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Increasin in studying and modulating the interactions between RNAs and their
RNA- eins (RBPs) has borne the need for enabling technologies. Existing means

of detecting RNA-protein interactions (RPIs) are often limited to biochemical or post-lysis
methods or cell-based methods that require the addition of an RNA-based affinity tag, such as
the MS2 Mprecluding them from use in detecting small or highly processed RNAs.
Taking advantage of bioorthogonal chemistry- and split-luciferase-based technologies, we

develope 2 for the detection of RPIs in live cells. This article details the protocol and

protein interactiogs
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INTROMN :

The me contains between 1,072 (Sundararaman et al., 2016) and 1,542
(GerstberJer™ Hafi€r, & Tuschl, 2014) RNA-binding protein (RBP)-encoding genes,
accountingmfemmore than 7% of annotated protein-coding genes (Gerstberger et al., 2014;
Mukherje@et al., 2019; Sundararaman et al., 2016). RBPs are responsible for the regulation
of gene ehn both co- and post-transcriptionally, playing roles in all aspects of RNA
RNA splicing, cleavage and polyadenylation, RNA stability, localization,
ell as miRNA maturation, and translation (Glisovic, Bachorik, Yong, &
- Van Nostrand et al., 2020). Recent advancements in large-scale technologies,
such as ngXt4@en@ration sequencing and protein mass spectrometry, have enabled genome-

wide map RNA-protein interactions (RPIs) (Ascano, Hafner, Cekan, Gerstberger, &
Tuschl, 2 Qg ell, 2010; Huppertz et al., 2014; Treiber et al., 2017; Van Nostrand et al.,
2016; Zhao et al§ 2010). The generation of large datasets warrants further investigation to
fully und e functional role of individual RPIs. Yet, methods to validate RPIs remain
limited.

IntereC;cting the interaction between RNAs and their protein binding partners has
led to the ion and development of several biochemical and cellular techniques to
monitor RPIs ace plasmon resonance (SPR) (Yang, Wang, & Guo, 2008) and isothermal

calorimetryau( (Feig, 2009), for example, can be used to measure RPIs. Reliance on

robust and purification of RBPs coupled with non-physiological conditions limits
the utili hese techniques. Other prominent methods of studying RPIs involve co-
immunopre on of either an RNA- or protein-of-interest. Even though this allows for
RNA- plexes to form in cells, artificial buffered conditions during lysis and
pulldown may disrupt RPIs or enable non-native interactions (Mili & Steitz, 2004).

Fluoreficent resonance energy transfer (FRET)-based assays (Huranova et al., 2009; M.
Lorenz, %cumvent many of these limitations by enabling the detection of RPIs in
cells; howgg@™gluorescence-based methods are not easily adapted in all laboratories as they
require sp @ equipment and are limited by the sensitivity of fluorophores to changes in
the local ch¥E@nment (Leavesley & Rich, 2016). Furthermore, many cellular assays and
techniqueg the tagging of the RNA-of-interest with an RNA affinity tag, the MS2
hairpin, wliich could impact RNA structure or RBP binding and preclude it from use with
small s (Graindorge et al., 2019; Huranova et al., 2009; Rackham & Brown,

2004). Hl presented here describes RiPCA, RNA interaction with Protein-mediated
Complem ion Assay, which serves as a useful tool for detecting direct RPIs in live cells.

RiPC s detection of cellular RPIs using biorthogonal chemistry and split-
gy, namely the HaloTag (HT) (Los et al., 2008) and NanoBiT (Dixon et
ms developed by Promega. RiPCA utilizes a stable cell line (Flp-In""-293)
xpress the small subunit (Sm; SmBiT) of the split luciferase, NanoLuc, fused
to HT, an en red dehalogenase that covalently binds to chloroalkane-containing ligands.
The SmBiT-HT fusion protein, herein referred to as SmHT, is stably expressed in either the
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cytoplasm or the nucleus via a nuclear localization signal (step 1). These cells are then
transiently co-transfected with a plasmid encoding the RBP-of-interest fused to the large
subunit of NanoLuc (Lg; LgBiT) and a chloroalkane modified RNA probe (step 2), which
allows Mnjugation to SmHT (step 3). Subsequent interaction between the RBP and

esakeconstitution of NanoLuc (step 4), generating chemiluminescence upon
Shwith the NanoLuc luciferase substrate (step 5) (Fig. 1). Further engineering
piagding a nuclear localization signal (NLS) has enabled detection of RPIs in

