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Abstract

In this report, we explored the benefits of cyclic ion mobility (cIM) mass spectrometry in

the analysis of isomeric post-transcriptional modifications of RNA. Standard methyl-cytidine
samples were initially utilized to test the ability to correctly distinguish different structures
sharing the same elemental composition, and thus molecular mass. Analyzed individually, the
analytes displayed characteristic arrival times (tp) determined by the different positions of the
modifying methyl groups onto the common cytidine scaffold. Analyzed in mixture, the widths

of the respective signals resulted in significant overlap that initially prevented their resolution

on the tp scale. The separation of the four isomers was achieved by increasing the number of
passes through the cIM device, which enabled to fully differentiate the characteristic ion mobility
behaviors associated with very subtle structural variations. The placement of the cIM device
between the mass-selective quadrupole and the time-of-flight analyzer allowed us to perform
gas-phase activation of each of these ion populations, which had been first isolated according to a
common mass-to-charge ratio, and then separated on the basis of different ion mobility behaviors.
The observed fragmentation patterns confirmed the structures of the various isomers, thus
substantiating the benefits of complementing unique tp information with specific fragmentation
data to reach more stringent analyte identification. These capabilities were further tested by
analyzing natural mono-nucleotide mixtures obtained by exonuclease digestion of total RNA
extracts. In particular, the combination of cIM separation and post-mobility dissociation allowed
us to establish the composition of methyl-cytidine and methyl-adenine components present in the
entire transcriptome of HeLa cells. For this reason, we expect that this technique will benefit not
only epitranscriptomics studies requiring the determination of identity and expression levels of
RNA maodifications, but also metabolomics investigations involving the analysis of natural extracts
that may possibly contain subsets of isomeric/isobaric species.
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Natural RNA is graced with over 160 post-transcriptional modifications (PTMSs), which are
dynamically introduced and eliminated by biogenetic enzymes to fine-tune RNA structure
and function [1,2]. The discovery of new classes of RNAs has greatly expanded our
appreciation of the functions enacted by this biopolymer [3,4] and placed hew emphasis on
understanding the regulatory roles of these epitranscriptomics marks [5,6]. In recent years,
the investigation of PTMs has been advanced by the availability of new specific antibodies
that enable the enrichment and analysis of modified RNA by next generation sequencing
(NGS) approaches [7,8]. These technologies can afford unmatched throughput and accuracy
in locating the sequence position of PTMs, but the reliance on immunoprecipitation makes
them prone to misidentification errors caused by antibody promiscuity. Further, the inability
to enrich unmodified samples precludes any accurate assessment of actual expression levels,
which must rely on the determination of site occupancy. Alternative NGS-based approaches
employ PTM-specific chemical reactions to introduce a point mutation, or to interfere with
proper reverse transcription, which enable detection by comparing sequence information
obtained before and after treatment [9,10]. Taken together, these sequencing strategies can
support the analysis of approximately 20 different types of PTMs to date. In contrast,
MS-based approaches are capable of achieving the unequivocal characterization and
quantification of any modified RNA according to unique mass and fragmentation features
[11-13]. Historically, this platform has been determinant in the discovery of virtually

all known PTMs [14-16], which are now listed in dedicated databases [17-20]. More
recently, MS technologies have been proven capable of revealing the sequence position of
covalent modifications, either natural or man-made, in progressively larger RNA strands
[21-26]. Although typical sequencing throughputs cannot match those afforded by the NGS
approaches, the ability of MS technologies to tackle genuine modified RNAs ensures that
this platform will rapidly assume a prominent role in epitranscriptomics analysis, mirroring
the successful trajectory traced over the years in the proteomics arena [27].

A wealth of information on epitranscriptomic functions can be obtained by monitoring

the identity and expression levels of PTMs produced by a cell under different stimuli and
environmental conditions, which can be readily secured without resorting to comprehensive
sequence analysis [28,29]. To this effect, we developed an approach based upon direct
infusion electrospray (i.e., nanospray) and ion mobility spectrometry mass spectrometry
(IMS-MS), which can afford comprehensive PTM profiling of total nucleic acid extracts
from biological samples [30]. Our approach involves digesting all strands present in
nucleic acid fractions by using selected exonucleases to produce mono-nucleotide mixtures
amenable to direct IMS-MS analysis. Each individual species is then identified according
to its characteristic arrival time (tp) and mass-to-charge ratio (/7/2), which are matched

to corresponding information contained in a home-built database [30]. In the absence of
front-end chromatographic separation, the challenges posed by the complexity of these
sample mixtures are exacerbated by the presence of numerous subsets of isomeric/isobaric
PTMs (exemplified in Scheme 1), which share the same elemental composition, but bear
the covalent modification in different positions of the ribonucleotide structure. For the most
part, these isomeric/isobaric forms adopt characteristic conformations that are sufficiently
different to enable unambiguous discrimination on the tp scale. This case is exemplified

by uridine (U) and pseudo-uridine (%), which can be clearly differentiated from the ion

