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Acetaldehyde, the first metabolite of ethanol, reacts with
DNA to form adducts, including N>-ethyl-2’-deoxyguanosine
(N?-Et-dG). Although the effects of N>-Et-dG on DNA polymer-
ases have been well studied, nothing is known about possible
effects of this lesion on transcription by RNA polymerases
(RNAPs). Using primer extension assays in vitro, we found
that a single N?-Et-dG lesion is a strong block to both mam-
malian RNAPII and two other multisubunit RNAPs, (yeast
RNAPII and Escherichia coli RNAP), as well as to T7 RNAP.
However, the mechanism of transcription blockage appears
to differ between the multisubunit RNAPs and T7 RNAP.
Specifically, all three of the multisubunit RNAPs can incor-
porate a single rNTP residue opposite the lesion, whereas T7
RNAP is essentially unable to do so. Using the mammalian
RNAPII, we found that CMP is exclusively incorporated
opposite the N*>-Et-dG lesion. In addition, we also show that
the accessory transcription factor TFIIS does not act as a
lesion bypass factor, as it does for other nonbulky DNA
lesions; instead, it stimulates the polymerase to remove the
CMP incorporated opposite the lesion by mammalian RNA-
PII. We also include models of the N*>-Et-dG within the active
site of yeast RNAPII, which are compatible with our
observations.

Acetaldehyde (ACD)? is a genotoxin, known animal carcin-
ogen, and suspected human carcinogen (1, 2). Although small
amounts of ACD are produced endogenously during threonine
catabolism (3), the most significant source of human exposure
to ACD is via the metabolism of ethanol. In the human body,
ethanol is first converted to ACD via the enzyme alcohol dehy-
drogenase, and ACD is further converted to acetate via alde-
hyde dehydrogenase (ALDH), primarily by the hepatic enzyme
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ALDH2. Approximately 50% of East Asian individuals are defi-
cient in ALDH2 activity because of an amino acid substitution
resulting in an inactive enzyme (4). ALDH2-deficient individu-
als are at a substantially elevated risk of esophageal cancer when
they drink heavily, and other mechanistic evidence indicates
that ACD is responsible for the increased cancer risk (2).

Several studies have shown that ACD can react with DNA to
form adducts (5-12). One of the first identified and most well
studied ACD-derived lesions is N*-ethyl-2’-deoxyguanosine
(N?-Et-dG) (Fig. 1). N>-Et-dG is the stable form of N>-Eti-dG,
the immediate product of the ACD reaction with dG. In the
presence of basic compounds such as histones and polyamines,
ACD can also give rise to other DNA adducts (13, 14). Elevated
levels of these ACD-related DNA adducts, including N*-Et-dG,
have been observed in white blood cell DNA in humans follow-
ing alcohol consumption, with significantly higher levels
observed in ALDH2-deficient individuals (15). Thus, the bio-
logical effects of these DNA lesions are of potential clinical
relevance.

In view of the relationship between alcohol and cancer, the
effect of N>-Et-dG on DNA replication and mutagenesis have
been well studied. N*-Et-dG is a strong block to DNA polymer-
ase a (16) but is efficiently bypassed by the replicative polymer-
ase 6 (17) (see also Ref. 18). No published data are available for
this lesion with the replicative polymerase €. In addition, cells
have specialized DNA polymerases that can bypass N*>-Et-dG in
an error-free manner (16, 19, 20). In human cells in vivo, the
major genotoxic effects of the lesion appear to be the result of
replication blockage, with some capacity for generating muta-
tions including single base deletions and transversions (21).

In contrast to the effect on DNA polymerases, no studies
have been done to examine the effects of this lesion on tran-
scription by RNA polymerases (RNAPs). Therefore, in the pres-
ent work we investigated the effects of N°-Et-dG on transcrip-
tion by mammalian RNAPII, as well as two other multisubunit
RNAPs, yeast RNAPII and Escherichia coli RNAP. To address
the possibility of bypass factors, we also tested the effect of the
transcription factor TFIIS, which has been recently shown to
stimulate lesion bypass during transcription past the oxidized
guanosine lesion 8-oxo-dG (22, 23), to allow mammalian RNA-
PII to bypass N°-Et-dG.

