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A B S T R A C T

RNA-targeting small molecules, particularly RIBOnuclease TArgeting Chimeras (RIBOTACs),
represent a powerful and promising therapeutic approach by selectively degrading RNAs through
ribonuclease (RNase) recruitment. Despite their potential, the development of effective RNase
recruitment tools is still in its early stages and remains a critical area of research. Ribonuclease L
(RNase L) is a key ribonuclease targeted by RIBOTACs, yet the tools available for studying RNase
L are limited. In this study, we introduce novel fluorescent ribonuclease binders that enhance the
visualization and investigation of RNase L activity. Our findings provide new insights into RNase
L dynamics and RNA degradation pathways, paving the way for more effective RNA-targeted
degradation strategies. Furthermore, we explore the versatility of these conjugates for real-time
tracking of RNase L localization, intracellular trafficking, and mechanistic studies. These fluo-
rescent probes also enable high-throughput fluorescence-based assays to identify small molecules
that bind and recruit RNase L, advancing RNA-targeted therapeutic approaches.

1. Introduction

Ribonuclease L (RNase L), a key enzyme in the antiviral defense mechanism of cells, is an endoribonuclease activated through the
interferon pathway [1]. It plays a crucial role in restricting the replication of various viruses, such as influenza, chikungunya,
SARS-CoV-2, and vaccinia in mammals [2–4]. Activation of RNase L occurs when oligoadenylate synthetase system (OAS) polymerizes
ATP into 2′,5′-oligoadenylates (2–5A). These 2–5A molecules subsequently bind to monomeric RNase L, inducing its dimerization and
subsequent catalytic activity presented in cleaving single-stranded RNA (ssRNA) at UU/UA motifs, resulting in dsRNA cleavage
products with 5′-hydroxyl and 2′,3′-cyclic phosphate ends [5–7]. This process is a part of the broader 2–5A system, which is essential for
controlling viral infections and modulating immune responses (Fig. 1A) [1,8]. Despite the well-established role of RNase L in antiviral
defense, the real-time dynamics and intracellular behavior of RNase L during RNA degradation remain inadequately explored. Current
methodologies fall short of providing real-time visualization of RNase L activation and subsequent RNA degradation pathways [9–11].
Therefore, it is necessary to develop methods that can overcome these obstacles and enable detailed studies of RNase L dynamics and
functions within the cellular environment.

Notably, the recruitment of RNase L has been used to target and degrade disease-associated RNAs [12]. This effective strategy,
known as RIBOnuclease TArgeting Chimera (RIBOTAC), has proven highly potent in reducing toxic RNAs [13]. In this context, RNase L
is an attractive ribonuclease because it is an endoribonuclease that is activated only when dimerized and fits well within the field of
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small molecule targeting RNA, as it is capable of cleaving UN unpaired bases [5,6]. Recently, two small molecules, Ribo1 and Ribo2
(Fig. 1B), were developed to recruit RNase L and were conjugated to RNA small molecules [14,15]. RIBOTACs are a novel class of
molecules in drug discovery that enable precise degradation of disease-related RNAs by recruiting RNase L to specific RNA targets
[16–19]. This approach provides significant importance, including enhanced specificity and minimized off-target effects, making
RIBOTACs highly effective in reducing pathogenic RNA involved in diseases like cancer and viral infections [20,21]. The dual func-
tionality of RIBOTACs, binding to RNA and inducing its degradation via dimerization of RNase L, allows for controlled modulation of
RNA levels [14], which is crucial for therapeutic efficacy (Fig. 1B). Additionally, their ability to selectively target RNA offers a
powerful tool for managing diseases at the RNA level, providing a promising strategy for therapeutic interventions [22]. However, this
method is still in its infancy, and more needs to be understood about the recruitment of RNase L and other ribonucleases. Further
development of additional recruiters is necessary to advance this approach.

A variety of assays have been developed to study RNase activity, each with distinct strengths and limitations. For example, gel-
based assays are cost-effective but limited to qualitative data, while FRET probes provide sensitive, real-time detection but require
precise design and are sensitive to environmental conditions [23,24]. Immunoassays like ELISA offer high specificity yet typically
detect RNase presence rather than activity [25]. Recently, fluorescent probes based on small molecules have been extensively used
with fluorescence imaging techniques to track molecular events in living cells [26]. This non-invasive approach allows for in situ
detection of various biomolecules [27]. These probes offer several advantages: small, easy to handle, chemically stable, and minimally
perturb native functions [28]. Their flexibility in design and application makes them ideal for labeling at the cellular level, enabling a
detailed understanding of cellular structure, localization, dynamics, and intracellular interactions [29].

