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1. Introduction

Antisense oligonucleotides (ASOs) are short, synthetic nucleic
acid molecules designed to selectively bind to RNA or DNA
modulating gene
Binding occurs through complementary base

sequences,
synthesis.'”

Unveiling the intricacy of gapmer oligonucleotides
through advanced tandem mass spectrometry
approaches and scan accumulation for 2DMS+

Mohammed Rahman,®® Bryan P. Marzullo,? Pui Yiu Lam, 2@ Mark P. Barrow, (22
Stephen W. Holman,® Andrew D. Ray ) @ and Peter B. O'Connor () *2

Antisense oligonucleotides (ASOs) are crucial for biological applications as they bind to complementary
RNA sequences, modulating protein expression. ASOs undergo synthetic modifications like phosphor-
othioate (PS) backbone and locked nucleic acid (LNA) to enhance stability and specificity. Tandem mass
spectrometry (MS) techniques were employed to study gapmer ASOs, which feature a DNA chain within
RNA segments at both termini, revealing enhanced cleavages with ultraviolet photodissociation (UVPD)
and complementary fragment ions from collision-induced dissociation (CID) and electron detachment
dissociation (EDD). 2DMS, a data-independent analysis technique, allowed for comprehensive coverage
and identification of shared fragments across multiple precursor ions. EDD fragmentation efficiency cor-
related with precursor ion charge states, with higher charges facilitating dissociation due to intramolecular
repulsions. An electron energy of 22.8 eV enabled electron capture and radical-based cleavage.
Accumulating multiple scans and generating average spectra improved signal intensity, aided by denoising
algorithms. Data analysis utilised a custom Python script capable of handling modifications and generating
unique mass lists.

immune reactions.>®° Therefore, there have been many modi-
fications to ASOs to mitigate these challenges.®’

ASOs can be chemically modified to improve their stability,
specificity and pharmacokinetic properties.**'° Firstly, a phos-
phorothioate (PS) backbone, where a non-bridging oxygen
atom in the phosphodiester linkage is replaced by a sulfur

expression and protein

pairing as described by Watson and Crick, forming a duplex
that can inhibit protein translation or the modulation of
alternative splicing.”™ ASOs offer several advantages over tra-
ditional small molecule drugs such as high target specificity,
low off-target effects and the ability to modulate targets pre-
viously considered “undruggable”.®® Despite these advantages,
some challenges are associated with ASOs, including the need

for an effective delivery system, stability, and potential toxic or
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atom, increases the stability of the ASO by increasing its resis-
tance to nuclease degradation.®™® Additionally, the incorpor-
ation of modifications at the 2’ carbon of the ribose sugar,
such as 2'-O-methoxyl (OME), or locked nucleic acid (LNA) and
constrained ethyl (cEt), results in the formation of a rigid
structure.”® The presence of a bridging molecule (methylene
for LNA and ethyl for cEt) that connects the 2’ oxygen of 4’
carbon, not only enhances the stability of the ASO but also
helps to mitigate its immunostimulatory effects.>*™"”
Furthermore, a combination of modified and unmodified
nucleotides,'® otherwise known as gapmer ASOs,"*'** com-
bines the stability of modifications such as PS, OME or LNA,
with the high target affinity of the unmodified chain.? Current
sequencing of oligonucleotides can be achieved using fluo-
rescent probes,>>® polymerase chain reaction,”” and mass
spectrometry (MS).>%?°

MS of oligonucleotides can follow two approaches, top-
down or bottom-up.**™** Bottom-up approaches involves the
enzymatic digestion, typically using a ribonuclease or deoxyri-
bonuclease, of the primary sequence, where the fragments
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analysed by mass spectrometry are less complex than the
intact molecule.>**"** Nevertheless, the bottom-up approach
may exhibit a bias towards the particular enzyme employed for
digestion and can be prone to incomplete digestion, which
highlights the need for a top-down approach.’*> Given the
limited number of nucleobases, enzymatic digestion can lead
to the generation of identical fragments within the sequence,
which adds complexity to the analysis. Top-down approaches
offer a solution to the challenges associated with enzymatic
digestion by providing primary sequence information without
the need for digestion.*® Use of high-end instrumentation
such as Fourier-transform-ion cyclotron resonance-mass spec-
trometry (FT-ICR-MS) allows for the analysis of complex mix-
tures using the top-down approach, where mass resolution,
sensitivity, and mass accuracy are a requirement as demon-
strated in previous studies.*®?” High mass resolution of
FT-ICR-MS enables the determination of fine isotopic patterns,
including bromine and sulfur atoms,** which were previously
used to study the uptake of ASOs in cells and tissues by nano
secondary ionisation imaging.*®

FT-ICR-MS can be used in combination with a variety of
fragmentation techniques such as collision-induced dis-
sociation (CID),>®***> infrared multiphoton dissociation
(IRMPD),>*>™® ultraviolet photodissociation (UVPD),***° and
electron-based fragmentation (ExD),*”**** where electron
detachment dissociation (EDD)****™*® is used for multi-nega-
tively charged species. Different fragmentation methods
provide complementary information about oligonucleotide
sequence, allowing for more confident structural characteris-
ation. Fragmentation patterns of oligonucleotides are summar-
ised by McLuckey cleavages (Scheme 1), where the backbone
bonds of the nucleotide units are cleaved, leading to the gene-
ration of fragment ions that provide structural information
about the sequence and modifications of the oligo-
nucleotide.>® For example, CID and EDD predominantly leads
to a-B (where B refers to a nucleobase) and the complementary
w ions,*®% whereas UVPD can display the full McLuckey clea-
vages albeit in low abundance,”® Scheme 1.

Base loss occurs due to the cleavage of the glycosidic bond
between the sugar and the base, which is typically observed as
a-B fragments by CID.”**" However, it is important to note
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Scheme 1 Nomenclature for oligonucleotide fragmentation based on
McLuckey cleavages with a constrained ethyl (cEt) modification dis-
played on the 5'-end.?”*! Full atomic numbering is shown in ESI Fig. S1.}
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that gas-phase rearrangements can lead to formation of y-B
ions,”” whereas modifications such as methylphosphonate can
limit the extent of base loss.*® For a highly charged precursor
ion, the loss of a charged nucleobase was found to be in the
order of A~ > T~ > G~ > C~,>" which suggests that the charged
base loss (CBL) is driven by release of coulombic strain.”?
Additionally, atypical fragmentation through formation of a
cyclic intermediate resulting in internal loss of PO;~, and
NCO™ from the base has been observed.”” Internal fragments,
which occur due to cleavage of the backbone and contain
neither termini (Scheme 2), was shown by Loo and co-workers
to enhance sequence coverage by 15-20% on proteins,73 simi-
larly a combination of internal fragments and termini frag-
ments results in greater sequence coverage of oligonucleo-
tides.” Furthermore, current non-proprietary oligonucleotide
mass calculators®®7>”77 are restricted to McLuckey cleavages as
described in Scheme 1. Therefore, oligonucleotide mass calcu-
lators have potential to include base loss of other ions such as
w or y, and internal fragment calculations.

Tandem MS (MS/MS) usually requires the isolation of a
desired precursor ion, followed by fragmentation. In contrast,
a data-independent analysis (DIA)’® technique, such as two-
dimensional mass spectrometry (2DMS),>**%52,54,38,79-84
allows for the simultaneous analysis of multiple precursor
ions without requiring precursor isolation or chromatographic
separation.®> In 2DMS, product ions are correlated to the pre-
cursor ion by their modulation frequency and processed by
2D-FFT (fast Fourier-transform).*® The current approach for
2DMS is the summation of a single scan over N ¢; rows.*?
However, Barna and Lau, 1987, state that truncating the data
optimises sensitivity for a typical 2D nuclear magnetic reso-
nance (NMR) experiment, and that ‘N ¢, points with 2m scans
per point’ increases the signal-to-noise ratio (SNR) as opposed
to ‘2N t; points with m scans per point’.’” In 2DNMR, signal
truncation often occurs due to signal decay over time,*” which
is usually not a problem in 2DMS.®** However, in this case, the
observed fragment ion signal intensity may not be consistent
from one scan to another, particularly because of the different
phase accrued.®” As a result, the potential for averaging the m
scans over N ¢; rows could enhance the performance of 2DMS.

This study will focus on characterising the sequence of
gapmer ASOs, with a PS backbone and either a LNA or cEt
modifications on both ends of the oligonucleotide chain by
various fragmentation techniques in tandem with MS.
Furthermore, a novel approach of employing 2DMS was

B D—-DLEA—@

Scheme 2 Labelling of internal fragments used in this study, adapted
from Loo and co-workers,”* where the fragment ion is within the middle
of the chain (azwy).
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applied to characterise the ASO, resulting in enhanced peak
intensity through scan accumulation, as well as fragmentation
efficiency from different charge states of oligonucleotides
when using EDD. Data analysis was carried out using a
custom-built Python script, which incorporates various types
of neutral loss and McLuckey cleavages, including base loss
apart from a-B, which to our knowledge has not been done on
an open-source software before.