[*Insert FW

ear here]

The p#tocolgescribed here, originally reported in RSC Chemical Biology (Rosenblum,
Lorenz, . 2021), provides several advantages compared to other previously reported
methods

MS2 or

involving

ilr Protein-binding RNA affinity tag, this assay can be used to detect RPIs

%ing RPIs. Since RiPCA uses direct chemical modification, as opposed to

alWor highly processed RNAs. Additionally, RiPCA leverages the weak,

signal generation) The low intrinsic affinity of engineered in the NanoBiT system allows for

reversiblegon between of Sm and LgBiT (K4 of 190 uM), ensuring that the RPI drives

the accur ction of biomolecular interactions with a K4 < 10 uM (Dixon et al., 2016).
This feat also facilitate the monitoring of RPI dynamics, allowing for the study of
interactiog modulation by cellular stimuli or inhibitors. By using a NanoLuc-based
chemiluminescent readout, RiPCA avoids issues related to fluorescent inference and
promotes e assay statistics. Finally, as a live-cell assay, RiPCA enables the study of
RPIs und logical conditions unlike biochemical methods.

STRA

RPI. S

Thought

ANNING

ign of RNA probes is essential for successful adaptation of RiPCA to any
iPCA RNA probes must contain a free amine chemical handle to enable

conjugation of the RNA and N-hydroxysuccinimidyl (NHS) ester-containing HaloTag ligand.
RiPCA probes also contain a biotin handle for use in complementary methods, such as co-IP,

which is ns reﬂuired for signal generation.

Table 1. cially available amino modifiers compatible with HaloTag ligand conjugation to RNA probes.
Modificatio Position Structure Source

o Dharmacon
! I (n=2,4,511)
5’ Amin 5’ terminus O—P—%
“zNM o IDT, TriLink
H (=5, 11)
D o Dharmacon
I n=2,5,11)
3’ Amino mogi 3’ terminus %—P—O
o M\N”z TrLink
(n=2,5,6)

<
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5’%1‘
N
3’ Amino modifier 3’ terminus 0/\/\0 NH, IDT

uridine N N R N L Dharmacon
- Q )\ | H

.............................. (o} N
Internal %—0 o
H ; _\(
Uridine-C6-Afino Linker o o TriLink
(U-C6-NH2) [
: o=||=—0H
Additi ign considerations include (1) the RNA sequence, (2) position of the
modified nucledtide, and (3) the HaloTag ligand. When designing the probe’s RNA
sequence, dent to include known or theoretically structured regions of the RBP
binding 1 hance the stability of the probe. As a measure of background signal and to

sequence. Several companies, including Dharmacon/Horizon Discovery, Integrated DNA
), and TriLink BioTechnologies, are capable of synthesizing custom RNA
ith a variety of amine-containing modified bases, making it possible to
ag ligand to an RNA probe internally, via modified uridine, or to either the
(Table 1). The modified nucleotide should be located proximal to the
ing site, but it is advisable to test a set of RNA probes with the modified
ocations. Based on the validated RiPCA system, RNA probes in which the
e was contained in an RBP binding site was well tolerated. Lastly, there

Technolo
oligonucleotide

ensure specl 1c1t§ of signal in RiPCA, prepare a control RNA probe containing a non-binding

inker separating the chloroalkane and NHS ester. Both ligands should be
tested to identify optimal signal and signal-to-background (S/B).

The outlined in this article (Basic Protocol 1) describes the design and
optimizatiQa RiPCA for the detection of RPIs in live cells, including the preparation of
RNA prob @ fection protocol, and reading the assay.

ptocol 1 here. I’d ask the author the following: “Please write a summary for
basic pro ere. Typically this section is 1-4 sentences long telling the reader the
what/how/result§ of the protocol is executed correctly”.]

