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ABSTRACT. We have characterized the misincorporation properties of wild-type (wt) T7 RNAP and of 45
T7RNAP point mutants. The wt enzyme selects strongly against incorporation of an incorrect nucleotide.
From the measured rates of misincorporation, an average error frequency of 1 02is estimated.

RNAs bearing 3mismatches are extended more slowly than correctly pairéekr®ini, and mismatches

one or two bases away from the RNA&hd can also slow extension severely even when t@ase is
correctly paired. Though it has been reported that TTRNAP hds—a B nuclease activity, we were
unable to detect any endogenous T7TRNAP RNase activity in elongation complexes. Pyrophosphorolysis
was detected but does not appear to contribute to proofreading. Therefore, unlike other RNAPs, T7TRNAP
fidelity appears to depend entirely on discrimination against incorporation of the incorrect nucleotide and
not on post-misincorporation proofreading. Alanine substitution of the H784 side chain, which interacts
with the 3 RNA-template base pair, increases both misincorporation and mismatch extension, while
substitutions at G640, F644, and G645 increase misincorporation, but not mismatch extension. The latter
three amino acids are in a part of the RNAP which interacts with the templating base and with the base
immediately 5to the templating base. Mutation of these amino acids not only increases misincorporation,
but also eliminates pausing during promoter clearance. The effects of these mutations and the interactions
observed in a crystal structure of a transcribing complex indicate that these mutations disrupt interactions
which limit misincorporation rates by stabilizing the catalytically incompetent open conformation of the
RNAP.

Fidelity in DNA replication, transcription, and translation conformational change in the polymerase, from an ‘open’
is essential for life. The fidelity mechanisms of DNA to a ‘closed’ conformation, follows dNTP binding)( Recent
synthesis and protein translation have been extensivelycrystal structures of DNAPs complexed with template and
studied (). The mechanisms of transcriptional fidelity have substrates support this proposal, and show that the open
received less attention, though the misincorporation and conformation represents a catalytically incompetent state
proofreading properties d&. coliRNAP (2) and eukaryotic ~ (10—13). They also indicate that the isomerization to the
RNAP Il (3) have been characterized. T’TRNAP is the best catalytically competent closed conformation involves move-
characterized representative of a widespread family of ments in both the polymerase and template strand. Binding
RNAPs that includes most phage-encoded RNAPs and theof correct (complementary) dNTPs is suggested to be better
mitochondrial RNAPs4). While T7RNAP has been other-  at inducing this isomerization than binding of incorrect
wise extensively studied, its misincorporation properties have gNTPs, so the open to closed isomerization is proposed to
not been well characterized. However, with crystal structures pe a critical component of the fidelity mechanism of DNAPs
of the T7RNAP apoenzymeéb) and of its complexes with  (13) T7RNAP is homologous to the Pol | family of DNAPs
promoter DNA €), with a transcript 7), and with a  (14) and has a similar catalytic mechanisb®; so it is of
regulatory proteind&) now available, this polymerase presents interest to determine whether this RNAP uses a similar open
an excellent system in which to gain insights into the 4 closed isomerization to limit misincorporation.
structural mechanisms of transcriptional fidelity.

Studies of replication and transcriptional fidelity have
revealed a number of mechanisms used by polymerases t
ensure faithful nucleic acid synthesis. On the basis of kinetic
studies, it was proposed that during DNA synthesis a

In addition to having mechanisms that limit misincorpo-
ration, polymerases increase fidelity by removing bases from
Fhe primer or RNA after misincorporation has occurred. In
DNAPs, this usually involves a separate exonucleolytic site
on the polymerase which removes bases ih-& %' fashion

(16). E. coli RNAP and RNAP Il have also been found to

COT,\?KEF\’(OT”?OLW '\r']'.H (Ci‘ra[‘tGGg'fz‘r’zz (toR.S.) and by a Fulbright- haye 3 3— 5 RNase activity. It is as yet unclear if this
ellowsnip (1o L.G.B.). Lo . ip ey s .
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transcription factors, but it is clearly stimulated by these ImageQuant software. Nonlinear least-squares fitting of these
factors (L7, 18). Preferential removal of incorrect vs correct data was done with the Microcal Origin program.

bases from the RNA or primer may depend on a faster rate

of removal of incorrect bases, as well as a slower rate of RESULTS

extension of mispaired termini which allows the exonucleo-  Measurement of the Rates of Mispair Formatidfisin-

lytic activity more time to act on mispaired vs correctly corporation was measured by running transcription reactions
paired termini 2, 3). It has been reported that T7RNAP has with one or more NTPs omitted so that extension beyond a
endogenous RNase activit¥d), so we were also interested  defined transcript length required incorporation of a non-

in determining if this activity would allow T7RNAP to  complementary base. Initiation by T7RNAP requires a

proofread. purine-rich initially transcribed sequence (IT3), so we

To address these questions, we have characterized théised a set of templates in which the ITS contains only G’s
misincorporation properties of wt T7TRNAP and of a large and A’s. A representative experiment carried out with the
number of T7RNAP point mutants. We find that TZRNAP template pPK10 is shown in Figure 1. Thel to +20
selects against incorporation of an incorrect base to a degreééquence of the transcript from pPK10 is GGGAGAGG-
similar to that of highly accurate DNAPs such as DNAP |. GAGGGAUCCCUC. When this template is transcribed in
Though we found that extension of mispaired termini was the presence of only 2 mM GTP and 0.1 mM ATP (Figure
slower than extension of correctly paired termini, we were 1A, lanes +6) or 2 mM ATP and 0.1 mM GTP (Figure
unable to detect any post_misincorporation proofreading 1D, |a-nes. 1—6), transcription halts at the first OCCUrrence- of -
activity in this enzyme. We identified a number of mutations @ purine in the template strand, and a 14 base transcript is
that increased misincorporation rates. Interestingly, some of made. Over the course of an 80 min reaction, the amount of
these mutations appear to disrupt interactions which stabilizethe 14mer slowly decreases while the amounts of larger

the catalytically incompetent open conformation of the ftranscripts (1517mers) increase. To determine whether the
polymerase. 15—17mers in these reactions are made by misextension of

the 14mer, or by faithful extension due to NTP contamina-
tion, we used base-specific RNases and we also took ad-
vantage of the small differences in electrophoretic migration

