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In recent years, new classes of nonprotein-coding ribonucleic acids (ncRNAs) with important
cellular functions have been discovered. Of particular interest for biomolecular research and
pharmaceutical developments are small ncRNAs that are involved in gene regulation, such as
small interfering RNAs (21–28 nt), pre-microRNAs (70–80 nt), or riboswitches (34–200 nt). De
novo sequencing of RNA by top-down mass spectrometry has so far been limited to RNA
consisting of up to �20 nt. We report here complete sequence coverage for 34 nt RNA (10.9 kDa),
along with 30 out of 32 possible complementary ion pairs from collisionally activated dissociation
(CAD) experiments. The key to minimizing undesired base loss and internal fragmentation is to
minimize the internal energy of fragment ions from primary backbone cleavage. This can be
achieved by collisional cooling of primary fragment ions and selection of precursor ions of relatively
low negative net charge (about �0.2/nt). (J Am Soc Mass Spectrom 2010, 21, 278–285) © 2010
American Society for Mass Spectrometry

In their 1995 review on the characterization of oligo-
nucleotides and nucleic acids by mass spectrometry
[1], Limbach et al. remark that “One of the most

promising methods for sequencing oligonucleotides be-
low the �25-mer level involves the mass analysis of
fragment ions resulting from backbone cleavage, which
are then used to construct a ‘mass ladder’ . . . Although
optimism is warranted for the achievement of direct
sequencing of oligonucleotides by mass spectrometry
within the next year or so, it has not yet been demon-
strated that complete sequences of structurally un-
known oligonucleotides can be routinely determined.”
Today, in 2009, ‘direct sequencing’ by MS is still re-
stricted to smaller oligonucleotides, with limits of �25
nt for DNA [2] and �20 nt for RNA [3]. Recent studies
are mostly focused on the use of chemical [4] and
enzymatic [5, 6] digestion, similar to the ‘bottom-up’
methodology used for protein identification [7]. How-
ever, the alternative ‘top-down’ [8, 9] approach offers
unique advantages over the ‘bottom-up’ strategy, such
as immediate information about sample heterogeneity,
and potentially a complete description of primary struc-
ture, including modifications [10]. Limiting factors for
de novo sequencing by top-down MS of oligonucleo-
tides using collisionally activated dissociation (CAD)
are base loss, secondary backbone dissociation, and
multiple backbone fragmentation channels (Scheme 1).
McLuckey and coworkers recently demonstrated com-

plete sequence information for 21 nt siRNA, using
precursor ions of relatively low charge in ion trap CAD
at relatively low excitation energy [3]. Their CAD
spectrum of (M � 5H)5� ions of 21 nt siRNA was
dominated by c- and y-type fragment ions (Scheme 1)
that include either the 5=- or 3=-terminus (“terminal
fragments,” as opposed to “internal fragments” from
secondary backbone dissociation).
Collisionally activated dissociation of (M � H)� ions

of RNA dinucleotides in a linear quadrupole ion trap
produced (M�H� B)� and (B�H)� ions from loss of
neutral and charged base B, respectively, as well as w-,
x-, c-, and d-type fragment ions from RNA backbone
cleavage (Scheme 1) [11, 12]. Among all dissociation
channels, loss of the 5= base and backbone cleavage
yielding c/y products were the most favored, and also
showed the lowest excitation amplitude thresholds [12].
Likewise, beam-type CAD of (M � 2H)2� ions of 4 nt
RNA (UAUU) gave (M� 2H�U)2� and products from
all four backbone dissociation channels (a/w, b/x, c/y,
and d/z), with preference for c/y cleavage [13]. Schürch
and coworkers presented evidence that c/y cleavage
involves the 2=-OH group of the ribose, and that nucleo-
base loss is an independent dissociation channel [13–
15]. Backbone dissociation of somewhat larger RNA
apparently strongly favors the a/w and c/y over b/x and
d/z channels: Schürch and coworkers observed only
�2% b/x and d/z products in beam-type CAD of (M �
3H)3� and (M � 4H)4� ions of 12 and 14 nt RNA,
respectively, compared with �28% a/w (including
abundant a-B ions) and �70% c/y products [15].
McLuckey and coworkers reported that the backbone
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dissociation products in both beam-type and ion trap
CAD of (M � 5H)5� ions of 21 nt single strands of
siRNA were from the a/w (including a-B ions) and c/y
channels, with the latter dominating at lower excitation
energies [3]. Products from other backbone cleavages
were observed at relatively low abundance when rela-
tively high excitation amplitudes were used in ion trap
CAD [3]. In a comprehensive study on the effect of
anion charge state on branching ratio between a/w
(including a-B ions) and c/y channels using 8 nt RNA
(GCGGAUUU), McLuckey and coworkers showed that
CAD of (M� 2H)2� to (M� 5H)5� ions gave�60% and
�50% c/y ions at low and high excitation amplitudes,
respectively [12]. In contrast, CAD of the (M � 6H)6�

ions gave 0% and �10% c/y products at low and high
excitation amplitudes, respectively, with charged base
loss as the only product at low excitation amplitude
[12]. From the above data, apparently the most crucial
factors determining the branching ratio between a/w,
b/x, c/y, d/z, and base loss channels in CAD of smaller
(up to �20 nt) RNA anions (M � nH)n� are excitation
energy, ion charge state n, and oligomer length.
We present here a systematic study on CAD of

somewhat larger RNA (34 nt), under the aspects of
branching ratio between backbone dissociation and
base loss channels as well as secondary backbone dis-
sociation. We demonstrate that undesired base loss and
secondary fragmentation can be reduced by collisional
cooling of primary backbone fragments. Moreover, we
show that CAD of 34 nt RNA precursor ions carrying
about�0.2 charges per nucleotide strongly favors back-
bone dissociation via the c/y channel (�90% of all
terminal fragments), producing relatively simple spec-
tra that can be used for de novo sequencing.

Experimental

RNA was prepared using a solid-phase synthesis ap-
proach described recently [16, 17], followed by HPLC
purification and desalting using vivaspin 500 centrifu-
gal concentrators (Sartorius, Göttingen, Germany, PES

membrane, MWCO 3000). For desalting, 500 �L of
aqueous RNA solution (10 �M) was concentrated to 100
�L, and 400 �L of 100 mM ammonium acetate in H2O
(18 M�) was added. The process was repeated three
times, followed by seven cycles of concentration and
dilution with H2O (18 M�). The 34 nt riboswitch
aptamer domain sequence [17] was AGUCG UGCUA
GCAAA ACCGG CUUUA AAAAA CUAG, with hy-
droxyl groups at the 3= and 5= termini. Variant C carried
OCH3 groups at the ribose C2=-positions of C4 and G20,
and variant B carried OCH3 groups at the ribose C2=-
positions of C4 and A30. The effect of OCH3 modifica-
tions on dissociation will be addressed in detail in a
separate publication. Final RNA concentration in the
ESI solution (50:50 or 70:30 H2O/MeOH) was 1 �M,
with the pH adjusted to 9.5 or 2.5 by addition of
triethylamine (Et3N, �1% vol.) or acetic acid (HOAc,
�0.05% vol.), respectively. Because of clogging prob-
lems with nano-ESI emitters, we used micro-ESI at
1.5–2.0 �L/min flow rate. All solvents used were HPLC
grade. Ammonium acetate (puriss p.a., �99.0%), trieth-
ylamine (puriss p.a.,�99.5%), and acetic acid (puriss p.a.,
�99.8%) were from Sigma-Aldrich, Vienna, Austria.
MS and MS/MS experiments were performed on a 7

