC
assembly with a mismatched 3′ end generates two classes of
complexes that do not rapidly interconvert, one class that can
be efficiently elongated (favored when Rpb9 is absent), and
another that can be efficiently cleaved (favored when Rpb9 is
present). This is most directly seen in Figure 2A, lane 19, where
complexes that are not cleavable can be elongated in the
presence of the next correct NTP. The RNA products longer
than 12 nt are likely the result of misincorporations and/or
possible contamination of ATP with small amounts of GTP.
Interestingly, during preliminary experiments with 3′-end-

mismatched ECs in which pol II was immobilized from whole
cell extracts (WCE), we noticed a significant amount of RNA
cleavage (generating a 9 nt RNA) during the assembly of the
ECs, the extent of which correlated with the time taken for the
preparation. To examine this in more detail, we prepared ECs
as quickly as possible (Figure 3A, lane 1) and then followed the
time course of the cleavage reaction, which proceeded with a
rate (kobs = 0.048 min−1) and extent (75% cleavable, including
those that had been cleaved before time 0) similar to that seen
with TFIIS in the purified system (Figure 3 panel A, lanes 2−6,
and panel B, open circles). As with the purified system, the
cleaved RNAs remained in active ECs; addition of ATP, CTP,
and GTP (10 μM each) after 60 min resulted in rapid extension
of the cleavage-generated 9-mer to longer RNAs up to 20 nt,
whereas the small amount of 11-mer remaining (still containing
the mismatch) was not efficiently extended during a 30 s
incubation with NTPs (Figure 3A, compare lanes 6 and 7). To
determine whether this cleavage activity was TFIIS-dependent,
we assembled ECs with pol II immobilized from WCE derived
from an otherwise isogenic dst1Δ strain. These ECs carried out
RNA extension as efficiently as those derived from WCE of
DST1 cells or assembled with purified pol II, but in the absence
of DST1-encoded TFIIS no cleavage activity was observed
(data not shown). These results strongly suggest that the
cleavage activity is mediated by TFIIS and that TFIIS stably
and near stoichiometrically associates with pol II in the absence
of an EC even after the extensive washes used in our
immobilization protocol.
Pol II immobilized from a WCE prepared from an rpb9Δ

strain also yielded results similar to those obtained with the
purified system (Figure 3 panel A, lanes 8−13, and panel B,

closed circles). As observed in experiments with purified
components, ECs containing a 3′ mismatch were less
susceptible to cleavage than those with Rpb9 (approximately
40% cleavable, including those that had been cleaved before
time 0), and all of the cleaved RNAs remained in functional
ECs that could be quickly elongated to 20 nt by addition of
ATP, GTP, and CTP (10 μM each) (Figure 3A, compare lanes
13 and 14). As with the purified system, cleavage-resistant
complexes were largely elongation-competent, which was
demonstrated by their ability to incorporate ATP, the next
correct nucleotide (Figure 3A, lane 15). (As in Figure 2A, the
RNAs larger than the expected 12 nt extension product were
likely the result of misincorporation and/or small amounts of
GTP contamination.) Approximately 40% of the WCE-derived
pol IIΔ9 ECs had been cleaved at the reaction end point,
suggesting that TFIIS is associated with at least 40% of these
complexes. However, because this fraction is very similar to the
fraction of cleavable complexes formed when purified TFIIS is
present in excess (Figure 2) and because Rpb9 apparently has
no effect on binding of TFIIS to pol II,43 TFIIS may actually be
present in most, if not all, of the WCE-derived pol IIΔ9 ECs.
One notable difference in our experiments with the purified and
WCE systems is the faster rate of cleavage for pol IIΔ9
observed in the WCE system (kobs = 0.035 min−1). Although

