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Differentiating positional isomers of nucleoside modifications by
higher-energy collisional dissociation mass spectrometry (HCD
MS)

Manasses Joral, Andrew P. Burns!, Robert L. Ross?, Peter A. Lobuel, Ruoxia Zhaol, Cody
M. Palumbo?, Peter A. Beal?, Balasubrahmanyam Addepallil, and Patrick A. Limbachl*

IRieveschl Laboratories for Mass Spectrometry, Department of Chemistry, University of
Cincinnati, Cincinnati, Ohio 45221, USA

2Department of Chemistry, University of California, Davis, California 95616, USA

Abstract

The analytical identification of positional isomers (e.g., 3-, M-, 5-methylcytidine) within the >160
different post-transcriptional modifications found in RNA can be challenging. Conventional liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) approaches rely on
chromatographic separation for accurate identification because the collision-induced dissociation
(CID) mass spectra of these isomers nearly exclusively yield identical nucleobase ions (BH5™)
from the same molecular ion (MH*). Here we have explored higher-energy collisional dissociation
(HCD) as an alternative fragmentation technique to generate more informative product ions that
can be used to differentiate positional isomers. LC-MS/MS of modified nucleosides characterized
using HCD led to the creation of structure- and HCD energy-specific fragmentation patterns that
generated unique fingerprints, which can be used to identify individual positional isomers even
when they cannot be separated chromatographically. While particularly useful for identifying
positional isomers, the fingerprinting capabilities enabled by HCD also offer the potential to
generate HPLC-independent spectral libraries for the rapid analysis of modified ribonucleosides.
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Introduction

Over 160 types of post-transcriptional nucleoside modifications have been documented in
various types of ribonucleic acid (RNA).[1] These chemical modifications range from
simple methylation or thiolation to complex hypermodifications. They are added mostly to
the nucleobase (except for ribose methylation) through simple or complex enzymatic
pathways. Liquid chromatography tandem mass spectrometry (LC-MS/MS) is now viewed
as the gold standard analytical platform for both identification [1-5] and quantification [6—
10] of modified ribonucleosides.

As noted extremely early in the development of LC-MS methods for modified nucleosides,
[11] collision-induced dissociation (CID) of the protonated molecular ion (MH*) more often
than not leads to fragmentation at the A-glycosidic bond of ribonucleosides generating a
diagnostic nucleobase ion (BH,*). This nearly universal fragmentation pathway enables one
to differentiate modifications that reside on the nucleobase (leading to neutral loss of an
unmodified ribose at 132 Da) or modification on the ribose (typically methylation leading to
a neutral loss of 146 Da). Various laboratories have exploited this feature to create powerful
analytical platforms for the identification of known and detection of previously unknown
modifications.[3, 8, 12-14]

Despite the demonstrated utility of CID-based LC-MS/MS of modified nucleosides from
RNA, it is well understood that chromatographic reproducibility and resolving power are
necessary to deal with modified nucleosides that exist as positional isomers, as the common
MH* to BH,™ transitions for such isomers yield equivalent mass spectral responses. Of all
the ribonucleoside modifications, methylations are the most abundant class of positional
isomers.[1] For example, the isomers of methylcytidine (3-, A*-, and 5-methylcytidine) are
indistinguishable based on the evaluation of m/z of MH* and BH," ions alone from the mass
spectra. Such positional isomers of methylations observed /n vivo have significant biological
relevance. For instance, m>C, commonly found in the anticodon loop of archaeal and
eukaryotic tRNAs, is linked to structural and metabolic stabilization of the tRNA.[15]
Therefore, distinguishing positional isomers helps delineate the functional impact of a
specific modification.