Tesla Fourier transform-ion cyclotron resonance (FT-
ICR) mass spectrometer equipped with an electrospray
ionization (ESI) source (apex ultra 70; Bruker Austria
GmbH, Vienna, Austria). RNA dissociation was ef-
fected by collisionally activated dissociation in a linear
hexapole ion trap (H2) floated with Argon as collision
gas (Scheme 2). Laboratory frame collision energy is
defined here as the bias potential difference between
the second ion funnel (F2) and the collision cell’s
hexapole (H2) � the ion’s charge. With this experimen-
tal setup, ions are accelerated from the lower pressure
H1 and Q regions into the collision cell (H2). Because
we cannot exclude that some deactivating and/or acti-
vating ion-neutral collisions occur in the lower pressure
H1 and Q regions, laboratory frame collision energies
are not absolute but rather taken as a relative measure
of the energy available for dissociation. After selection
of ions of a given m/z in the linear quadrupole (Q), ions
enter the collision cell, where they collide with Argon
gas. The selected ions are actually accelerated into a
pressure gradient, with longer mean free paths on the
lower pressure side (towards Q) effecting higher-energy
(activating) ion-neutral collisions, and shorter mean

Scheme 1. RNA fragment ion nomenclature according to
McLuckey, Van Berkel, and Glish [11].

Scheme 2. Experimental setup for CAD experiments. Ions travel
from right to left. D: ion deflector; F1, F2: ion funnels; H1:
accumulation hexapole; Q: quadrupole for ion selection; H2: linear
hexapole ion trap in collision cell.
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free paths in the higher pressure region near the center
of the collision cell resulting in numerous lower-energy
(deactivating) collisions. Increasing the collision gas flow
rate results in an increased local Argon pressure near the
center of the collision cell and a steeper pressure gradient
along the ion flight path. CAD products were accumu-
lated in the collision cell for 1 s, followed by transfer
into the FT-ICR cell for detection. For increased statis-
tics, each mass spectrum is an average of 500 scans.
Reproducibility of spectra recorded on our instru-
ment under the same experimental condition was
very high, which is also evident from the relatively
small scatter of the data collected over a period of
several months. However, the internal energy of
precursor ions before collisional activation can differ
for different ESI sources [18] and ion transfer designs.
Moreover, the exact amount of energy imparted into
the precursor ions during low-energy collisional ac-
tivation cannot be determined accurately for many
instrumental setups, including ours. Therefore, the
total energy available for dissociation (internal en-
ergy before activation plus the energy added during
activation) is more or less unknown, and data ob-
tained on different instruments may not be directly
comparable. A possible way of standardizing the

spectra is to consider the extent of molecular ion
dissociation; such values are included in this study.
For data reduction, the SNAP2 algorithm (Bruker Dal-

tonics, Bremen, Germany) adapted here for analysis of
RNA was used. We defined an RNA building block for
calculation of isotopic profiles with elemental composition
C9.5N3.75O7P1H11.75, which is the averaged elemental
composition of A (C10H12N5O6P1), C (C9H12N3O7P1), G
(C10H12N5O7P1), and U (C9H11N2O8P1) residues. For
calculation of ion abundance, counts for all peaks within
an isotopic cluster were added, and the sum divided by
the ion’s charge to account for the fact that detector
response scales linearly with charge in FT-ICR MS.

Results and Discussion

Figure 1a shows a mass spectrum of 34 nt RNA (10.9
kDa) electrosprayed from a 1:1 methanol/water mix-
ture at pH 9.5, with molecular ion charge states ranging
from 11- to 21-. CAD of the (M � 15H)15� ions with a
laboratory frame collision energy of 105 eV gave the
spectrum shown in Figure 1b. Major CAD products are
from base loss and the a/w and c/y backbone dissocia-
tions channels (Scheme 1). Fragment ions from the b/x
and d/z channels were not observed, consistent with the