Figure 3. Cleavage of mismatched 3′ ends by ECs assembled from
WCE. (A) Time course of cleavage. ECs with a mismatched 3′ end
identical to that shown in Figure 1A were assembled using WCE
derived from RPB9 (lanes 1−7) or rpb9Δ (lanes 8−15) yeast. An
abbreviated depiction of the EC is shown here for reference. These
ECs were incubated in TB(40). Aliquots were removed at the
indicated times, and the products were separated by denaturing
polyacrylamide gel electrophoresis and visualized on a phosphor-
imager. After 60 min, ATP, CTP, and GTP (10 μM each) were added
to the reaction and incubated for 30 s (lanes 7 and 14). An aliquot of
the ECs assembled with WCE derived from rpb9Δ cells was incubated
for 60 min with ATP (250 μM) (lane 15). (C) Quantitation of the
cleavage time course. The fraction of ECs cleaved to 9 nt was plotted
against time and fit to a single exponential equation (open circles,
RPB9 WCE; closed circles, rpb9Δ WCE). Error bars indicate the SD
for three independent experiments.
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this could be caused by unidentified WCE-derived proteins
associated with the ECs, it might also be the result of native,
intact TFIIS being present in the WCE system rather than the
N-terminal-truncated TFIIS used in the purified system.
However, there are no experimental conditions in which have
we observed that the increased rate of mismatch extension by
pol IIΔ9 is countered by an increased rate or efficiency of
TFIIS-mediated mismatch cleavage, and thus the absence of
Rpb9 compromises the ability of pol II to proofread
transcription errors.
We considered the possibility that the effect of Rpb9 on the

relative fractions of extendable and cleavable ECs containing a
mismatched 3′ end could be an artifact of assembling the EC
with a preformed mismatch. To test this idea, we generated a
G−U mismatch in situ by misincorporating UTP (1 mM) into
a matched 3′-end EC, shown in Figure 4A, using pol II (lanes

1−6) or pol IIΔ9 (lanes 7−12) immobilized from WCE. We
verified that the 3′ ends of the extended complexes actually
contained the mismatch by demonstrating that, unlike
complexes with a matched end, they could not be rapidly
extended by addition of NTPs (data not shown). This is not a
trivial point, as some lots of NTPs are sufficiently contaminated
that apparent misincorporation is actually caused by very low
concentrations of contaminating correct nucleotide. The ECs

were extensively washed to remove UTP and then followed
over time to assess cleavage. Similar to the results with ECs
assembled with the mismatched end (Figures 2 and 3), the in
situ generated mismatch was much more efficiently cleaved
when Rpb9 was present (Figure 4A, compare lanes 3−6 and 9−
12). Note that the sequence context for the G−U mismatch is
slightly different from that used in Figure 2, suggesting that,
although we have not checked a large variety of sequence
contexts, the differential susceptibility to cleavage of pol II and
pol IIΔ9 ECs is not limited to a specific context.
In a slightly different approach to assess the ability of Rpb9

to affect transcriptional proofreading, we assembled ECs with a
mismatched 3′ end and then added ATP (the next correct
nucleotide) (Figure 4B), setting up conditions where both
RNA extension and cleavage are possible. In this sequence
context, cleavage of two nucleotides from the mismatched end
generates a 9 nt product that can be rapidly extended by ATP,
which is observed in the efficient extension of the 9 nt cleavage
product generated during EC assembly (and present at time 0)
to 10 nt during the first few minutes of the reaction (Figure 4B,
compare lanes 1 and 8 with lanes 2 and 9). Thus, in this
experiment, direct extension of the 11-nt-mismatched RNA
generates a product of 12 nt, whereas cleavage of 2 nt generates
a product of 10 nt after rapid extension of the resulting
matched 9-mer by ATP. It is also possible that proofreading
takes place after extension of the mismatch by cleavage of the
extended 12-mer to 10 (see below). In either case, whether
from cleavage of the mismatched 3′ end (11 nt) or the
extended mismatched 3′ end (12 nt), the 10-mer represents a
product derived from proofreading. Following the fate of the
11-mer present at time 0, over a period of 30 min
approximately half was extended and half was cleaved using
WCE containing pol II (Figure 4B, lanes 1−7), whereas for
WCE containing pol IIΔ9, only about 10% was cleaved, with
most of the remainder extended to 12 nt (lanes 8−14). This
experiment strongly supports the conclusion that proofreading
is much more efficient in the presence of Rpb9.