Typically, the analyst will rely on previously reported chromatographic behavior [1, 6, 11] or
the use of analytical standards to identify and differentiate modified nucleosides that can be
present as positional isomers. Another approach used in distinguishing positional isomers is
multistage fragmentation (MS"),[16,17] where analysis of the data generated by second and
third (or more) stages of dissociation can discriminate among different structural
possibilities. However, acquisition of sequential fragmentation events impacts the duty cycle
of analysis, which can hinder accurate qualitative and quantitative measurements for co-
eluting nucleosides. Another technique to address the challenge of ribonucleoside positional
isomers is the inclusion of ion mobility separation prior to MS/MS.[17] Here, cross sectional
area of the analyte allows for a gas-phase separation, although it remains to be seen if all
ribonucleoside positional isomers are amenable to separation in this manner.
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Orbitrap-based mass analyzers are equipped with an ion routing multipole (IRM), a
multipurpose ion storage device that has an increased peak-to-peak radiofrequency to retain
a wider range of m/zvalues compared to traditional linear ion trap devices.[18, 19] The IRM
enables an optional fragmentation mode, higher-energy collisional dissociation (HCD),
during accumulation of ions.[19] Due to the increased trapping capability of the IRM, HCD
MS/MS spectra yield beam type instrument characteristics (/.e., pseudo-MS3).[20] Such
pseudo-MS?2 approaches provide improved efficiency for structural elucidation of small
molecules.[21]

Given the scientific interest in modified ribonucleosides along with the ever-increasing
sample types being studied,[22—-24] we have been interested in establishing analytical
platforms that can be used for the identification and characterization of known and unknown
modifications that would be independent of (or significantly less dependent on) separation
techniques and protocols. Based on the prior findings of Jensen and co-workers regarding
the utility of MS" fragmentation for nucleoside identification[16] combined with the proven
capabilities of HCD, in this work we investigated whether the conventional LC-MS/MS
approach for nucleoside analysis could be enhanced by using HCD in place of CID. We
found conditions for HCD that mimicked CID-type fragmentation, thereby allowing
previous neutral loss techniques to still be applied during LC-MS/MS analyses. More
significantly, we report that at higher energy values, HCD generates pseudo-MS" product
ion spectra that can be used to differentiate positional isomers, even when those isomers
would co-elute during LC-MS/MS. Building on that finding, we propose that HCD can be
used to generate nucleoside-specific fingerprints, which can enable spectral library matching
for any modified ribonucleoside. By using only mass spectrometry data for nucleoside
identification, the chromatographic (or separation) conditions can now be more easily
optimized around assay needs (e.g., speed or elution order) without requiring additional
method development steps based on known nucleoside standards.

Materials and Methods

Cytidine (C), 3-methylcytidine (m3C), A*-methylcytidine (m*C), 5-methylcytidine (m5C),
adenosine (A), 1-methyladensoine (m!A), 2-methyladenosine (m2A), AB-methyladenosine
(m®A), 8-methyladensine (m8A), guanosine (G), 1-methylguanosine (m1G), 2-
methylguanosine (m2G), 7-methylguanosine (m’G), uridine (U), 3-methyluridine (m3U), 5-
methyluridine (m°U), 2-thiouridine (s2U), and 4-thiouridine (s*U) were purchased from
Carbosynth (Compton, UK). E. coli MRE 600 tRNA, LC-MS grade ammonium acetate,
ammonium formate and ammonium bicarbonate, along with nuclease P1 were purchased
from Sigma Aldrich (St. Louis, MO). LC-MS grade water was obtained from Alfa Aesar
(Haverhill, MA). LC-MS grade acetonitrile was acquired from Honeywell Burdick &
Jackson (Morris Plain, NJ). LC-MS grade formic acid was obtained from Fisher Scientific
(Hampton, NH). Phosphodiesterase | and alkaline phosphatase were purchased from
Worthington (Lakewood, NJ).
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LC-MS/MS analysis of nucleosides

