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Abstract

Fluorescent labelling of RNA is important for detecting and quantifying RNA. RNA with
fluorophore added on either 5° or 3° end can be obtained by chemical synthesis but with a
limitation of length. In this work, we demonstrate a labelling method based on ligation. A
fluorescent labelled ssDNA adapter is ligated to the 3’ terminus of the RNA to give the
fluorescent signal. We identify better conditions for the ligation. Factors including adapter
types, PEG concentration, enzyme dosage, reaction time and RNA to adapter ratio were
optimized. The ligation yield can reach to more than 60% under optimized conditions. Notably,
this ligation based fluorescent labelling method would not significantly affect the biological
properties of RNA, e.g. protein binding affinity, which provides a potential way for long RNA

fluorescent labelling.
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1. Introduction

1.1 Background Knowledge and Biological Significance of RNA

Ribonucleic acid (RNA) is a polymeric molecule composed of nucleotide monomers. Each
nucleotide consists of a phosphate group, a nitrogen-containing base, and a ribose, a five-
carbon sugar. There are four types of nitrogenous bases in RNA, including adenine (A), guanine
(G), cytosine (C) and uracil (U). Unlike the double helix structure of DNA, RNA usually exists
in a single-stranded form. Different secondary structures were observed in RNA molecules,
including hairpin, bulge, internal and multibranch loops' as well as RNA G-quadruplex (rG4)>.
Secondary structures of RNA always involve in the interaction between RNA and other
molecules such as proteins®. RNA can be sorted as encoding, i.e. messenger RNA (mRNA),
and non-coding RNA. According to Central Dogma®*, mRNA is transcribed from DNA and
encodes for proteins. A non-coding RNA (ncRNA) refers to an RNA with no or low potential
of protein-coding, which can account for around 97% transcriptional output from the
eukaryotic genome’. Non-coding RNAs include infrastructural RNAs involving in translation,
such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs)®, small RNAs (~18 to 30
nucleotides), e.g. microRNA (miRNA), small interfering RNA (siRNA), Piwi-interacting RNA
(piRNA)’, as well as long non-coding RNAs (>200 nucleotides). Many ncRNAs have been
proved to play important roles in regulating the genetic information flowing from DNA to
protein. Besides tRNA and rRNA that directly involve in translation, other ncRNAs participate
in regulation of DNA replication®, transcription’, alternative splicing of pre-mRNA!°, post-
transcriptional gene silencing'! etc. To perform the proper function, an RNA may interact with
other molecules such as DNAs, other RNAs and/or proteins. The interaction could be achieved
by complementary base-pairing between nucleic acids or binding between RNA secondary
structure and proteins®. The in vivo interaction between RNA and other molecules is
complicated, therefore simplified in vitro models are always built up for detecting and

analysing the interaction and studying the function of certain RNA.

71.2 Fluorescent Labelling of RNA
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To detect the interaction between RNA and other molecules, the prerequisite is to visualize
the RNA of interest. Radiolabelling and fluorescent labelling are widely applied in visualizing
nucleic acids in vitro.'> Compared to radiolabelling, fluorescent labelling is less sensitive, but
it can perform real-time detection with high resolution and lacks radiation hazards'. The non-
specific nucleic acid fluorescent labelling can be performed chemically by attaching
fluorophores to the nucleic acids during or after gel electrophoresis, i.e. gel staining. One
fluorescent dye molecule is introduced to each RNA, which allows researchers to quantify
RNA by intensity.'> Some problems may be caused by the chemically staining gel, such as
uneven staining, gel to gel staining variation and strong background noise, which could
generate troubles in quantification'*. Chemical synthesis of RNA provides alternative methods
for RNA fluorescent labelling. Fluorophores such as fluorescein amidites (FAM) and cyanine
can be added to 5’ or 3’ terminal of RNA by covalently bonding in oligonucleotide synthesis.
It is commercially available and the sequence of RNA can be designed. Using the fluorescent
labelling RNA can eliminate the problems caused by staining and is with higher sensitivity'>.
However, it is more expensive compared to the chemical fluorescent staining since the cost of
chemical oligonucleotide synthesis counts on the number of bases and the addition of
fluorophores has extra cost. Moreover, there is a limitation in length of chemically synthesized

RNA, therefore it could not be applied to the study of long RNAs.

