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ABSTRACT: Ribonucleic acids (RNAs) remain challenging targets for structural biology,
creating barriers to understanding their vast functions in cellular biology and fully realizing
their applications in biotechnology. The inherent dynamism of RNAs creates numerous
obstacles in capturing their biologically relevant higher-order structures (HOSs), and as a
result, many RNA functions remain unknown. In this study, we describe the development of
native ion mobility−mass spectrometry and collision-induced unfolding (CIU) for the
structural characterization of a variety of RNAs. We evaluate the ability of these techniques to
preserve native structural features in the gas phase across a wide range of functional RNAs.
Finally, we apply these tools to study the elusive mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes-associated A3243G mutation. Our data demonstrate that
our experimentally determined conditions preserve some solution-state memory of RNAs via
the correlated complexity of CIU fingerprints and RNA HOS, the observation of predicted
stability shifts in the control RNA samples, and the retention of predicted magnesium
binding events in gas-phase RNA ions. Significant differences in collision cross section and stability are observed as a function of the
A3243G mutation across a subset of the mitochondrial tRNA maturation pathway. We conclude by discussing the potential
application of CIU for the development of RNA-based biotherapeutics and, more broadly, transcriptomic characterization.

■ INTRODUCTION
It was not until the completion of the Human Genome Project
(HGP) that the breadth of ribonucleic acid (RNA) species and
their respective functions began to be realized.1−3 To the
surprise of many, most of the human genome did not encode
for proteins but rather for RNAs that carry out key biological
functions or possess unknown roles in cellular biochemistry.1

Since this discovery, a surge in RNA structural biology has
followed, and the utility this molecular class possesses in
biotherapeutic development continues to expand.4,5 These
studies have brought to light the wide range of RNA sequence
lengths and types, the extensive post-transcriptional modifica-
tions (PTMs) required for their native structures and
functions, the structural dynamism inherent to these
biomolecules, and the manner in which both their structures
and functions depend upon specific solution conditions.6−9

However, many of the biophysical techniques utilized for these
aforementioned studies require copious amounts of sample,
extensive preparation, and long analysis times and often
sacrifice the native dynamism of the RNA species probed.
These challenges demand the development of new

technologies capable of studying the higher-order structures
(HOSs) of these noncoding RNAs (ncRNAs) both at
biologically relevant concentrations and under biologically
relevant solution conditions. Recently, ion mobility−mass
spectrometry (IM-MS) has emerged as a useful structural
biology tool, and its application to nucleic acids continues to
show great promise.1,10−13 In short, IM works by separating

gas-phase ions by charge and rotationally averaged collision
cross sections (CCSs) within milliseconds.14 In conjunction
with MS, ions of the same mass-to-charge (m/z) ratio and
different CCSs can be readily distinguished. Importantly for
RNA, extensive structural dynamics does not restrict IM-MS
measurements, enabling the inherent dynamism of these
biomolecules to be probed directly.
Collision-induced unfolding (CIU) has further enabled IM-

MS to synchronously monitor analyte structures and
stabilities15 while providing domain-level structural insight.16,17

Specifically, CIU experiments work by collisionally activating
ions of interest to induce structural unfolding prior to IM
separation. In the context of protein characterization, CIU has
proven powerful in discriminating differences in disulfide-bond
patterns of monoclonal antibodies, classifying kinase inhibitors,
and capturing RNA binding protein (RNP) substrate depend-
encies.18−20 However, the utility of CIU in probing nucleic
acid structures remains unexplored.
In this report, we have improved the capability of IM-MS

