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Abstract

Reactive oxygen species, both endogenous and exogenous, can damage nucleobases of RNA and
DNA. Among the nucleobases, guanine has the lowest redox potential making it a major target of
oxidation. Although, RNA is more prone to oxidation than DNA, oxidation of guanine in RNA has
been studied to a significantly lesser extent. One of the reasons for this is that many tools that were
previously developed to study oxidation of DNA cannot be used on RNA. In the current study, the
lack of a method for seeking sites of modification in RNA where oxidation occurs is addressed.
For this purpose, reverse transcription of RNA containing major products of guanine oxidation
was used. Extension of a DNA primer annealed to an RNA template containing 8-oxo-7,8-
dihydroguanine (OG), 5-guanidinohydantoin (Gh), or the Rand S diastereomers of
spiroiminodihydantoin (Sp) was studied under standing start conditions. SuperScript 111 reverse
transcriptase is capable of bypassing these lesions in RNA inserting predominantly A opposite
OG, predominantly G opposite Gh, and almost an equal mixture of A and G opposite the Sp
diastereomers. These data should allow RNA sequencing of guanine oxidation products by
following characteristic mutation signatures formed by the reverse transcriptase during primer
elongation past G oxidation sites in the template RNA strand.
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Introduction

The nucleic acids DNA and RNA are prone to oxidative damage from reactive oxygen

species (ROS) that are formed during metabolism or induced by exogenous sources, such as
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UV radiation, ionizing radiation, or environmental toxins.1~* Exposure to these damaging
agents may result in modifications of nucleobases, strand breaks, or cross-links with other
molecules present in the cell.>~2 Oxidation of DNA has been an area of intense study for
over two decades because it can lead to irreversible mutations in the genetic code that result
in cancer and numerous genetic diseases.10-12

Oxidative damage to RNA has received much less attention. The likely reasons for this
include the many challenges of working with the inherently less chemically stable RNA and
the assumption that oxidation of RNA does not significantly disturb normal cell functions
due to turnover of RNA molecules in the cell.13 While the latter may be true for lower
organisms with predominantly short-lived RNA,14 the average half-life of MRNA in human
cells is ~10 hours while for the long-lived tRNA and rRNA this value can reach several
days.1®> On average mammalian cells contain at least as much RNA as DNA13: 16 and RNA
itself is 2-25 times’~19 more susceptible to oxidation by ROS 7 vivo than DNA. Therefore,
RNA oxidation can present a substantial challenge for cell survival, and multiple studies
have linked it to development and progression of cancer and neurodegenerative
diseases.20-29 Recent work has discovered pathways of surveillance, sequestration, and, in
some cases, repair of RNA damage.13: 30-34

Among the nucleobases, guanine has the lowest redox potential (1.29 V vs. NHE) that
makes it the major target for oxidizing agents.3® Thus, one of the most abundant lesions is a
product of its 2-electron oxidation, 8-oxo-7,8-dihydroguanine (OG).36 The redox potential
of OG is even lower than that of guanine (0.74 V vs. NHE) making these sites predisposed
to further oxidatios?® to yield two hydantoin lesions, 5-guanidinohydantoin (Gh) and
spiroiminodihydantoin (Sp) (Scheme 1).37: 38 OG has been found in both cellular DNA and
RNA, while Gh and Sp have thus far been characterized only in cellular DNA and in RNA
oligomers mimicking the tRNA anticodon loop or short single strands of RNA.18: 39, 40 The
latter lesion, Sp, exists as a pair of enantiomers (R-Sp and S-Sp) as the free base, which
form a pair of diastereomers once attached to the chiral ribose or 2’-deoxyribose
components in nucleic acids.*!

Mapping positions of the oxidation sites in DNA has been used for achieving a deeper
understanding of guanine susceptibility to oxidation and composition of the products on the
sequence and structural context.36: 42-46 However, methods that have been successfully used
for finding where oxidation events occur in DNA cannot be directly applied to RNA.40
Techniques developed for mapping nucleotide modifications in DNA or RNA could be
broken into 3 major categories.

Category one includes methods that induce a strand break directly in the studied sequence
by an enzyme or a chemical agent (e.g., Maxam-Gilbert chemistry, RNA digestion with
specific RNAses, or base excision from the DNA strand by repair enzymes) with further
analysis of products by PAGE or CE. We have previously tested the possibility of using
simple cleavage of oxidized bases in RNA by hot aniline treatment and discovered that most
products of guanine oxidation in RNA are more resistant to cleavage under standard
conditions than the same lesions in DNA when treated with hot piperidine.*? In addition,
RNA itself is more susceptible than DNA to position independent backbone cleavage,*’
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which results in a high background resulting in a limited practical use of chemical methods
for locating lesion sites.

Category two comprises mass spectroscopic techniques developed for characterization of
post-transcriptional modifications in RNA (e.g. simple analysis of MS/MS fragmentation of
oligonucleotides*® or more complex LC-MS/MS methods developed by the McCloskey
laboratory#9-51). Although, these methods can possibly be highly useful for mapping
guanine oxidation products, they have never been used for that purpose. Optimization of this
type of analysis for detection of oxidized lesions could be quite challenging considering that
oxidized lesions are likely to be more randomly distributed than localized post-
transcriptional modifications.