1.3 Detecting protein-nucleic acid interaction in vitro: EMSA and MST methods

As mentioned previously, in vitro model of RNA-protein interaction has been widely used
for detecting RNA-protein binding and study the biological function of RNAs. The
electrophoretic mobility shift assay (EMSA) is a widely applied method to detect protein-
nucleic acid interaction, which has been originally described in 1981!!7. This method is based
on the observation that the mobilities of protein-free nucleic acid and protein-nucleic acid
complex during electrophoresis are different. The gel used in EMSA is the native gel. Different
from the denaturing electrophoresis that denatures nucleic acids into linear form and
fractionates them mainly by size, electrophoresis with native gel retains the structural features
of the nucleic acids and protein-nucleic acid complex. The bands in native gel would be

separated by size, electronegativity, and shape of nucleic acid and protein-nucleic acid
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complex 8. To visualize the nucleic acid used for EMSA, radiolabelling, fluorescent labelling
or fluorescent staining after gel electrophoresis can be applied. However, there are limitations
to EMSA method. One major limitation is that samples are not in the free solution during
electrophoresis, which means that the complex are not at chemical equilibrium during the
electrophoresis step and the interaction may differ a lot from the in vivo situation'®. Besides,
unexpected disturbance may occur during casting and handling the gel e.g. smear binding band
and unclear gel, which causes difficulties in gel analysis.

Microscale thermophoresis (MST) is a technology for analysing the interaction between
biomolecules that has been developed and commercially available in the past decade. As the
name of this technology indicates, it is based on thermophoresis, which means the directed
movement of molecules in a gradient of temperature. The temperature difference results in a
depletion of the solvated biomolecules with the elevating temperature. The interface between
the biomolecules and the solvent is the critical factor for the thermophoretic depletion, which
means that the depletion is significantly different between the target-ligand binding complex
and unbound target '°. A fluorescent labelled target with a constant concentration, e.g. RNA,
and a non-fluorescent labelled ligand, e.g. protein, with serially diluted concentration are
required for performing MST. In a typical MST instrument, infrared (IR) laser is used for
heating. The change of sample fluorescence intensity in the focal IR-laser zone is recorded
from the initial state (before laser heating) to the steady state, which indicates the
thermophoretic depletion. By comparing the change of fluorescence intensity with the ligand
concentration, the binding affinity can be calculated. 2° Compared to EMSA, MST detects the
interaction in a free solution and requires less handling time. However, the cost of performing

MST is higher than EMSA.

1.4 T4 RNA Ligase

T4 RNA ligase is an enzyme forming a 3° — 5’ phosphodiester bond between the 3°-
hydroxyl and the 5’-phosphate oligoribonucleotide with the hydrolysis of ATP to AMP and PP1,
which leads to the circulation of the oligoribonucleotide. In addition to the intramolecular
ligation, T4 RNA ligase is able to ligate a donor ssRNA (with 5’-phosphate) to an acceptor
ssRNA (with 3’-hydroxyl). The mechanism of the intermolecular ligation catalysed by T4 RNA
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ligase includes three steps. The first step is the adenylation of enzyme, during which the AMP
from ATP hydrolysis is added to the enzyme and PPi is released. The second step is the
activation of donor molecule, in which the adenyl group is transferred from the adenylated
enzyme to the 5’ terminal of the donor molecule. The third step is the formation of 3° — 5’
phosphodiester bond between the donor and the accepter, with the release of the AMP.?!
Moreover, T4 RNA ligase can be used for ssDNA intra/intermolecular ligation, although with
less efficiency than using RNA substrate?”. Being able to catalyse intermolecular ligation, T4

RNA ligase shows the potential of adding modifications to RNA by ligation.

1.5 Research objectives

In this research, we want to demonstrate that a synthetic fluorescent labelled ssDNA
adapter with 5’-phosphate can be ligated to an RNA molecule with 3’-hydroxyl by T4 RNA
ligase 1. With the ligation reaction, the fluorescent labelling can be added to the RNA (Fig. 1).
Different factors are tested with a model RN A molecule for optimization of the ligation reaction.
Factors to be tested include adapter types, PEG 8000 concentration, T4 RNA ligase 1 dosage,
reaction time and RNA: adapter ratio. With the optimized conditions, we plan to perform the
ligation reaction on an RNA molecule other than the model RNA to demonstrate that the ligated

adapter would not affect its biological properties, e.g. binding affinity with proteins.

