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ABSTRACT: Chemical modifications regulate the fate and function of cellular RNAs. Newly developed sequencing methods 
have allowed a deeper understanding of the biological role of RNA modifications; however, the vast majority of post-
transcriptional modifications lack a well-defined sequencing method. Here, we report a photo-oxidative sequencing (PhOxi-
seq) approach for guanosine N2-methylation — a common methylation mark seen in N2-methylguanosine (m2G) and N2,N2-
dimethylguanosine (m22G). Using visible light-mediated organic photoredox catalysis, m2G and m22G are chemoselectively 
oxidized in the presence of canonical RNA nucleosides, which results in a strong mutation signature observed during 
sequencing. PhOxi-seq was demonstrated on various tRNAs and rRNA to reveal N2-methylation with excellent response and 
markedly improved read-through at m22G sites.  

Post-transcriptional modifications can have profound 
effects on the function and processing of RNA.1 Not 
surprisingly, their dysregulation has been implicated in 
numerous human diseases,2 especially various types of 
cancer.3 With over 160 known RNA modifications identified 
across all life,4 deciphering their biological roles remains a 
significant unmet challenge. Sequencing technologies that 
can resolve RNA modifications at single-nucleotide 
resolution have been instrumental to functional studies. 
Indeed, methods that have mapped the locations of N6-
methyladenosine (m6A), 5-methylcytidine (m5C), inosine 
(I), pseudouridine (Ψ), N1-methyladenosine (m1A) and 5-
hydroxylmethylcytidine (hm5C) have provided deeper 
insights into their impact on RNA function and metabolism,5 
and found application to disease diagnostics, prognostics, 
and epigenetic therapy.6 Nevertheless, most post-
transcriptional modifications lack a defined sequencing 
approach, which has hampered their functional elucidation. 

N2-methylguanosine (m2G) and N2,N2-dimethylguanosine 
(m22G) are prevalent modifications in RNA (Figure 1a). 
While mostly believed to be involved in structural tuning of 
RNAs,7 recent reports have begun to shed light on the 
biological significance of N2-methylation of guanosine. 
Studies have shown that upregulated m2G in sperm transfer 
RNA-derived small RNAs (tsRNA) is an epigenetic factor 
that mediates intergenerational inheritance of metabolic 
diseases.8,9 Furthermore, TRMT11, an m2G writer, has been 
implicated in poor prognosis in prostate cancer, while 
mutations in TRMT1, an m22G writer, have been tied to 
aberrant human brain development10 and autosomal-
recessive intellectual disabilities.11 Developing robust 
functional studies on N2-methylation of guanosine has been 
limited by the absence of sequencing methods. While m22G 
blocks Watson-Crick-Franklin base-pairing and can often be 
detected during sequencing due to its high error signature,12 
only computational predictors exist for m2G,13,14,15 with no 

direct sequencing method available. The development of a 
robust single-nucleotide resolution sequencing method for 
N2-methylation of guanosine in RNAs is expected to enable 
a better understanding of these modifications in human 
health and disease.  

 

Figure 1. a) Guanosine and its N2-methylated derivatives. b) 
oxidation pathway of guanosine into mutagenic derivatives 
along with their base-pairing partners (inset). c) Potential 
products formed during the photooxidation of N2-methylated 
guanosine derivatives. 



 

Guanosine is the most readily oxidizable nucleoside; its 
photooxidation in nucleic acids is known to occur by single 
electron oxidation to generate the guanine radical cation 
(Figure 1b).16 This species can degrade via two oxidative 
pathways, and the outcome is governed largely by the 
nucleic acid environment.17 In single-stranded or double-
stranded forms, guanine is oxidized to 2,5-diamino-4H-
imidazol-4-one (Iz), while in G-quadruplex form, guanine is 
preferentially oxidized to 8-oxoguanine (OG). Both Iz and 
OG are mutagenic forms of guanine. OG is known to base-
pair with adenine, resulting in a G→T transversion, while Iz 
is known to base-pair with guanine, resulting in a G→C 
transversion (Figure 1b).18 With these oxidation outcomes 
in mind and inspired by examples of visible light 
photoredox chemistry on RNA19-20 and DNA,21 we sought to 
explore the prospect of visible light photoredox catalysis as 
a means to detect N2-methylation at guanosine sites by 
oxidative mutagenesis (Figure 1c).  

