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We recently developed Riboglow-FLIM, where we genetically tag
and track RNA molecules in live cells through measuring the
fluorescence lifetime of a small molecule probe that binds the
RNA tag. Here, we systematically and quantitatively evaluated key
elements of Riboglow-FLIM that may serve as the foundation for
Riboglow-FLIM applications and further tool development efforts.
Our investigation focused on measuring changes in fluorescence
lifetime of representative Riboglow-FLIM probes with different linkers
and fluorophores in different environments. In vitro measurements
revealed distinct lifetime differences among the probe variants as a
result of different linker designs and fluorophore selections. To
expand on the platform’s versatility, probes in a wide variety of
mammalian cell types were examined using fluorescence lifetime
imaging microscopy (FLIM), and possible effects on cell physiology
were evaluated by metabolomics. The results demonstrated that
variations in lifetime were dependent on both probe and cell type.
Interestingly, distinct differences in lifetime values were observed
between cell lines, while no overall change in cell health was
measured. These findings underscore the importance of probe selec-
tion and cellular environment when employing Riboglow-FLIM for
RNA detection, serving as a foundation for future tool development
and applications across diverse fields and biological systems.

Introduction

RNAs have central roles in biology across all domains of life."
Subcellular localization and dynamics of RNAs in response to
perturbations are critical to their function. Despite remarkable
progress, there is still room for advancing and improving tools
and approaches for visualizing RNAs in complex cellular environ-
ments. Importantly, no fluorescent RNAs have been discovered in
nature, unlike fluorescent proteins,” shifting efforts to using
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chemical biology to design fluorescent RNA systems for live
visualization.

The most common system used to visualize RNAs is the
MS2/PP7 system, which allows visualization of mRNAs down to a
single RNA level in complex cell systems.>* Complementary to
MS2/PP7, much effort is focused on designing genetically
encoded RNA tags that bind synthetic small molecules to yield
genetically encoded fluorescent RNA tags that induce a fluores-
cence signal.’ Various systems exist, ranging from color-shifting
ratiometric sensors to complementary RNA sensors that are
spectrally distinct. The Spinach®’ and Squash® aptamer-
fluorophore systems are examples of these, as are the Mango®
and Peach'® systems. Corn'" and, more recently, the Beetroot'?
systems have further expanded RNA visualization capabilities
through dimer-dependent fluorescence turn-on. A common fea-
ture of these “vegetable” RNA sensors is that the RNAs frequently
adopt G-quadruplex structures,”**** which may lead to cross-
reactivity of RNA and probe ligand, complicating multiplexing
efforts.

To complement existing tools, we developed Riboglow
and recently expanded the platform to visualize model RNAs in
commonly investigated U-2 OS cells using fluorescence lifetime
imaging microscopy (FLIM)."®"” The components of Riboglow
are a genetically encoded RNA tag and a small molecule con-
sisting of the ligand cobalamin (Cbl) that is synthetically
coupled to a fluorophore (here, ATTO 590 or Cy5)."* The RNA
element in Riboglow is derived from a bacterial riboswitch,"®
and as a result, the RNA tag is short and takes advantage of the
selective and high-affinity binding between the riboswitch and
its cognate ligand CbL.'* The Cbl ligand is also a fluorescence
quencher."® This explains why the Cbl-fluorophore probes exhi-
bit quenched fluorescence intensity and dramatically different
fluorescence lifetime compared to their free fluorophore coun-
terparts (Fig. 1 and 2B).**'®'” Binding of the RNA ligand to Cbl
affects this fluorescence signal, such that the intensity and
lifetime readouts upon RNA tag binding change (Fig. 2)."*'*"”
In our proof-of-concept study for Riboglow-FLIM in live cells, we
showed compatibility with RNA multiplexing by exploiting the
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Fig. 1 Riboglow probes used in this study. (A) Representation of Riboglow
Cbl-fluorophore probe variants evaluated in this study and (B) representa-
tion of Riboglow probes binding to the RNA tag (called the A-tag through-
out this study) leading to a change in fluorescence lifetime.

phylogenetic diversity of Cbl riboswitches.”® We recently
expanded the system to demonstrate the potential of Riboglow-
FLIM for RNA visualization in complex multicellular systems."”
Together, the Riboglow-FLIM platform includes flexibility and
variability of various key elements, illustrating the capacity for
expansion of the platform to physiologically relevant cell models,
but systematic control evaluations are lacking.

