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Oxidation of guanine generates several types of DNA lesions, such
as 8-oxoguanine (80G), 5-guanidinohydantoin (Gh), and spiroimi-
nodihydantoin (Sp). These guanine-derived oxidative DNA lesions
interfere with both replication and transcription. However, the
molecular mechanism of transcription processing of Gh and Sp
remains unknown. In this study, by combining biochemical and
structural analysis, we revealed distinct transcriptional processing
of these chemically related oxidized lesions: 80G allows both
error-free and error-prone bypass, whereas Gh or Sp causes strong
stalling and only allows slow error-prone incorporation of purines.
Our structural studies provide snapshots of how polymerase I
(Pol 1l) is stalled by a nonbulky Gh lesion in a stepwise manner,
including the initial lesion encounter, ATP binding, ATP incorpora-
tion, jammed translocation, and arrested states. We show that
while Gh can form hydrogen bonds with adenosine monophos-
phate (AMP) during incorporation, this base pair hydrogen bond-
ing is not sufficient to hold an ATP substrate in the addition site
and is not stable during Pol Il translocation after the chemistry
step. Intriguingly, we reveal a unique structural reconfiguration
of the Gh lesion in which the hydantoin ring rotates ~90° and is
perpendicular to the upstream base pair planes. The perpendicular
hydantoin ring of Gh is stabilized by noncanonical lone pair-x and
CH-rt interactions, as well as hydrogen bonds. As a result, the Gh
lesion, as a functional mimic of a 1,2-intrastrand crosslink, occupies
canonical —1 and +1 template positions and compromises the load-
ing of the downstream template base. Furthermore, we suggest Gh
and Sp lesions are potential targets of transcription-coupled repair.

oxidative damage | DNA lesions | transcription arrest |
guanidinohydantoin | spiroiminodihydantoin

NA is under constant attack from reactive oxygen species,

chemicals, spontaneous hydrolysis, etc. (1-4). Admist this,
some DNA lesions not only interfere with replication but also
cause severe pausing and arrest of transcribing RNA polymerase
IT (Pol II) elongation complex (EC) (5-7). Prolonged stalling of
EC might lead to cell cycle arrest and apoptosis (2, 8). DNA
damage accumulation, in particular oxidative damage, contrib-
utes to the aging process itself as well as human diseases such as
cancer (9).

Guanine (G) is the most vulnerable of nucleobases to oxida-
tion. Indeed, 8-oxo-7,8-dihydroguanine (80G) is one of the most
well-known and abundant oxidative DNA lesions (10). It is
noteworthy that 80G is orders of magnitude more prone to
further oxidation, having a redox potential much lower than
that of guanine (11, 12). Further oxidation from 80G destroys
the purine ring and results in several nonbulky hydantoin lesions,
including 5-guanidinohydantoin (Gh) and two stereoisomeric
spiroiminodihydantoin (R-Sp and S-Sp) lesions (Fig. 14) (13, 14).
Gh exists as a pair of interconverting diastereomers at neutral
pH that cannot be individually studied, while Sp also has a
stereocenter; its two stable diastereomers can be individually
purified and studied (15, 16). The oxidation products Sp and
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Gh are detected in mouse tissues experiencing inflammation
with two orders of magnitude lower frequency when compared
to 80G (17).

These chemically related guanine-derived oxidized lesions in-
terfere with replication and transcription processes. Sp and Gh
lesions are highly mutagenic for replication in Escherichia coli
with nearly 100% mutation rate, thus these hydantoin DNA le-
sions negatively impact the genome at a similar frequency as the
mildly mutagenic 80G lesion (18). In addition, Sp and Gh le-
sions cause replication blocks by phage DNA polymerase and
lead to slow misincorporation of A or G by reverse transcriptases
(18-20). As for transcription, in sharp contrast to effective tran-
scriptional bypass of 80G (1, 21, 22), an early study using HeLa
nuclear extract reported that the presence of Gh or Sp in template-
strand DNA (tsDNA) causes severe transcriptional stalling (23).
However, it is not clear how these nonbulky lesions (much smaller
size in comparison with guanine and other bulky lesions) lead to
strong stalling. It is also not clear how these lesions affect tran-
scriptional kinetics and fidelity checkpoint steps (nucleotide in-
corporation, extension, proofreading) by RNA Pol II. Furthermore,
the role of transcription elongation factors in modulating tran-
scriptional stalling also remains elusive.

Significance

DNA oxidative damage by reactive oxygen species represents
a major challenge to genome integrity that contributes to the
aging process as well as many human diseases. In particular,
guanine is the most vulnerable of the nucleobases to oxidation
and leads to transcription-blocking lesions: 5-guanidinohydantoin
(Gh) and spiroiminodihydantoin (Sp). The molecular mechanism
of transcription stalling of these nonbulky but helix-distorting
DNA lesions remains completely unknown. This work system-
atically investigates how these lesions affect transcription and
provides structural snapshots of how Pol Il is stalled by a non-
bulky Gh lesion in a stepwise manner, revealing an unexpected
mechanism of transcriptional stalling. Important insights are
gained into understanding the mechanisms of lesion recogni-
tion, transcriptional stalling, transcriptional bypass, and muta-
genesis of oxidative DNA lesions.
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Fig. 1. Impact of consecutive oxidation products of guanine (80G, Gh, R-Sp,
and S-Sp) on RNA polymerase Il transcription. (A) Schematic representation
of consecutive oxidation products of guanine resulting in 80G, then Gh or
Sp, respectively. (B) Transcription assay with 1 mM rNTPs in the absence of
TFIIS. The sequences of transcription scaffolds contain site-specific lesions.
X represents G, 80G, Gh, R-Sp, or 5-Sp, respectively. The template strand
(tsDNA) and nontemplate strand DNA (ntsDNA) are shown in black. RNA
primer (8mer) is shown in red. Transcription reaction was started by adding
1 mM of rNTPs to Pol Il EC. Time points are 0, 10 s, 3 min, 30 min, and 2 h
unless stated otherwise. The position of the run-off transcript is indicated as
RO. (C) Transcription assay with 1 mM rNTPs in the presence of 1 uM of TFIIS.
Pol Il EC-TFIIS was preincubated for 10 min before adding 1 mM of rNTPs.
Time points are 0, 10 s, 3 min, 30 min, and 2 h.