5 3 5 3
s —OH == (P)— ——FAM
Target RNA ssDNA adapter
T4 RNA Ligase 1 ¢
5 3

T —FAM
FAM labelled RNA

Figure 1. Schematic of 3’ adapter ligation for labelling RNA. The ssDNA adapter (with 5’
phosphate and 3’ FAM group) is ligated to the 3’ end of the target RNA (with 3’ hydroxyl group)
by T4 RNA Ligase 1.
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2. Materials and Methods

2.1 Optimization of 3’ adapter ligation using T4 RNA ligase 1

For optimization, reactions were performed with a total volume of 10 puL each. The
standard reaction mixture consisted of 0.1 uM N4o-3’OH RNA, 3° FAM labelled adapter, 1x T4
Ligase Reaction Buffer (NEB, B0216L; provided a final concentration of 50 mM Tris-HCI, 10
mM MgCl,, 1 mM dithiothreitol (DTT)), ImM ATP, PEG8000, high concentration T4 RNA
Ligase 1 (NEB M0437M,). Reaction was set up on ice and performed at 25 °C for 60 minutes
following by 65 °C for 3 minutes in the thermocycler machine.

The optimizations of different factors were performed following the order of adapter
selection (see Figure 2), PEG percentage optimization (see Figure 3), enzyme dosage
optimization (see Figure 4), reaction time optimization (Figure 5), RNA to adapter ratio

optimization (see Figure 6). Each reaction was performed with at least three replicates.

Adapter selection

Two different 20 nt 5° phosphoryl-terminated and 3° FAM-labelled DNA adapters, (5’p-
N4A16-3’ FAM and 5’p-A20-3’ FAM), were designed for 3’ adapter ligation with N4o-3’OH
RNA. To compare the ligation rate of the two adapters, based on the standard condition, the
final concentration of 5’p-N4A16-3’ FAM or 5’p-A20-3’FAM adapters were 0.1, 0.25, 0.5 or
1 uM (each concentration performed for both adapters). N4o-3’OH RNA was at 0.1 uM final
concentration. The final concentration of PEG8000 was 20% and the enzyme dosage for high
concentration T4 RNA Ligase 1 (NEB, M0437M) was 1 pL (15 U final).

The 5°p-N4A16-3’ FAM adapter showed higher ligation efficiency than 5’p-A20-3’FAM
adapter. 1 uM 5°p-N4A16-3° FAM adapter was selected for further optimization since it

showed the highest ligation rate in the comparison.

PEG percentage optimization

To optimize the PEG8000 concentration, reactions with PEG8000 final concentration (w/v)
of 15%, 17.5%, 20%, 22.5%, 25% were performed. Reactions were performed based on the

conditions and result of adapter selection.
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The PEG8000 with a final concentration of 20% gave the highest ligation efficiency and
was chosen for further optimization. Comparison of PEG8000, PEG6000 and PEG4000 was
performed, and no significant difference was observed, therefore PEG8000 was used in

subsequent reactions.

Enzyme dosage optimization

To optimize enzyme dosage is to find the dosage for both ligation and cost efficiency. 0.5,
1, 1.5, 2 pL of high concentration T4 RNA Ligase 1 (NEB M0437M), i. e. 15, 30, 45, 60 units
of enzyme, was added. Reactions were performed based on the conditions and result of PEG
percentage optimization mentioned above.

The highest ligation efficiency was shown in the reaction with 0.5 pL enzyme (15 units/10
pL reaction), which was also the most cost-effective one. The 0.5 pL enzyme dosage was

selected for later reactions.

Reaction time optimization

To maximize the ligation efficiency, based on the conditions and result in enzyme dosage
optimization, reactions with the incubation time of 30, 60, 90, 120 minutes at 25 °C were
performed.

The difference between 90- and 120-minute reaction time was not significant, and 90

minutes was therefore used for further optimization.

RNA to adapter ratio optimization

To obtain higher ligation yield, the adapter concentration was further increased. Based on
the conditions and result of reaction time optimization, reactions were performed with 1, 1.5,
2, 2.5 uM final concentration of 5’p-N4A16-3’ FAM adapter, with fixed N4o-3’OH RNA at 0.1
uM final concentration. The highest adapter concentration showed the highest ligation yield
and was selected for subsequent experiments.

