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Abstract

Modified oligonucleotides represent a promising avenue for drug development, with small 

interfering RNAs (siRNA) and microRNAs gaining traction in the therapeutic market. Mass 

spectrometry (MS)-based analysis offers many benefits for characterizing modified nucleic acids. 

Negative electron transfer dissociation (NETD) has proven valuable in sequencing oligonucleotide 

anions, particularly because it can retain modifications while generating sequence-informative 

fragments. We show that NETD can be successfully implemented on a widely-available 

quadrupole-Orbitrap-linear ion trap mass spectrometer that uses a front-end glow discharge source 

to generate radical fluoranthene reagent cations. We characterize both unmodified and modified 

ribonucleic acids and present the first application of activated-ion negative electron transfer 

dissociation (AI-NETD) to nucleic acids. AI-NETD achieved 100% sequence coverage for both a 

6-mer (5’-rGmUrArCmUrG-3’) with 2’-O-methyl modifications and a 21-mer (5’-

rCrArUrCrCrUrCrUrArGrArGrGrArUrArGrArArUrG-3’), the luciferase antisense siRNA. Both 

NETD and AI-NETD afforded complete sequence coverage of these molecules while maintaining 

a relatively low degree of undesired base-loss products and internal products relative to collision-

based methods.
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INTRODUCTION

Nucleic acids play vital roles in the storage, processing, and expression of genetic 

information. Ribonucleic acids (RNAs) exhibit limited primary sequence information, a 

phenomenon remedied through introduction of post-transcriptional modifications (PTrMs).
1–3 Modified RNAs are exceptional in their ability to maintain efficacy in the presence of 

cellular ribonucleases and confer cellular uptake for proper delivery to their target site.4,5 

Consequently, researchers have envisioned an RNA therapeutic for nearly two decades, with 

the first RNA-based drug finally commercially available in 2018.6 This landmark 

achievement, which utilizes small interfering RNA (siRNA), represents an inflection point in 

the burgeoning field of targeted RNA therapeutics.7

Small interfering RNAs are double-stranded RNA molecules that facilitate potent and 

sequence-specific gene suppression via the mechanism of RNA interference (RNAi).8 

Introducing various modifications, such as exchanging certain phosphorous atoms for sulfur 

atoms and optimizing the position of 2’-fluoro and 2’-O-methyl ribose modifications, allows 

researchers to increase stability, longevity, and efficacy of biologically active therapeutics in 
vivo by conferring nuclease resistance or by blocking innate immune stimulation.5 In-depth 

characterization of both sequence and modification status of RNA therapeutics, of course, is 

required to understand pharmacological activity. With over 100 diverse chemical 

modifications known to be introduced enzymatically during the process of RNA maturation, 

the usually powerful methods of oligonucleotide sequencing, such as RNA-Seq and 

biochemical labeling strategies, are not optimal for screening oligonucleotide PTrMs with 

high-throughput.9,10 The high degree of interest in epitranscriptomics, and the current 

inflection point of the oligonucleotide therapeutic market, require an efficient analysis 

platform for RNA characterization – mass spectrometry (MS) has emerged as a suitable 

candidate.11–16

Despite this need, the development of MS-based methods for RNA is limited compared to 

MS analysis of proteins. Now nearly three decades ago, McLuckey and others successfully 

electrosprayed various oligonucleotides and characterized fragmentation patterns using 

collision-based activation methods. Unfortunately, RNA characterization by MS still 

presents considerable challenges. One reason is that the acidic nature of RNA molecules 
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makes them most suitable for generation of multiply deprotonated analyte anions.17–20 Thus, 

tandem MS fragmentation methods must be compatible with precursor anions. Traditional 

collision-based fragmentation, i.e., collision-activated dissociation via resonant excitation 

(CAD) and beam-type CAD (a.k.a., HCD), are among the most studied tandem MS 

strategies because of their accessibility and ease of application to deprotonated precursors.21 

For RNA anion dissociation, these methods direct cleavage across numerous channels, often 

leading to highly complex spectra and the generation of internal fragments and neutral losses 