The third category consists of primer extension assays utilizing either incorporation of
natural (e.g. bisulfite sequencing of m°C, or SHAPE-MaP>2) or unnatural bases (e.g.
insertion of artificial nucleotides opposite m>C or 0-BnG>3-56) opposite modified
nucleotides or arrest of the polymerase activity, if it cannot efficiently insert a base opposite
the modification site (e.g. adenosine methylation by DMS or older versions of SHAPE
probing®’: 58). Currently, there are no known artificial bases that can be inserted opposite
OG or the hydantoin lesions with the required specificity to map exclusively these sites.?? At
the same time, multiple studies have described insertion of canonical nucleobases opposite
these lesions in DNA.69-65 The polymerases studied insert A or C opposite 0G®2: 63. 65 and
A or G opposite Gh and Sp,%9: 61 with the ratio highly dependent on the polymerase. Among
the aforementioned papers, only one was focused on polymerase insertion fidelity opposite
OG by RNA-dependent DNA polymerase®? called reverse transcriptase (RT). In that study,
insertion opposite OG in a DNA (not RNA) template strand by HIV1 RT was interrogated
finding insertion of A and C in a 14:1 ratio.5?

Thus, there are so far no conclusive reports on how reverse transcriptase enzymes behave
when they encounter OG, Gh, or Sp in a RNA template. The current paper focuses on testing
whether commercially available reverse transcriptase enzymes can insert canonical
nucleobases opposite OG, Gh, or Sp when located in a RNA template. For the potential use
of reverse transcription as a method for detection of oxidized guanine lesions, it should
either result in termination of polymerization at the lesion sites or insertion of any base other
than C to allow discrimination from unoxidized G. Considering that several types of RNA
(18S rRNA and tRNA in eukaryotes®6) contain post-transcriptional modifications, such as
mlG or m2,G, that also result in polymerase arrest,8 the latter option would be preferable
for application of this lesion sequencing approach on biological samples. Overall this study
provides a foundation for development of a method for mapping OG, Gh, or Sp in RNA
templates using reverse transcription to induce mutations that can be tracked after next-
generation sequencing.

Materials and Methods

Oligomer synthesis

DNA and RNA oligomers were synthesized by the core facilities at the University of Utah
using solid-phase synthesis following standard protocols. The RNA templates containing
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OG were synthesized using the commercially available rOG phosphoramidite (ChemGenes,
Wilmington, MA). The RNA strands were synthesized with a 3" dT to maximize the solid-
phase synthesis yield of the modified RNA strands; the added dT will not impact the
polymerase extension studies. All oligonucleotides were purified via analytical ion-exchange
HPLC and dialyzed against ddH,O.

Synthesis of the Sp and Gh hydantoins into the RNA strands was achieved utilizing the RNA
strand with rOG incorporated via its phosphoramidite at the site of the modification.
Synthesis of Gh was conducted by dissolving 1 nmole of rOG-containing RNA into 50 uL of
ddH,0. The sample was placed on ice for 10 min followed by a bolus addition of 12
equivalents of NaylrClg, and the reaction was allowed to progress for 30 min. The rGh-
containing strands were purified from the reaction mixture by ion-exchange HPLC on a
DNAPac PA100 column (250 x 4.6 mm). The HPLC mobile phases consisted of A=1.5M
NaOAc (pH 7.0) in 9:1 ddH,0:MeCN and B = 9:1 ddH,0:MeCN while running a linear
gradient from 25% B to 100% B over 30 min with a flow rate of 1 mL/min while monitoring
the absorbance at 260 nm. The RNA strands containing diastereomers of rGh were purified
and studied as a mixture because the epimers readily interconvert.®® The purified strands
were dialyzed against ddH,O for 24 h while changing the ddH,O every 6 h to remove the
purification salts. The rSp-containing strands were synthesized by placing 1 nmole of
purified rOG-containing RNA into 50 pL of 20 mM NaP; (pH 7.4) buffer with 100 mM
NaCl at 22 °C followed by a bolus addition of 12 equivalents of Na,IrClg. The reaction was
allowed to progress for 30 min followed by workup via the same method outlined for the
rGh-containing RNA strands. The diastereomers of rSp were individually purified for the
polymerase studies. The absolute configurations for the Sp diastereomers have been
determined in DNA strands and nucleosides but not in RNA strands or nucleosides*!;
therefore, we validated the absolute configurations for the Sp diastereomers in RNA strands
and nucleosides to find identical results between the two polymers (Figure S1). The purity of
the hydantoins in the RNA oligomers studied was determined by ion-exchange HPLC
(Figure S2) and the product identities were established by ESI-MS (OG-1 calcd = 6608.0,
expt = 6608.1; Gh-1 calcd = 6598.0, expt = 6598.5; S-Sp-1 calcd = 6624.0, expt = 6624.8;
R-Sp-1 calcd = 6624.0, expt = 6624.5).

Labeling of the DNA primer

To monitor progression of primer extension by reverse transcriptases via polyacrylamide gel
electrophoresis (PAGE), the DNA primer was 5" end-labeled with 32P following a procedure
adopted from the literature5® using T4 polynucleotide kinase (New England Biolabs,
Ipswich, MA.) and [y-32P] ATP (PerkinElmer, Waltham, MA.).

Polymerase nucleotide insertion and extension efficiency assays

The following enzymes were used: SuperScript 11 (200 U/uL, Invitrogen, Carlsbad, CA),
AMV RT (25 U/uL, New England Biolabs, Ipswich, MA.), MMLV RT (200 U/uL, New
England Biolabs, Ipswich, MA.), ProtoScript 11 (200 U/uL, New England Biolabs, Ipswich,
MA..), and Omniscript (4 U/pL, Qiagen, Hilden, Germany). Before all primer extension
assays, samples were annealed by heating 10-14 uL of aqueous solution containing 0.44
pmol (22 nM in a final volume of 20 pL) of RNA template and 0.4 pmol (20 nM in 20 pL)

Biochemistry. Author manuscript; available in PMC 2018 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alenko et al.