Building upon the foundation of RNase L activation and the innovative development of RIBOTACs, we have advanced this approach
by conjugating ribonuclease recruiters to various fluorescent probes including Diethylamino Coumarin (Cou), Fluorescein (Fluo),
Nitrobenzodiazole (NBD), and Cyanine-5 (Cy-5). This modification leverages the advantages of fluorescence imaging techniques,
providing a non-invasive and sensitive method to track molecular events in living cells. By employing these fluorescently labeled
recruiters, we achieved real-time visualization of their localization and dynamics within cellular environments, enabling detailed
studies of intracellular trafficking and mechanisms of action. Additionally, this approach allows us to investigate RNase L dynamics
and its influence on RNA degradation pathways, offering valuable insights for potential therapeutic applications.

Fig. 1. RNase L activation. A) IFN-induced RNase L activation pathway. B) RIBOnuclease TArgeting Chimera strategy for degrading target RNA.
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2. Methods

2.1. Preparation of RNase L-GST protein

RNase L-GST protein was purchased from Gene-Script company (Lot: U282HCNSG0-8/P2IH001), expression host: E. coli, purifi-
cation: Protein was obtained from the supernatant of cell lysate, GST column+ Superdex 200 column, purity:≥80% (SDS-PAGE under
reducing condition, storage: 40 mM HEPES, 140 mM NaCl, 4 mM MgCl2, 2 mM DTT, 30 % Glycerol, pH 7.4).

Protein Length = 741 MESRDHNNPQEGPTSSSGRRAAVEDNHLLIKAVQNEDVDLVQQLLEGGANVNFQEEEGGWTPLHNAVQMSRE
DIVELLLRHGADPVLRKKNGATPFILAAIAGSVKLLKLFLSKGADVNECDFYGFTAFMEAAVYGKVKALKFLYKRGANVNLRRKTKEDQERLRK
GGATALMDAAEKGHVEVLKILLDEMGADVNACDNMGRNALIHALLSSDDSDVEAITHLLLDHGADVNVRGERGKTPLILAVEKKHLGLVQRL
LEQEHIEINDTDSDGKTALLLAVELKLKKIAELLCKRGASTDCGDLVMTARRNYDHSLVKVLLSHGAKEDFHPPAEDWKPQSSHWGAALKDLH
RIYRPMIGKLKFFIDEKYKIADTSEGGIYLGFYEKQEVAVKTFCEGSPRAQREVSCLQSSRENSHLVTFYGSESHRGHLFVCVTLCEQTLEACLDV
HRGEDVENEEDEFARNVLSSIFKAVQELHLSCGYTHQDLQPQNILIDSKKAAHLADFDKSIKWAGDPQEVKRDLEDLGRLVLYVVKKGSISFED
LKAQSNEEVVQLSPDEETKDLIHRLFHPGEHVRDCLSDLLGHPFFWTWESRYRTLRNVGNESDIKTRKSESEILRLLQPGPSEHSKSFDKWTTKI
NECVMKKMNKFYEKRGNFYQNTVGDLLKFIRNLGEHIDEEKHKKMKLKIGDPSLYFQKTFPDLVIYVYTKLQNTEYRKHFPQTHSPNKPQCD
GAGGASGLASPGC.

2.2. Cell lines

Compounds were tested in MDA-MB-231 and MCF-7 human breast adenocarcinoma cell lines (HTB-26; ATCC, and HTB-22; ATCC
respectively), and HEK-293 human embryonic kidney cell line (CRL-1573; ATCC).

2.3. Cell culture

All cells were maintained at 37 ◦C with 5 % CO2. MCF-7 and HEK-293 cells were cultured in DMEM medium with L-Glutamine, 10
% (v/v) fetal bovine serum (FBS; Sigma-Aldrich; F9665) and 1 % (v/v) penicillin/streptomycin solution (Diagnovum; D910). MDA-
MB-231 cells were cultured in RPMI 1640 medium with L-Glutamine supplemented with 25 mM HEPES (Capricorn Scientific; HEP-B),
10 % (v/v) FBS, and 1 % (v/v) penicillin/streptomycin solution. 22RV1 cells were cultured in F12K medium with L-Glutamine, 10 %
(v/v) FBS, and 1 % (v/v) penicillin/streptomycin solution.

2.4. Resazurin cell viability assay

MCF-7 cells at 80 % confluence in 96-well plates were treated with synthesized compounds with different concentrations for 24 h.
The resazurin assay kit (Abcam, ab129732) was used to analyze cell viability by incubating each sample with 20x cell viability solution
for 4 h before fluorometric analysis. The fluorescence resulting from resazurin reduction to resorufin was measured with excitation and
emission wavelengths of 530 and 570 nm, respectively, using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Agilent).
Cell viability was calculated as the percent increase in fluorescence of treated cells compared to fluorescence in untreated cells.