(which can include the loss of RNA nucleobases themselves).11,22,23 McLuckey and others 

demonstrated the dependence of charge-state and activation energy on product ion 

distributions and, for CAD, these drawbacks can be reduced for precursors having low 

charge states by minimizing collisional energy.24–26

The ideal method for dissociating RNA anions would be indifferent to precursor length, 

charge, and the presence of modifications. For years a variety of labs have explored 

alternative fragmentation methods employing electrons or photons to address these 

shortcomings. Pioneering efforts in the field of ion-ion and ion-molecule reactions of 

oligonucleotides by McLuckey and co-workers over 20 years ago demonstrated 

thermodynamic and mechanistic underpinnings of such reactions and highlighted their great 

potential.27–30 Recent work by McLuckey, Breuker, and others have established negative 

electron transfer dissociation (NETD) and electron detachment dissociation (EDD) – the 

negative-mode analogues of electron transfer dissociation (ETD) and electron capture 

dissociation (ECD), respectively – as promising analytical methods for RNA 

characterization.31–35 Ultraviolet photodissociation (UVPD), infrared photodissociation 

(IRMPD), and electron photodetachment dissociation (EPD) have been also explored.36–41 

NETD and EDD generally produce d- and w-type product ions (in contrast to c- and y-type 

ion fragments generated in collisional dissociation), while also retaining labile 

modifications.29,31 A major challenge of these electron-based methods, however, is their low 

precursor-to-product-ion conversion efficiency.29 This low efficiency can be somewhat 

mitigated by the use of supplemental activation following the reaction.31–33,35,40

Whereas EDD is largely reliant on FT-ICR instrumentation, NETD can occur on any 

instrument with a RF-trapping device.32,36,42 NETD has been implemented on a number of 

instrument platforms using several different reagent cations, including fluoranthene, sulfur 

hexafluoride, xenon, metal adducts, and others.28,34,35,43–49 Fluoranthene is the most widely 

used reagent for characterization of peptides and oligosaccharides.50–53 Using a front-end 

glow discharge source to generate radical fluoranthene cations, we report here the first 

implementation of NETD on the widely available quadrupole-Orbitrap-ion trap MS system 

(Orbitrap Fusion Lumos). And, to our knowledge, this is the first application of fluoranthene 

cations for dissociation of RNA anions, a 6-mer with two 2’-O-methyl modifications and the 

21-mer luciferase antisense siRNA. Finally we explore the use of concurrent infrared 

photoactivation (AI-NETD) to disrupt higher-order gas-phase structure and improve 

efficiency of the NETD fragmentation for RNA sequence analysis. 54,55 In all, we provide a 

new MS platform for RNA characterization that has the ability to rapidly sequence RNA and 

localize its modifications.

Peters-Clarke et al. Page 3

Anal Chem. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EXPERIMENTAL SECTION

Materials

The short, synthetically modified ribonucleic acid 5’-rGmUrArCmUrG-3’ with 2’-O-methyl 

modifications on the second and fifth nucleotides and the luciferase antisense siRNA with 

sequence 5’-rCrArUrCrCrUrCrUrArGrArGrGrArUrArGrArArUrG-3’ were obtained from 

Integrated DNA Technologies (Coralville, IA) on the 1.0 μmole scale and used without 

further purification. Both oligonucleotides contained 3’- and 5’-terminal hydroxyl groups. 

Oligonucleotide single strand concentrations were determined spectrophotometrically by 

Beer’s Law using the extinction coefficients provided by the manufacturer. For electrospray 

mass spectrometry analysis, solutions were diluted to 5 pmol/μL of oligonucleotide by 

preparing in 50:50 (v/v) H2O:CH3OH with 10 mM ammonium acetate. Methanol (HPLC 

grade), H2O (HPLC grade), ammonium acetate (>97%), and 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) (>99%) were obtained from Sigma-Aldrich (St. Louis, MO).