Absence of Rpb9 Increases the Rate of Elongation
beyond a Mismatched−Matched 3′ End. If a transcription
error is not removed before the mismatched end is extended,
then it is not clear at what point the mismatched base pair
ceases to affect elongation or cleavage. To investigate this issue,
we used purified pol II and pol IIΔ9 to assemble the EC shown
in Figure 5A, which is designed to have a mismatch followed by
a matched 3′ end to simulate a situation in which a
transcription error at position 11 has not been removed prior
to addition of the next NTP. GTP was added, and the time
course of extension from 12 to 13 nt was monitored (Figure 5).
This experiment was performed at a low concentration of GTP
to slow the reaction to a rate that could be easily measured. For
pol II, the rate of mismatch−match extension (kobs = 0.29
min−1) was approximately 1 to 2 orders of magnitude slower
than would be expected under these conditions for a
completely matched EC based on a rate for the matched EC
estimated from reported kpol and KM values.28 Thus, this
position provides a potential kinetic checkpoint subsequent to a
transcription error that could be exploited in proofreading. The
rate of mismatched−matched 3′-end extension for pol IIΔ9
(kobs = 0.62 min−1) was approximately 2-fold faster than that for
pol II, indicating a role for Rpb9 in establishing this checkpoint.
The fraction of ECs that could be extended did not depend in
any significant way on Rpb9; for both pol II and pol IIΔ9,
about 70% of the ECs could be extended with GTP. (Note that

Figure 4. (A) Cleavage of in situ generated 3′-end mismatches. ECs
with a matched 3′ end were assembled using WCE derived from RPB9
(lanes 1−6) or rpb9Δ (lanes 7−12) yeast. These ECs were identical to
that shown in Figure 1A except as depicted (and with complementary
template and nontemplate strands). The ECs were incubated with
UTP (1 mM) to generate a mismatched 3′ end (lanes 2 and 8),
washed extensively to remove UTP (lanes 3 and 9), and then
incubated in TB(40). Aliquots were removed at the indicated times
(lanes 4−6 and 10−12), and the samples were separated by denaturing
polyacrylamide gel electrophoresis and visualized on a phosphor-
imager. (B) Effect of Rpb9 on proofreading a 3′-end mismatch. ECs
with a mismatched 3′ end were assembled with WCE derived from
RPB9 (lanes 1−7) or rpb9Δ (lanes 8−14) yeast. These ECs were
identical to that shown in Figure 1A except as depicted (and with
complementary template and nontemplate strands). The ECs were
incubated with ATP (250 μM). Aliquots were removed at the
indicated times, and the products were fractionated by denaturing
polyacrylamide gel electrophoresis and visualized on a phosphor-
imager.
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the y axis in Figure 5B has been normalized to reflect only the
ECs that are capable being elongated.)
Rpb9 Promotes TFIIS-Mediated Cleavage of a Mis-

matched−Matched 3′ End. To determine the potential for
TFIIS-mediated proofreading of a mismatched−matched 3′
end, we exploited pol II and pol IIΔ9 immobilized from WCE,
where we have shown that TFIIS is stably associated with

essentially all pol II and a minimum of 40% of pol IIΔ9. Similar
to our results with a mismatched 3′ end (Figures 2 and 3),
some of the mismatch−matched ends were cleaved during the
assembly of the ECs using WCE with pol II. Interestingly, a 10-
mer was the only significant cleavage product (Figure 6A, lane
1), indicating that the site of cleavage is between the mismatch
and the nucleotide immediately preceding it. When GTP was
added, ECs containing the mismatched−matched end were
partitioned into two products, the cleaved 10-mer and a 13-mer
resulting from extension with GTP (Figure 6A, lanes 1−10).
Both of these products were within functional elongation
complexes, as they could be rapidly extended by addition of
ATP, GTP, and CTP (10 μM each) (Figure 6A, lane 11).
Taking into account only the 12-mer present at time 0,
partitioning of the two products favored elongation by
approximately 2 to 1, whereas the apparent rates of formation
of the two products were essentially the same (kobs ≈ 0.3
min−1) (Figure 6B). (Note that the y axis in Figure 6B reflects
only the fate of the 12-mer that is present at time 0.) These
observations are consistent with two possible interpretations:
either the rates of extension and cleavage are fortuitously
identical or there is a single population of pol II complexes
containing the 12-mer that is subject to competing extension
and cleavage reactions. In the latter case, partitioning of the two
products would reflect the ratio of rate constants for the two
reactions, whereas the identical observed rates would reflect
their sum, giving estimates for the observed rate constants
kextension and kcleavage of approximately 0.2 min−1 and 0.1 min−1,
respectively.
ECs with the mismatched−matched end behaved quite