All the listed reactions were terminated by adding equal volume of 2X formamide orange
G dye (94% deionized formamide, orange G dye, 20 mM Tris pH 7.5, 20 mM EDTA). The 8M
urea 10% polyacrylamide denaturing gel was used for electrophoresis of samples from each

reaction. Samples were heated for 3 minutes at 95 °C and held at 60 °C before loading to the
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pre-heated gel (300V for 15-20 minutes). 2 pL of each sample was loaded and the
electrophoresis was performed at a constant voltage of 300V for 20 minutes. SYBR Gold
(Thermo, S11494, 1:10000 dilution) was used to stain the gel. The stained gel was scanned by

Bio-rad ChemiDoc ™ Touch Imaging System for further analysis.

2.2 Scaled up ligation and gel purification of APP rG4 motif + 11 nt

Ligation of the RNA, WT APP rG4 motif + 11 nt (abbreviated as APP below, see Table
S1), was with the optimized conditions tested by the N4o-3’OH RNA. The reaction volume was
scaled up to 100 pL with an input of 50 pmol APP RNA and 125 pmol adapter. The dye addition,
electrophoresis and gel staining were the same as stated previously, with the only change of
sample loading volume from 2 pL to 20 pL in each well.

The gel stained by SYBR Gold was viewed with a blue light transilluminator and the
ligation product band was cut out from the gel with a razor blade. The gel slice was then
transferred to a 2 mL nuclease-free microcentrifuge tube and crushed into small pieces. 320 puL
of TE-Li-800 (containing 1X TE buffer, pH 7.4 and 0.8M LiCl) was added to the tube. The
mixture was incubated in a thermoshaker at 4 °C overnight at 1300 rpm, without light exposure.
After the overnight incubation, the liquid in the mixture was transferred to a centrifuge filter
tube and centrifuged at 13, 500 rpm for 1 minute. RNA Clean & Concentrator ™ (Zymo
Research) was used for purification of the flow-through. Column purification was performed
by following manufacturer’s protocol. The RNA was eluted with 15 pL nuclease-free water.
The concentration of the ligated RNA was quantified by using RNA ScreenTape on the 4200

Tapestation (Agilent Technologies). The procedure followed the manufacturer’s protocol.

2.3 EMSA for unligated and ligated APP RNA

Ten 10 pL reactions with peptide gradient were performed for EMSA. 11 uL of 40 nM APP
RNA was heated at 75 °C for 3 minutes with the thermocycler and cooled to ambient
temperature after heating to reform the RNA secondary structure. Serial dilution (1:2) was
performed to the peptide, RHAUS53, with the highest concentration of 2500 nM and lowest
concentration of 9.77 nM. The volume of peptide and water was 5 pL in total. One in the ten

reactions contained water only, served as a negative control, i.e. peptide free. 2 uL of 5x binding
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buffer (containing 750 mM KCI, 5mM MgCl; and 125 mM Tris-HCI, pH=7.6) and 2 pL 0f 40%
sucrose were added to each reaction respectively. 1 pL of the cooling down RNA was added to
each reaction. The reaction mixture was mixed well by pipetting and centrifuged briefly to the
bottom of the tube. The reaction mixtures were then incubated at 37 °C in the thermocycler for
one hour. The 10% polyacrylamide native gel was used for electrophoresis, which was casted
with 0.5x TBE, the running buffer for electrophoresis. 10 uL of sample was loaded to each well.
Electrophoresis was performed with a constant current of 10 mA at 4 °C for 40 minutes without
exposure to light. The gel after electrophoresis was stained by SYBR Gold (1:10000 dilution)
and then scanned by Bio-rad ChemiDoc ™ Touch Imaging System for data analysis.

EMSA and electrophoresis procedure for ligated APP RNA was same as the one for
unligated RNA, excepting using 12% polyacrylamide native gel rather than 10% gel. Instead
of staining with SYBR Gold, the gel was scanned by FLA-9000 Starion (FujiFilm) directly.

2.4 MST for ligated APP RNA

17 uL of 200 nM ligated APP RNA was heated at 75 °C for 3 minutes with the thermocycler
and cooled to ambient temperature after heating to reform the RNA secondary structure. Fifteen
times of serial dilution (1:2) were performed to RHAUS53 with the highest concentration of
7000 nM. 2 pL of 5x binding buffer (containing 750 mM KCI, 5SmM MgCl; and 125 mM Tris-
HCIl, pH=7.6) was added to each reaction. 1 pL of the cooling down ligated APP RNA was
added to each reaction, giving a final concentration of 20 nM RNA. The reaction mixtures were
then incubated at 37 °C in the thermocycler for one hour. Each binding sample was loaded to
a capillary (NanoTemper) and the machine, Monolith NT. 115 (NanoTemper) was used for

analysis.