2.5. Western blotting

MCF-7, MDA-MB-231, 22RV1, and HEK-293 cells were grown in 6-well plates at about 60 % confluency in a complete growth
medium and the cells were left to grow to about 80 % confluency. Total protein was extracted using RIPA cell lysis buffer (BioPrep)
containing protease inhibitor, and protein concentration was measured using BCA protein assay (Sigma-Aldrich) according to the
manufacturer’s protocol. Approximately, 50 μg of total protein was resolved on a 10 % SDS-acrylamide gel and then transferred to a
PVDFmembrane (Immobilon FL transfer membrane- Merck). The membrane was washed with 1x Tris-buffered saline (TBS) containing
0.1 % (v/v) Tween-20 (TBST; Tris-base, pH 7.6, NaCl, and Tween-20), and then blocked in 1x TBST containing 5 % (w/v) milk for 2 h
at room temperature. The membrane was then incubated with 1:1000 dilution of rabbit anti-RNase L (Cell Signaling Technology:
D4B4J), or 1:10,000 dilution of rabbit anti-Vinculin (Cell Signaling Technology: CS13901) in 1x TBST containing 5 % (w/v) milk
overnight at 4 ◦C. The membrane was then washed three times (10 min per wash) with 1x TBST and incubated with 1:10,000 anti-
rabbit IgG horseradish-peroxidase secondary antibody conjugate (Cell Signaling: CS7074) at room temperature for 2 h. After
washing three times with 1x TBST (10 min per wash), the target protein was detected using ClearBand ECL Substrate (Gene Bio-
Application) on Azure C300 Imaging System. The difference in expression of the target protein (RNase L) in the different cell lines
was calculated by normalizing the band intensity to the vinculin band intensity using ImageJ.

2.6. In-vitro RNA cleavage

An RNA degradation assay was conducted by monitoring the decrease in intensity of FAM-labeled RNA on an SDS gel. Briefly,
Ribo1, Ribo2, Ribo1-Cy5, Ribo2-Cy5, or Cy5-Ctrl were added to RNase L in a 1x activation buffer (containing 7 mM β-mercaptoe-
thanol, 50 μM ATP, and 1 mMMgCl₂), heated at 95 ◦C for 5 min, then rapidly cooled on ice for 5 min. Following this, the mixture was
incubated with FAM-labeled RNA for 2 h. Samples were subsequently loaded onto a 20 % SDS-polyacrylamide gel. Band intensities
were detected using the ChemiDocMP Imaging System (Bio-Rad) and analyzed in ImageJ by normalizing each band intensity to that of
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the RNA-alone control. RNA sequence that has been used in this study 5′-FAM-r(UUAGGGUUAGGGUUAGGGUUAGGG)-3’ (Integrated
DNA technologies).

2.7. Evaluation of excitation and emission maxima and determination of concentration

Synthesized compounds were subjected to spectral scanning in different concentrations using 96-well plates. Maximum excitation
and emission wavelengths were measured using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Agilent). Wells
containing DDW were added for background subtraction purposes.

2.8. Fluorescence binding assay

Half-maximal effective concentration (EC50) measurements between synthesized compounds and RNase L protein were performed
by detecting the difference in fluorescence intensity as a function of protein concentration. In short, the protein was folded in 1x
Binding buffer (8 mM Na2HPO4, pH 7.0, 185 mM NaCl, and 1 mM EDTA) at 95 ◦C for 5 min and then cooled on ice for an additional 5
min. Compound solutions were prepared in 1x Binding buffer. The protein of interest was titrated into these solutions, starting from 5
nM and diluted with a dilution factor of 2 down to 2.44 pM (12 concentrations in total). The mixtures were then incubated at 37 ◦C for
various time points in 96-well plates. Plots of protein concentration versus changes in fluorescence were used to determine EC50 values,
measured using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Agilent).

2.9. Competition assay

Binding site validation assays were performed by detecting differences in fluorescence intensity as a function of increasing con-
centrations of RNase L recruiters lacking fluorophore conjugation (compounds Ribo1 and Ribo2). In short, the protein was folded in
1x Binding buffer (8 mM Na2HPO4, pH 7.0, 185 mMNaCl, and 1 mM EDTA) at 95 ◦C for 5 min and then cooled on ice for an additional
5 min, followed by incubation with increasing concentrations of Ribo1 or Ribo2 for 10 min at 37 ◦C. Synthesized compounds were
then added to the mixture at a constant concentration and re-incubated for different time periods for each compound. Bar graphs were
utilized to present the differences in fluorescence intensity measured using the Synergy H1 Hybrid Multi-Mode Microplate Reader
(BioTek, Agilent).