Here we systematically investigated the molecular basis of how
these guanine-derived oxidized lesions affect RNA Pol II tran-
scription using a combined biochemical and structural approach.
We found that both Gh and Sp lesions cause two consecutive
transcriptional stalling events. Transcription factors Rad26 (yeast
Cockayne syndrome B protein [CSB] ortholog) and TFIIS failed
to rescue transcriptional stalling. We further investigated how
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these lesions affect individual transcriptional fidelity check-
point steps. Finally, we performed comprehensive structural
analysis that captures structural snapshots of Pol II processing a
site-specific Gh lesion in a stepwise manner. We reveal how Gh
is accommodated when Pol II initially encounters the Gh lesion,
how ATP binds and is incorporated opposite the Gh lesion, how
the translocation of Gh-AMP pair is jammed via a unique
reconfiguration of the Gh lesion, and how Pol II gets arrested and
backtracked. Taken together, these results provide mechanistic
understanding of how Pol II deals with guanine-derived oxidative
damage during transcription.

Result

Nonbulky Gh and Sp Lesions, but Not 80G, Lead to Strong Pol I
Stalling. To investigate the effect of these damaged bases on
transcription, we performed in vitro transcription assays using
purified 12-subunit yeast RNA polymerase II with either a
miniscaffold (Fig. 1B) or full-bubble scaffold (Fig. 2) containing
a site-specific damaged base in the tsDNA. We found very dis-
tinct Pol II behaviors that range from full bypass to almost
complete stalling for these DNA lesions (Fig. 1B). We observed
dominant run-off transcripts in undamaged dG or 8OG tem-
plates. In sharp contrast, we observed few run-off transcripts, but
at least two strong consecutive stalling bands for R-Sp and S-Sp
templates. These two consecutive stalling bands (9mer and
10mer) suggest that nucleotide incorporation opposite DNA
lesions and subsequent extension steps are significantly retarded.
For transcription from the Gh-containing template, we observed
strong pausing bands at early time points as well as accumulative
run-off transcripts with prolonged incubation.

TFIIS and Rad26 Cannot Rescue Transcription Stalling by Gh and Sp
Lesions. TFIIS is an elongation factor that stimulates cleavage of
backtracked transcripts and reactivates Pol II elongation. As a
result, TFIIS enhances overall bypass over some types of tran-
scriptional barriers and DNA lesions (24, 25). To test whether
TFIIS can rescue transcriptional stalling induced by these oxi-
dative lesions, we performed the transcription assay in the pres-
ence of TFIIS. It is intriguing to note that the presence of TFIIS
significantly reduced the run-off product levels from templates
with Gh and Sp lesions in a TFIIS dose-dependent manner, while
the impact on run-off transcripts from dG and 8OG templates is
minimal (Fig. 1C and SI Appendix, Fig. S1). Similarly, TFIIS is
unable to rescue transcriptional stalling induced by Gh or Sp le-
sions using the full-bubble scaffold (Fig. 2). These results indicate
that RNA transcripts with Gh or Sp lesions are active targets of
TFIIS-stimulated cleavage activity (see following section and
Discussion).

Rad26/CSB, a key factor in transcription-coupled repair, is
recruited to stalled Pol II and initiates transcription-coupled
repair (26-28). Our recent structure revealed the molecular
basis of how Rad26 helps to distinguish different types of tran-
scriptional arrest during the DNA lesion recognition step: upon
binding upstream of stalled Pol II, Rad26 can facilitate Pol II
forward translocation and therefore rescue some types of tran-
scriptional stalling imposed by noncovalent transcriptional bar-
riers and small DNA lesions, whereas Pol II stalled by bulky
lesions remains arrested in the presence of Rad26 and commits
to recruitment of downstream repair factors (26-28). To in-
vestigate whether oxidative lesion-induced transcriptional stall-
ing can be rescued by Rad26, we performed the transcription
assay using the full-bubble scaffold shown in Fig. 2. The result
shows that the transcription stalling induced by Gh or Sp lesions
cannot be rescued by adding Rad26 and TFIIS. We speculate
that these oxidative lesion-induced prolonged transcriptional
stalling events provide a strong signal for transcription-coupled
repair in vivo (29).
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Fig. 2. Transcription assay in the presence of Rad26 and TFIIS. Pol Il ECs were prepared with a full-bubble scaffold, and transcription assay was performed in
the presence or absence of 100 nM Rad26 and 300 nM TFIIS. Time points are 0 (control, without rNTPs), 1 min, 3 min, 10 min, and 30 min. Rad26 was added
before the reaction started, while TFIIS was added together with 1 mM of rNTPs because preincubation with TFIIS and EC leads to partial degradation of RNA.
Addition of Rad26 or TFIIS did not change the stalling patterns of the Gh or Sp lesion-containing scaffold.

Error-Prone Incorporation of Purines opposite Gh and Sp Lesions. To
further understand how these DNA lesions affect nucleotide
selectivity at the incorporation step, we performed a single-
nucleotide incorporation assay by adding individual rNTPs to
the 9mer RNA scaffold (Fig. 3 4 and B and SI Appendix, Fig. S2).
As shown in Fig. 3, Gh and Sp strongly prefer error-prone incor-
poration, whereas the dG template favors error-free (C) incorpo-
ration and the 80OG template supports both effective error-free (C)
and error-prone (A) incorporation (21). The preference for nu-
cleotide incorporation for Gh and Sp template is ranked as follows:
A>G>>C~U

