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Bio-orthogonal chemistry-based method for fluorescent labelling 
of ribosomal RNA in live mammalian cells.
K. Wu,a M. He,a I. Khan,a P. N. Asare Okai,b Q. Lin,a  G. Fuchs,a M. Royzena*

A bio-orthogonal chemistry-based approach for fluorescent 
labelling of ribosomal RNA is described.  It involves an adenosine 
analogue modified with trans-cyclooctene and masked
5′-phosphate group using aryl phosphoramidate. The incorporation 
into rRNA has been confirmed using agarose gel electrophoresis, as 
well as a highly sensitive UHPLC-MS/MS method. Fluorescent 
labelling of rRNA has been achieved in live HeLa cells via an inverse 
electron demand Diels-Alder reaction with a tetrazine conjugated 
to an Oregon Green fluorophore. This communication describes the 
stepwise approach that led to the development and 
characterization of the probe. The results demonstrate a new 
strategy towards development of future fluorescent probes to 
investigate the biochemistry of nucleic acids.

INTRODUCTION
There is a strong interest in developing imaging tools to 

understand the structural and functional diversity of RNA.[1] One 
striking example was reported by Singer and co-workers who 
developed an imaging technique to visualize neuronal -actin 
messenger RNA. The reported technique allowed an investigation of 
molecular mechanisms underlying memory formation in a mouse 
brain. Discoveries like these foster enthusiasm to tackle many yet 
unanswered fundamental questions about biochemistry of RNA.[2]

One approach is to tag biomolecules with a bio-orthogonal 
reporter group that minimally perturbs the native structure and 
remains chemically inert to the functional groups found inside the 
cell. Once the biomolecule is metabolized by the cell, imaging is 
enabled upon reaction with the fluorescently-labelled bio-
orthogonal partner, as shown in Scheme 1A. During the past decade, 
this strategy has been extensively explored for labelling and 
visualizing a wide range of biomolecules. For example, strain-

promoted Cu-free click chemistry has been shown to be highly 
efficient to visualize glycans.[3] The bio-orthogonal inverse electron 
demand Diels-Alder (IEDDA) chemistry has been used for imaging of 
cellular membranes.[4]  IEDDA chemistry has also been explored for 
site-specific modification of proteins, followed by fluorescent 
imaging.[5]

Scheme 1. (A) Bio-orthogonal approach for fluorescent labeling of cellular RNA. (B) 
Reported nucleoside analogues that incorporate into cellular RNA. Oregon Green dye 
modified with 1,2,4,5-tetrazine, OG-Tz, that allows fluorescent labeling of RNA. (C) 
Enhancement of Oregon Green fluorescence when OG-Tz (10 M) is titrated with 1 (1 
M).
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Conservative modifications of canonical nucleobases have been 
shown to be tolerated by biosynthetic enzymes, enabling the 
metabolic incorporation of bio-orthogonal groups into 
oligonucleotides. The classical example is 5-bromouridine (BrU), 
shown in Scheme 1B. BrU is taken up by cells and incorporated into 
cellular RNAs by means of the ribonucleoside salvage pathway. The 
metabolized BrU can subsequently be detected by 
immunostaining.[6] Copper-catalyzed azide-alkyne 1,3-dipolar 
cycloaddition (CuAAC) chemistry fostered development of a series of 
alkyne-modified nucleosides, EU, EC and EA, shown in Scheme 1B.[7] 
Their incorporation into cellular RNAs is thought to be analogous to 
BrU, while fluorescent labelling has been achieved by ‘click’ reaction 
with fluorescent azides. In recent years, the two uridine analogues, 
TU and VU, have been reported. The former was labelled using 4-
bromomethyl-7-propargyloxycoumarin, while the latter via [4+2] 
cycloaddition with phenyl triazolinedione.[8]

Scheme 2. Synthesis of compound 1: (a) TFA-propargyl amine, Pd(PPh3)4, CuI, DIPEA, 
DMF; (b) NH4OH, H2O; (c) HATU, DIPEA, DMF; (d) N-methyl imidazole, THF.

The IEDDA reaction between TCO and tetrazine (Tz) offers an 
attractive opportunity for fluorescent labelling of nascent cellular 
RNA. This chemistry has been shown to be compatible with RNA.[9] A 
number of literature reports described different applications of 
IEDDA chemistry for fluorescent labelling of synthetic RNA strands in 
solution and in live cells.[10] This is one of the fastest known bio-
orthogonal reactions thus facilitating the development of quick 
protocols for fluorescent labelling of cellular RNA.[11] Unlike CuAAC 
chemistry, the reaction between TCO and Tz does not require copper 
catalysis. Thus, RNA labelling can be done in live cells. Until recently 
however TCO and Tz groups have been considered too large to be 
masked on the surface of nucleosides. The present communication 
aims to disprove this notion by describing a TCO-containing 
nucleoside capable of incorporating into de novo synthesized 
ribosomal RNA inside of live mammalian cells. Its incorporation was 
established using fluorescence microscopy, gel electrophoresis and a 
UHPLC-MS/MS technique.
RESULTS AND DISCUSSION

