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ABSTRACT 

The simultaneous detection of a specific post-transcriptional modification that decorates the natural RNA can 
provide comprehensive information to better understand cellular and molecular functions of this variation.  5-
Formylcytidine f5C is one of the natural nucleotides that was discovered in the tRNA of many species during the 
oxidative demethylation of 5-methylcytidine m5C.  Despite the evident importance of f5C in playing an 
important role in gene expression regulation, little is known about the exact amount and positions of this 
modified cytidine in RNAs, as well as its exact functions.  To capture this type of information, we performed a 
site-specific dual functionalization of f5C with semi-stabilized ylide cyanomethylene triphenylphosphorane that 
can simultaneously seizure the C5-formyl and N4-amino groups in the cytidine residue under light irradiation.  
The photochemical labelling with f5C-containing oligonucleotides imparts a high selectivity towards f5C and 
allows distinction from structurally similar 5-formyluridine f5U.  We implemented a detection strategy of f5C 
modification in RNA based on the fluorescence signal of the cyclization product 4,5-pyridin-2-amine-cytidine 
paC, which exhibited a relatively high fluorescence quantum yield.  The results could clearly identify f5C with a 
limit of detection LOD at 0.58 nM.  The chemical labelling was capable of altering the hydrogen bonding activity 
of the parent cytidine and enabled the modulation of the reverse transcription signature of f5C in sequencing 
profile.  We showed that using this Pan-Seq strategy, f5C can be detected from tRNA segments with a single-base 
resolution.  Taken together, this approach represents a sensitive, robust, antibody-free and applicable detection 
ad sequencing to f5C RNA. 

 

INTRODUCTION 

Chemical modifications to ribonucleic acids (RNA) play an essential role for the control of gene expression on 
different levels.1,2  The simplest methylation in mRNA, N6-methyladenine m6A, for example, affects the cell 
viability and development, and is associated with mRNA localization, structure, stability, splicing, and 
translation.3  Similar to that adenosine modification, 5-methylcytosine m5C is another renowned epigenetic 
mark that also commonly occurs in various RNA molecules.  It has recently gained increasing attention with 
accumulating evidence suggesting the involvement of this cytidine modification in a variety of cellular 
processes.4  In eukaryotes, the installation of C5-methyl at cytosine is catalyzed by enzymes of the 
NOL1/NOP2/SUN domain (NSUN) family and the DNA methyltransferase homologue DNMT2.5  Its removal, 
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on the other hand, is induced by ten-eleven translocation (Tet) family of Fe(II)- and 2-oxoglutarate-dependent 
dioxygenases (in mammals), the same enzymes also being responsible for the active oxidation/demethylation of 
5-methyldeoxycytidine 5mC in DNA.6-9  In this process, 5-formylcytidine f5C, one of the unique post-
modifications in RNA involving a formyl motif,10 was identified as one of the key intermediates in the active 
demethylation pathway of m5C (Figure 1).  It was discovered in both coding and noncoding RNAs,11,12 along with 
its precursor 5-hydroxymethylcytidine hm5C7,13 and hyper-oxidized product 5-carboxylcytidine ca5C.14,15  f5C was 
mainly detected at position 34 (wobble base) of mammalian ct-pre-tRNALeu(CAA)16,17 and mt-tRNAMet in 
mitochondrial RNA.18-23  Results from NMR and biophysical characterizations have confirmed that the electron-
withdrawing formyl substituent significantly circumscribed the conformational dynamics to the anticodon base 
region, resulting a specific geometry for a canonical Watson-Crick base pair with both G of AUG and A of AUA, 
respectively.22,23  However, its physiological roles are still largely unknown.  A major challenge for studying f5C 
RNA and its impact on gene regulation is the development of robust, simple-to-use, and cost-efficient analysis 
tools that allow absolute quantification and determining correct stoichiometry of this epigenetic modification 
with both analytical chemistry accuracy and high-throughput sequencing.24   
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Figure 1. Design and optimization of photochemical labelling of f5C.  (A) Design of chemical labelling of f5C with 
variable substituted Wittig reagents.  Representative Wittig reagents used in the optimization process were 
presented at the right.  (B) Labelling intermediates of f5C and f5U during the procedure or before light irradiation.  
(C) Labelling discrimination of f5C from other canonical nucleosides and common modifications by 
fluorescence measurement of the process.  (D) Fluorescence intensity measurement of paC with other 
completing nucleosides.  (E) Fluorescence intensity measurement of paC with labelling intermediates of f5C and 
f5U, pn5C and pn5U, respectively.  (F) Fluorescence intensity measurement of paC in different solvents.  (G) The 
fluorescence efficiency of paC in different solvents.   