2. Experimental section
2.1 Chemicals

Antisense oligonucleotides danvatirsen (otherwise known as
AZD9150)*° and MALAT-1, both 16-mer with a phosphorothio-
ate backbone were obtained from AstraZeneca (Macclesfield,
UK and Gothenburg, Sweden). Danvatirsen features cEt as a
bridged linker on both ends of the nucleobase, while MALAT-1
incorporates LNA as the bridged linker on both ends of the
nucleobase. Additionally, some of the bases of ASOs were
modified by the incorporation of a methyl group, and these
structures were addressed in a comprehensive review by Duffy
et al.®® These ASOs were subsequently desalted using 10 uM
ammonium acetate (Merck, Gillingham, UK) in HyperSep™
C18 plates from Fisher Scientific (Loughborough, UK).
Compounds were collected in an 80 : 20 mixture of acetonitrile
(VWR, U.S.A) and water (purified through a Millipore Direct-Q
purification system (18.2 Q; Merk Millipore, MA, U.S.A.)) and
diluted to 5 uM with a 90: 10 mixture of water and methanol
(Merck, Gillingham, UK) with 0.1% triethylamine (Merck,
Gillingham, UK).

2.2 Mass spectrometry

The two ASOs were ionised using as home-built nano-electro-
spray ion source (nESI)* and analysed with a 12 T Bruker
solariX FT-ICR mass spectrometer (Bruker Daltonik, GmbH,
Bremen, Germany). A total volume of 10-15 pL for 1DMS and
25-30 pL for 2DMS was loaded into a glass capillary tip pulled
by a Sutter P-97 Flaming/Brown micropipette puller (Sutter
Instrument Co., Novato, Ca, USA), and the electrical connec-
tion was formed using a nichrome wire. Samples were ionised
in negative mode where the [M — 8H]®~ was isolated using the
quadrupole (isolation window of 5-10 m/z) and accumulated
in the collision cell (~0.1-0.5 seconds), ensuring full isotopic
envelope with good precursor intensity. Ions were subjected to
collisions using argon gas (~6.5 x 10~° mbar) in the collision
cell at optimised collision voltages of —6 to —10 V for CID
experiments, which were subsequently transferred and
detected in the infinity cell.’® In-cell fragmentation methods
such as IRMPD, UVPD and EDD were performed on the iso-
lated and accumulated precursor ions. IRMPD was performed
using a 10.6 pm continuous wave 25 W CO, laser (Synrad Inc.,
Washington, USA) operated at 11-27.5% laser power with
0.06-0.1 s irradiation time. UVPD experiments were performed
using a 193 nm (photon = 6.4 eV) ArF Excimer laser (ExciStar
XS, Coherent) with a pulse energy of 2.6-3.4 mJ (1-2 shots),

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

measured at the laser exit aperture. EDD was performed by
irradiating the ions with electrons from a 1.5 A indirectly
heated cathode with a bias of 22.4-22.8 eV for 0.2-0.5 s. All
data were acquired with a 4 M (2%, 32-bit), 1.67 s transient,
average resolving power >400 000 (fwhm) at m/z 400.

2.3 2DMS

(i) 2D-EDD experiments was performed using the method
described by O’Connor and co-workers.’*** Trapped ions were
irradiated by electrons with a bias of 22.8 eV for 0.5 s. Data
was acquired a 1 M (22°, 32-bit), 1.67 s transient in the frag-
ment m/z (x) axis, and was summed over N = 2048 ¢; rows yield-
ing a 1.73 ms transient in the precursor m/z (y) axis. (iia)
2D-UVPD was performed using the same approach as the
2D-EDD, with 1 shot of 3 mJ laser energy and acquired with
1 M, 1.67 s transient in the fragment m/z (x) axis, which was
subsequently scanned over N = 1024 t; rows yielding a
0.865 ms transient in the precursor m/z (y) axis. Additionally,
(iib) 2D-UVPD was accumulated and averaged for 8 scans for
the same number of x and y data points in (iia). Accumulation
was achieved by passing a list of increment delays (¢;) which
was constant for m = 8 scans, as shown in ESI Fig. S2.1

2.4 Data Processing

All spectra were processed and analysed using Bruker
DataAnalysis 5.0 software (Bruker, Bremen, Germany). Peak
picking was achieved using the in-built algorithm Smart
Numerical Annotation Procedure (SNAP)™ with a quality
factor >0.4 and average number of constituent elements for
each oligonucleotide sequence. Peaks omitted from the algor-
ithm were added manually to ensure full structure assignment.
2DMS was processed by SPIKE®*® and analysed using an in-
house LabView-based program, T2D. 2D-EDD was peak picked
using SNAP™, whereas 2D-UVPD displayed the full isotopic
patterns peak picked by T2D, which was due to the low inten-
sity of the peaks, especially the N = 1024 ¢; rows with m =1
scan. Furthermore, 2DMS was internally calibrated using
peaks assigned from the [M — 8H]®*~ fragment m/z (x) axis,
except for 2D-UVPD N = 1024 ¢, rows with m = 1 scan, which
was externally calibrated from the 2D-UVPD accumulated (m =
8) scans. 2D peaks were denoised during data processing
using denoising algorithms (urQRd and sane), publicly avail-
able in SPIKE.?® All peaks were assigned using an in-house
Python script, which can allow for modifications to nucleo-
bases, phosphate backbone, and select neutral losses and is
publicly available at https:/github.com/MKRahman97/
Oligonucleotide_mass_calculator. Internal fragments were cal-
culated based on the methods proposed by Lantz et al.,”" and
adapted for oligonucleotides.

3. Results and discussion

Desalting of the two ASOs, danvatirsen and MALAT-1, by C18
plates generated relatively clean MS spectra, which was ana-
lysed by nESI, ESI Fig. S3 and S4.F Some adducts were still

Analyst, 2024,149, 4687-4701 | 4689


https://github.com/MKRahman97/Oligonucleotide_mass_calculator
https://github.com/MKRahman97/Oligonucleotide_mass_calculator
https://github.com/MKRahman97/Oligonucleotide_mass_calculator
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00484a

Open Access Article. Published on 18 July 2024. Downloaded on 4/7/2026 11:13:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

present, such as sodium, di-sodium and a PO impurity within
the PS backbone, which are highlighted in ESI Fig. S5 and S6.}
Careful consideration of a charge state selection is critical to
obtain a comprehensive sequence coverage.”® A lower charge-
state reduces the extent of internal fragments when using CID,
allowing for better sequence coverage,”' but at the expense of
sensitivity due to the low abundance of lower charge state pre-
cursors from ESL{ Thus, to consistently compare the effect of
fragmentation techniques of the two ASOs, the [M — 8H]*~ was
isolated, which was in high abundance for both ASOs, ESI
Fig. S7 and S8.1 With the ability to apply different fragmenta-
tion methods, the effects of CID and EDD on MALAT-1 and
danvatirsen was examined. Mass lists for the fragment ions of
MALAT-1 and danvatirsen are available in ESI Tables S1-S4
and S5-S87 respectively.

3.1 Electron detachment dissociation and collision-induced
dissociation of MALAT-1 and danvatirsen

Complementary cleavages a/w, d/z and the non-complementary
bly ions were predominantly seen with EDD. For MALAT-1
(Fig. 1, ESI Tables S1 and S27), cleavages were mostly localised
to the w, y, and z ions, which could be due to the location of
the charge, or the stability of the electron radical resulting
from the breaking of the bond (Scheme 1). On the other hand,

danvatirsen, exhibited a more balanced distribution of
dy d_
A
G-o®
3847
[M-8H-8H,0]°~_
w747 b3
ws3 -
3_
J11-g31- 9s
s 9wt
i -
LNy
200 400 600 800 1000 1200

m/z
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McLuckey cleavages, as evident in ESI Fig. S9 (Table S5).t
Notably, the two ASOs demonstrated variations influenced by
specific nucleobases present. In cases, where there were two or
more ions that have the same m/z but with different chemical
structures such as b-H,0 and a-2H, both were taken as possible
cleavages and are made evident in ESI Tables S1-S8.} Likewise
for isomeric cleavages such as d and w ions that consist of the
same nucleotide due to the symmetry of the sequence are rep-
resented by black dashed lines in Fig. 1.

Internal cleavages (Scheme 2), which contain neither
termini, have a range of possibilities, especially when multiple
nucleobases are present resulting in different cleavages with
the same m/z such as aw, bx, cy, and dz. Note, these refer to
cleavages of both @ and w on the backbone with the charge
retained in the middle (Scheme 2). Therefore, these were given
the character J (and not I to confuse with intensity) to summar-
ise the possibilities described in ESI Tables S1-S8.1 Further
fragmentation at the MS® level or MS/2DMS’ is necessary for
internal fragment discrimination. Due to the complexity of the
spectra not all product ions are labelled in Fig. 1, although
they are stated in ESI Tables S1 and S2.}

Fragmentation of both MALAT-1 (Fig. 1B and ESI Table 27)
and danvatirsen (ESI Fig. S10 and Table S6f) was conducted
using CID with an optimised collision voltage (i.e., a voltage
that yielded an informative fragmentation pattern, with

[M-8H-8H,0°~ [M-8H]*"

’,',,b1,}5: B b.f2B

S
|

T l:.\l - LI' ] t \lm LI [ B R 1
200 400 600 800 1000 1200 1400
m/z

Fig. 1 (A) EDD-MS/MS (22.4 eV bias with 0.2 s irradiation time) (B) CID-MS/MS (~6.2 V) and spectra of MALAT-1, [M — 8H]®", with cleavage diagrams
overlaid on top. Fragments generated from base and neutral loss were simplified to the McLuckey cleavages in the sequence diagram and internal

cleavages are marked by J, see ESI Tables S1 and S271 for full peak list.
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minimal secondary fragmentation occurring, whilst preserving
~50% of the intensity of the precursor ion). McLuckey clea-
vages with high abundance was observed adjacent to the [M —
8H]®~ precursor ion, which dissipated in abundance similar to
a pattern of a normal distribution. CID of these modified oli-
gonucleotides did not retain the site-specific a-B product ions
previously studied in literature.’”®> The absence of a-B frag-
ments, along with the prevalence of a/w, d/z, and non-comp-
lementary b/y series, can be attributed to the reaction pathways
discussed by Monn and Schurch.*® Remarkably, Fig. 1B (ESI
Table 2t) displays an abundance of »-B ions when using CID, a
phenomenon that has not previously been reported in litera-
ture. Consequently, it is possible that an alternative reaction
pathway is responsible for these observations, which warrants
further investigation. Additionally, there no non-proprietary
software to calculate base losses for fragment ions such as b-B.
Therefore, we have developed a program for identifying base
losses from ions outside the typical a-B ion, as discussed in
section 2.4.