We first determined the oxidation potential of N2-
methylated guanosines compared with unmodified 
guanosine using cyclic voltammetry (Figure 2a). The results 
showed that the oxidation potential of both m2

2G and m2G 
were approximately 0.1-0.2V below that of guanosine, 
providing a potential window for chemoselective oxidation. 
Using m22G as a model, we surveyed various photoredox 
conditions that were previously shown to be RNA 
compatible and found that riboflavin under blue light as a 
photocatalyst and Selectfluor as an oxidant was optimal. 
Under these conditions, full-conversion of m22G occurred 
within 2 hours, resulting in the formation of the 
corresponding m22-Iz, which was confirmed by mass 
spectrometry (see Figure S1). Formation of m22-OG or N2-
demethylated byproducts were not observed.  

Riboflavin exhibits an excited state reduction potential of 
ET1 = 1.37 V vs. SCE, which could oxidize guanosine in RNA 
at low levels, potentially causing issues in some sequencing 
applications. Indeed, guanosine oxidation with riboflavin 
with higher energy (UVA) photoexcitation has been 
observed.22  To test if this undesired process was occurring 
in our system, we subjected an RNA oligo to the photoredox 
conditions and analyzed the nucleoside composition by 
HPLC after nuclease digestion; no guanosine oxidation 
products were identified (Figure S2). To confirm that 
guanosine was not undergoing undesired oxidation in more 
complex RNAs, we performed sequencing to analyze the 
changes in error at unmodified bases in yeast tRNALeuCAA 
after photoredox reaction (Figure 2b). No marked change in 
error was observed during sequencing analysis in any 
canonical nucleobase group, supporting the conclusion that 
significant conversion of guanosine into OG or other 
mutagenic forms was minimal under the tested conditions. 
We also examined the stability of RNA under the optimized 
photoredox conditions and found that a phosphate buffer 
was essential to minimize RNA degradation, with 
unbuffered aqueous media resulting in rapid 
decomposition of the RNA (Figure S3, Table S1). Analysis by 
RT-qPCR and PAGE showed only 4% loss of RNA compared 
to the no reaction control (Figure S4). 

 

Figure 2. a) Cyclic voltammograms of guanosine (black line), 
m2G (blue line) and m22G (red line) in 1 M KCl. Scan rate, 10 
mV/s, versus Ag/AgCl. b) Comparative error analysis of 
unmodified nucleobases of tRNALeuCAA when subjected to 
photooxidation. Control represents direct sequencing without 
photoredox catalysis. 

Having optimized the photoredox conditions and 
demonstrated its compatibility with RNA, we sought to 
examine its chemoselectivity in photooxidative sequencing 
(PhOxi-seq) of m2G and m22G in various RNA contexts. We 
first tested PhOxi-seq on yeast tRNALysUUU, which contains 
an m2G and an m22G at positions 10 and 26, respectively. 
tRNA was prepared using the YAMAT-seq23 workflow to 
remove the charged amino acids and install sequencing 
adapters to the no-reaction control and photoredox-treated 
samples. Following high-throughput sequencing, sequences 
were trimmed for length and quality, and aligned to the 
reference sequence using Bowtie 124 to enable induced SNP 
calling.25 The error at each expected guanosine position was 
plotted for the control and treated samples (Figure 3a). 
Consistent with our hypothesis, m2G10 was readily detected 
with a marked increase in error to 88%. However, 
surprisingly, m2

2G26 experienced a precipitous drop in error 
from 85% to 16% (Figure 3b). Comparing the error 
distribution at m2G10 before and after photo-oxidation 
revealed mostly G→T and G→C transitions, which is 
consistent with m2-Iz and m2-OG formation (Figure 3c). 
Error analysis at m22G26 showed conversion from a mostly 
adenosine incorporation typically observed during read-
through of bulky bases,15 to a more balanced error 
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Figure 3. a) Workflow for PhOxi-seq. b) Observed error in each 
guanosine position in yeast tRNALeuCAA before (blue) and after 
(red) photooxidation. Observed change in error distribution at 
c) m2G10 and d) m22G26 during PhOxi-seq. 
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Figure 4. Evaluation of PhOxi-seq on various RNAs. Plots of guanosine error at each position mapped for a) tRNAAsnGUU b) tRNAValUAC 

c) tRNAValCAC d) tRNAArgACG e) E. Coli 16S rRNA between bases 1471 and 1571; blue bars denote control sequencing run, red bars 
denote PhOxi-seq run. Guanosine error at known f) m2G g) m22G and h) m1G sites in yeast tRNA; blue bars denote control sequencing 
run, red bars denote PhOxi-seq run. i) difference in error between control and PhOxi-seq at various modified bases in tRNA. j) RT-
qPCR analysis of read-through efficiency of m22G at position 26 in tRNAPheGAA.  