Mass Spectrometry

All MS and MS/MS experiments were performed on a quadrupole-Orbitrap-quadrupole 

linear ion trap (q-OT-QLT) hybrid mass spectrometer system (Orbitrap Fusion Lumos, 

Thermo Fisher Scientific, San Jose, CA) which was modified to perform negative-mode 

electron transfer dissociation. Additionally, the mass spectrometer was modified to include a 

Firestar T-100 Synrad 60 W CO2 continuous wave IR laser (10.6 μm) (Mukilteo, WA) to 

allow for the excitation of precursor ions within the quadrupole linear ion trap during ion-ion 

reactions, as previously reported.56 Oligonucleotide samples were directly infused at a flow 

rate of 3–5 μL/min using a Hamilton GasTight Valco syringe (Reno, NV) and a Chemyx 

Fusion 101 syringe pump (Stafford, TX), and anions were generated via electrospray in the 

negative ion mode with a heated electrospray voltage of −2.7 kV relative to ground and a 

transfer tube temperature of 275 °C. The ion funnel RF was held at 30%. To aid in 

desolvation, nitrogen sheath and auxiliary gas were applied at 15 and 10 arbitrary units, 

respectively. Data was collected in profile mode. For increased statistics, MS/MS spectra are 

the sum of 20 individual scans, with averaging performed in the vendor’s post-acquisition 

software (Xcalibur Qual Browser, version 2.2). No microscans were performed.

For NETD experiments, precursor anions were selected in the quadrupole with a 4 Th 

isolation window and were accumulated in the middle section of the high-pressure trap of 

the quadrupole linear ion trap, followed by accumulation of fluoranthene reagent cation (202 

m/z) within the front section of the trap, and subsequent charge sign independent trapping 

for the NETD reaction. The fluoranthene radical cation reagent is generated by a chemical 

ionization source at the front of the instrument.57 All product ions and unreacted precursor 

ions were subsequently sent to the Orbitrap for mass analysis at a resolving power of 120k at 

200 m/z. During AI-NETD experiments, the 60 W continuous wave CO2 laser irradiated the 

trapping volume of the high-pressure cell (i.e., the reaction chamber) for the duration of the 

NETD reaction only. The IR laser power output was manipulated through an external 

controller and varied from 6 W (10% maximal output) to 30 W (50% maximal output) as 

noted in the text.
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For CAD and HCD experiments, various normalized collision energies and precursor charge 

states were tested to optimize dissociation efficiency. For CAD, an activation time of 10 ms 

was used with a q value of 0.25. Quadrupole isolation and Orbitrap mass analysis was 

performed the same as in the NETD experiments described above.

Data Analysis

A C# script, based on the design framework of the C# Mass Spectrometry Library (CSMSL, 

https://github.com/dbaileychess/CSMSL), was written to model RNA fragmentation patterns 

illustrated in Figure 1. While directly reading in Thermo Xcalibur .raw files, the C# script 

allowed for extraction of fragment ions and their intensities, as well as that of base-loss 

fragments, neutral loss fragments, and internal fragments. All matches were made within a 

10 ppm tolerance. Note, due to the slight palindromic nature of the nucleic acids used and 

product types possible, sporadic indistinguishable overlaps in coverage likely occurred. The 

script was written to incorporate potential chemical modifications at any site along the 

phosphodiester bond, ribose sugar, or nucleobase, accounting for the diverse array of 

enzymatic modifications referenced in RNA modification databases.58,59

RESULTS AND DISCUSSION

Introduction to nucleic acid anion dissociation

Figure 1 provides a schematic of RNA backbone dissociation schemes as defined by 

McLuckey et al.11 Collision-based fragmentation methods typically produce complementary 

c- and y-type ions along with numerous base-loss and internal fragments.60 Conversely, 

NETD generates mainly non-complementary d- and w-type product ions with considerably 

less base-loss and internal fragmentation. One challenge with NETD is that precursors with 

low charge density can undergo an electron transfer event that fails to dissociate the two 

product ions due to higher-order gas-phase structure. This sequence uninformative event, 

termed nondissociative negative electron transfer dissociation (NETnoD), arises from 

product ions being noncovalently bound together in secondary complexes.61–63 To 

circumvent this issue, supplemental activation via collisions or photons can be introduced, 

providing vibrational excitation to facilitate dissociation. NETcaD uses resonant excitation 

after the ion-ion reaction to collisionally activate the NETnoD products, whereas NEThcD 

shuttles all NETD products and remaining precursor to the Ion Routing Multipole for 

subsequent beam-type collisional activation. AI-NETD uses photoactivation of the ion trap 

trapping volume concurrent with the NETD ion-ion reaction, which disrupts noncovalent 

interactions and promotes more efficient fragmentation and better depth of coverage than 

NETD alone.55 Here we compare NETD and AI-NETD to collision-based fragmentation for 

RNA dissociation.