2.10. Fluorescence microscopy

2.10.1. Compound localization and uptake evaluation
Compound localization and uptake evaluation were performed by detecting the compound’s emission in a live-cell imaging assay.

MCF-7 andMDA-MB-231 cells were seeded in μ-Slide 8Well ibiTreat (© ibidi GmbH Cat.No:80826) at 5-11× 104 cells/mL confluency.
μ-Slide were previously treated with 10 % PDL in DDW (300 μL) for 1 h at 37 ◦C and washed with DDW (300 μL) three times. After cells
reached 80 % confluency, treatments were performed with Ribo1-Cy5 (1 μM), Ribo2-Cy5 (1 μM), or Cy5-trl (1 μM) and incubated at
37 ◦C for either 5 min, 2 h, or 24 h. Cells were then washed three times with PBS and imaged using a NIKON New AX-R Confocal
microscope at 60x magnification. Images were analyzed and presented using NIS-Elements AR 5.2.

2.10.2. Antibodies-based RNase L co-localization
MCF-7 cells were seeded onto glass coverslips in a 12-well plate. Upon reaching 80 % confluency, the cells were treated with either

Cy5-Ctrl (0.1 μM), Ribo1-Cy5 (0.1 μM), or Ribo2-Cy5 (0.1 μM) for 2 h. Following treatment, the cells were washed three times with PBS
and fixed with 4 % PFA (500 μL) in PBS for 10 min at room temperature, followed by three washes with ice-cold PBS. The cells were
then permeabilized with 0.2 % Triton X-100 in PBS for 10 min at room temperature, followed by three washes with PBS. Blocking was
performed using 500 μL of blocking buffer composed of 1 % BSA and 22.52 mg/mL glycine in PBST (PBS + 0.1 % Tween 20) for 2 h at
room temperature. The cells were then incubated with Mouse Anti-RNase L Monoclonal Primary Antibody (E− 9) (Santa Cruz, Cat. SC-
74405, 1:100 dilution in 1 % BSA in PBST) for 1 h at room temperature, followed by an overnight incubation at 4 ◦C. The next day, the
cells were washed three times with PBS for 5 min each and incubated with the secondary antibody Goat Anti-Mouse IgG H&L Alexa
Fluor® 488 (Abcam, Cat. AB-ab150113, 1:750 dilution in 1 % BSA in PBS) for 1 h at room temperature. The cells were then washed
three times with PBS for 5 min each, followed by mounting with Prolong Gold Antifade Reagent with DAPI (Cell Signaling, Cat. 8961S)
and sealing the coverslips with nail polish. The slides were imaged using a NIKON New AX-R Confocal microscope at 60x magnifi-
cation. Images were analyzed and processed using NIS-Elements AR 5.2.

2.10.3. Plasmid-based RNase L co-localization
For this RNase L co-localization assay, we used a plasmid from GeneCopoeia (OmicsLink™ Expression Clone (EX-U1047-M29;

GeneCopoeia, Inc., Rockville, MD)), containing a Homo sapiens RNase L gene tagged with GFP, with a total size of 8390 base pairs. The
plasmid is constructed in the pEZ-M29 vector, has an accession number of NM_021133, and confers ampicillin resistance. MCF-7 cells
were seeded into a 96-well plate. Upon reaching 80% confluency, the cells were transfected with 0.5 μg of the plasmid using a 1:5 ratio
of the PEI transfection reagent (Med Chem Express, HY-K2014) at a concentration of 1 mg/mL, following the manufacturer’s protocol.
After 24 h of transfection, the cells were transferred to PDL-treated μ-Slide 8 Wells. Following a 12-h incubation, the cells were treated
with either Cy5-Ctrl (0.1 μM), Ribo1-Cy5 (0.1 μM), or Ribo2-Cy5 (0.1 μM) for 2 h. The cells were then washed three times with PBS and
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incubated with DAPI (1 μg/mL, 300 μL) for 10 min at 37 ◦C, followed by another three washes with PBS. Imaging was performed using
a NIKON New AX-R Confocal microscope at 60x magnification. Images were analyzed and presented using NIS-Elements AR 5.2.

2.10.4. Flow cytometry
Compound uptake evaluation was performed by flow cytometry using a CytoFLEX Flow Cytometer (Beckman Coulter, Rhenium).

