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ABSTRACT

Ribonucleic acid (RNA) modifications play an impor-
tant role in the regulation of gene expression and the
development of RNA-based therapeutics, but their
identification, localization and relative quantitation
by conventional biochemical methods can be quite
challenging. As a promising alternative, mass spec-
trometry (MS) based approaches that involve RNA
dissociation in ‘top-down’ strategies are currently
being developed. For this purpose, it is essential to
understand the dissociation mechanisms of unmod-
ified and posttranscriptionally or synthetically mod-
ified RNA. Here, we have studied the effect of se-
lect nucleobase, ribose and backbone modifications
on phosphodiester bond cleavage in collisionally ac-
tivated dissociation (CAD) of positively and nega-
tively charged RNA. We found that CAD of RNA is a
stepwise reaction that is facilitated by, but does not
require, the presence of positive charge. Preferred
backbone cleavage next to adenosine and guanosine
in CAD of (M+nH)™ and (M—nH)"~ ions, respectively,
is based on hydrogen bonding between nucleobase
and phosphodiester moieties. Moreover, CAD of RNA
involves an intermediate that is sufficiently stable
to survive extension of the RNA structure and in-
tramolecular proton redistribution according to sim-
ple Coulombic repulsion prior to backbone cleavage
into ¢ and y ions from phosphodiester bond cleav-
age.

INTRODUCTION

Large-scale, high-throughput sequencing studies have es-
tablished that >60% of a mammalian genome is tran-
scribed or predicted to be transcribed into ribonucleic acids
(RNA), but only a surprisingly small fraction, ~2%, is ac-
tually translated into proteins (1). The considerable scale
of 2'-deoxyribonucleic acid (DNA) transcription into func-

tional, but non-coding RNA (ncRNA) only became appar-
ent around the turn of the century, along with the finding
that many ncRNAs can be extensively modified (2-5). Ever
since, research into ncRNAs has progressed at a high rate,
although reliable and more generally applicable methodol-
ogy for the detection and characterization of posttranscrip-
tionally or synthetically modified RNA has yet to be devel-
oped (6-10).

Mass spectrometry (MS) holds great promise for the
characterization of modified RNA (8,11-29) as it can po-
tentially detect and localize any mass-altering posttran-
scriptional or synthetic modifications. The most commonly
used method for the generation of fragment ions from back-
bone cleavage, whose mass values can be aligned as ‘MS
sequencing ladders’ (27), is collisionally activated dissoci-
ation (CAD). In typical CAD-MS experiments, gaseous
ions from electrospray ionization (ESI) (30-33) are vibra-
tionally excited by multiple, low-energy collisions with an
inert gas. This process is reasonably well understood for
peptides and proteins (34,35), but far fewer studies have
thus far addressed the mechanisms underlying RNA disso-
ciation (17,18,36-41). A solid understanding of phosphodi-
ester bond cleavage into ¢ and y ions by CAD is, however,
essential to the development of new MS-based approaches
for the characterization of modified RNA, including the rel-
ative quantitation of modifications. Here, we report a mech-
anistic study with focus on the effect of modifications to-
wards improving our understanding of RNA phosphodi-
ester bond cleavage by CAD.

MATERIALS AND METHODS

Experiments were performed on a 7 T Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer (Bruker,
Austria) equipped with an ESI source for (M+nH)"" or
(M—nH)" ion generation depending on the electrostatic
potential applied to the emitter, and a collision cell floated
with Ar gas for CAD. RNA was electrosprayed at a flow
rate of 1.5 wl/min from 2 wM solutionsin 9:1 H,O/CH;OH
with 20 mM ammonium acetate as additive, and polyethy-
lene glycol 1000 (~1 wM) was used as an internal calibrant
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Figure 1. Mass spectra of RNA 1(2 wM)in 9:1 H,O/CH3OH with 20 mM
CH3;COONHy as additive electrosprayed in (A) negative and (B) positive
ion mode; (C) and (D) show measured (lines) and calculated (circles) iso-
topic profiles for (M-5H)>~ and (M+5H)>" ions, respectively.

for accurate mass measurements (Table 1). Methanol for
ESI was HPLC grade (Acros, Vienna, Austria), H;O was
purified to 18 MQ-cm at room temperature using a Milli-Q
system (Millipore, Austria), and CH;COONHy (>99.0%,
Na <5 mg/kg, K <5 mg/kg) was purchased from Sigma-—
Aldrich (Vienna, Austria). The (M+nH)"™ or (M—nH)"~
ions under study were isolated by m1/z in a linear quadrupole
prior to dissociation in the collision cell; see (24) for a de-
tailed description of the experimental setup for CAD. Be-
tween 25 and 100 scans were added for each spectrum, and
data reduction utilized the SNAP2 algorithm (Bruker, Aus-
tria). The dinucleotide model in Scheme 3 was generated
with Avogadro 2 0.7.2 software (42). Oligoribonucleotides
were prepared by solid-phase synthesis using TOM chem-
istry (43,44), purified by HPLC, and desalted as described
previously (24,27). Nucleoside phosphoramidites were ob-
tained from ChemGenes (Wilmington, MA, USA) or Glen
Research (Sterling, VA, USA). The propane-1,3-diol build-
ing block was prepared according to (45,46).