Dissociation of a short, modified nucleic acid anion

First, we examined NETD and AI-NETD for analysis of a modified hexanucleotide, 

GmUACmUG, which includes 2’-O-methyl modifications. Hexanucleotide precursors are 

useful models as many studies employ endoribonuclease digestion, leaving digestion 

products 4 – 6 nucleotides in length for LC-MS/MS analysis.64 Figure 2 presents annotated 

tandem mass spectra following dissociation of the quadruply deprotonated anion at m/z 475 
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using either NETD, AI-NETD, ion trap CAD, or HCD. NETD generated 40 unique 

fragments and two unique base-loss fragments (Figure 2a), whereas AI-NETD (6 W) 

produced 52 unique fragments and eight unique base-loss fragments (Figure 2b). Both 

methods elicited complete phosphodiester backbone fragmentation of the hexanucleotide. 

AI-NETD at 12 W laser power further increased product ion generation to 67 unique 

fragments; however, 35 unique base-loss fragments were additionally produced. When the 

concurrent IR irradiation was performed, charge-reduced precursor peak intensities were 

significantly diminished, while overall spectral quality increased. Specifically, nearly two 

thirds of the total ion current (64%) was occupied by charge-reduced precursors following 

NETD; that amount was reduced by half (31%) following AI-NETD. Supplemental 

activation with resonant excitation (NETcaD) and beam-type collisional activation 

(NEThcD) offer predominantly d- and w-ions while generating more unique fragments for 

greater depth of coverage than NETD alone, prompting detection of 55 and 50 unique 

product ions, respectively.

Here NETD performs well on its own, even in the presence of the sequence-uninformative, 

charge transfer events without dissociation. Previous electron transfer studies on 

oligonucleotides have generated similar NETnoD species but did not yield high sequence 

coverage until a secondary activation technique was implemented.34,35 IR photoirradiation 

during the NETD reaction unfolds the RNA to release product ions and limit the presence of 

nondissociative NETnoD species. Additional efficiencies likely result from the robust front-

end reagent source, ion transmission, and ion trapping of the linear ion trap arrangement 

used here. Figure 2c and 2d display the spectra resulting from collision-activated 

dissociation (ion trap CAD and HCD, respectively). Both methods achieve backbone 

fragmentation for this short oligonucleotide; however, they produce many undesired base-

loss products. HCD generated 80 unique product ions with 64 base-loss fragments, whereas 

ion trap CAD generated 79 unique product ions with 51 additional base-loss fragments. 

Minimizing formation of sequence-uninformative side-products is key to both simplifying 

spectra and achieving good sensitivity.

For RNA anion fragmentation, c- and y-type ions are the main products following collision-

activated dissociation, whereas d- and w-ions are the main products of electron-based 

activation methods.65 Our data confirm these previous reports that NETD predominantly 

generates d- and w-ions (Figure 2e). CAD and HCD create a nearly even assortment of c-, 

d-, w-, and y-type ions with a notable absence of intermediate-to-high m/z peaks. For AI-

NETD, multiple laser power levels were evaluated. We supposed that as the power was 

increased, dissociation through vibrational channels could occur (i.e., IRMPD). Indeed, 

when higher IR power levels are reached in AI-NETD, the relative ratio of c-, d-, w-, and y-

product ions approaches unity. At higher laser power levels (12–30 W), the relative intensity 

of d- and w-type ion products diminishes, and the spectra more closely resemble those 

generated via ion trap CAD or HCD methods.

While most previous reports have combined electron-based with collision-based 

fragmentation data, AI-NETD at higher laser-power levels establishes an activation type 

capable of accessing both electronic and vibrational dissociation pathways. Notably, here 

AI-NETD also improves depth of coverage, but is concurrent with the NETD reaction, 
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reducing the instrumental duty cycle. This will play an important role in future LC-MS/MS 

experiments, where fast scan speed is vital to maximal identification and quantification. 