Page 5

DNA primer including ~30,000 cpm of 32P-labeled strand to 95 °C for 5 min, then
incubating them at 55 °C for another 5 min followed by cooling at 15 °C for 10 min. Upon
completion of annealing, stock solutions of reaction buffer (50 mM Tris-HCI, 75 mM KCI
(75 mM KAc for AMV RT), 3 mM MgCl, (8 mM MgAc, for AMV RT), pH 8.3 in 20 pL,
1x commercial reaction buffer for Omniscript), DTT (10 mM in 20 pL and the commercially
defined concentration of DTT in the buffer for Omniscript), dNTPs were added to the
reaction mixture to bring the volume to 18 pL. Then 2 pL of stock solution containing one of
the reverse transcriptases in 50% glycerol was added to give a final volume of 20 pL (final
concentrations of dNTPs and enzymes are provided in the next paragraph). Reaction
mixtures were incubated for 30 min at 37 °C, and then to quench the reaction, the mixture
was diluted with an equal volume of 2x gel loading buffer (8 M urea, 0.01% xylene cyanole,
0.01% bromphenol blue, x1 TBE buffer) and heated to 95 °C for 10 min. About 15 L of the
resulting solution were analyzed on 20% denaturing PAGE. Gels were stored with a storage
phosphor screen for 12-18 hours which was then scanned using a phosphoimager. The
resulting images were analyzed using ImageJ2 software.’® 71 For alignment of the gel lane
pixel density plots, they were rescaled along the y-axis to normalize intensities and
translated along the x-axis without rescaling to align the peaks corresponding to the
unextended primer.

Final concentrations of enzymes and triphosphates for polymerase nucleotide insertion
studies were as follows: for templates containing OG or G — 50 uM dATP, dCTP, dGTP, or
dTTP, 3U SuperScript 111, 0.4 U AMV RT, 2 U MMLV RT, 5U ProtoScript 11, 0.3 U
Omniscript in 20 pL; for Gh-1 template — 100 uM individual dNTPs, 4U SuperScript I11 in
20 pL; for S-Sp-1 template - 200 UM individual dNTPs, 40U SuperScript 111 in 20 pL; for ~-
Sp-1 template - 200 uM individual dNTPs, 20U SuperScript 111 in 20 uL. Final
concentrations for full extension efficiency study were 100U of SuperScript 111 in 20 pL and
500 or 200 uM of each dNTP (dATP, dCTP, dGTP, and dTTP). Final concentrations for
comparing extension efficiency past OG-A and OG-C were 6U SuperScript 111 in 20 uL and
100 pM dATP for lanes 1 (A), 2 (AT), 7 (AC), 8 (ACT), 200 pM dATP for lane 5 (2A), 100
UM dCTP for lanes 3 (C), 4 (CT), 7 (AC), 8 (ACT), 200 uM dCTP for lane 6 (2C), 100 uM
dTTP for lanes 2 (AT), 4 (CT), 8 (ACT). Final concentrations for comparing extension
efficiency with Gh-1 template were 8U SuperScript 11 in 20 pL and 200 uM dATP for lanes
1 (A), 2 (AT), 7 (AG), 8 (AGT), 400 uM dATP for lane 5 (2A), 200 uM dGTP for lanes 3
(G), 4 (GT), 7 (AG), 8 (AGT), 400 uM dGTP for lane 6 (2G), 200 pM dTTP for lanes 2
(AT), 4 (GT), 8 (AGT). Final enzyme concentrations for reactions using S-Sp-1 and R-Sp-1
templates were 80U and 40U SuperScript Il in 20 pL correspondingly; concentrations of
triphosphates were the same as described for Gh-1 template.

Steady-state kinetics

A procedure analogous to the one described in the previous section was used with the
following changes. Instead of 30,000 cpm of 32P-labeled strand, 100,000 cpm was added.
After annealing, only reaction buffer and DTT stock solutions were added, and then the
samples were pre-incubated for 1 min at 37 °C, followed by addition of 2 puL of SuperScript
I11 stock solution to give 1U (OG), 4U (Gh), 10U (R-Sp), or 20U (S-Sp) in 20 uL followed
by pre-incubation for another 1 min at 37 °C and then addition of 2 pL of stock solution of
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dATP, dCTP, or dGTP of varied concentrations to initiate the reaction. Next 5-jL aliquots
were taken in regular time intervals for the first 2-2.5 min of reaction, rapidly mixed into an
equal volume of the loading buffer and heated to 95 °C for 10 min. The diluted stock
solutions of triphosphates and enzymes were prepared fresh and used the same day. Samples
were analyzed on a denaturing PAGE gel the same way as described above. Intensities of the
bands corresponding to unextended primer (P) and the primer extended by one base (P+1)
were quantified using ImageJ2 software’%: 71 and converted into concentration of P+1 strand
using equation 1,51 72 where Cp, is the concentration of P+1 strand, C; is the total
concentration of radiolabeled primer, and Ip and Ip4; are intensities of P and P+1 bands on
the gel. No significant accumulation of higher order bands was observed. Initial reaction
velocities were extracted from fitting the data in coordinates Cp41 (nM) vs. time (min) to a
linear regression curve as a slope of the fitted line (Figure S4). Each experiment was
repeated at least 3 times. Conversion of Viax t0 Acat Was achieved using specific activity and
the molecular weight of SuperScript I11 provided by Invitrogen (410,000 U/mg, 78 kDa).