RESULTS
RNA (M-nH)"~ and (M+nH)"* ions from ESI

Figure 1 shows mass spectra of RNA 1 (19 nt, see Table 1)
from ESI of a 2 wM solution in 9:1 H,O/CH;OH with 20
mM ammonium acetate as additive in negative and positive
ion mode, which gave (M—nH)"~ and (M+nH)"" ions, re-
spectively, with n = 4 and 5 predominating. Similar spec-
tra were obtained for all other RNAs studied (Table 1),
although n generally increased with increasing mass such
that the m/z values of the majority of ions were within the

base n

base n+1

Scheme 1. Nomenclature of fragment ions from RNA backbone cleavage
according to reference (48).
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Figure 2. Segments of mass spectra from CAD of (A) (M—4H)*~ and (B)
(M+4H)** ions from ESI of RNA 2 (2 uM solution in 9:1 H,O/CH;3O0H,
20 mM CH3COONH,), at laboratory frame collision energies of (A) 72
eV and (B) 44 eV.

range 1000-2000. Ion yields were, however, generally higher
by about an order of magnitude in ESI operated in nega-
tive ion mode. To investigate the effect of ion net charge on
RNA backbone cleavage, oppositely charged ions with the
same absolute net charge n, (M—nH)"~ and (M+nH)"*, of
the same RNA were each isolated in the mass spectrometer
and fragmented by CAD.

Effect of collision energy on CAD of (M-nH)"~ and
(M+nH)™ RNA ions

Previous studies have shown that CAD of lowly charged
(M—nH)"" ions of RNA (~0.2 charges/nt, 876 nt) pro-
duces primarily (up to 98%) (23,24) ¢- and y-type frag-
ments from phosphodiester bond cleavage (Scheme 1)
(23,24,27,39,47), and that the number of a- and w-type frag-
ments from alternative C*~O bond cleavage increases with
increasing (M—nH)"~ ion net charge (24,39). In this study,
we find that CAD of (M+nH)"* ions of RNA also yields
predominantly ¢ and y, but virtually no @ and w fragments,
even at >0.2 charges/nt, as illustrated for RNA 2 (13 nt)
with n = 4 (0.31 charges/nt) in Figure 2. Under conditions
that gave ~50% ¢ and y fragments, using 44 and 72 eV



Table 1. RNA studied
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RNA Sequencea Mmeasuredb Mcalculatedb
1 CCGAA GGUUC GCCUU CGGA 6049.844 6049.835
2 GAGGG CAACC UCG 4176.630 4176.629
3 pUAAAU YUAGC UAAAA AGGGp 6297.838 6297.834
4 GGACG AUACG CGUGA AGCGU CC 7092.005 7092.010
5 GAAGG GCAAC CUUCG 4811.705 4811.707
6 GAAGG UUCGC CcUuUuCG 4765.654 4765.653
7 GAAGG UUUUC CUUCG 4727.618 4727.615
8 GAGGU UCGCC UCG 4130.573 4130.575
9 pUAAAU GUYGC UAAA 4540.612 4540.616
10 GAGGB CBACC UCG 4130.613 4130.613
11 GAAGG DDDDC CUUCG 4223.584 4223.589
12 GAAGG PPPPC CUUCG 4055.551 4055.546
13 GAAGG RRRRC CUUCG 4287.563 4287.568
14 GAAGG aaaaC CUUCG 4875.788 4875.786

Afrom 5 to 3’ terminus, OH-terminated unless indicated (p: phosphate); Y: 2-aminopurine, B: nebularine, P: propanediol-linker, R: ribose-spacer, D:

2’-deoxyribose-spacer, a: 2'-OCHj adenosine.
bin Da; M refers to monoisotopic mass.
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Figure 3. For RNA 2, (A) yield (Y) of ¢ and y fragment ions from CAD
of (M+4H)** (filled circles) and (M—4H)*~ (open circles) ions, gray area
highlights the 26 eV difference in energy required for 50% yield (calcu-
lated relative to ¢, y, and (M£4H)** ions, considering that backbone cleav-
age gives a pair of complementary ¢ and y ions, 100% = 0.5-[c] + 0.5-[y]
+ [(M£4H)**]); (B) fragment ion abundance A4 relative to abundance of
undissociated (M£4H)** ions for ¢s2~, y72~, ag>~, w72~ (left axis) and
c2t, y72* (right axis); (C) ratio r of fragment ions with and without base
loss, versus laboratory frame collision energy; lines are meant to guide the
eye.