MALAT-1 underwent extensive fragmentation by both CID-
and EDD-MS/MS, as displayed in Fig. 1, resulting in the clea-
vage of almost all of its nucleotides except for one, which was
located between the guanine and cytosine and consists of the
LNA groups (Scheme 1). Generally, a high degree of fragmenta-
tion was observed for the middle of the DNA chain, whereas
fragmentation was sparse for the LNA end groups due to the
modifications within the sugar and linker groups. Similarly,
the majority of the cleavages were located within the centre of
the DNA chain for danvatirsen as well (ESI Fig. S9, S10 and
Tables S5, S61). In this case, complete sequence coverage was
observed. Since the two ASOs consist of similar modifications
(i.e. cEt for danvatirsen and LNA for MALAT-1), we speculate
that the extent of sequence coverage may be dependent on the
type of nucleobase in the oligonucleotide, which for EDD was
previously shown to be G~ > T~ > C~ > A™.%” However, it is
important to note the measurements from Kinet et al.,®” were
obtained on oligonucleotides exclusively with the same nucleo-
tide, whereas mixed oligonucleotides may exhibit a different
effect.®® A reliable trend of nucleotide-based fragmentation
cannot be determined by our data due to several variables
such as modifications and combined effects from mixed
nucleobases. The EDD fragmentation method reported by
Hakansson and co-workers suggested that, due to the short
timescale of EDD, fewer secondary cleavages by base loss was
observed compared to CID.®® We observe similar trends in our
MS/MS experiments, which is summarised in Table 1.

3.2 Photodissociation using ultraviolet photon dissociation
and infrared multiphoton dissociation of MALAT-1 and
danvatirsen

In UVPD and IRMPD experiments, which are both photon-
based dissociation methods, the number and intensity of frag-
ments are moderated by their irradiation time and laser
power. Typically, the method involves increasing the laser
power to enhance the proportion of backbone cleavages until
the intensity of the product ions reaches a plateau.”®?

This journal is © The Royal Society of Chemistry 2024
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Table 1 Table summarising total number of peaks and cleavages
observed by four fragmentation methods for MALAT-1 and danvatirsen

CID EDD IRMPD UVPD

MALAT-1
Total peaks” 120 63 143 109
Backbone-retained peaks” 3 6 5 5
Assigned peaks® 93 44 80 73
McLuckey cleavages® 28 18 26 24
McLuckey cleavages with neutral loss® 32 3 27 10
McLuckey cleavages with base loss’ 21 12 13 15
Internal cleavages® 8 4 8 19
Unassigned peaks” 27 19 63 36
Assigned peaks’ (%) 78 70 56 67
Sequence coverage (%) 94 94 94 100
Fragmentation efficiency’ (%) 86 8 87 57

Danvatirsen

Total peaks” 174 121 120 158
Backbone-retained peaks” 4 5 0 9
Assigned peaks® 91 87 66 148
McLuckey cleavagesd 36 21 25 45
McLuckey cleavages with neutral loss® 17 3 8 13
McLuckey cleavages with base loss” 29 49 24 70
Internal cleavages® 6 9 9 13
Unassigned peaksh 83 34 54 10
Assigned peaks’ (%) 52 72 55 94
Sequence coverage (%) 100 100 100 100
Fragmentation efficiency’ (%) 83 28 88 56

“The total count of peaks observed in the mass spectrum after clustering
the isotope pattern (note, the isolated precursor ion is included in this
tally). ®Precursor ion fragmentation without backbone cleavage. °The
cumulative count of peaks due to McLuckey cleavages, McLuckey clea-
vages with either base loss or neutral loss, and internal cleavages. ¢ Total
number of peaks attributed to McLuckey cleavages (Scheme 1). °The
count of McLuckey cleavages accompanied by neutral losses such as
water, ammonia, and two atoms. “The total number of McLuckey clea-
vages involving the loss of a nucleobase from the fragment ion. £ Internal
fragments exhibit McLuckey cleavages on both ends of the chain and
contain neither termini (Scheme 2). ”Unassigned peaks that do not
correspond to McLuckey cleavages or internal fragments. ‘The ratio of
assigned peaks to the total number of peaks, expressed as a percentage.
J Fragmentation efficiency, which was determined using eqn (1).>

Therefore, the laser power and exposure time was adjusted
until the intensity of the product ions were fairly consistent for
both MALAT-1 (Fig. 2 and ESI Tables S3 and S41) and danvatir-
sen (ESI Fig. S11, S12 and Tables S7, S81). Numerous internal
fragments, denoted by J, were observed, as well as a, b, d, w, y,
and z ions for both methods, as shown in Fig. 2, albeit with
limited ¢ and x ions as previously shown in the literature.”®
Peak intensities for all assigned McLuckey cleavages are
summarised in ESI Fig. S14,1 which shows the relative inten-
sity (y-axis) of peak densities (i.e. number of peaks) across the
x-axis, specified for each fragmentation technique. UVPD evi-
dently shows fragment ion intensity similar to CID and
superior ion intensity to EDD (ESI Fig. S147). In addition, com-
plete sequence coverage was seen for MALAT-1, solely from
UVPD, with a new bond cleavage across the cytosine guanine
residue denoted by the ¢; ion. The emergence of charge-
reduced precursor ions [M — 7H]"™ and [M — 6H]°", originat-
ing from the isolated [M — 8H]*~ precursor ion, was observed

Analyst, 2024,149, 4687-4701 | 4691
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Fig. 2 (A) UVPD-MS/MS (2.6 mJ with 1 shot) and (B) IRMPD-MS/MS (11% laser power for 0.1 s) spectra of MALAT-1, [M — 8H]®", with cleavage dia-
grams overlaid on top. Fragments generated from base and neutral loss were simplified to the McLuckey cleavages in the sequence diagram and
internal cleavages are marked by J, see ESI Tables S3 and S4 for full peak list.

when electron detachment occurs in conjunction with a
proton.®* As a result, these precursor ions undergo secondary
fragmentation, which generates additional product ions and
increases the extent of sequence coverage. Finally, UVPD at
193 nm also produces the most internal fragments (J), which
contain neither termini, underscoring the ease with which
these bonds can break. These internal fragments exhibit simi-
larities to those reported in prior literature when solely using
UVPD; however, when using a combination of UVPD and CID,
termed electron photodetachment dissociation (EPD) on a
charged-reduced precursor ion can reduce the yield of internal
fragments.”

Conspicuously, product ions of the highest intensities were
seen using IRMPD (as shown in Fig. 2 and relative peak inten-
sities in ESI Fig. S141), which can be attributed to the
enhanced photon absorption at 10.6 um from the phosphate
groups.®>?> Nonresonant ion activation was found to reduce
the uninformative base loss from the precursor when using
CID into a-B and w fragment ions.”® These base loss cleavages
do not provide any sequence information as the backbone is
retained.” Nevertheless, IRMPD of these modified oligonu-
cleotides increased the number of the uninformative base loss
ions, as well as generating charge reduced anions with base
loss. The number of internal fragments was comparable to
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UVPD, where base loss of A and T is dominant for both tech-
niques. IRMPD, like CID and EDD displayed the same
sequence coverage with the absence of the G and C cleavage
on the 5 end. A full comparison of all four techniques for
both oligonucleotides is discussed in section 3.3.

3.3 Comparison of CID, EDD, IRMPD, and UVPD for
MALAT-1 and danvatirsen

By taking a multimodal fragmentation approach using CID,
EDD, IRMPD and UVPD, complementary information can be
obtained, allowing for more confident structural characteris-
ation of an oligonucleotide. Each technique has its advantages
and limitations, and in some cases yields complex spectra with
numerous ambiguous and unassigned peaks. The total
number of peaks, McLuckey cleavages (Scheme 1), McLuckey
cleavages with neutral losses (such as water and ammonia,
which is shown in ESI Tables S1-S8f), McLuckey cleavages
with base loss and internal (which refer to base losses for all
product ions i.e. the ones outside the standard a-B, and clea-
vages on both sides of the sequence, otherwise known as
internal fragments), unassigned peaks, and fragmentation
efficiency are summarised in Table 1. Fragmentation efficiency
was calculated from eqn (1) reported by Brodbelt and co-
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workers,”® where F; is the abundance of each product ion and
P is the intensity of the precursor ion after ion activation.

Y F

Fragmentation Efficiency = W x 100% (1)
i
i

McLuckey cleavages (Scheme 1) break the oligonucleotide
across its phosphate backbone, generating fragment ions that
help to elucidate the exact sequence of the oligonucleotide.
Generally, a consistent number of McLuckey cleavages was
observed across the four different fragmentation techniques.
However, when accounting for the neutral losses, a significant
distinction of the number of cleavages between techniques
was evident. Neutral losses such as water or ammonia from
the McLuckey cleavages can occur (ESI Tables S1-S81) which
was shown to be significant by the sheer number of cleavages
in Table 1. Possible neutral losses can be attributed to the
pathways described by Wan et al.”*> Fragmentation of danvatir-
sen displayed the largest increase of neutral losses when using
UVPD, which was not observed for MALAT-1, and this could be
attributed to the differences in the backbone ie., LNA for
MALAT-1 and cEt for danvatirsen.