C IP+1

C t
I, +IP+1 Q

P+1

Results and Discussion

Reverse transcriptases

Reverse transcriptases are polymerase type enzymes that synthesize a complementary DNA
(cDNA) based on an RNA template. While enzymes of this type have been discovered in
prokaryotes and yeast,”3 74 the majority of them have retroviral origins. Most commercially
available reverse transcriptase enzymes originate either from Avian Myeloblastosis Virus
(AMV) RT or Moloney Murine Leukemia Virus (MMLV) RT. The primary purpose of
reverse transcription in contemporary research is sequencing and quantification of mMRNA
via RT-PCR and RT-gPCR. Engineered versions of these enzymes have been created by
multiple vendors to improve their stability, sensitivity, and reverse transcription yield (Table
1).75: 78 In the current study, we screened insertion profiles of 5 RT enzymes (underlined in
Table 1) opposite OG and G in a RNA template. Because similar insertion profiles have been
observed for all reverse transcriptases used, only one of them, SuperScript 111, was picked
for further experiments. SuperScript 11 was chosen over other enzymes due to it being one
of the polymerases of choice for next-generation sequencing of RNA. 8. 75-78

Polymerase nucleotide insertion studies

To study the behavior of RT enzymes encountering products of guanine oxidation in RNA,
we designed two RNA-DNA hybrid duplexes (Figure 1). Both of them employ the same
DNA primer and are suited for studying reverse transcription under standing start conditions
with the only difference between the two being two nucleotides on the 5" end following
guanine or its oxidation products. To perform an initial evaluation of reverse transcription as
a way of detecting oxidized lesions, we studied insertion profiles opposite G and OG in both
RNA templates for 5 RT enzymes: SuperScript I1l, AMV RT, MMLV RT, Omniscript, and

Biochemistry. Author manuscript; available in PMC 2018 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alenko et al.

Page 7

ProtoScript 1. To do so, we ran reverse transcription reactions with A, G, C,or T
triphosphates in separate tubes for a fixed amount of time and resolved reaction products on
a polyacrylamide gel. Although all these RTs have identical unit definitions (amount of an
enzyme incorporating 1 nmol dTTP in 50 pL in 10 min at 37 °C using poly(rA)18 «
poly(dT)12-18 duplex and 500 uM dTTP), their activities are standardized under different
conditions (0.1-0.4 mM primer-template duplex, 3-6 mM MgCl,, 40-75 mM KCl, 1-10
mM DTT, 0-0.1 mg/mL BSA; no data is available on Omniscript). Additionally, there are
slight variations in the reaction buffers supplied with AMV and the other enzymes that were
used for the reactions (75 mM KOAc instead of 75 mM KCI and 8mM MgOAc; instead of 3
mM MgCl,; no data are available on Omniscript reaction buffer composition). Thus, we
found it necessary to individually adjust the concentration of each enzyme to achieve ~50%
insertion of dCTP (50 uM) opposite OG in the OG-1 strand. Results of the interrogation of
nucleotide insertion profiles of the reverse transcriptases studied are presented in Figure 2,
Figure S3, and in Table S1. On the gels, the lowest band corresponds to the unextended
primer (P) and all bands above it correspond to a primer extended by 1 (P+1), 2 (P+2), or 3
(P+3) nucleotides. Although some reverse transcriptases showed a preference for one
sequence context over another (e.g., SuperScript 111 gave more primer extension product for
the OG-1 template than for the OG-2 template), all examined enzymes demonstrated
matching nucleotide insertion profiles inserting C or A opposite OG and C or T opposite G
when only one of the dNTPs was present. Considering that the assayed reverse transcriptases
demonstrated similar patterns of nucleotide insertion for both RNA templates, we limited
further studies to using only SuperScript 111 and template number 1 (Figure 1).

Before examining which nucleotides are inserted opposite Gh and diastereomers of Sp, we
again made adjustments to concentrations of the triphosphates and the enzyme to achieve
similar reactivities. Based on the adjusted parameters, the rate of polymerization for the
RNA templates containing products of guanine oxidation decreased in the following order
OG>Gh>» R-Sp>5-Sp. All three hydantoin lesions showed similar base pairing preferences
leading to insertion of A or G (Figure 3). Insertion of A or G opposite Gh, $Sp, and /-Sp
when only one of the triphosphates was present was similar to insertion of A or C opposite
OG in perfect agreement with what was previously reported for insertion opposite these
lesions in DNA.60-63.65 These results show that reverse transcriptases are capable of
inserting canonical A, G, or C bases opposite OG, Gh, $Sp, and A-Sp in an RNA template.

Steady-state kinetics

To examine SuperScript 111 behavior when it encounters oxidized lesions in more detail, we
studied the kinetics of insertion of A or C opposite OG and A or G opposite Gh, SSp, or /-
Sp in the template RNA strand. Additionally, insertion of C opposite G in the template was
studied for a comparison that served as a control for SuperScript Il kinetics when
encountering canonical bases. Initial velocities of first base insertions were derived in units
of nM/min and plotted against concentration of triphosphate used in each case. The data
were then fitted to the Michaelis-Menten equation (2) to determine the steady-state kinetics
parameters Viax and K. Vimax Was then divided by the total enzyme concentration to
calculate A5 according to the equation 3. Michaelis-Menten curves and calculated kinetics
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parameters are shown in Figure 4, Figure S5, and Table 2. The error bars on the graphs and
in the table are representative of 68% confidence intervals.

