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Abstract

We report the detection of 5-vinyluridine (5-VUrd) in RNA at single nucleotide resolution
via mutational profiling. Maleimide cycloadducts with 5-VUrd in RNA cause a stop in
primer extension during reverse transcription, and the full-length cDNA product from reverse
transcription contains misincorporation across the cycloadduct site.

Graphical Abstract

Cellular responses to external stimuli rely on subtle changes in tightly regulated gene
expression networks, and the study of these changes provides molecular insights into
processes such as disease progression and cellular differentiation. Although changes in
protein expression in response to various stimuli have been widely studied, few methods
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exist to study the changes in RNA expression as cellular response mechanisms. Advances
in next-generation sequencing have provided facile access to the study of RNA expression;
however, RNA sequencing alone is unable to report on the dynamics of RNA expression
and cannot distinguish between synthesis and degradation rates of RNA which is crucial for
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elucidating the dynamic molecular mechanisms that regulate gene expression.1-2 Therefore,
methods to differentiate nascent RNA from total RNA are essential for identifying changes
in the synthesis and degradation rates of RNA in response to external stimuli.

RNA metabolic labeling has been used to study nascent RNA transcripts, where an unnatural
nucleoside can be incorporated into the actively transcribed RNA by the endogenous
pathways of the cells.3-8 Once the modified nucleoside is incorporated into the RNA,
chemical conjugation can be performed to attach an affinity tag onto nascent RNA and the
transcripts can be enriched from the pool of total RNA. However, enrichment protocols can
often be laborious and provide variable yields that complicate RNA expression analysis.
Therefore, some methods to profile nascent RNA transcripts without enrichment have been
developed, where unnatural nucleosides can be chemically modified to induce mutations
(mutational profiling) upon reverse transcription (RT). Examples of such methods include
SLAM seq, TUC seq, and TimeLapse seq, which rely on the metabolic incorporation of
4-thiouridine (4-SUrd) by cells into nascent RNA.7-9 Recently, 5-ethynyluridine (5-EUrd)
in nascent RNA was detected after RNA metabolic labeling using direct RNA sequencing
with nanopore sequencing platform without requiring any chemical modification of the
RNA.19 However, both 4-SUrd and 5-EUrd have been shown to have cytotoxicity issues
with biological systems,11:12 necessitating the development of sequencing nascent RNA
without cytotoxicity concerns and enrichment protocols.

Vinyl nucleosides can be incorporated into nascent RNA by the endogenous nucleoside
salvage pathways of the cells. Notably, it was observed that 5-vinyluridine (5-VUrd) can
be incorporated at a similar rate as other uridine analogues, showed minimal toxic effects
and transcriptional changes in cells when compared to the widely used 5-EUrd.3 Further,
the nucleobase 5-vinyluracil can be utilized to incorporate 5-VUrd in a cell-type-specific
manner, where only cells expressing an optimized uracil phosphoribosyl transferase can
incorporate 5-VUrd in their RNA.13:14 Therefore, 5-VUrd presents a non-toxic alternative
for use in /n-vivo RNA metabolic labeling and nascent RNA sequencing. However, there
are no methods available to utilize this modified nucleoside for RNA expression profiling
using mutation profiling, as described above. Here, we report the detection of 5-VUrd in an
in-vitro transcribed RNA with mutational profiling (Figure 1A).