Analysis of nucleosides was carried out by LC-MS/MS. An ultra-high performance liquid
chromatography (UHPLC) system (Vanquish Flex Quaternary, Thermo Fisher Scientific,
San Jose, CA) was used. Reversed phase chromatography was carried out using a high
strength silica column (Acquity UPLC HSS T3, 1.8 pm, 1.0 mm x 50 mm, Waters, Milford,
MA). Three different mobile phase conditions were studied. LC method 1 was composed of
5.3 mM ammonium formate in water, pH 4.5, as mobile phase A (MPA), and a mixture of
acetonitrile/water (40:60) with 5.3 mM ammonium formate as mobile phase B (MPB). LC
method 2 consisted of 0.1% v/v formic acid in water, pH 3.0, as MPA, and a mixture of
acetonitrile/water (40:60) with 0.1% v/v formic acid as MPB. LC method 3 employed 5.3
mM ammonium acetate in water, pH 5.3, as MPA, and a mixture of acetonitrile/water
(40:60) with 5.3 mM ammonium acetate as MPB.

The gradient program employed in all three mobile phase conditions consisted of; 0% B
(from 0 to 6.3 min), 2% B at 13.1 min, 3% B at 16 min, 5% B at 21.4 min, 25% B at 24.6
min, 50% B at 26.9 min, 75% B at 30.2 min (hold for 0.3 min), 99% B at 33 min (hold for 6
min), then returning to 0% B at 39 min. After that, a re-equilibration step at 0% B for 16 min
was employed prior to the next injection. A flow rate of 60 uL min~1 was used. The column
temperature was set at 30 °C.

Individual nucleosides were resuspended in MPA at a concentration of 20 ng uL=1. m3C,
mA*C and m°C were also prepared in MPA at 5 ng uL~1. Additionally, a mixture of m*C and
m®C (20 ng uL~1 each) was prepared in MPA. Four micrograms of £. colitRNA were
hydrolyzed to nucleosides as previously reported.[25] The solutions were individually
analyzed by injecting 1 pL (standard nucleosides) or 5 puL (£. coli hydrolysate) on column.

An Orbitrap Fusion Lumaos Tribrid mass spectrometer (Thermo Fisher Scientific) interfaced
with a heated electrospray (H-ESI) source (Thermo Fisher Scientific) was used. The
analyses were carried out in positive polarity. Full scan data was acquired at a resolution of
120,000, mass range 220-900 777/z, automatic gain control (AGC) 7.5 x 104, and injection
time (IT) 100 ms. Data dependent top speed MS/MS (1 s cycle) were acquired at a
resolution of 15,000, AGC 1.0 x 104, and IT 200 ms. Depending on the experimental goal,
CID or HCD was employed for MS/MS fragmentation. The collision energy setting for CID
may range from 0 to 100%, while for HCD it may range from 0 to 200 arbitrary units. The
other instrumental conditions were: quadrupole isolation of 1.5 m/z, ion funnel
radiofrequency (RF) level 35%; sheath gas, auxiliary gas, and sweep gas of 30, 10 and 0
arbitrary units, respectively; ion transfer tube temperature of 289 °C; vaporizer temperature
of 92 °C; and spray voltage of 3.5 kV.

Data processing was done using the Qual browser of Xcalibur 3.0. Accurate /7/z values of
the precursor and fragment ions were computed by ChemCalc (http://www.chemcalc.org).
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Results and Discussion

Model Isomeric Nucleoside Fragmentation in CID and HCD

Reliable and reproducible chromatographic conditions are a requirement for retention time-
based differentiation of positional isomers of base-modified nucleosides, due to their
identical MH* and BH," ions during mass spectrometry.[6] We initially evaluated CID
conditions within the orbitrap to explore the possibility of finding product ions (single or a
pattern of multiple) that could uniquely be applied to a specific positional isomer. A change
of relative collision energy (CE) from 40% to 100% during CID did not affect the
fragmentation pattern as the nucleoside precursor ions yielded nucleobase product ions
without exhibiting any other fragment ions (data not shown). Based on the known features of
HCD,[18, 19] we reasoned that the HCD capability to trap low mass ions could enable their
detection following fragmentation of the nucleobase in multiple pathways at optimal
collisional energies. At lower CEs, the HCD-based tandem mass spectrum for
ribonucleosides was indistinguishable from that of CID-based tandem mass spectrum (CID-
like MS/MS spectra). This observation suggests that HCD can be used for acquiring CID-
like MS/MS spectra through conventional A-~glycosidic bond cleavage. However, at a CE of
80, low my/zfragment ions were detected, which could potentially be originating from the
nucleobase in the HCD-based MS/MS spectrum (e.g., m®C in Supplemental Figure S1).
Thus, HCD may offer the potential for both conventional, CID-like MS/MS analysis of
modified nucleosides along with additional, higher-energy ring fragmentation that can be
used for differentiating structural isomers.

