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RATIONALE: Recent developments in RNA interference (RNAI) have created a need
for cost-effective and large scale synthesis of double stranded RNA (dsRNA), in
conjunction with high throughput analytical techniques to fully characterise and

accurately quantify dsRNA prior to downstream RNAI applications.

METHODS: Stable isotope labeled dsRNA was synthesised both in vivo (*®°N) and in
vitro ('3C,">N guanosine-containing dsRNA) prior to purification and quantification.
The stable isotope labeled dsRNA standards were subsequently spiked into total
RNA extracted from E. coli engineered to express dsRNA. RNase mass mapping
approaches were subsequently performed using LC-ESI-MS for both the
identification and absolute quantification of the dsRNA using the ratios of the light

and heavy oligonucleotides pairs.

RESULTS: Absolute quantification was performed based on the resulting light and
heavy oligoribonicleotides identified using mass spectrometry. Using this approach
we determined that 624.6 ng/ul and 466.5 ng/ul of dsRNA was present in 80 pl total
RNA extracted from 108 E. coli cells expressing 765 bp and 401 bp dsRNA

respectively.

CONCLUSIONS: Stable isotopic labelling of dsRNA in conjunction with mass
spectrometry enabled the characterisation and quantification of dsRNA in complex

total RNA mixtures.
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Introduction

Exploitation of the RNAIi pathway to block the expression of specific genes holds
considerable promise for the development of novel RNAi-based insect management
strategies.!'l There are a wide range of future potential applications of RNAi to
control agricultural insect pests as well as its use for prevention of diseases in
beneficial insects. Recent developments in RNA interference (RNAI) have created a
need for cost-effective, large scale synthesis of dsRNA, which in turn requires robust
analytical techniques to fully characterise and accurately quantify dsRNA prior to
RNAI applications. A wide range of dsRNA products can be generated either via
bacterial expression systems, in planta or in vitro transcription. The development of
suitable analytical methods to characterise the dsRNA products remains a significant

challenge.

E. coli-mediated delivery of dsRNA has been reported in C. elegans, >l planarians,
41 Entamoeba histolytica ©®! and Spodoptera exigua 6. Furthermore a number of
RNAi based insect management strategies have also employed the ingestion of
bacteria expressing dsRNA, [l application of chemically synthesised dsRNA & and
transgenic plants expressing dsRNA.[° To ensure the RNAI gene silencing using
the above approaches it is important to both produce and deliver the required
amounts of dsRNA. Therefore the necessary analytical tools to quantify the dsRNA
are important to both optimise production strategies and ensure delivery of the

required amounts of dsRNA. [1]

Mass spectrometry is a powerful approach for the analysis and direct
characterisation of nucleic acids. RNase mass mapping methods have been

3
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performed to identify and characterise a wide range of RNAs.['"1% Prior to mass
spectrometry analysis, purification of the RNA of interest using HPLC is an essential
step. For further LC-MS analysis, specific RNase digestions are performed in order
to produce smaller oligoribonucleotide fragments, which are then amenable for direct
on-line LC separation and MS analysis. RNase mass mapping methods have been
widely employed for the identification of RNA and RNA post transcriptional
modifications.[''-'3 In addition we have recently developed RNase mass mapping

approaches to identify and characterise dsRNA.[€]

Recent mass spectrometry studies have focused on the development of more
quantitative approaches by using isotopic labelling in conjunction with RNase
mapping.l'’?2 We were the first to introduce the use of metabolic labelling by
utilising E. coli to generate both light and heavy labelled RNA prior to LC-MS for the
identification and quantification of RNA and RNA modifications.['8 This approach
facilitates both the qualitative and quantitative analysis of RNA and RNA
modifications. More recent applications have used this method by using a reference
material >N labelled rRNA from E. coli to understand the roles that rRNA
modifications play inside the living cells.l' In addition to metabolic labelling, isotope
labelling via in vitro transcription of RNAs in conjunction with 3Cio -guanosine
triphosphate (GTP), have been used to generate an internal reference to
quantitatively ~ characterise rRNA  post-transcriptional ~ modifications  in
Schizosaccharomyces pombe and Saccharomyces cerevisiae.'®2% Furthermore, the
“comparative analysis of RNA digests” (CARD) extends isotopic labelling to tRNA
sequencing by labelling the known sequence with H2'80, and the unknown sequence

with H2'80 in order to distinguish an unknown sequence by a mass increase of 2 Da.
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(211 More recently, the utilisation of stable isotopic labelled tRNA generated using in
vitro transcription as an internal standard was developed in order to improve the