Internal fragments previously aided in structural elucida-
tion of unknown peaks, which enhanced the sequence cover-
age observed of proteins.”’ Due to the limited number of
nucleotides (5), and relatively large number of amino acids
(20), short stretches of nucleotides tend to be repeated.
Although the number of repeated nucleotides can be reduced
by modifications to the nucleobase, sugar, and linker, it is still
not adequate to eliminate the possibility of repeated nucleo-
tides within the assigned internal fragments. Consequently,
within each peak, there exist numerous potential assignments
for internal fragments. To simplify the analysis of isomeric
ions generated from a given m/z value, multiple possible frag-
ment ions were grouped together and counted as one. This
approach was adopted due to the challenge of determining the
specific combination responsible for each peak. Base loss and
internal fragments peaks were similar across CID and both
photodissociation techniques, where the fewest were observed
with EDD. Interestingly, the occurrence of base loss in EDD is
not universally observed; however, prior literature suggests
that the presence of a base can significantly impact the frag-
mentation pattern.®” While it cannot be completely ruled out,
it is possible that any base loss events are present at levels
below the detection threshold due to the low fragmentation
efficiency when using EDD.

Characterising oligonucleotides involves assigning the
product ions from a known sequence in tandem MS experi-
ments. However, fragmentation of these modified oligonucleo-
tides yields intricate mass spectra, which can have compli-
cations to analyse particularly when peaks are closely spaced.
By achieving high mass resolution, ions of similar m/z values
can be distinguished, as well as improving mass accuracy and
precision. In addition, high mass resolution allows for the
detection of fine isotopic peaks, which can be used to deter-
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mine the elemental composition of a compound.** For
example, the correct number of sulfur atoms can be calculated
solely from the ratio of the resolved **S peak area to the monoi-
sotopic peak area as described in ESI Fig. S131.** A total of
four sulfur atoms was calculated, which was expected for a
w,>~ fragment ion with a phosphorothioate backbone.

Ideally, there should be sufficient peaks for full structural
characterisation, without additional complexity. Danvatirsen
exhibited complete sequence coverage using any of the dis-
sociation techniques (as shown in ESI Fig. S9-S127), conse-
quently, the technique of choice can be determined by the pro-
portion of assigned peaks, which for CID and IRMPD was
limited to ~50%. Contrastingly, product ions from EDD and
UVPD display the most McLuckey cleavages, with UVPD result-
ing in ~94% assignment coverage. Although fewer peaks were
observed when wusing EDD, the structural information
observed from McLuckey cleavages remained intact, which
simplifies data interpretation. Base loss exclusively occurred
within the DNA sequence and was not observed in the LNA
strands for both oligos, consistent with findings in existing
literature.”®

Complete sequence coverage determined by tandem MS of
MALAT-1, previously discussed in sections 3.1 and 3.2, was
limited by a G and C cleavage within the cEt group at the 5’
end. Interestingly, CID and IRMPD both exhibited a high
quantity of peaks and greatest fragmentation -efficiency
(Table 1) but did not fully characterise the sequence, whereas
full sequence coverage was observed solely by UVPD. In situ-
ations where there was minimal fragmentation efficiency
(based on the intensity of fragment ions) as shown by EDD,
the ratio of peaks assigned was comparable to UVPD, which
makes EDD a viable technique for oligonucleotide
characterisation.

Although the majority of the fragment ions can be assigned
as McLuckey cleavages, and McLuckey cleavages with losses
discussed in Table 1, the number of unassigned peaks cannot
be ignored. Relative peak intensities for the unassigned peaks
generated by the four fragmentation techniques are summar-
ised in Fig. 3.

Without appropriate validation, peaks outside the standard
McLuckey cleavages cannot be conclusively assigned and have
been noted in ESI Tables S1-S8f with their respective m/z.
Differences in relative peak intensities of the unassigned
peaks in Fig. 3 compared to the assigned McLuckey cleavages
in ESI Fig. S141 were found to be minimal. Similar peak inten-
sities indicate that alternative reaction pathways could occur
for these modified oligonucleotides to yield fragment ions of
similar stabilities to McLuckey ions, which could be due to the
different location of charge sites or secondary fragments from
McLuckey cleavages.*®

Fragmentation efficiency between CID and IRMPD were
found to be similar for both oligonucleotides as shown in
Table 1. As a result, it is anticipated that the peak intensities
will be comparable in values. Conversely, Fig. 3 (fragment ions
that remain unassigned) illustrates that the relative peak inten-
sity of IRMPD is substantially greater, which suggests that
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Fig. 3 Beeswarm plot of the relative intensities for each unassigned peak of MALAT-1 (navy) and danvatirsen (orange) produced by tandem MS
using CID, EDD, IRMPD, and UVPD. Each point represents a single peak, which is evenly spaced in the x-axis to prevent overlap, where 50-60% of
the peaks are plotted due to the large number of peaks. Zoom-in on EDD is provided due to low abundance of peaks. Total number of peaks is over-
laid on top, see Table 1. Similar plot for assigned peaks can be found in ESI Fig. S14.+

majority of the product ions produced fall outside the stan-
dard McLuckey cleavage and currently remain unknown.
Where CID and UVPD both have comparable relative peak
intensities (Fig. 3), the fragmentation efficiency of UVPD is
lower (Table 1). Hence similar peak intensities for both
unknowns and assigned peaks (ESI Fig. S141) were seen by
UVPD. Although, negligible peak intensities with relative abun-
dances of <2% were observed when using EDD, the majority of
the fragment ions can be assigned to McLuckey cleavages
(where ESI Fig. S141 shows no significant enhancement of
relative intensity for the assigned peaks). Therefore, it can be
concluded that the majority flux of product ions yields
McLuckey cleavages and its analogues when using CID or
UVPD.

3.4 Two-dimensional electron detachment dissociation mass
spectrometry of danvatirsen

2DMS is a data independent analysis technique that can corre-
late the fragments to the precursor ion based on their modu-
lation frequencies. Therefore, tandem MS spectra of multiple
precursor ions can be obtained simultaneously. Given that
complete sequence coverage was achieved regardless of the dis-
sociation technique, danvatirsen was suited for this study.
Furthermore, to avoid complications of ion suppression from a
complex mixture of oligonucleotides, this study will be focus-
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ing on the multiple charge states of a single oligonucleotide.
Currently, 2DMS is restricted to electron- and laser-based frag-
mentation to avoid the use of collision gas for CID in the ICR
cell. As discussed in section 3.3, IRMPD was found to produce
complex spectra without providing additional structural infor-
mation, and therefore is no longer considered in this study.
Thus, fragmentation using EDD and UVPD (section 3.5) was
investigated in tandem with 2DMS.

Initial examination of the 2D-EDD mass spectrum obtained
displayed three high intensity fragment lines, corresponding
to the three most abundant charge states of danvatirsen. The
autocorrelation line (ESI Fig. S16A and Table S97) displays all
the precursors, and in this case eight different charge states
were visible; however, the signal was lost in the noise for all
precursors with a lower relative abundance than [M — 5H]"".
Additional precursor ions observed in 2DMS, as opposed to
1DMS (refer to ESI Fig. S31), may be attributed to potential oxi-
dative degradation occurring when using nESI during the
extended runtime of 2DMS experiments (ESI Fig. S16%),”
which typically span 1-2 hours, or due to inherent instability
of the sample in solution.

A decrease in precursor ion intensity (ESI Fig. S16A and
Table S9t) leads to a corresponding decrease in the intensity
of the resulting fragments extracted from the fragment line
(ESI Fig. S16B-D and Tables S10-127). Through comparison of
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the same charge state, [M — 8H]*", between the 2DMS (ESI
Fig. S16Df) and 1DMS (ESI Fig. S9t) experiments, greater
sequence coverage is observed in 1DMS, and this could be
attributed to the enhanced signal of the fragments in 1DMS. A
total of 250 scans were accumulated and averaged in the
1DMS, whereas 2048 scan lines were incremented across all
precursor ions in 2DMS. Further, due to the increment delay
in the 2D pulse sequence,® the precursor ion may not always
undergo consistent fragmentation. However, full sequence cov-
erage can be observed in the 2DMS when accounting for all
the charge states.

Fragmentation across multiple charge states was shown to
be inconsistent (ESI Fig. S161) an effect previously seen with
2DMS when a common evolution pulse is used for different
precursor ions.”® Since the evolution pulse is required for pre-
cursor ion modulation and subsequent separation in the
y-dimension, the pulse used can impact the level of fragmenta-
tion (ESI Fig. S17t) which was exclusively carried out for the
[M — 8H]*" precursor ion. Therefore, an average pulse was
used for the whole spectrum,®* to limit the bias for a particular
precursor ion.

The vertical lines in 2DMS displays common fragments
shared across different precursor ions. One example can be
seen in ESI Fig. S16E,} which displays wg>~ fragment shared
across multiple charge states of the same precursor ion.
Although this is not entirely unexpected, the method can be
expanded to identify overlapping sequences within different
ASOs. For example, an ASO with the sequence AATTA and
another with the sequence AAT can be recognised as having
the same subsequence even when they occur in distinct ASO,
which can become valuable in evaluating similar sequences
with an impurity. This approach is similar to a precursor ion
or product ion scan. However, conducting such experiments
would necessitate multiple iterations and could consume a sig-
nificant amount of time. Furthermore, employing a 2DMS plot
facilitates improved visualisation of shared fragments and
enables the identification of additional details, such as neutral
losses (e.g., water) for each precursor ion.