We were inspired by the report by Jaffrey and co-workers 
describing incorporation of EA into cellular RNA during transcription 
and poly-adenylation.[7c] Our goal was to investigate if a larger 
modification at the 2-position of adenosine would be tolerated by 
the cellular metabolic machinery. We designed compound 1, shown 

in Scheme 1C. In addition to the bio-orthogonal handle, it contains a 
masked 5′-monophosphate in a form of aryl phosphoramidate. It’s 
been well established that the key step towards incorporation of 
modified nucleosides into cellular RNAs is recognition by their 
respective kinases that install phosphates at the 5-hydroxy group.[12] 
To circumvent this challenge, a 5′-monophosphate group can be pre-
installed in a form of aryl phosphoramidate.[13] Enzymatic hydrolysis 
of aryl phosphoramidates inside the cell leads to its conversion to 5′-
monophosphate group.

Figure 1. (A) Schematic representation of sample preparation for UHPLC MS/MS analysis. 
(B) Fragmentation of the adenosine analogue observed by the MS/MS analysis.  UHPLC 
MS/MS spectra: (C) detection of the fragment X from the standard sample of 5; (D) 
detection of the fragment Y from the standard sample of 5; (E) detection of the fragment 
X from the total RNA extract from HeLa cells; (F) detection of the fragment Y from the 
total RNA extract from HeLa cells; (G) detection of the fragment X from total mRNA 
purified from HeLa cells; (H) detection of the fragment Y from total mRNA purified from 
HeLa cells; (I) detection of the fragment X from the ribosomal RNA purified from HeLa 
cells; (J) detection of the fragment Y from the total RNA purified from HeLa cells.

Compound 1 was synthesized in 4 steps, described in Scheme 2. 
The synthesis commenced with the commercially available 2-
iodoadenosine. The TFA-protected propargyl amine was installed 
using Sonogashira coupling conditions. Removal of the protecting 
group using aqueous ammonia afforded the amine, 3. Coupling of 
the previously reported carboxylic acid 7 produced compound 5. The 
target compound 1 was achieved upon addition of the aryl 
phosphoramidate group 6.

To detect incorporation of 1 into cellular RNAs, we followed a 
highly sensitive UHPLC-MS/MS approach recently described by Agris 
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and co-workers and illustrated in Figure 1A.[14] HeLa cells were 
treated with the adenosine analogue for 24 h, followed by isolation 
of the total cellular RNA (RNA Bee kit, AMS Biotechnology). The total 
cellular RNA was hydrolyzed to the composite mononucleosides via 
a two-step enzymatic hydrolysis with nuclease P1, followed by 
bacterial alkaline phosphatase. The sensitivity of the aforementioned 
method allows quantification of RNA modification levels down to 
attomolar concentrations.

Figure 2. Fluorescence imaging of ribosomal RNA in HeLa cells. First row: (A) Brightfield, 
(B) green channel, (C) overlay of brightfield and green channels of cells treated with 
DMSO and subsequently OG-Tz (negative control); Second row: (D) Brightfield, (E) green 
channel, (F) overlay of brightfield and green channels of cells treated with 1 and 
subsequently OG-Tz; Third row: (G) Brightfield, (H) overlay of blue and green channels, 
(I) overlay of brightfield, blue and green channels of cells treated with 1 and 
subsequently OG-Tz and Hoechst 33258; Fourth row: (J) Brightfield, (K) overlay of red 
and green channels, (L) overlay of brightfield, red and green channels of cells treated 
with 1 and subsequently OG-Tz and MitoTracker® Red CM-H2XRos; Fifth row: (M) 
Brightfield, (N) overlay of red and green channels, (O) overlay of brightfield, red and 
green channels of cells treated with 1 and subsequently OG-Tz and LysoTracker® Red 
DND-99.

The UHPLC-MS/MS analysis verified incorporation of 1 into 
cellular RNA. After the enzymatic hydrolysis of cellular RNA, 
described in Figure 1A, we were able to detect the unnatural 
nucleoside 5, in addition to the native A, U, C and G. Detections of 
fragments X and Y, shown in Figure 1B was first established with a 
standard sample of 5. The UHPLC-MS/MS spectra of 5 is shown in 
Figures 1C and D. We observed 2 peaks on each spectrum, as 5 was 
synthesized as a diastereomeric mixture. We were gratified to 
observe the same two peaks (Figures 1E and 1F) from the total 
cellular RNA extract. To further pinpoint where 1 gets incorporated, 
we purified total cellular mRNAs using magnetic beads modified with 
poly-T DNA strands (New England Biolabs). We were anticipating 
enriched incorporation of the adenosine analogue into poly-A tails of 
mRNA. To our surprise, the UHPLC MS/MS analysis failed to produce 

any detectable signal corresponding to 5 (Figures 1G and 1H), thus 
suggesting that 1 does not incorporate into cellular mRNAs. We 
subsequently followed an established procedure to purify ribosomal 
RNA from HeLa cells.[15] The procedure entailed ribosome pelleting 
through a 30% sucrose cushion and subsequent extraction of rRNA 
using TRIzol. After the aforementioned enzymatic hydrolysis of the 
purified rRNA, we obtained the UHPLC MS/MS spectra shown in 
Figures 1I and 1J. A highly enriched MS/MS signal corresponding to 
the adenosine analogue has been observed (over 10-fold 
enhancement of signal-to-noise ratio relative to the MS/MS signal for 
total cellular RNA). These observations suggest that rRNA is the 
primary destination of the adenosine analogue.