J Mass Spectrom. Author manuscript; available in PMC 2021 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kenderdine et al.

Page 3

mobility effects of characteristic conformations defined by the alternative presence of N-

or C-glycosidic bonds [31]. In other cases, individual tp profiles cannot be satisfactorily
resolved even with the aid of advanced curve-fitting algorithms. A possible solution consists
of performing the gas-phase activation of isobaric/isomeric populations as they emerge from
the ion mobility region of the instrument, which enables the acquisition of fragmentation
data as a function of, and correlated with, tp. In this direction, we demonstrated the benefits
of performing post-mobility dissociation of ions separated in the tp domain, either with

or without initial m/z selection in the quadrupole (Q) mass filter [30-34]. Both types of
experiments proved capable of producing unique diagnostic fragments that confirmed the
composition of isomeric subsets with very similar tp values [30,31].

In this report, we explored the virtues of a new type of IMS-MS design in the analysis of
complex mono-nucleotide mixtures. The heart of this instrument consists of a cyclic ion
mobility (cIM) separator that capitalizes on the principle of traveling wave ion mobility
(TWIMS) to enable multiple passes of the ions of interest (Scheme 2) [35,36]. Consistent
with traditional drift tube separators, the resolution attainable by a TWIMS device is
proportional to the square root of its length. This fundamental principle has been leveraged
by introducing either cyclic [35-37] or serpentine [38,39] designs that significantly increase
the path length, while preserving ion transmission and sensitivity within a compact
instrumental design. The former, in particular, offers the ability to vary the number of passes
through the device until the desired resolution is achieved over the selected mobility range.
In this instrument, the placement of the cIM device at the center of the Q-TOF geometry (Q-
cIM-TOF) offers the opportunity to perform the gas-phase activation of ion populations after
multi-pass separation, which would enable one to combine specific tp and fragmentation
data for more stringent analyte identification. For this reason, we set out to investigate the
merits of this platform by tackling the analysis of selected ribonucleotide variants. Mixtures
of isomeric mono-nucleotides were obtained from isolated synthetic standards, or whole-cell
RNA extracts submitted to exonuclease digestion. The outcomes were evaluated in terms of
the ability to achieve the positive identification of individual isomeric components, which
was discussed in the context of possible epitranscriptomics applications.

Experimental

Materials.

Samples of the ribonucleotide variants displayed in Scheme 1 were synthesized from their
corresponding nucleosides (vide infra). Stock solutions of the synthetic ribonucleotides
were prepared in 10 mM ammonium acetate (pH adjusted to 7) with concentrations

in the 1-10 uM range verified by UV spectrophotometry. Complex mono-nucleotide
mixtures representative of typical biological samples were obtained from HelLa cells

(ATCC, Manassas, VA) grown in Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies, Carlsbhad, CA), 10% fetal bovine serum (FBS) and 1% glutamine and cultured
at 37°C and 5% CO». Cells were harvested at 85% confluency, lysed in TRIzol Reagent
(Invitrogen, Carlsbad, CA), and total nucleic acid extracts were harvested according to the
manufacturer’s protocol. The DNA fractions were eliminated by DNase | treatment followed
by ethanol precipitation. The remaining RNA fractions were then digested by back-to-back
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RNase treatments using nuclease P1 and phosphodiesterase at 37°C for 2 hr to obtain the
desired mono-nucleotide samples. The typical concentrations of these stock solutions were
in the 40 ng/pL range, as verified by UV spectrophotometry. Each mono-nucleotide digest
sample was diluted with the same ammonium acetate solution and added with a 10% volume
of isopropanol to obtain final sample concentrations in the 4 ng/uL range.

Nucleotide Synthesis.