As noted above, ALDH2 plays a key role on the metabolism
of ACD. Because ALDH2 is localized to the mitochondria (4), it
follows that ACD formed from ethanol metabolism must be
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FIGURE 1. Formation of N*>-Et-dG by the reaction of acetaldehyde and guanosine. The initial reaction
product is N*-Etl-dG, which undergoes a reduction reaction to yield the stable DNA lesion N*-Et-dG, which was

used in the experiments reported here.

able to enter mitochondria to be a substrate for the enzyme. As
a result, it is likely that, especially in ALDH2-deficient individ-
uals, ACD adduction of hepatic mitochondrial DNA could be
significant. Therefore, in addition to investigating the effect of
N?-Et-dG on transcription by RNAPII, we also examined the
effect of the lesion on transcription by TZRNAP, as a model for
mitochondrial RNAP. Eukaryotic mitochondrial RNAPs are
single subunit polymerases that are highly homologous to T7
and other single subunit phage polymerases, especially in the
residues and overall structure of the active site (24).

We found that a single N>-Et-dG lesion is a strong block to
both mammalian and other multisubunit RNAPII, as well as to
T7 RNAP. Interestingly, however, all three of the multisubunit
RNAPs can incorporate a single rNTP residue opposite the
lesion, whereas T7 RNAP is unable to do so. Using the mam-
malian RNAPII, we found that CMP is exclusively incorporated
opposite the N>-Et-dG lesion. We also show that the accessory
transcription factor TFIIS does not act as a lesion bypass factor,
as it does for other nonbulky DNA lesions; instead, it stimulates
the polymerase to remove the CMP incorporated opposite the
lesion.

MATERIALS AND METHODS

Oligonucleotide Synthesis—A phospohoramidite containing
N?-Et-dG was synthesized by Glen Research (Sterling, VA). Oli-
gonucleotides containing the lesion were synthesized on an ABI
DNA synthesizer using standard chemistry and deprotection
and purified by denaturing PAGE.

The sequence of the DNA template strand used in the in vitro
transcription was: 5'-CATGCTGATGAATTCCTTCNCTA-
CTTTCCTCTCCATTT-3". The underlined N indicates the
position of either deoxyguanosine or the N*-Et-dG.

High pressure liquid chromatography-purified RNA primers
were obtained from IDT (Coralville, IA). The sequence of the
RNA oligonucleotide used for running start transcription was
5'-AGAGGAAAGU-3’, and that for standing start transcrip-
tion was 5'-AGGAAAGUAG-3'. The sequence of the 30-mer
RNA marker was 5'-UAGGUUCCACCUUACCAGCCUU-
UUACAGAU-3’

RNA Primer Labeling with [y-3>PJATP by T4 Polynucleotide
Kinase—RNA primers were labeled with 30 uCi of [y->*P]ATP
(PerkinElmer Life Sciences) at 5’ end by T4 polynucleotide
kinase (New England Biolabs). The reaction was carried out
at 37 °C for 30 min and heat-inactivated at 65 °C for 15 min.
The unincorporated nucleotides were removed by NucAway
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ﬁ spin  column (Ambion, TX)

s according to the manufacturer’s
</J_\ A instructions.

Lo Proteins—Mammalian RNAPII

(from calf thymus) and yeast RNA-

g;‘x‘;é;mme PIIs were purified as described (25).

N-ELAG Full-length N-terminal histidine-

tagged human TFIIS was expressed
in the bacterial expression vector
pET21 in BL-21 cells (Invitrogen).
TFIIS was purified by nickel-nitrilo-
triacetic acid affinity chromatogra-
phy as per company recommenda-
tions (Qiagen), followed by a final column employing MonoS
(Bio-Rad) (supplemental Fig. S1). E. coli RNAP and T7 RNAP
were purchased from Epicenter (Madison, WT).

In Vitro Transcription—The methodology for analyzing the
effects of DNA lesions on transcription was based on the direct
assembly of transcription elongation complexes introduced by
Kashlev and co-workers (26). The single-stranded DNA tem-
plate was used at 2 uMm, and mixed with the RNA primer (2 um)
in the reaction buffer specific for each polymerase. The amount
of RNA primer used assumed complete recovery after the spin
column purification step. Mammalian RNAPII buffer was: 50
mwm Tris-HCI (pH 7.6), 10 mm dithiothreitol, 6 mm MgCl, and
40 mm (NH,),SO, The same buffer was also used for yeast
RNAPIL E. coli RNAP reaction buffer was 20 mm HEPES (pH
7.9), 40 mMm KCl, and 5 mm MgCl,. T7 RNAP reaction buffer
was 20 mm HEPES (pH 7.9), 10 mm magnesium acetate, 20 mm
sodium acetate, 1 mM dithiothreitol, and 0.1 mm EDTA.