To compare the relative efficiency of ATP misincorporation
opposite these chemically related oxidative lesions, we measured
kinetic parameters of ATP incorporation for the different bases
(Fig. 3C and SI Appendix, Fig. S3 and Table S1) and compared
them with those of abasic site and nondamaged dT from our
previous reports (30). As shown in Fig. 3C and SI Appendix,
Table S1, the efficiency of ATP misincorporation is extremely
low for the undamaged dG template with a k,1/Kgapp value of
1.09 x 10~* (min~"pM™'). The presence of oxidative DNA lesions
dramatically enhances the efficiency of ATP misincorporation.
For the 80G template, the efficiency of ATP misincorporation
opposite 80G is increased by 2,100-fold compared to that of
nondamaged dG (compared by k,o/Kq app), further supporting
previous reports that 8OG can form a Hoogsteen base pair with
A (21, 31). For the Gh template, there is a 141-fold increase of
Kpo'Ka,app for ATP misincorporation compared to that of the
undamaged dG template. Interestingly, the ky, value of Gh is
about two times lower than that of 80G, while Ky .y, is about
eight times weaker. This result suggests that 8OG is a better
base-pairing partner for ATP, compared to Gh. We also com-
pared the two stereoisomers R-Sp and S-Sp. The efficiencies for
ATP misincorporation are about 30- and 17-fold higher than that
for undamaged dG, respectively. It is also intriguing to note that
the efficiencies for ATP incorporation of all four oxidative le-
sions (80G, Gh, R-Sp, and S-Sp) are higher than that for the
abasic site, varying from 3-fold to over 400-fold. These results
indicate distinct mechanisms among these oxidative lesions in
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facilitating ATP misincorporation other than the canonical
nontemplated A-rule (30, 32).

Slow Error-Prone Bypass, but Not Error-Free Bypass, Is Allowed for
the Gh Lesion. To investigate the effect of these oxidative lesions
on extension steps, we systematically performed extension assays
using scaffolds containing 10mer RNA with either C (10C, ex-
tension from error-free bypass), A or G (10A or 10G, extension
from error-prone bypass) at the 3’ end (Fig. 44).

For the extension after error-free nucleotide incorporation
(Fig. 44, 10C), we observed few run-off and extension products
for Gh and Sp templates, which is in sharp contrast with results
from nondamaged G and 80G templates (Fig. 4B). These results
suggest that error-free extension is greatly inhibited for Gh and
Sp templates.

For the extension after ATP misincorporation (Fig. 44, 10A),
we observed run-off transcripts with prolonged incubation for G,
80G, and Gh templates, suggesting slow error-prone bypass of
these lesions after ATP misincorporation (Fig. 4C). In contrast,
few run-off and extension products were observed for Sp tem-
plates. We also observed a similar trend for the extension after
GTP misincorporation (SI Appendix, Fig. S4).

We further investigated whether the presence of the lesion
affects the fidelity of the extension step (Fig. 4 D and E). In all
lesions tested, UTP is preferred (if there is an extension prod-
uct). It is noteworthy that no obvious rNTP incorporation was
observed in the scaffolds with 10C containing Gh and Sp lesions
(error-free scaffold), suggesting the error-free extension is greatly
inhibited. In sharp contrast, slow UTP incorporations were ob-
served for the scaffolds that mimic error-prone extension (10A
and 10G) (Fig. 4 and SI Appendix, Fig. S4).

In summary, these chemically related lesions derived from
guanine oxidation have distinct effects on transcription exten-
sion. The presence of 8OG in tsDNA supports both error-free
(10C) and error-prone extension (10A), which is consistent with
previous reports suggesting error-prone bypass of the 8OG le-
sion (21, 31). Contrastingly, the presence of Gh and Sp lesions

Oh et al.
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Impact of consecutive oxidation products of guanine on substrate selectivity and ATP incorporation kinetics. (A) The sequences of the transcription

scaffold containing site-specific lesions. X represents G, 80G, Gh, R-Sp, or S-Sp, respectively. The color code is the same as in Fig. 1B. (B) Single nucleotide
incorporation assay. Pol Il EC with Gh, R-Sp, or S-Sp prefers A and G incorporation (purines), whereas 80G preferentially incorporates both A and C. A total of
50 uM of each rNTP was used as final concentration. The time points are 0, 10 s, 3 min, 30 min, and 2 h. (C) Kinetic parameters of ATP incorporation opposite
each lesion. We compared rate constants (kpo), apparent substrate binding affinity (Kq,app), and overall catalytic efficiency (Log kyo//Kg,app)- The color codes
for parameters are: black (dT), blue (dG), red (OG), green (Gh), purple (R-Sp), yellow (5-Sp), and cyan (abasic site [AP]). Raw gel data are shown in S/ Appendix,
Fig. S3. All data were processed by using Prism. Error bars indicate SE calculated from regression fit. Kinetic parameters of dT and abasic site are referred to
from our previous paper (30). Numerical values are indicated in S/ Appendix, Table S1.

strongly inhibits error-free incorporation and extension. Only
slow error-prone extension is allowed for the Gh lesion.

Effect of Oxidative Lesions on TFIIS-Stimulated Proofreading Cleavage.
Transcription elongation factor TFIIS plays an important role
in stimulating proofreading cleavage of mismatched RNA tran-
scripts (24, 25). To test whether misincorporation opposite oxi-
dative lesions can be recognized by TFIIS-stimulated cleavage, we
incubated TFIIS with Pol IT EC harboring different types of 10mer
RNA and damage, in the absence of rNTPs (Fig. 5). As shown in
Fig. 5, TFIIS preferentially cleaves mismatched pairs (10A:G or
10G:G pairs) but not a matched pair (10C:G) for the undamaged
dG scaffold. Intriguingly, the presence of 8OG inhibits cleavage of
both 80G-10C and 80OG-10A. This result indicates that 8OG-C
and 80OG-A base pairs are recognized as “matched” pairs and
therefore misincorporation of ATP opposite 8OG escapes Pol II
proofreading.

In sharp contrast, almost all RNA transcripts opposite Gh or
Sp lesions we tested are effectively cleaved by TFIIS, indicating
that after addition of a nucleotide to the +1 site, these lesions
are prone to backtracking and cleavage in the absence of rNTPs.
We also found that the scaffold containing R-Sp and 10G was
significantly more resistant to TFIIS-induced cleavage. It is
noteworthy that the R-Sp lesion was previously shown to be more
resistant to nuclease P1 digestion and NEIL1 cleavage compared
to the S-Sp (33, 34).

Oh et al.

Structural Insights into Gh Lesion-Induced Transcriptional Stalling. To
understand the molecular basis of Gh-induced transcriptional
stalling, we solved seven Pol II structures (S Appendix, Table S2):
six Gh lesion-containing structures and one structure containing
the undamaged template (as a control). These structures capture
snapshots of Pol II processing the Gh lesion in a stepwise manner:
encounter (before ATP binding, states 1 and 1*), ATP binding
(before chemistry, state 2E), nucleotide incorporation (post-
chemistry, state 3), translocation (state 4), and extension and
backtracking (states 5 and 6), respectively.