 

To date, approaches for quantifying f5C RNA are basically classified into two types: 1) Extracted RNA was 
digested, chemically labelled with small organic molecules such as 2-bromoketones and followed by mass 
spectrometry analysis11,12 and 2) Fluorogenic labeling of the formyl modification with organic probes like 2,3,3-
trimethylindole derivatives25 or 2-aminobenzenethiol26 followed by fluorescence intensity measurement.  While 
the former digestion-labeling-analysis procedure loses sequence and origin information and therefore cannot 
locate the modified nucleoside within the specific RNA, the latter approach could also label another formyl-
containing modification 5-formyluridine f5U as well.10,25,26  Therefore, the results obtained from fluorescence 
quantitative detection are actually higher than the actual content of f5C.  On the other hand, sensitive and 
accurate methods for sequencing f5C have just emerged until recently.  Kleiner, Meier, Minczuk, and Zhou 
simultaneous disclosed two distinct chemical reduction and alkylation-based sequencing of f5C in RNA.18,27-29  
The mostly used borohydride sequencing relied on the high polarity and electron deficiency of C5=C6 double 
bond conjugated with the electron-withdrawing formyl group, which was reduced under acidic conditions (pH 1 
or 5.2) to afford the dihydrouridine DHU.18,27,29  A subsequent PCR reaction enabled the conversion of DHU to 
thymine and thus uncovered the f5C modification in the following sequencing process.  While this method has 
produced signals directly at the f5C modification sites, it could not intrinsically differentiate it with other 
electron-deficient cytidines.  N4-acetylcytidine ac4C30,31 and ca5C,32 for example, would also be reduced under the 
same conditions and underwent deamination to generate DHU, causing false positive signals and decreasing the 
accuracy and sensitivity of the analysis.  It is therefore of great interest to develop an affordable and accurate 
assay to detect f5C RNA with the goal of both detecting and sequencing capabilities. 

 

In this Article, we describe a photochemical labeling of f5C RNA with the triphenyl phosphonium ylide 1 (the 
Wittig reagent) for its accurate detection and single-base sequencing (Figure 1A).  The 4,5-cyclization with 
phosphonium ylide was exceptionally specific towards f5C, which took advantage of the electrophilicity of the 
C5-carbonyl group and another control reaction within N4-amino to discriminate it from ac4C, ca5C and any 
other modifications.  The generated cyclized cytidine analogue 4,5-pyridin-2-amine-cytidine, named paC, 
exhibited an excellent fluorescence quantum yield, and thus enabled an accurate determination of f5C with a 
limit of detection (LOD) at 0.58 nM.  This straightforward protocol for quantitation of f5C level in cellular RNA 
eliminated tedious sample preparation but afforded a degree of accuracy comparable to that from the standard 
measurement.11,12  Besides, the 4,5-cyclization with f5C impeded base-pairing with guanine and therefore the 
reverse transcription (RT) signatures can be affected, yielding a sequencing profile distinct from canonical 
cytidine.  We showed that using this strategy, named Pan-Seq, f5C can be detected from the segments within 
tRNAMet with high accuracy.  Taken together, as our approach is sensitive, robust, antibody-free and applicable to 



 

this special RNA species, we expect it will help shed new light on previously intractable biology aspects of f5C 
RNA. 