CARD approach for characterising tRNA was developed (SIL-CARD).1?2

Recent developments in RNA interference (RNAi) have created a need for cost-
effective and large scale synthesis of dsRNA, which in turn requires effective
analytical techniques to fully characterise and accurately quantify dsRNA prior to
RNAIi application. Moreover, accurate quantification of dsRNA is important to both
optimise production strategies and ensure delivery of the required amounts of
dsRNA. UV absorbance spectrophotometry remains one of the most popular
methods for the rapid quantification of nucleic acids, however the quantification of
individual components in complex mixtures requires their purification prior to analysis.
In this study we have utilised stable isotopic labelling using both metabolic labeling
and in vitro labelling of dsRNA in conjunction with mass spectrometry for the
characterisation and absolute quantification of dsRNA in complex total RNA mixtures

produced in E. coli .
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Materials and Methods
Chemicals and reagents

Enpresso® B Defined Nitrogen Free culture medium (BioSilta, UK),">N ammonium
sulphate (99%, Cambridge Isotope Laboratories, UK), N ammonium sulphate
(299.0%, Sigma-Aldrich, UK), guanosine-'3C1o, and '®Ns 5'-triphosphate sodium salt
solution (98 atom % '3C, 98 atom % '5N, 90% CP, Sigma-Aldrich, UK). Ampicillin
sodium salt, tetracycline hydrochloride, isopropyl [-D-1-thiogalactopyranoside
(IPTG), triethylammonium acetate (TEAA), 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP)

were all purchased from Sigma-Aldrich, UK.

HPLC grade water, methanol, and acetonitrile were obtained from Thermo Fisher
Scientific, UK. RNase A was from Ambion, UK. Synthetic genes were synthesised
via GeneArt (Invitrogen Life Technologies, UK) and the designed primers were
purchased from MWG Eurofins, UK. Purelink Genomic DNA Mini Kit and PCR

master mix were obtained from Thermo Fisher Scientific, UK.

In vitro transcription of dsRNA

PCR amplified DNA was used as the template for in vitro transcription reactions in
conjunction with HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs,
UK). For isotope labelling 2.0 pL of each the NTPs (10 mM) were used where GTP
was replaced with guanosine-'3C1o, N5 5'-triphosphate (Sigma-Aldrich, UK). 2 pL of
10X reaction buffer, 1ug DNA template and 2 pL HiScribe T7 polymerase were

added to 20 uL RNase-free water and incubated at 37 °C for 4 hours.
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Expression of dsRNA in E. coli HT115 (DE3)

E. coliHT115 (DES3) cells (Cold Spring Harbor Laboratory, NY, USA) were used for
the transformation of plasmids carrying an insert to generate dsRNA products of 765
bp and 401 bp respectively. Pre-cultures were prepared by inoculating a single
colony from the transformed cells into 5 mL of LB medium containing tetracycline (10
pHg/mL) and ampicillin (100 pg/mL) or tetracycline (10 pg/mL) and kanamycin (50
ug/mL), before incubating with vigorous shaking at 37°C overnight until the ODeoo
reached 0.6. For metabolic isotope labelling a defined nitrogen-free medium was
prepared starting with 45 mL of sterile water with two tablets of Enpresso B Defined
Nitrogen Free medium, adding 3 mL of ("*NH4)2SO4 or >NH4Cl (40 g/L, final
concentration 2.5 g/L) to the defined media which contained tetracycline (10 pg/mL)
and ampicillin (100 pg/mL) or tetracycline (10 pg/mL) and kanamycin (50 pg/mL). 5-
10% of overnight inoculum were used in 50 mL cultures in both light and heavy
media. The cultures were incubated with shaking at 37°C until an ODsoo of 0.6 was
reached. IPTG was added to a final concentration of 1 mM and the cultures

incubated for a further 2 hours.