3.5 Effect of charge state on EDD fragmentation efficiency

An important observation of 2D-EDD-MS (ESI Fig. S16t) was
the low abundance of fragment ions, particularly for the lower
charge states. It was then investigated the trends of charge
states in both 2DMS and 1DMS by maintaining the EDD bias
to an optimised value of 22.8 eV for danvatirsen, which can be
seen in Fig. 4. Fragmentation efficiency from precursor ions
with charge states ranging from [M — 9H]°~ to [M — 5H]°~ was
measured for tandem MS experiments. Whereas, for 2DMS a
smaller range of [M — 8H]’” to [M — 5H]°~ was used, since
fragment ion intensity of those generated from the [M — 9H]*~
precursor ion was within the noise peaks.

The model of EDD described by Budnik et al., is considered
the standard for this mechanism.®® Electron detachment
creates a charge-reduced intermediate state, which undergoes
non-ergodic dissociation at electron energies >10 eV.®> As
shown in Fig. 4A, highly charged precursor ions yield rich frag-
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Fig. 4 Fragmentation efficiency for each charge state of danvatirsen
when using EDD at 22.8 eV bias for an irradiation time of 0.5 s in a (A)
1DMS experiment and (B) 2DMS experiment. Distance of closest
approach for an electron to the precursor ion of a particular charge
state is marked by a cross ('x’).

mentation, which reduces for lower charge states; an obser-
vation which is not too dissimilar to ECD of peptides and pro-
teins.”® Therefore, it can be concluded that a densely charged
precursor ion promotes strong intramolecular repulsions,
which in turn facilitates dissociation.®®

Furthermore, a more recent study of EDD of modified oligo-
nucleotides by Karasawa et al., reported a similar trend, which
uses a neutral electron-nitrogen plasma to lessen the coulom-
bic repulsion.®® Since, the electron beam experiences repulsive
coulombic forces from the precursor anion, a higher charge
state would reduce the fragmentation efficiency, as shown by
EDD of 61-mer RNA.®® However, the trend in Fig. 4 suggests
otherwise, which could be due to the 100-fold increase in dis-
sociation efficiency of a PS backbone compared to the stan-
dard PO backbone,’® hence diminishing the effects of coulom-
bic repulson.

By considering the distance of closest approach, as deter-
mined by the equation g¢,q,/4ne,V (where q is the electron
charge, ¢, is vacuum permittivity and V is the electron bias),
the electron distances can be calculated. The manifestation of
coulombic repulsion becomes apparent as the charge states
exhibit electron proximity ranging from approximately 3.16 A
to 5.68 A (Fig. 4A), with the smaller charge states demonstrat-
ing comparatively shorter electron proximity. Furthermore,
this observation confirms the presence of significant intra-
molecular repulsions in the higher charge states, causing their
dissociation when an electron is within ~5 A of them.

In the 1DMS analysis of danvatirsen (Fig. 4A), precursor
ions with lower charge states result in exponentially lower frag-
mentation efficiency. In general, higher charge states demon-
strate greater propensity for dissociation compared to lower
charge states, thereby elucidating this observed trend.
Conversely, fragmentation efficiency decreases linearly with
decreasing charge state when 2DMS is used. One explanation
for this phenomenon resides in the time-modulation used in
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2DMS,** which can significantly impact the level of fragmenta-
tion due to the varying positions of precursor ions from one
scan to another. Thus, providing different trends when com-
pared to 1DMS. Additionally, the fragmentation efficiency
observed in 2DMS is approximately half of the standard 1DMS
(Fig. 4) despite the large number of scan lines, thus confirm-
ing precursor ions outside or bordering the fragmentation
zone of the electron beam will not undergo efficient dis-
sociation. A potential solution to this problem was proposed
by developing a 2DMS method, which accumulates and
averages the data instead of incrementing over N scan lines.

3.6 Accumulate two-dimensional ultraviolet
photodissociation mass spectrometry of danvatirsen

Complete sequence coverage was observed for both gapmer oli-
gonucleotides when using UVPD, which was discussed in
section 3.3. Consequently, UVPD coupled to 2DMS was a
logical progression, especially with the recent success of
2D-UVPD-MS when applied to other classes of molecules.>® We
therefore investigated the effects of 2D-UVPD-MS of danvatir-
sen as shown in Fig. 5, similar to 2D-EDD-MS discussed in
section 3.5.

The methodology behind section 3.5 outlines the typical
approach for conducting 2DMS experiments, where a single
scan is summed over N scan lines (¢; rows), which corresponds
to the number of increment delays (¢;) as described in
Marzullo et al.>® If the electrospray is stable, it is anticipated
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that the precursor ion will remain intact, consequently, gener-
ating ¢; noise (scintillation noise), Fig. 5B and D, which can be
removed by appropriate denoising algorithms,'*® as shown in
Fig. 5A and C.

A qualitative measurement displays that denoising was suc-
cessful based on the suppression of the vertical streaks in
Fig. 5A (ESI Table S14}) and Fig. 5C (ESI Table S18t), where
denoising was applied. However, in the standard 2DMS
approach using 1024 t; rows (Fig. 5A),>® the paucity of frag-
ments is readily apparent. As prior research has indicated,
laser- and electron-based dissociation have distinct fragmenta-
tion zones.®* One straightforward experiment was conducted
to compare the relationship between the evolution pulse (i.e.
first pulse applied to separate the precursor ions) and the yield
of fragment ions after dissociation, which can be seen in ESI
Fig. S17.1 A gaussian-shaped laser beam and wide fragmenta-
tion regions due to the hallow-cathode was observed, which is
consistent with previous observations.®* An optimised evol-
ution pulse was determined between 20-30 Vp, for
2D-UVPD-MS experiments. One can speculate that the scarcity
of fragment ions observed in Fig. 5A is possible due to the
short pulse length of the UV laser, illustrating a need to
accumulate multiple scans per ¢; increment.

A novel 2DMS pulse sequence was devised by keeping ¢; at a
constant value across multiple scans (m = 8), accumulating
data from each scan, and subsequently computing the average.
The process involved incrementing ¢, and repeating the iter-
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Fig. 5 2D-UVPD-MS of danvatirsen performed with 3 shots of 2 mJ using ArF laser at 193 nm when (A) a single scan (1 M x-axis by 1024 y-axis data
points) was denoised using sane (rank = 10) and (B) prior to denoising. Subsequently, (C) accumulated and averaged (1 M x-axis by 1024 y-axis data
points) for 8 scans with denoising sane (rank = 10) and (D) prior to denoising. Fragment lines (x-axis) corresponding to the [M — 8HI®~ and [M —

7HI”~ precursors are available in ESI Fig. S18 and S19,7 respectively.
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ation, as illustrated in ESI Fig. S2.7 SNR was shown to enhance
when accumulating 8 scans by the greater number of fragment
lines displayed in Fig. 5C (ESI Table S187). Mass spectra for the
respective fragment lines are shown in ESI Fig. S18,7 which
highlights that this approach increases the number of peaks
with improved sequence coverage compared to analysing a
single scan alone (60% to 70% sequence coverage). For this
case, the [M — 7H]"~ displayed the greatest SNR, thus fragments
were extracted and compared between the four data sets in
Fig. 5, with fragment ions commonly observed across multiple
data sets reported in Table 2. Moreover, by accumulating and
averaging, the noise harmonic observed at m/z 1000 (1/2 of high
mass cut-off at m/z 2000) is made redundant (Fig. 5A and B),
whilst the third harmonic (at m/z 667) grew in amplitude, which
suggests that the former is random noise in the data.

Denoising is also valuable for eliminating false positives,
which can pose a significant challenge in data analysis. All m/z
values were reported in ESI Tables S13-S20t for the denoised
and raw data to highlight the difficulty in identifying the
appropriate fragment ion. Given that acceptable calibration
was only attainable from spectra exhibiting the highest SNR,
an approach was adopted involving the accumulation of 8
scans in 2D with denoising; subsequently, the remaining
spectra were externally calibrated based on the calibration
obtained from the accumulated dataset. By comparing the raw
(i.e., no denoising) (ESI Fig. S19 and Tables S16, S201) and
denoised (ESI Fig. S18 and Tables S14, S18%) extracted frag-
ment lines of the [M — 7H]"~ precursor ion, a reduction of
~25% “noisy” peaks were observed, which improves the
quality of the mass spectra. Additionally, by accounting for
mass accuracy (ESI Tables S13-S201 with average mass errors
of <1 ppm) with the application of the denoising approach, it
is anticipated that there will be a decrease in the number of
false positives.

The SNR exhibits a square root relationship with the
number of scans, as the signal is amplified while the random
noise averages out in the time domain.'®* Therefore, a similar
effect is anticipated in the time domain (y-axis) of 2DMS.
Table 2 shows the SNR enhancement of fragment ions by
approximately 1.7 to 3-fold when acquiring 8 times as many
scans per t; increment. Variation in peak intensity can be
attributed to the degree of fragmentation and stability of the
pulses. Nevertheless, a greater number of fragment ions were
observed. Furthermore, denoising was shown to be crucial, as
it resulted in a signal enhancement greater than 3-fold and
allows for the identification of low-intensity peaks that may be

Table 2 Signal-to-noise ratio of common fragments and precursor
with and without t; denoising (sane rank 10)

Peak assignment wg®~ wpp?” [M - 7H]"~
Denoised 1 scan 39.6 13.1 1237.5
Denoised 8 scan 65.9 37.7 1147.7
1 scan 11.6 3.8 719.8
8 scan 20.1 11.5 915.6
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missed in noisy spectra (SNR of 3.8 is within the noise
threshold). As a result, SNR enchantment of 6 to 10-fold is
expected when coupling multiple-scan accumulations and
denoising (one outcome of this is an improvement in
sequence coverage, increasing from 50% to 69%).