 

RESULTS AND DISSCUSIONS 

Photo-triggered Wittig-cyclization for selective chemical labeling and capture of f5C.  We previously have 
reported a visible-light facilitated and catalyst-free detection of f5C with 2-aminobenzenethiol to generate the 
fluorogenic 5-(benzothiazol-2-yl)cytidine.26  However, this method, along with other labelling reactions, can not 
distinguish f5C from another formyl containing f5U.  In our continuous effort to explore opto-bioorthogonal 
chemistry of RNA modifications,33-38 we envisioned that a 4,5-type cyclization with both N4-amino and C5-
formyl functionalities would be an ideal solution to this.  We firstly explored a bunch of nucleophiles that could 
selectively react with the carbonyl substituent (Table S1).  While most carbon-carbon bond formation reaction 
(Aldol reaction, Henry addition, etc.) showed inert reactivity under physiological neutral conditions, Wittig 
olefination, a classic chemical reaction of an aldehyde or ketone with triaryl phosphonium ylides or their 
precursors,39 attracted our attention due its exclusive preference towards carbonyls, orthogonality with other 
biological residues, and compatibility with aqueous medium.40-42  We therefore investigated a series of 
phosphonium ylides and their corresponding triphenylphosphonium salts (Figure 1A, Table S1).  Interestingly, 
stable ylides like those with formyl, ester or ketone substituents at the methylene linkage were inert with f5C 
(Figure 1A, Table S1).  Unstabilized ylides were also tested but they rapidly decomposed during the process 
(Table S1).43,44  However, the semi-stabilized ylide cyanomethylene triphenylphosphorane 1, which was utilized 
in the condensation with 5fC, was identified as an efficient olefination reagent.45-48  A pair of E/Z-5-(3-
propenenitrileyl)cytidine (pn5C) (59%) was obtained by using freshly prepared 1 (Figure 1B, Figure S12), along 
with a highly fluorescent nucleoside that was later identified as 4,5-pyridin-2-amine-cytidine (paC), however, in 
a low yield (22%, Table S2).  We anticipated that the new paC was produced through a spontaneous cyclization of 
the less stable Z-stereoisomeric pn5C, in which the spatially close N4-amino facilitated an amino-nitrile 
cyclization.49,50  We therefore adopted the ultraviolet light irradiated EZ isomerization protocol46,51 in this 
process and the thermodynamically more stable E-pn5C was completely converted to Z-pn5C upon light 
irradiation within 5 hours, providing paC in an isolated yield of 78%.  However, di-substituted 
methylenetriphenylphosphoranes 2-5 were unsuccessful for the olefination or cyclization (Figure 1A), probably 
due to steric hindrances.   

 

With the labeling under very mild reaction conditions in hand, we first investigated the selectivity of 1 with 
potential intervening functionalities (Figure 1C).  A collection of canonical nucleosides A / U / C / G and other 
epigenetic modifications including m5C / hm5C / 5-methyluridine (m5U) / m6A / N6-isopentenyladenosine (i6A) 
/ pseudouridine (ψ) were all fluorescent inactive and exhibited inert reactivity when incubating with 1.  
However, the photo-triggered Wittig-cyclization with f5C induced a remarkable fluorescent enrichment of up to 
106-fold at 420 nm (λex = 350 nm) (Figures 1C, D, Table S7).  We ascribed this change to the creation of 
fluorescent 4,5-pyridin-2-amine-cytidine.  Interestingly, the olefination intermediate pn5C emitted a very weak 
fluorescence (Figure 1E).  A 10-fold enhancement of signal upon light irradiation was observed and hence 
enabled a visible confirmation of the cyclization process during RNA labeling.  Most importantly, this method 
exhibited an ultra-high selectivity for f5C over the structurally similar f5U, which was not distinguishable in 
aldehyde condensation protocols.25,26  A 161-fold difference in fluorescence intensity was detected due to the 



 

covalent cyclization with N4-amino group in Z-pn5C while in the condensation product 5-(3-
propenenitrileyl)uridine (pn5U) no further cyclization was possible no matter with under light irradiation or not 
(Figures 1B, E, Figures S13, S14).  We next tested the fluorescent behavior of paC in a series of solvents (Figure 
1F, Table S6).  Emission spectra of paC in neutral or basic solutions were quite similar, exhibiting a maximum 
around 426~432 nm.  The most intense fluorescence was observed in pure water or phosphate-buffered solution, 
which was of great benefit to the fluorescence measurement as no organic solvent would be needed in the cell 
lysate labeling (Figure 1G, Table S8).  A high quantum yield around 0.15 is crucial for a wide range of 
applications enables many exciting possibilities for f5C displays and bioimaging.  For paC in acidic hydrochloride 
solution, the emission maximum was shifted to shorter wavelength (411 nm), probably due to the protonation of 
the remote amino group.   