To set up the reactions, 1 ul of RNA primer (2 pmol) was
annealed to the template in a volume of 8 ul by first heating the
mixture to 45 °C for 5 min and then cooled to room tempera-
ture (approximately 24 °C) 2 °C every 2 min (26). Then 1 ul of a
1.13 pM solution of mammalian RNAPII or yeast RNAPII was
added to the reaction and incubated for 10 min at room tem-
perature. These conditions give a nominal molar ratio of prim-
er:template to polymerase of ~2. For the prokaryotic enzymes,
the reactions contained 10 units (1 ul) of E. coli RNAP or 50
units (1 ul) of T7 RNAP.

In vitro transcription was started by adding the indicated
ribonucleotide(s) (final concentration, 100 um) and stopped by
removing samples and mixing with 2X formamide gel loading
dye (95% (v/v) formamide, 025% (w/v) bromphenol blue,
0.025% (w/v) xylene cyanol, and 5 mm EDTA, pH 8.0) at the
specific time points. The transcription products were separated
on 20% acrylamide, 7 M urea gels and detected by autoradiog-
raphy.

Quantitative Analysis of Apparent K,,, Values—The apparent
K,,, is the concentration of NTP at which the rate of incorpora-
tion opposite dG or N*-Et-dG is half-maximal during a fixed
reaction time (27). To determine the apparent K, values for
CTP incorporation opposite dG or N*>-Et-dG, standing start
experiments were performed with varying concentrations of
CTP as shown in Fig. 3, with incubation for 20 min at 25 °C. The
resulting gels were dried, and the results were quantified using
a Typhoon Imager (Molecular Dynamics), with subtraction of
the background values at time 0 (27). Apparent K|, values were
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FIGURE 2. N*-Et-dG is a strong block to transcription by multisubunit
RNAPs. g, diagram of the 10-mer RNA primer (top strand) annealed to a
38-mer DNA template (bottom strand). The N represents either guanine or
N?-Et-dG lesion. b, a running start study using mammalian RNAP 1. Transcrip-
tion was initiated by the addition of rNTPs (100 um each), and samples were
analyzed at the indicated times. Transcription on the N*-Et-dG lesion-contain-
ing template was blocked after inserting one nucleotide (13-mer). ¢, running
start studies with either yeast RNAPII or E. coli RNAP. Both enzymes are able to
incorporate a nucleotide opposite the N°-Et-dG, as indicated by the accumu-
lation of the 13-mer.

obtained by nonlinear curve fitting using GraphPad Prism. The
values given are the means * S.E., based on two independent
determinations.

RESULTS

N?-Et-dG Is a Strong Block to Transcription Elongation by
Mammalian RNAPII—To study the effects of N*-Et-dG on
transcription, we utilized a primer extension assay, in which an
RNA primer is first annealed to a lesion-containing or control
(lesion-free) oligonucleotide DNA template. RNAP is then
added, and transcription is initiated by the addition of rNTPs.
This strategy is adapted from the methodology of Kashlev and
co-workers (26) and is analogous to the methodology used to
study the effects of DNA lesions on DNA polymerases (16, 19,
20). During transcription by RNAPs under these conditions,
the nontemplate DNA strand is not required for transcription
(26,29, 30), and the absence of the nontemplate strand does not
affect the stability of eukaryotic RNAPII transcription elonga-
tion complexes (31).

In our initial experiments, we used a “running start” set-up in
which a 10-mer primer was annealed to a 38-mer DNA tem-
plate two nucleotides 3’ to the lesion (Fig. 2a). As shown in Fig.
2b, the N°-Et-dG lesion poses as a strong blockage for tran-
scription by calf RNAPII. Over time, a slow incorporation of
nucleotides opposite the lesion base is observed.

We repeated these experiments using two other purified
multisubunit RNAPs. As shown in Fig. 2¢, similar to the results
using mammalian RNAPII, both yeast RNAPII and E. coli
RNAP were also able to incorporate a single nucleotide oppo-
site the N°-Et-dG lesion before stalling. Also, in contrast to
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mammalian RNAPII, with these enzymes, a minimal amount of
bypass product was observable.