Figure 1. (a) ESI-MS spectrum of 34 nt RNA (variant C, 1 �M in H2O/MeOH 1:1, 1% vol. Et3N, pH
9.5); (b) CAD spectrum of (M � 15H)15� ions (laboratory-frame collision energy 105 eV, collision gas
flow 0.45 L/s), insets show characteristic fragment ions from RNA backbone cleavage, A stands for
adenine; (c) fragment ion map illustrating sequence coverage.
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trend of decreasing b, x, d, and z ion abundance with
increasing oligonucleotide length discussed in the in-
troduction. Sequence information from the spectrum in
Figure 1b is nearly complete, showing terminal frag-
ment ions from backbone cleavage at 30 out of 33
possible sites (Figure 1c). However, substantial base
loss from backbone fragment ions (a: 72%, w: 13%, c:
17%, y: 7%) seriously complicates spectral interpreta-
tion. As yet another limitation for de novo sequencing,
only 10 out of 32 possible complementary c/y fragment
pairs [19] (whose mass values add up to the molecular
mass) were found, along with 3 out of 33 possible a/w
pairs (Figure 1c). This relatively small yield of comple-
mentary pairs is the result of secondary backbone
dissociation, which mainly reduces the number of
higher mass primary fragment ions (Figure S1, which
can be found in the electronic version of this article).

Base Loss

Out of the base losses from terminal fragments in Figure
1b, 86% were loss of adenine, consistent with the base in
the 5= position being the most labile [12], and the RNA
containing a relatively high proportion of adenine bases
(38%). The percentage of adenine base loss from molec-
ular and selected c-type fragment ions in CAD of (M �
15H)15� precursors (Figure S2) decreases with increas-
ing collision gas flow rate, and increases with increasing
collision energy. Increasing the collision gas flow rate
from 0.1 to 0.75 L/s at 105 eV collision energy and from
0.1 to 0.9 L/s at 128 eV reduces base loss frommolecular
ions by �50% and �47%, respectively. Base loss from
backbone fragment ions generally decreases with in-
creasing fragment ion mass at both 105 and 128 eV,
possibly because the higher mass fragments have
larger collision cross sections that are more suscepti-
ble to collisional deactivation after primary backbone
cleavage.
Ion transmission through the hexapole collision

cell decreases with increasing collision gas flow rate
(Figure 2a) as a result of scattering ion-neutral collisions
in the interface region between quadrupole and collision
cell (Scheme 2). However, by using a more attractive
bias potential on the hexapole (�V � 1.1 V, correspond-
ing to an increase in laboratory frame collision energy
of �17 eV), ion transmission in CAD of (M � 15H)15�

ions (m/z 728) at 0.45 L/s is comparable to that at 0.1 L/s
(Figure 2a). The total fragment ion yield increases
sigmoidally with increasing collision energy (Figure
2b), with the data at 0.1 L/s and 0.45 L/s offset by �17
eV as well. Similar results are obtained for CAD of (M�
12H)12� ions (m/z 911), but with energy offsets of �10
eV and �35 eV for total fragment ion yield and ion
transmission, respectively (Figure S3). Does this mean
that spectra obtained at different gas flow rates, but
showing the same extent of molecular ion dissociation,
are just the same?
Figure 3 shows the extent of base loss frommolecular

and c13 ions versus collision energy in CAD of (M �

15H)15� and (M� 12H)12� ions, with the data at 0.1 L/s
plotted against the bottom axes, and the data at 0.45 L/s
plotted against the top axes. The top and bottom axes
are shifted against each other by 17 and 10 eV for the
(M� 15H)15� and (M� 12H)12� data, respectively. This
presentation accounts for the above difference in labo-
ratory frame collision energy required to give the same
extent of molecular ion dissociation at collision gas flow
rates 0.1 and 0.45 L/s. For CAD of (M� 15H)15� (Figure
3a) as well as (M � 12H)12� (Figure 3b) ions, base loss
increases with increasing collision energy. However,
base loss at 0.1 L/s collision gas flow rate is generally
higher than at 0.45 L/s, most notably at higher collision
energies. We reason that the steeper pressure gradient
at higher gas flow rate allows for energetic collisions of
precursor ions upon entering the collision cell volume
(resulting in primary backbone cleavage), and at the
same time makes possible more efficient collisional
deactivation of primary fragment ions inside the colli-
sion cell (resulting in reduced base loss). Moreover,
base loss in CAD of (M � 15H)15� ions is much more
pronounced than in CAD of (M � 12H)12� ions at both
collision gas flow rates, 0.1 and 0.45 L/s (Figure 3). The
collision cross sections of nucleic acids generally increase
with increasing net charge [20, 21], so that collisional
deactivation of (M � 15H)15� and its primary fragment
ions should be more efficient than for (M � 12H)12� at
any given gas flow rate. However, the contribution of