Attaining 100% sequence and modification characterization via NETD and AI-NETD, while 

generating d- and w-fragment types complementary to traditional methods (CAD, IRMPD) 

reveals the potential of NETD-based methods for large-scale analysis of modified and 

unmodified oligonucleotides.

Dissociation of an intact, ribonucleic acid anion

The ability to dissociate longer, intact RNAs is especially important – i.e., native siRNA and 

tRNA molecules. Obtaining high sequence coverage using collisional-activation of such 

anionic precursors is challenging.19 To determine the potential utility of NETD we next 

analyzed an intact, medium-length oligoribonucleotide (5’-

rCrArUrCrCrUrCrUrArGrArGrGrArUrArGrArArUrG-3’, the luciferase siRNA antisense 

strand). Figure 3 illustrates a comparison of NETD and AI-NETD tandem MS spectra for 

the z = −11 precursor anion of the 6.72 kDa ribooligonucleotide. Evinced by the high 

intensity charge-reduced intact species, NETD has relatively low efficiency. Still NETD 

generated 69 total fragments and 47 unique fragments to give 80% phosphodiester bonds 

broken considering only d- and w-ions and complete coverage when all eight product ion 

types are used (Figure 3a). From these data we conclude NETD can effectively dissociate 

intact nucleic acids without supplemental activation. Figure 3b presents dissociation of the 

same anionic precursor using AI-NETD experiments. Note the charge-reduced peaks are 

greatly diminished, having been converted into sequence-informative product ion signal. 

This spectrum is characterized by d- and w-type ions and the lack of the NETnoD products. 

The AI-NETD spectrum demonstrated a greater depth of coverage, producing 111 total 

fragments – a 160% boost over NETD. This greater depth of coverage affords 100% 

phosphodiester bond cleavage, even when only d- and w-type product ions are searched.

When characterizing nucleic acids, whether DNA, RNA, or modified sequences, the ability 

to attain 100% sequence coverage is paramount. Figure 4 illustrates the relative sequence 

coverage of this precursor from each of the eight product ion types (a, b, c, d, w, x, y, and z), 

which are shown in complementary pairs. With NETD/AI-NETD dissociation of the 21-

nucleotide luciferase antisense siRNA strand, good sequence coverage is obtained by both d- 

and w-type ions independently. Interestingly, d- and w-type ions are non-complementary, as 

depicted in Figure 1. Others have proposed mechanisms for the rearrangement of radical 

zn+1• -type ions into wn-ions after electron detachment or electron transfer. Further, an equally 

likely pathway for d-type ion derivation from radical an+1• -type ions has been proposed.31,34 

The NETD work exhibited here supports these concepts, as one may otherwise expect 

detection of complementary product ions. All other product ions, typical of collision-based 

methods, are here only formed in a limited capacity.

AI-NETD models a very similar fragmentation pattern as NETD but enables more 

comprehensive coverage (Figure 4b). Better breadth of coverage by d-type ions is especially 

noticeable in the direct comparison of AI-NETD to NETD. Better depth of coverage is also 

noticeable in Figure S4, where multiple charge-states are present for many AI-NETD 

product ions. As depicted in Figure 4a, NETD captures many short and long d- and w-ion 
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products but produces fewer medium length fragments. This may be due to secondary 

structure interactions within the interior of the RNA strand, preventing dissociation. 

Concurrent IR laser irradiation with the NETD reaction significantly reduces the coverage 

gaps of NETD.

Collisional activation of this precursor at the most abundant precursor charge states provides 

limited sequence information, especially when compared to NETD and AI-NETD spectra. 