differently with WCE-derived pol IIΔ9. We observed essentially
no cleavage, and the only product was the 13-mer generated by
extension with GTP (Figure 6A, lanes 12−21). In addition, the
rate of extension (kobs = 0.41 min−1) (Figure 6B) was about
twice that estimated for pol II, consistent with the faster
extension rate observed with the purified polymerases (Figure
5). These results indicate that in the absence of Rbp9, pol II is
less able to take advantage of a potential proofreading
checkpoint one nucleotide past a misincorporation event.

Figure 5. Effect of Rpb9 on extension of a mismatch−matched 3′ end.
(A) Time course of extension. ECs with a mismatched−matched 3′
end were assembled with purified pol II (lanes 1−6) or pol IIΔ9 (lanes
7−12) and incubated with GTP (250 μM). These ECs were identical
to that shown in Figure 1A except as depicted (and with
complementary template and nontemplate strands). Aliquots were
removed at the indicated times, and the products were separated by
denaturing polyacrylamide gel electrophoresis and visualized on a
phosphorimager. (B) Quantitation of the extension time course. The
fraction of ECs extended to 13 nt was plotted versus time and fit to a
single exponential equation (open circles, pol II; closed circles, pol
IIΔ9). Error bars indicate the SD for three independent experiments.
(Note that the y axis has been normalized to reflect only the ECs that
are capable being elongated.).

Figure 6. Effect of Rpb9 on proofreading a mismatch−matched 3′ end. (A) ECs with a mismatch−matched 3′ end were assembled with WCE
derived from RPB9 (lanes 1−11) or rpb9Δ (lanes 12−22) yeast. These ECs were identical to that shown in Figure 1A except as depicted (and with
complementary template and nontemplate strands). The ECs were incubated with GTP (1 μM). Aliquots were removed at the indicated times, and
the products were separated by denaturing polyacrylamide gel electrophoresis and visualized with a phosphorimager. After 15 min, ATP and CTP
(10 μM each) were added to the reaction and incubated for 30 s (lanes 11 and 22). (B) Quantitation of the time course. The graph follows the
extension or cleavage of ECs that contained a 12 nt RNA at time 0. ECs cleaved to 10 nt prior to time 0 are not included. Curves were derived from
fits to a single exponential equation (open circles, RPB9 WCE extension; open squares, RPB9 WCE cleavage; closed circles, rpb9Δ WCE extension;
closed squares, rpb9Δ WCE cleavage). Error bars indicate the SD for three independent experiments.
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We also tested ECs with a mismatch followed by two
matched ribonucleotides at its 3′ end. Neither pol II nor pol
IIΔ9 cleaved this RNA in the presence of TFIIS, and the
extension kinetics were indistinguishable from those expected
for a completely matched RNA using the assays available to us
(data not shown). Thus, it appears that misincorporation slows
elongation and provides an opportunity for proofreading for
only one nucleotide past the position at which the error was
made.
Overall, our results strongly support a role for Rpb9 in

transcriptional proofreading. In the absence of Rpb9,
mismatched or mismatched−matched 3′ ends are 2- to 3-fold
more rapidly extended, thus providing less time for removal of a
transcription error. This more rapid rate of extension is not
offset by a more rapid rate of error removal, and, at least in
some sequence contexts, the efficiency of cleavage is markedly
decreased in the absence of Rbp9.
Rpb9 and NTP Selectivity. Although we have examined