Several chemical adducts on RNA have been shown to induce stalling of RT during primer
extension (RT stop) and misincorporations across the modified sites in the full-length
cDNA, facilitating mutational profiling of the adducts.1>-17 5-\VUrd has been demonstrated
by our group to react with maleimide derivatives in a /4+2] cycloaddition reaction, and

we envisioned these cycloadducts undergoing an ant/to syn conformational change to
reduce steric clash with 5 OH of the sugar. This conformational change would expose

the non- Watson-Crick-Franklin (WCF) face of the nucleobase to the RT enzyme during
primer extension, which might not be recognized by the enzyme and lead to RT stop

or misincorporation across the cycloadduct (Figure 1B). In this scenario, substitutions on
the nitrogen of the maleimide could dictate the efficiency of RT stop and mutational
profiling. Therefore, we began by evaluating the reactivity of 5-VUrd with maleimides
having substitutions of varying size on the maleimide nitrogen, ranging from methyl to
4-bromophenyl substituent. The maleimides were incubated with 5-VUrd and conversion
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was monitored via IH NMR spectroscopy. Moderate to high conversions were observed
with all maleimides containing substitutions on the nitrogen (Figure 2). This substrate scope
suggested that all the substituted maleimides could be used for reactions with 5-VVUrd
containing RNA to test for the effect of cycloadduct size on RT.

To study the effect of cycloadduct formation on 5-VUrd-containing RNA on RT extension,
we designed a DNA template for /n-vitrotranscription (IVT) of RNA containing a single
adenosine to direct the insertion of a single uridine or 5-VUrd in the RNA synthesized upon
transcription (Figure 3A). By modifying nucleotide triphosphate mixtures, we performed
in-vitro transcription to synthesize RNA transcripts containing either 5-VUrd (T1) or
uridine (T2) with the use of 5-vinyluridine triphosphate or uridine triphosphate respectively
(Figure 3B). To check for the successful incorporation of 5-VVUrd in RNA, both transcripts
were treated with maleimide-biotin and detected biotinylation via streptavidin-conjugated
horseradish peroxidase to visualize chemiluminescence with luminol on a dot-blot assay
(Figure 3C). As expected, chemiluminescence was observed upon the reaction of T1 with
both maleimide-biotin on the dot-blot, whereas T2 did not show significant biotinylation
(Figure 3D).

With these transcripts in hand, we investigated the effect of maleimide conjugation on RT
with a primer extension assay. T1 was reacted with the maleimides 1-6, and RT reactions
were performed with a murine leukemia viral RT enzyme (SuperScript I11). We observed
RT stop at one nucleotide before the modified 5-VUrd position (Figure 4A). RT stop

was not significant with unsubstituted maleimide 1 and less bulky maleimide 2; however,
significant truncation of cDNA was observed with maleimides 3, 4, 5, and 6, suggesting that
the RT enzyme experiences a steric clash from the non-Watson-Crick-Franklin (non-WCF)
face of the nucleobase in primer extension upon encountering the modified nucleoside.
Comparing the benzyl-substituted maleimide 4 with the phenyl-substituted maleimides 3,

5, and 6, modification on T1 with 4 resulted in a lower RT stop. This may be attributed

to the flexibility of the methylene unit between the maleimide and aromatic ring, which
could provide less hindrance for the RT enzyme compared to rigid phenyl substituted
maleimides. To further quantify the yield of full-length cDNA in the RT reactions upon
maleimide conjugation, we performed qPCR with cDNA present in the RT reactions with
primers designed to selectively amplify only the full-length cDNA. As seen with the primer
extension assay, the full-length cDNA yield of T1 with 1, 2 and 4 was comparable to DMSO
treated samples, whereas yields were significantly reduced upon the reaction of T1 with

3, 5and 6 (Figure 4B). Overall, the gPCR data and the primer extension assay results
demonstrate the ability of N-substituted maleimides to detect 5-VUrd via RT stalling in
primer extension assays.