5-methylcytidine, N4-methylcytidine, 3-methylcytidine, 2’-O-methylcytidine, 8-
methyladenosine, N6-methyladenosine, and 2’-O-methyladenosine were purchased from
Berry & Associates Inc. (Dexter, MI). 1-methyladenosine was purchased from Carbosynth
(Berkshire, England). Phosphorylation of the 5’-OH groups of the aforementioned
nucleosides was carried out according to a previously described procedure [40]. Briefly,

5 to 100 mg of each nucleoside were dissolved in 1 mL of trimethyl phosphate placed in a5
mL round bottom flask, which was flushed with N,. The reaction mixture was cooled to 0°C
and two molar equivalents of phosphoryl chloride were added dropwise. The reaction was
stirred under N, atmosphere at 0°C for 18 h. The reaction was quenched by adding 1 mL of
0.1 M triethylammonium bicarbonate buffer at pH 7.5 and incubating for one hour at 0°C
under continuous stirring. The solution containing the crude product was filtered through a
0.22 um filter unit (MilliporeSigma, Burlington, MA) and transferred to a glass vial. The
quality of the crude product was determined by tandem MS.

Nucleotide Purification.

Crude nucleotide products were purified by using a Rainin Dynamax (Mettler Toledo,
Columbus, OH) SD-200 HPLC equipped with a C18 analytical reversed-phase column

from Phenomenex (Luna 5 pm particle size, 100 A pore size, 250 mm x 10 mm i.d.,
Torrance, CA) at a flow rate of 3 mL/min for 30 min. A gradient consisting of solvent A
(5% acetonitrile, 100 MM ammonium acetate) and solvent B (50% acetonitrile, 100 mM
ammonium acetate) was applied as follows: initial conditions 100% solvent A for 10 min;
ramp solvent B to 80% in 10-25 min; decrease B to 0% in 30 min; and maintain 100% A for
5 min to remove any excess reagent. The effluent was monitored at 230 and 260 nm, while
fractions were collected in 1.5 mL microfuge tubes beginning at 1 min. Nucleotide purity
was determined by mass spectrometry analysis.

Mass Spectrometry.

Analyses were performed on either a modified SYNAPT G2-S/instrument equipped with
the cIM separator (Scheme 2), or a standard SYNAPT G2 HDMS, both from Waters
Corporation (Wilmslow, UK). The analyses performed on the SYNAPT G2 HDMS were
accomplished in static nanospray mode by using quartz emitters prepared in-house as
described in ref. [41]. A stainless-steel wire was inserted into the emitter back end to provide
typical spray voltages in the 0.9 to 1.2 kV range. Source temperature and desolvation
voltages were finely adjusted by monitoring the incidence of ammonium adducts and water
clusters [42]. The ion mobility experiments were completed in the 25-cm TW cell by

using a 90 mL/min flow of N, and 180 mL/min of He to maintain a constant pressure

of ~4.40 mbar (uncalibrated gauge reading). A typical 650 m/s wave velocity was utilized
with a 40 V wave height, a 109 m/s transfer wave velocity, and a 2.0 V transfer wave
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height. Each spectrum represented the summation of scans acquired over a 60 s interval.
External calibration was carried out by using a 2 mg/mL solution of cesium iodide in 50:50
water/methanol, which afforded a typical mass accuracy of ~9 ppm. The design and usual
operation of the hybrid quadrupole ion mobility TOF mass spectrometer (Q-cIM-TOF) used
for these studies is described in more detail in ref. [43]. For the nucleotide analyses, 4 pm
coated nanospray emitters (New Objective, Woburn, MA, USA) were used at 0.8 to 1.5 kV.
The source was held at 80°C and the cone voltage set to 20 V. The 98-cm cIM cell was
operated with 50 mL/min of N, in the main chamber and a He cell flow of 120 mL/min.

Mass-selected time-resolved (MaSTeR) [30] dissociation experiments were carried out by
isolating the desired precursor ion(s) in the mass-selective quadrupole (Q, Scheme 2) with a
window width of 3 m/z. After undergoing the desired number of passes in the cIM device,
the emerging ions were activated in the XS transfer lens through collisions with N, at an
offset of 10 V. The TOF analyzer was then employed to record all ensuing fragments as a
function of time. Each MaSTeR spectrum was finally obtained by signal averaging across
the desired interval of the time scale of the experiment, which provided a representative
portrayal of all fragments generated by the precursor ion possessing that specific tp.