distribution (Figure 3d), with no clear base-pairing 
preference. Encouraged by these results, we examined 
other readily sequenced yeast tRNAs. tRNAAsnGUU and 
tRNAValUAC, both of which contain m2G10 and m22G26 
modifications, showed a large increase in error at m2G sites, 
with a concomitant decrease in error at m22G sites (Figure 
4a and b). tRNAValCAC, which contains two instances of m2G 
at positions 10 and 26, was effectively sequenced by PhOxi-
seq (Figure 4c), and tRNAArgACG, which contains two 
consecutive m2G sites at positions 9 and 10 and an m22G 
located at position 26, was also found to be within the scope 
of this method (Figure 4d). While there does appear to be a 
lower response for m2G10 in tRNAArgACG, PhOxi-seq resulted 
in a 40-fold increase in error at this position from 0.3% to 
13% error. Other known m2G and m22G modifications on 
yeast tRNAs were also found to be effectively sequenced 
(Figure 4f,g). We also used PhOxi-seq to detect the m2G 
modification at position 1516 of E. Coli 16S rRNA with good 
response and discrimination over flanking guanosines 
(Figure 4e). While E. Coli rRNA was denatured before 
photooxidation, the observed error was generally lower 
than those observed in tRNAs, which may be due to the 
reaction being performed on the whole ribosome. It is likely 
that larger error responses would be observed for smaller 
RNA fragments. 

PhOxi-seq analysis on other available tRNA modifications 
showed no major changes in error, suggesting that this 
method is compatible with a wide scope of functional 
groups present on RNA (Figure 4i). However, it is important 
to note that PhOxi-seq alone cannot effectively distinguish 
between m2G and m1G as an increase in error at m1G sites 
was observed in all tested cases (figure 4h). While error 
distributions differ from those seen with m2G (Figure S5), 
and native error rates at m1G sites26 are significantly higher 
than those of m2G, which could enable discrimination 

between m1G and m2G sites, the use of selective m1G 
demethylases26 are likely to be an integral component of 
PhOxi-seq for N2-methylation. 

During PhOxi-seq analysis, we found that amplification of 
tRNAs occurred more efficiently after photoredox reaction. 
It is known that m22G is a terminator site during reverse-
transcription and can often be challenging to read 
through.27 Indeed, enzymatic methods have recently been 
developed that enable read-through of m22G sites during 
tRNA sequencing.27 We hypothesized that the conversion of 
m22G into m22-Iz during PhOxi-seq enables more efficient 
read-through, perhaps due to the reduced size or via 
alternative base-pairing not available to m22G. To test this 
on a model system, we used purified yeast tRNAPheGAA and 
monitored read-through of m22G by primer extension with 
and without photooxidation. PAGE analysis revealed that 
superscript III reverse transcriptase read through m22G six 
times more efficiently after photooxidation (Figure S6), 
which was confirmed using RT-qPCR (Figure 4j). Such 
photoredox chemistry could find applications to sequencing 
of m22G-containing transcripts as an alternative to 
engineered polymerases; we are currently exploring the 
prospect of this approach. 

In summary, PhOxi-seq provides a robust approach to the 
single-nucleotide resolution sequencing of N2-methylation 
of guanosine by harnessing the chemoselectivity of 
photoredox chemistry to enable selective photooxidation of 
m2G and m22G in the presence of other RNA bases. We have 
shown that error markedly increases in the case of m2G by 
the hypothesized formation of m2-Iz and m2-OG that pair 
with G and T, respectively. Error decreased in the case of 
m22G with concomitant 6-fold enhanced read-through by 
the formation of m22-Iz. The method was shown to be 
compatible within a variety of sequence contexts in both 
tRNA and rRNA. We anticipate that PhOxi-seq will find 
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broad use as a straightforward sequencing approach to 
enable functional studies of N2-methylation of guanosine in 
RNA. 
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