With the observed RT stop after maleimide conjugation, we decided to study the nucleotide
incorporation pattern across the cycloadduct by various RT enzymes to develop a mutational
profiling approach for detecting 5-VUrd in RNA. We chose to modify T1 with 1 and 3

for the RT reactions, where RT of T1 treated with 1 did not produce a significant RT stop
whereas RT of T1 treated with 3 produced a significant RT stop. We chose a few viral

RT enzymes, including HIV-RT which is known to incorporate mutations across a modified
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nucleobase,18 and tried using Mn*2 instead of Mg*2 in the RT buffer to identify the RT
conditions that optimize misincorporation rates across from the 5-VUrd cycloadduct.1®

Initially, we performed a primer extension assay with the different RT conditions, and

we observed similar RT stops with all the RT reaction conditions (Figure S1). To study
nucleotide incorporation across the cycloadduct site, the full-length cDNA from the RT
reactions was selectively amplified and converted to dsDNA for subsequent sequencing.
Upon alignment of reads to the sense strand from dsDNA of T2 (reference strand, Figure
5A), nucleotide reads at the 5-VVUrd position from dsDNA of T1 (mapped strand, Figure
5A) were analyzed to observe misincorporation across the cycloadduct site. We observed
a high level of misincorporation across the cycloadduct site in T1 treated with 3 when

RT was performed with SuperScript Il in Mn*2 buffer compared to treatment with 1 and
DMSO (Figure 5B). Various nucleotide misincorporation patterns were observed with the
different RT conditions performed on T1 treated with 3 (Figure S2), however; with RT in
Mn*2 buffer, >80% of the mutations were T->A mutations, implying that the RT enzyme
primarily misidentified the cycloadduct as adenosine (Figure S3). Additionally, these same
RT conditions when performed with T2 transcript treated with either 1, 3, or DMSO did not
observe any significant mutation across the uridine in any condition (Figure S4).

Although the syn cycloadduct cannot form hydrogen bonding interactions to explain

the incorporation of thymidine across the modified site, we believe thymidine may be
incorporated across the cycloadduct site to compensate for the increase in size compared
to uridine and 5-VUrd. With this reasoning, we looked for differences in the mutational
frequency of T1 reacted with various maleimides and sequenced full-length cDNA after
performing RT with SuperScript 1l in Mn*2 buffer. We observed higher mutations with
maleimides that resulted in higher RT stop, suggesting that increasing steric hindrance

to the RT enzyme with increasing size of the cycloadduct led to more misincorporation
(Figure 5C). Interestingly, all maleimides resulted in most mutations being T->A; however,
maleimides 2, 3, 4, 5and 6 had > 80% T->A mutation, significantly higher compared

to DMSO negative control (Figure 5D). Overall, these results show the potential of
mutational profiling to track the incorporation of 5-VUrd in RNA metabolic labeling
experiments, where transcripts that yield significantly higher T->A mutations compared to
untreated samples upon RNA sequencing can be identified as nascent transcripts without
pre-enrichment from the total RNA pool.

The development of novel yet easy-to-perform methods for tracking nascent RNA synthesis
in cells is a critical tool for investigations into cellular response mechanisms. In this study,
we developed a mutational profiling approach to detect 5-VUrd in RNA with maleimide
cycloadduct formation. Based on mutational and RT stop frequencies observed in our
studies, we believe maleimides 2 and 3 would be a balanced reagents for optimizing

a mutational profiling approach with total RNA from cellular samples as they deliver
significant mutational frequency with moderate full-length cDNA synthesis. We are
currently working on optimizing and extending the use 5-VUrd for probing changes in RNA
expression of cells upon various external stimuli such as heat shock or drug administration,
where cells can be treated with 5-VUrd to label nascent RNA transcripts after stimuli
exposure. These transcripts can then be recovered from the cells at various intervals and
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changes in RNA expression can be observed by mutational profiling of 5-VUrd after RT

in optimized conditions. Further, we anticipate our novel methodology to be amenable to
cell-specific RNA metabolic labelling in-vivot3:14 where we have detailed the use of 5-VUrd
using conventional methods and will benefit from our approach detailed herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank all lab members for their discussion and critique of this manuscript. We acknowledge the University of
California, Irvine for the financial support of this research. R.C.S. is a Pew Biomedical Scholar. High-throughput
sequencing was enabled through access to the following: the Genomics Research and Technology Hub (formerly
Genomics High-Throughput Facility) shared resource of the Cancer Center Support Grant (P30CA-062203), the
Single Cell Analysis Core shared resource of Complexity, Cooperation and Community in Cancer (U54CA217378),
the Genomics-Bioinformatics Core of the Skin Biology Resource Based Center @ UCI (P30AR075047) at the
University of California, Irvine and NIH shared instrumentation grants 1S10RR025496-01, 1S100D010794-01,
and 1S100D021718-01.