MCF-7, MDA-MB-231, 22RV1, and HEK-293 cells were seeded into 6-well plates. After reaching 80% confluency, the cells were treated
with Ribo1-Cy5 (1 μM), Ribo2-Cy5 (1 μM), or Cy5-Ctrl (1 μM) and incubated at 37 ◦C for either 5 min, 2 h, or 24 h. Cells were washed
with PBS three times for 5 min each, filtered using a cell strainer (70 μm), and subjected to the CytoFLEX cytometer for uptake
evaluation. Analysis was performed using FlowJo software (FlowJo_v10.10).

2.11. Quantification and statistical analysis

Standard deviation (SD), standard error of the mean (SEM), and One-way ANOVA were done using GraphPad Prism 10 software.
Pearson’s Correlation was done using ImageJ software. Statistical details for each experiment can be found in the figure legends and
the detailed methods for each experiment.

3. Results

3.1. Synthesis of the fluorescent probes

To study RNase L, we have developed several fluorescent probes capable of binding RNase L. These probes are based on previously
reported RNase L recruiters used in the development of RIBOTACmolecules. Ribo1 was discovered by Silverman et al. [30] to bind and
dimerize RNase L, while Ribo2 was identified by Disney et al. [15] using a DNA-encoded library and was further designed into RNA
degrader conjugates. To cover most of the visible light spectrum and develop various fluorescent tools, we conjugated the two RNase L
recruiters with different fluorophores. The positions used for conjugating the fluorophores are the same positions used for adding the
small molecule binding RNA in the RIBOTAC approach, ensuring that the binding to RNase L is not affected. For the blue wavelength
range, we used a Coumarin molecule. For the green range, we employed two different fluorophores: Fluorescein and NBD. Finally, to
cover the red spectrum, we conjugated the recruiters with a Cy5 molecule (Fig. 2). The purity of the compounds was evaluated using
analytical HPLC (Fig. S1), and each fluorescent probe’s absorbance and emission spectra were also assessed (Fig. S2). Overall, the
emission of these probes spans from approximately 470 nm for the Coumarin derivatives, to around 520 nm for Fluorescein,
approximately 560 nm for NBD, and up to 665 nm for the Cy5 probes.

Fig. 2. Fluorescent RNase L probes. The Ribo1 binder is shown in red, and the Ribo2 binder is shown in blue. Four families of fluorophores were
synthesized and are highlighted with different backgrounds: Diethylamino Coumarin (blue), Fluorescein (light green), Nitrobenzodiazole (NBD)
(dark green), and Cyanine-5 (red).
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3.2. Binding evaluation reveals fluorescence shifts in RNase L probes with varying affinities

As a first step in validating that the fluorescent probes are indeed binding RNase L, we proceeded with the evaluation of their
affinity. We utilized the intrinsic fluorescence capacity of the probes and measured the change in fluorescence upon binding. It is
known that when stabilized due to binding to another molecule, fluorophores will exhibit a change in their fluorescence [31].
However, whether this change results in an increase or decrease in fluorescence can be unpredictable, depending on the spatial
orientation of the fluorophore relative to the protein. These orientations can influence the local environment surrounding the fluo-
rophore, including interactions with nearby amino acid residues, quenching effects, or shifts in energy transfer efficiency. The probes
were maintained at a constant concentration, while RNase L was added at various concentrations to generate a binding curve. Upon
RNase L binding, a decrease in fluorescence was observed for the Cy5 derivatives (Ribo1-Cy5 and Ribo2-Cy5) and the NBD derivative
(Ribo2-NBD) (Fig. 3A, B, and 3H). In contrast, an increase in fluorescence was noted for the Fluorescein derivatives (Ribo1-Fluo and
Ribo2-Fluo) and the Coumarin derivative (Ribo2-Cou) (Fig. 3C, D, and 3F). Of note, Ribo1-NBD, Ribo2-Cou, and controls did not show
proper saturation in fluorescence changes at the tested concentrations and were therefore considered not to exhibit binding to RNase L
in this range of concentrations (Fig. 3E and G, and S3). Importantly, the EC50 values observed, which indicate the avidity of the probes
to bind RNase L, were in the high picomolar range.