Vinax[ANTP]

V=K, +[aNTP] @)

_‘/nr X
kcat - a /Et (3)

Three main parameters derived from Michaelis-Menten curve are Aqt, Ky, and their ratio
keat! K- The catalytic rate constant or turnover number Ag, indicates the maximum number
of reactions a single enzyme can catalyze per unit of time. In the case of reverse
transcription, it is a combination of the rate of catalysis (condensation between 3" end of the
primer strand and a triphosphate being inserted opposite a studied base) and the rate of
dissociation between the primer-template complex and the enzyme after the primer
extension. For polymerases, A4t is normally defined by the rate of the slower dissociation
step,52-64. 81, 82 thys jt was not surprising that we observed very close values with
overlapping confidence intervals for formation of OG-A (2.5 + 0.1 min~1), OG-C (2.4 + 0.2
min~1), and G-C (2.7 + 0.2 min~1) base pairs. Similarities between turnover numbers for
incorporation of a base opposite G and OG have been previously reported for translesion
DNA polymerase 1 and HIV-1 RT by the Guengerich laboratory.52: 64 Unlike OG, the rate of
phosphodiester bond formation apparently was affected by the presence of hydantoin lesions
in the template strongly enough to result in lower kg values for Gh-A (0.69 + 0.08 min™1),
Gh-G (0.55 + 0.03 min~1), $Sp-A (0.071 + 0.006 min~1), $-Sp-G (0.056 + 0.002 min1), R
Sp-A (0.196 + 0.003 min~1), and R-Sp-G (0.12 + 0.01 min~1) base pairs. The k., values for
templates containing different products of guanine oxidation follow the same rule as
reactivities determined for the nucleotide insertion assays: OG>Gh>R-Sp>S-Sp (Figure 2
and Table S1). Interestingly, in all cases, the kg5 values for insertion of A were higher than
for the insertion of C.

For polymerases, the Michaelis-Menten constant Kj, indicates how well an enzyme utilizes
the substrate, but it cannot be directly linked to the dNTP dissociation constant.64 82 The
calculated Ky, values for insertion of C opposite G were more than 3 orders of magnitude
higher than for the oxidized lesions showing that SuperScript I1I has a strong preference for
this conventional Watson-Crick base pair. When we compared Ky, for insertion of A, C, or
G opposite each product of guanine oxidation, in the case of OG we observed a significantly
higher (2-fold) value for the OG-C base pair than for the OG-A base pair, while for Gh, &
Sp, and R-Sp, substantially higher values for Gh-A (6-fold), S-Sp-A (3-fold), and R-Sp-A
(5-fold) were observed compared to the base pairs with G. From the A5 and Ky values
measured, we could calculate their ratio, A4t/ Ky, the catalytic efficiency of the enzyme that
is proportional to a rate of dNTP insertion when the concentration of dNTP approaches 0.
Catalytic efficiency is commonly used to determine enzyme preference for one dNTP over
another as a substrate. Based on the determined A,/ K values, SuperScript 111 has a 2.5-

Biochemistry. Author manuscript; available in PMC 2018 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alenko et al.

Page 9

fold preference for inserting A over C opposite OG, a 6-fold preference for inserting G over
A opposite Gh, a 2.4-fold preference for inserting G over A opposite 5-Sp, and a 3-fold
preference for inserting G over A opposite R-Sp.

Having the sequencing for oxidative damage to G in RNA as an ultimate goal, we used the
steady-state kinetic parameters to estimate the ratio of nucleotides inserted opposite each
studied base. This information would allow us to know if during cDNA synthesis
SuperScript 111 would provide characteristic mutations that could be analyzed in order to
locate sites of G oxidation. The results are shown in Table 2. The estimated insertion ratios
were: for OG 1:1.4 C to A; for Gh 1:1.5 A to G; for both Sp diastereomers 1:1.3 A to G.
Overall these data suggest that OG and the hydantoin lesions in RNA can be detected by
sequencing cDNA created upon reverse transcription of RNA containing these products of
guanine oxidation. While the three hydantoin lesions Gh, S-Sp, and R-Sp are likely not to be
distinguishable by this method due to the similar sequencing signals observed in these
studies, they should be easily separable from G and OG. Furthermore, knowing that a
hydantoin is present at a given site in RNA would be a significant advancement in our
knowledge of oxidative modification of RNA in cells. For the purpose of sequencing, a
higher fraction of A insertion than C opposite OG is preferable because it allows an easier
differentiation between unoxidized G and OG that is essential to increase the method
sensitivity. Overall, based on the determined kinetic parameters, 3 different sequencing
signals are expected in which G provides ~100% C insertion, OG yields A insertion at the
modified site with ~60% efficiency, and the hydantoins yield insertion of a mixture of A and
G with a modest preference for G.