2.5 Data processing and analysis

The background was corrected for the unligated N4o RNA band (U) and ligated product
band (L). The analysis was done by Image Lab ™ 6.0.1. The equation below is used for

calculating the percentage ligation yield:

Ligation yield = x 100%

U+ L

The standard error of the mean value of at least 3 independent replicates is shown as the
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error bar in the histograms. It is calculated from the equation below:

Standard deviation

Standard Error =

\/Total number of samples

The intensity of bound and unbound RNA in EMSA was analysed by Imagel. The fraction
of RNA bound was calculated from the intensity using the equation below:
RNA fraction bound = Bound/(Bound + Unbound)
The RNA fraction bound and corresponding RHAUS3 concentration were imported to
Graph Pad Prism to estimate the equilibrium dissociation constant (Kp) with non-linear
regression.

In MST, Kp was generated automatically by Monolith Analysis software.

3. Result and Discussion

3.1 Selection of adapter

The synthetic RNA oligonucleotide, N4o -3’ OH (see Table S1), was used as a model RNA
molecule for optimization of ligation reaction conditions. Two different ssDNA adapters, 5p-
N4A16-3> FAM and 5’p-A20-3° FAM, were designed for ligation reaction. The ligation
efficiency of each adapter was tested at four different RNA: adapter ratio ranging from 1: 1 to
1: 10 under the same condition (see Methods). Generally, at each RNA: adapter ratio, 5’p-
N4A16-3’ FAM showed a higher ligation efficiency than 5’p-A20-3’ FAM (Fig. 2B). Increasing
ligation efficiency was observed with the decreasing RNA: adapter ratio for both 5’p-N4A16-
3’ FAM and 5’p-A20-3° FAM adapters (Fig. 2). We found that for 5’p-A20-3’FAM, the highest
ligation efficiency was observed at the RNA: adapter ratio of 1: 10, which yielded 18 +1%
(Fig. 2Alane 5). For 5’p-N4A16-3’FAM, similarly, the highest ligation efficiency also occurred
at the RNA: adapter ratio of 1: 10, while the ligation yield is 44 +2%, which is higer than the
5°’p-A20-3’FAM adapter. (Fig. 2A lane 10). Thus, we identified 5’p-N4A16-3’FAM showed
better ligation efficiency than 5’p-A20-3’FAM with 1:10 of RNA: adapter ratio.

The ssDNA adapters were designed to consist mainly of adenine deoxyribonucleotide,

which is less likely to form secondary structures and affect the interaction between the original
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RNA and other molecules. The result indicated that the adapter with four random nucleotides
at the 5’ terminal performed better ligation, which may due to the reducing ligation bias by the

random nucleotides as reported in previous study?’.

A | 5PpA203FAM __, ., 5pN4A163 FAM
1 L

I 1

PEG8000%: 20 20 20 20 20 20 20 20 20 20

[N,-3OHRNA]pM: 01 01 01 01 01 01 01 01 01 01
[FAM adapter] uyM: 1.0 0.1 025 05 10 10 01 025 05 10 nt

Ligation product 60
N, RNA s o o - 40
FAM adapter s ‘ - - - 20
B Lane: 1 2 3 4 5 6 7 8 9 10

50%

40%
30%
- . mN4A16
A20
10% [ I
. I
0%
1:5 1:10

1:1 1:25
RNA: Adapter ratio

Ligation rate

Figure 2. The effect of different adapters on the 3’ adapter ligation. A) Ligations with RNA:
adapter ratio from 1:1 to 1:10 were performed between N40-3’OH and 5’ p-A20-3° FAM (lanes
1-5 or 5’ p-N4A16-3’ FAM (lanes 6-10) adapters. Negative controls were performed by adding
nuclease-free water instead of enzyme (lane 1 and 6). For both adapters, an increasing ligation
rate was observed with a higher adapter concentration. At each RNA: adapter ratio, a higher
ligation efficiency using 5’ p-N4A16-3’ FAM adapter than 5’ p-A20-3’ FAM was observed. B)
Histogram showing the gel result in A). The error bars represent the standard error of at least 3
independent replicates.