Materials

s & Reagents
Flp-In 93 Cell Line (Invitrogen cat. no. R75007)
Flp-In™ Complete System (Thermo Fisher cat. no. K601001)
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pcDNA3 vector (Or mammalian CMV promoter plasmid)
UltraPure Water (Invitrogen cat. no. 10977015)
RNaseZap™ (Invitrogen cat. no. AM9780)

igdRN A probe (see Strategic Planning)

Phogphate buffer (PB8; see recipe)
Ha @ uccinimidyl Ester (O2) Ligand (Promega cat. no. P1691)
HalosbagiSueeinimidyl Ester (O4) Ligand (Promega cat. no. P6751)

tate (see recipe)

7}
o)

Ethanol (200 proof)
DiLsulfoxide Hybri-Max™ sterile-filtered (Sigma Aldrich cat. no. D2650-
5X5ML)
D !EM ;?orning cat. no. 10-017-CV)
FB nta Biologicals S11550)
L- e (Gibco cat. no. 25030081)
HWn B (Gibco cat. no. 10687010)
Zeocin " (Invitrogen cat. no. R25001)
Anti-Hal§l'ag® Monoclonal Antibody (Promega cat. no. G9211)
Trypsi TA (0.25%) (Gibco cat. no. 25300054)
Try e (Gibco cat. no. 15250061)
Oﬁ}&bco cat. no. 31985062)
Li ine RNAIMAX (Invitrogen cat. no. 13778100)
Li

ip ine LTX with PLUS reagent (Invitrogen cat. no. 15338100)
Natio ive Cell Assay (Promega cat. no. N2012)

lasmid Kit or equivalent
Lamin. w hood (Labconco Purifier BSC Class II or equivalent)
i culture microscope (Nikon or equivalent)

entrifuge (Eppendorf 5424 R or equivalent)

1.5 mL sterile microcentrifuge tubes

l.gL DNA LoBind® microcentrifuge tubes (Eppendorf cat. no. 022431021)
ile conical tubes

15
50 ile conical tubes

6—@) cell culture dish

96- ite flat bottom cell culture—treated plate (Corning cat. no. 3917)
Signel pipettes (2 uL, 10 uL, 20 uL, 100 pL, 200 uL, 1000 pL)
Maltichannel pipettes (200 pL)

r (BioTek Cytation3 or equivalent)
Preparati

Note: All steps should occur in laminar flow hood using sterilized pipettes and reagents.
Refer to manufagturer protocols for complete description of Flp-In"™-293 stable cell line
generatio

ble cell lines

1. C sired SmHT construct into pcDNAS/FRT following manufacturer
recommendations.
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Expression of SmHT can be directed to specific cellular compartments by
appending localization tags (e.g. SV90 NLS for the nucleus).

2. %-InTMQ% in appropriate media (DMEM, 10% FBS, 2 mM L-glutamine)
wi ng/mL Zeocin™.

3. Co @ t Flp-In"™-293 cells with a 9:1 ratio of pOG44:SmHT-encoding
pcDNA plasmid using Lipofectamine LTX with PLUS reagent according to
fh JAWfae cr protocol.

4, 24hter transfection, wash and add fresh media to cells.

5. 48fhours @fter transfection, split cells into culture media with 100 mg/mL hygromycin
B.

C

it Gells to low density (25% confluent) to ensure proper antibiotic selection.

S

6. E Is and change media every 2-3 days until the plate is confluent following
manufactl@irer protocol.

Ul

7. Sp nce and prepare stocks using standard cell culture protocols.

8. C
antibody.

mHT expression by performing a Western Blot with the anti-HaloTag

.

Preparati A for RiPCA

d

1. BP-of-interest into a pcDNA3 vector containing LgBiT.

visable to clone both an N- and C-terminally tagged RBP as the location
tag could influence assay results.

2. Extract the pcDNA3/RBP-Lg plasmid using either mini or midi-prep kits (QIAGEN)
anSelute the DNA or dissolve the final pellet in 50 pLL water. Incubate DNA on ice.