Inspection of the results shown in Fig. 2¢ indicated that the
three polymerases differ in their ability to incorporate a nucle-
otide opposite the lesion. These differences are illustrated by
comparing the relative amount of the 13-mer band (which rep-
resents nucleotide incorporation opposite the lesion) to the
12-mer, which represents transcription up to the site of the
lesion. Because the 12-mer band is by definition the result of
active polymerization, the relative amount of the 13-mer band
to the 12-mer band is a measure of the fraction of active poly-
merases that were able to incorporate nucleotide opposite the
lesion.

From the results shown in Fig. 2 as well as other analyses (not
shown) the 13-mer/12-mer ratio at the 40-min time point for
the yeast polymerase is 2.7—4.5, compared with 0.34-0.83
for the calf polymerase and 0.6 — 0.85 for the E. coli polymerase.
On the basis of these differences, as well as the faster time
course of nucleotide incorporation opposite the lesion for the
E. coli polymerase compared with the calf (Fig. 2), our results
indicate that the ability to incorporate nucleotide opposite the
N?-Et-dG lesion is highest for yeast RNAPII, followed by the
E. coli RNAP and then the calf RNAPII.

It should be noted that using the 13-mer/12-mer ratio as a
basis for comparison normalizes for any variation in amount of
transcription in different samples. Such variation, which is seen
in Figs. 2 and 5, may be due to differences in the number of
active polymerase molecules in a given enzyme preparation
and/or to the efficiency of formation of the primer-template-
enzyme complexes.

Together, our results show that under running start condi-
tions, the N°-Et-dG lesion is a very strong block to transcription
elongation by mammalian RNAP II, as well as yeast RNAPII and
E. coli RNAP. All three multisubunit polymerases are able to
incorporate nucleotide opposite the lesion, prior to stalling,
although the ability to incorporate nucleotide opposite the
lesion varies between the three enzymes.

Mammalian RNAP II Incorporates CMP Opposite N°-Et-dG
during Transcription—We next carried out a standing start
RNA extension study using mammalian RNAPII with template
containing either dG or N°-Et-dG as the first template base to
be transcribed. Fig. 3b shows that under standing start condi-
tions, mammalian RNAPII was also able to slowly incorporate a
single nucleotide opposite the lesion before stalling, consistent
with the running start results.

In Fig. 3b, we note that a limited degree of read-through
product beyond the lesion site is clearly observable, in contrast
to the results with the running start set-up (Fig. 2b). Because the
template is identical in both cases, but the primer is annealed to
different locations in the running start versus the standing start
experiments, the difference between the two is most likely due
in part to different initial RNAPII/nucleic acid structures. Such
an interpretation is fully compatible with previous findings
(32). The difference may also reflect differences in the number
of possible configurations that the ethyl group can assume in
the running versus standing start modes, an issue we will return
to under “Discussion.” The important point here is that the
results from the running and standing start experiments are in
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FIGURE 3. N*-Et-dG is a strong block to transcription in the standing start reaction. g, a 10-mer RNA
oligonucleotide (top strand) annealed to the same DNA template (bottom strand). N indicates either guanine or
N?-Et-dG. b, mammalian RNAPII transcription on either control or lesion template. Only one nucleotide inser-
tion was detected on the lesion template (11-mer). ¢, individual nucleotides (100 um each) were added to the
standing start reactions, and samples collected at the indicated times. CMP was incorporated by mammalian
RNAPII opposite the lesion. d, mammalian RNAPII was incubated with increasing concentrations of CTP for 20
min, and the amount of extended primer on either the control or N*-Et-dG containing template was deter-
mined. Representative results are shown; the values from duplicate experiments were quantified, and the
values are reported in the text. e, quantitative analysis of additional incorporation experiments using restricted
ranges of CTP concentration. The curves were generated using nonlinear regression analysis (GraphPad Prism),
and the resulting apparent K, values are indicated. The data points are the means = S.E. of duplicate
determinations.

agreement in that in both conditions, the polymerase is able to

to incorporate CMP opposite the
unmodified template dG (Fig. 3c).
With N*-Et-dG lesion as the tem-
plate, only cytosine incorporation
was observed, although clearly more
slowly than with a template dG (Fig.
3d). These results suggest that
Watson-Crick base pairing specific-
ity was still preserved during
nucleotide incorporation opposite
N?-Et-dG.