3.3. Validation of fluorescent probes for RNase L binding sites via competitive assays

To assess whether the designed fluorescent probes target the same binding site on RNase L as the original RNase L binders, Ribo1
and Ribo2, we conducted a competitive binding assay. In this assay, the parental RNase L binders were used at increasing concen-
trations, while the concentrations of the fluorescent probes and RNase L were kept constant. Although complete competition between
the fluorescent probes and the parental binders Ribo1 and Ribo2 does not definitively rule out allosteric effects, it is worth noting that
the structure of the fluorescent probes is derived directly from the parent binders; each probe incorporates the same core binding
elements conjugated with a fluorophore. This structural overlap makes it more likely that competition arises from shared binding sites
rather than allosteric regulation. Nonetheless, we acknowledge the possibility that binding may involve allosteric influences, where
the interaction of one probe could alter RNase L’s conformation to affect the binding of another. Notably, several fluorescent probes
demonstrated complete competition with the parental binders, validating that they share the same RNase L binding pocket. The two
Cy5 derivatives, Ribo1-Cy5 and Ribo2-Cy5 were 100% validated (Fig. 4A, B, 4C, and 4D) along with Ribo2-Cou derivative (Fig. 4E and
F). Finally, Ribo2-Fluo and Ribo2-NBD were validated with Ribo2 competition. Throughout the experiment, the fluorescence pattern
exhibited a continuous and consistent decrease for Ribo2-Fluo (Fig. S4D) and an increase for Ribo2-NBD (Fig. S4F). The fluorescence
pattern was less continuous and consistent for Ribo2-Fluo and Ribo2-NBD competition with Ribo1 (Figs. S4C and S4E). We hypothesize
that Ribo1may disrupt and affect the emission of these two probes likely because it is not the parental competitor. The other probes did
not show full competition with the parental binders (Figs. S4A and S4B). Interestingly, not all the fluorescent probes exhibited proper
fluorescence reversion. This could be due to binding to different binding pockets of the compounds or interactions between Ribo1 and
Ribo2 with the evaluated fluorescent probes, which can affect the fluorescence change observed when unbinding or binding RNase L.
Remarkably, the probes coupled to Ribo2 exhibited the most robust binding and validation rates.

Fig. 3. Fluorescence-based binding assay. RNase L was titrated into a constant concentration of each derivative and was incubated at 37 ◦C. The
EC50 values for each probe are annotated above their respective binding curves. A) Ribo1-Cy5 (20 μM). B) Ribo2-Cy5 (20 μM). C) Ribo1-Fluo (50
μM). D) Ribo2-Fluo (2 μM). E) Ribo1-Cou (12.5 μM). F) Ribo2-Cou (12.5 μM). G) Ribo1-NBD (80 μM). H) Ribo2-NBD (80 μM).
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3.4. In-vitro RNase L activation and RNA degradation

To evaluate whether RNase L retains its activity when bound to Ribo1-Cy5 or Ribo2-Cy5, we performed an in vitro RNA degra-
dation assay. In this assay, RNase L was pre-incubated with each compound in an activation buffer and then allowed to react with FAM-
labeled RNA for 2 h. Incubation of RNase L with the parent recruiters, Ribo1 and Ribo2, led to a decrease in FAM intensity by
approximately 45% and 25%, respectively, compared to RNA alone (Fig. S5, lanes 1, 3, and 4), confirming effective RNase L activation
and subsequent RNA degradation. RNase L alone caused a ~20 % reduction in FAM intensity (Fig. S5, lane 2), likely due to the
proximity between the enzyme and RNA. Interestingly, Ribo1-Cy5 induced a more substantial reduction in FAM intensity of about
~70 % (Fig. S5, lane 6), whereas Ribo2-Cy5 caused only a 17 % decrease (Fig. S5, lane 5), suggesting that Ribo1-Cy5 is a more potent
recruiter for RNase L than Ribo2-Cy5. Incubation with the Cy5 control compound (Cy5-Ctrl) resulted in a ~20 % reduction in FAM
intensity (Fig. S5, lane 7), which may similarly be attributed to RNA-RNase L proximity. These findings indicate that both Ribo1-Cy5
and Ribo2-Cy5 bind to and recruit RNase L effectively without compromising its catalytic function, thereby preserving its RNA
degradation activity.

3.5. Novel fluorescent probes enable reliable visualization of RNase L localization in cells

One of the biggest challenges in studying RNase L, especially in cells, is to localize and observe this protein. As mentioned in several
publications, immunofluorescence techniques for observing RNase L are not effective in cells [32,33]. To confirm that this method was
not providing proper tracking of RNase L, we purchased several antibodies compatible with immunocytochemistry and tested them for
RNase L cellular localization after checking the probes’ toxicity in the MCF-7 cell line (Fig. S6). Consistent with published findings, we
were unable to observe RNase L fluorescence using this method (Fig. S7). Therefore, after designing, evaluating the affinity of, and
validating our probes, we used them to study RNase L subcellular localization in cells. First, we evaluated RNase L levels in several cell
lines using Western blot analysis (Fig. S8) to validate that RNase L is sufficiently expressed in specific cell lines. We selected
MDA-MB-231 and MCF-7 cell lines, which showed different levels of RNase L, to study its localization within the cells. These cells were
treated with the fully validated Ribo1-Cy5 and Ribo2-Cy5 probes at three time points: 5 min, 2h, and 24h. To visualize the nucleus, we
used DAPI staining (shown in blue, Fig. 5). We were able to observe the probe after just 5 min, but the best uptake was measured after 2
h for MCF-7 (Fig. 5A) and MDA-MB-231 (Fig. S9). After 24 h, no significant changes in probe distribution were observed (Figs. S9 and
S10). As expected, we observed the probes primarily localized in the cytoplasm, consistent with the predominantly cytoplasmic
localization of RNase L. Notably, both probes Ribo1-Cy5 and Ribo2-Cy5 showed similar distribution within the cells, strengthening our
hypothesis that we are indeed observing RNase L.