 

To explore the potential of the photochemical labeling of f5C modification in RNA, two oligoes f5C-RNA-1 (5’-
GGG AGA f5CGU A-3’) and f5C-RNA-2 (5’-AGC UAU CGG GCC f5CAU ACC CCG AAA A-3’) (Table S3), 
whose sequence was adapted from wobble regions of human mt-tRNAMet,52 were synthesized following the 
standard phosphoramidite chemistry (Figure 2A, Figure S15).53  To identify an optimal labeling condition for the 
selective modification of f5C nucleotides, we began with screening of variable Wittig reagent amounts by 
employing f5C-RNA-1 as a model system (Figure 2B, Table S4).  Gratifyingly, a rapid conversion of f5C RNA 
(93%) was observed with an exclusive formation of product paC RNA (83%) when sufficient 1 was employed 
(Figures 2B, 2C).  The skeleton stability of the ribonucleotides during the photochemical cyclization was 
unambiguously proven based on the high-performance liquid chromatography (HPLC) analysis (Figure 2C).  
Two new peaks were observed after the incubation with 1 before radiation, one of which turned out to be the 
anticipated paC-RNA-1 based on the matrix-assisted laser desorption/ionization coupled to time-of-flight 
(MALDI-TOF) mass spectrometry analysis (Figure S17), while the other peak was tentatively assigned as the 
pn5C-RNA, which was later isomerized to its cis-form and underwent a spontaneous cyclization to achieve a full 
conversion to paC-RNA-1 under light irradiation.  Enzymatic digestion of the RNA oligo supported the 
conclusion that the f5C modification has been selectively converted to paC, exhibiting a new peak at 260 nm and 
350 nm, respectively (Figure 2D).  Another mt-tRNAMet mimic, f5C-RNA-2 with a completely different sequence, 
also underwent a complete transformation with 1 under the photochemical cyclization (77%) (Figure 2E, Table 
S5).  MALDI-TOF analysis (Figure S18) and enzymatic cleavages (Figure 2F) also confirmed that the chemical 
recognition and functionalization with Wittig reagent 1 showed no sequence or conformation preference but a 
high selectivity for f5C modification, which is consistent with our previously developed chemical modulation of 
RNA epigenetics with small organic molecules.37,38,54   

 



 

 

Figure 2. Photo-triggered Wittig-cyclization for selective chemical labeling and capture of f5C.  (A) A schematic 
description of the chemical labelling of f5C within a fragment of tRNA at the wobble position.  (B) The 
conversion and generation of f5C and paC upon incubation with variable amounts of the Wittig reagent 1.  (C) 
HPLC analysis of f5C-RNA-1 and its chemical labelling with Wittig reagent 1 before (hν˗) and after light 
irradiation (hν+).  (D) HPLC analysis of the digestion mixture of f5C-RNA-1 and its chemical labelling mixture 
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with Wittig reagent 1 before (hν˗) and after light irradiation (hν+).  HPLC chromatograms with a wavelength of 
260 nm and 350 nm were recorded respectively.  The lowest HPLC was recorded with the pure paC sample.  (E) 
HPLC analysis of f5C-RNA-2 and its chemical labelling with Wittig reagent 1 before (hν˗) and after light 
irradiation (hν+).  (F) HPLC analysis of the digestion mixture of f5C-RNA-2 and its chemical labelling mixture 
with Wittig reagent 1 before (hν˗) and after light irradiation (hν+).  HPLC chromatograms with a wavelength of 
260 nm and 350 nm were recorded respectively.  

 