To understand how Gh is loaded into the active site when Pol
IT encounters a Gh lesion, we solved the encounter structure at
3.4-A resolution (before ATP binding, states 1 and 1*). Pol I EC
is essentially in a posttranslocation state in which the active site is
available for substrate binding (Fig. 6 4 and B). Interestingly, we
observed two conformers of the Gh lesion in a single crystal that
fit the electron density: one is located in the +1 canonical
template position (state 1) and the other is above the bridge helix
(state 1*) (Fig. 6B and SI Appendix, Fig. S54 and Movie S1). The
relative occupancy of states 1 and 1* is 0.45 and 0.55, respec-
tively. The Gh lesion in state 1* represents a half-way translo-
cation position (Fig. 6B). The nucleobase of Gh (hydantoin ring)
is shifted about 3 A compared with the corresponding un-
damaged dG at the canonical +1 template position (Movie S2).
Furthermore, the distance between the guanidinium group of the
Gh lesion and its own 5’ phosphate group is only 2.9 A, sug-
gesting potential hydrogen bonding between these two groups
(Fig. 6B and SI Appendix, Fig. S54). In addition, the phosphate

PNAS | April 28,2020 | vol. 117 | no.17 | 9341

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1919904117/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1919904117/video-2
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919904117/-/DCSupplemental

ntsDNA
tsDNA

5’ TCAGCGAGAGAGAGAAGG 3’
3’ GTAGCTCTCCXAGTCGCTCTCTCTCTTCC 5’
5’ AUCGAGAGGY

X: G,0G,Gh,R-Sp,S-Sp

B G 0G Gh R-Sp S-Sp
Time 0 10”3 30'120" 0 10”3 30'120' 0 10”3 30’120 0 10”3 30'120" 0 10”3’ 30120’
- - - p—_ ] Ro
®- ®=- Oessegesss®esss® | |C
1 mM rNTPs
D G 0G Gh R-Sp S-sp
Time 0 10”3 30'120° 0 10”3 30'120' 0 10”3 30'120° 0 10”3 30'120' 0 10”3’ 30'120’
oo | loBaes PR 10C

1mMUTP

Y: Aor CorG (10A or 10C or 10G)

G oG Gh R-Sp S-Sp
Time 0 10”3 30'120° 0 10”3’ 30'120' 0 10”3 30'120° 0 10”3’ 30" 120' 0 10" 3' 30'120'
- - -—- RO
- -
oo e o= Snee  BwET 10A
1 mM rNTPs
E G oG Gh R-Sp S-Sp
Time 0 10”3 30'120' 0 10”3 30'120° 0 10"3' 30'120' 0 10”3 30120 0 10”3 30120’
- -
“::’ .?.-. ..: - e o (10A
1 mM UTP

Fig. 4. Transcriptional pausing or bypass of consecutive oxidative lesions. (A) Sequences of scaffold used in transcription extension assay. X represents G,
80G, Gh, R-Sp, or S-Sp, respectively. Y represents A, C, or G, respectively. The color code is the same as Fig. 1B. (B-E) Extension (Upper) assay beyond the
oxidative lesion using 10C (Fig. 4 B and C), 10A (Fig. 4 D and E), and 10G (S/ Appendix, Fig. S4) primer, respectively. The reaction was incubated with either
a mixture of four rNTPs (1 mM) (Fig. 4 B and D and S/ Appendlix, Fig. S4) or individual rNTPs as shown in the figure panels (Fig. 4 C and E and S/ Appendix, Fig. S4).

The time points are 0, 10 s, 3 min, 30 min, and 2 h.

backbone is also rotated toward R337 in Rpb1 about 3.4 A and
forms a hydrogen bond. This results in a sandwiched 5’ phosphate
group of Gh by its guanidinium group and R337 in Rpbl. The
state 1* (Gh) is similar to the half-way translocation positions
observed in Pol IT EC containing other DNA lesions (Fig. 6C) (30,
32, 35). The rmsd value for the structure of Pol II containing the
Gh lesion was less than 0.7 with Pol II containing an abasic site
(Protein Data Bank [PDB]: 6BLO), a cyclobutane pyrimidine di-
mer (CPD, PDB: 4A93), an 8,5'-cyclo-2’-deoxyadenosine (CydA,
PDB: 4X6A) lesion in DNA (21, 30, 32, 35). The presence of Gh
in the DNA template does not change the overall structure of Pol
IT EC beyond the active site.

To investigate how the ATP substrate is bound and sub-
sequently incorporated opposite the Gh lesion, we obtained
Gh-AMPCPP and Gh-ATP complex structure by soaking with
AMPCPP (nonhydrolyzable ATP) or ATP, respectively (Fig. 7).
The Gh-AMPCPP represents the state of ATP binding (before
chemistry, state 2E), whereas the Gh-ATP complex structure
represents the state after ATP incorporation (postchemistry,
state 3). In state 2, we found that AMPCPP binds to the entry
site (E-site) instead of the addition site (A-site) (Fig. 74 and
SI Appendix, Fig. S5 B, Bottom). In sharp contrast, in the ATP
soaking structure (state 3) that allows chemistry, we found ATP
occupies the addition site and is incorporated to the 3’ end of
RNA, indicating chemistry drives the equilibrium from E-site to
A-site. Pol I1 is in a pretranslocation state (Fig. 7 4, Right). We
also observed clear electron density for pyrophosphate (PPi) in
this structure (Fig. 8, Top). Intriguingly, in both nucleotide
soaking structures (states 2 and 3), we found that the Gh base is
loaded at the canonical template position equivalent to state 1
(Fig. 8 and SI Appendix, Fig. S5C). Therefore, binding of ATP
stabilizes the loaded conformation of the Gh base (Fig. 7B). In
state 3, we observed base pairing between Gh and AMP via
hydrogen bonds that resembles base pairing between dT and
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ATP in Pol IT or Gh and dATP in a DNA polymerase (36, 37),
with the exception that the Gh lesion is facing much more to-
ward the minor groove (SI Appendix, Fig. S5D). Interestingly,
the hydrogen bonding interaction between R337 and the phos-
phate backbone is still maintained in these structures, which is
absent in the structure containing the undamaged dG template
(Fig. 6B and SI Appendix, Fig. S5D).