To validate that RNase L was being observed, we designed and used an RNase L-GFP plasmid. After transfection of the reporter
plasmid, we treated MCF-7 cells with the two Cy5 fluorescent probes and observed a high overlap of the fluorescent probes with the
GFP signal, confirming that our probes are indicating RNase L subcellular localization (Fig. 5B). To quantify this co-localization, we
calculated the Pearson’s Correlation Coefficient (PCC) and observed a high PCC value of r = 0.77, indicating strong spatial corre-
spondence (Fig. 5C). Collectively, we have successfully observed subcellular RNase L localization with our designed probes without
any specific treatment, demonstrating clear distribution and rapid uptake. This method offers significant advantages over traditional
immunofluorescence techniques or plasmid transfection, which cannot study endogenous RNase L in cells. Our approach provides a
more reliable and efficient means of visualizing native RNase L in living cells.

3.6. Fluorescent probes demonstrate rapid, RNase L-dependent uptake across diverse cell lines

To further characterize our fluorescent probes for studying RNase L, we investigated their uptake kinetics across multiple cell lines
expressing varying enzyme levels. Using fluorescence-activated cell sorting (FACS), we quantitatively assessed probe uptake based on
cellular fluorescence intensity and concentration differences among the cell lines. Consistent with our subcellular localization assays, a
significant increase in cellular fluorescence was detected after just 5 min of probe exposure. Notably, the fluorescence intensity
reached its maximum after 2 h of treatment and remained comparable to measurements taken at 24 h post-exposure in MCF-7 and
MDA-MB-231 cells (Fig. 6A), and HEK-293 cells (Fig. S11). This suggests rapid probe internalization and saturation. Since we observed
similar uptake patterns in both MCF-7 and MDA-MB-231 cell lines, this indicates that probe internalization is not cell-type specific.
This consistency across cell types supports the broad applicability of our probes for RNase L studies in diverse cellular contexts.

To further validate our approach, we compared fluorescence uptake among three cell lines known to express different levels of
RNase L: MCF-7, MDA-MB-231, and HEK-293. Intriguingly, we found a positive correlation between probe uptake and RNase L
expression levels (Fig. 6B). MCF-7 cells, which express the highest levels of RNase L, showed the greatest probe uptake, followed by
HEK-293 cells, with MDA-MB-231 cells showing the lowest uptake. This correlation strongly suggests that our probes specifically
target RNase L in cellular environments. These findings collectively demonstrate the efficiency, specificity, and versatility of our

Fig. 4. Fluorescent-based competition assay for target validation. RNase L was incubated with increasing concentrations of Ribo1 or Ribo2 for
10 min at 37 ◦C, followed by incubation with the fluorescent probes for another 2 h. A) Competition between Ribo1-Cy5 and Ribo1. B) Competition
between Ribo1-Cy5 and Ribo2. C) Competition between Ribo2-Cy5 and Ribo1. D) Competition between Ribo2-Cy5 and Ribo2. E) Competition
between Ribo2-Cou and Ribo1. F) Competition between Ribo2-Cou and Ribo2. Statistical analysis was performed using one-way ANOVA test. Error
bars represent the SD of the mean (n = 3). ** represents P ≤ 0.01, *** represents P ≤ 0.001 and **** represents P ≤ 0.0001.
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fluorescent probes for studying RNase L in living cells. The rapid uptake, cell-type independence, and correlation with RNase L
expression levels underscore the potential of these probes as powerful tools for investigating RNase L dynamics and distribution in
various cellular systems.