Riboglow is compatible with a range of synthetic fluoro-
phores and linkers, where the fluorescence quencher Cbl can
be fused to various fluorophores using different linkers."*
Riboglow-ATTO 590 and Riboglow-Cy5 probes were designed
previously and proof-of-concept studies revealed that RNAs that
are genetically tagged with Riboglow can be sensed by an
increase in fluorescence intensity or fluorescence lifetime in
live mammalian cells."”

We recently demonstrated that Riboglow-FLIM'® offers the
ability to quantitatively visualize RNAs in vitro and in live U-2
OS cells using the Cbl-4xGly-ATTO 590 probe, expanding the
usability of the Riboglow platform to FLIM. However, a more
comprehensive and methodical examination of probe variants
and cell lines is necessary to fully understand their capabilities,
applicability in diverse cellular systems, and rationally guide
further tool development efforts.

Riboglow-FLIM has the advantage
independence®' compared to fluorescence intensity-based mea-
surements, but is very sensitive to the cellular context. As
observed before by others** and our own study,'® the fluores-
cence lifetime of a probe in different cell lines may vary, likely
due to different cell characteristics and properties.>®> Sampling
Riboglow-FLIM in multiple cell lines is essential for a compre-
hensive characterization and understanding of its application,
as different cell lines possess unique genetic and phenotypic
features.>* We reasoned that evaluating the Riboglow’s probe
fluorescence lifetime in different cell lines and evaluating cell
viability and effects on metabolic activity will allow us to assess
performance across diverse cellular contexts and gather
insights into generalizability.

of concentration
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Results

We began by systematically assessing the in vitro Riboglow-FLIM
system, which consisted of a series of probe variants with char-
acteristic UV Vis spectra (Fig. 1A and Fig. S1, S2A, ESIt). We
confirmed binding of the RNA A-tag to Cbl (ESLT Fig S2B and
Fig. 1B), with a binding affinity (K, = 99 nM + 30 nM) in line with
the previously reported affinity (K, = 37 nM + 1 nM)."* We
quantified the fluorescence lifetime of Cbl-4xGly-ATTO 590 in
the presence of our RNA A-tag (Table S1, Table S2, ESIt) by fitting
the data using multiexponential reconvolution (n = 2). We have
previously found that n = 2 fits the data best for this variant of
Riboglow."® For Cbl-Cy5, multiexponential reconvolution with n =
2 allows for direct comparison of lifetimes across in vitro and cell
work, as this fits the data best, considering the goodness of the fit
shown by overlapping decay curves of raw and fitted data and the
residual maps (Fig. S3, ESIt). As seen before,"*'®"” the Riboglow
probes exhibit a reduced fluorescence lifetime value compared
with the free fluorophore and adding the RNA ligand induces de-
quenching, leading to an increase in fluorescence lifetime (Fig. 2).
We then explored whether variations in RNA/probe concentrations
would impact fluorescence lifetime values. To address this ques-
tion, we considered the Kp, value of 99 nM and compared condi-
tions of 5 pM RNA A-tag and 5 UM probe versus 5 uM RNA A-tag
and 0.5 puM probe. We do not observe changes in lifetimes,
indicating that as long as sample concentrations above Ky are
employed, the produced lifetimes of about 2.4 ns remain similar
(Table S2, ESIt). This confirms the concentration-independence of
fluorescence lifetime measurements.'®**

To assess Riboglow probe variants, we systematically com-
pared fluorescence lifetimes for probes with varying linkers and
fluorophores that were previously used'*'*"” in live cell proof-
of-concept assays (Fig. 1A and Fig. S1, ESIT). We selected three
different probe variants, Cbl-4xGly-ATTO 590, Cbl-5xPeg-ATTO
590, and Cbl-Cy5. The first two variants both contain the ATTO
590 fluorophore but have different linkers to Cbl (4xGly and
5xPeg). The third probe variant explored was a ‘linkerless’ Cy5
fluorophore probe (Fig. 1). In this direct comparison, we found
that Cbl-Cy5 produced the lowest lifetimes, whereas the Cbl-
4xGly-ATTO 590 and Cbl-5xPeg-ATTO 590 probes produced
higher lifetimes and were around a similar range (Fig. 2A),
comparable with values determined previously in isolated
examples (Table $3, ESIT).**'®7