To quantify the magnitude of the
effect of the lesion on nucleo-
tide incorporation, we determined
the concentration of NTP at which
the rate of incorporation opposite
dG or N?-Et-dG is half-maximal
during a fixed reaction time (27).
This value, the apparent K, has
been used by other workers to com-
pare the relative rates of nucleotide
incorporation by RNAPs under var-
ious experimental conditions (27,
33). Representative data from these
initial experiments, which used a
wide range of CTP concentrations,
are shown in Fig. 3d. Based on these
analyses, the apparent K, for CTP
incorporation opposite template dG
was in the low nanomolar range, in
good agreement with the apparent
K, values obtained by Kornberg
and co-workers (27) for yeast RNA-
PII using a similar analysis. In con-
trast, with the N°-Et-dG template,
the apparent K, for CTP incorpora-
tion was in the low micromolar
range.

To increase the accuracy of our
apparent K, determinations, we
carried out additional experiments
using a smaller range of CTP con-
centrations around the apparent K,
values predicted for the dG and
N?-Et-dG templates based on the
initial analysis. As shown in Fig. 3e,
these experiments gave an apparent
K, for CTP incorporation opposite
template dG of 3.95 nM, compared
with 5.76 uM for the N°-Et-dG tem-
plate, indicating that the N°-Et-dG

reduces CTP incorporation by ~1500-fold.

slowly incorporate 1 nucleotide opposite the lesion.

To determine which nucleotide was incorporated opposite
the N°-Ft-dG lesion, the standing start RNA extension study
was conducted as in Fig. 3b, but with each of the four ribonucle-
otides added separately at a concentration of 100 um. As
expected, under these conditions, mammalian RNAPII prefers
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TFIIS Does Not Stimulate Transcription Past the N>-Et-dG
Lesion—The general transcription elongation factor TFIIS is
known for its role in stimulating the arrested RNAPII to
cleave the nascent mRNA during transcription (34, 35). This
generates a new 3’ end that allows transcription to resume.
On helix-distorting DNA lesions such as a cyclobutane py-
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When the template with N*-Et-dG
lesion was transcribed in the
absence of TFIIS, mammalian
RNAPII alone was able to incorpo-
rate some nucleotide opposite the
lesion, consistent with the results
shown in Fig. 2b. However, with
increasing TFIIS concentrations,
the band corresponding to nucleo-
tide incorporation opposite the
lesion was reduced and completely
abolished at high TFIIS concentra-
tions. Importantly, TFIIS alone in
the absence of RNAPII did not pro-
duce any transcript cleavage (Fig.
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FIGURE 4. TFIIS is not a transcription bypass factor for mammalian RNAPII at the N>-Et-dG lesion. a, TFIIS
was added to the running start reaction at increasing concentrations. The nucleotide opposite the lesion is
removed when TFIIS is presented at the higher concentration (1.0- and 10-fold). Samples in lanes marked /IS
were incubated with the amount of TFIIS used in the 10-fold ratio lanes but no RNAPII. b, a 11-mer RNA primer
is annealed to the template, where a cytosine on the 3’ end is opposite either a guanine or a N°*-Et-dG lesion
base. ¢, increasing concentrations of TFIIS stimulate transcript cleavage by 2 nucleotides with either the dG or

N2-Et-dG template. All of the incubations were for 40 min.

rimidine dimer, the addition of TFIIS stimulates the poly-
merase stalled at the lesion to backtrack (36, 37). In contrast,
other data indicate that TFIIS can act as a bypass factor by
stimulating transcription past nonbulky DNA lesions such as
8-o0x0-dG (22, 23).

To investigate whether TFIIS can affect the ability of mam-
malian RNAPII to bypass N°-Et-dG, we first carried out a run-
ning start experiment similar to that described above (Fig. 2),
including increasing amounts of TFIIS (Fig. 4a). This condition
is most analogous to the in vivo situation, in which transcrip-
tion takes place in the presence of NTPs and TFIIS is present.
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10 (TFIS:RNAPII)

4a, IIS lanes).

The effect of TFIIS observed in
Fig. 4a could be due to either TFIIS
preventing incorporation of nucleo-
tide opposite the lesion or the stim-
ulation of transcript cleavage fol-
lowing nucleotide incorporation.
To address this issue, we carried out
another experiment using an RNA
primer with a cytosine opposite the
N?-Et-dG or dG and incubation in
the presence of INTPs. As shown in
Fig. 4b, in the absence of TFIIS,
small amounts of extension prod-
ucts are visible with the N°-Et-dG
template. However, with increasing
TFIIS concentrations, the amount
of extension is reduced, with the
concomitant appearance of a prod-
uct 1 nucleotide shorter than the
original primer (Fig. 4b). This result
indicates that even in the presence
of rNTPs, TFIIS stimulates the
removal of CMP incorporated
opposite the lesion.