3.2 Optimization of PEG concentration

Previous study?* has reported that PEG 8000 could enhance the ligation efficiency of T4
RNA ligase, therefore we reasoned that there might be an optimal concentration of PEG 8000
for ligation reaction. Here we assessed 2 factors including PEG concentration and PEG type.
In a pre-test (Supplementary Fig. 1), we found that without PEG 8000 presence, no ligation
was observed. The ligation product occurred from 10% PEG 8000. An increasing trend was
shown from 10% to 20% PEG 8000, yet no peak of ligation efficiency was observed. Based on

the pre-test, the PEG 8000 concentrations between 15% to 25% were tested with an interval of
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2.5% using the same condition (see Method). Our result showed the ligation yield gradiently
increased with more PEG 8000 addition from 15%-20% of concentration range, then decreased
after 20%. The highest ligation efficiency was 46 +2% with 20% PEG8000 addition (Fig. 3A
lane 4). Then the effects of different PEG types including PEG 4000, PEG 6000 and PEG 8000
on ligation efficiency were tested with 20% of concentration (Supplementary Fig. 1). No
significant difference was observed between PEG 8000 (46 £2%) and PEG 6000 (45=%3%),
while lower ligation efficiency was shown with PEG 4000 (38 =3%) compared to the other
two PEGs. Therefore, we found that PEG 8000 was most efficient in the ligation reaction with

20% of concentration.

PEG8000%: 25 15 17.5 20 225 25

[N,, -3'OH RNA] uM: 0.1 0.1 0.1 0.1 0.1 0.1
[FAM adapter] pM: 10 1.0 1.0 1.0 1.0 10 ot
Ligation product = - 60
N,, RNA 1 40
FAM adapter = s - — " 20
Lane: 1 2 3 4 5 6
60%
50%
2 40%
o
5 30%
g
5 20%
10%
0%
15.00%  17.50%  20.00%  2250%  25.00%

PEGB000 percentage

Figure 3. The effect of different PEG8000 percentage on the 3’ adapter ligation. A) Ligation
reactions were performed with 15, 17.5, 20, 22.5, and 25% PEG 8000. Negative control was
performed by adding nuclease-free water instead of enzyme (Lane 1). An increasing ligation
yield occurred from 15 to 20% PEGS8000 (lanes 2-4), while from 20 to 25% PEG 8000 (lanes
4-6), the ligation yield dropped. B) Histogram showing the gel results in A). The error bars
represent the standard error of at least 3 independent replicates.

3.3 Optimization of T4 RNA ligase 1 dosage

T4 RNA Ligase 1 was used in this study which has been reported to catalyze the ligation

of a 5* phosphoryl-terminated adapter to a 3’ hydroxyl-terminated RNA through the
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formation of a 3> — 5’ phosphodiester bond*?. Here, different enzyme dosages were tested
to explore the highest ligation efficiency (Fig. 4A). In reactions with the final volume of 10
uL, 0.5, 1, 1.5 and 2 pL (15, 30, 45 and 60 U final) T4 RNA ligase 1 was added in the
reaction respectively (see Method). The result showed that the decrease of ligation efficiency
was observed with increase of enzyme dosage (Fig. 4B). Highest ligation efficiency occurred
with 0.5 uL (15 U final) of T4 RNA ligase 1 (47 & 5%), which was also the most cost-
efficient dosage.

One reason for the observation that the ligation efficiency decreased with more T4 RNA
ligase 1 dosage may be that the amount of RNA (acceptor) was relatively poor compared to the
amount of enzyme. When the enzyme could not ligate the adenylated adapter (donor) to the
RNA due to the low concentration of the RNA, the activated adapter can dissociate from the

enzyme.?!

A Enzyme dosage (uL): O 0.5 1.0 1.5 20
[N,,-3'OH RNA] uM: 0.1 0.1 0.1 0.1 0.1
[FAM adapter] uM: 1.0 1.0 10 . 10 1.0 nt

Ligation product o 60

- B . e 40

N, RNA S o

FAM adapter M e S S S 20
Lane: 1 2 3 4 5

o
% I I
| I
o I
o,
o
0.5 1.0 1.5 2.0

Ligation rate
w £ a (2]
8 & & & 38

S

0

Enzyme dosage (uL/10pL)

Figure 4. The effect of different T4 RNA Ligase dosages on 3’ adapter ligation. A) Ligation
reactions were performed by adding 0.5, 1, 1.5 and 2 pLL T4 RNA Ligase 1 (lane 1-5), i.e. 15,
30, 45, 60 units of enzyme. Reactions with no enzyme served as negative control (lane 1). The
ligation efficiency decreased with the increase of enzyme dosage. B) Histogram showing the
gel results in A. Error bars represent standard error of at least three independent replicates.