RNA extraction and purification of dsRNA

RNA extractions were performed using RNASwift as previously described.!]
Purification of >N dsRNA standard from total RNA was performed by adding 0.1 ug
of RNase A followed by 10 min incubation at 37°C. Prior to solid phase extraction,
300 pl of IPD buffer (containing 33% isopropanol and 33% DMSQO) was added and
the mixture loaded into the column followed by centrifugation at 13,000 rpm for 1 min.

The flow-through was discarded and 700 uL of wash buffer (10 mM Tris-HCI pH 7.5
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+ 80% EtOH) was added and centrifuged for 1 min. The dsRNA was eluted by
adding 80 uL nuclease free water. Quantification using a Nanodrop 2000 UV visible
spectrophotometer (Thermo Fisher Scientific) using an extinction coefficient of 0.021
(ug/mL)' cm™! which corresponds to 1 A2s0= 46.52 pg/ml. For RNase digestion, 0.1
Hg RNase A was added to 1 pg of RNA sample. Digestion was performed for an

hour at 37°C.

lon pair reverse phase chromatography

IP RP HPLC (Agilent 1100 series HPLC, Germany) and a ProSwift RP-1S column
(Thermo Fisher Scientific, UK) were used to analyse all samples of purified intact
dsRNA. Chromatograms were acquired at 260 nm. Binary eluent mode was applied
(buffer A: 0.1 M triethylammonium acetate (TEAA) pH 7.0, 0.01% acetonitrile; and
buffer B: 0.1 M TEAA, 25% of acetonitrile) at flow rate of 1 mL/min and a column
temperature of 50°C. The analyses were performed using a linear gradient as follows:
22% buffer B held for 2 min, followed by an increase to 25% buffer B, followed by a
linear extension to 62% buffer B over 15 min, and finally a linear extension to 73%

buffer B in 2.5 min.

Liquid chromatography electrospray ionisation mass spectrometry

The RNase digestion products were analysed on a maXis ultra high-resolution time-
of-flight (UHR-TOF) mass spectrometer (Bruker Daltonics, Germany) interfaced with
a liquid chromatography system (U3000, Thermo Scientific, UK). HPLC was
performed using an Accucore C18 column (150 mm x 2.1 mm ID, Thermo Fisher),

0.1 ml/min at 30 °C. Buffer A, 20 mM TEAA, 80 mM 1,1,1,3,3,3,-hexafluoro-2-
8
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propanol (HFIP), and buffer B 20 mM TEAA, 80mM HFIP, and 50% ACN. The
gradient conditions used were: 10% buffer B held for 2 min, followed by a linear
increase to 20% B in 20 min, followed by a linear extension to 25% B over 10 min,
and finally a linear extension to 80% B in 2 min. All analyses were performed in
negative ion mode at a mass range of 300-2500 m/z. The ion source voltage was set
to -2000V. The capillary temperature was maintained at 300°C with a N2 nebuliser

gas pressure of 0.4 bar at a flow rate of 6.0 L/h.

A list of theoretical monoisotopic masses of RNA oligoribonucleotides fragments
(obtained from RNase A digestion) was compiled from calculations using Mongo
Oligo Mass Calculator (http:/library.med.utah.edu/masspec/mongo.htm). All possible
chemical terminals were selected during data processing, including 5'-OH, 5'-
phosphate, 5'-cyclic phosphate and 3'-OH 3'-phosphate, 3'-cyclic phosphate. The
resulting theoretical monoisotopic masses were utilised to calculate the heavy
isotope oligoribonucleotide monoisotopic mass using the elemental or base
composition of the oligoribonucleotide sequences in conjunction with the calculated
number of nitrogens or guanosines. IsoPro 3.1 software was used to calculate
theoretical relative intensities of the oligoribonucleotide isotopomers. For the
quantification of oligoribonucleotide fragments using stable isotope labelling,
samples consisting of differing amounts of heavy and light isotopes were mixed by
spiking known concentrations of purified >N dsRNA into unknown concentrations of
14N labelled total RNA. Prior to the experiment, all the samples were quantified using
UV spectrophotometry followed by LC—MS analysis. An extracted ion chromatogram
(XIC) was constructed for each oligoribonucleotide. This tool was used to check for
chromatographic shifts between heavy and light versions of the same