Data interpretation.

The tp data acquired on either instrument employed in the study were processed by using
MassLynx (Waters Corporation) software. When necessary, Gaussian curve fitting was
carried out by using OriginPro 9.1 (Origin Lab, North Hampton, MA). Fragmentation

data produced by gas-phase activation techniques were interpreted manually according to
known dissociation patterns [14,44]. Resolving power was determined according to the
Rccs = CCS / ACCS definition [45], in which CCS corresponds to the collision cross
section manifested by the analyte, whereas ACCS represents the full-width at half maximum
(FWHM) of the corresponding signal reported on the CCS scale. The fact that this treatment
relies on direct knowledge of accurate CCS values, either through drift tube determinations,
or computational approaches, limited its application only to the canonical ribonucleotide in
the study. For this reason, this treatment was not extended to the various isomeric species,
for which accurate CCS values are not known. As a possible alternative, we utilized the
FWHM of the various signals on the tp scale to compare in self-consistent fashion the subtle
differences of peak widths observed on the same platform for the various ion populations,
which could be potentially attributed to either intrinsic structure dynamics of particular
isomers, or to the presence of multiple unresolved components.

Results and Discussion

Multipass analysis of canonical ribonucleotides.

Comparing data obtained on either a linear TW or a cIM device could readily reveal the
benefits of multipass operations in ribonucleotide analysis. Fig. 1 displays the arrival time
distributions of the canonical ribonucleotides CMP, UMP, AMP, and GMP contained in the
digest of a total RNA extract from HeLa cells, which was analyzed in parallel on either
platform (see Experimental). At first sight, the data afforded by the linear TW looked very
similar to those recorded after a single pass on the cIM instrument. Consistent with the close
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relationship between arrival time (tp) and structural features characteristic of the individual
analytes, the observed order of tps remained unchanged on either instrument. However, the
various ribonucleotides displayed significantly longer tps on the cIM than on the linear TW,
as illustrated for example in Fig. 1a and 1le. At the same time, the mutual spacing between
tps was also considerably wider, which attested to the greater separating power afforded by
the cIM experiment even after a single pass. This observation was ascribed to the fact that
this device possessed a significantly longer separation path than that of the linear TW (i.e.,
98 versus 25.4 cm, respectively) [46].

Visual inspection of Fig. 1 could not provide any immediate appreciation of the effects of
path length on signal width, and therefore resolution, which were instead readily evident
when comparing actual values of resolving power. Indeed, the availability of known

values of collision cross section (CCS) for the canonical ribonucleotides [47] allowed

us to translate experimental tp data into corresponding CCS counterparts, which were

in turn utilized to calculate resolving power according to the CCS definition (Rccs, see
Experimental) [45]. This treatment revealed that single-pass analysis could already improve
Rccs by an average ~35% over linear TW determinations solely by virtue of the larger
dimensions of the cIM separator (Table 1).

The effects observed after a single pass were greatly magnified in multipass experiments that
further increased the path length employed for the separation process. Indeed, increasing the
number of passes further increased the overall arrival times and mutual spacing between the
signals of canonical ribonucleotides. Experimental tps observed after two and three passes
were utilized to calculate corresponding Rccs values, which clearly exhibited the expected
upward trends (Table 1). More specifically, the results followed the square root relationship
between Rccs and path length characteristic of both classic drift tubes and TW separators.
The significance of this relationship on the design and performance of the cIM device was
discussed in detail in a recent report and references therein [46].

Multipass separation of isomeric mono-nucleotides.

Selected methyl-cytosine ribonucleotide isomers (i.e., 5-methyl-, 4-methyl-, 3-methy-, and
2’-0O-methyl-citydine, Scheme 1) were employed individually and in an equimolar mixture
to evaluate the ability of multipass analysis to separate very closely related structures.

The standards were first analyzed separately to determine their ion mobility behaviors

and facilitate the proper assignment of the different tp signals recorded for the mixture.