Nevertheless, a limitation of this approach is the natural
increase in accumulation time required for accumulating
scans, which in turn necessitates a larger sample volume.
However, with the utilisation of nESI, the increase in sample
volume can be restricted to approximately 10-15 pL. In
addition, the computational processing time required for such
analyses can be significant, depending on the available com-
putational power. However, the extensive structural infor-
mation obtained through 2DMS can greatly enhance the confi-
dence and reliability of the obtained results. Overall, a SNR
increase of threefold of the square root of number of scans
was observed. Interestingly, the precursors are more similar in
SNR, and this could be attributed to the calculations from
sane denoising.

Also increasing the number of ¢, rows (scan lines) increases
the resolution in the precursor ion dimension, analogous to
increasing the transient length in 1DMS. Higher resolution
implies narrower peaks, and since peak area is constant, the
overall SNR is improved. If a stable signal is observed through-
out the whole 2DMS, improvements to SNR would be expected
by increasing the number of ¢; rows. However, for low intensity
fragments (e.g., w;,*” from Table 2), the level of SNR would
reach a limit as the number of scan lines is increased (ESI
section 27). Simulations for 2DMS are shown in ESI section 2
(Fig. S20-S26)7 with the respective Python source code.

In 2DMS, an ideal transient would exhibit a lack of noise in
both the x-axis and y-axis, with the y-axis being unaffected by
decay since it relies on the stability of the electrospray (ESI
Fig. S207). However, noise present in the x-axis can impact the
observed signal in the y-axis, as it is indirectly observed
through the x-axis (ESI Fig. S21 and 22%). By accumulating
scans, it becomes possible to enhance the signal rather than
acquiring multiple transients that are enhanced with noise.
Furthermore, by averaging multiple scans, the overall data size
is reduced (by the number of scans), which greatly reduces
computational time for data processing and data storage
requirements.

Consequently, the utilisation of 2DMS can be expanded to
explore and detect the diverse impurities that may emerge
during synthesis.'**'% Accumulating scans in 2DMS, as show-
cased in ESI Fig. S27,7 elucidates the presence of a compound
roughly 2.3 Da lower than the [M — 7H]"~ precursor, which is
indicative of a mass difference of about 16 Da, and this can be
attributed to a PO impurity. Therefore, by accumulating the
spectra, the issue of low-intensity fragment ions being over-
looked is effectively addressed, enabling their detection and
analysis, and unlocking the full potential of 2DMS.

3.7 Data analysis using in-house Python script

Throughout this study, theoretical m/z values for various
product ions were generated using a custom Python script
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developed in-house. This was necessary as there are no existing
open-source software options that adequately consider modifi-
cations and calculate masses with base losses for fragment
ions, except for a-B fragment ions. Hence, it became evident
that the development of our own program was essential to
fulfil this specific requirement. Fragment ions were verified by
cross-checking  standard = McLuckey  cleavages  with
RoboOligo,”® before being used to automate assignment from
a Bruker mzXML file. Code availability for the generation of
custom mass lists of oligonucleotides is presented in section
2.4.

Firstly, the program for calculating fragment ions is highly
flexible, allowing users to modify the nucleobases as they
please and create new codes to represent modified nucleo-
bases, as displayed in ESI Fig. S27.1 Additionally, various back-
bones, including PO and PS are viable options. To account for
a locked nucleobase (where the chemical formula of the linker
can also be modified) a special character “d” (derivatised) was
employed. Internal fragment calculations proposed by Loo and
co-workers,”® were included into this approach. To save com-
putational time, internal fragments were calculated from the
initial McLuckey cleavages, with base losses and neutral losses
taken into consideration at the end. Finally, by setting a low
and high cut-off mass with a maximum number of charge
states, the computational time was significantly reduced, gen-
erating a mass list within seconds.

Next, automatic mass assignment was performed by first
taking into account the charge of each ion and then prioritis-
ing masses with low (sub-ppm) mass errors. In cases where
multiple fragment ions shared the same m/z value, all poten-
tial combinations were taken into account. Likewise, fragment
ions with identical m/z but distinct neutral losses, such as b-
H,0 and a-2H, were considered. It is important for the user to
select the correct neutral loss to avoid incorrect assignment.
Furthermore, the approach allows the user to customise the
neutral losses (and adducts) as they see fit. Charged base loss
(CBL)” was not observed with danvatirsen or MALAT-1.
However, the calculation was left for the user to explore the
potential possibilities. During the analysis of the mass spec-
trum, additional adducts were observed e.g., sodium adducts,
as shown in ESI Fig. S5 and S6.f Consequently, calculations
were conducted in a similar manner to the neutral loss calcu-
lations, but instead of deducting masses, the masses were
summed. Our approach has the potential to include amino
acids as well, since the user is not limited to the standard
nucleotides. We propose an extension to the source code to
include a nucleotide backbone with amino acids as bases and
vice versa, an application presently unavailable in any existing
software program.

4. Conclusion

Multimodal activation techniques and 2DMS was employed
using an FT-ICR. The FTICR resolving power and mass accu-
racy advantages were clearly helpful in this research, but the
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key transformative capability of the instrument in this context
is the ability to perform so many different fragmentation
methods all on the same instrument, thereby saving resources
for the analysis of two gapmer oligonucleotides, namely
MALAT-1 and danvatirsen. These modified oligonucleotides
exhibited extensive fragmentation, leading to a significantly
higher number of cleavages compared to biological counter-
parts. A consequence of richer product ion spectra is the
increased challenge of characterising the fragment ions. Using
1DMS and selecting a specific precursor ion, it was demon-
strated that UVPD generated sufficient assignable product ions
to enable full characterization of the sequence of both oligonu-
cleotides, with the lowest number of unassigned peaks.
Fragment ions with the greatest peak intensities were observed
when using IRMPD; however only half of them were success-
fully assigned. Equivalent sequence coverage and a similar
number of assigned fragment ions were observed by both CID
and EDD. This study was extended to 2DMS analysis fragment-
ing all precursor ion charges states of the oligonucleotides.
However, CID is not currently compatible with 2DMS, and thus
only EDD and UVPD were evaluated.

2D-EDD-MS enabled complete sequence coverage when
accounting for all charge states. Precursor lines (vertical lines)
in 2DMS identify common fragments among different precur-
sors, which can help to decipher shared regions within the
sequence. As a result, we propose 2DMS as a method for
potential oligonucleotide sequencing. Higher charge states
were shown to exhibit greater fragmentation efficiency when
using EDD. We suggest that this enhanced dissociation from
the phosphorothioate backbone can counteract the effects of
coulombic repulsion.

A pilot study was conducted using 2D-UVPD-MS with
accumulation on danvatirsen, which demonstrated its feasi-
bility. Although 2DMS did not replicate the superior sequence
coverage observed in 1DMS, we noticed an enhancement of
sequence coverage by acquiring multiple scans. Three-fold
signal enhancement with the square root of the number of
scans was observed when scans were accumulated, averaged
and subsequently denoised with existing denoising algor-
ithms, which allows for future 2DMS experiments to be
acquired with greater SNR.

Lastly, an advanced non-proprietary software is showcased,
enabling oligonucleotide mass calculations with virtually
unlimited possibilities for user-defined modifications. This
program accounts for base losses for fragment ions outside
the standard a-B, neutral losses, charged base loss, and
adducts.

Data availability

FTICR datasets are very large, and the datasets in this manu-
script sum to about 1 terabyte of data. So far, the public raw
data repositories are unable to handle such dataset size. To get
around this issue, we create peaklists, and section 2.4 in the
experimental section of the manuscript discusses the method-

This journal is © The Royal Society of Chemistry 2024
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ologies used to create such peaklists from the raw datasets.
The peaklists are published in the ESI{ alongside the paper.
Peaks are included whether we can assign them or not, which
is why the ESIf is 86 pages long.

Furthermore, if anyone is interested, all of the raw transient
data in this report are available upon request from the
authors.

The source code used for data analysis is publicly available
at  https:/github.com/MKRahman97/Oligonucleotide_mass_
calculator.

Conflicts of interest

SWH and ADR are employees of AstraZeneca and hold stock
ownership or stock interests in the company.

Acknowledgements

We thank Ionis and AstraZeneca for providing the oligonucleo-
tides used in this study. We extend our gratitude to the follow-
ing funding agencies and grants that have allowed this work to
be performed: analytical science centre for doctoral training,
University of Warwick in collaboration with AstraZeneca. This
work was supported by the following funds: EPSRC (J000302/1,
V007688/1, V007718/1, N033191/1), BBSRC (R022399/1,
V011456/1), and H2020 EUFT-ICR MS network (project
731077). Finally special thanks go to the O’Connor group and
Chris Wootton for their support.