MATERIALS AND METHODS

Wild-type (wt) and mutant T7RNAPs were prepared as
described previously2Q). 3-dNTPs were from TriLink
Biotechnologies. Plasmid DNAs were purified using the
Qiagen kit, per the manufacturer’s instructions. Transcription
reactions were carried out in 40 mM Tris, pH 7.9, 6 mM

caused by addition of different bases to a transcript. Lane 1
of Figure 1B shows the transcripts obtained after an 80 min
reaction with the pPK10 template and with 2 mM GTP and
0.1 mM ATP in the reaction. Lane 2 shows the products
obtained upon RNase A treatment of this reaction. The RNase

MgCl,, 10 mM DTT, 10 mM NacCl, 2 mM spermidine, and treatment reveals that there is a small amount of RNase A
0.5% Tween-20 in 5QL reaction volumes at room tem- sensitive transcript in lane 1 (indicated as M+R*’)
perature with template and RNAP at 0.1 and 004, which generates the product labeled+¥"" in lane 2 (in
respectively. Reactions were initiated by addition of NTPs these figures, misincorporated bases are indicated with an
to mixtures containing all other reaction components (pre- asterisk and RNase cleavage is indicated by)aThe bulk
incubated for 10 min at room temperature). NTP concentra- of the transcripts in lane 1>(90%) are, however, RNase A
tions and the labeling NTPs were as specified in individual resistant, and since the 16mer labeledt2R*" in lane 1 is
figure legends. Reaction aliquots were removed at different RNase A resistant it must contain a misincorporated purine
times and mixed with equal volumes of stop buffer (95% at +15. Upon addition of CTP and UTP (lane 3), most of
formamide, 10 mM Tris, pH 8.0, 10 mM EDTA, 0.1% xylene the products labeled ‘14’ and ‘#4G* in lane 1 are chased
cyanol). In some cases, RNase A was added to a finalto runoff transcripts. Two predominant products are obtained
concentration of 0.1 mg/mL after the reactions had been upon RNase A treatment of this chased reaction (lane 4).
terminated with stop buffer. The RNase A remained suf- The product labeled ‘I#G*+C"" in lane 4 must have a
ficiently active under these conditions to digest all pyrimi- misincorporated purine at15. The ‘14+-G*+C"' product
dine-containing RNAs to completio2). Separation of free  must derive from the ‘14G*’ transcript indicated in lane 1
transcripts from transcripts retained with elongation com- since the amount of the ‘#4G*+C*' product is equal to
plexes was done as described previou® 23). To measure  the amount of ‘14-G* product which is chased upon
rates of pyrophosphorolysis, terminated elongation complexesaddition of CTP and UTP. Therefore, the transcript labeled
were formed by replacing one NTP in the transcription ‘14+G* must have a purine misincorporated-at5. The
reaction with a 3dNTP. Complexes were then washed with slower electrophoretic migration of the ‘+4G* product in
transcription buffer in ultracentrifuge tubes to remove NTPs. lane 1 of Figure 1B compared to the “tA* product in

The reactions were recovered,RMRs added to 1 mM, and lane 1 of Figure 1E reveals further that the misincorporated
reaction aliquots were analyzed at different times. Analysis purine is a guanosine [side-by-side electrophoresis of 15mers
of the B-ends of transcripts made on pPK5 was done by identical in base composition from-1 to +14, but 3-
annealing transcripts to oligonucleotides complementary to terminated with either G, A, U, or C (not shown) reveals
the +1 to +14 transcript sequence but containing either 0 that addition of a purine to a transcript causes a larger shift
or 2 extra C's at the'3end, followed by RNase T1 treatment. in migration than addition of a pyrimidine, and that addition
Transcripts were resolved by electrophoresis in TBE on 20% of a G causes a larger shift than addition of an A]. The other
polyacrylamide, 1% bis-acrylamide gels contagé M urea. predominant RNase A digestion product in lane 4 is labeled
Visualization and quantification of the transcripts was done ‘14+Y*', and the amount of this product is equal to the sum
with a Molecular Dynamics Storm phosphorimager using of the amount of 14mer which is chased upon CTP/
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Ficure 1: Analysis of mispair structure and misincorporation rates. (A) Transcription of pPK10 with 2 mM-GTIRnNM ATP. (B) Lane

1: 80 min reaction point from panel A. Lane 2. RNase A treatment of lane 1. Lane 3: UTP/CTP chase of lane 1. Lane 4. RNase A
treatment of lane 3. (C) Plot of the amounts of the indicated transcripts obtained in the experiment in panelFAASDN panels A and

B, but for reactions with 2 mM AT#0.1 mM GTP.