To determine the extent of
TFIIS-stimulated transcript cleav-
age, we repeated the experiment
shown in Fig. 4b in the absence of
rNTPs (Fig. 4¢). Under these con-
ditions, we observed the appear-
ance of an additional TFIIS-
dependent band 2 nucleotides shorter than the starting RNA
primer, with both the control and lesion-containing tem-
plates. This observation is consistent with others showing
that TFIIS stimulated cleavage of transcription complexes
stalled because of the absence of rNTPs occurs in dinucle-
otide increments (38).

Taken together, these results indicate that TFIIS does not act
as a bypass factor for transcription past N°-Et-dG by mamma-
lian RNAPIL. Rather, the TFIIS-induced cleavage activity
reduced the steady-state level of nucleoside incorporation
opposite the lesion.
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FIGURE 5. The single subunit T7 RNAP cannot insert a nucleotide opposite the N>-Et-dG, under running
start (a) or standing start (b) conditions. In b, the order of the lanes as shown was electronically modified
(white lines) to compensate for a sample loading error. All of the lanes in b were from the same film exposure of

the same gel processed identically.

The N°-Et-dG Lesion Blocks Nucleotide Incorporation by T7
RNAP—As mentioned earlier, the mitochondrial localization
of ALDH2 indicates that ACD can enter the mitochondrion
and therefore might adduct mitochondrial DNA, especially
in ALDH2-deficient individuals. To evaluate the blockage
effect of the lesion on mitochondrial DNA transcription, we
used T7 RNAP as a model enzyme, based on its homology to
mitochondrial RNAP. The T7 reactions were conducted in a
similar fashion as reactions employing the multisubunit
RNAPs.

Under running start conditions, transcription of the
N?2-Et-dG template by T7 RNAP results in a 12-mer. How-
ever, in contrast to the results using multisubunit RNAPs
(Fig. 2), no 13-mer product resulting from nucleotide incor-
poration opposite the lesion is detectable under these con-
ditions (Fig. 5a). Consistent with this result, we were also
unable to detect nucleotide incorporation opposite the
lesion in the standing start set-up (Fig. 5b), although with
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very long film exposures, some
bypass transcripts can be detected
(data not shown).

DISCUSSION

We provide herein data that show
that the ACD-derived DNA lesion
N?-Et-dG is a strong block to both
multisubunit and single-subunit
RNAPs. Mammalian RNAPII, as
well two other multisubunit
RNAPs, are able to slowly incorpo-
rate a nucleoside opposite the
N?-Et-dG lesion, whereas further
transcription is strongly inhibited.
Thus, the lesion interferes with
transcription at both the incorpora-
tion and extension steps. Experi-
ments using single rNTPs showed
that mammalian RNAPII exclu-
sively incorporates CMP opposite a
N?-Et-dG lesion, which is a non-
mutagenic event, but the incorpora-
tion of CMP opposite N°-Ft-dG is
reduced by a factor of ~1500 com-
pared with incorporation opposite
dG. In contrast to the multisubunit
RNAPs, the single-subunit T7
RNAP is unable to incorporate any
rNTP opposite the lesion. Together,
these results indicate that the
N?-Et-dG lesion is a strong block to
transcription by both multisubunit
and single-subunit RNAPs.

Our results can be compared with
published studies of the effects of
N°-Et-dG on DNA polymerases.
With regard to the replicative DNA
polymerase «, for which N°-Et-dG
was shown to be a strong blocking
lesion, the only nucleotide that was incorporated opposite the
lesion was dCMP, a nonmutagenic event (16). However, during
DNA replication, the cells have available a variety of specialized
DNA polymerases that can bypass replication blocking DNA
lesions (39). With regard to N°-Et-dG, the translesion polymer-
ase 7 as well as other polymerases can bypass N-Et-dG, incor-
porating dCMP in the process (16, 19, 20). Thus, during repli-
cation, polymerase switching is likely to mitigate arrested
replication resulting from N?-Et-dG in vivo.