To understand how Pol II translocates after ATP in-
corporation, we solved a new structure containing the Gh tem-
plate and a synthetic 10A RNA primer (state 4). This structure
captures Pol II in a new translocation intermediate state: the
RNA chain is translocated (along with its base pair partners in
upstream DNA template strand) 1 nt upstream and leaves the
active site empty, but the downstream DNA template strands fail
to translocate to cross over the bridge helix (Fig. 8, second panel;
Movie S3). Intriguingly, we found that the nucleobase of Gh is
rotated about 90° which is perpendicular to RNA:DNA base pair
planes. As a result, the Gh occupies both canonical —1 and +1
sites (Fig. 8, second panel) and the downstream 5’ A template
base of Gh failed to be loaded into the canonical +1 template
position. Furthermore, Arg337 interacts with the 5’ phosphate
group of the next base. Therefore, our structure was in a “half
posttranslocation” state, in which RNA and most of the up-
stream tsSDNA was translocated, but the +1 base was not loaded.
These results suggest that the Gh:A base pair at the —1 position
is unstable and tends to fall apart. Our structure provides a
structural explanation of slow bypass of the Gh lesion site ob-
served in the transcription assay (Fig. 1B).

To investigate whether addition of the correct UTP substrate
can induce loading of the +1 base to the active site, we soaked
Gh-10A crystals with 10 mM UTP (Fig. 8 and SI Appendix,
Fig. SSE). Consistent with transcription assay results, we ob-
served slow incorporation of UTP to the RNA strand (state 5).
The newly added UMP is accommodated at the addition site,
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Fig. 5. The presence of an oxidative lesion changes Pol Il proofreading
dramatically. TFIIS-stimulated cleavage analysis of 10mer RNA scaffolds with
different lesions were performed by incubation with 600 nM of TFIIS. Time
points are 0 (control, without TFIIS), 3 min, 10 min, 30 min, and 2 h. Pol I fails
to distinguish 10A:0G mismatched pair and 10C:OG pair, as the TFIIS-
stimulated cleavage activity of 10A:0G and 10C:OG are greatly abolished. In
contrast, the 10G:0G is recognized as a mismatched pair with high cleavage
activity. Intriguingly, Gh and both Sp lesions always lead to high cleavage
activities regardless of the 3’ end primers (10A, 10C, and 10G).

resulting in Pol II EC in a pretranslocation state. However, we
did not observe full translocation of the 5’ A base to the +1 site
that forms a Watson—Crick pair with UMP. Rather, the Gh base
is still occupying both —1 and +1 sites because of the unstable
nature of the Gh:A pair at the —1 position. One of the crystals
soaked with UTP for prolonged incubation revealed a back-
tracked state with two consecutive UTP additions (SI Appendix,
Fig. S5E) (state 6). The Gh lesions in states 5 and 6 adopt very
similar unusual perpendicular conformations observed in state 4.

A Torsion Latch Transcription Stalling Mechanism through Lesion
Reconfiguration within the Active Site via Noncanonical Interactions.
The unusual perpendicular conformation of Gh observed in states
4 through 6 was totally unexpected, as it needs to break a n—n
interaction between the hydantoin ring and upstream base pairs as
well as hydrogen bonds within Gh:A base pairs. The loss of these
interactions must be energetically compensated by new chemical
interactions.

To take a closer look at how this unusual perpendicular Gh
base is stabilized in the active site, we examined the surrounding
environment of the hydantoin ring of Gh. We identified sev-
eral important interactions that stabilize this unusual perpen-
dicular configuration of the Gh lesion from above, below, left,
and right (Fig. 8B). These interactions include noncanonical
lone pair-= interaction, CH—r interaction, as well as canonical
hydrogen bondings.

From the above, we found that the C2 carbonyl group of the
Gh hydantoin ring faces toward the center of the nucleobase of
the upstream template base and forms a lone pair-n interaction
with the upstream base (Fig. 8B and SI Appendix, Fig. S6). The
lone pair—n interaction is defined as the interaction between
a neutral electron-rich molecule and an electron-poor n ring
(38, 39). This type of noncovalent bond was previously reported
in a few nucleic acid structures, such as left-handed Z-DNA du-
plex, uridine-turn motifs of RNAs, as well as a RNA pseudoknot
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(38, 40-44). However, to the best of our knowledge, there is no
previous report for the involvement of lone pair—r interactions in a
protein—nucleic acid complex like transcription machinery (over
600 kDa) that is essential for biological function (such as lesion
processing and transcriptional stalling). From the bottom of the
Gh lesion, we found the hydrogen bonding between the C4 car-
bonyl group of the Gh hydantoin ring and conserved Thr831
(Rpb1) from the bridge helix motif further fix the hydantoin ring
of Gh lesion. Thr831 is a strictly conserved residue in the bridge
helix and has an important role for Pol II translocation (45-47).

From the left of the Gh lesion, we identified that the con-
served Pro448 (Rpbl) forms CH-rn interaction with the per-
pendicular hydantoin ring of Gh. The Pro448 is located in a
motif consisting of a connection loop between the two f-sheets
(B14 and p15) in the Pol II active-site domain (48, 49). Previously
we termed the P448-containing loop (Rpbl 440 to 460) as the
“Pro-gate” loop, because it faces toward the minor groove of a
RNA:DNA hybrid and acts as a “steric gate” to prevent or slow
down the translocation of DNA with minor groove alkylation
(50). The work presented here reveals a distinct function of this
conserved Pro residue. From the right of the Gh lesion, the
oxygen of the 5’ phosphodiester backbone of Gh faces toward
the hydantoin ring of Gh and may potentially form additional
lone pair—= interactions from the opposite side of the hydantoin
ring (Fig. 8B). The flexible positively charged guanidinium group
of Gh may also contribute to additional interactions with the
nearby negatively charged template phosphodiester backbone or
Pol II active site residues. Taken together, these coordinated
interactions between Gh and the Pol II active site help to recon-
figure and stabilize the Gh lesion in this unusual perpendicular
configuration and lead to transcriptional stalling.