To establish the potential utility of HCD to provide information beyond CID, we initially
examined the fragmentation pattern of positional isomers of base-methylated cytidine (m3C,
m*C, and m°C) and their reproducible nature in higher-energy HCD-based MS/MS spectra
(Table 1). The observed variance in the relative ion abundance (RIA) of product ions was
computed for each of positional isomers. The mean and relative standard deviations (RSDs)
calculated for the RIAs of non-unique product ions at /7/2126.0667, 109.0402, 108.0562,
83.0609, 82.0293, 81.0453, 56.0500, and 54.0344 are shown in Table 1. These data include
replicate analysis (n=5) at different times of the same day for a fixed LC condition (Z.¢e., LC
method 1) and fixed amount of nucleoside injected on column (20 ng). Intraday study data
(n=20) were also compared against data acquired in two different days employing LC
method 1 or LC method 2. The effect of sample amount injected on column was also
investigated (7.e., 5 or 20 ng).

The examination of the data acquired under these various conditions revealed that the
product ions with an RIA = 15% exhibited low RSDs (< 12%) while the product ions present
at lower levels (RIA of <15%) were less reproducible (RSD < 29%). Based on these
reproducibility findings, an RIA minimum threshold of 15% was identified as appropriate
for development of an HCD-based nucleoside product ion fingerprinting approach. Further,
these results demonstrate that this HCD-based approach should be relatively unaffected by
experimental parameters such as chromatographic method, analyte retention factor, sample
amount and precursor ion abundance.
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Evaluation of the HCD MS/MS spectra of m3C, m*C, and m®C revealed that most of the
observed product ions in the current study correspond well with those reported by Jensen et
al.[16] in their CID-based MS3 analysis of the methylated cytosine base ion, (BH,*, m/z
126.1). For example, they reported the product ions for m3C (at /m/2109.1, 95.1, 83.1 and
69.2), for m*C (at m/27109.1, 108.1, 95.1, and 83.2) and m>C (at /7/2109.1, 108.1, 83.4, and
81.4). Almost all of these product ions exhibited an RIA of = 15% in the HCD MS/MS
spectra in this work, except the product ions at /7/z83.1 and 69.2 for m3C. These
observations suggest the pseudo-MS" nature of the HCD spectra of nucleosides.

We next examined the HCD MS/MS data to determine whether product ions are generated
that are unique to each isomer. For this purpose, the product ions generated from different
positional isomers of methylated cytidine are compared against each other and against the
unmodified form (Figure 1). HCD of m3C did not generate any unique product ions at the
15% RIA threshold limit. However, a product ion at /m/z95.0245 is commonly observed for
both m3C and m?C, allowing them to be differentiated from m®C. HCD of m*C exhibited a
unique product ion at /7/z 66.0344, allowing it to be differentiated from m3C. HCD of m®C
generated a unique product ion at /7/z81.0453, which distinguishes it from m3C and m“C.
Thus, m3C, m*C and m5C can be differentiated from each other by HCD based on the
presence/absence of specific low mass product ions (Supplemental Table S1). When
combined with the other low mass product ions for each isomer discussed above, it appears
that HCD can generate isomer-specific product ion fingerprints that can be used for
nucleoside identification.