UTP addition and the amount of the 4¥ +R*" product. of extension of the 14mer as measured from the rate of 14mer
From this analysis, we can conclude that most of the 15 decrease following completion of the burdt)(is 0.080
17mers made in the reaction in Figure 1A derive from mis- min~2. Since the total amount of transcript (‘445+16’mers)
incorporation 6a G at+15. The rate of this misincorporation  does not change significantly after the burst is complete, the
reaction can then be estimated as shown in Figure 1C. If weincrease in the amount of ‘#516'mers over the course of
plot the total amount of transcripts (‘#4.5+16'mers) vs the reaction must come at the expense of the 14mer. The
time, we see that 5 min after initiation of the reaction the rate of increase in the amount of ‘t36'mers was fit to
total amount of transcript reaches a level equal~i A(1 — e and equaled 0.079 miih, which is in good
transcript for every RNAP molecule present and does not agreement with the rate of 14mer decrease. Though some
change significantly over the next 75 min (RNAP is the extension of the 14mer is due to contamination by pyrimidine
stoichiometrically limiting reagent in these reactions). The triphosphates, the fraction of transcripts which incorporate
rate of production of the total transcript reflects the rate of a pyrimidine at+15 is only~10% of total (i.e., the ‘14Y’
promoter clearance and is fit to: [RNAP]@ e k). The product in lane 2, Figure 1B), so that the rate of 14mer
rate of 14mer production shows a rapid burst, reflecting the misextension due to incorporatiorf a G at+15 is closely
initial rate of 14mer synthesis (promoter clearance), and a approximated by the rate of 14mer extension (Table 1).
slow decrease, reflecting the subsequent extension of the Panels D-F of Figure 1 present a similar analysis except
14mer to 15- and 16mers. The rate of 14mer production is that A, rather than G, misincorporation &tL5 was forced
therefore fit to: [RNAP](1— e™f) — Ax(1 — €%!), wherek; by using high ATP (2 mM) and low GTP (0.1 mM)
should equal the rate of promoter clearance knsghould concentrations in the reaction. The differences in electro-
equal the rate of extension of the 14mer. The rates of pro- phoretic migration seen when different misincorporation
moter clearance as measured from the burst phase of 14mereactions were run side-by-side (not shown) confirmed that
synthesisk; = 1.0 min?) or the rate of total transcript pro- G misincorporation predominated when a high GTP/low ATP
duction & = 0.99 min?) are in good agreement. The rate concentration was used and vice versa. A significant differ-
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Table 1: Rates of Mispair Formation

mispair formed template/position/[NTP] rate (mim?)

rArG pPK5H-15/2 mM 0.0036-0.0040
dTdGdA

rArG pPK7H-23/2 mM 0.005%0.0069
dTdGdA

rGrG pPK13/20/2 mM 0.029-0.031
dCdGdG

rArA pPK5H-15/2 mM 0.0046-0.0045
dTdGdA

rArA pPK7H-23/2 mM 0.0076
dTdGdA

rGrA pPK13A-20/2 mM 0.01%0.015
dCdGdG

rArG pPK10A-15/2 mM 0.075-0.079
dTdAdG

rArG pPK13A-15/2 mM 0.25

dTdAdC

rArA pPK10A415/2 mM 0.076-0.080
dTdAdG

rArA pPK13#15/2 mM 0.13-0.19
dTdAdC

dArCrC pPK5H16/0.5 mM 0.67

dTdGdA

rArC pPK10A-15/0.5 mM 0.14

dTdAdG

rArU pPK5AH-15/0.5 mM 0.27

dTdGdA

rAruru pPK10A-16/0.5 mM 1.1

dTdAdG

aThe template used, the position of the mispair (relative to+thhe
start site), and the concentration of the NTP used in the misincorporation
step are given. All the templates contain a promoter identical in
sequence to the T7 promoter consensus frehY to +5. Starting at
+6, the relevant transcript sequences are the following: pPKS5,
GGAGGGAGACUGCAG; pPK7, GGAGGGAGGGAGGGAGACU;
pPK10, AGGGAGGGAUCCCUC; pPK13, AGGGAGGGAUGGAGC.

ence in reaction kinetics at high vs low GTP concentrations

Huang et al.

template and high ATP/low GTP concentrations in the
misincorporation reaction is presented in Figure 2. It is
apparent from panel A of this figure that RNAs bearirig 3
mispairs are extended more slowly than RNAs with correctly
paired termini. For example, even at the low CTP/UTP
concentrations (Figure 2A, lanes-26), ~70% of the 14mer

is chased to full-length transcripts within 10 s of initiation
of the chase (the remaining30% of the 14mer is not chased
at all). However, the 15mer, which bears a single mispair at
its 3-end, is chased much more slowly, and the 16mer (which
has two 3-mispairs) is barely chased at all. At higher CTP/
UTP concentrations (lanes—B), the chaseable fraction of
the 15mer is extended rapidly (thougt60% of the 15mer
cannot be chased at all), and extension of the 16mer is also
seen. However, very little of the 16mer is chased to runoff
product. Instead, two intermediates (labeled aid 18)
accumulate. Presumably the 'diér and 18mer contain,
respectively, one and two correctly paired bases at their 3
ends, yet these intermediates are chased to longer RNAs even
more slowly than the doubly mispaired 16mer (otherwise
they would not accumulate to the extent that they do). This
shows that mispairs one or two base pairs away from the
RNA 3'-end can severely hinder extension, even when the
3'-end itself is correctly paired.