3. Perfogma,a follow-up ethanol precipitation by sequentially adding 10 pL ice-cold

sodh getate (3 M, pH 5.2) and 500 pL ice-cold ethanol (200 proof) to the DNA
andaaixdffe well. Incubate on ice (or at -20°C) for at least 30 minutes. Collect the
precipi DNA by centrifugation (45 minutes at 15,000 rpm, 4°C).

ming this ethanol precipitation step typically increases consistency of

I resulv.

4. C emove supernatant and clean the pellet with 500 uL 70% ethanol. Re-
collect th@pellet by centrifugation (5-10 minutes at 15,000 rpm, 4°C).

5. Dry the pgllet and dissolve in water.

a diluted stock of DNA (3.9 ng/uL) in a LoBind tube and store at -80°C.

The concentration of the diluted stock can be adjusted to minimize the volume
added in later steps if necessary. Carefully measure of the concentration and
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purity of the DNA using standard nucleic acid quantification methods and ensure
that the 260/280 measurement is ~1.8.

Conjqulo Tag ligand to RNA probes
Note: All gf8PRshould occur in an RNase-free environment with sterilized pipettes and
reagents. § @ and pipettes can be additionally cleaned with RNaseZap™.

1. Brepaigsasl MM stock of unlabeled RNA probe in PB8 (100 mM phosphate buffer, pH

8.(! see recipe).
2. In afresh tube, mix equal volumes 1mM unlabeled RNA probe and 10 mM of either
O2Zor O4JHaloTag ligand (dissolved in DMSO) and incubate at room temperature for

2-3 .

m;irable to perform this reaction in small volumes (not exceeding 10 uL). Be
eW0 aliquot single-use stocks of 100 mM HaloTag ligand and store at -80°C to

vdrolysis of the NHS ester.

3. Et ecipitate conjugated RNA from excess HT ligand and DMSO by adding 1.1

ul4 sodium acetate (3 M, pH 5.2; see recipe) and 40 uL ice-cold ethanol (200
pr@of) to the reaction and mixing well. Collect the precipitated RNA by centrifugation
4

s at 15,000 rpm, 4°C).
MS listed are sufficient for reaction volumes of 10 L or less.

4. let and dissolve to ~1 mM in PBS.
5. Dilu uM in PBS to be used in the assay and store at -80°C.
ly measure of the concentration and purity of the RNA probe using

standard nucleic acid quantification methods and ensure that the 260/280

easurement is ~2.
RiPCA fog,”!’

Note: All @ uld occur in laminar flow hood using sterilized pipettes and reagents.

1. Cu -In"™-293 cells expressing SmHT in appropriate media (DMEM, 10%
FBS, 2 mM L-glutamine, 100 mg/mL hygromycin B).

Typicglly, a confluent 6-cm culture dish will have enough cells to perform RiPCA
~10 conditions.

2. Prepare s@ution A for transfection by mixing n+1 x 50 uL. OptiMEM and n+1 x 2.4
u ctamine RNAiIMAX, where n is equal to the number of transfections to be

perfo ]
t of optimization: Change the amount of transfection reagent used per
con n.
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3. Prepare n number of solution B tubes, one for each transfection condition, by mixing
50 uL. OptiMEM, 2.5 uL. pcDNA3/Lin28A-Lg (3.9 ng/uL), and 0.3 mL RNA probe
(50 uM) for a final concentration of 18.5 pg/uLL DNA and 0.28 uM RNA.

oint of optimization: Change the amount of DNA and/or RNA transfected. It is
ended to initially test several final concentrations of both DNA and RNA,
om 9-37 pg/nWL DNA and 0.1-0.6 uM RNA.

4. WA J@"S@EHE, of solution A to each solution B tube and mix well by pipetting up and
dog and let the mixture incubate for at least 15 minutes at room temperature.

5. Dugthg Whis incubation, harvest and count the Flp-In"™-293 SmHT cells using
stafdard gell culture methods.

6. P

r
to

e solution C tube for each transfection condition by diluting 400 uL of cells
sify of 1 x 10° cells/mL.