the effects of Rpb9 on proofreading in a number of different
sequence contexts, the effect of Rpb9 on selectivity has been
tested in only a single context, a UTP-for-CTP misincorpora-
tion.28 To extend these selectivity studies, we assembled ECs
containing a RNA with a matched 3′ end using purified pol II
or pol IIΔ9, and ATP was added rather than the correct,
template-specified CTP (Figure 7A). About 90% of the ECs
could be extended to 11 nt under these conditions, but it was
critical to show that the extended 3′ end of the transcript
actually contains a mismatch and was not the result of small
amounts of contaminating CTP complementary to the
template. In some cases, it has been possible to distinguish a
mismatched 3′ end by exploiting electrophoretic mobility
differences between the matched and mismatched RNA
products.28,40 However, we have taken an approach that
exploits the kinetic differences in pol II-mediated extension of
matched and mismatched 3′ ends. As shown in Figure 1, the
rate of correct nucleotide extension from a mismatched 3′ end
is very slow, several orders of magnitude slower than from a
matched end.4 Consequently, a misincorporation would be
expected to generate a product that would not be quickly
extended after addition of other NTPs. A low concentration of
ATP, CTP, and GTP (10 μM) was added to duplicate samples
representing the 90 min time points of the ATP misincorpora-
tion assays and then stopped after 30 s (Figure 7A, lanes 7 and
15); in each case, little if any of the 11-mer was extended by
addition of these nucleotides, as would be expected for a
mismatched 3′ end. However, under these same conditions, the
10-mer with a matched 3′ end (comparable to the 0 time point)
was efficiently extended up to 20 nt (Figure 7A, lanes 8 and
16). The behavior of matched and mismatched 3′ ends is best
seen by comparing lanes 6 and 7 (Figure 7A), where upon the
addition of NTPs most of the small amount of 10-mer
remaining after the 90 min incubation with ATP was rapidly
extended up to 20 nt, whereas the 11-mer was not significantly
extended. These results provide strong evidence that essentially
all of the 11-mer contains a mismatched 3′ end.
The fraction of ECs extended to 11 nt was plotted versus

time, and the data were fit to a single exponential equation to
obtain kobs. This experiment was repeated at a number of ATP
concentrations, and the plot of kobs versus [ATP] (Figure 7B)
allowed us to determine KM and kpol for both pol II and pol
IIΔ9 (Table 1).
NTP selectivity can be determined by comparing the

catalytic efficiencies (kpol/KM) for two different NTP substrates.

Although these values were easily measurable for the slow ATP
misincorporation, determining the much faster rate of correct
CTP incorporation requires quench-flow instruments that can
measure times on the millisecond scale. However, at substrate
concentrations well below KM, the Michaelis−Menten equation
reduces to a form in which a plot of kobs versus substrate
concentration yields a straight line with slope kpol/KM. Using
CTP concentrations at or below 100 nM, where the rates are
sufficiently slow to be measured without special instrumenta-
tion, kpol/KM for correct CTP addition for both pol II and pol
IIΔ9 could be measured directly with the same ECs used to
measure ATP misincorporation (Figure 8 and Table 1). For
both pol II and pol IIΔ9, the NTP selectivity for correct CTP
versus incorrect ATP was about 3 × 104, with no significant
difference caused by the absence of Rpb9 (Table 1).