Figure 2. For 34 nt RNA (variant C, 1 �M in H2O/MeOH 1:1, 1%
vol. Et3N, pH 9.5), (a) total ion abundance and (b) total fragment
ion yield versus laboratory frame collision energy in CAD of (M�
15H)15� for collision gas flow rates 0.1 and 0.45 L/s. Lines are
meant to guide the eye.
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Coulombic to ion internal energy is not affected by
ion-neutral collisions unless they cause changes in
intramolecular charge distribution or three-dimensional
structure of the ions. For the (M � 15H)15� ions the
proportion of Coulombic energy must be substantial,
with a decrease of precursor ion charge from 15� to
12� reducing base loss from molecular and c13 frag-
ment ions by �25% at both collision gas flow rates. The
difference between the 0.1 and 0.45 L/s data is least
pronounced for c13 from CAD of (M � 12H)12� (Figure
3b). The average net charge of c13 from CAD of (M �
15H)15� and (M � 12H)12� is �5.6 and �4.8, respec-
tively. Because of reduced Coulombic repulsion, the c13
ions from CAD of (M � 12H)12� should have the
smallest collision cross section among the four ion species
considered in Figure 3. Presumably, the rates of collisional
cooling at 0.1 and 0.45 L/s cannot effectively compete
with the rate of base loss from the more compact c13 ions.
Further reduction of base loss would then require signif-
icantly higher collision gas flow rates, but with detrimen-
tal effect on transmission of molecular ions and their CAD
products through the collision cell.

Secondary Fragmentation

Figure 4 shows abundances of selected ions from back-
bone cleavage and base loss versus collision energy. The
general features of the data are the same for both charge
states, 15- and 12-, and collision gas flow rates, 0.1 and
0.45 L/s, studied in such detail: with increasing colli-
sion energy, the abundances of c10, c13, c18, and a13-A
ions increase to a maximum value, and then decrease as
a result of secondary fragmentation. Products from
secondary backbone cleavage include internal frag-
ments (e.g., AAAint) as well as smaller terminal frag-
ments (e.g., c4), whose abundances increase at the
expense of higher-mass primary fragment ions at higher
collision energies (Figure 4).
A major difference between the data at 0.1 and 0.45

L/s is that for the latter, the collision energy ranges
yielding �50 and 	99% molecular ion dissociation
(areas shaded in gray) are generally broader, especially
for CAD of (M � 12H)12� ions. The smaller effect of
collision gas flow rate on backbone fragmentation in
CAD of (M � 15H)15� (Figure 4 a and b) is consistent
with Coulombic energy making up a significant contri-
bution to internal energy in both precursor and product
ions, as collisional cooling affects only non-Coulombic,
i.e., vibrational energy. For the (M � 12H)12� ions, on
the other hand, collisional deactivation is more effective
because the contribution of Coulombic to internal en-
ergy is smaller. This reasoning is also supported by the
observation that cooling is generally more effective in
reducing base loss at higher collision energies where the
proportion of vibrational energy is higher (Figure 3).
The relative abundance of internal fragments from
secondary backbone fragmentation, e.g., AAAint, is gen-
erally higher at 0.1 than 0.45 L/s for comparable extents
of molecular ion dissociation (Figure 4). For example, at
73% dissociation of (M � 12H)12�, the [AAAint]/[c13]
ratio is 0.41 and 0.30 at collision gas flow rates 0.1 and
0.45 L/s, respectively. In line with the above rationale,
the effect is more pronounced in CAD of (M � 12H)12�

than for (M � 15H)15� ions, and also at higher collision
energy (Figure S4).