The amounts of the different transcripts for the experiment
shown in Figure 2A are plotted vs time in Figure 2B, C.
Because heparin was added simultaneously with initiation
of the chase in these reactions, initiation of new transcription
was suppressed, and the total molar amount of transcripts
remained constant over the course of the reaction. This
allowed product-precursor relationships to be defined based
on the agreement between the rates and amplitudes of
disappearance of certain transcripts and the appearance of
others (for example, the Ivier and 18mer if Figure 2A must

was seen in that promoter clearance was slower at the lowerderive from the 16mer since they only appear as the 16mer
GTP concentrations. This is obvious from inspection of disappears). Rates for extension of correctly paired RNAs
Figure 1D,F, where it is seen that the total amount of and for different mispairs were then determined by fitting

transcripts (‘14-15+16+17'mers) does not reach a plateau the data as shown in Figure 2B, C, and as described in the

until ~20 min after initiation of the reaction and where the
rate of clearance fits to 0.11 mihas assessed from the rate
of total transcript production, or 0.16 mihas assessed from
the burst phase of 14mer production. As will be shown later

legend to Figure 2. Mispair extension rates were similarly
determined for pPK10 at high GTP/low ATP concentrations,
and for pPK5 at high GTP/low ATP concentrations and at
high ATP/low GTP concentrations. All of these data are

(Figure 6), this slower rate is also seen on another templatesummarized in Table 2.
(pPK5), where it is due to a pause that ocurs during clearance RNAs That Cannot Be Chased Are Associated \Bigad-

when the RNA reaches 6 bases in length. The rate of A
misincorporation at+15 on pPK10 as determined from the
data shown in Figure 1BF was 0.07-0.08 mirr! (Table

End Complexés It is apparent from Figure 2 that a
significant fraction of the transcripts present in the misin-
corporation reaction cannot be chased at all upon addition

1). Using analyses similar to those detailed above, rates forof CTP and UTP. For example, white70% of the 14mer

14 misincorporation reactions were measured. All of these
data are summarized in Table 1.

RNAs Containing Mispairs Near Their'-Bnds Are
Extended More Slowly than Correctly Paired Termiho

and~40% of the 15mer are chased to longer products within
20 s of addition of 0.5 mM CTP and UTP in lanes 8 of

Figure 2A, the remaining fraction of 14mer and 15mer is
not extended over the next 20 min. The presence of

determine whether mispairs are extended more slowly thanunchaseable transcripts could be due to a fraction of the

correctly paired termini, we ran reactions using either pPK10
or pPK5 as templates and containing only 2 mM GTP and
0.1 mM ATP or 2 mM ATP and 0.1 mM GTP (thel to
+20 transcript sequence of pPK5 is GGGAGGGAGG-
GAGACUGCAG). After 80 min to allow formation of
mispaired RNAs, the reactions were chased with either high
(0.5 mM) or low (0.05 mM) concentrations of CTP and UTP,

halted complexes dissociating, since transcripts released into
solution would not be substrates for extension, or it could
be due to the complexes collapsing into ‘dead-end’ states,
which retain but can no longer extend the RNA. To
distinguish these possibilities, we filtered reactions to separate
released transcripts from those still associated with transcrip-
tion complexes. When a misincorporation reaction was

and reaction time points were taken between 10 s and 20subjected to ultrafiltration, the transcripts were found almost

min. A representative experiment which used pPK10 as the

exclusively in the retenate (Figure 2D, lane 2) and not in
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Ficure 2: Measurement of the rates of mispair extension. (A) Lanes 1, 9: transcripts obtained after an 80 min transcription reaction using
pPK10 as template and 2 mM AT®.1 mM GTP. Lanes 28 and 10-16: chase of the reactions in lanes 1 and 9, with, respectively, 0.5
and 0.05 mM CTR-UTP. (B) Plot of the amount of each transcript vs time for lane8 bf panel A. Open triangles, total transcription;
filled squares, 14mer; filled circles, 15mer; filled triangles, 16mer; inverted filled triangles, 17mer; filled diamohdey;1§quares with
crosses, 18mer; circles with crosses, runoff transcripts. Rates of disappearance of the 14-, 15-, 16-, and 17mers Yyerefidtb The
change in the 17and 18mer was fit té\y(1 — ekt) — Ax(1 — e™*!) whereA; andk; were equal to the rate and amplitude of disappearance
of the precursor 16mers or ‘tihers, respectively. Runoff transcription was fitAg(1 — e k) + Ay(1 — e, corresponding to a burst
of synthesis due to rapid extension of the 14- and 15mers, followed by a slower accumulation due to extensiorn-ohtidelBmers. (C)
As in (B), but for lanes 9-16 of panel A. (D) Ultrafiltration through 100 kDa MW cutoff membranes of reactions run for 80 min with

pPK5 with 0.5 mM GTP and 0.5 mM ATP. Lane 1, filtrate; lane 2, retenate; lane 3, filtrate of the-GTP chase of the misincorporation
reaction; lane 4, retenate of the chased reaction.

the filtrate (lane 1). When this misincorporation reaction was the transcripts in these halted complexes lack-@l3, they
first chased and then filtered, most of the runoff transcript cannot be extended. However, if aGH group is generated
was found in the filtrate (lane 3), but all of the transcripts by cleavage, the transcripts will be subsequently extended
that were not chased remained in the retenate. Similar resultdecause the CTP and UTP are in 10-fold excess of the 3
were obtained with the other templates (not shown), indicat- dNTP. Lane 1 of Figure 3 reveals that a predominant 15mer
ing that transcripts that fail to chase have not been releaseds formed by incorporation of'8ICMP during transcription
but are instead associated with ‘dead-end’ complexes. of pPK5 in the presence GTP, ATP, arledd€TP. One (lane
T7RNAP Does Not Display Nucleolytic Proofreading. 2) or twenty (lane 3) minutes after addition of CTP and UTP
T7RNAP has been reported to have RNA cleavage activity to this reaction, little or none of this 15mer has been extended
(19), but even in 80 min incubations we never detected any to longer transcripts. In lane 4, the reaction included3TP
cleavage products in these misincorporation assays. Since iinstead of 3dCTP. Because misincorporation 6f8JMP
is possible that in these reactions transcripts were beingis slower than incorporation of'8CMP, some 14mer
continuously cleaved and re-extended, we carried out reac-remains in this reaction. One minute after addition of CTP
tions in which chain-terminated transcripts were generatedand UTP (lane 5), all of this 14mer has been extended,
on pPKS5 by including either'3ICTP or 3-dUTP along with confirming that transcripts bearing &-GH group are
GTP and ATP in the reaction (Figure 3). Subsequently, CTP extended upon addition of CTP and UTP. However, the 3
and UTP in 10-fold excess of thé-@BNTP were added to  dUMP-terminated 15mer is not extended even after 20 min
these reactions along with heparin to limit reinitiation. Since (lane 6). Together with our failure to observe the accumula-
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Table 2: Rates of Faithful Extension of Misincorporation Products