9
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oligoribonucleotide. Absolute quantification was performed by measuring the ratio
and peak areas of both light and heavy samples using DataAnalysis software
(Bruker Daltonics) across 10 different oligoribonucleotides. This was performed for 3
different experimental samples, each of which had different amounts of N internal
dsRNA standard present, enabling a final absolute concentration of dsRNA

represented as an average across the 3 different samples.
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Results and discussion
Synthesis and purification of isotope labelled dsRNA

Most RNAI research in insects has been performed using dsRNA constructs of
between 100-800 bp [10231 and a minimum length of approximately 60 bp for
effective RNAI in several insects has been demonstrated.l?.?425 The use of larger
dsRNA molecules generates many siRNAs via dicer cleavage, which contributes to
the RNAI response and prevents the resistance due to the polymorphism variation
encoded by nucleotide sequences. Therefore we chose to generate dsRNAs

corresponding to this size range.

To characterise and quantify the dsRNA expressed in E. coli, two different strategies
were employed. '®N dsRNA was generated in vivo by growing E. coli HT115 (DE3)
cells (transformed with plasmids to express dsRNA) on heavy (°N) media. In
addition, stable isotope labelled RNAs were also synthesised in vitro using in vitro
transcription in conjunction with '3C10,'°Ns (GTP) to generate '3C10,'>Ns guanosine-
containing RNA as previously.[®'4 Following E. coli growth on the N media, dsRNA
was extracted , treated with RNAase A to remove the background rRNA/tRNA and
purified using solid phase extractionl”] prior to analysis using IP RP HPLC (see
Figure 1A). The results show the successful synthesis and purification of the dsRNA
(765 bp) from E. coli; no significant contaminating rRNA was present. Following in
vitro synthesis of the isotope labelled dsRNA (401 bp), purification was performed
using solid phase extraction to remove excess NTPs prior to analysis using IP RP
HPLC (see Figure 1B). The IP RP HPLC shows that no significant contaminating
ssRNA or NTPs were present. Quantification of the purified isotope labelled dsRNA

standards was subsequently performed using UV spectrophotometry by a Nanodrop

11
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spectrophotometer. Accurate quantification of the internal isotope labelled dsRNA
standards is important, as this value directly determines the quantification of the
dsRNA in the biological samples. UV spectrophotometry was used to accurately
determine the concentration of the dsRNA standards, therefore it is important to
ensure the dsRNA is purified and accurate extinction coefficients are used for
dsRNA. We have previously measured the hypochromicity of dsRNA to accurately
determine the overall extinction coefficient and mass concentration/Azs0 (46.52
Hg/ml/Aze0).1261 This value was subsequently used for the quantification of dsRNA

using UV spectrophotometry.

Characterisation and quantification of dsRNA using stable isotopic labelling in

conjunction with RNase mass mapping

To characterise and quantify dsRNA expressed in E. coli, total RNA was extracted
from N E. coli HT115 cells expressing a 765 bp dsRNA and 401 bp dsRNA and
analysed using IP RP HPLC (see Figure 2). The results show the expected
chromatogram, highlighting the presence of the abundant tRNA/rRNA together with
dsRNA. Direct analysis using UV spectrophotometry cannot accurately determine
the amount of dsRNA present in these complex mixtures. Therefore, following
validation of the expression and extraction of the dsRNA in complex RNA mixtures
extracted from E. coli, the stable isotope labelled dsRNA standards previously

generated were spiked into these samples prior to LC MS analysis.

A range of amounts of the E. coli '°N purified dsRNA (765 bp) were combined with

14N total RNA extract containing the 765 bp dsRNA in conjunction with tRNA/rRNA

12
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and subsequently digested using RNase A. The oligoribonucleotide fragments were
analysed using LC-ESI-MS. The application of stable isotope labelling enables the
identification of oligoribonucleotides generated from the dsRNA in complex mixtures.
All corresponding oligoribonucleotides from the dsRNA appear as light and heavy
pairs in contrast to the abundant oligoribonucleotides generated from the
background rRNA and tRNA present in the total RNA extract. An example of the MS
spectra obtained from an oligoribonucleotide generated from rRNA is shown in
Supplementary Figure 1, the absence of the associated heavy oligoribonucleotide
enables identification of oligoribonucleotides generated from rRNA not dsRNA.
Therefore, this approach simplifies the identification and quantification of the dsRNA
in complex RNA mixtures as light and heavy pairs that can readily be identified in
complex MS chromatograms. Figure 3A shows the identification of “N and N
sense strand oligoribonucleotides (from the dsRNA), AAGAUp and GAAGGUp
detected in varying amounts of spiked >N dsRNA standard. Absolute quantification
was then performed by measuring the ratio and peak areas of both light and heavy
pairs for 10 different identified oligoribonucleotides across 3 different amounts of
dsRNA standard. The results are summarised in Figure 3B/C/ Supplementary Table I.
Absolute quantification of N dsRNA in the total RNA resulted in 466.5 ng + 18.7
ng/uL of dsRNA in 80 pl total RNA extracted from 108 E. coli cells dsRNA using an

