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To overcome challenges in fluorescence labelling of RNA inside
living cells we have recently introduced a direct approach using the
fluorescent nucleobase analogue 2CNgA. Here we demonstrate its
potential for use in fluorescence lifetime imaging (FLIM) to inves-
tigate nucleoside metabolism and for metabolic RNA labelling.

Metabolic labelling of biomolecules is a beneficial approach for
monitoring turnover, processes, and biochemical reactions in
living cells directly coupled to the biomolecules, in their natural
environment. However, major challenges are that the labels
must mimic the natural biomolecular building blocks and be
accepted by enzymes while carrying useful readout features.
Stable isotope tracers or radioactive analogues are frequently
used as labels but are limited by sensitivity (mass spectrometry
imaging) or come with special handling requirements.'
Therefore, fluorescence, with its high sensitivity, has emerged
as a useful labelling and readout modality. Some biomolecules
display natural fluorescence which can be used for certain
metabolic studies.”™ For most investigations, however, these
signals are not specific enough, and therefore artificial fluor-
ophores must be introduced. For metabolic RNA labelling
different approaches and fluorophores have been investigated,
but challenges remain.>® A main requirement for advanced
RNA studies is to be able to perform the readout on living cells,
and without applying permeabilization techniques.® Currently,
the most frequently used methodology is to attach the actual
fluorophore to a chemically modified ribonucleoside, which is
delivered to cells and metabolically incorporated prior to the
labelling step.”® However, this labelling approach is based on
two reaction steps and, hence, the readout is a combination of
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the reactions of metabolic incorporation and the attachment of
the label. Furthermore, many fluorophores display low biocom-
patibility, limiting their reliability for labelling and readout.’
Hence, the idea of modifying RNA building blocks themselves
and using cell-endogenous pathways to directly label RNA is of
outmost interest. In this respect fluorescent base analogues
(FBAs), which are small and closely resemble their natural
counterparts, have emerged as a promising labelling strategy
for imaging purposes.'®'® However, to deliver building blocks
for metabolic labelling comes with the challenges of cellular
uptake and intracellular processing of the analogues normally
requiring engineering of the cells used.>® As we have shown,
using our adenosine analogue 2CNgA we can image the uptake
into living cells and detect cell structure changes upon addition
of Actinomycin D and NaAsO,."® By extracting the RNA from
cells exposed to 2CNgATP we could detect an increase in
fluorescence intensity over exposure time, which indicates
metabolic incorporation of our fluorophore. However, looking
only at intensity-based images using confocal microscopy we
were not able to distinguish between the free (monomeric)
2CNgA derivatives (i.e. nucleotides and nucleoside) and the
RNA-incorporated derivative inside living cells.

Fluorescence lifetime imaging (FLIM) enables the detection
of changes in fluorescence lifetime, reflecting different mole-
cular states, microenvironments and molecular conformations,
independently of fluorophore concentrations.'” This technique
is widely applied in label-free metabolic imaging by exploiting
the autofluorescence of endogenous biomolecules, e.g. FLIM
measurements of NADH/NADPH to monitor the redox-state of
cells.'®'® Exogenous fluorophores can be used as FLIM-based
sensors to monitor the microenvironment in a more specific
manner, e.g. studying pH*® or diffusion.”” FLIM also enables
the investigation of protein-protein interactions by detecting
changes in fluorescence lifetime that arise from direct interac-
tions or environmental alterations, including FRET-based
mechanisms.>® This has allowed investigations on cellular
signalling®® and other biochemical processes.** Hence, by
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combining the advantages of direct labelling and fluorescence
lifetime characterization FLIM is a versatile approach to study
metabolic processes, by detecting subfractions of emitting
species with different lifetimes, and to distinguish if a change
in fluorescence intensity is due to a change in fluorophore
concentration or altered fractions of its subpopulations.