In contrast, RNAPs are exclusively processive enzymes; spe-
cialized translesion RNAPs analogous to DNA polymerase ndo
not exist. When encountering obstacles to transcription,
RNAPs do have accessory elongation factors available that can
stimulate bypass in some cases (22, 23). However, our results
indicate that the association of TFIIS with RNAPII stalled at an
N?-Et-dG will not stimulate transcription past the lesion, but in
fact accentuates the transcription blocking effect by stimulating
transcript cleavage. Thus, although the initial effect of
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FIGURE 6. Energy-minimized models of the active site yeast RNAPII with a template dG (A) or different
configurations of N*>-Et-dG (B and C) base paired to an incoming CTP. The amino acid residue most likely to
clash with some configurations of the ethyl group N*-Et-dG is Rpb1 Pro**®, The two different configurations of
the ethyl group within the active site shown in Band C avoid a clash between the lesion and Pro
amino acid within the active site, while allowing three H-bonds (dashed lines) between the template G and
incoming CTP. Additional abbreviations: BH, bridge helix; TL, trigger loop. Energy minimization and modeling
were done using YASARA-WHAT-IF (28). For additional information about the modeling, see supplementary

text.

N?-Et-dG on transcription and replication is similar (i.e. poly-
merase blocking in both cases), the effects of the subsequent
cellular responses to the blocked polymerases are likely to be
very different.

Biological Considerations—Our results using a minimal sys-
tem demonstrate that N°-Et-dG is a strong block to transcrip-
tion. However, in vivo, the ultimate effect of the lesion will
depend upon the efficiency of DNA repair, as well as accessory
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factors that modulate the effect of
the lesion on transcription. With
regard to repair, we have been
unable to detect cleavage of oligo-
nucleotides containing of N°>-Et-dG
by whole cell extracts from rat liver,
under conditions in which glycosy-
lase activity toward uracil, 8-oxo-
dG, and ethenoadenine were readily
observed.® These negative results
argue against the possibility that
N?-Et-dG is a substrate for glycosy-
lase initiated BER. Likewise, we
found that N°-Et-dG is not a sub-
strate for the E. coli direct repair
enzyme AlkB (40). Although the
eukaryotic AlkB homologs were not
tested, they show only weak activity
against ethylated bases (40). Finally,
the absence of mismatch repair had
no detectable effect on the genotox-
icity of N°-Et-dG replicated in
human cells (41). Thus, at present,
the repair pathway responsible for
the repair of N?-Et-dG, if any,
remains to be elucidated. Also, it is
important to bear in mind that our
experiments are done with N°-Et-
dG, whereas the initial lesion
formed in vivo is N?-Eti-dG.
N°-Et-dG itself is, however, detect-
able in the human body after etha-
nol consumption (15).

Turning to the question of tran-
scription bypass factors, we initially
tested the ability of TFIIS to stimu-
late transcription bypass past
N?-Et-dG in part because it has been
shown that TFIIS can stimulate
transcription past another guano-
sine lesion, 8-oxo-dG (22, 23).
Although we found that TFIIS does
not stimulate transcriptional bypass
past N°-Et-dG, we note that TFIIS is
also not able to stimulate transcrip-
tion past a different DNA lesion,
thymine glycol. However, the Cock-
ayne syndrome B protein, Elongin,
and TFIIF are all able to stimulate
transcription past thymine glycol
(22). Thus, it remains possible that one of these factors can
stimulate transcription past N°>-Et-dG in vivo. Additional stud-
ies will be necessary to test this possibility.

The mitochondrial localization of ALDH2 indicates that
ACD can enter the mitochondrion and therefore might accu-

448 or any other

3 P. J. Brooks, unpublished observations.

YAsEWS8 VOLUME 283+NUMBER 41-OCTOBER 10, 2008


http://www.jbc.org/

mulate in mitochondrial DNA, especially in ALDH2-deficient
individuals. We used T7 RNAP as a model for mitochondrial
RNAP, in an effort to address the possible effects of the
N?-Et-dG in mitochondria. Our observation that N*-Et-dG is
an essentially complete block to T7 RNAP in vitro suggests that,
to the extent that this lesion is formed in mitochondrial DNA in
vivo, it could impede mitochondrial gene expression and there-
fore interfere with mitochondrial function. In fact, in prelimi-
nary results we have found that N°-Et-dG also blocks transcrip-
tion by purified histidine-tagged yeast mitochondrial RNAP.*
Because the liver is the primary site of alcohol metabolism to
acetaldehyde (by alcohol dehydrogenase) and ALDH2-defi-
cient individuals are known to have higher levels of N*-Et-dG in
cellular DNA after alcohol consumption (15), the inhibition of
mitochondrial RNA transcription might be especially signifi-
cant in the liver of ALDH2-deficient individuals after alcohol
consumption.