Altering the collisional energy (CE, ¢e.g., 60, 80, 100) during HCD resulted in corresponding
alteration of the RIA of observed product ions during MS/MS. However, their abundance is
negatively correlated with the abundance of methylated base. In other words, as the energy
increases, the abundance of BH»* ion decreased indicating that the product ions are derived
from nucleobase. An illustrative comparison of the HCD MS/MS spectra obtained at
different CE (60-100, with increments of 20) for m®C is shown in Supplemental Figure S2.
Based, in part, on these studies, a CE of 80 was found to provide the best tradeoff between
BH,* ion abundance and low mass product ions for ribonucleoside identification.

HCD Fingerprinting of Model Nucleoside Isomer Mixtures During LC-MS/MS

With the evidence that HCD-based fingerprints could differentiate the methylated cytidine
positional isomers, we next examined the applicability of this approach during LC-MS/MS,
when such isomers may co-elute. Under typical ammonium acetate or ammonium formate
based mobile phases, m*C and m>C are challenging to resolve chromatographically (Figure
2a). Conventional CID during LC-MS/MS generates product ion spectra that consist of only
the molecular and base ions, which cannot be used to differentiate between these two
isomers (Figure 2b). However, when HCD was used, the fingerprinting approach could be
used to identify the presence (or absence) of these isomers (Figure 2¢). The product ion
spectra for 100% m*C or m>C matched those described above. When a mixture of both
isomers was analyzed, the product ion spectra reflected the proportion of the individual
isomer present in the mixture. In fact, there appears to be a quantitative correlation between
the RIAs of the product ions present in the HCD spectra and the relative amount of precursor
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present in the mixture. Future investigations into using product ion RIAs for reporting initial
nucleoside abundance are planned.

HCD Fingerprinting of Additional Methylated or Other Positional Isomers

To ensure that the HCD fingerprinting approach is generally applicable to modified
nucleosides, we examined a few other methylated positional isomers. Methylated adenosines
(m!A, m2A, m8A, and m8A — Supplemental Figure S3), methylated guanosines (m'G, m2G,
and m’G — Supplemental Figure S4), and methylated uridines (m3U, and m°U —
Supplemental Figure S5) were characterized in a manner similar to that described for the
methylated cytidines. Table 2 lists the various product ions and RIA for methylated
adenosines, guanosines and uridines. Based on these findings, it appears that this HCD
approach is broadly applicable to methylated ribonucleosides.

The differentiation of 2’-O-methylated nucleosides from nucleobase methylated nucleosides
is easily accomplished during traditional CID-based or low energy HCD-based MS/MS by
measuring the fragmentation leading to the nucleobase. For the former, a loss of 146 Da (2-
O-methylated ribose) and detection of canonical base is seen, while in the latter the loss of
132 Da (ribose sugar) will yield the methylated base. However, di-methylated nucleosides
(e.g., m*Cm and m>Cm) cannot be differentiated based on CID-type data and would be
additional candidates for this HCD-based fingerprinting approach. We tested this possibility
by examining the mass spectral fingerprint of m*Cm, and m°Cm using HCD-MS/MS
(Figure 3). The fingerprint of m*Cm corresponded with m*C, while that of m®Cm matched
well with m3C. This data is consistent with the previous pseudo-MS" behavior of HCD
demonstrating that HCD can be used to differentiate nucleobase positional isomers, even
when the corresponding ribose group is also modified.

Although the data presented above shows the differentiation of methylated isomers by HCD-
based MS/MS fingerprinting, we reasoned that positional isomers of other modifications
should also be amenable to this approach. To test this possibility, the mass spectral
fingerprints of the positional isomers 2- and 4-thiouridine (s2U, and s*U) were compared
(Figure 4). As anticipated, s*U exhibited unique product ions (with RIA > 15%) at m/z
129.0122, 86.0064, 68.9799, and 58.9955, and s2U yielded unique product ions at /7/z
83.9908, 70.0293 and 59.9908 (Supplemental Table S1). Thus, even for other types of
positional isomers, HCD generates unique product ion fingerprints that can be used to
precisely identify the parent isomer present in the sample.