Extension Reaction [NTP]* Rate

rA rArv .005 mM 6.8 min™'
dTdA - d4dTda

rA rArU .5 mM >20 min™*
dTda > dTda

rArA rArarC .005 mM 1.5 min™'
dTdAdG = dTdadc

rArArA TAXArArC .005 mM 015 min™!
dTdAdGAG - dTdAdGAG

rArA rArAxrC S5 mM 9.2 min’
dTdadc > dTdAdG

rArArA rArArArC .S mM .39 min™!
dTdadedG 2> dTAAdGdG

rArArAxrC rArArArCrC SmM .08 min™!
dTdAdGAGAG 2> dJdTdAdGAGAG

rArG rArGrc .005 mM .33 min”'
dTdAdG -2 dTdadc

rAxrG rArGrC SmM 19 min™!
dTdadGc > d4dTdadc

rArGrC rArGrCrC .005 mM .04 min™
dTdAdGdG > dTdAdGdG

rAXGrC rArGrCrC .5 mM 1.3 min’!
dATdAdGAG > dATAAdGAG

rA rArc .005 mM 11 min™
d7dG »> d4drdc

rA rArC SmM >20 min’!
dTdG -»> dTdc

rArA rArArU .005 mM n.d.
dTdGdA - dTdGdA

rArA rArArU SmM .71 min’!
dTdGdA - dTdGdA

rArAryU rArArUrG .1 mM .033 min™!
dTdGdAdC -» dTdGdAdC

rArCrUrG rArCrUrGrC .005 mM 1.2 min’!
dTdGAAdCAG > dTdGdAdCdG

rArG rArGrU .005 mM n.d.
dTdG3A -» dTdeda

rArG rAxrGrU SmM .65 min!
dTdGedA > drdeda

@ Concentration of the NTP used in the specified extension reaction.

Huang et al.
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Ficure 3: Transcripts in halted ECs are not cleaved, but are
sensistive to pyrophosphorolyis. Elongation complexes containing
chain-terminated 15mers formed by incubating pPK5 with RNAP,
0.5 mM GTP, 0.5 mM ATP, and either 0.1 mM-8CTP (lanes 1,
7) or 3-dUTP (lanes 4, 10) were chased for 1 (lanes 2, 5, 8, 11) or
20 (lanes 3, 6, 9, 12) min with 1 mM CTP and UTP, either with
(lanes #12) or without (lanes £6) 1 mM PR.

tion of cleavage products in the misincorporation assays,
these results indicate that T7RNAP cannot cleave transcripts
in elongation complexes, or that it does so very slowly. This
implies that T7RNAP lacks any endogenous proofreading
ability, and this conclusion is supported by the observation
that the amount of purine misincorporation, as assessed by
RNase A digestion of chased misincorporation reactions, is
similar to that seen before the reactions are chased (as can
be seen in Figure 1B,E), indicating that the misincorporated
purines are not removed before the transcripts are extended.

We did find, however, that' 3INMP-terminated transcripts
could be extended if the 'dbase was first removed by
pyrophosphorolysis in reactions in which 1 mM ;Rifas
added during the chase (Figure 3; lanesl2). Processive
pyrophosphorolysis was also seen in elongation complexes
to which PR was added after NTPs were removed by
ultrafiltration (not shown). Since mispairs are extended more
slowly than correctly paired RNAs, this raises the possibility
that pyrophosphorolysis could contribute to proofreading,
especially if the presence of a mispair reduced the rate of
pyrophosphorolysis less than the rate of forward extension.
We tested this by chasing misincorporation products in the
presence or absence of 1 mM;R® see if pyrophospho-
rolysis would remove misincorporated bases from the
transcripts before they were extended, but we found that the
presence of mispairs in the chased transcripts was not reduced
by including PRin the chase reaction (data not shown). This
indicates that pyrophosphorolysis does not remove misin-
corporated bases before the misincorporation products are
extended, and suggests further that both pyrophosphorolysis
and forward extension are similarly slowed by the presence
of a mispair.

Misincorporation Properties of T7TRNAP Mutangstotal
of 45 different T7TRNAP mutants at 31 different positions
were tested for effects on misincorporation (the legend to
Figure 6A lists the mutants tested). Only four mutations

Rates were determined from experiments such as those shown in FiguréG640Aa F644A, G645A, H784A) were found to increase

2. nd indicates that there was no detectable extension for the specifiedmisincorporation rates in reactions which used pPK5 as
reaction and NTP concentration. In cases where extension was too fastemplate (Figure 4). Mutants F644A, G645A, and G640A

too measure manually, the rate is giverre20 mirr?. Mispairs are in
boldface type.

misincorporated AMP #9-fold faster than the wt enzyme
(Table 3). H784A increased this misincorporation rate by
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H784A H784Q
W.T. G640A F644A G645A 25510 204080 2.55 10 204080
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Ficure 4: Mutants which show increased rates of mispair formation or mispair extension. Reactions were run with pPK5, 0.1 mM GTP,
2 mM ATP, and the indicated RNAPs for the times indicated (in minutes). The delayed appearance of the 14mer in the reaction with
G640A reflects a slower catalytic rate for this mutant. To distinguish misincorporation from extension due to the presence of contaminating
pyrimidine triphosphates, the reactions were treated with RNase A. The minor transcript indicated with an asterisk in lane 6 is produced
by RNase A digestion and reveals the presence of a small amount of contaminating pyrimidine triphosphate in the reactions.