As shown in Fig. 2, each individual species produced a major well-delineated signal
consistent with the presence of a unique, predominant conformation. More significantly,
each individual isomer provided a very distinctive tp, thus indicating that the various
isomeric structures were sufficiently different to confer unique ion mobility behaviors. At
the same time, the various isomers manifested also different full-widths at half maximum
(FWHM) on the tp scale (see Fig 2). Considering that all methyl-cytosine samples were
analyzed under identical experimental conditions (a fact unequivocally verified in the
analysis of their mixture discussed below), this observation should not be ascribed to
instrumental parameters affecting the diffusion of ion populations during the analysis, which
applied across the board. The distinctive FWHM should be instead ascribed to intrinsic
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structure dynamics of each individual isomer, which may contribute to the diversity of
conformations included in the corresponding ion population. Therefore, this subtle but
unique trait could represent an additional differentiating feature between isomers.

Increasing the number of passes in the cIM device produced the same beneficial effects
described earlier for the canonical ribonucleotides. For instance, the signals recorded after
ten passes exhibited tp values that were much greater than those observed after one pass
(compare the right with the left column of Fig. 2). The spacing between individual signals
was also significantly increased, consistent with the greater ability of multipass experiments
to disperse isomers on the tp scale. However, the greater resolving power associated

with the greater path length was more prominently showcased during the analysis of the
entire methyl-cytidine mixture. After only one pass, the mixture was detected as a single
unresolved signal with a rather large FWHM (Fig. 2i). In contrast, two out of four isomers
were fully separated after ten passes, whereas the remaining two were partially resolved
(Fig 2j). The tp values obtained from the analyses of the individual standards provided

the information necessary to correctly assign the observed signals to the each isomer in

the mixture. This operation identified m°C and m*C with the fully resolved populations
possessing respectively the highest and lowest tps in the series. A curve fitting algorithm
was instead applied to tease out the different components contained in the partially resolved
signal with intermediate tp (see Experimental), which were identified with Cm and m3C.

The relationship between resolving power and path length was further explored to determine
the conditions necessary to separate the partially resolved components. After submitting the
methyl-cytidine mixture to 10 passes in the cIM separator (Fig. 2j), the fully resolved m°C
and mC species were ejected from the device to prevent possible “wrap-around” effects
produced by faster ion populations overtaking slower ones that completed fewer passes [46].
In contrast, the remaining Cm and m3C were submitted to additional passes under exactly
the same experimental conditions (Fig. 3). The data recorded after 12, 20, 30 and 35 passes
clearly showed that resolving power increased as a function of path length, as evidenced by
the steadily increasing separation between the Cm and m3C signals.

Some considerations should be made when implementing a multipass strategy to boost the
separation capabilities. The fact that resolving power and path length follow a square root
relationship translates into progressively smaller gains as the number of passes increases.
Further, this modus operandi requires prolonged time-scales, as can be readily appreciated
in Fig 3. The operations could be accelerated by increasing the TW voltage used in the

cIM device, where a greater wave velocity would translate into a greater number of passes
attainable per unit time and, thus, a longer path traveled during the experiment. As true for
any strategy aimed at increasing resolving power by extending the path length, ion statistics
may pose a practical obstacle toward achieving the desired separation. In fact, the number
of ions reaching the detector can be potentially affected by putative factors, such as overall
ion transmission and fragmentation, which are expected to exacerbate as a function of path
length. Prior work has demonstrated that these types of experiments tend to afford a modest
2% loss of ion current per pass [46]. In our experiments, no signs of fragmentation events
were detected during methyl-cytidine analysis. For these reasons, the Cm and m3C samples
in the mixture still provided excellent signal-to-noise ratios after 35 passes through the cIM
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separator (Fig. 3d). Nevertheless, these possible factors should always be considered when
fine-tuning the number of passes to achieve the desired separation.

Gas-phase activation of multipass separated ions.

The placement of the cIM device between the mass-selective Q and the TOF analyzer
(Scheme 2) offers the possibility of activating the gas-phase dissociation of selected
precursor ions after they are separated on the tp scale. In particular, we explored the merits
of MaSTeR experiments that involved isolating a specific set of isomeric/isobaric ions in
the Q according to their common m/z ratio, allowing them to separate in the cIM region
according to their characteristic ion mobility behaviors, activating them as they sequentially
emerged from the cIM region, and then finally analyzing the ensuing fragments in the TOF
analyzer (see Experimental). The data produced by the four isomeric components of the
methyl-cytidine mixture are shown in Fig. 4. In this experiment, the precursor ion population
at 336.06 m/z was collisionally activated in the XS transfer lens after 10 passes in the cIM
device (Scheme 2). Each MaSTeR spectrum was then extracted by signal averaging the
recorded fragments across a selected tp window approximately 1-ms wide (Fig. 4a). The
center of each window was adjusted on the basis of information afforded by curve-fitting
operations (see Experimental), which helped minimize possible overlaps between adjacent
ion populations (Fig. 4a). In this way, the ensuing fragmentation spectra were generated
from precursor ion populations that were as structurally homogenous as possible.