Backbone Dissociation Channels

The major difference between CAD of (M � 15H)15�

and (M � 12H)12� ions is that for the latter, c ion
abundance is generally higher, consistent with reduced
base loss in CAD of (M � 12H)12� (Figure 3b), and
preference for the c/y over the a/w channel at lower
precursor ion charge. Moreover, in CAD of (M �
15H)15� ions, the onsets for a13-A ion formation are at
lower energy than the onsets for formation of the
internal fragment AAAint (Figure 4 a and b), but this
order is reversed in CAD of (M � 12H)12� ions (Figure
4 c and d). Removal of only 20% of the molecular ion’s
net charge (from 15- to 12-) changes the branching ratio
of backbone cleavage products in favor and disfavor of
the c/y and a/w fragmentation channels, respectively.

Figure 3. For 34 nt RNA (variant C), relative loss of adenine
from molecular and selected fragment ions in CAD of (a) (M �
15H)15� from ESI of a 1 �M solution in H2O/MeOH 1:1 (1% vol.
Et3N, pH 9.5) and (b) (M � 12H)12� ions from ESI of a 1 �M
solution in H2O/MeOH 7:3 (1% vol. Et3N, pH 9.5) versus
laboratory frame collision energy. Data for collision gas flow
rates 0.1 and 0.45 L/s are plotted versus the bottom and top
axes, respectively, which are offset by 17 eV in (a) and 10 eV in
(b). Percent values next to markers indicate extent of molecular
ion dissociation. Lines are meant to guide the eye.
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The highest abundance of primary c ions, along
with minimal secondary fragmentation, is obtained
with �50% to �80% molecular ion dissociation (Fig-
ure 4). This is true for both charge states and collision
gas flow rates studied here, and agrees well with our
general experience that the best CAD spectra of
multiply deprotonated RNA are obtained at collision
energies that reduce the precursor ion abundance to
�30%–40%.
With 59% precursor ion depletion in CAD of (M �

12H)12� ions of 34 nt RNA at collision gas flow rate 0.45
L/s, we obtain a spectrum that is dominated by frag-
ment ions from the c/y backbone dissociation channel
(98% of all assigned backbone fragment ions), and
completely devoid of a and (a-B) ions; w ions make up
2% of all assigned backbone fragment ions (Figure S5a).
Sequence coverage is nearly complete (Figure S5b),
showing terminal fragment ions from cleavage at 30 out
of 33 possible sites. At the same time, overall base loss

from molecular and assigned backbone fragment ions is
only 12% and 4%, respectively, significantly less than
that for CAD of (M � 15H)15� ions (Figure 1). The
Figure S5 data also gave a higher number of comple-
mentary c/y ion pairs, 23 out of 32 possible. Most of the
missing complementary ions are higher mass c and y
fragments (Figure S5b), which appear to be more prone
to secondary backbone dissociation than fragment ions
of lower mass. From the numbers of complementary ion
pairs in CAD of (M � 15H)15� (Figure 1c) and (M �
12H)12� (Figure S5b), 10 and 23, respectively, it is
evident that precursor ion net charge is in large part
responsible for decomposition of larger primary frag-
ment ions. Two charge-related factors could contrib-
ute to secondary backbone dissociation: first, Cou-
lombic repulsion generally decreases (primary) ion
stability; second, if backbone cleavage involves neg-
ative charge, as suggested by Schürch and coworkers
[13], chances for secondary backbone dissociation

Figure 4. For 34 nt RNA (variant C), abundance of selected fragment ions in CAD of (a), (b) (M �
15H)15� from ESI of a 1 �M solution in H2O/MeOH 1:1 (1% vol. Et3N, pH 9.5) and (c), (d) (M �
12H)12� ions from ESI of a 1 �M solution in H2O/MeOH 7:3 (1% vol. Et3N, pH 9.5) versus
laboratory frame collision energy for collision gas flow rates (a), (c) 0.1 L/s and (b), (d) 0.45 L/s.
Collision energy ranges required for �50% to 	99% molecular ion dissociation are highlighted as
gray areas. Percent values next to markers indicate extent of molecular ion dissociation. Lines are
meant to guide the eye.
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should decrease with decreasing charge. Following
this logic, further reduction of precursor ion charge
should increase the number of higher mass primary
backbone fragments and complementary c/y ion
pairs. However, ESI of 34 nt RNA in H2O/MeOH
mixtures with the pH adjusted to 9.5 by addition of
triethylamine generally did not produce significant
amounts of molecular ions with charge states 	�12
(Figure 1a).