Figure 7. Effect of Rpb9 on ATP-for-CTP misincorporation. (A) ATP
misincorporation time course. ECs with a matched 3′ end were
assembled with purified pol II (lanes 1−8) or pol IIΔ9 (lanes 9−16)
and incubated with ATP (1 mM). These ECs were identical to that
shown in Figure 1A except as depicted (and with complementary
template and nontemplate strands). Aliquots were removed at the
indicated times, and the products were separated by denaturing
polyacrylamide gel electrophoresis and visualized with a phosphor-
imager. In lanes 7 and 15, samples identical to those in lanes 6 and 14,
respectively, were incubated for an additional 30 s after addition of
ATP, CTP, and GTP (10 μM each). In lanes 8 and 16, samples
identical to those in lanes 1 and 9, respectively, were incubated at
room temperature for 90 min in the absence of NTPs and then for 30
s after addition of ATP, CTP, and GTP (10 μM each). (B)
Dependence of the misincorporation rate on [ATP]. Time-course
experiments analogous to that shown in panel A were performed at
several ATP concentrations, and the fraction of ECs extended to 11 nt
was plotted versus time and fit to a single exponential equation. The
kobs at each concentration was plotted versus [ATP] (open circles, pol
II; closed circles, pol IIΔ9), and the curves were obtained by fit to the
Michaelis−Menten equation.
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Interestingly, these results differ from those reported for
correct CTP versus incorrect UTP, where loss of Rbp9
decreased selectivity by about 5-fold.28 We therefore decided to
examine UTP-for-CTP selectivity, and we took advantage of a
competition assay adapted from one developed to assess
selectivity between rNTP and dNTP by E. coli RNA
polymerase.44 The experimental design is summarized in Figure
9A. ECs with a RNA 10 nt in length were incubated with 1 mM
UTP and a low (0.5−16 nM) concentration of CTP.
Elongation with either of these substrates generates a RNA of
11 nt. To distinguish 11-mers with matched (C) or mismatched
(U) ends, a low concentration of GTP (1 μM), the NTP
complementary to the template at position 12, was also
included. The matched-end 11-mer should very quickly be
elongated to 12, whereas the mismatched-end 11-mer should
not. Thus, RNAs of 11 and 12 nt should be indicative of
incorrect (UTP) and correct (CTP) incorporation at position
11, respectively. Control experiments confirmed these expect-
ations. UTP alone or a combination of UTP and CTP
generated an 11-mer (Figure 9B, lanes 5, 6, 17, and 18), but
only the CTP−GTP combination (Figure 9B, lanes 4 and 16)
and not the UTP−GTP combination (Figure 9B, lanes 3 and
15) led to efficient extension to 12 nt. (The small amount of
12-mer in lanes 3 and 15 could include some UTP
misincorporation at the mismatched end of the 11-mer.) In
addition, the low concentration of GTP alone was not
incorporated as a mismatch under these conditions (Figure
9B, lanes 2 and 14). When all three NTPs were present, the
amount of 12-mer (correct CTP incorporation) increased

relative to the 11-mer (incorrect UTP incorporation) as the
concentration of CTP was increased (Figure 9B, lanes 7−12
and 19−24). The relative amounts of CTP and UTP utilization
at position 11 were quantitated, and corrections were made for
the small fraction of mismatched U that was extended to 12 nt
(Figure 9B, lanes 3 and 15) and for the appearance of the 13-
mer that was likely derived from UTP misincorporation on the
matched 3′ end of the 12-mer. The CTP/UTP utilization ratio,
indicative of correct/incorrect incorporation, was nearly
identical for pol II and pol IIΔ9 at each of the CTP
concentrations used (Figure 9C). The small differences
observed at 8 and 16 nM CTP are in the direction of increased
selectivity for pol IIΔ9, and this experiment provided no
evidence for any decrease in selectivity in the absence of Rpb9.

■ DISCUSSION

A number of studies18,45,46 have suggested a kinetic model for
substrate selectivity and RNA proofreading by RNA polymerase
(Figure 10). In this model, n − 1 represents an elongation
complex with nascent RNA n − 1 nucleotides in length whose
3′-terminal bases are completely complementary to the
template. Extension of this RNA can follow two alternative
paths. In one path, template-specified (correct, matched) NTPs
can be added to the growing chain to generate ECs with RNAs
containing n and then n + 1 nucleotides, resulting in accurate
transcription of the genetic information in the DNA template.
Alternatively, an incorrect (mismatched) NTP can be added to
generate an EC with a RNA whose 3′ end is not
complementary to the template (n*). The partitioning of n −
1 to products n and n* reflects the selectivity component of
fidelity. Once an error has been generated by formation of n*,
there are again two alternative paths, which reflect the
proofreading component of fidelity. The RNA containing the
mismatch can be extended to n* + 1, propagating the error, or
the mismatched NMP can be eliminated through cleavage of
the RNA, which, in most cases, occurs between the n − 2 and n
− 1 NMPs for a mismatch at n*. Cleavage generates a new,
template-matched 3′ end at n − 2,42 which provides a substrate
for restarting accurate transcription. We have demonstrated
here that proofreading can also occur at position n* + 1,
resulting in cleavage to n − 1, and that if the error is propagated
to n* + 2 it is unlikely to be removed from the transcript.
Rpb9 clearly affects transcriptional proofreading. In its

absence, pol IIΔ9 supports a faster rate of mismatch extension,
decreasing the checkpoint period during which proofreading
can occur, and this faster extension is not offset by a faster rate
of TFIIS-mediated error removal. In fact, error removal is
slower in the absence of Rpb9, and, in at least some sequence
contexts, the extent of cleavage is adversely affected as well,
suggesting that Rpb9 can affect the efficiency with which ECs
adopt a conformation favorable for TFIIS-mediated cleavage.
Thus, Rpb9 can affect transcriptional proofreading in three
ways: by decreasing the rate of error propagation, by increasing