The observed fragmentation patterns (Fig. 4b - ) were consistent with the structures of the
various isomers (Scheme 1) and matched very closely those obtained from the individual
species analyzed separately under the same experimental conditions (compare with Fig.
S-1 of Supporting Information), or fully resolved by additional passes in the cIM device.
For all nucleotides, the detection of signals corresponding to PO3~ and HoPOy4™ in the low
m/z range was consistent with typical dissociation processes involving the phosphate group
(Fig. 4b - e). Facile cleavage of the rather labile N-glycosidic bond was also observed in
the form of fragments at either 211.00 or 225.04 m/z, which respectively corresponded

to the loss of methylated and regular cytosine base (compare Fig. 4b - d with 4e). Based
on the position of the methyl group on the nucleotide structure, these specific fragments
were sufficient to single-handedly differentiate the m®C/m*C/m3C subset from Cm, which
bear the modification on either the nucleobase or ribose moiety (Scheme 1). Additional
fragmentation processes involving loss of methylamine or opening of the pyrimidine ring
produced signals that enabled unambiguous discrimination of the remaining isomers with
methylated bases (Fig. 4b - d).

In this example, the MaSTeR determinations were successfully accomplished on species
that were not fully resolved, such as Cm and m3C, by taking advantage of a curve-

fitting algorithm to identify tp windows with minimum overlap (Fig. 4a). However, prior
knowledge of unique diagnostic fragments could readily enable the creation of reconstructed
arrival time distributions from a whole ensemble of tp signals, regardless of whether they
might be fully resolved. For the methyl-cytidines in the study, this essential information

was obtained by activating individual isomers analyzed in separate experiments (Fig. S-1),
or in mixture with different degrees of separation (Fig. 4b - d, for example). When the
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isomer-specific fragments were employed to analyze the entire 73 — 82 ms range depicted
in Fig. 4a, the ensuing reconstructed profiles matched very closely the tp signals obtained
from the individual isomers under identical experimental conditions (compare Fig. S-2 with
the right column of Fig. 2). This outcome offered further proof of the virtues of this type

of multi-dimensional analysis, which is capable of combining tp, mass, and fragmentation
information to enable unambiguous identification and structural characterization.

cIM analysis of complex biological samples.

The results afforded by isomeric mixtures from commercial standards highlighted numerous
features that could immediately benefit the analysis of complex samples from cellular
extracts. For example, Fig. 5 shows the data obtained from a sample generated by
exonuclease digestion of a total RNA extract of HeLa cells (see Experimental). A
comprehensive view of these types of data is typically obtained by using a heatmap format,
in which m/z is plotted against tp and a color gradient is used to convey signal intensity.
The heatmaps provided by both cIM and linear TW determinations displayed the typical
complexity expected from these types of samples. However, the bands/spots corresponding
to the various PTMs were more widely spaced on the tp dimension in the former than in the
latter, consistent with the greater resolution achievable in multipass experiments. A direct
comparison of the regions containing the U/'Y" couple provided a greater appreciation of this
effect. Indeed, the signals corresponding to the individual isomers were fully resolved on the
clM heatmap, whereas displayed extensive overlap on the linear TW one (Fig. 5 insets).

The greater separating power afforded by multipass operations could be leveraged not only
to resolve isomeric subsets on the tp scale, but also to facilitate the application of MaSTeR
dissociation to verify the respective structures. For example, Fig. 6 shows the multipass
analysis of ion populations at 336.06 and 360.07 m/z, which corresponded respectively

to the methyl-cytidine and methyl-adenine isomeric subsets. Owing to the unknown/un-
controlled composition of this natural sample, the signal distribution afforded by the former
did not completely match the one provided by the equimolar mixture of commercial
standards described above (compare Fig. 6a with Fig 4a). Nevertheless, the methyl-cytidine
components in the celular extract were still recognizable on the basis of their characteristic
tp values and corroborating MaSTeR dissociation data (Fig. S-3). In similar fashion, the
various methyl-adenine components were recognized according to characteristic diagnostic
fragments (Fig. S-4). These results clearly indicated that this strategy could be readily
applied to cover in systematic fashion all the 22 isomeric/isobaric subsets recognizable
among the >160 PTMs known to date [17-20].