Extension efficiency studies

After discovering which bases are inserted opposite OG, Gh, $Sp, and ~/-Sp, we wanted to
investigate whether the extension efficiency is affected by what nucleotide is inserted
opposite the lesions. To test this we performed primer extension assays using different
combinations of dATP, dTTP, and dCTP (for OG) or dGTP (for the hydantoins). The
reactions were conducted at twice higher concentrations of enzyme (6 U for OG, 8 U for Gh,
80 U for &Sp, and 40 U for R-Sp in 20 pL) and increased concentrations of the
triphosphates (100-200 uM for OG and 200-400 uM for Gh and Sp), compared to the
nucleotide insertion studies; the reason for these changes was to drive the reaction closer to
complete base insertion opposite the lesion site and be able to analyze products of primer
extension past the site. The results of these studies are presented in Figure 5, Table S2, and
Figure S6. On the gels, lanes 2 (AT) and 4 (CT or GT) correspond to reactions containing
one of the triphosphates that can be efficiently inserted opposite an oxidized lesion (A and G
or C) and dTTP sufficient for full extension of the primer. Thus, these studies can be used to
discover which of the base pairs is more disruptive to the duplex structure and causes more
polymerase inhibition. Lanes 1 (A) and 3 (C or G) serve as a control of the basal level of
insertion of the first base under the same reaction conditions. Lane 8 (ACT or AGT)
corresponds to reactions containing both triphosphates of the nucleotides that can be inserted
opposite OG, Gh, or Sp, and dTTP shows how the efficiency of extension past the studied
base is affected by the presence of both possible base pairs in the ratio at which they are
inserted by reverse transcriptase. Lane 7 serves as a control study of the extent to which the
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first base is inserted under the same conditions. Lanes 5 and 6 serve as additional controls
for insertion levels of the first base under twice higher concentrations of triphosphates
corresponding to a sum of concentrations of dATP and dCTP or dGTP for lane 7. If
efficiency of insertion of the first base in lane 7 is higher than in lanes 1 and 3, lanes 5 and 6
should show whether it is achievable simply by matching total dNTP concentrations.

From the gels, it is evident that there is almost no difference in the level of polymerase
blocking by the OG-A and OG-C base pairs (Figure 5A). Although, the presence of an OG-
C base pair results in slightly more efficient insertion of the first T (CT lane) directly
following C, insertion of the second T is less efficient than in the presence of an OG-A base
pair (AT lane) leading to a similar amount of full extension product for both base pairs.
Expectedly, a mixture of OG-A and OG-C base pairs leads to a very similar level of
polymerase blocking (lane 8). Thus, there is practically no difference between OG-A and
OG-C base pairs when it comes to how efficiently reverse transcription proceeds after them,
meaning that the ratio at which they are inserted opposite OG should match the A:C ratio in
a full-length cDNA.

For the template containing Gh, the presence of a Gh-G base pair (GT lane) leads to
significantly more efficient insertion of the first T than the Gh-A base pair, but the
polymerase struggles to insert the next base (Figure 5B and Table S2). In the case of a Gh-A
base pair (AT lane) the most polymerase blockage is observed right after insertion of A. The
presence of both dATP and dGTP in the reaction mixture (AGT lane) leads to polymerase
arrest primarily after insertion of the T directly following the position of the Gh-N base pair.
This hints at predominant insertion of G that aligns with the kinetic data for A and G
insertion. Overall, insertion of G and A led to formation of comparable amounts of fully
extended primer indicating that extension efficiency should not affect the A:G ratio in the
fully extended cDNA.

Templates with R-Sp or 5-Sp showed similar behavior with more efficient bypass of Sp-A
base pairs in the AT lane than Sp-G base pairs in the GT lane (Figure 5C, D, and Table S2).
An intermediate amount of polymerase blockage was observed for the case when both dATP
and dGTP were present (AGT lane) for both Sp diastereomers indicating that both bases are
inserted in this case. Due to a lower amount of polymerase blockage caused by the Sp-A
bypass, it is likely that the fraction of this base pair in the fully extended cDNA would be
higher than the ~45% estimate from the insertion kinetic studies.

There are two other noteworthy details about the gels on Figure 5. First, in all cases apart
from the extension product of the expected length (P+3 for lanes 2, 4, and 8; P+1 for lanes 1,
3,5, 6, and 7), a product overextended by one nucleotide was also observed. This is
especially prominent in the case of the OG-1 template and can be attributed to strong
template-independent polymerase activity of reverse transcriptase enzymes.83 84 Second, the
P+1 and P+3 bands are significantly broader in lanes 7 and 8 when both triphosphates are
present. This is especially prominent for the Sp diastereomers and is caused by the
dependence of electrophoretic mobility on nucleotide composition

(C(fastest)>A>T>G).%5 85 Thus, insertion of a mixture of two nucleotides opposite OG, Gh,
or Sp leads to a mixture of two cDNA strands with slightly different electrophoretic
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mobilities resulting in either broadened or split bands on the polyacrylamide gel. This can be
used to get a rough estimate of composition of bases inserted opposite each studied lesion
when both dNTPs are present. To do so, we generated pixel density plots for lanes 1, 3, 5, 6,
and 7 and aligned them to match the position of the peak corresponding to the primer (P)
(Figure 5E). It is only possible to characterize insertion of A and C or G qualitatively from
this data due to the presence of the overextended peak P+2 and overlap between peaks
corresponding to insertion of different bases. What could be said based on these plots is that
A is predominantly inserted opposite OG, G is predominantly inserted opposite Gh, almost a
1:1 ratio of A and G are inserted opposite S-Sp, and a slightly higher fraction of G than A is
inserted opposite the /-Sp isomer. Considering that Sp does not form stable base pairs with
any natural nucleotides,5! insertion of comparable amounts of A and G opposite the
hydantoin most likely can be attributed to fitting in the SuperScript 111 active site due to a
similar size and minor groove binding pattern of Sp to C or T,86-88 rather than to efficient
hydrogen-bonding with A or G. The ratio of A and C incorporated opposite OG by the
polymerase can significantly deviate from the one calculated based on kinetic parameters in
the presence of multiple triphosphates.8* Thus we tested whether this was true for
SuperScript 111 using a gel assay (Figure S7 and S8). Since only qualitative characterization
of the insertion rate was possible we attempted to adjust concentrations to achieve close to a
1:1 insertion ratio and compared it to the one expected from the reaction rates calculated at
those concentrations (Table S3). In all four cases insertion of a higher fraction of A over C
or G than expected from the k.5 and Ky was observed. Expected insertion ratios were
within one standard deviation (SD) for Gh and ~-Sp, two SD for S-Sp, and 4 SD for OG.
Additionally, insertion ratios at 500 UM concentration of competing triphosphates were
studied showing ~1:1 insertion of A and G opposite both Sp diastereomers, almost exclusive
insertion of A opposite OG and predominant insertion of G opposite Gh (Figure S7 and S8).