It is important to note that the Gh lesion per se does not lead
to this reconfiguration, rather the specific interactions with the
Pol 1II active site promote this unusual perpendicular conforma-
tion of Gh. We didn’t observe this unusual perpendicular con-
formation in other scenarios such as Gh in duplex DNA or in the
DNA polymerase active site from previous reports (36, 37). The
environment of the Gh lesion within the Pol II active site is
strikingly different from that in the DNA duplex or DNA poly-
merases’ active site; it is surrounded by an upstream RNA:DNA
hybrid (A-form), bridge helix, and other active site residues
(48, 51). The reconfiguration of the Gh lesion promoted by the
Pol II active site functions as a “molecular torsion latch” to
“lock in” RNA polymerase from moving forward.

Discussion

Impact of Guanine-Derived Oxidative Lesions on Pol Il Transcription
Elongation Dynamics and Fidelity. Successive oxidation of guanine
leads to several chemically related oxidative lesions, including
80G, Gh, R-Sp, and S-Sp lesions. Here we systematically in-
vestigated the effect of these guanine-derived oxidative lesions
(80G, Gh, R-Sp, and S-Sp) on RNA Pol II transcription using
structural analysis and biochemical assays. First, we showed that
these four lesions lead to a wide spectrum of distinct transcrip-
tion elongation dynamics. While Pol II is able to effectively by-
pass 80OG lesions, it becomes virtually completely arrested at
R-Sp and S-Sp lesions. Gh leads to strong stalling and allows a
small portion of slow bypass. Second, we showed that while all
lesions are highly transcriptionally mutagenic, the molecular
mechanisms of these four lesions in modulating transcriptional
fidelity are lesion specific. Nucleotide preference is also signifi-
cantly changed among the four lesions. 8OG allows fast in-
corporation of C and A, which is consistent with previous reports
(21, 31). Strikingly, the presence of 80G greatly increases the
efficiency of error-prone ATP incorporation by 2,100-fold. The
discrimination between error-free and error-prone extension
from the lesion is greatly diminished for 8OG. We found both
8OG:A and 80G:C can be extended similarly. Intriguingly, we
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Fig. 6. Crystal structure of Pol Il elongation complex encountering a Gh
lesion. (A) Overall structure of Pol Il EC harboring a Gh lesion is shown. For
clarity, part of Rpb2 (residues from 20 to 770) is omitted. Color codes are as
follows: tsDNA (TS, blue), ntsDNA (NTS, dark green), RNA (red), bridge helix
(BH, green), trigger loop (TL, purple), Mg2+ ion (black), and other elements
(gray). Schematic representation of miniscaffold with bridge helix is shown
with the same color codes. The Gh lesion and downstream undamaged 5’
template nucleobase are shown in yellow and cyan, respectively. (B and C)
Structural comparison of +1 bases between Gh to nondamaged (dG), abasic
site (AP), or CPD lesion (PDBs: 6BLO and 4A93) (30, 35). (Left) Canonical view
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also showed that Pol II fails to detect the mismatched 8OG:A
base pair via its cleavage proofreading mechanism. This explains
the molecular mechanism of why the 8OG lesion is highly
transcriptionally mutagenic in vivo (52, 53). In contrast to 80G,
Gh and Sp prefer incorporation of purines (A and G) rather than
C, which are similar to prior results from DNA polymerase and
reverse transcriptase studies (19, 20).

For the Gh lesion, we observed slow extension products from a
Gh:A pair, but not from a Gh:C pair in the absence of TFIIS. We
observed strong TFIIS-stimulated cleavage of the Gh:A pair in
the absence of NTPs, indicating that the Gh:A pair is prone to
backtracking. The net effect of the Gh lesion on transcription
depends on the relative rates of nucleotide incorporation (Pol II
polymerase activity for transcript extension), as well as intrinsic
and TFIIS-stimulated cleavage activity (proofreading and short-
ened transcripts). Given the slow ATP incorporation opposite
the Gh lesion and strong TFIIS cleavage activity, we expected
to observe strong transcriptional stalling in the presence of
TFIIS. Indeed, we observed the ratio of stalling bands to run-
off product is much higher in the presence of TFIIS (Figs. 1C
and 2 and SI Appendix, Fig. S1). The strong Gh-induced stalling
is also consistent with a previous report using HeLa nuclear
extract (23). For both R-Sp and S-Sp lesions, ATP and GTP
incorporation are preferred and CTP incorporation is greatly
inhibited in the first step. Pol II experiences almost complete
blockage after one more nucleotide incorporation from the Sp:A
base pair. Strong TFIIS-stimulated cleavage of the Sp:A pair
suggests that the Sp:A pair is also highly prone to backtracking.

We further compared the catalytic efficiency of ATP in-
corporation opposite G-derived oxidative lesions (SI Appendir,
Table S1). ATP incorporation efficiency opposite 8OG is 2,100-
fold higher than that of undamaged G, presumably due to a
proposed Hoogsteen base pair between 80OG and A for ATP in-
corporation (21, 22, 31, 52, 54). For the Gh lesion, the efficiency of
ATP incorporation is about 140-fold more efficient than that of
undamaged G. This relatively high efficiency may be attributed to
potential hydrogen bonding between Gh and ATP (Fig. 7).

Structural Basis of Gh Lesion-Induced Pol I Stalling. The impact of
DNA lesions on transcriptional outcomes can vary dramatically
from full bypass, to pausing, to full arrest. Some of the bulky,
helix-distorting lesions induce prolonged pausing/arrest of EC and
trigger transcription-coupled nucleotide excision repair (TC-NER),
whereas other DNA lesions can be bypassed by translesion RNA
synthesis (50, 55, 56). Sometimes Pol II can slowly bypass the le-
sion site in a nontemplated, error-prone mode called the “A-rule”
(30, 32, 35). This slow error-prone bypass prefers to incorporate
ATP or GTP in a nontemplate-dependent manner. We and others
previously revealed the structural basis of the A-rule guiding the
transcriptional processing of several DNA lesions (30, 32, 35).
Interestingly, we revealed a striking structural similarity between
completely different sizes of oxidized lesions, abasic site, and
cyclobutane pyrimidine dimer (CPD) (30, 35). Both abasic site and
CPD lesions were accommodated at a half-way translocation in-
termediate state above the bridge helix, and the 5’ phosphate
group interacted with R337 of Rpbl (Fig. 6 B and C). Intriguingly,
our encounter structure containing the Gh lesion (state 1*) also
shows similar features. The 5’ phosphate group of the Gh lesion