W.T. G640A F644A G645A H784A
3.7124816510204080.3.7124816.3.7124816.3.7124816

—---
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Ficure 5: Effects of T7TRNAP mutations on pausing during promoter clearance. Reactions were run as in Figure 4 for the times indicated
(in minutes). Pausing at6 (and to a lesser degree-87) is apparent in the wt and H784A reactions, but not in the reactions with the other
three enzymes (unlike the reactions in Figure 4, these reactions were not RNase A treated; the transcript indicated with an asterisk in lane
26 is RNase A sensitive).

Table 3: Misextension Rate, Promoter Escape, -#6dPause an(?entrations' AS_ Shown in lanes 1 of Figure 5, on pF"K5

Lifetimes of wt and Mutant T7RNAPS this is due to pausing during promoter clearance, particularly
at the point when the RNA reach 6 bases in length. Figure
5 also shows that this pause is not seen with the G640A,

RNAP misextension rate promoter escape half-life of6 pause
wt 0.006 mirr?t 0.29 mirr?t 2.2 min

FBA4A 0.042 mint 0.40 mirr nd F644A, and G645A mutants (lanes-86). Because of the
G645A  0.056 mint 2.0 mirrt nd generally reduced extension rates of the F644A and G640A
G640A  0.059 min* 0.14 min* nd mutations, the elimination of th&6 pause does not increase
H784A  0.017 min* 0.50 mim* 1.3 min the rate of promoter clearance of these mutants; however,

2 Reactions contained pPK5 as template, GTP and ATP at 0.1 andthe G645A mutant does clear the promoter-fold faster
2 mM, respectively, and no CTP or UTP; menot detectable® The than the wt enzyme (lanes 2@6 and Table 3). The H784A
misextension reaction was misincorporation of rA opposite d&1&8 mutant is again seen to be distinct from the G640A, F644A
PK5. . _ . ; ,
on pPKS and G645A mutants in that it continues to pause-ét

only 2—3-fold. However, the H784A mutant also enhanced pScUSSION
mismatch extension and generated a ladder of RNase A
resistant transcripts extending up to 19 bases in length (Figure Context, Position, and Base Effects on Misincorporation.
4, lanes 25-30). In contrast, with the G640A, F644A, and At two different template positions but in identical sequence
G645A mutants, the predominant misextension product wascontexts (pPK5;+15; pPK7,+23), the rates of T7TRNAP
a 15mer. Thus, the H784A mutation increased both misex- misincorporation of either A or G opposite dG are similar
tension and mismatch extension, while the G640A, F644A, and range from 0.0035 to 0.0076 min In a different
and G645A mutations enhanced misextension but notsequence context (pPK13;20), purine misincorporation
mismatch extension. It is also apparent that an H784Q opposite dG is 45-fold faster (Table 1). It is possible that
mutation did not increase misextension (Figure 4, lanes 31 this context effect reflects the identity of thé [Base-pair.
36). At +20 on pPK13, this is an r@C pair, while at the points
The G640A, F644A, and G645A Mutations Eliminate of misincorporation on the other two templates it is an rA
Pausing at+6. As noted previously, promoter clearance on dT pair. T7TRNAP preferentially initiates with GTP, and the
pPK5 and pPK10 by the wt enzyme is slow at low GTP X-ray structure of a T7RNAP transcription comple¥) (
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suggests that H784 makes a base-specific hydrogen bondlongation complexes tend to collapse into ‘dead-end’ states
with the N3 of the transcript’'@G. Such interactions could  from which transcript extension either is slow or does not
enhance both faithful extension and misextension of base-occur. The tendency to form such complexes is greater for
pairs in which the 3RNA base is a G. We also found that complexes in which the transcript carriesn3ismatches.
purine misincorporation opposite dA is 4Q0-fold faster Even when they do not completely arrest transcription, such
than opposite dG, and that misincorporation of pyrimidines mismatches can slow extension severely (Table 2). The
opposite template purines occurs more readily than purineabsence of any intrinsic cleavage activity in T7/RNAP which
misincorporation. In identical sequence contexts, misincor- could facilitate escape from inactive or poorly active states
poration of rC or rU opposite dA or dG is, respectively, 2- suggests either that collapse into such states occurs rarely
or 70-fold faster than purine misincorporation, even when in vivo, or that there are as yet unidentified factors which
the pyrimidine triphosphate concentration is one-fourth the play a role similar to GreA/B during T7RNAP transcription.
purine triphosphate concentration (Table 1). The preferential Mutations Which Do Not Increase Misincorporation Rates
misincorporation of pyrimidines opposite purines is also We tested 45 different TTRNAP mutations for effects on
evident from the fact that pyrimidine misincorporation misincorporation rates. Increased misincorporation rates were
predominates in reactions where GTP, ATP, and either UTP seen with only a small number of mutants. Minnick et al.
or CTP are present at similar concentrations. For example, (30) examined 28 DNAP | point mutants and identified only
in the reaction shown in lanes 4 and 10 of Figure 2A, GTP, 5 positions where mutations affected fidelity. Their conclu-
ATP, and 3-dUTP are all present, but it is predominantly sion was that only a limited number of side chains contribute
3'-dUTP which is misincorporated and leads to formation to fidelity in DNAP I. While our observations are in

of the chain-terminated 15mer. Similar observations were agreement with this, we must qualify our conclusions because
made withE. coli RNAP, where it was seen that in the we examined misincorporation rates and not fidelity. It is
presence of UTP, GTP, and ATP it was predominantly UMP possible that some of the mutations which did not show

which was misincorporated opposite dGMB. ( increased misincorporation rates have effects on fidelity