7. Fo the 15-minute incubation, add 50 pL of solution A+B to solution C and
mix well By pipetting up and down.

8. PlﬁL in 4 wells of a 96-well plate for each transfection condition.
In

9. e plate for 24 hours at 37°C in 5% CO,.
Measure éhe inescence and analyze data
Note this can one outside of a laminar flow hood/on the bench.
1. Fo g the 24-hour incubation, aspirate and replace the media with 100 uL Opti-
M

2. Add 25 pL of Nano-Glo Live Cell Reagent (prepared as a 1:20 dilution of Nano-Glo
Live Cell Reagent: Nano-Glo LCS Dilution Buffer).

3. Ahtion of Nano-Glo Live Cell Reagent, measure chemiluminescence using
Bi ation3 or equivalent chemiluminescence-enabled plate reader.

vised to read the plate at several time points (e.g. 0, 5, and 10 min.) to

ine the optimal protocol for each system.
4. data and analyze in terms of signal-to-background (S/B), which is the ratio
of gignal generated by the binding vs. non-binding RNA probes. To analyze the S/B
Mal wells, use the average of background wells as the denominator for the

S/ signal well (Fig. 3).
[*Inse 3 near here]
REAG ND SOLUTIONS
Use D Ase free water in all recipes and protocol steps.

Phosphate buffer (PBS8)
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100 mM sodium phosphate (mix monobasic and dibasic phosphate in appropriate ratio
for pH 8)
Adjust to pH 8 with NaOH or HCI

Sodium aktate

3M5 @ cetate

Ad]ll O . Wlth HCI
H I
COMMENTARY:

Bagkgreund Information:
Prcvg , our group developed a plate-based, antibody-free biochemical assay,

catalytj me-linked click chemistry assay (cat-ELCCA) capable of detecting and
measum inhibition of RPIs. In cat-ELCCA, a biotinylated biomolecule, which can
t

either a click chemistry handle or be capable of accepting one through an
enzynﬁtion or biomolecular interaction, is immobilized on a streptavidin-coated
plate. The I is then detected upon reaction with horseradish peroxidase (HRP)
functi with a complementary click chemistry handle. Cat-ELCCA is an appealing
in vit rm due to catalytic signal amplification generated by HRP yielding
increa sensitivity, its adaptability to high-throughput format, and reduced risk of
compound 1interference (Garner & Janda, 2010; D. A. Lorenz & Garner, 2016; D. A.

Loren aug, ot al., 2018; D. A. Lorenz, Song, & Garner, 2015; D. A. Lorenz, Vander
Roest,WL.af & Garner, 2018).

s designed to address the key limitations of previously reported cell-based
assays ependence on fluorescent readout and the use of MS2 tagging) while
inco the advantages of cat-ELCCA. The use of MS2 hairpins to recruit a MS2
co mmfased to a split fluorescent reporter (e.g. split fluorophore or split fluorescent
protein) enables detection of the RPI with a protein-of-interest that is labeled with the
complgmentary reporter molecule (Huranova et al., 2009; M. Lorenz, 2009). While this
strategmtractive since MS2-tagged RNAs can be generated directly in cells,
comparedato the need for chemically-modified RNAs in RiPCA, the addition of hairpins
to the w interest could affect the RPI under investigation.

In cOntrast, RiPCA utilizes Promega’s NanoBiT and HaloTag technology to
coval el the RNA with a chemiluminescent-producing reporter. RiPCA utilizes
Na lit luciferase reporter composed of a small (SmBiT) and large (LgBiT)
subun 1xaa et al., 2016). Due to the low intrinsic affinity of Sm and LgBiTs, not only
is sHation driven by the interaction between the biomolecules fused to the BiT,

but it :\LVS for detection of interaction dynamics. Instead of using MS2 hairpins to

label RNAs Bwith a reporter, RiPCA takes advantage of HaloTag, an engineered
haloal chalogenase which covalently binds to biomolecules modified with a
chloroal

by fusing it to SmBiT and thus enabling covalent labeling of RNA with
a chloroalkane appended to the RNA via a 5° aminohexylacrylamino uridine
inclu he synthetic sequence. By directly labeling the RNA-of-interest, RiPCA
enables more site-selective detection of RPIs, as well as the detection of RPIs involving

This article is protected by copyright. All rights reserved.



small or highly processed RNAs. Accordingly, the strategic design of RiPCA provides a
useful platform for detecting cellular RPIs.