Conclusions

The challenges posed by isomeric ribonucleotide variants provided an excellent test for the
capabilities afforded by the cyclic ion mobility design in the analysis of complex sample
mixtures. In the case of methyl-cytidine and methyl-adenosine subsets, the ability to extend
the separation path by increasing the number of passes allowed us to capitalize on very
subtle differences in ion mobility behaviors induced by the different placement of a single
methyl group onto the ribonucleotide scaffold. This feature proved to be beneficial in the
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analysis of model standard mixtures, as well as more complex samples of cellular origin.
Upon separation in the arrival time domain from the cIM determination, the identities of
the different isomeric components were readily assignable according to characteristic tp
values that matched those observed for the individual standards. An additional avenue for
achieving positive identification was offered by the possibility of performing the gas-phase
fragmentation of isomeric species emerging at different tps from the cIM device. The
observed fragmentation patterns matched those recorded for the individual standards. More
significantly, however, such patterns reflected the effects of the specific position of the
methyl group on the dissociation pathway, which revealed unique diagnostic fragments

for each isomer in the study. This outcome supported the systematic application of
MaSTeR dissociation to tackle the complexity of total epitranscriptomic analysis illustrated
here by the heatmaps obtained from total RNA extracts. As typically afforded by multi-
dimensional analytical techniques, the availability of distinctive tp, mass, and fragmentation
information lent additional robustness to analyte identification. Based on these capabilities,
this technique will be expected to find increasing application in epitranscriptomics studies
in which the identity and expression levels of RNA modifications must be determined

as a function of different stimuli and conditions. Beyond epitranscriptomics, the broad
applicability of this technique will enable the analysis of other types of samples containing
subsets of isomeric/isobaric species, such as those frequently encountered in metabolomics
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of the methyl-cytidine and methyl-adenosine monophosphate isomers examined

in the study.
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Scheme 2.
Schematic representation of the cyclic IM instrument employed in the study.
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Figurel.
IM-MS data obtained from canonical ribonucleotides on either a linear TW (left) or a cIM

(right) device after a single pass.
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IM-MS analysis of individual methyl-cytidine standards (Scheme 1) and their equimolar
mixture. Data obtained after 1 and 10 passes in the cIM device are respectively displayed on

the left and right column (see Experimental).
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Figure 3.
Multi-pass cIM analysis of methyl-cytidine mixture. After 10 passes, m°C and m*C were

ejected from the separator, whereas the partially resolved Cm/m3C were submitted to
additional passes to reach a total of a) 12, b) 20, c) 30, and d) 35 (see Experimental).
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Figure 4.
Mass-selected time-resolved (MaSTeR) dissociation spectra obtained from the equimolar

mixture of methyl-cytidine isomers. Panel a) shows the windows of tp from which the
various product ion spectra were obtained (see Experimental). In particular, panel b)
corresponds to the population emerging at 74.4 £0.5 ms; c¢) at 79.9 £0.5 ms; d) at 78.2
+0.5 ms; and e) at 76.0 £0.5 ms. Precursor ions are marked with a red asterisk, whereas
signals produced by base loss are marked with black circles or squares.
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Figure5.
Heatmap plots obtained by cIM after 3 passes (left) and linear TW (right) analysis of an

exonuclease digestion mixture from total RNA extract of HelLa cells (see Experimental). The
cIM separator fully resolved the uridine (U) and pseudo-uridine (V') isomers, whereas the
linear TW device displayed extensive overlap (insets).
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Figure 6.
Multi-pass analysis of methyl-cytidine (a) and methyl-adenine (b) isomeric subsets present

in the exonuclease mixture from total HeLa RNA (see Experimental). Isomeric sets with
336.06 and 360.07 m/z were isolated in the mass-selective Q, then analyzed after 10 (for
methyl-cytidines) or 20 (for methyl-adenosines) passes in the cIM device.
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Table 1.

Page 22

Resolving power (Rccs) calculated from experimental data that were obtained from canonical ribonucleotides

on either the linear TW or the cIM instrument.

cIM
TW
onepass | twopasses | threepasses
CMP | 45 54 90 177
UMP | 46 51 86 177
AMP | 44 58 88 127
GMP | 44 55 86 120
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