(Figures 2 and 3A) for CAD of (M+4H)*" and (M—4H)*~
ions, respectively, the branching ratio between ¢, y and a, w

fragments was ~3:1 for negatively and ~30:1 for positively
charged RNA 2; similar behavior was observed for all other
RNAs studied. Note that at these energies, 44 and 72 eV,
the RNA ions dissociated to a similar extent, ~75% for all
(M+4H)** and ~80% for all (M—4H)*~ ions, respectively,
such that the 10-fold difference in branching ratio is primar-
ily a result of ion polarity rather than CAD energy.

The CAD spectra in Figure 2 further illustrate H,O loss
from positively charged y fragments, and that negatively
charged a fragments frequently appear as (a - base) ions
(39). Internal fragments from secondary backbone frag-
mentation (24), i ions, that do neither comprise the original
5'- or 3'-terminus, and base loss from (M+nH)"* ions were
observed in CAD of RNA in both ion polarities. Neverthe-
less, c and y ions were by far the most abundant products for
all RNAs and ion net charge values studied here, in either
ion polarity. However, their formation by CAD generally re-
quired significantly higher energies for (M—nH)"~ ions than
for the corresponding positively charged ions, (M+nH)"*,
as shown for RNA 2 in Figure 3A. This finding is consis-
tent with data from ion trap CAD of the RNA dinucleotide
GC, whose (M-H)™ ions required substantially higher ex-
citation amplitudes for dissociation into ¢ and y fragments
than the (M+H)™ ions (39).

The different energy requirements for dissociation of
(M—pnH)"~ and (M+nH)"" ions into pairs of complemen-
tary fragments from phosphodiester bond cleavage is il-
lustrated in more detail in Figure 3B for ¢s>~/y;>~ and
¢t /y77*, along with those for ag>~ /w72~ ion formation
(ag>*, w7>* were not observed). Although cleavage of a given
backbone bond should produce the same number of com-
plementary ¢ and y, or @ and w ions, the data show that the
relative abundances of negatively charged, complementary
ions (¢s>~ and y;>~ or ag>~ and w,>") differ significantly,
whereas those of the positively charged ¢s>* and y;>* ions
are more similar. This can be attributed to a lower fragment
ion stability against secondary backbone cleavage and base
loss from a, ¢, w, and y ions at the elevated energies required
for (M—nH)"~ dissociation. Base loss was generally higher
for fragments comprising the 5’ terminus (a, ¢ ions), and in-
creased with increasing energy for all fragments except for
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Figure 4. Relative abundances of ¢ (black bars) and y (white bars) fragment
ions from CAD of (A) (M+5H)** and (B) (M—5H)°~ ions of RNA 3 versus
cleavage site, using (A) 50 eV and (B) 70 eV laboratory frame collision
energies; dashed lines highlight cleavage sites on the 5'-side of adenosine
residues.

a ions (Figure 3C), which showed roughly the same extent
of base loss at all energies used. This suggests that base loss
plays a critical role only in the formation of @ and w, but not
in phosphodiester bond cleavage into ¢ and y ions.

The data presented thus far strongly suggest that back-
bone cleavage into @ and w fragments involves negative
charge, whereas backbone cleavage into ¢ and y fragments
can proceed in the presence of both positive and negative
charge, unless @ and w ion formation becomes competi-
tive at high net negative charge (39). However, net positive
charge appears to facilitate backbone cleavage into ¢ and y
fragments.

Effect of canonical nucleobases

As another difference between the CAD spectra of oppo-
sitely charged RNA ions, significantly increased backbone
cleavage into ¢ and y fragments on the 5'-side of adeno-
sine residues was observed in CAD of (M+nH)"" but not
(M—nH)"" ions, as illustrated in Figure 4 for RNA 3 (19
nt). Because positive charge facilitates backbone cleavage
into ¢ and y fragments, is it possible that preferred dissoci-
ation next to adenosine in CAD of (M+nH)"" ions is re-
lated to protonation? The proton affinities (PA) of A, C,
G, and U nucleobases and nucleosides were evaluated to
be 943, 950, 960, 873, and 989, 983, 993, 948 kJ/mol, re-
spectively (49), with errors on the order of 10 kJ/mol
(50), indicating largely similar protonation probability for
all bases except for U, which suggests that the observed ef-
fect of adenosine is not related to nucleobase protonation.
The implicit conclusion that charge location does not sig-
nificantly affect backbone cleavage into ¢ and y fragments is
further corroborated by fragment ion charge values, which
indicate an intramolecular charge distribution according to
simple Coulombic repulsion in largely extended (M+4H)**
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Figure 5. Average charge n of ¢ (filled triangles, left axis) and y (open
triangles, right axis) fragment ions from CAD of (a) (M+5H)’" and b)
(M—5H)" ions of RNA 3 versus cleavage site using (a) 50 eV and (b)
70 eV laboratory frame collision energy; dashed lines indicate calculated
charge locations (see the supplementary material).
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Figure 6. Average factor f by which backbone cleavage into ¢, y fragments
from CAD of (M+4H)*" jons of RNAs 2, 5, 6, 7, 8 is increased on the
5'-side of adenosine compared to other residues versus collision energy.