Fig. 5. Uptake of probes by MCF-7 cells and RNase L subcellular localization. A) Representative fluorescence images showing the cellular uptake of
fluorescent probes Cy5-Ctrl (1 μM), Ribo1-Cy5 (1 μM), and Ribo2-Cy5 (1 μM) (red) with nucleus marker DAPI (blue), after 2 h treatment. Scale bar
= 50 μm. B) Representative fluorescence images showing RNase L subcellular localization upon 2 h treatment with Ribo2-Cy5 (0.1 μM) (red), GFP
tagged RNase L (green), and nucleus marker DAPI (blue). Scale bar = 50 μm. C) Scatter plot showing the relationship between fluorescent probes
and RNase L localization; the solid line represents the best-fit regression line, illustrating the positive correlation (r = 0.703 ± 0.037).
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4. Discussion

Our study presents a significant advancement in the field of RNase L research through the development and characterization of
novel fluorescent probes designed to bind and visualize this crucial enzyme. These probes, based on previously reported RNase L
recruiters, offer several advantages over traditional methods for studying RNase L dynamics and localization in living cells. The
synthesis of multiple fluorescent derivatives covering a broad spectrum of visible light provides a versatile toolkit for RNase L visu-
alization. By conjugating RNase L recruiters with various fluorophores (Coumarin, Fluorescein, NBD, and Cy5), we have developed
probes that can be applied in diverse experimental settings, allowing for multicolor imaging and compatibility with different mi-
croscopy techniques. The binding affinity assays demonstrated that our probes maintain a high affinity for RNase L, with EC50 values in
the high picomolar range. This strong binding affinity ensures sensitive detection of RNase L in cellular environments. Moreover, the
competitive binding assays validated that several of our probes, particularly the Cy5 derivatives and Ribo2-Cou, target the same
binding pocket as the original RNase L binders. This confirmation is crucial for ensuring the specificity of our probes and their rele-
vance to RNase L-related studies. One of the most significant achievements of this study is the successful visualization of endogenous
RNase L in living cells, a feat that has been challenging with traditional immunofluorescence techniques. Our probes enabled the
observation of RNase L subcellular localization without the need for genetic manipulation or cell fixation. The rapid uptake and clear
cytoplasmic distribution of the probes align with the known localization of RNase L, providing a reliable method for studying its
dynamics in real-time.

The correlation between probe uptake and RNase L expression levels across different cell lines further validates the specificity of
our probes. This finding not only confirms the probes’ utility in visualizing RNase L but also suggests their potential as tools for
quantifying relative RNase L expression levels in various cell types. The advantages of our fluorescent probes over traditional methods
are numerous. Unlike immunofluorescence, which often fails to detect RNase L effectively in cells, our probes offer high sensitivity and
specificity. Compared to plasmid transfection methods, our approach allows for the study of endogenous RNase L, providing a more

Fig. 6. Fluorescent probes cellular uptake in MCF-7 and MDA-MB-231 cell lines. A) Fluorescence-activated cell sorting assay after 5 min, 2 h, and
24 h treatment (1 μM). Cyan represents untreated cells, pink represents Cy5-Ctrl, green represents Ribo1-Cy5, and orange represents Ribo2-Cy5. B)
Ribo1-Cy5 and Ribo2-Cy5 cellular uptake comparison among MDA-MB-231 (orange), MCF-7 (cyan), and HEK-293 (pink) after 2 h treatment (1 μM).
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physiologically relevant picture of its behavior and distribution. Additionally, we have demonstrated the probes’ efficacy in several
cell lines, though their performance in other cell types or in vivo models remains to be explored.

5. Conclusion

This study introduces innovative fluorescent probes for visualizing RNase L in living cells, addressing a significant challenge in the
field. Our approach overcomes the limitations of traditional methods, enabling real-time observation of endogenous RNase L without
genetic manipulation or cell fixation. These tools open new possibilities for investigating RNase L’s role in antiviral defense and RNA
regulation. The broad spectral range and specificity of our probes offer versatility for various experimental designs. Their potential
extends beyond basic research, potentially aiding in the development of RIBOTACs and screening for RNase L modulators. While this
work provides a solid foundation, future studies should explore the probes’ applications in diverse cellular contexts and potential in
vivo use. As we continue to unravel the complexities of RNase L biology, these tools may contribute to advancements in understanding
innate immunity and developing RNA-targeted therapeutics.

6. Significance

This study represents a significant advancement in understanding RNase L, the crucial ribonuclease involved in the RIBOnuclease
TArgeting Chimera (RIBOTAC) approach. Our tools fill critical gaps in existing methodologies for studying RNase L dynamics and RNA
degradation pathways, which are key to antiviral defense and the development of RIBOTACs. By enabling real-time visualization of
RNase L activity and intracellular localization, this work not only enhances our understanding of RNase L’s role in RNA biology but
also paves the way for more effective RNA-targeted therapies. The versatility of these fluorescent probes also supports high-throughput
screening for RNase Lmodulators, potentially accelerating the discovery of novel therapeutic agents. This research, therefore, provides
valuable tools for both fundamental studies and the clinical advancement of RNA-targeted treatments.
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