Specifically, CAD and HCD of the of these most abundant, high charge-density precursor 

populations produce predominantly short 5’- and 3’-terminal fragment ions, pathways that 

seems to become more prominent for longer oligonucleotides (Figure S5). Notably, this 

issue is somewhat mitigated when low charge state precursors are utilized. Here, NETD and 

AI-NETD produce d- and w-type product ions throughout the siRNA sequence, which 

outperforms the fragmentation profile of collisional activation methods traditionally 

employed in the field. The complementary nature of NETD and AI-NETD relative to 

collisional methods is further illustrated in Figure 5a by the d- and w-type product ion 

generation. While NETD of a z = −11 or −12 precursor gives 80% phosphodiester bonds 

broken through d- and w-type ions (and complete sequence coverage when all eight product 

types are searched), CAD produces only 45% coverage through d- and w-type ions, while 

coverage from HCD is further reduced to 35%. When precursor charge state and normalized 

collision energy of collisional dissociation reactions are optimized, 100% coverage at z = −6 

was realized primarily through the CAD-induced generation of c- and y-type ions. The 

complete sequence coverage attained by these NETD-based methods is noteworthy.

Another challenge of nucleic acid dissociation is the production of internal fragments – 

products that complicate spectra and divert informative fragment ion signal. We sought to 

quantify the abundance of these products that contain neither termini. Figure 5b illustrates 

the degree of internal fragment generation across the methods at the optimized precursor 

charge state. The vibrational methods, CAD and HCD, produced numerous internal 

fragments that in total accounted for 4.6% and 5.0% of the spectral ion current from the z = 

−6 and z = −11 precursor populations, respectively. NETD of the z = −11 precursor does 

produce internal fragments, but their signal is ~ 25-fold reduced (0.2% of total ion current). 

Dissociation of the z = −12 precursor by NETD results in more internal fragmentation 

(0.4%). AI-NETD produced higher internal fragment intensities than NETD (1.1% of total 

ion current) for the precursor with z = −11. At a slightly higher and relatively abundant −12 

charge state, the internal fragment production is reduced two-fold (0.6% of total ion current). 

Previously, Håkansson and coworkers reported IRMPD-based methods for the dissociation 

of nucleic acids, noting fragmentation is similar to CAD-based methods.37,66 Brodbelt and 

coworkers have reported on alternative photodissociation methods for oligonucleotides, 

including 260 nm and 193 nm UVPD, revealing that UVPD produces fewer nucleobase-loss 

products than IRMPD; however, internal products appear numerous in UVPD and electron 

photo-detachment (EPD) spectra, but their abundance has not been quantified.38,40,67,68

Dissociative base-loss along the phosphodiester backbone, from either the intact precursor or 

product ions, is another fragmentation channel that can hinder nucleotide anion 

characterization. Similar to reducing the extent of internal fragmentation, the ideal 

dissociation method will minimize production of base-loss products. We note low energy 
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collisional activation may preferentially cleave nitrogenous bases while leaving the sequence 

fully intact.12 That said, for most experiments, base-loss dissociation is undesired as it adds 

additional spectral complexity. In Figure 5c we quantify the relative product ion type 

intensities for NETD, AI-NETD, CAD, and HCD spectra, including base-loss fragments. As 

discussed previously, d- and w-type ions are the main products of NETD and AI-NETD, 

whereas HCD offers a more even sampling of the entire product ion landscape and CAD 

offers primarily c- and y-type ions. Noticeably, NETD and AI-NETD produce lower levels 

of base-loss fragments (dark green) relative to collision-based approaches, even when 

precursor charge state and collisional energy are optimized for each method. Figure S6 

demonstrates a direct comparison of the relevant undesired products from NETD and CAD 

methods across charge state. Specifically, base-loss fragments account for 22.3% of all 

fragment (a, b, c, d, w, x, y, z, and base-loss) intensities for the NETD spectrum in Figure 3a, 

whereas the AI-NETD base-loss fragments explain 24.5% of the total fragment intensity. In 

contrast, HCD and CAD produced base-loss fragments accounting for 32.0% and 29.5% of 

the total spectral fragment intensity, respectively. For a breakdown of the relative base-loss 

fragment types generated via each method, see Figure S7. Reducing the unintended side-

products within a tandem mass spectrum simplifies manual and database-dependent spectral 

interpretation and reduces the number of false-positive discoveries.