We next tested fluorescence lifetime in the presence of the
purified Riboglow RNA A-tag (Table S2, ESIt). To do this, we
began by sampling the lifetimes of free fluorophores (free Cy5
and free ATTO 590) to serve as the maximum lifetime obtainable
upon dequenching through RNA binding (Fig. 2). In line with
previous observations,""'®'” our side-by-side comparison
revealed a significant lifetime increase across all samples in the
presence of the RNA A-tag (Fig. 2B and Tables S3, S4, ESIY).
Remarkably, the lifetime values are in line with previous proof-of-
concept observations in live cells (Table S3, ESIt). Interestingly,
we observed higher lifetimes in Cbl-4xGly-ATTO 590 samples in
the presence of the A-tag than with Cbl-5xPeg-ATTO 590 in the
presence of the A-tag. These differences were not observed when

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Assessing fluorescence lifetimes of probe series in vitro. (A) Quantitative visualization of Riboglow probes by fluorescence lifetime imaging
microscopy (FLIM) in vitro in the presence or absence of the RNA A-tag. (B) Average fluorescence lifetime values for each region of interest (ROI) (30
ROIs, 7 independent experiments) with listed probes and data processed as outlined in methods using multiexponential reconvolution fitting to n = 2
parameters (Fig. S3, ESIt). One symbol = 1 ROI, number of data points acquired are listed, p-values listed (ns: p < 0.5; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001). One-way ANOVA (95% confidence limit); post hoc test (Tukey HSD). Error bars indicate mean and standard deviation (+SD).
Scale bar = 10 um. (C) Average fluorescence lifetime values of probe under each labelled condition for each region of interest (ROI) (68 ROls, 17
independent experiments and data processed as outlined in methods). One symbol = 1 ROI, p-values listed (ns: p < 0.5). One-way ANOVA (95%

confidence limit); post hoc test (Tukey HSD).

comparing fluorescence intensities previously,'* pointing to sen-
sitivity of fluorescence lifetime for small chemical changes in the
Riboglow linker when bound to the RNA.

Next, we complexified our conditions to bridge the gap
between pristine buffer conditions and the dynamic environment
of live mammalian cells. Specifically, the buffer conditions were

© 2024 The Author(s). Published by the Royal Society of Chemistry

augmented in complexity, guided by established techniques® for
emulating cellular crowding through the incorporation of pro-
tein, nucleotides, Ficoll and glycerol (Fig. 2C). Additionally, pH
levels were varied within a range typically encountered in cellular
investigations®® (Fig. 2C). As anticipated, these modifications did
not have significant effects on fluorescence lifetimes, but a
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marginal increase in measurement error was observed as system
complexity escalated, mirroring the increasing range observed
when lifetimes are measured in live cell environments (Fig. 2C
and Table S3, ESIt).

To establish the versatility of different Riboglow-FLIM
probes in cells, we next asked if introducing probes into live
mammalian cells affects viability. Indeed, our ‘bead loading’
process does not affect cell viability even for our broad series of
cell lines tested (Fig. S4, ESIT). This observation is consistent
with previous work on Riboglow'*'®'” and other studies in
which bead loading was utilized to introduce proteins into live
cells, and confirms that this process is not impactful to cell
health.”>”?®

To systematically evaluate Riboglow-FLIM across different
cell lines, we began by adding HOS cells to our established U-2