of the active site, where Gh, abasic site, or CPD lesion is located at a common
half-way translocation intermediate position (Right above the BH), while dG
base is correctly loaded at the +1 canonical template position (fully across
the BH). (Right) The 90° rotated view (along x axis) from Left, the hydrogen
bonds between R337 and 5’ phosphate group of lesions are highlighted in
dashed lines. The Gh base in state 1* is colored in white, while other +1 bases
are colored in yellow.
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Fig. 7. Structural basis of ATP binding and incorporation opposite the Gh lesion. (A) The overview structures of the Pol Il EC active site at four different
snapshots of ATP binding and incorporation (states 1%, 1, 2E, and 3). The Gh template and incoming ATP are colored in yellow. Mg?* ion is represented as a
black sphere. Residues that interact with nucleotide substrate or metal are indicated. Dashed circle indicates the A-site. Schematic representations of each
state are shown at Bottom. Rpb2 R1020 is labeled as 2_R1020. All other labeled Pol Il residues are from Rpb1 subunit. (B) Comparison of base pairing between
dT: A or Gh: A in RNA pol Il, and Gh: A in DNA polymerase (PDBs: 4A3L and 3NAE). The Gh base from state 3 and rA' s colored in yellow, while other bases
are colored in white. Dashed line indicates potential hydrogen bonding distance. Black arrow indicates movement of the hydantoin ring of the Gh lesion

upon ATP binding.

interacted with R337, and this interaction remained in the ATP-
incorporated pretranslocation state.

Our structures (states 2 and 3) provided insights into ATP
binding and incorporation opposite the Gh lesion. First, we
revealed the ATP substrate (AMPCPP) prefers to bind to the
entry site (state 2E) rather than the addition site (before chem-
istry). In contrast, overnight soaking with ATP allowed the in-
corporation of AMP opposite the Gh lesion, suggesting that ATP
is able to convert from the E-site to the A-site to allow a nucle-
otide addition reaction (state 3). We found that Gh can form
hydrogen bonds with incorporated AMP in RNA but not free
substrate AMPCPP, suggesting while the hydrogen bonding
between Gh and AMP may facilitate ATP incorporation, it is
not sufficient to keep ATP in the addition site before chemistry
(Fig. 7B). We also successfully solved another crystal structure
containing the Gh lesion with 10mer RNA in the posttranslocation
state (state 4; Fig. 8, second panel). Taken together, we were able
to summarize the snapshots of ATP incorporation opposite the
Gh lesion (Fig. 74). The incoming nucleoside triphosphate first
binds the entry site (E-site) when it enters into the active site of
Pol II (state 2E). Subsequently, it rotates toward the addition site
and base pairs with template strand DNA (state 2A), leading to
nucleotide incorporation (state 3) (51, 57, 58). Our soaking
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structure of AMPCPP suggests that although ATP is the most
favorable substrate for the Gh lesion, it occupies the E-site
predominantly (state 2E). This result is consistent with the ap-
parent weak binding affinity of ATP measured by kinetic analysis.
New structures also suggest that ATP incorporation opposite the
Gh lesion is partially template dependent, which explains why the
efficiency of ATP incorporation opposite the Gh lesion is about
30-fold higher than that of ATP incorporation opposite an abasic
site (template independent).

We unraveled a distinct mechanism of nonbulky lesion-
induced Pol II stalling. The most striking finding in this work
is that we revealed a unique conformational change of the Gh
lesion promoted by the Pol II active site. We found that the
hydantoin ring of the Gh lesion rotates about 90° which is per-
pendicular to the base pair planes. As a result, Gh occupies two
neighboring template positions (both —1 and +1 template po-
sitions) in the active site and causes the failure of loading of
downstream template DNA into +1 template positions (Fig. 8).
We suggest that this unusual 90° rotated base is the major reason
for prolonged stalling and slow extension. Our crystallographic
studies offer a structural explanation of a long-standing puzzle in
the field, why nonbulky lesions like Gh cause strong transcrip-
tional blockage similar to 1,2-intrastrand crosslinks such as CPD
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Fig. 8. Unusual perpendicular Gh lesion reconfiguration impairs proper
loading of the downstream undamaged 5’ template nucleobase during the
extension step. (A) Structural analysis of consecutive translocation and ex-
tension of EC containing Gh lesion. (Left) Show canonical views of Pol II
active sites in four states (states 3 to 6), with 2Fo-Fc electron density map of
each scaffold contoured at 1.1 . In state 3, Gh lesion is located at canonical
+1 template position and newly incorporated rA'® is located at the pre-
translocated state. The pyrophosphate group is shown as PPi. In state 4, rA'®
is translocated to —1 position, whereas the hydantoin ring of Gh rotates
about 90°, thereby occupying both canonical —1 and +1 template positions.
Crystal structures after UTP soaking were solved in two successive incorpo-
rations of UTP (S/ Appendix, Fig. SSE) (states 5 and 6). In state 5, the rU"" is
located at the pretranslocate state, whereas Gh occupies between the ca-
nonical —1 and +1 template positions. (Right) Schematic representation of
extension which starts from state 3. (B) Detailed analysis of binding envi-
ronment of rotated Gh base in state 5. Possible hydrogen bonding is in-
dicated with black dashes. Lone pair-r and CH—r interactions are indicated
with red and blue dashes, respectively. To indicate the binding pocket of
rotated Gh, surface is shown in gray.
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and cisplatin-DNA adduct. It is striking to find that the five-
membered hydantoin ring is rotated 90° so that it is perpendicu-
lar to the base pair planes and therefore occupies two neighboring
template positions, functioning like a 1,2-intrastrand crosslink,
such as CPD (SI Appendix, Fig. S7).