3.4 Optimization of reaction time
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We anticipated that the ligation efficiency would increase with the longer reaction time.
To study this, we tested the ligation efficiency with the different reaction time of 30, 60, 90 and
120 minutes respectively (see Method). Our result suggested that the production yield increases
with the prolonged reaction time (Fig. 5). The reaction time of 30, 60, 90 and 120 minutes
yielded 41 = 1%, 52 1%, 57 = 1% and 58 £ 1% ligation efficiency (Fig 5A lanes 3-6),
respectively, furthermore, the difference of ligation efficiency between 90 and 120 minute was
not significant. Negative controls were performed with 0-minute (Fig. 5 lane 1) and 120-minute
(Fig. 5 lane 7) incubation at 25 °C, confirming that no RNA degradation occurred during the
120-minute incubation at 25 °C. In sum, 120 min of ligation time was chosen to be the optimal

condition.

A Reaction time (min): 0 0 30 60 90 120 120
[N, -3OHRNA] pM: 0.1 0.1 0.1 0.1 01 041 0.1
[FAM adapter] yM: 10 1.0 10 10 10 1.0 10t
Ligation product i 60
N, RNA ) w40
FAM adapter 20
Lane: 1 2 3 4 5 6 7

Ligation rate
-h n w B (4.
o o o o o

Q

30 90
Reaction time (min

60% I
" ! 120
)
Figure 5. The effect of reaction time on 3’ adapter ligation. A) Ligation reactions were performed
by incubating at 25 °C for 30, 60, 90 and 120 minutes in thermocycler. Negative controls were
performed by adding nuclease-free water instead of enzyme, without incubation at 25 °C (lane
1) or with 120-minute incubation at 25 °C (lane 7). Degradation was not observed after 120-
minute incubation at 25 °C. A 0-minute reaction (lane 2), i.e. without incubation at 25 °C in the
thermocycler machine and was heat inactivated right after adding enzyme, was set up to
exclude interference of ligation occur before incubation at 25 °C. The ligation efficiency
increased with the prolonged reaction time. The ligation rate of 90- (lane 5) and 120-minute
(lane 6) reaction was similar. B) Histogram of gel result in A. Error bars represent standard
error of at least 3 independent replicates.
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3.5 Optimization of RNA to adapter ratio.

In adapter selection section (Figure 2) we observed that the ligation yield increased with
the lower RNA: adapter ratio. We reasoned that the further decreasing RNA: adapter ratio, i.e.
higher to RNA ratio, would lead to higher ligation yield. To verify this, ligation reactions with
RNA: adapter ratios ranging from 1: 10 to 1: 25 were performed with the same condition (see
Method). From our result, the ligation yields at the RNA: adapter ratio of 1: 10, 1: 15, 1: 20
and 1: 25 were 46 =3%, 53 £2%, 60 =3% and 63 £ 3% respectively (Fig. 6 lanes 2-5).
Generally, production yield increased with the decreasing RNA: adapter ratio, so we choose
1:25 as the optimal condition of RNA: adapter ratio.

In sum, we found the T4 RNA ligase 1 can efficiently ligate the 5’p-N4A16-3° FAM
adapter to the synthetic model RNA, Nyo -3° OH, with the PEG 8000 concentration of 20%,
enzyme dosage of 0.5 puL (15 U final) per 10 uL reaction, and 1:25 RNA: adapter ratio, with

production yield higher than 60% within 90 minutes at 25 °C.