T7RNAP Fidelity Depends on Stringency during Incor- because they decrease the rates of faithful incorporation. For
poration and Not on Postincorporation Proofreadinge- example, if a mutation decreases faithful incorporation rates
ports of RNase activity in T7TRNAP preparatiorid) raise by10-fold, but decreases misincorporation rates by only

the possibility that T7’RNAP has a transcript cleavage activity 2-fold, then it would have an effect on fidelity but would
which could contribute to proofreading. The experiments not be identified in our assay as having an increased
shown in Figure 3, in which transcripts are first chain- misincorporation rate. Since many of the mutations in the
terminated with 3dYMPs and then chased with excess palm and fingers subdomains have been previously shown
YTPs, should be very sensitive to the presence of transcriptto have reduced bond formation rat&9,(32), we cannot
cleavage in the elongation complex but failed to reveal such rule out that some of these mutations affect fidelity.
activity, though pyrophosphorolysis was readily detected However, the mutations K472A, P508A, L512A, E517A,
upon addition of pyrophosphate. We also failed to observe R551S, D552S, L637A, Y639F, Q649S, D879E, A881T,
any accumulation of apparent transcript cleavage productsF882Y, andAA883, and alanine substitutions of residues
in the many experiments we have run. We cannot account388—395 of the thumb subdomain do not reduce elongation
for the discrepancy between our results and those reportedrates at normal NTP concentrations (r&@ 32—34, and
previously by Sastry et al.1), but McAllister and co- unpublished observations) and also do not show increased
workers have also failed to detect any RNase activity in their rates of misincorporation, indicating that these side chains
T7RNAP preparationd7). If T7TRNAP lacks an intrinsic are not important for fidelity. Inspection of a T7RNAP
proofreading activity and if pyrophosphorolysis also makes transcription complex structure (Figure 6A) reveals that, with
little or no contribution to proofreading, then its fidelity must the exception of Y639, these side chains do not directly
be strictly dependent on stringent selection against misin- contact the NTP, template, or RNA in the immediate vicinity
corporation. An estimate of the fidelity of this enzyme may of the active site, though the structures of a T7 RNAP
then be made by comparing the misincorporation rates transcription complex and a T7DNABtimer-template com-
measured here (Table 1) to the normal transcript extensionplex imply that thumb subdomain side chains 33®5
rate of T7RNAP which, at room temperature, has been found contact the RNA 46 bases away from the-8nd (Figure
to be ~60 bases/s28). This implies an error frequency 6A). Apparently, disruption of these thumiRNA interac-
between 1 in 1®and 1 in 3x 1% depending on the mispair, tions does not affect misincorporation. Similar observations
with an average error frequency of 1 inx2 10* for the 6 have been made for mutations in the thumbs of RT and
mispairs examined here. This is in good agreement with anDNAP |, where it was shown that thumb subdomain
average base substitution error rate of 1 in 8.5.0* for mutations affect frameshift fidelity, but not base substitution
T7RNAP as measured by Remington et &9)( and is (35, 36). Tyrosine 639 stacks on the template base opposite
similar to the base substitution error rate of exonuclease-the 3-base of the RNA (Figure 6A), and a similar interaction
deficient DNAP | @0). between the template base and the corresponding tyrosine
The GreA/B transcript cleavage activity Bf coli RNAP is seen in the open complex structures of Klentag Bnd
has been suggested to be important not only in proofreadingthermophilusDNAPs (L0, 11). Mutations of this tyrosine
but also in rescuing the elongation complex from inactivated (including a Y to Fsubstitution) decrease fidelity in DNAP
or ‘dead-end’ statesl{). Certain template sequencexl) | (30), but we found that a Y639F mutation in T7TRNAP has
and misincorporation2) both promote the formation of  no effect on misincorporation rates. Other substitutions tested
inactivated complexes witke. coli RNAP. Similarly, we (Y639T, -H, or -L) also did not increase misincorporation
found that, upon prolonged incubation, halted T7RNAP rates, but since these substitutions have significant effects
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FiGURe 6: (A) The structure of a T7TRNAP transcription complex
(7) is shown with the template strand in red, the nontemplate strand
in blue, and the RNA in green. This structure contains coordinates
for a 2 base RNA (labeled “1” and “2"p 2 base extension of this
RNA (labeled “3” and “4”) is modeled from the primer of a
T7DNAP complex 12). The side chains of amino acids which,

when mutated, neither decrease polymerase activity nor increase

misincorporation rates are shown in white. The mutations tested
for increased misincorporation rates were D388A, D389A, R391A,
K392A, S393A, R394A, R395A, R425A, K472A, W502A, P508A,
L512A, E517A, R551S, D552S, R627S, M635A, M635F, M635Y,
L637A, Y639F, Y639S, Y639T, Y639H, Y639L, Y639A, G640A,
S641A, F644A, G645A, Q649S, H784A, H784Q, 1810S, H811A,
H811S, D812A, D812E, D812S, D812N, D879E, D87RE883,
D879E/A881TAA883, D879E/F882W, and D879E/F882Y. (B) The
active site structures of T7TRNAP (in cyan) and T7DNAP (in red)
were superimposed by maximizing the alignment of the main-chain
atoms of D537 and D812 of T7TRNAP with, respectively, D475
and D645 of T7TDNAP. The side chains of D537 and D812 are in
purple. The finger subdomain helices corresponding to helices O
and P of DNAP | are labeled. The template strands from the
T7RNAP transcription complex and T7DNAP replication complex
structures are in white and blue, respectively. Thé&e of the
RNA from the T7RNAP structure is in yellow, and thel#ase of