Structural Insights into Sp and Other Hydantoin Lesions Induced
Stalling. The Sp lesions share the same five-membered hydan-
toin ring (A-ring) with Gh lesions; Sp lesions are much more
rigid than the Gh lesion because the Sp lesions have two rigid
five-membered rings essentially perpendicular to one another,
whereas the Gh lesion has a flexible guanidinium group. To gain
insights as to whether Sp lesions can be accommodated in the
same way as the Gh lesion, we generated models of Sp lesions in
both state 1 and state 1* for the encounter step. As shown in
SI Appendix, Fig. S84, both R-Sp and S-Sp lesions are able to be
accommodated at the half-way point of translocation right above
the bridge helix without any apparent steric clash (state 1*). The
B-ring of R-Sp is facing toward the bridge helix, whereas the
B-ring of S-Sp is facing away from the bridge helix. Given that Sp
lesions are more rigid than the Gh lesion, we expected the
crossover of the bridge helix would be much more difficult for
Sp lesions.

To understand why nucleotide insertion opposite Sp lesions is
much slower than that for the Gh lesion, we prepared models of
Sp lesions in state 1 in which the template is fully loaded at the
+1 position for the incoming NTP. In contrast to state 1%, we
observe severe steric clashes in the template +1 position (state 1).
We found that the B-ring of R-Sp clashes with the bridge helix
backbone, whereas the B-ring of S-Sp clashes with the upstream
base pair. We also modeled Sp lesions in state 3 to evaluate
whether Sp lesions are able to form hydrogen bonds with an
incoming ATP (SI Appendix, Fig. S8B). Similar to what we ob-
served in state 1, there are severe steric clashes for both Sp le-
sions. These results suggest that both R-Sp and S-Sp lesions are
much more difficult to cross over the bridge helix and become
fully loaded at the template +1 position to support template-
dependent nucleotide incorporation compared to the Gh lesion.
Rather, Sp lesions likely stay in the half-way translocation state 1%,
and ATP is incorporated in a nontemplate-dependent manner
(A-rule). These models offer a structural explanation for why ATP
incorporation efficiency for Sp lesions is similar to that of the
abasic lesion, which is much slower than that of the Gh lesion.

As shown in Fig. 1, Sp lesions are much stronger blocks for Pol
IT transcription giving very few extension products beyond the
insertion step. To gain structural insights as to why this is the
case, we modeled the Pol II complex with Sp lesions in post-
insertion states. As shown in ST Appendix, Fig. S9, both Sp lesions
can form similar lone pair—r interactions observed for the Gh
lesion using the common carbonyl group in the hydantoin ring.
As a result, the hydantoin ring (A-ring) of Sp lesions is per-
pendicular to the base pair planes and consequently occupies
both canonical —1 and +1 template positions. Our model pre-
pared by superimposing the Sp lesions with N4 and the carbonyl
group of the n-1 position of cytosine in the nondamaged struc-
ture (dG, Fig. 6B) further supports this prediction. The properly
loaded state of Gh and Sp lesions clash with the template strand
except for R-Gh (SI Appendix, Fig. S9B). The B-ring faces the
major groove toward the bridge helix and serves as a stronger
blockage than the flexible guanidinium group of the Gh lesion,
preventing the 5’ downstream template nucleobase to cross over
the bridge helix and load. In addition, we also noticed that the
imine B-ring of R-Sp can form potential hydrogen bond with the
5’ phosphodiester backbone, whereas S-Sp cannot.

Hydantoin DNA lesions can be derived not only from purines,
but also from pyrimidines. It was reported that hydroxyl radical
oxidation of pyrimidines (thymine, cytosine, and the epigenetic
marker 5-methylcytosine [SmC]) also can produce hydantoin
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lesions, namely, Hyd-T, Hyd-C, and Hyd-5mC, respectively (59).
It is noteworthy that the major oxidation products of SmC from
hydroxy radical are 5-formylcytosine and Hyd-5mC.

To gain structural insights into hydantoin ring-induced Pol II
stalling, we aligned the hydantoin ring of Gh in our Gh-stalled
Pol II structures to the Sp A-ring (PDB: 4PPX), three hydantoin
ring-containing lesions, Hyd-T, Hyd-C, and Hyd-5mC (59, 60).
To this end, we generated stepwise models for Pol II complexes
containing various hydantoin lesions to understand the encoun-
ter (lesion loading), insertion, extension, and bypass steps, re-
spectively (SI Appendix, Figs. S8-S10). The mechanism of Pol II
stalling reported herein differs from those previously reported
stalling mechanisms by other DNA lesions and is likely to rep-
resent a distinct stalling mechanism shared by several ring-
modified DNA lesions. Further studies to investigate whether
these pyrimidine derived lesions also form the torsion latch
would be interesting.

Transcription-Coupled Repair of G-Derived Oxidative Lesions. Pre-
vious reports suggest that the Gh and Sp lesions can be targeted
by both base excision repair and global-genome nucleotide ex-
cision repair in human cells as well as in cell extracts (13, 29, 33,
61-67). However, it is unknown whether these lesions can trigger
the specific transcription-coupled repair pathways if located within
transcribing strands of gene bodies. Current TC-NER models
suggest that the prolonged arrested state of EC is the prerequisite
of TC-NER (5, 7). Small lesions or naturally occurring pausing
sequences can be bypassed in the presence of CSB by pushing EC
forward. However, bulky, helix-distorting lesions such as CPD,
cannot be overcome by CSB. This will lead to prolonged arrest of
EC, which becomes a strong signal to initiate TC-NER (5, 7, 26).

Our results further support the possibility that Gh and Sp
lesions can be processed by TC-NER. First, by combining
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transcriptional assays and structural analysis of Gh and Sp le-
sions, we showed that Gh, R-Sp, and S-Sp lesions severely block
transcription, while a small portion of Gh can be slowly bypassed
with misincorporation. Second, using an RNA transcript cleav-
age assay, we showed that RNA transcripts from Gh- or Sp-
containing scaffolds were efficiently cleaved, regardless of the
3’ base pairing opposite the lesion (Fig. 5). Furthermore, a
transcription assay using a full-bubble scaffold showed that the
addition of Rad26 or TFIIS fails to rescue the stalled EC for Gh,
R-Sp, and S-Sp lesions (Fig. 2). Our analysis provides a further
structural basis for prolonged stalling induced by Gh lesions
(Fig. 8). Taken together, we suggest that Gh and Sp lesions can
trigger Pol II stalling and subsequent transcription-coupled re-
pair pathways. It would be of great interest to test this with
in vivo studies in the future.
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