A [N,, -3'OH RNA] uM: 0.1 0.1 0.1 0.1 0.1
[FAM adapter] uM: 2.5 1.0 15 2.0 25

Ligation product

Ny RNA e - ‘ ;- 40

FAMadapler oy o e -_20

Lane: 1 2 3 4 5

70%

60%

o 50%
®

< 40%
f =
S

& 30%
=2

' 20%

10%

0%

1:10 1:15 1:20 1:25

RNA: Adapter ratio

Figure 6. The effect of RNA to adapter ratio on 3’ adapter ligation. A) Ligations with RNA:
adapter ratio from 1: 10 to 1: 25 were performed with 5’ p-N4A16-3 FAM adapter (lanes 2-5).
The ligation rate increased with the increasing concentration of FAM labelled adapter. Negative
control was performed by adding nuclease-free water instead of enzyme (lane 1) B) Histogram
showing the gel results in A. Error bars represent standard error of at least three independent
replicates.
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3.6 EMSA of unligated and ligated APP RNA

To test whether the ligated adapter would affect the binding affinity between RNA and
protein, EMSA was performed for both unligated and ligated APP RNA (see Methods).
Bindings under the same conditions were performed to unligated and ligated APP RNAs.
EMSA result of unligated APP RNA (Figure 7) was analysed using ImagelJ and Prism, giving
the estimated Kp of 278.4 45 nM. As for the EMSA of ligated RNA (Supplementary Figure
S3), however, the background was too strong to proceed with the intensity measurement and
data analysis.

Problems were observed during EMSA, which may lead to the non-accurate estimation of
Kp. From Figure 7 and Supplementary Figure S3 we can see that the background noise was
strong and the bands of binding complex were smear, which resulted in difficulties in intensity
measurement and Kp estimation. The EMSA protocol needs further optimization for lowering
down the background noise as well as avoiding smear binding bands. However, due to the time
limitation, we were not able to further optimize the EMSA protocol nor perform more replicates

for validation of Kp. We hope this can be achieved in future experiments.

Conc. of RHAUS3 (nM
0 98 2500

‘ Binding
. complex

: | {
Free RNA . m H N 3 _'.’ bl vil
Figure 7 Binding complex was formed between unligated APP RNA and RHAUS3. A constant
100 nM concentration of unligated APP RNA and a variable RHAUS3 concentration ranging
from 0 to 2500 nM were used for EMSA. Concentration gradient was generated by serial

dilution (1:2) from 2500nM and a negative control without RHAUS53, e.g. 0 nM, was generated.
The estimated Kd was 278.4 145 nM.

3.7 MST of ligated APP RNA
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MST was performed to ligated APP RNA for estimation of Kp instead of EMSA (Figure
8). The Kp estimated by MST was 200 &80 nM, which was not significantly different from the
value obtained from EMSA of unligated APP RNA, i.e. 278.4 145 nM. However, due to the
limitation of time, only one replication of MST was performed, which is not enough to lead to
the conclusion of the effect of ligated adapter. Future experiments are needed to provide more
replicates for validation of Kp and whether the ligated adapter would affect the biological
properties of the RNA.

Compared to EMSA, MST has some advantages such as short handling time and can detect
the binding in free solutions as mentioned previously'®. There is no consideration of the gel
casting or smear binding band. However, MST requires fluorescent labelled targets for
detection while radiolabelled target or gel staining can be applied for visualization in EMSA.
In other words, labelling RNA with the ligation method can provides more choice of

technologies for detecting the binding between RNA and other molecules.

946 -

944 -] Unbound

—942

FNorm [%
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938
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T
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1.0E-09

T
1.0E-08

1.0E-07

1.0E-06
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1.0E-04
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Figure 8. Binding between ligated APP RNA and RHAUS3 was detected by MST. A constant 20 nM
concentration of ligated APP RNA and a variable RHAUS53 concentration generated by serial dilution (1:2)
from 7000 nM were used for MST. The estimated Kd of binding between ligated APP RNA and RHAUS3
was 200+ 80 nM.

4. Future directions

In future experiments, we will perform more replicates of EMSA and MST for APP RNA
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to validate the effect of ligated adapter. We also plan to test the ligation between the adapter
and longer RNAs and analyse the effect of the ligated adapter on the interaction between longer
RNAs and other molecules.

Moreover, we anticipate that the FAM Ilabelled adapter can be used for primer
hybridization in reverse transcriptase stalling assay (RTS) or RNA structure probing.

Experiments will be performed to test this hypothesis.

5. Conclusion

In this project, we have reported a method to fluorescent label RNA by ligation of a ssDNA
3’ adapter. We demonstrated that with the optimized protocol of the 3’ adapter ligation, the
ligation yield can be higher than 60%. The ligated adapter did not show significant effect on
the biological properties, e.g. binding affinity with other molecules, which can be applied for
technologies such as EMSA and MST.
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