CrWeters:

Gi sitivity of RiPCA to the amount of DNA and RNA transfected, it is

impertanigihal cach of these elements is pure and accurately quantified. Best results are
seen ifithe DNA isolated using a spin or flow column kit is additionally purified by
ethan itation. Similarly, after the coupling reaction of the synthetic RNA to the

HaloTa@ li%and, the resulting RNA probe must be carefully purified via ethanol
extracfion. Careful measurement of the concentration is also essential for optimal results.

Ensure he 260/280 measurement for the DNA and RNA elements are within the
accep (~1.8 and ~2, respectively). It is prudent to store the DNA and RNA in
LoBin to avoid changes in concentration due to nucleic acid binding to

plasti
Stora EMT ag ligand

cal handle of the HaloTag ligand that enables labeling of the amine in the
RNA obe, N-hydroxysuccinimydl ester (NHS ester), is readily hydrolyzed in the
presence ot water or in higher than optimal pH (>8.5). It is best practice to ensure the use

of dry to dissolve the HaloTag ligand and immediately make single-use aliquots
to avo ion in coupling efficiency.
Table 2 leshooting Guide for RiPCA

Possible Cause Solution

Low signal

Poor binding of RBP and RNA
probe or too little RNA probe

Re-visit RNA probe design or
increase the amount of RNA
transfected

Too much background
expression of RBP-LgBiT

Decrease the amount of DNA
transfected

variation in

-

Poor expression of SmHT in
stable cells

Ensure proper maintenance of
cell lines—if passaged to a
substantially low  density,
results are less consistent

Undem-g Results:

P detection in RiPCA is determined by the magnitude of the difference

ignal generated by the binding vs. non-binding RNA probes, or signal-to-
| /B) as well as the consistency of the S/B. The average signal generated by
the non-binding control, pre-miR-21 in the included example, is used as the denominator
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to calculate S/B for each data point. RiPCA data can be visualized in bar graphs,
showing the individual points, as shown in Fig. 3. Acceptable values for S/B will vary
for each RPI and could vary based on the stable cell line utilized, as evidenced in Fig. 3
in Mis lower in the nucleus than the cytoplasm for the same RPI.

Timations
Ba otocol 1: Preparation of the DNA from cloning to prepared stock could be

c!ngithin 5 to 7 days. Preparation of the RNA could take 4 to 5 hours. The
transfection protocol could take 1 to 2 hours. After cells are plated, they are incubated
for . Reading the plate could take 30 min to 1 hour. Thorough optimization for
a nef RPNrequires several iterations of the assay and could take several weeks to
seve hs.
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DS:

atic of RiPCA. Cells stably expressing SmBiT-HT (SmHT) (1) are
transiently co-fransfected with an RBP-LgBiT encoding plasmid and functionalized RNA
NA probe becomes covalently modified with SmBiT via HT (3) and

associatio RBP and RNA enables reassembly of the BiTs (4), which generates
chemilumi signal upon treatment with a NanoLuc luciferase substrate (5). Created
with BioRender.@om. Reproduced from (Rosenblum et al., 2021) with permission from the
Royal So hemistry.
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Figure 2. RiPCA transfection workflow. Solution of A is prepared, mixed with solution B,
and incubated prior to its addition to solution C. Solution A+B+C is plated in 96-well plate.
Reproduced from (Rosenblum et al., 2021) with permission from the Royal Society of
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Figure 3. Example of RiPCA data characterizing the interaction between pre-let-7d and its
RBP, Lin28A. Tabulated chemiluminescent data generated by RiPCA performed with
Lin28A-LgBiT or LgBiT-Lin28A and pre-miR-21 and pre-let-7d in either the cytoplasm (left

panel) W (right panel). The average of the signal generated by the four wells
transfecte ith pre-miR-21 (bold box) is used as the denominator to yield signal-to-
backgrou Individual S/B data points are graphed (bottom panel).
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