References

1 M. L. Stephenson and P. C. Zamecnik, Proc. Natl. Acad.
Sci. U. S. A., 1978, 75, 285-288.

2 S. T. Crooke, Nucleic Acid Ther., 2017, 27, 70-77.

3 J. Kurreck, Eur. J. Biochem., 2003, 270, 1628-1644.

4 J. D. Watson and F. H. Crick, Nature, 1953, 171, 737-738.

5 T. A. Vickers, S. Koo, C. F. Bennett, S. T. Crooke,
N. M. Dean and B. F. Baker, J. Biol. Chem., 2003, 278,
7108-7118.

6 S. T. Crooke, Annu. Rev. Pharmacol. Toxicol., 1992, 32, 329—
376.

7 V. Gabelica, Nucleic Acids in the Gas Phase, 2014.

8 T. C. Roberts, R. Langer and M. J. A. Wood, Nat. Rev. Drug
Discovery, 2020, 19, 673-694.

9 S. T. Crooke, X. H. Liang, B. F. Baker and R. M. Crooke,
J. Biol. Chem., 2021, 296, 100416.

10 M. Egli and M. Manoharan, Nucleic Acids Res., 2023, 51,
2529-2573.

11 C. A. Stein and D. Castanotto, Mol. Ther., 2017, 25, 1069-1075.

12 R. Kole, A. R. Krainer and S. Altman, Nat. Rev. Drug
Discovery, 2012, 11, 125-140.

13 K. Dhuri, C. Bechtold, E. Quijano, H. Pham, A. Gupta,
A. Vikram and R. Bahal, J. Clin. Med., 2020, 9, 2004, DOI:
10.3390/jcm9062004.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

14 S. Kauppinen, B. Vester and J. Wengel, Locked Nucleic
Acid: High-Affinity Targeting of Complementary RNA for
RNomics, in RNA Towards Medicine, Handbook of
Experimental Pharmacology, Springer Berlin Heidelberg,
2006, vol. 173, pp. 405-422.

15 R. N. Veedu and J. Wengel, Chem. Biodivers., 2010, 7, 536-
542.

16 J. A. Kulkarni, D. Witzigmann, S. B. Thomson, S. Chen,
B. R. Leavitt, P. R. Cullis and R. van der Meel, Nat.
Nanotechnol., 2021, 16, 630-643.

17 S. M. Hammond, A. Aartsma-Rus, S. Alves, S. E. Borgos,
R. A. M. Buijsen, R. W. ]J. Collin, G. Covello, M. A. Denti,
L. R. Desviat, L. Echevarria, C. Foged, G. Gaina, A. Garanto,
A. T. Goyenvalle, M. Guzowska, 1. Holodnuka, D. R. Jones,
S. Krause, T. Lehto, M. Montolio, W. Van Roon-Mom and
V. Arechavala-Gomeza, EMBO Mol. Med., 2021, 13, €13243.

18 K. Chen, B. S. Zhao and C. He, Cell Chem. Biol., 2016, 23,
74-85.

19 B. A. Anderson, G. C. Freestone, A. Low, C. L. De-Hoyos,
W. ]J. D. Iii, M. E. Ostergaard, M. T. Migawa, M. Fazio,
W. B. Wan, A. Berdeja, E. Scandalis, S. A. Burel,
T. A. Vickers, S. T. Crooke, E. E. Swayze, X. Liang and
P. P. Seth, Nucleic Acids Res., 2021, 49, 9026-9041.

20 D. Hong, R. Kurzrock, Y. Kim, R. Woessner, A. Younes,
J. Nemunaitis, N. Fowler, T. Zhou, J. Schmidt, M. Jo,
S. J. Lee, M. Yamashita, S. G. Hughes, L. Fayad, S. Piha-
Paul, M. V. Nadella, M. Mohseni, D. Lawson, C. Reimer,
D. C. Blakey, X. Xiao, J. Hsu, A. Revenko, B. P. Monia and
A. R. MacLeod, Sci. Transl. Med., 2015, 7, 314ra185.

21 M. S. Kupryushkin, A. V. Filatov, N. L. Mironova,
O. A. Patutina, I. V. Chernikov, E. L. Chernolovskaya,
M. A. Zenkova, D. V. Pyshnyi, D. A. Stetsenko, S. Altman and
V. V. Vlassov, Mol. Ther.-Nucleic Acids, 2022, 27, 211-226.

22 E. Marrosu, P. Ala, F. Muntoni and H. Zhou, Mol. Ther.—
Nucleic Acids, 2017, 8, 416-427.

23 M. Shin, I. L. Chan, Y. Cao, A. M. Gruntman, J. Lee,
J. Sousa, T. C. Rodriguez, D. Echeverria, G. Devi,
A. J. Debacker, M. P. Moazami, P. M. Krishnamurthy,
J. M. Rembetsy-Brown, K. Kelly, O. Yukselen, E. Donnard,
T. J. Parsons, A. Khvorova, E. J. Sontheimer, R. Maehr,
M. Garber and ]J. K. Watts, Nucleic Acids Res., 2022, 50,
8418-8430.

24 H. Yasuhara, T. Yoshida, K. Sasaki, S. Obika and T. Inoue,
Mol. Diagn. Ther., 2022, 26, 117-127.

25 A. C. Pease, D. Solas, E. J. Sullivan, M. T. Cronin,
C. P. Holmes and S. P. Fodor, Proc. Natl. Acad. Sci. U. S. A.,
1994, 91, 5022-5026.

26 R. J. Lipshutz, S. P. A. Fodor, T. R. Gingeras and
D. J. Lockhart, Nat. Genet., 1999, 21, 20-24.

27 S. Myllykangas, J. D. Buenrostro, G. Natsoulis, J. M. Bell
and H. P. Ji, Nat. Biotechnol., 2011, 29, 1024-1027.

28 J. Rozenski and J. A. McCloskey, J. Am. Soc. Mass
Spectrom., 2002, 13, 200-203.

29 S. Wein, B. Andrews, T. Sachsenberg, H. Santos-Rosa,
O. Kohlbacher, T. Kouzarides, B. A. Garcia and
H. Weisser, Nat. Commun., 2020, 11, 926.

Analyst, 2024,149, 4687-4701 | 4699


https://github.com/MKRahman97/Oligonucleotide_mass_calculator
https://github.com/MKRahman97/Oligonucleotide_mass_calculator
https://github.com/MKRahman97/Oligonucleotide_mass_calculator
https://doi.org/10.3390/jcm9062004
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00484a

Open Access Article. Published on 18 July 2024. Downloaded on 4/7/2026 11:13:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

E. J. Dupree, M. Jayathirtha, H. Yorkey, M. Mihasan,
B. A. Petre and C. C. Darie, Proteomes, 2020, 8, 14.

Y. Simanjuntak, K. Schamoni-Kast, A. Grun, C. Uetrecht
and P. Scaturro, Viruses, 2021, 13, 668.

L. Tsiatsiani and A. J. Heck, FEBS J., 2015, 282, 2612—
2626.

J. L. Nickerson, V. Baghalabadi, S. Rajendran,
P. J. Jakubec, H. Said, T. S. McMillen, Z. Dang and
A. A. Doucette, Mass Spectrom. Rev., 2023, 42, 457-495.

J. L. Stephenson and S. A. McLuckey, J. Am. Chem. Soc.,
1996, 118, 7390-7397.

J. A. Loo, C. G. Edmonds and R. D. Smith, Science, 1990,
248, 201-204.

D. C. Muddiman and R. D. Smith, Rev. Anal. Chem., 1998,
17, 1-68.

S. A. Hofstadler, K. A. Sannes-Lowery and J. C. Hannis,
Mass Spectrom. Rev., 2005, 24, 265-285.

C. M. Crittenden, M. B. Lanzillotti and B. Chen, Anal
Chem., 2023, 95, 3180-3186.

F. Floris, L. Chiron, A. M. Lynch, M. P. Barrow,
M. A. Delsuc and P. B. O’Connor, Anal. Chem., 2018, 90,
7302-7309.

F. Floris, M. A. van Agthoven, L. Chiron, C. A. Wootton,
P. Y. Y. Lam, M. P. Barrow, M. A. Delsuc and
P. B. O’Connor, J. Am. Soc. Mass Spectrom., 2018, 29, 207-
210.

N. H. Chiu and C. R. Cantor, Clin. Chem., 1999, 45, 1578—
1578.

E. Largy, A. Konig, A. Ghosh, D. Ghosh, S. Benabou,
F. Rosu and V. Gabelica, Chem. Rev., 2022, 122, 7720-
7839.

P. Kahn, Science, 1995, 270, 369-370.

S. D. Shi, C. L. Hendrickson and A. G. Marshall, Proc.
Natl. Acad. Sci. U. S. A., 1998, 95, 11532-11537.

C. He, M. T. Migawa, K. Chen, T. A. Weston, M. Tanowitz,
W. Song, P. Guagliardo, K. S. Iyer, C. F. Bennett,
L. G. Fong, P. P. Seth, S. G. Young and H. Jiang, Nucleic
Acids Res., 2020, 49, 1-14.

B. Harper, E. K. Neumann and T. Solouki, J. Am. Soc. Mass
Spectrom., 2015, 26, 1404-1413.

B. P. Marzullo, T. E. Morgan, C. A. Wootton, M. Li,
S. J. Perry, M. Saeed, M. P. Barrow and P. B. O’Connor,
Anal. Chem., 2020, 92, 3143-3151.

S. T. Monn and S. Schurch, J. Am. Soc. Mass Spectrom.,
2007, 18, 984-990.

M. Taucher and K. Breuker, Angew. Chem., Int. Ed., 2012,
51, 11289-11292.

Z. Wang, K. X. Wan, R. Ramanathan, J. S. Taylor and
M. L. Gross, J. Am. Soc. Mass Spectrom., 1998, 9, 683-691.
S. A. McLuckey, G. J. Van Berkel and G. L. Glish, J. Am.
Soc. Mass Spectrom., 1992, 3, 60-70.