Notes and references

(2). Singha M; Spitalny L; Nguyen K; Vandewalle A; Spitale RC Chemical Methods for Measuring
RNA Expression with Metabolic Labeling. WIREs RNA n/a (n/a), e1650.

(2). Kleiner RE Interrogating the Transcriptome with Metabolically Incorporated Ribonucleosides.
Mol. Omics 2021, 17 (6), 833-841. [PubMed: 34635895]

(3). Kubota M; Nainar S; Parker SM; England W; Furche F; Spitale RC Expanding the Scope of
RNA Metabolic Labeling with Vinyl Nucleosides and Inverse Electron-Demand Diels—Alder
Chemistry. ACS Chem. Biol 2019, 14 (8), 1698-1707. [PubMed: 31310712]

(4). Qu D; Zhou L; Wang W; Wang Z; Wang G; Chi W; Zhang B 5-Ethynylcytidine as a New Agent
for Detecting RNA Synthesis in Live Cells by “Click” Chemistry. Anal. Biochem 2013, 434 (1),
128-135. [PubMed: 23219562]

(5). Jao CY; Salic A Exploring RNA Transcription and Turnover in Vivo by Using Click Chemistry.
Proc. Natl. Acad. Sci 2008, 105 (41), 15779-15784. [PubMed: 18840688]

(6). Melvin WT; Milne HB; Slater AA; Allen HJ; Keir HM Incorporation of 6-Thioguanosine and
4-Thiouridine into RNA. Eur. J. Biochem 1978, 92 (2), 373-379. [PubMed: 570106]

(7). Herzog VA; Reichholf B; Neumann T; Rescheneder P; Bhat P; Burkard TR; Wlotzka W;
von Haeseler A; Zuber J; Ameres SL Thiol-Linked Alkylation of RNA to Assess Expression
Dynamics. Nat. Methods 2017, 14 (12), 1198-1204. [PubMed: 28945705]

(8). Riml C; Amort T; Rieder D; Gasser C; Lusser A; Micura R Osmium-Mediated Transformation of
4-Thiouridine to Cytidine as Key To Study RNA Dynamics by Sequencing. Angew. Chem. Int.
Ed 2017, 56 (43), 13479-13483.

(9). Schofield JA; Duffy EE; Kiefer L; Sullivan MC; Simon MD TimeLapse-Seq: Adding a Temporal
Dimension to RNA Sequencing through Nucleoside Recoding. Nat. Methods 2018, 15 (3), 221-
225. [PubMed: 29355846]

(10). Maier KC; Gressel S; Cramer P; Schwalb B Native Molecule Sequencing by Nano-ID Reveals
Synthesis and Stability of RNA Isoforms. Genome Res. 2020, 30 (9), 1332-1344. [PubMed:
32887688]

(11). Burger K; Muhl B; Kellner M; Rohrmoser M; Gruber-Eber A; Windhager L; Friedel CC; Délken
L; Eick D 4-Thiouridine Inhibits RRNA Synthesis and Causes a Nucleolar Stress Response. RNA
Biol. 2013, 10 (10), 1623-1630. [PubMed: 24025460]

(12). van’t Sant LJ; White JJ; Hoeijmakers JHJ; Vermeij WP; Jaarsma D In Vivo 5-Ethynyluridine
(EV) Labelling Detects Reduced Transcription in Purkinje Cell Degeneration Mouse Mutants,

Chem Commun (Camb). Author manuscript; available in PMC 2024 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gupta et al.