and (M—4H)*~ ion structures immediately before dissocia-
tion (Figure 5).

Increased backbone cleavage on the 5'-side of adenosine
residues was also observed in CAD of (M+rnH)"* ions of all
other RNAs studied (Table 1). With increasing collision en-
ergy, however, the effect of adenosine on backbone cleavage
decreased significantly (Figure 6). This suggests that pre-
ferred dissociation into ¢ and y fragments next to A is based
on structural elements that are not preserved at elevated in-
ternal energies.

In CAD (M—nrH)"~ ions, which generally required far
higher energy (Figure 3A) than CAD of (M+nH)"" ions,
somewhat increased backbone cleavage into ¢ and y frag-
ments on the 5'-side of guanosine residues was observed as
illustrated in Figure 7 for RNA 1. The factor by which cleav-
age next to G was increased compared to other residues in
CAD of (M—5H)*~ ions of RNA 1 decreased from 2.24 at
65eV t02.01at 75 eV, similar to the trend shown in Figure 6
for the effect of A in CAD of (M+4H)*" ions. However, the
effect of G appears to also depend on the RNA sequence
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Figure 7. (A) relative abundances of ¢ (black bars) and y (white bars) frag-
ment ions from CAD of (M-5H)>~ ions of RNA 1 versus cleavage site, us-
ing 65 eV laboratory frame collision energy; dashed lines highlight cleav-
age sites on the 5'-side of guanosine residues; (B) average charge n of ¢
(filled triangles, left axis) and y (open triangles, right axis) fragment ions
from CAD of (M—5H)>~ ions of RNA 1 versus cleavage site using 65 eV
laboratory frame collision energy; dashed lines indicate calculated charge
locations.

as it was far less pronounced in CAD of (M—5H)>~ ions of
RNA 3 at 70 eV (Figure 4B). Nevertheless, the effects of G
and A have in common that they show no correlation with
the location of charge immediately before backbone cleav-
age (Figures 5 and 7) and that they decrease with increasing
energy.

Effect of synthetic RNA modifications

While A can apparently form specific short-range inter-
actions that facilitate phosphodiester bond cleavage in
gaseous (M+nH)" ions of RNA, the structurally related
base 2-aminopurine (Y, Scheme 2) at position 6 of RNA
3 showed no appreciable effect on site-specific fragment
ion abundance (Figure 4A). To further investigate this phe-
nomenon, the (M+4H)*" ions of RNA 9 and 10 (Table 1)
that comprise the bases nebularine (B, Scheme 2) and Y, re-
spectively, were dissociated by CAD. As illustrated in Figure
8, neither B nor Y showed any effect on backbone cleavage
that was comparable in magnitude to that of A.

Finally, the effects of selectively removing the ribose, its
2’-OH group, the nucleobase, and replacing the 2'-OH by
2’-OCHj; were investigated. We found that the absence of
a ribose 2’-OH group invariably inhibits backbone cleav-
age into ¢ and y ions, as illustrated in Figure 9A-C for
(M+4H)*" ions of 15 nt RNA (0.27 charges/nt) with D
(11), P (12), and a (14) at sequence positions 6-9. Simi-
lar spectra without signals arising from ¢ and y ions from
cleavage at sites 6-9 were obtained by CAD of the corre-
sponding (M—4H)*~ ions at 64 eV laboratory frame en-
ergy (data not shown), in line with previous CAD studies of
(M—nH)" ions of RNA with 2’-OCH3, 2'-F, and 2'-H mod-
ifications (17,22,37,40,51,52). CAD of more highly charged
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Scheme 2. Structures of nucleoside residues; Y: 2-aminopurine, B: nebu-
larine, a: 2’-OCH3 adenosine, R: ribose-spacer, D: 2'-deoxyribose-spacer,
P: propanediol-linker.
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Figure 8. Relative abundances of ¢ (black bars) and y (white bars) fragment
ions from CAD of (M+4H)** ions of (A) RNA 9 and (B) RNA 10 versus
cleavage site, using (A) 48 eV and (B) 44 eV laboratory frame collision
energies; dashed lines indicate backbone cleavage sites on the 5'-side of
adenosine (A), nebularine (B), and 2-aminopurine (Y) residues.