CAD of Precursor Ions of Reduced Charge

Charge state reduction of small multiply deproto-
nated DNA by addition of acetic acid to the ESI
solution was reported by Smith and coworkers [22].
We find that acetic acid is equally effective in reduc-
ing ion charge during ESI of our 34 nt RNA; adjusting
the pH of the ESI solution to 2.5 by addition of

�0.05% HOAc gave the spectrum shown in Figure 5a,
CAD of the (M � 7H)7� ions, which carry less than
half of the charge than the (M � 15H)15� ions (Figure
1b), gave the spectrum shown in Figure 5b, which is
dominated by abundant c and y ions.
The CAD spectrum in Figure 5b shows largely

nonselective backbone cleavage with respect to nucleo-
base composition (Figure 6a), and provides complete
sequence coverage (Figure 6b). Backbone cleavage via
primarily the c/y channel (91% of all terminal backbone
fragments) produced 30 out of 32 possible complemen-
tary c/y ion pairs whose mass values add up to the
molecular ion mass (Figure 6b). Reduced secondary
fragmentation compared with CAD of (M � 15H)15�

(Figure 1c) and (M � 12H)12� (Figure S5b) is evident
from the increased number of higher mass c and y
fragment ions (Figure 6b).

Figure 5. (a) ESI-MS spectrum of 34 nt RNA (variant B, 1 �M in H2O/MeOH 1:1,�0.05% vol. HOAc,
pH 2.5); (b) CAD spectrum of (M� 7H)7� ions (laboratory-frame collision energy 126 eV, collision gas
flow 0.45 L/s). Asterisks indicate harmonic peaks of (M � 7H)7� and (M � 7H - A)7�.
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Conclusions

Our concept of collisionally cooling the fragment ions
from primary backbone cleavage in CAD of lower
charge precursor ions now enables de novo sequencing
of 34 nt RNA by top-down mass spectrometry. Experi-
mental conditions include use of high collision gas flow
rates as well as selection of precursor ions of relatively
low negative net charge (about �0.2/nt). The key idea
is to minimize internal energy of primary fragment ions
by collisional cooling (minimizing vibrational energy)
and reduced charge (minimizing Coulombic energy).
Moreover, if the mechanism for backbone cleavage
involves negative charge, chances for secondary back-
bone dissociation decrease with decreasing precursor
ion charge. Coincidentally, lower precursor ion charge
states changes the branching ratio between a/w and c/y
dissociation channels in favor of formation of comple-
mentary c and y ions (�90%); a ions have a much
higher tendency for base loss and the resulting (a-B)
ions are less useful for de novo sequencing. The above
experimental conditions significantly reduce interfering
base loss and secondary fragmentation, providing com-
plete sequence coverage and 30 out of 32 possible
complementary c/y ion pairs for 34 nt RNA. Reducing
the charge of precursor RNA ions here was achieved by
acidification of the ESI spray solution. We are currently
studying other ESI additives for charge reduction, and
extending our methodology to larger RNA.
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Figure 6. For 34 nt RNA (variant B, 1 �M in H2O/MeOH 1:1
�0.05% vol. HOAc, pH 2.5), (a) abundance of terminal backbone
fragment ions in CAD of (M � 7H)7� ions (laboratory frame
collision energy: 126 eV, collision gas flow rate: 0.45 L/s) versus
cleavage site, with c, y, a, and w ions shown as black, and base
losses as gray bars; (b) fragment ion map illustrating sequence
coverage.
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