Cbl
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RSC Chemical Biology

OS cell line model. Both HOS and U-2 OS cells originate from
human osteosarcoma,” representing a minimal and systematic
change in cell model (Table S5, ESIT). Despite their shared origin,
these cell lines exhibit substantial differences. U-2 OS cells have an
epithelial morphology, whereas HOS cells have a more fibroblast-
like morphology and exhibit tumorigenic properties.”> HOS and U-
2 OS cells have been extensively characterized and widely used in
research, providing a robust basis for a comparative analysis.** >
As expected, lifetime differences were observed in both cell types
depending on the probe used, with Cy5 eliciting the lowest
lifetimes and ATTO 590 variants eliciting higher lifetimes (Fig. 3
and Fig. S5, ESIt). These trends mirror our observations in vitro
(Fig. 2). In our investigation comparing the fluorescence lifetimes
of two ATTO probes in cells (Fig. 3), namely Cbl-5xPeg-ATTO
590 and Cbl-4xGly-ATTO 590, we made an intriguing discovery.
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Fig. 3 Fluorescence lifetimes of probe series in two different cell lines. (A) Quantitative visualization of Riboglow probes by fluorescence lifetime
imaging microscopy (FLIM) for HOS (top) and U-2 OS (bottom) live mammalian cells. Representative cells are shown. (B) Average fluorescence lifetime
values for live cells (152 cells, 8 independent experiments) loaded with listed probes and data processed as outlined in methods using multiexponential
reconvolution fitting to n = 2 parameters (Fig. S3, ESIt). One symbol = 1 cell, p-values listed (ns: p < 0.5; *p < 0.05; **p < 0.01; ***p < 0.001; ***p <
0.0001). One-way ANOVA (95% confidence limit); post hoc test (Tukey HSD). Error bars indicate mean and standard deviation (+SD). Scale bar = 5 pm.
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We observed that the Cbl-5xPeg-ATTO 590 probe exhibited
consistently shorter fluorescence lifetimes (¥ = 1.37 ns in HOS
cells, ¥ = 1.20 ns in U-2 OS cells) compared to the Cbl-4xGly-
ATTO 590 probe (X = 1.75 ns in HOS cells, X = 1.68 ns in U-2 OS
cells). This distinction is particularly noteworthy considering
that the linkers in both probes are similar in length, measuring
approximately 20 A.'* These findings suggest that specific
linkers and their interactions with cellular components con-
tribute to variations in fluorescence lifetime. Furthermore,
higher lifetimes were observed in HOS cells when compared
to U-2 OS cells under identical conditions (Fig. 3B). We found
that Cbl-Cy5 in U-2 OS cells yielded lower lifetimes, whereas
Cbl-Cy5 in HOS cells yielded slightly higher lifetimes. This
effect was not observed for Cbl-4xGly-ATTO 590, as the lifetimes
produced were similar regardless of cell type. Together, we
found that the fluorescence lifetime of Cbl-Cy5 is particularly
sensitive to cell-type specific differences, an important aspect to
consider for Riboglow-FLIM usage in different cell systems.
To explore probe lifetime differences across cell lines further,
we expanded our study to more diverse cell lines (Table S5,
ESIT), namely non-cancer derived fibroblasts (HFF-1) and two
types of stem cells, bone marrow-derived mesenchymal and
adipose-derived mesenchymal stem cells (ADM-SC and BMD-
SC), while using the same probe (Cbl-Cy5). HFF-1 cells are

Cbl
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non-cancer cells and have a more flattened and fibroblastic
appearance, making them valuable for studying tissue repair.**
Stem cells (ADM-SC and BMD-SC), known for their remarkable
plasticity, display a diverse range of morphologies depending on
their state of differentiation.>*® We observed significant differ-
ences in lifetime between U-2 OS cells and all other cell types
used, with the same probe (Fig. 4).

To investigate factors that could contribute to lifetime
variations between cell lines, we performed untargeted meta-
bolomics for U-2 OS cells and HFF-1 cells (Fig. S7, ESIT). We
chose these cell lines for this evaluation for a number of
reasons. (i) They represent our ‘standard’ system (U-2 OS
cells’*'®) and an unrelated system (fibroblast cells, HFF-1
cells). (ii) HFF-1 and U-2 OS cells have similar probe uptake
efficiency (~ 60%, Fig. S6, ESIT), and so the amount of “loaded”
vs. “normal” cells would be similar in this comparison. (iii) U-2
OS cells are cancer-derived epithelial cells, whereas HFF-1 are
non-cancer (normal) derived fibroblasts.>"** (iv) In comparing
fluorescence lifetimes (Fig. 4), we found that U-2 OS and HFF-1
have significantly different lifetime readouts, similar to what
was noted between U-2 OS cells and all other cells (Fig. 3B and
4B). We found minor metabolomic differences upon probe
uptake in the HFF-1 cells compared with the U-2 OS cells where
minimal changes were noted (Fig. S7, ESIf). A total of 6954
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Fig. 4 Fluorescence lifetimes of probe series in stem cell and fibroblast cell lines. (A) Quantitative visualization of Riboglow probes by fluorescence
lifetime imaging microscopy (FLIM) for HFF-1 fibroblasts, adipose derived mesenchymal stem cells (ADM-SC) and bone marrow derived stem cells (BMD-
SC). Representative cells are shown. (B) Average fluorescence lifetime values for live cells (155 cells, 10 independent experiments) loaded with listed probe
of Cbl-Cy5 and data processed as outlined in methods using multiexponential reconvolution fitting to n = 2 parameters. One symbol = 1 cell, p-values
listed (ns: p < 0.5and ****: p < 0.0001). One-way ANOVA (95% confidence limit); post hoc test (Tukey HSD). Error bars indicate mean and standard