average across the 3 different experiments.

Following quantitative analysis of dsRNA using the metabolic isotopic labelling
approach in conjunction with LC-MS, we further demonstrated the use of in vitro
labelled dsRNA ('3C,'N guanosine dsRNA) as the internal standard to characterise
and quantify dsRNA expressed in E. coli. Total RNA was extracted from E. coli

13
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HT115 cells expressing a 401 bp dsRNA and analysed using IP RP HPLC (see
Figure 2B). A range of amounts of '3C,"N guanosine dsRNA (401 bp) were added
prior to RNase A enzymatic digestion and analysis of the oligoribonucleotide using
LC-ESI-MS as previously described. Figure 4A shows the identification of light and
heavy oligoribonucleotides. The representative mass spectrum of the doubly
charged unique sense and antisense strands oligoribonucleotide, AGAAGAUp and
GGAAGGUp detected in varying amounts of spiked heavy dsRNA standard.
Absolute quantification was then performed by measuring the ratio and peak areas
of both light and heavy pairs for 10 different identified oligoribonucleotides across 3
different amounts of standard. The results are summarised in Figure 4B/C/
Supplementary Table Il. Absolute quantification of the “N dsRNA present in the total
RNA revealed 624.6 +14.24 ng/uL of dsRNA in 80 pl total RNA extracted from 108 E.

coli cells expressing dsRNA using an average across the 3 different experiments.
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Conclusions

Stable isotopic labelling of dsRNA both in vitro and in vivo was used in conjunction
with mass spectrometry for the characterisation and quantification of dsRNA in
complex total RNA mixtures. This approach enables the accurate quantification of
dsRNA from a complex mixture without the need to purify the dsRNA from
contaminating rBRNA and NTPs that prevent accurate analysis using UV
spectrophotometry. Furthermore, the presence of abundant tRNA and rRNAs
present in the HPLC chromatogram can limit the accurate quantification of the
dsRNA directly from the HPLC chromatogram in situations where the dsRNA co-

elutes with the rRNA, or multiple heterogeneous dsRNA are synthesised.

Stable isotope labeled dsRNA standards were synthesised ('*N and '3C,'SN
guanosine containing) in vivo and in vitro prior to purification and quantification. The
stable isotope dsRNA standards were subsequently mixed into RNA extracted from
E. coli that was engineered to express dsRNA prior to RNase digestion and LC-ESI-
MS analysis. Absolute quantification was performed based on the resulting light and
heavy oligoribonicleotides identified using mass spectrometry. Using this approach
we determined that 624.6 ng/uL and 466.5 ng/uL of dsRNA was present in 80 uL
total RNA extracted from 108 E. coli cells expressing 765 bp and 401 bp dsRNA

respectively.
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Legends to Figures:

Figure 1. IP RP HPLC analysis of purified heavy stable isotope labelled dsRNA. (A)
Purified >N dsRNA from E. coli HT115 (DE3) cells expressing a 756 bp dsRNA, 1.9
ng of dsRNA was injected. (B) Purified N dsRNA (401 bp) '3C,'N guanosine

containing dsRNA synthesised using in vitro franscription. 2.0 ug was injected.

Figure 2. IP RP HPLC analysis of total RNA extracted from E. coliHT115 (DE3) cells
expressing dsBNA. (A) Total RNA extracted from E. coli HT115 (DE3) cells
expressing a 756 bp dsRNA. The rRNA, tRNA and dsRNA are highlighted.
Approximately 7 pg of total RNA was injected and analysed. (B) Total RNA extracted
from E. coli HT115 (DE3) cells expressing a 401 bp dsRNA. The rRNA, tRNA and

dsRNA are highlighted. Approximately 11 pg of total RNA was injected.