CONCLUSION

Efforts in oligonucleotide sequencing have begun to reveal the complex molecular network 

underlying genetic regulation and expression; however, powerful chemical labelling 

approaches often fail to reveal necessary site-specificity, while traditional methods in mass 

spectrometry are difficult to implement or can be limited by sequence length. Here, we 

outline the utility of NETD and AI-NETD tandem mass spectrometry methods for 

characterization of modified and unmodified nucleic acids. These methods produce 

interpretable spectra that provide complete sequence coverage and offer spectra with much 

lower complexity as compared to dissociation with traditional collision-based methods. 

NETD and AI-NETD each obtain complete sequence coverage for both a short, modified 

RNA and a longer siRNA strand via predominantly d- and w-type product ion generation. 

These MS/MS methods produce ions complementary to CAD and HCD experiments and 

show promise for top-down analyses of larger, intact nucleic acids such as heavily modified 

translational RNAs.

Perhaps the largest detriment to common collision-based MS methods is their non-specific 

cleavage of the weakest bonds within a precursor anion. Complete structural analyses of 

intact tRNA sequences, which are 74 – 95 nucleotides in length and often heavily modified 

with some secondary interactions, are especially challenging.31,32 Here we demonstrate that 

NETD permits retention of modifications for confident localization and does not require 

secondary activation. Isomeric modifications, including monomethylated nucleobases, 

represent future challenges, although solutions to such hurdles have been reported 

previously.69 NETD and AI-NETD can directly and informatively dissociate intact modified 

tRNAs or mRNA transcripts, which may expose yet undiscovered pathways within the 

epitranscriptome and toward proteoform generation.70
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Many modern strategies to sequence oligonucleotides feature digestion followed by an on-

line liquid chromatography separation of digestion products and subsequent mass 

spectrometry analysis (LC/MS).64,71,72 The ability to account for only two product types in 

a future large database search, as is common with LC/MS/MS methods, will reduce the 

number of false-positive spectral matches, quicken analysis time, and provide a more robust 

experimental method. Future work will include the analysis of such complex mixtures using 

either NETD or AI-NETD for dissociation of cellular and synthesized ribonucleic acids, 

deoxyribonucleic acids, and modified oligonucleotide sequences with greater throughput.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of potential product ion fragments obtained by tandem mass spectrometry 
of oligonucleotide polymers.
Base losses may also occur at a nucleotide, leaving a product ion or intact oligonucleotide 

without a base.
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Figure 2. Tandem mass spectra and summary fragmentation profiles for a short, modified 
ribonucleic acid with various activation methods.
(A) MS/MS spectra of the 6-nucleotide modified RNA after 50ms of NETD, (B) 50ms of 

AI-NETD at 6 W, (C) CAD, and (D) HCD. Note each panel presents a spectrum that results 

from averaging 20 single-scan spectra and are shown on the same intensity scale. Charge-

reduced intact species’ peaks are indicated by brackets in grey text. (E) Summary of product 

ion distributions, based on relative intensity, for the various activation methods.
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Figure 3. Comparison of NETD and AI-NETD MS/MS of the 21-nucleotide luciferase antisense 
siRNA strand.
NETD (A) or AI-NETD (B) MS/MS of the −11 charge state RNA precursor. Note both 

spectra result from the average of 20 single-scan spectra and are presented on the same 

intensity scale. Predicted d- and w-ion mass values are shown above or below the RNA 

sequence, respectively.
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Figure 4. Fragmentation profiles for NETD, AI-NETD, and HCD of the 21-nucleotide luciferase 
siRNA antisense strand.
The four pairs of complementary fragment types are displayed for (A) NETD, (B) AI-

NETD, and (C) HCD tandem mass spectrometry dissociation. Sequence coverage denotes 

the percentage of phosphodiester bond cleavage using all eight product types.
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Figure 5. Sequence coverage and product ion distributions following dissociation of the 21-
nucleotide RNA strand via HCD, CAD, NETD, and AI-NETD.
(A) The percent sequence coverage is shown for electron- and collision-based dissociation 

methods. Grey bars indicate when all eight fragment types were considered, whereas a 

dashed orange line indicates integration of only d- and w-type ion data, the main products of 

NETD approaches. (B) The undesirable internal fragments are monitored as a function of a 

percentage of the total ion current (% TIC) for each individual experiment. (C) The overall 

product ion distribution, based on relative intensity, for all eight fragment types and base-

loss fragments.
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