(M—nH)"~ ions of RNA with 2’-modifications can nonethe-
less produce ¢ and y ions at higher energies (along with a, w,
b, x, d, and/or w ions, Scheme 1) (40,53), for which a sepa-
rate mechanism that solely involves the deprotonated phos-
phodiester moiety but not the adjoining nucleoside units
has been proposed by Schiirch et al. (51).

Surprisingly, CAD of (M+4H)*" ions of RNA with R at
sequence positions 6-9 (13) produced increased yields of ¢
and y fragments from cleavage at sites 6-9 (Figure 9D), sug-
gesting that the nucleobase on the 3'-side of the phospho-
diester bond may hinder nucleophilic attack of the ribose
2'-OH on the phosphorus by restricting the conformational
flexibility of the ribose. However, the effect of R was not ev-
ident in CAD of (M—4H)*~ ions of RNA 13 (Figure 9E),
for which a laboratory frame energy of 64 eV was used in-



5176 Nucleic Acids Research, 2015, Vol. 43, No. 10

2 4 6 8 10 12 14

B GAAGGPPPPCCUUCG RO

9

2 4 6 8 10 12 14

C GAAGGaaaaCCUUCG

2 4 6 8 10 12 14

1) base
0

OR? OH

GAAGGDDDDCCUUCG
: ® 9 ® @ro
' ' JATATAT 35 R

>
N W M

4

n 1
O :I lll:l LI lll:l III:
1 3 5 7 9 11 13
GAAGGPPPPCCUUCG
¢ ® 9 ®  Dro
: . QOQJ 1 n

i CE

T3 5 7 9 11 13

—
N W N

S

H2 GAAGGaaaaCCUUCG
49 9 ® Do
s ADOOE 1 1

T 24 | N é b l
n 14 oo s
0 |:| — IZIIIIIIZI — Iil 4

3 5 7 9 11 13

T o base 1
GAAGGRRRRCCUUCG

D GAAGGRRRRCCUUCG 2
"N o n® @ ® O
3 i § FATAYAY SR IY
o i A00onnd |
1o n 1{ 60@ it
O :I LI I:I LI II:I L II 4
2 4 6 8 10 12 14 O OH 13 5 7 9 1113
HO-P=0
E GAAGGRRRRCCUUCG O GAAGGRRRRCCUUCG
; H 1 o) base K 4 @ @ @ @ 0
: ' n
OR2 OH 3 GQOA !
2 éaaaao 2
n o1 QM 3
O IIIIIIIIII:I L L II 4

2 4 6 8 10 12 14

cleavage site —»

1 3 5 7 9 11 13
cleavage site —»

Figure 9. Relative abundances of ¢ (black bars) and y (white bars) fragment ions from CAD of (M+4H)** ions of RNA (A) 11, (B) 12, (C) 14, (D) 13 at
44 eV laboratory frame collision energy and (E) (M—4H)*~ ions of RNA 13 at 64 eV versus cleavage site; dashed lines indicate backbone cleavage sites on
the 3’-side of D, P, a, and R residues; average charge n of ¢ (circles, left axis) and y (triangles, right axis) fragment ions from CAD of (M+4H)*" ions of
RNA (F) 11, (G) 12, (H) 14, (I) 13 and (K) (M—4H)*~ ions of RNA 13 versus cleavage site; dashed lines in (F)—~(K) indicate calculated charge locations

(see the supplementary material).

stead of the 44 eV for CAD of (M+4H)*" ions, suggesting
that added energy restores ribose conformational flexibility.

Proton mobility and charge locations

As for the data in Figures 5 and 7, the charge values of
fragments from CAD of RNA 11, 12, 13, and 14 indi-
cate intramolecular charge distributions according to sim-

ple Coulombic repulsion in largely extended ion structures
immediately before dissociation, regardless of ion polarity,
RNA composition, and whether or not backbone cleavage
is observed at sites 6-9 (Figure 9). The ease with which both
positive and negative charge distributes within vibrationally
excited RNA (M+rH)"* and (M—nH)"~ ions (Figures 5, 7,
9) reveals a high mobility of protons even in the absence of
solvent, similar to that in peptide ions during CAD (35). At



Scheme 3. Dinucleotide model (AA) illustrating a possible RNA structure
in which nucleophilic attack of the 2’-OH group on the phosphorus (arrow)
is facilitated by hydrogen bonding (dashed lines) between the phosphoric
acid diester group and both the ribose and A (in syn conformation) proto-
nated at N3.

the pH of ~5 used here, extended RNA structures should
carry a net negative charge in solution, i.e., should be depro-
tonated at all phosphodiester moieties and protonated at
only a small fraction of the nucleobases A, C and G (54,55).
However, depending on the polarity of the electrostatic po-
tential applied to the emitter, ESI of the very same solution
produced either (M+nH)"* or (M—nH)"~ ions with net pos-
itive or negative charges whose abolute values were gener-
ally similar and far smaller than the number of phospho-
diester moieties (Figure 1). This means that the number of
charges, and therefore the sites where charge is located in
gaseous RNA ions from ESI, are not the same as in solu-
tion, consistent with findings for smaller molecules (56) and
a study of 22 nt RNA (57).