The other question that we wanted to ask was how efficiently reverse transcriptases can fully
extend the primer when a G oxidation product is located in the template strand. For this
purpose, we ran RT reactions with RNA templates containing OG, Gh, the Sp diastereomers,
or G, using the latter study as a control, in conditions close to those recommended for
SuperScript 111 by the manufacturer of the polymerase (500 uM and 200 uM mixture of all
four ANTPs and 100 U of enzyme in 20 pL). Products of the extension reactions were
resolved on polyacrylamide gels (Figure 6). As expected, RNA templates containing G gave
the highest amount of full extension product (~80% with 500 uM dNTPs), while the
presence of OG, Gh, or R-Sp in the RNA template resulted in a decreased amount of fully
extended primer (~60%), and the S-Sp-1 template gave the least amount of full extension
product (~40%). Although, all tested RNA templates gave full extension product, it is
apparent that OG, Gh, and Sp cause some level of polymerase inhibition even after the
primer is extended past their position, most likely either due to the more dynamic nature of
the base pairs they form or negative steric interactions with the flanking bases.8%: %0
Interestingly, the highest level of inhibition was caused by S-Sp that was also found to be the
most blocking in the polymerase nucleotide insertion studies (Figure 2). Analysis similar to
the one presented in Figure 5E was done on fully extended primers (Figure 6B). Results for
OG-1 (predominant insertion of A) and Gh-1 (predominant insertion of G) templates were
comparable to the ones obtained for the insertion ratios of the first nucleotides in the
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presence of multiple dNTPs (Figure 5, S7, and S8). For both diastereomers of Sp, we
observed a minor increase in the fraction of fully extended primer containing A inserted
opposite Sp compared to the primer extended by just one nucleotide. This led to full-length
cDNA containing close to a 1:1 ratio of A and G for the R-Sp-1 template and a higher
fraction of A for the S-Sp template. Most likely this result was caused by a higher efficiency
of bypassing the Sp-A base pair than the Sp-G base pair by the SuperScript 111, as
highlighted before.

Conclusions

In the current study, we investigated the behavior of reverse transcriptases when they
encounter products of guanine oxidation, OG, Gh, 5Sp, and R-Sp, in an RNA template
under standing start conditions. Insertion of A or C opposite OG and A or G opposite the
hydantoin lesions was observed that correlated with the previous reports for DNA containing
these bases.37: 61. 64 \We also report steady-state kinetic parameters for single nucleotide
insertion opposite the studied lesions in the 5'-AXC-3" sequence context by the SuperScript
I11 reverse transcriptase. Results of this assay indicate a preference for insertion of A
opposite OG and G opposite the Gh and Sp diastereomers. We discovered that all these
lesions can be bypassed by the SuperScript 111 under the standard conditions used for RNA
sequencing with sufficient efficiency to yield full-length cDNAs containing A or C inserted
opposite OG with predominance of A, A or G inserted opposite Gh with predominance of G,
A or G inserted opposite S-Sp with minor preference for A, and an equal amount of A or G
inserted opposite A-Sp. These data indicate that mapping positions of OG, Gh, and Sp in
RNA is potentially achievable with the use of reverse transcription to induce characteristic
mutations upon cDNA synthesis. Sequencing of the cDNA strand should allow separate
detection of unoxidized G as a non-mutagenic C, OG as a C to A mutation (G to T in the
complementary stand), Gh as a C to G mutation (G to C in the complementary stand), and
the Sp diastereomers as an ~1:1 mixture of C to A and C to G mutations (Gto T and G to C
in the complementary strand). Posttranscriptional modifications of G and I that disrupt their
base pairing preference for C (m1G, m2G, m%,G, and m1l) give different sequencing signals
(preferential insertion of T9% 92) and could be removed with dealkylating enzymes,7: 93
therefore, they should not interfere with the reverse transcription results for the oxidized
guanine lesions. Relatively efficient bypass of all lesions studied also permits amplification
of cDNA via PCR (RT-PCR) that allows interrogation of much smaller quantities of RNA.
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X-1
37 -tCUC CAC ACA UCC ACC ACX AA-5'|+ - RNA template
5'-GAG GTG TGT AGG TGG TG-3' | DNA primer
Template strand names:
“G-17 X=G
“OG-17 X=0G
“Gh-1”7 X=Gh