Fluorescence measurement of f5C modification in RNA.  Having achieved quantitative labeling and HPLC 
resolution of f5C under the bio-compatible conditions, efforts were directed to use this fluorescence analysis as 
an accurate approach to quantitative f5C modification in RNA (Figure 3).  First we demonstrated that this 
fluorogenic labeling could be utilized to assay f5C nucleoside in a digested RNA sample (Figures 3A, B).  Current 
methods for measuring f5C nucleoside in RNA employed base-promoted alkylation with arylacyl bromides 
derivatives to improve the LC-ESI-MS/MS detection sensitivity,11,12 or acid-facilitated aldol type condensation 
with trimethylindoleninium to produce hemicyanine-like chromophores.25  Considering the facts that paC was 
constructed under physiological pH and exhibited maximum quantum yield and largest emission intensity under 
the same conditions (Figures 1F, G), we anticipated that our method may serve as a rapid and sensitive 
fluorescence-based assay to quantify cellular f5C nucleosides in the routine RNA treatment.  This assay relied on 
the principle that only the fluorescence coming from the fluorophore of interest 4,5-pyridin-2-amine-cytidine 
can be detected.  The concentration of limiting f5C was thus directly proportional to the fluorescence generated 
by avoiding any other unspecific signals (Figure 3A).  The assay exhibited excellent linearity (R2  >  0.99) and 
could be modified to detect between 1 and 800  nM of f5C.  The limits of detection (LOD) for f5C modification 
was defined as 0.58  nM (Figure 3B).  One additional advantage of the current assay over the conventional mass-
based assays is that this method could be applied in RNA samples without any interference from the endogenous 
cellular nucleotides (Figure 1C) or intermediates generated during the labelling process (Figure 1E).  No 
fluorescence signal above background was detected with f5C RNA before the labelling while the photochemical 
treatment with 1 resulted a strong blue light emission under an UV lamp (Figure 3C).  A significant increase in 
fluorescence enhancement (106-fold) was observed (Figure 3D, Figure S7).  To evaluate the feasible application 
of the highly fluorescent of paC for the detection of f5C in RNA samples, a quantitative measurement of paC RNA 
using the spectrofluorometric approach was explored (Figures 3E, F).  The fluorescence signal changes of paC 
RNA with cumulative concentrations were given in Figure 3E and clearly indicated that this assay could speedily 
quantify even trace amount of f5C within RNA.  The linear relationship and lowest detection limit of the current 
approach was shown in Figure 3F, in which the emission intensities of the paC RNA were plotted against variable 
concentrations from which a calibration curve was obtained.  The calibration diagram indicated that the 
proposed sensing strategy was in good fit with concentration ranging from 0.1 to 10 μM, while the LOD was 
calculated as 19.2 nM.  By this approach, determination of absolute f5C amounts in total RNAs of the extracts 
from HeLa cells (328 nM) is possible which is of sufficient accuracy for the majority of cell-based applications 
without tedious chemical treatment and specialized instrumentation.   

 



 

 

Figure 3. The fluorescence measurement of f5C modification in RNA.  (A) Fluorescence intensity measured by 
variation of paC nucleoside from 10 nM to 200 nM.  (B) The linear relationship between the concentrations of 
paC with the maximum absorptions at λ of 422 nm.  (C) The fluorescence snapshots of an f5C RNA solution 
before (left) and after photochemical labeling (right).  (D) The fluorescence determination of f5C RNA before 
and after the photochemical labelling.  paC RNA indicated the purified oligo after purification.  (E) Fluorescence 
intensity measured by variation of paC RNA from 0.1 μM to 10 μM.  (F) The linear relationship between the 
concentrations of paC RNA with the maximum absorptions at λ of 410 nm. 

 

Pan-Seq for single base-resolution sequencing of f5C RNA.  To further understand how the dynamic oxidation 
of m5C shapes RNA, a detailed analysis of the distribution of its oxidative intermediates including hm5C,55 f5C 
and ca5C is highly desirable as these modifications are actively involved in the demethylation pathway.  
Unfortunately, f5C behaved equally to cytosine in bisulfite sequencing56 and similarly to ca5C and ac4C in 
protonation-dependent hydride reduction based sequencings.18,27,29  Besides, its low abundance in transcript RNA 
(10-6 f5C/G) makes it challenging to efficiently employ antibody-based immunoprecipitation that normally 
worked well with other commonly existing modifications.  To overcome such technical bottleneck, we consider 
that the hydrogen bond donor and acceptor sites of paC have changed significantly compared with cytosine 
(Figure S26), and it may no longer pair with guanine during the reverse transcription process, resulting in 
distinct changes in the reading signal and hence an exact indication of the formyl modification sites.  Based on 
our previous work on the discovery of base resolution analysis of DNA modifications pertaining to cytidine and 
adenosine,57-60 we developed a new sequencing technology to detect f5C in single base-resolution named paC-seq 
and used two f5C RNA oligos and their corresponding paC RNAs (Table S13) to test the sensitivity and specificity 
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(Figure 4).  To our delight, 70.2~70.9% of paC was mutated after reverse transcription and PCR amplification 
(Figure 4A, B), of which 98% were C-to-U mutations (Figure 4C), which was at the leading level in the reported 
chemical reduction and alkylation-based sequencing methods (29~60%).27,28  These results indicated that our 
methods can sensitively detect f5C sites by recognizing the C-to-U mutation and exhibit an extremely high 
selectivity toward paC over unmodified C with no cross-reactivity to other bases.  The consistent performance in 
oligonucleotides with distinct sequences from f5C-RNA-1/2 also indicated the stability of our method.  Taken 
together, the excellent mutation from paC to U has enable the detection of f5C from unmodified C in a single 
base-resolution.   