M. Rahman, B. Marzullo, S. W. Holman, M. Barrow,
A. D. Ray and P. B. O’Connor, J. Am. Soc. Mass Spectrom.,
2024, 35, 285-299.

D. P. Little, J. P. Speir, M. W. Senko, P. B. O’Connor and
F. W. McLafferty, Anal. Chem., 1994, 66, 2809-2815.

4700 | Analyst, 2024, 149, 4687-4701

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

View Article Online

Analyst

B. P. Marzullo, T. E. Morgan, C. A. Wootton, S. J. Perry,
M. Saeed, M. P. Barrow and P. B. O’Connor, Anal. Chem.,
2020, 92, 11687-11695.

M. W. Gardner, S. I. Smith, A. R. Ledvina, J. A. Madsen,
J. J. Coon, J. C. Schwartz, G. C. Stafford Jr. and
J- S. Brodbelt, Anal. Chem., 2009, 81, 8109-8118.

M. R. Robinson, J. M. Taliaferro, K. N. Dalby and
J- S. Brodbelt, J. Proteome Res., 2016, 15, 2739-2748.

Z. Guan, N. L. Kelleher, P. B. O’Connor, D. J. Aaserud,
D. P. Little and F. W. McLafferty, Int. . Mass Spectrom. Ion
Processes, 1996, 157-158, 357-364.

B. P. Marzullo, T. E. Morgan, A. Theisen, A. Haris,
C. A. Wootton, S. J. Perry, M. Saeed, M. P. Barrow and
P. B. O’Connor, Anal. Chem., 2021, 93, 9462-9470.

J. S. Brodbelt, L. J. Morrison and I. Santos, Chem. Rev.,
2020, 120, 3328-3380.

Y. Qi, Z. Liu, H. Li, P. J. Sadler and P. B. O’Connor, Rapid
Commun. Mass Spectrom., 2013, 27, 2028-2032.

H. J. Cooper, K. Hakansson and A. G. Marshall, Mass
Spectrom. Rev., 2005, 24, 201-222.

A. S. Prakash, M. J. Smith, Z. Kaabia, G. Hurst, C. Yan,
M. Sims, A. W. Bristow, P. Stokes, D. Parker and
J. A. Mosely, J. Am. Soc. Mass Spectrom., 2012, 23, 850-857.
L. E. Pepi and L. J. Amster, in Advanced Fragmentation
Methods in Biomolecular Mass Spectrometry, ed. F. Lermyte,
The Royal Society of Chemistry, 2020, pp. 134-170. DOLI:
10.1039/9781839161056-00134.

R. A. Zubarev, N. L. Kelleher and F. W. McLafferty, J. Am.
Chem. Soc., 1998, 120, 3265-3266.

B. A. Budnik, K. F. Haselmann and R. A. Zubarev, Chem.
Phys. Lett., 2001, 342, 299-302.

K. Karasawa, E. Duchoslav and T. Baba, Anal. Chem., 2022,
94, 15510-15517.

C. Kinet, V. Gabelica, D. Balbeur and E. De Pauw,
Int. J. Mass Spectrom., 2009, 283, 206-213.

J. Yang, J. Mo, J. T. Adamson and K. Hakansson, Anal.
Chem., 2005, 77, 1876-1882.

M. Taucher and K. Breuker, J. Am. Soc. Mass Spectrom.,
2010, 21, 918-929.

S. I. Smith and J. S. Brodbelt, Anal. Chem., 2010, 82, 7218~
7226.

C. Lantz, M. A. Zenaidee, B. Wei, Z. Hemminger,
R. R. Ogorzalek Loo and ]. A. Loo, J. Proteome Res., 2021,
20, 1928-1935.

A. Nyakas, R. P. Eberle, S. R. Stucki and S. Schurch, J. Am.
Soc. Mass Spectrom., 2014, 25, 1155-1166.

M. A. Zenaidee, B. Wei, C. Lantz, H. T. Wu, T. R. Lambeth,
J. K. Diedrich, R. R. Ogorzalek Loo, R. R. Julian and
J. A. Loo, J. Am. Soc. Mass Spectrom., 2021, 32, 1752-1758.
T. Kenderdine, W. McIntyre, G. Yassaghi, D. Rollo,
A. Bunkowski, L. Goerlach, D. Suckau, G. Tremintin,
M. Greig, C. Bell and D. Fabris, J. Am. Soc. Mass Spectrom.,
2023, 34, 2296-2307.

P. J. Sample, K. W. Gaston, ]J. D. Alfonzo and
P. A. Limbach, Nucleic Acids Res., 2015, 43, e64.

W. A. Kibbe, Nucleic Acids Res., 2007, 35, W43-W46.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/9781839161056-00134
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00484a

Open Access Article. Published on 18 July 2024. Downloaded on 4/7/2026 11:13:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

77

78
79

80

81

82

83

84

85

86

87

88

89

This

A. Nyakas, L. C. Blum, S. R. Stucki, J.-L. Reymond and
S. Schiirch, J. Am. Soc. Mass Spectrom., 2013, 24, 249-
256.

L. Krasny and P. H. Huang, Mol. Omics, 2021, 17, 29-42.

T. E. Morgan, C. A. Wootton, B. Marzullo, J. Paris, A. Kerr,
S. H. Ellacott, M. A. van Agthoven, M. P. Barrow,
A. W. T. Bristow, S. Perrier and P. B. O’Connor, J. Am. Soc.
Mass Spectrom., 2021, 32, 2153-2161.

P. Pfindler, G. Bodenhausen, ]J. Rapin, R. Houriet and
T. Giumann, Chem. Phys. Lett., 1987, 138, 195-200.

M. A. van Agthoven, L. Chiron, M. A. Coutouly,
M. A. Delsuc and C. Rolando, Anal. Chem., 2012, 84, 5589—
5595.

M. A. van Agthoven, D. P. A. Kilgour, A. M. Lynch,
M. P. Barrow, T. E. Morgan, C. A. Wootton, L. Chiron,
M. A. Delsuc and P. B. O’Connor, J. Am. Soc. Mass
Spectrom., 2019, 30, 2594-2607.

M. A. van Agthoven, Y. P. Y. Lam, P. B. O’Connor,
C. Rolando and M. A. Delsuc, Eur. Biophys. J., 2019, 48,
213-229.

M. A. v. Agthoven, A. M. Lynch, T. E. Morgan,
C. A. Wootton, Y. P. Y. Lam, L. Chiron, M. P. Barrow,
M.-A. Delsuc and P. B. O’Connor, Anal. Chem., 2018, 90,
3496-3504.

F. Hannauer, R. Black, A. D. Ray, E. Stulz, G. J. Langley
and S. W. Holman, Anal. Sci. Adv., 2022, 3, 90-102.

L. Chiron, M.-A. Coutouly, J.-P. Starck, C. Rolando and
M.-A. Delsuc, arXiv preprint arXiv:1608.06777, 2016, 1-13.
J. C. J. Barna and E. D. Laue, J. Magn. Reson., 1987, 75,
384-389.

K. Duffy, S. Arangundy-Franklin and P. Holliger, BMC
Biol., 2020, 18, 112.

M. Wilm and M. Mann, Anal. Chem., 1996, 68, 1-8.

journal is © The Royal Society of Chemistry 2024

90

91

92

93

94

95

96

97

98

99

100

101

102

103

View Article Online

Paper

P. Caravatti and M. Allemann, Org. Mass Spectrom., 1991,
26, 514-518.

G. E. Reid, J. Wu, P. A. Chrisman, J. M. Wells and
S. A. McLuckey, Anal. Chem., 2001, 73, 3274-3281.

K. X. Wan, J. Gross, F. Hillenkamp and M. L. Gross, J. Am.
Soc. Mass Spectrom., 2001, 12, 193-205.

K. M. Keller and J. S. Brodbelt, Anal. Biochem., 2004, 326,
200-210.
V. Gabelica, T. Tabarin, R. Antoine, F. Rosu,

I. Compagnon, M. Broyer, E. De Pauw and P. Dugourd,
Anal. Chem., 2006, 78, 6564-6572

M. C. Crowe and J. S. Brodbelt, J. Am. Soc. Mass Spectrom.,
2004, 15, 1581-1592.

S. Ickert, T. Schwaar, A. Springer, M. Grabarics, J. Riedel,
S. Beck, K. Pagel and M. W. Linscheid, J. Mass Spectrom.,
2019, 54, 402-411.

K. Chintalapudi and A. K. Badu-Tawiah, Chem. Sci., 2020,
11, 9891-9897.

J. Paris, T. E. Morgan, C. A. Wootton, M. P. Barrow,
J. O’Hara and P. B. O’Connor, Anal. Chem., 2020, 92,
6817-6821.

A. T. Iavarone, K. Paech and E. R. Williams, Anal. Chem.,
2004, 76, 2231-2238.

L. Chiron, M. A. v. Agthoven, B. Kieffer, C. Rolando and
M.-A. Delsuc, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
1385-1390.

Y. Qi and P. B. O’Connor, Mass Spectrom. Rev., 2014, 33,
333-352.

D. Capaldi, A. Teasdale, S. Henry, N. Akhtar, C. den
Besten, S. Gao-Sheridan, M. Kretschmer, N. Sharpe,
B. Andrews, B. Burm and ]. Foy, Nucleic Acid Ther., 2017,
27, 309-322.

S. Pourshahian, Mass Spectrom. Rev., 2021, 40, 75-109.

Analyst, 2024,149, 4687-4701 | 4701


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00484a

	Button 1: 