deviation (+SD). Scale bar = 5 um.
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metabolites were tested, with 4 metabolites being dysregulated
for U-2 OS cells and 46 being dysregulated for HFF-1, with the
only commonly dysregulated metabolite being norandroster-
one. We suggest that these differences could be due to cell line
variability as U-2 OS cells and HFF-1 cells are derived from
different tissue types (Table S5, ESIT) and so likely have different
metabolic profiles and responses to treatments. Additionally,
since minimal variability was noted (as seen in the volcano and
scores plot in ESIT Fig. S7), the effects may be due to biological
variability as individual cells can exhibit some level of hetero-
geneity in their metabolic responses.’”” We hypothesize that the
observed metabolic changes are not solely an effect of Riboglow
probe treatment, but more studies would need to be done to
further explore this. Overall, we conclude that metabolic stability
should be generally considered when planning to use Riboglow
for questions outside of epithelial adherent cells (like U-2 OS
cells), as demonstrated by our comparison of U-2 OS cells vs.
HFF-1 cells.

Conclusions

Our systematic characterization of Riboglow-FLIM probe var-
iants shows that FLIM measurements are highly sensitive to the
probe’s environment. By exploring probe variants with different
linkers and fluorophores, we observed significant differences in
fluorescence lifetimes both in vitro and in live mammalian
cells. The Cbl-Cy5 probe exhibited the lowest lifetime, while
Cbl-4xGly-ATTO 590 and Cbl-5xPeg-ATTO 590 showed higher,
similar lifetimes. This is in line with the previous establishment that
Cbl functions as a quencher of a wide variation of fluorophores,
leading to a marked decrease in fluorescence lifetime.'*'®'” More-
over, the presence of the Riboglow RNA A-tag resulted in a
significant increase in lifetimes across all probe samples, with
Cbl-4xGly-ATTO 590 displaying higher changes in lifetime compared
to Cbl-5xPeg-ATTO 590. Systematically changing the buffer condi-
tions to mimic cellular conditions resulted in more variability, in
line with FLIM measurements in live cells that typically have larger
error bars (Fig. 2C and 3B). It is important to note that our lifetime
values were consistent and reproducible across buffer and cellular
samples, pointing to using Riboglow-FLIM as a robust and sensitive
platform for RNA sensing.

The observed differences in fluorescence lifetimes in different
environments imply that the probes exhibit distinct interactions
within different cellular environments. These interactions likely
involve factors such as cellular composition or molecular crowd-
ing in each cell type.’” Consequently, we conclude that the
fluorescence lifetime of a probe is not solely dependent on the
probe itself but also on the intricate interplay between the probe
and the specific cellular context in which it is utilized. These
outcomes underscore the importance of careful consideration in
the selection of the Riboglow-FLIM probe and the thorough need
for characterization of its behavior in the intended cellular
environment to obtain results that reflect the molecular events
of interest and provide meaningful insights, which goes hand in
hand with ensuring accurate fitting is conducted (Fig. S3, ESIY).
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Interestingly, we observed cell-type-dependent lifetime varia-
tions, first when comparing HOS cells vs. U-2 OS cells and then
across a more diverse cell series (Fig. 3 and 4), further highlighting
the significance of cellular context in fluorescence lifetime mea-
surements. Overall, our study provides valuable insights into the
versatility and potential applications of Riboglow-FLIM for RNA
imaging, as well as the sensitivity of fluorescence lifetime. The
modular nature of Riboglow-FLIM will likely inspire future
applications.

Statistical methods

One-way ANOVA (95% confidence limit); post hoc test (Tukey
HSD). Error bars: mean and standard deviation (+SD).

Software

Data collection: microscopy images acquired on EVOS M5000
microscope (Thermo Fisher) and Abberior STEDYCON instrument
with Picoquant lifetime software. Data analysis: Image]2 v.1.53
with Fiji plugin suite, Prism v.9.4.1(458), Canvas X draw v.2, Zotero
v.6.0.17, Picoquant Symphotime 64 v.1-9, MetaboAnalystR v.4.0.
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