 

 

Figure 4. f5C RNA modification detected with high sensitivity and specificity.  (A) Mutation Ratio (line chart) 
and base frequency distribution (heat map) in single base-resolution in f5C-RNA-1 (left) and f5C-RNA-2 (right) 
shows paC has higher mutation ratio and the mutation of other sites was almost unaffected.  In heat map, the 
identities of single base substitutions are showed on the left; reference sequence represented below.  The right bar 
shows base frequency (from light to dark).  Red and blue represent paC and f5C, respectively.  (B) Sequence logo 
shows the base composition and conservation of each site.  Height of each site shows the site conservation, and 
the height of each base represents the frequency of each base.  Bits = log2(N)-H(X), N = 4 and H(X) represents 
comentropy.  (C) A stacking histogram shows the base composition of the paC and f5C sites in f5C-RNA-1 (left) 
and f5C-RNA-2 (right).  paC shows higher and stable conversion from cytosine to uracil than f5C in each RNA 
oligonucleotide. 

 

CONCLUSIONS 

The f5C modification has received cumulative attention in recent years.  It was believed to play an important role 
in RNA epigenetic functions, however it remains challenging to quantify this modification in an unbiased 
manner.  Here, we presented a conceptually new method for the distinction of f5C in RNA from other related 
modifications.  We first introduced a site-specific dual functionalization of the C5-formyl and N4-amino in 
cytosine with semi-stabilized ylide cyanomethylene triphenylphosphorane.  This fluorogenic switch-on labeling 
of f5C produced an intramolecularly cyclized nucleobase paC under a cascade Wittig and photo-promoted 
isomerization reaction, leaving other canonical nucleosides and structurally similar f5U untouched.  The 
excellent fluorescence properties of paC have ensured a qualitative and quantitative detection of f5C moieties in 
tRNA derivatives with a high accuracy that was comparable to quantitative mass spectrometry.  Chemical 
labelling for fluorescent imaging apparatuses such as fluorescent microscopy is one of the most effective and 
widely used modern technologies in life sciences for the analysis of the quantitative behavior of 



 

biomacromolecules and metabolites in living cells, tissues, and organisms.61  While numerous imaging tools like 
electron microscopy, autoradiography, and immunochemistry have been developed, an accurate fluorescent 
labeling of RNA modifications without background noise and their subsequent observation and detection with 
optical instruments are still of great attention.  A high temporal resolution of designated modification is needed 
to be analyzed for understanding the epigenetics dynamics.  The current assay circumvented this issue by 
avoiding the need for a fluorescent labelling reagent and employing a fluorescence-inert reagent for the signal 
OFF to ON determination.   

 

Second, we developed a photochemically assisted sequencing (Pan-Seq) method for the base-resolution 
detection of f5C.  The conversion of the exocyclic 4-amino group for the construction of the connected pyridine 
ring, which acted as a hydrogen binding donor in f5C, has enabled an altered base pairing with A and thus led to 
C-to-T conversion during the following polymerase extension.  With that technique in hand, we revealed the 
possibility of a single-base resolution analysis of f5C in two mt-tRNAMet mimic oligonucleotides.  The Illumina 
sequencing results disclosed a great potential of this method in the single-base resolution analysis of f5C.  A 
similar design could be further applied to both qualitative and quantitative detection and single-base resolution 
analysis of natural f5C modification in more cell and tissue studies in the near future.  We expect it will help shed 
new light on previously intractable aspects of f5C RNA and its related biology events.   
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