Application of HCD fingerprinting for LC-MS/MS analysis of Positional Isomers in
Biological Sample

Using a well-defined set of model modified nucleosides, HCD fingerprinting was found to
generate reproducible product ions and RIAs, with no observable retention factor effect. To
confirm these findings in a more typical laboratory analysis, we applied this approach for the
analysis of modified nucleosides obtained from £. co/itotal tRNA. The modified
nucleosides in this sample have been well characterized previously,[3, 6] thus this sample
should provide a good test for the capabilities of HCD-based fingerprinting.

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2019 August 01.
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A comparison of the fingerprints acquired for some of the positional isomers detected in this
sample is presented in Figure 5. The observed fingerprint product ion pattern of isomers
present in £. coliis identical to the specific positional isomer standard’s fingerprint
described above. As seen in Figure 5a, the presence of the characteristic peaks at m/z
126.0667 and 109.0402 in the MS/MS spectrum of the precursor with /7/2258.1090
indicated the presence of a methylcytidine modification. Additionally, the absence of peaks
at m/z95.0245 and 66.0344, and the presence of the unique ion at /7/281.0453 confirmed
the identity of the m®C positional isomer. In addition to the characteristic unique ions, the
RIAs of non-unique and unique product ions matched well with those specified in Table 1
and the standard m®C shown in Figure 1d. The same can be concluded for other positional
isomers detected in £. colitRNA (Supplemental Figure S6). Thus, the fingerprints acquired
from biological samples can be correlated to the fingerprint acquired for specific standards
through spectral matching.

The fingerprint for m*Cm detected during this analysis is shown in Figure 5b. For this 2"-O-
modification, its presence could be confirmed by the occurrence of characteristic ions and
RIAs, identical to the respective non-ribose modified methylcytidine (/.e., m*C). Detection
of this nucleoside (as well as m®C) in the commercial £. co/itRNA sample was unexpected
as neither of these modifications have previously been reported in £. colitRNAs. These
findings suggest that either these modifications are present in tRNA locations not previously
reported or, more likely, the sample might be contaminated with (degraded) ribosomal RNA
(rRNA), as both modifications have been previously reported in £. colirRNA[26, 27] and
electrophoresis of the commercial tRNA sample did not show any intact rRNA (data not
shown). Nevertheless, the data shows that even low abundant modifications can be detected
and differentiated by HCD-based fingerprinting during standard bioanalytical
characterization of RNA nucleoside digests.

In addition to identifying positional isomers when a standard LC method is ineffective at
separating those compounds, another advantage of using HCD fingerprinting is when the LC
method is modified (e.g., for method improvement or to enhance MS performance). To
illustrate the retention factor insensitivity of HCD fingerprinting, the same E. colitotal
tRNA nucleoside digest analyzed above was also analyzed using an alternative LC method
[9] consisting of 0.1% v v~ formic acid in water, pH 3.0, as MPA, and acetonitrile/water
40:60, 0.1% v v~1 formic acid, as MPB (LC method 2). The extracted ion chromatograms
(XICs) presented in Figure 6 show three of the nucleosides detected at /7/2282.1202 (/.¢.,
Am, m2A, and mBA). Using an ammonium acetate mobile phase, the three peaks, from left
to right, correspond to Am, m2A, and m8A, respectively (Figure 6a). However, using formic
acid in the mobile phase, the elution order for m2A and Am shifts (Figure 6b). HCD
fingerprinting confirms that it is m2A, rather than m8A, which shifts under these mobile
phase conditions, and the fingerprint for both positional isomers is essentially identical to
those obtained using the ammonium acetate-based mobile phase (Figures 6¢—j). Thus, based
on these HCD fingerprints, one can readily identify nucleobase isomers without resorting to
additional analyses using standards.
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HCD-based Fingerprinting for any Modified Ribonucleoside

While an important utility of HCD is to use product ion fingerprints to differentiate
positional isomers, the more general case holds that any nucleoside presents a characteristic
and reproducible fingerprint. For instance, when an £. coli hydrolysate was analyzed by
employing either LC method 1 or 2, retention time differences varied differently for each
modified nucleoside (Figures 7a—b). Nevertheless, the HCD-based fingerprints of the
ribonucleosides were highly reproducible (Figures 7c—j). This observation is illustrated for
the RNA modifications pseudouridine (¥), epoxyqueousine (0Q), AP-
threonylcarbamoyladenosine (t6A), and 2-lysidine (k2C).