Figure 3. Absolute quantification of dsRNA using a stable isotope labelled dsRNA
standard generated in vivo in conjunction with mass spectrometry. (A) MS spectra of
the oligoribonucleotide AAGAUp (sense strand), GAAGGUp (antisense strand)
across varying light:heavy ratios. (B) Light to heavy ratios of ten different
oligoribonucleotides across varying amounts of isotope labelled dsRNA standard. (C)

Average light:heavy ratios with the error bars representing standard deviation.

Figure 4. Absolute quantification of dsRNA using in vitro transcribed stable isotope
labelled dsRNA. (A) MS spectra of the oligoribonucleotides, AGAAGAUp and
GGAAGGUp oligoribonucleotides across varying light:heavy ratios. (B) Light to
heavy ratios of ten different oligoribonucleotides across varying amounts of isotope

16



376  labelled dsRNA standard. (C) Average light:heavy ratios with the error bars

377  representing standard deviation.

378

379

380

381

382

383 Acknowledgments

384 MJD acknowledges support from the Biotechnology and Biological Sciences
385 Research Council UK (BBSRC) (BB/M012166/1). AWK acknowledges support as an
386 Engineering and Physical Sciences Research Council (EPSRC) HEFCE Catalyst

387  studentship with Syngenta.

388

17



389

390
391

392
393
394

395
396

397
398
399

400
401

402
403
404

405
406

407
408

409
410
411
412

413
414
415

416
417
418

419
420

421
422
423

424
425
426

References

[1] Gordon KHIJ, Waterhouse PM. RNAi for Insect-Proof Plants. Nat Biotechnol 2007,
25(11):1231-1232.

[2] Timmons L, Court DL, Fire A. Ingestion of Bacterially Expressed dsSRNAs Can Produce

Specific and Potent Genetic Interference in Caenorhabditis Elegans. Gene 2001; 263(1-
2):103-112.

[3] Hammell CM, Hannon G J. Inducing RNAi in C. Elegans by Feeding with dsRNA-
Expressing E. Coli. Cold Spring Harbor Protocols 2012; 201(12): 11861-5.

[4] Newmark PA, Reddien PW, Cebria F, Alvarado AS. Ingestion of Bacterially Expressed
Double-Stranded RNA Inhibits Gene Expression in Planarians. Proceedings of the National
Academy of Sciences 2003; 100(1): 11861-11865.

[5] Solis CF, Santi-rocca J, Perdomo D, Weber C, Guille N. Use of Bacterially Expressed
dsRNA to Downregulate Entamoeba Histolytica Gene Expression. 2009; 4(12): e8424.

[6] Tian H, Peng H, Yao Q, Chen H, Xie Q, Tang B, et al. Developmental Control of a
Lepidopteran Pest Spodoptera Exigua by Ingestion of Bacteria Expressing dsRNA of a Non-
Midgut Gene. PLoS ONE 2009; 4(7): e6225.

[7] Li X, Zhang M, Zhang H. RNA Interference of Four Genes in Adult Bactrocera Dorsalis
by Feeding Their dsSRNAs. PLoS ONE 2001; 6(3): e17788.

[8] Palli, SR. RNA Interference in Colorado Potato Beetle: Steps toward Development of
dsRNA as a Commercial Insecticide. Current Opinion in Insect Science 2014; 6: 1-8.

[9] Malik HJ, Raza A, Amin I, Scheffler JA, Scheffler BE, Brown JK, et al. RNAi-Mediated
Mortality of the Whitefly through Transgenic Expression of Double-Stranded RNA
Homologous to Acetylcholinesterase and Ecdysone Receptor in Tobacco Plants. Scientific
Reports 2016; 6(1): 38469.

[10] Darrington M, Dalmay T, Morrison NI, Chapman T. Implementing the Sterile Insect
Technique with RNA Interference — a Review. Entomologia Experimentalis et Applicata
2017; 164(3): 155-175.

[11] Kowalak JA, Pomerantz SC, Crain PF, Mccloskeyl JA. A Novel Method for the
Determination of Post-Transcriptional Modification in RNA by Mass Spectrometry. Nucleic
Acids Res 1993;13(19):4577-4583.