the primer and ddNTP from the T7DNAP replication complex

Biochemistry, Vol. 39, No. 38, 20001579

G644A, F645A, and H784A) are all located on the fingers
subdomain in a region involved in template strand contacts.
The effects of the F644A, G645A, and G640A mutations
are similar, and distinct from those of the H784A mutation.
We discuss first a possible mechanism for the F645A,
G644A, and G640A mutations. Figure 6B shows the active
site structure of a T7TRNAP transcription complex. Super-
imposed on this structure are the template strahgyigher
base, and ddNTP from a T7DNABimer-template structure
(12) (superposition was done by aligning the main-chain
atoms of the conserved catalytic carboxylates of the two
enzymes). It can be seen that thdase of the primer from
the T7DNAP structure and thé Base of the RNA from the
T7RNAP structure superimpose very well, as do the template
bases (+1) opposite the primer/RNA '3base (3P/R).
However, the templating bases opposite the ddNTP (T) and
the template bases immediately downstreart 1Y are in
different conformations in these two structures. In addition,
the helices corresponding to DNAP | helices O and P are in
different conformations in the two enzymes. The T7DNAP
P-T-ddNTP complex is believed to represent a catalytically
competent, closed conformation. The T7RNAP transcription
complex structure almost certainly represents a catalytically
incompetent open complex for the following reasons: (1) It
lacks NTP, and both the kinetic and structural data indicate
that isomerization to the closed complex is driven by NTP
binding ©—13). (2) The position and conformation of the
templating base, the fingers subdomain, and the conserved
Y639 side chain are similar to those seen in the open complex
structures of Klentaq and. thermophiluDNAPs (10, 11).
Inspection of Figure 6B therefore immediately suggests a
mechanism for the F644A mutation, since the isomerization
of the transcription complex from an open to a closed form
would involve movements of the fingers subdomain and
template strand which would probably disrupt the stacking
interaction between F644 and thetT template base. We
therefore propose that the interaction between F644 and the
T+1 template base represeraa inhibitory ground state
interaction which specifically stabilizes the catalytically
incompetent open conformatiofihe G640A and G645A
mutations may also increase misincorporation by disrupting
interactions between the template and RNAP in the open
conformation. The G645 @-is only 2.59 A from the
phosphate oxygen of the T base. A larger side chain would
prevent the close approach of the template strand and could
disrupt the interaction of the 1 base with the adjacent
F644 side chain. G640 occurs in a turn at the end of helix O
where a larger side chain cannot be accommodated without
disrupting the structure of the loop connecting helices O and
P which binds the template strand in the open complex
(Figure 6B).

It has been proposed that polymerase mutations which
increase misincorporation facilitate accommodation of incor-

structure is in magenta. The main and side chains of residues whichr€Ct base pairs in the catalytically competent closed confor-

increase misincorporation when mutated (G640, F644, G645, H784)
are in green. The'dase of the primer and RNA is labeled -3
P/R’. The templating base and the bases immediateand 3 to
the templating base are labeled ‘T’ 1", and ‘T—1’, respectively.

on polymerase activity, we draw no conclusion regarding
their fidelity.

Mutations Which Increase Misincorporatiofihe muta-
tions which clearly increase misincorporation rates (G640A,

mation of the active site or in the transition sta3®,(37).
However, the widely accepted induced fit mechanism for
polymerase fidelity allows, at least theoretically, for the
possibility that interactions which limit misincorporation may
also function by stabilizing the catalytically incompetent open
state. Our observations suggest that such interactions exist,
and that the F644A, G645A, and G640A mutations increase
misincorporation by disrupting such interactions. Additional
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evidence for this comes from the observation that the F644A,

G645A, and G640A mutations eliminate the pausetét

which is observed with the wt enzyme on the pPK5 promoter.
The possibility that fidelity requirements may limit the speed
of DNA or RNA synthesis has been suggested, and interac-
tions which stabilize catalytically incompetent states of the
polymerase could obviously have such effects. The G640A,
F644A, and G645A mutations do not generally increase
transcript extension rate82), but these substitutions may
also slow catalysis in the closed complex so that, even if
they enhance the open to closed isomerization by destabiliz-

ing the open state, they may cause met increase in

extension rate. However, transcript extension rates are known

to vary enormously as a function of sequeng®),(and it is

easy to imagine that many positions at which transcription 15.
is slowed or the appareliyre is increased reflect points at
which the balance between catalytically competent and
incompetent states of the polymerase is tilted heavily toward ;g
the incompetent state. We suggest that TTRNAP pauses at
+6 on the pPK5 promoter for this reason. At such pauses, 19.
mutations which destabilize the catalytically incompetent
state might enhance extension rates. This may explain why

the G640A, F644A, and G645A mutations eliminate th&
pause.

While the G640A, F644A, and G645A mutations increase
misincorporation rates, they do not appear to enhance
mismatch extension. In contrast, the H784A mutant exhibits
a slower rate of misincorporation, but is better at extending
mismatches (Figure 4). The distinct effect of the H784A
mutation on mismatch extension is interpretable in terms of
the structure of a transcription complex. Figure 6B shows

that the H784 side chain interacts with tHERNA-template

base pair. Loss of the H784 side chain may therefore facilitate
accommodation of a 3nispair in the active site. H784 may
hydrogen bond either to the N2 of a guanosine at the RNA

3'-end and/or to the O2 of a template pyrimidine atT.

We reasoned that a glutamine side chain should be able to
make a similar set of interactions and would therefore not 30.
affect misincorporation or mismatch extension. This expecta-
tion was confirmed by the properties of an H784Q mutation

(Figure 4).
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