(13).

(14).

(15).

(16).

Q).

(18).

Page 6

but Can Itself Induce Neurodegeneration. Acta Neuropathol. Commun 2021, 9 (1), 94. [PubMed:
34020718]

Nguyen K; Kubota M; Arco J. del; Feng C; Singha M; Beasley S; Sakr J; Gandhi SP; Blurton-
Jones M; Fernandez Lucas J; Spitale RC A Bump-Hole Strategy for Increased Stringency

of Cell-Specific Metabolic Labeling of RNA. ACS Chem. Biol 2020, 15 (12), 3099-3105.
[PubMed: 33222436]

Singha MK; Zimak J; Levine SR; Dai N; Hong C; Anaraki C; Gupta M; Halbrook CJ; Atwood
SX; Spitale RC An Optimized Enzyme-Nucleobase Pair Enables /n Vivo RNA Metabolic
Labeling with Improved Cell-Specificity. Biochemistry 2022, 61 (23), 2638-2642. [PubMed:
36383486]

Siegfried NA; Busan S; Rice GM; Nelson JAE; Weeks KM RNA Motif Discovery by SHAPE
and Mutational Profiling (SHAPE-MaP). Nat. Methods 2014, 11 (9), 959-965. [PubMed:
25028896]

Zubradt M; Gupta P; Persad S; Lambowitz AM; Weissman JS; Rouskin S DMS-MaPseq for
Genome-Wide or Targeted RNA Structure Probing in Vivo. Nat. Methods 2017, 14 (1), 75-82.
[PubMed: 27819661]

Zinshteyn B; Chan D; England W; Feng C; Green R; Spitale RC Assaying RNA Structure with
LASER-Seq. Nucleic Acids Res. 2019, 47 (1), 43-55. [PubMed: 30476193]

Shu X; Dai Q; Wu T; Bothwell IR; Yue Y; Zhang Z; Cao J; Fei Q; Luo M; He C; LiuJ
N6-Allyladenosine: A New Small Molecule for RNA Labeling Identified by Mutation Assay. J.
Am. Chem. Soc 2017, 139 (48), 17213-17216. [PubMed: 29116772]

Chem Commun (Camb). Author manuscript; available in PMC 2024 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Gupta et al. Page 7

Misincorporation

A O—SVUd
h ’ RT stop

or
{ Cycloaddition ) RT ’
Q\

A

r,:lj NA

B 0 0

NH HN

o) N’J\o O)\N o)
g H
R
HT§ = ~ HO
0] O

H OH H OH

anti syn

Figure 1.

Mutational profiling for RNA metabolic labeling analysis. A) Detection of 5-VUrd in RNA
with RT stop and mutational profiling. B) Proposed ant/ito syn conformational change of
5-VUrd maleimide cycloadduct.
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Maleimide substrate scope study with 5-\VUrd. 2D,0 as solvent. PDMSO-dg as solvent.
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Figure 3.

In-vitrotranscription of RNA. A) Double-stranded DNA template design, RNA sequences
(with uridine or 5-VUrd highlighted), and scheme for in-vitro transcription. B) Gel
electrophoresis to confirm RNA length and integrity. C) Scheme for chemiluminescence
dot-blot assay. D) RNA biotinylation and dot-blot to confirm the incorporation of 5-VUrd.
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Mutation of full-length cDNA and misincorporation across 5-VUrd in RNA. A) Mutation
frequency in full-length cDNA with various RT conditions. B) Mutational frequency in full-
length cDNA with various maleimide substrates. C) Characterization of the misincorporated
base with various maleimide substrates across 5-VUrd in T2 with SuperScript Il in Mn*2
buffer. D) Base identity of the mutated base across 5-VUrd in T2 treated with maleimides
1-6 and RT with SuperScript 11 in Mn*2 buffer.
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