The Function of TFIIS during Transcription at an N°>-Et-dG
Lesion—On nondamaged DNA templates, the two major roles
for TFIIS that have been identified are stimulation of transcrip-
tion elongation and as a transcript cleavage stimulatory factor
(34). Likewise, at sites of DNA damage, TFIIS can either stim-
ulate transcript cleavage (36, 37) or act as a bypass factor (22,
23). Our results clearly demonstrate that at N°-Et-dG, TFIIS
does not act as a bypass factor; rather, it stimulates transcript
cleavage and in doing so contributes to the transcription block-
ing effect of the lesion.

Hawley and co-workers (42) proposed a kinetic portioning
model to explain the proofreading function of TFIIS in which
the slow extension of elongation from a mismatched terminus
allows time for TFIIS to stimulate cleavage. During the resyn-
thesis step after transcription cleavage, correct nucleotide
incorporation allows transcription to continue. Crystal struc-
tures of yeast TFIIS complexed with RNAPII are consistent
with this model (43).

Our observations on the effect of N>-Et-dG can be under-
stood in the context of an analogous model. In essence, the slow
incorporation of CMP opposite the lesion, and slow extension
of the rC: N°-Et-dG base pair allows time for TFIIS to stimulate
transcript cleavage analogous to the proofreading model. How-
ever, in contrast to the proofreading model, during the
resynthesis step following transcript cleavage, the polymerase
reincorporates CMP opposite the lesion, again triggering
TFIIS-stimulated transcript cleavage. The net result in the
presence of TFIIS is a futile cycle of CMP incorporation, tran-
script cleavage, and resynthesis, resulting in a steady-state con-
dition of polymerase stalling 1 nucleotide before the lesion (Fig.
4a).

Structural Considerations—Dimitri et al. (44) recently tested
the ability of 1,N*-ethnoguanine to affect transcription of
human RNAPII (in a HeLa nuclear extract) and T7 RNAP.
These authors found that 1,N*-ethnoguanine was a complete
block to human RNAPII, whereas T7 RNAP could bypass
the lesion. These results are somewhat the opposite of what we
found with N°-Et-dG. However, the differences can likely be

4T.-F. Cheng, J. Abraham, and P. J. Brooks, unpublished observations.
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explained by the different structural effects of the lesion. In
1,N*-ethnoguanine, the modification is an etheno group with
covalent bonds between both N* and C-1 of the purine ring.
This results in an additional ring to the purine, which blocks
access to the active site of RNAPIL In contrast, in N*-Et-dG the
ethyl group is attached to the N* via a single bond. As such, the
ethyl group hangs below the guanine base and can therefore
potentially adapt a number of different configurations within
this space.

Modeling the effect of N°-Et-dG on transcription by
T7RNAP is complicated by the large structural difference
between the open and closed configurations of this enzyme (45,
46). Our current results do not allow us to determine whether
the blocking effect of the lesion on transcription takes place in
the open or closed states, and therefore we have not attempted
to model these possibilities until additional data are available.

Regarding RNAPII, our observations indicate that within the
active site the ethyl group in N°-Et-dG can adopt one or more
configurations that are compatible with the incorporation of
CMP opposite the lesion. Using molecular modeling, we have
been able to identify multiple configurations of the ethyl group
within the polymerase that are compatible with hydrogen
bonding between the guanosine base and the cytosine of an
incoming CTP. Two examples are shown in Fig. 6. The multiple
distinct possible configurations of N°-Et-dG in the active site
may also provide insight into why we see some bypass of the
lesion in the standing start experiments but not in the running
start.

Specifically, it may be the case that some configurations of
the ethyl group in the active site are compatible with both CMP
incorporation and subsequent extension, whereas other config-
urations of the ethyl group allow CMP incorporation but
inhibit subsequent extension. If so, it is possible that configura-
tions that are compatible with subsequent extension might be
disfavored under running start conditions compared with the
standing start, because of either occupancy of the active site or
other locations of the polymerase by rNTPs (47), allosteric
effects of INTPs (48 —51), or different configurations of the trig-
ger loop (27, 52). Ultimately, determination of the location(s) of
the ethyl group with the active site of the enzyme will require
direct structural analysis using x-ray crystallography.

Acknowledgment—We thank Cheryl Marietta for helpful comments
on the text.
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