The high mobility of protons within vibrationally excited
(M+nH)"" and (M—nH)"~ ions, and the finding that charge
is distributed according to Coulombic repulsion, is surpris-
ing in view of the proton affinities of A, C, G and U nu-
cleobases (873-960 kJ/mol) (49) that differ by up to 87
kJ/mol; that of purine is 920 kJ/mol (49). RNAs 11, 12
and 13 even lack any nucleobase at sequence positions 6—
9, with RNA 12 also lacking the ribose (Figure 9). This im-
plies that intramolecular proton transfer in vibrationally ex-
cited (M+nH)"* ions can also involve the phosphoric acid
diester moiety, whose PA can be assumed to be close to
that of phosphoric acid triethyl ester, 909 kJ /mol (49). Like-
wise, proton transfer in (M-nH)"~ ions can proceed via both
the phosphate diester groups (PA of dimethyl phosphate:
~1380 kJ/mol) (49,58) and the deprotonated nucleobases
A, C, G and U, for which PA values between 1406 and 1482
kJ/mol have been calculated (59-61).

Moreover, the proton affinities indicate that unlike in
solution, the phosphodiester moieties of gaseous RNA
(M—nH)"~ and (M+nH)"* ions are not generally deproto-
nated. For the (M—nH)"~ ions with 0.23 to 0.31 charges/nt
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studied here, deprotonation of all phosphodiester moi-
eties would require that 69-77% of the nucleobases are
protonated, which is highly unlikely as these percentages
by far exceed the extent of base protonation in solution,
and because the proton affinities of the nucleobases (873—
960 kJ/mol) and the corresponding nucleosides (948-993
kJ/mol) (49) are substantially lower than the estimated
PA of the deprotonated phosphodiester moiety (~1380
kJ/mol). In other words, proton transfer from protonated
nucleobases to deprotonated phosphodiester moieties in
zwitterionic structures would be highly exothermic, with
AH values between —387 and —507 kJ/mol. While in-
tramolecular hydrogen bonding in the as yet unknown
RNA ion structures can potentially alter the PAs of indi-
vidual sites as discussed below, such effects are generally
insufficient to turn the hypothetical proton transfer reac-
tion from highly exothermic to endothermic (62). Consis-
tent with these thermochemical considerations, a combined
experimental and theoretical study showed that both neu-
tral and deprotonated phosphodiester moieties are present
in gaseous (M—nH)"~ ions of 7 nt DNA with 0.29-0.57
charges/nt, along with negligible nucleobase protonation
(63). Additional evidence for the non-zwitterionic nature of
gaseous DNA ions came from a study of (M—H)™ ions of
dGTT, dTGT and dTTG (64). Moreover, the study of 7 nt
DNA indicated that ionic hydrogen bonding between ad-
jacent phosphodiester moieties allows for fast (<1012 s)
and reversible proton transfer without inducing any ma-
jor changes in the gas phase structure of the ions such that
protons can be dynamically shared by negatively charged
phosphodiester moieties (63). In highly charged ions, how-
ever, all phosphodiester moieties can be deprotonated when
their number equals the net negative charge of the ions as
shown by photoelectron spectroscopy of (M—nH)"~ ions of
3-5 nt DNA (65). Because none of the above characteristics
of DNA directly concern the 2’-deoxyribose groups, simi-
lar behavior can be anticipated for gaseous (M—nH)"~ ions
of RNA. For the (M+nH)"* ions of RNA with 0.23-0.31
charges/nt studied here, deprotonation of all phosphodi-
ester moieties would require that 69-77% and 23-31% of
the nucleobases are singly and doubly protonated, respec-
tively, which is even less likely than single base protonation
in (M—nH)"~ ions. This suggests that neither (M—nH)"~
nor (M+rH)"™ ions of RNA have zwitterionic structures
in the gas phase, although in very large, gaseous noncova-
lent complexes of RNA (66,67), extensive hydrogen bond-
ing networks could serve the role of solvent water in stabi-
lizing oppositely charged sites.