Fluorescent labelling of ribosomal RNA inside of live mammalian 
cells was carried out using tetrazine conjugated to Oregon Green 
fluorophore, OG-Tz.[16] Devaraj and co-workers reported that OG-Tz 
is capable of producing a strong enhancement of fluorescence as the 
result of IEDDA reaction. Indeed, the reaction between OG-Tz and 1 
resulted in a 28-fold fluorescence enhancement (Figure 1C). Live 
HeLa cells were treated with 1 (100  M) for 24 h. The concentration 
was chosen to be analogous to the previously reported protocols for 
EU.[7a] MTT assay, shown in Figure S2, confirmed that 1 is not 
cytotoxic at the chosen concentration range. Subsequently, the cells 
were grown in fresh DMEM for 3 h and treated with the OG-Tz (5 
M) for 2 h. 

The two-step bio-orthogonal chemistry approach resulted in 
fluorescent labelling of ribosomal RNA inside of live HeLa cells. The 
punctate staining observed in the cells treated with 1 and OG-Tz 
(Figure 2D-F) has been attributed to rRNA. Cells treated with DMSO, 
as a negative control, and OG-Tz were weakly fluorescent (Figure 2A-
C). Unfortunately, there are no other imaging probes for rRNA that 
could be employed to verify that the observed staining is largely due 
to rRNA. We carried out colocolization studies with Hoechst 33258 
(Figure 2G-I), MitoTracker® Red CM-H2XRos (Figure 2J-L) and 
LysoTracker® Red DND-99 (Figure 2M-O) to confirm that the 
observed punctate staining is not associated with cellular DNA, 
mitochondria or endosomes. Figure 2G-I illustrates that the green 
fluorescence is not associated with cellular nuclei, while Figure 2J-L 
confirms that OG fluorescence is not associated with mitochondria. 
Partial colocolization with LysoTracker® Red DND-99 has been 
observed (Figure 2M-O). We think that partial colocolization could be 
due to endosomal uptake of OG-Tz. Cell images at higher 
magnification confirm that the majority of green puncta do not 
colocolize with the lysotracker dye (Figure S3). Pearson correlation 
coefficient was calculated to be 0.12.

To confirm fluorescent labelling of rRNA, we extracted total RNA 
from HeLa cells and analysed the extracts using 1% agarose gel 
electrophoresis, shown in Figure 3. Lanes 1-3 correspond to the 
untreated cells (negative control), while lanes 4-6, 8 correspond to 
the cells treated with 100 M 1 for 24 h. Prior to gel electrophoresis, 
the extracted total RNA from both sets of cells was treated with 5 
M OG-Tz for 2 h and purified by ethanol precipitation. Ethidium 
bromide staining of the gel produced two distinct bands 
corresponding to 28S and 18S subunits of rRNA. Only RNA of the 
HeLa cells treated with 1 showed fluorescence staining of the 28S 
subunit. To confirm this result we also performed higher loading of 
RNA in Lane 8 and observed strong fluorescent staining.
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Figure 3. Agarose gel (1%) analysis of total RNA extracted from HeLa cells. Shown is an 
overlay of the fluorescent image of the gel and staining with ethidium bromide. Lanes 
1-3 correspond to total RNA extracted from the untreated HeLa cells (neg. control). The 
total amount of loaded RNA in each lane was 2 g, 1 g and 0.5 g, respectively. Lanes 
4-6, 8 correspond to total RNA extracted from the HeLa cells treated with 1. The total 
amount of loaded RNA in each lane was 2 g, 1 g, 0.5 g and 4 g, respectively. After 
the extraction and prior to gel electrophoresis, the extracted RNA was treated with OG-
Tz and purified by ethanol precipitation.

CONCLUSION
In conclusion, we have described the first example of a 

nucleoside analogue modified with a bio-orthogonal TCO group that 
is capable of incorporating into ribosomal RNA. The incorporation 
was achieved using aryl phosphoramidate strategy to mask the 5′-
phosphate group of the adenosine analogue. The incorporation has 
been proven by fluorescence microscopy, gel electrophoresis and a 
highly sensitive UHPLC-MS/MS analysis. Unlike the previously 
reported RNA imaging methods involving CuAAC chemistry, our 
approach can be implemented in live cells. Because of the fast 
reactivity between TCO and Tz, the fluorescence labelling step takes 
only 3 h. The presented findings produced a number of critical 
questions that will undoubtedly be addressed in subsequent studies. 
In particular, the selectivity of 1 towards 28S subunit of rRNA will be 
investigated. MS/MS analysis will be employed to determine the site 
of incorporation of the adenosine analogue. Our findings also 
motivate further investigation of the aryl phosphoramidate strategy 
towards modification of other nucleoside analogues containing yet 
unexplored bio-orthogonal groups.
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