“S-Sp” X =8-Sp
“R-Sp” X =R-Sp

X-2
3’ -tCUC CAC ACA UCC ACC ACX UU-5’
5’ -GAG GTG TGT AGG TGG TG-3’

Template strand names:
“G-2" X=G
“0G-2” X=0G

Figure 1.
RNA-DNA hybrid duplexes studied.
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3/-tCUC CAC ACA UCC ACC ACX UU-5'
5'-GAG GTG TGT AGG TGG TG-3'

SuperScript 111
A U
- - r3 50 uM dNTP
-
- ® —P+2 :
- - P+l P -
e m s e s .- o - -
- . e
e —" T —." R — R p—
\ T Y Y
G-1 0G-1 G-2 0G-2
up P+l P+2 P+3
I I el D01 I | I I I al 1 I I I I
A G C T A G  ~ T A G C T A G C T
B Omniscript
0.3U
- 50 uM dNTP
-
- -
- - - B -
L R E B B A B T
A G G T A G C U A G C T A G G g iy
~ J \ J \ > ) - J
Y T Y Y
G-1 0G-1 G-2 0G-2
A G [ 4 T A G C T A G C T A G C T
C NH i Y 3
H~ 0 LM
H HN_ N T # ',.H\Ny‘\{
oM NN ’ ) PO & { J/\ N ST N
et ey S gt
X NF o N = NONE -
N X \«o N N X Nf(NH2
0G:C 0OG:A G:C GT

Figure 2. Nucleotide insertion profiles opposite G or OG in the templates
Insertion of A, G, C, or T in the reaction mixture with only one of the dNTPs present by

SuperScript 11 (A) and Omniscript (B) reverse transcriptases for G-1, OG-1, G-2, and OG-2
templates. (C) Structures of OG-C, OG-A, G-C, and G-T base pairs.
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3"-tCUC CAC ACA UCC ACC ACX AA-5'
5’-GAG GTG TGT AGG TGG TG-3'

A
Gh-1, 4U SSIII S-Sp-1, 40U SSIII R-Sp-1, 20U SSIII
100 uM dNTP 200 uM dNTP 200 uM dNTP
p ‘ - - - - - P+1
- R Baees
A" G er . A" TG TCF T AR GT 'CF T
B
HN__NH
Yo o
HN%{ " HN NJ/O
HY ? QNS o1 N ,/\NJ\NH o 00 .
X \<o H~N>=': N, H:}/<N<H NCq\SVE s Q(N—QO{,.H Ny\&ﬁ H:N/N\HAL‘N_QN-H Né;&'z/
H,N ° H\ﬁ > o
Gh:G Gh:A Sp:G Sp:A

Figure 3. Nucleotide insertion assays for Gh and Sp
A - Insertion of A, G, C, or T in the reaction mixture with only one of the dNTPs present by

SuperScript Il reverse transcriptase for Gh-1, $S-Sp-1, and A-Sp-1 templates. B - Structures
of the base pairs between G or A and Gh or Sp are based on previous literature reports.’9: 80
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V, nM/min

0 ' 500 ' 1000
[ANTP], uM

Figure 4.
Michaelis-Menten plot for insertion of A or G opposite OG.
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37 -tCUC CAC ACA UCC ACC ACX AA-5'
5’-GAG GTG TGT AGG TGG TG-3'

E

-
- - -~
- -
- . . =
A 2C AC “ACT
5 6 7 8

-

-
M
. & » =

2A 2G AG AGT

2A  2G  AG AGT

2A  2G  AG AGT

Figure 5. Efficiency of extension past different base pairs
A-D - polyacrylamide gels showing results of primer extension in presence of one (lanes 1,

3, 5, and 6), two (lanes 2, 4, and 7), or three (lane 8) different triphosphates aimed at
comparing bypass efficiencies for base pairs between OG, Gh, 5-Sp, and R-Sp and A, C or
G. Samples in lanes 5 and 6 marked 2N contained a doubled concentration of corresponding
dNTP compared to lanes 1 and 3. E - aligned gel lane plots showing separation between
c¢DNA strands containing different bases inserted opposite OG, Gh, $Sp, and R-Sp.
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37-tCUC CAC ACA UCC ACC ACX AA-5’
5’-GAG GTG TGT AGG TGG TG-3'

A G OG Gh S-Sp R-Sp G OG Gh S-Sp R-Sp
- - -
P3N --- "
- - - -
= - - -
S e - ame
100 U SSIII
500 uM dNTPs 200 uM dNTPs

P+3 P42 P41 P

P+4

Figure 6. Efficiency of complete primer extension
A - polyacrylamide gel showing efficiency of synthesis of full-length cDNA based on the

templates containing G, OG, Gh, $Sp, or R-Sp at two different concentrations of ANTP
mixture. B - aligned gel lane plots for different templates for reactions containing 500 and
200 uM dNTP mixture.
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Scheme 1.
Pathways of Guanine Oxidation.
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Table 1

Selection of commercially available reverse transcriptases.
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Original RT Enzyme concentration
AMV RT AMV RT 25 U/uL
MMLV RT MMLV RT 200 U/uL
ProtoScript 11® MMLV RT 200 U/puL
Omniscript® undisclosed 4U/uL

Sensiscript® undisclosed undisclosed

ImProm-11® undisclosed undisclosed
ThermoScript® AMV RT 15 U/uL
Superscript 11® MMLV RT 200 U/uL
Superscript 111® MMLV RT 200 U/uL
Superscript IV® MMLV RT 200 U/uL
TGIRT® Group Il intron RT 200 U/pL
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