DISCUSSION

The data from our study corroborate the hypothesis that the
ribose 2’-OH group is critically involved in RNA backbone
cleavage into ¢ and y fragments by CAD (17,18,37,38), and
we show here that this is the case for both (M+nH)"" and
(M—nH)"~ ions. The location of charge within vibrationally
excited M+nH)"" and (M—nH)"~ ions immediately be-
fore dissociation, inferred from fragment ion charge val-
ues, showed no appreciable effect, which is strong evidence
that phosphodiester bond cleavage does not directly involve
charged sites. For CAD of (M-nH)"~ ions, this conclusion is
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in line with the earlier observation that more highly charged
(M—nH)"" ions dissociate by a completely different mech-
anism that does not entail phosphodiester bond cleavage
(39).

Importantly, the involvement of the ribose 2'-OH group
shows that RNA dissociation into complementary ¢ and y
ions cannot be described as simple bond cleavage but in-
stead proceeds via a more complex rearrangement reac-
tion that apparently encompasses a sufficiently stable and
long-lived intermediate state to allow time for proton re-
distribution prior to dissociation such that charge locations
within RNA (M+rH)"" and (M—nH)"~ ions immediately
before phosphodiester bond cleavage can be different from
those during nucleophilic attack of a ribose 2’-OH group on
the adjacent phosphorus. The most reasonable intermediate
structure is a cyclic pentacoordinate oxyphosphorane that
has been implied in acid- and base-catalyzed RNA hydrol-
ysis in solution (68-70), and in CAD of RNA (M+H)" and
(M—nH)"" ions (17,38).

The multiple, low-energy collisions in CAD incremen-
tally increase an ion’s internal energy on a timescale of mil-
liseconds to seconds (71). A stepwise reaction involving an
intermediate state thus provides a rationale for the lack of
any effect of observed charge locations on ¢ and y ion yields
(Figures 4, 5, 9), provided that the energy barrier for in-
tramolecular proton transfer in gaseous RNA (M+nH)™
and (M-nH)"~ ions is significantly lower than that for phos-
phodiester backbone cleavage. This means that positive and
negative charges can facilitate and hinder nucleophilic at-
tack at their initial locations in lower-energy RNA struc-
tures (70), respectively, but after formation of the interme-
diate, and before backbone cleavage, protons can move to
new positions dictated by Coulomb repulsion in extended
RNA structures.

Specifically, the above scenario provides a rationale for
the effect of A in CAD of RNA (M+nH)"" ions. As illus-
trated in Scheme 3 for a dinucleotide model (AA), nucle-
ophilic attack of the 2’-OH group on the phosphorus can
be facilitated by hydrogen bonding between a nonbridging
oxygen of the phosphoric acid diester group and A proto-
nated at N3. Although N1 is the preferred site of protona-
tion of adenine in the gas phase (59,72,73) and in solution
(74), gaseous adenosine and adenosine monophosphate are
preferentially protonated at N3 (75-80). This change in pre-
ferred site of protonation results from stabilization pro-
vided by intramolecular ionic hydrogen-bonding interac-
tions (62), between N3 and O5 in (M+H)" ions of both
adenosine and 2’-deoxyadenosine (75), and between N3 and
an oxygen of the phosphoric acid moiety in (M+H)* ions
of 2'-deoxyadenosine and adenosine monophosphates (76—
78,80). Nucleophilic attack can further be promoted by hy-
drogen bonding between the ribose 2’-OH group and the
phosphodiester group (Scheme 3). Once a sufficiently sta-
ble intermediate structure, such as a cyclic pentacoordi-
nate oxyphosphorane is formed, and the ion’s internal en-
ergy is further increased, the RNA chain becomes more
extended and protons can redistribute accordingly, after
which even more added energy finally gives rise to phospho-
diester backbone cleavage. A similar structure in which a
neutral instead of a protonated base forms a hydrogen bond
with a nonbridging oxygen of the phosphodiester group is

conceivable for RNA (M—rH)"™ ions. In support of this
hypothesis, nucleobase—phosphate interactions have been
identified in RNA crystals (81-83), and a recent study of
RNA mononucleotide (M—H)~ ions showed that the exo-
cyclic amino group of G, in syn conformation, forms a hy-
drogen bond with the phosphate on the 5'-side, whereas A,
C and U prefer the anti conformation that precludes such
nucleobase-phosphate interactions (84).

The idea that local hydrogen bonding of protonated A
and neutral G facilitates nucleophilic attack of the ribose 2'-
OH group on the adjacent phosphorus is fully in line with
experimental observations. First, the effects of A and G de-
creased with increasing energy, consistent with the disrup-
tion of hydrogen bonds at elevated energies. Second, the ef-
fect of G in CAD of (M—nrH)"™ ions, which required sub-
stantially higher energies than CAD of (M+nH)"* ions, was
far less pronounced that the effect of A. Third, the identity
of the nucleobase on the 5'-side of A (base n — 1 in Scheme
3) does not appear to affect backbone cleavage (Figures 4A
and 8), which suggests that the specific short-range interac-
tions of A are limited to the adjacent phosphoric acid and
ribose moieties.