Table 1. Effect of Rpb9 on ATP-for-CTP Selectivitya

NTP kpol (s
−1) KM (μM) kpol/KM (s−1 μM−1) selectivity

pol II CTP (correct) 0.31 ± 0.01
ATP (incorrect) (1.2 ± 0.1) × 10−3 102 ± 9 (1.2 ± 0.2) × 10−5 (2.7 ± 0.5) × 104

pol IIΔ9 CTP (correct) 0.41 ± 0.01
ATP (incorrect) (2.7 ± 0.1) × 10−3 206 ± 43 (1.4 ± 0.4) × 10−5 (3.2 ± 1.0) × 104

aKinetic parameters for ATP and CTP were derived from Figures 7B and 8, respectively.

Figure 8. Catalytic efficiency for correct CTP addition. ECs were
assembled with purified pol II or pol IIΔ9. These ECs were identical
to that shown in Figure 1A except as depicted (and with
complementary template and nontemplate strands). The time course
of extension was measured at four different concentrations of CTP,
and kobs at each concentration was determined by a fit to a single
exponential equation. The slope of the plot of kobs vs [CTP] gives kpol/
KM (open circles, pol II; closed circles, pol IIΔ9).
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the rate of TFIIS-mediated cleavage, and by favoring formation
of an EC conformation in which cleavage is possible.
Our results can be interpreted in the context of X-ray crystal

structures of ECs that contain RNAs with mismatched 3′ ends.
Two types of structures have been observed. In one type,12 the
polymerase is backtracked one nucleotide so that the last
DNA−RNA base pair is at position +1, and the mismatched 3′
end is in a novel location termed the P, or proofreading, site.

This conformation is likely similar to the substrate for TFIIS-
mediated cleavage between the −1 and +1 sites on the
polymerase, resulting in the removal of 2 nt from the
mismatched end of the RNA and generating a new matched
3′ end ready for subsequent elongation. Our results are
consistent with the idea that, at least in some sequence
contexts, the presence of Rpb9 favors adoption of this
backtracked, cleavage-competent conformation. In the second
type of structure,40 the polymerase is essentially in the post-
translocated state, with the 3′-end mismatch at position −1
(present as a wobble base pair), and it is clearly not poised for
cleavage. In addition, disruption and misalignment within the
active site, including apparent loss of one of the catalytic metals,
appears to preclude efficient extension of ECs in this
conformation. It is possible that the absence of Rpb9 might
favor a similar post-translocated conformation, consistent with
the inefficient cleavage we observe. In addition, if the active-site
disruptions seen in the crystal structure are in some way
dependent on Rpb9, then this post-translocation positioning
could explain the faster rate of mismatch extension observed
with pol IIΔ9, where the disruptions may not occur.
If a mismatch is not removed before extension to n* + 1,

then further extension remains markedly slower than for an EC
with RNA that is completely complementary to the template;
this provides a second potential proofreading checkpoint. The
mismatched−matched 3′ end in such ECs is subject to TFIIS-
mediated cleavage, but further extension to n* + 2 precludes
cleavage. Pol IIΔ9 supports a faster rate of mismatch−match
extension, limiting the opportunity for error removal at this
checkpoint. Furthermore, pol IIΔ9 mismatched−matched ECs
are almost exclusively in a conformation that allows extension
but limits cleavage. Rpb9 can thus affect proofreading at this
checkpoint by decreasing error propagation and enhancing
error removal.
Sydow et al.40 have determined crystal structures of ECs