In the current study our goal was to use our fluorescent
nucleobase analogue 2CNgA to develop a method to monitor
nucleoside and RNA metabolism inside living cells by FLIM.
In our previous work'® we concluded that 2CNgA can be
applied for live-cell confocal microscopy and that it gets incor-
porated into RNA, but we could not conclude at what locations
in the cells 2CNgA is present as a monomer and where it is
found inside RNA. We know from earlier investigations that
oligonucleotide-incorporated 2CNqA displays a significantly
shorter average lifetime (ca. 6 ns®®) than the free triphosphate
(tre = 9.9 ns''), but the determination of the fluorescence
lifetime of metabolically incorporated 2CNgA in total RNA
remained to be established. We used RNA from our previous
study that was thoroughly purified from cell lysate to eliminate
2CNgATP monomer content in the final solutions as described
in Pfeiffer et al.'* We recorded the lifetime of extracted RNA
from cells that had been exposed to 2CNgATP for different time
spans by time-correlated single-photon counting (TCSPC) in a
cuvette (Fig. S1 and Table S1). After 2 h cellular exposure we
observed a short average lifetime of the extracted RNA, similar
to that of the control experiment where 2CNgA was added to
cell lysate prior to RNA purification (i.e. where incorporation is
impossible). At 2 h, as we have previously shown, the cellular
uptake of the 2CNgA moiety is not in equilibrium, as evidenced
by a continuing increase in fluorescence intensity inside the
cells.”® Conversely, all RNA extracts from cells that were
exposed to 2CNgATP for more than 2 h display overlapping
fluorescence decays that could be fitted to a bi-exponential
decay model with a longer lifetime 7, gna = 9.2 £ 0.2 ns (with the
pre-exponential factor o gna = 0.37 £ 0.02) and a shorter, domi-
nant one T, gna = 1.3 & 0.4 ns (tyrna = 0.63 £ 0.02) (Table S1).
While the longer lifetime of the extracted RNA (71 rna) is in the
same range as that of the free monomer (ca. 10 ns), the shorter
lifetime 7, rna, is clearly distinguishable from the long-lived
species. Assuming that the ratio of the amplitudes of the two
lifetime components of extracted RNA is constant (01 rna/0l2,rva =
0.6 £ 0.04, Table S1) we aimed for the detection of changes in the
amplitude contribution in the FLIM images of living cells exposed
to 2CNgATP. Therefore, we exposed HEK293T cells, that were
previously shown to display cellular uptake,*® to 2.5 uM 2CNgATP
by addition of the compound directly to the cell medium. Since an
enhancement of fluorescence intensity from extracted RNA from
cells exposed to 2CNQATP with longer time was previously
observed,”® we imaged cells using FLIM at two different time
points. After 4 h we have previously observed a stable, maximal
signal inside cells by confocal microscopy and flow cytometry, at
which time the fluorescence intensity from the extracted RNA was
still low."™ In the same study, after 24 h, even the intensity from
the extracted RNA had increased significantly, making these two
timepoints (4 h and 24 h) a good readout for our FLIM
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Fig.1 Left: Molecular structure of 2CNgATP with R indicating three
phosphate groups. Right: Lifetime images of the four images summarized
in Table 1 with colourized lifetime scale from O ns (blue) to 11 ns (red) and
intensity scale, i.e. photon counting events from zero (dark) to indicated
count number (bright). Exposures shown in duplicates (left/right). Scale
bars = 30 um. Details in Fig. S2.

experiments. The resulting FLIM data was analysed by fitting
the TCSPC data to a multiexponential decay model as well as by
using the phasor approach.”®

First, we fitted the TCSPC data with free parameters. All
decay curves were well described by a bi-exponential function
with lifetimes of around 10 ns and 3 ns in all samples.
Additionally, we observed a short lifetime component when
measuring 2CNgATP in water, previously reported to have a
mono-exponential decay'" (details SI Section $1.6). We ascribe
this component to fluorescence anisotropy decay effects, pre-
sent when measuring TCSPC in the microscope setup. These
effects are also present in the live cell FLIM data. To estimate
the contribution of the two lifetime components we fixed the
two observed lifetimes (71 cep = 10 ns and 7, ¢y = 3 ns, Fig. S2)
and investigated differences in the relative amplitudes of the
two components between the two exposure times of 2CNqATP
on the cells (Fig. 1 and Table 1, Fig. S2).