The fact that among all of the bases studied in CAD
of (M+nH)"* ions only A promoted backbone cleavage
suggests that nucleobase proton affinities and their pro-
tonation sites in RNA (M+nH)"" ions are different from
those of the free nucleobases as a result of local hydro-
gen bonding. Moreover, nucleobase properties other than
proton affinity and hydrogen bonding capability, for exam-
ple, their dipole moment, could also play a role. In general
support of this hypothesis, computational chemistry cal-
culations predict significantly different nucleobase dipole
strengths and orientations for different RNA and related
bases such as purine (59,85-89). The weak effect of G in
CAD of (M—nH)"~ ions could then be attributed to break-
ing of most hydrogen bonds at the elevated energies required
for backbone cleavage, and to unfavorable hydrogen bond-
ing patterns or weaker interactions of A, C, and U, which
is strongly supported by the recent study of RNA mononu-
cleotide (M-H)~ ions mentioned above (84). In contrast to
the effects of A and G on cleavage of the phosphodiester
backbone bond on their 5’ side in CAD of RNA ions ob-
served here, the transesterification and cleavage steps in-
volved in RNA hydrolysis in solution are affected by both
bases flanking the cleavage site (68,90,91). Moreover, nu-
cleobase effects in solution were generally small (68,90)
and rather nonsystematic (92), or even poorly reproducible,
which was attributed to competing intra- and intermolecu-
lar interactions (93). Nevertheless, Linjalahti and Mikkolaa
observed a significant increase in cleavage of the phospho-
diester backbone bond on the 5 side of A at neutral (5.5-
7.5) but not at highly acidic (2) or basic (12) pH (93) and
Li and Breaker found that cleavage on the 5 side of G was
somewhat increased at very high pH (~14) (90). We plan
to investigate this seemingly similar behavior in the gas and
solution phases in future studies.

In conclusion, we have studied the dissociation of
(M—nH)"~ and (M+nH)"" ions of chemically modified
and unmodified RNA by collisional activation, and found
strong evidence for the formation of ¢ and y fragment ions



by a stepwise mechanism similar to the transesterification
and cleavage steps involved in RNA hydrolysis in solution
(70). In the first step at lower ion internal energies, a penta-
coordinate oxyphosphorane intermediate is formed by nu-
cleophilic attack of a ribose 2'-OH group on the adjacent
phosphorus. As observed here for adenine and guanine, nu-
cleophilic attack can be facilitated by hydrogen bonding be-
tween the phosphodiester moiety and the adjacent nucle-
obase. In the next steps at elevated ion internal energies, the
breaking of hydrogen bonds leads to extension of the RNA
(M—nH)"~ or (M+nH)"" ion structures and subsequent re-
distribution of charged sites according to simple Coulombic
repulsion by intramolecular proton transfer, regardless of
ion polarity, RNA composition, and whether or not back-
bone cleavage is observed. In the last step at even higher
ion internal energies, the intermediate dissociates into ¢ and
complementary y fragments by cleavage of the phosphodi-
ester backbone bond.

The energy barriers involved in dissociation of negatively
charged RNA must be substantially higher than those for
positively charged RNA, as CAD of (M—nH)"~ ions re-
quired far higher energies than CAD of (M+nH)"* ions.
Moreover, in CAD of both (M+#rH)"* and (M—nH)"~ ions,
the energy barriers for each step can be ranked as: nucle-
ophilic attack to form intermediate < breaking of hydrogen
bonds and extension of RNA structure < intramolecular
proton transfer < phosphodiester bond cleavage into ¢ and
y fragments.

The detailed new insights into the mechanism of RNA
(M+nH)"™ and (M—nH)"~ ion dissociation by CAD re-
ported here provide a solid basis for future mechanistic
studies. Specifically, if the apparent similarity of phospho-
diester bond cleavage in solution and the gas phase can be
further substantiated, gaseous RNA can serve as a valid
model for the investigation of the effect of metal ions and
other adducts on the transesterification and cleavage steps
involved in (enzymatic) RNA hydrolysis in solution. For
RNA sequencing applications and top-down MS studies
that rely on site-specific, relative fragment ion abundances
for the relative quantitation of synthetic or posttranscrip-
tional modifications (28), CAD of (M—nH)"~ ions offers
the advantages of higher ion yields and more random phos-
phodiester bond cleavage. CAD of (M+nH)"* ions, on the
other hand, requires significantly lower energies and thus
may be more useful for the characterization of RNA carry-
ing labile modifications.
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