As employed, HCD-based fingerprints cannot be used to differentiate diastereomers such as
D-allo- and L-tA. The latter is a naturally occurring RNA modification (known simply as
tA) present in tRNA of a variety of organisms (bacteria, fungi, plants and protists).[28] The
former has been recently shown by Matuszewski et a/.[29] to be present in £. colitRNA and
is linked to the hydrolysis of cyclic t8A (ct®A) under the mild basic conditions employed for
RNA hydrolysis. Both diastereomers can be observed in the XICs shown in Figures 7a-b, in
which D-al/o-t®A (indicated by *) is an earlier eluter when compared to L-t8A. This new
approach, however, could be used to provide additional validation or strong support for
diastereomers when nucleosides have different elution times but share all mass spectral
features, including the HCD fingerprint, in common.

Conclusions

We have found that HCD-based dissociation of modified ribonucleosides during standard
LC-MS/MS analysis generates nucleoside-specific product ion fingerprints. These
fingerprints can be used in a standard constant-neutral loss mode technique for nucleoside
identification. Importantly, positional isomers of modified nucleosides are readily
differentiated based on these fingerprints. Moreover, even in those cases where positional
isomers co-elute, individual fingerprints can be deconvoluted from the mixture data to
identify which isomers are present. These fingerprints are insensitive to chromatographic
conditions, precursor ion abundance and sample matrix.

This HCD-based fingerprinting approach enables the detection and confirmation of RNA
modifications based exclusively on their mass spectrometric behavior, which allows the
possibility of developing an automated protocol for the detection of RNA modifications
though spectral matching. Automated nucleoside detection would be possible via the
compilation of a spectral library of HCD fingerprints acquired for nucleoside standards
and/or nucleosides detected in different organisms, which would then facilitate matching
against analytes detected in biological samples. Additionally, this work reveals that the
pseudo-MS" nature of HCD generates a rich collection of purine and pyrimidine ring
product ions, which should prove useful in situations where a modified nucleoside is not
previously characterized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fingerprint MS/MS of (a) cytidine, (b) m3C, (c) m*C and (d) m°C acquired by HCD at CE
80. See supplemental Table S1 for more information on the peaks labeled.
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Figure2.
Extracted ion chromatograms for /77/z 258.1090 acquired for (a) m*C standard, (b) a 1:1

mixture of m*C and m®C, and (c) m>C standard. Similar chromatographic behavior is
observed if LC methods 1 or 3 are used. CID MS/MS of (d) m*C standard, () 1:1 m*C/m°C
mixture, and (f) m>C standard. HCD-based fingerprint of (g) m*C standard, (h) 1:1
m*C/m°C mixture, and (i) m°C standard.
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Figure 3.

Fingerprint MS/MS of the nucleoside standards (a) m*C, (b) m*Cm, (c) m°C and (d) m°Cm

acquired by HCD and CE 80.
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Figure 4.
Fingerprint MS/MS of (a) uridine, (b) s2U and (c) s*U acquired by HCD at CE 80. See

supplemental Table S1 for more information on the peaks labeled.
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Comparison of extracted ion chromatograms (XICs) for ¥, t5A, 0Q and k2C detected in £,
coliusing (a) LC method 1 and (b) LC method 2. * indicates t®A diastereomer.
Corresponding HCD fingerprints from each of the different LC methods for ¥ (c) method
1/(d) method 2, t6A (e) method 1/(f) method 2, 0Q (g) method 1/(h) method 2 and k2C (i)
method 1/(j) method 2.
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