After 4 h exposure time the amplitudes of the two lifetime
components (o cen, %, cen) Were found to be almost equal, while we
observed an increase of the shorter-lived species (¢ cen) after 24 h
exposure time. This also resulted in slightly shorter average life-
times. As described earlier, oy .1 most likely represents the
abundance of a combined species with the longer lifetime of
the bi-exponential 2CNgA (4 rna) inside nucleic acids and the
mono-exponential free monomer (vrp), whereas o, o originates
solely from the contribution of the incorporated form (with

Table 1 Fitted amplitudes (x) of the exponential decay components
normalized to unity and the resulting average lifetimes (see S| Section
S1.5, eqn (S5) and (S6)). The amplitudes were fitted with 11 ¢ fixed to 10 ns,
and 72, cei to 3 Ns. Samples are numbered, with the time cells were exposed
to 2CNgATP indicated. Details in Fig. S2

Sample %1 cell 02 cell Tavg,Amp [IlS:I Tavg,Int [DS]
#1;4 h 0.52 0.48 6.6 8.5
#2;4h 0.47 0.53 6.3 8.2
#3;24 h 0.40 0.60 5.8 7.8
#4;24 h 0.40 0.60 5.8 7.8
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lifetime 7, rna). As we suppose that the ratio of the amplitude
contribution of the two lifetime species of 2CNgA incorporated
into RNA is constant (o gna/tzrna = 0.6 = 0,04 vide supra), this
shift over time indicates that the microenvironment around
2CNgA has changed and, hence, suggests that 2CNgA gets more
incorporated with time. Note that due to the overlap of the two
long-lived species (trp and 1, rna), solely looking at o,cen as
fraction in Table 1 leads to an underestimation of the molar
fraction of RNA-incorporated 2CNgA.

By inspecting the resulting images, the difference in lifetime
contribution becomes visible in a spatial manner (Fig. 1): the
10 ns species 7y (red) is dominant in the cytosol and
comparing the two exposure times (4 h vs. 24 h), a clear
difference is visible. The longer-lived species is less present in
the nuclei after 24 h exposure time, which indicates that signal
from the RNA-incorporated 2CNgA dominates. Interestingly,
the nucleoli show longer average lifetimes compared to the
nuclei, but shorter lifetime compared to the cytosol (vide infra).

Measurements in aqueous solution do not straightforwardly
provide a benchmark to FLIM data from 2CNgA acquired in the
complex microenvironments inside cells. The interpretation of
differences in parameter values between the image decays
(T1,cen = 10 ns and T, cen = 3 ns, Table 1) and the measured
values in solution (t; rna = 9.2 ns and 7, gna = 1.3 1ns, Table S1)
is complex. Hence, a direct comparison between the lifetimes
and amplitudes of extracted 2CNgA-labelled RNA and 2CNgA
inside cells might not be entirely valid. While it cannot include
all features contributing to the different microenvironments
affecting the 2CNqA fluorescence, it nonetheless provides a
basis for a simplified comparison. Given the complex influence
on the 2CNgA fluorescence decay, by the microenvironment but
also by the nearest neighbour nucleotides as we observed in
previous studies,® we also evaluated the FLIM data in a model-
independent manner, separating the fluorophore populations
based on differences in their overall fluorescence decay
features. For this, we analysed the images in the frequency
domain by the phasor approach (Fig. 2).%° Pixels (phasors) with
mono-exponential decay profiles are located on the semicircle,
whereas phasors with combinations of several decay profiles
are linear combinations of the phasors of these decay compo-
nents and are, thus, located inside the semicircle. Phasors of a
mixture of two species therefore lie on a straight line connect-
ing the phasors of the component species. The indicated
photon weighted centre of mass distribution (Fig. 2A, crosses
and circles) of the four FLIM images correspond well to the
intensity-weighted average lifetimes observed from the fitting
(Table 1), i.e. shorter exposure time (4 h, crosses) results in a
longer average lifetime than exposure for 24 h (circles, over-
lapped). The contribution of the long-lifetime species decreases
with incubation time as we also found above (Table 1). Again,
because the ratio of the amplitudes of the two lifetimes of
2CNgA inside RNA (o1,rna/0t2 ria) IS supposedly constant (see
above) this shift in the phasor indicates 2CNgA RNA-
incorporation. By inspecting the resulting images, where the
colours represent the relative lifetime along the fraction line
(Fig. 24) it is evident that cells exposed for only 4 h show a
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Fig. 2 (A) Phasor plot sector presenting the phasors of the four FLIM
images in B. The photon-weighted centre of mass for each image is shown
as a circle for 24 h exposure time and as a cross for 4 h exposure time. Black
line shows the intensity fraction profile through the four phasor centres.
Mono-exponential lifetime of 8 ns indicated on the semi-circle, shown as
dashed line. (B) FLIM images of HEK293T cells exposed to 2CNgATP for 4 h
or for 24 h, respectively (from same raw image data as in Fig. 1). Exposures
shown in duplicates (left/right). Colouring is based on the intensity fraction
line in A (black line), details in SI Section S1.4. Scale bar = 30 pm.