[12] Hossain M, Limbach PA. Mass Spectrometry-Based Detection of Transfer RNAs by
Their Signature Endonuclease Digestion Products. RNA 2007;13(2):295-303.

[13] Taoka M, Yamauchi Y, Nobe Y, et al. An Analytical Platform for Mass Spectrometry-
Based Identification and Chemical Analysis of RNA in Ribonucleoprotein Complexes.
Nucleic Acids Res 2009;37(21):e140.

[14] Castleberry MC, Limbach PA. Relative Quantitation of Transfer RNAs Using Liquid
Chromatography Mass Spectrometry and Signature Digestion Products. Nucleic Acids Res
2010;38(16):e162.

18



427
428
429
430

431
432
433

434
435

436
437
438

439
440

441
442
443

444
445
446
447

448
449

450
451
452

453
454
455

456
457

458
459
460

461

[15] Taoka M, Nobe Y, Hori M, et al. A Mass Spectrometry-Based Method for
Comprehensive Quantitative Determination of Post-Transcriptional RNA Modifications : The
Complete Chemical Structure of Schizosaccharomyces Pombe Ribosomal RNAs. Nucleic
Acids Res 2015;43(18):e115.

[16] Nwokeoji AO, Kung AW, Kilby PM, Portwood DE, Dickman MJ. Purification and
Characterisation of dsRNA Using Ion Pair Reverse Phase Chromatography and Mass
Spectrometry. J Chromatogr A 2017;1484:14-25.

[17] Borland K, Limbach PA. Applications and Advantages of Stable Isotope Phosphate
Labeling of RNA in Mass Spectrometry. Top Curr Chem 2017;375(2):33.

[18] Waghmare SW, Dickman MJ. Characterization and Quantification of RNA Post-
Transcriptional Modifications Using Stable Isotope Labeling of RNA in Conjunction with
Mass Spectrometry Analysis. Anal Chem 2011;83(12):4894-4901.

[19] Popova AM, Williamson JR. Quantitative Analysis of rRNA Modifications Using Stable
Isotope Labeling and Mass Spectrometry. J. Am. Chem. Soc 2014;136 (5):2058-2069.

[20] Taoka M, Nobe Y, Yamaki Y, et al. The Complete Chemical Structure of
Saccharomyces Cerevisiae TRNA : Partial Pseudouridylation of U2345 in 25S rRNA by
snoRNA snR9. Nucleic Acids Res 2016;44(18):8951-8961.

[21] Bolognesi R, Ramaseshadri P, Anderson J, Bachman P, Clinton W, Flannagan R, et al.
Characterizing the Mechanism of Action of Double-Stranded RNA Activity against Western
Corn Rootworm (Diabrotica Virgifera Virgifera LeConte) (S. R. Palli, Ed.). PLoS ONE
2012;7(10): e47534.

[22] Paulines MJ, Limbach PA. Stable Isotope Labeling for Improved Comparative Analysis
of RNA Digests by Mass Spectrometry. J Am Soc Mass Spectrom 2017; 28:551-561.

[23] Joga MR, Zotti MJ, Smagghe G, Christiaens O. RNAi Efficiency, Systemic Properties,
and Novel Delivery Methods for Pest Insect Control: What We Know so Far. Frontiers in
Physiology 2016; 7:1-14.

[24] Miller SC, Miyata K, Brown SJ, Tomoyasu Y. Dissecting Systemic RNA Interference in
the Red Flour Beetle Tribolium Castaneum: Parameters Affecting the Efficiency of RNA1 (A.
P. McGregor, Ed.). PLoS ONE 2012; 7(10), e47431.

[25] Ivashuta S, Zhang Y, Wiggins BE, Ramaseshadri P, Segers GC, Johnson S, et al.
Environmental RNAi in Herbivorous Insects. RNA 2015; 21(5): 840-850.

[26] Nwokeoji, AO, Kilby PM, Portwood DE, Dickman MJ. Accurate Quantification of
Nucleic Acids Using Hypochromicity Measurements in Conjunction with UV
Spectrophotometry. Analytical Chemistry 2017; 89(24): 13567—-13574.

19


https://www.ncbi.nlm.nih.gov/pubmed/28105550