containing mismatched−matched RNAs similar to those used
in our study. In these structures, the mismatch (a wobble T−U
base pair) is at position −1, and the 3′ end, though
complementary to the template, is in one of two “frayed”
positions, one of which is similar to the P site described by
Wang et al.12 This structure has been described as a “paused,
frayed” EC representing the first step in the process of
backtracking and cleavage.47 Our results are consistent with the
idea that mismatched−matched pol II complexes can backtrack
one step from this conformation to allow TFIIS-mediated
cleavage of 2 nt, whereas pol IIΔ9 complexes appear not to be
able to efficiently backtrack and instead may favor the post-
translocated state in which the next NTP can be added.
Walmacq et al.28 have described a role for Rpb9 in

maintaining the substrate selectivity of pol II. In their
experiments, the absence of Rpb9 resulted in decreased
discrimination by about 5-fold between correct (CTP) and
incorrect (UTP) substrates. Our experiments did not detect a

Figure 9. Effect of Rpb9 on UTP-for-CTP selectivity. (A) ECs were
assembled with purified pol II or pol IIΔ9. These ECs were identical
to that shown in Figure 1A except as depicted (and with
complementary template and nontemplate strands). The diagram
shows the expected outcomes for correct (CTP) or incorrect (UTP)
extension in the presence of GTP (see text for details). (B) Pol II
(lanes 1−12) and pol IIΔ9 (lanes 13−24) ECs were incubated for 10
min in the presence of no NTP substrate (lanes 1 and 13), GTP (1
μM) (lanes 2 and 14), GTP (1 μM) and UTP (1 mM) (lanes 3 and
15), GTP (1 μM) and CTP (0.5 nM) (lanes 4 and 16), UTP (1 mM)
(lanes 5 and 17), UTP (1 mM) and CTP (0.5 nM), or UTP (1 mM),
GTP (1 μM), and CTP (0.5−16 nM, as shown in the figure, lanes 7−
12 and 19−24). The products were separated by denaturing
polyacrylamide gel electrophoresis and visualized on a phosphor-
imager. (C) Ratio of CTP incorporation to UTP incorporation at
position 11 is shown for each of the CTP concentrations in panel B
(lanes 7−12 and 19−24).

Figure 10. Model for transcriptional fidelity. See the text for details.
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significant effect of Rpb9 on selectivity in two sequence
contexts, one of which was very similar to that in which the
selectivity defect was previously observed. It is possible that the
slight context difference in our work is the source of the
different outcomes, which would suggest that selectivity is
highly dependent on sequence context. However, selectivity is
particularly difficult to measure when comparing two purine or
two pyrimidine nucleotides. It is our experience that almost all
commercial pyrimidine NTPs are contaminated with other
pyrimidine NTPs, and purine NTPs are contaminated with
other purines. This contamination is sufficient to interfere with
experiments, as just a few parts per million contamination of
the correct NTP is sufficient to compete with misincorporation.
Of the many lots from many commercial suppliers we have
tested, only one lot of UTP was sufficiently free of CTP to
make the experiments in Figures 4 and 9 possible. Several
aspects of the results of Walmacq et al. suggest that
contamination may have been a problem in their experiments.
First, the apparent rate of misincorporation did not approach
saturation even at the highest concentrations of incorrect UTP
tested (1500−2000 μM), whereas the apparent first-order rate
constants at these concentrations were several fold higher than
we observe at saturation. In addition, the test for misincorpora-
tion presented, which was based on gel mobility differences of
small RNAs with different 3′ ends, was performed only at a
relatively low concentration of UTP (100 μM), leaving open
the question of whether misincorporation remained the
predominant reaction at higher concentrations of UTP.
Our results indicate that Rpb9 has multiple effects on

transcriptional proofreading, but we were unable to observe an
effect on substrate selectivity. After an error has been made,
Rpb9 plays a role in slowing elongation to provide time for
removal of the error, and it facilitates TFIIS-mediated RNA
cleavage, at least in part, by facilitating efficient rearrangement
of the EC into a conformation (presumably backtracked)
necessary for cleavage. Rpb9 can affect proofreading at two
checkpoints: either immediately after the error is introduced or
after the error has been extended by addition of one nucleotide.
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