larger contribution of the longer lifetime component compared
to cells exposed for 24 h (Fig. 2B).

Examining the localization of the different 2CNgA lifetime
species inside the cells, we observe the same inhomogeneous
distribution as in the decay-fitted images: the longer lifetime
(red to green) contributes most in the cytosol and least in the
nuclei. Moreover, the nucleoli show a high fraction of the long-
lived species after both exposure time points (4 h and 24 h), but
the contribution of the long-lived species inside the nucleoli
decreases (from red after 4 h to yellow after 24 h, Fig. 2B arrows).
Previously, we have observed stronger fluorescence intensity
regions in confocal microscopy images,'® indicating that 2CNgA
accumulates inside these nuclear sub-structures. From the FLIM
data we can now further resolve the underlying reason for the
stronger fluorescence in these regions, getting information on
the fluorescent species of 2CNgA inside the nucleoli. The con-
tribution of the long-lived species is higher in the nucleoli than
in the nuclei, which suggests accumulation of the free monomer.
By pulse-chase experiments with compounds affecting the
nucleoli (e.g. Actinomycin D or NaAsO,) or possibly by isolating
nucleoli, additional analyses of their 2CNqA content may be
possible to further confirm this conclusion.

Chem. Commun., 2025, 61,14971-14974 | 14973


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc03959b

Open Access Article. Published on 22 August 2025. Downloaded on 5/2/2026 3:57:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

To our knowledge, this is the first study in which an FBA is used
in FLIM measurements in live cells and, specifically, to monitor
nucleoside and RNA metabolism. Unlike other metabolic labelling
strategies, via spontaneous uptake FBAs enable one-step labelling,
supporting diverse fluorescence-based readouts in live cells. Build-
ing on our recent report of 2CNgA’s spontaneous uptake and
accumulation in the cytosol, nuclei, and nucleoli,"* we now present
a method to distinguish and track its species in living cells with
spatiotemporal resolution. Hence, our FLIM approach enables
direct studies of metabolic labelling of RNA and nucleoside meta-
bolism in live cells. By co-exposure of cells to 2CNgATP and small
molecules like inhibitors or drugs in a pulse-chase manner, this
imaging method, together with other readout techniques promises
to give novel, detailed information on inhibitor/drug mechanisms
of action. With FLIM instrumentation and software currently
becoming more common and easily available we envision that
the methodology we present here has a large potential in the basic
research on RNA, but also in pharmaceutical research, e.g. drug
development and screening. Our previous finding that 2CNgA also
is a good two-photon label for antisense oligonucleotide gapmers™*
suggests that the imaging approaches presented herein for single
cells could also be feasible in organoids/spheroids/tissue by two-
photon excitation. Future FBA development will enhance spectral
properties (e.g: redshift, brightness) for greater labelling flexibility,
and our findings suggest continued method development will
broaden specificity (e.g. organelles, RNA types).
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