and CIU to capture native-like gas-phase nucleic acid ions
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across a range of structured ncRNAs. Specifically, we
experimentally determined conditions to mitigate their gas-
phase collapse during desolvation and better preserve native-
like Mg-bound states into the gas phase. Furthermore, we
construct a series of control experiments to probe the
correlations between expected shifts in RNA stability in
solution and those observed by CIU and observe strong
relationships between the two overall. Our optimal conditions
were applied to a mitochondrial tRNA (mt-tRNA) to robustly
characterize its HOS through CCS and stability measurements
recorded across mt-tRNA maturation and mutation states
using CIU, for the first time. Our results both confirm prior
measurements obtained from previous reports and add key
information pertaining to yet unprobed maturation states of
the MELAS mt-tRNA leucine (Leu, UUR). Specifically, we
observe that the A3243G MELAS mutation confers a
significant increase in CCS in immature pre-tRNAs containing
the 5′leader sequence while producing more compact
configurations across other tRNA states studied, suggesting a
uniquely aberrant tertiary structure is adopted for A3243G
sequences prior to RNase P processing. Furthermore, we
observe that the greatest degree of destabilization conferred by
A3243G mutation is associated with intermediately processed
tRNAs states, suggesting an uneven risk of MELAS tRNAs
adopting non-native folds throughout post-transcriptional
processing. We conclude our report by discussing the
implications of both CIU technologies for the study of RNA
structure and function, as well as the potential importance of
our MELAS mt-tRNALeu(UUR) findings.

■ EXPERIMENTAL SECTION
Sample Preparation. Solid-phase synthesized wild type (WT)

and A3243G mutant mt-tRNA were purchased from Integrated DNA
Technologies (IDT) and supplied as a lyophilized powder. All
purchased RNAs were reconstituted using Milli-Q water (Millipore),
aliquoted at 30 μL 18 uM stocks, and stored at −80 °C. The flavin
mononucleotide riboswitch aptamer (FMNRS) was in vitro tran-
scribed (IVT) using recombinant T7 RNA polymerase and a DNA
oligonucleotide template ordered from IDT (Table S3).21 RNA was
transcribed from single-stranded antisense DNA templates containing
two 5′ O-methyl modifications annealed to a short complementary T7
promoter oligo.22 Transcriptions were carried out at 37 °C with
orbital shaking at 300 rpm in 40 mM Tris base pH 7.9, 2 mM
spermidine, 0.01% (v/v) Triton-X 100, 30 mM MgCl2, 10 mM DTT,
7.11 mM ATP, 7.70 mM CTP, 10.07 mM GTP, 7.11 mM UTP, 3%
(v/v) DMSO, 0.7 μM T7 RNA polymerase, 0.5 U/mL inorganic
pyrophosphatase (Thermo Fisher Scientific), and 0.1 μM DNA
template containing the T7 promoter sequence. After 3.75−4 h,
reactions were quenched with EDTA and brought to pH at a final
concentration of 60 mM. The resulting RNA was analyzed for quality
and homogeneity using 12% (v/v) poly(acrylamide gel electro-
phoresis) (PAGE) followed by either UV back shadowing23 or
staining using methylene blue.24 The transcription reactions, if
sufficiently homogeneous, were further purified by size exclusion
chromatography (SEC) to remove free nucleotides, short tran-
scription termination products, and T7 RNA polymerase. Tran-
scription mix was buffer-exchanged into denaturing SEC buffer (0.1
M Tris pH 7, 0.1 M boric acid, 0.2 mM EDTA, 5 M urea) using an
Amicon spin column (30 kDa MWCO). Concentrated RNA was
injected on to an equilibrated Superdex S200 15/300 column (GE
Healthcare, now Cytiva) and eluted at a flow rate of 0.35 mL per
minute. Using the ultraviolet (UV) chromatogram and PAGE
analysis, the most homogeneous fractions were pooled and buffer-
exchanged using a fresh Amicon spin column (30 kDa MWCO) into a
storage buffer, either TBE or 50 mM Tris, 50 mM borate, 150 mM

KCl, and aliquoted from 30 to 60 uL and flash-frozen in liquid
nitrogen before storage at −80 °C.

For MS analysis, all RNAs were diluted to a working concentration
of 2 μM in 60 μL. RNAs were thawed on ice before refolding via
thermal denaturation at 90 °C for 3 min followed by incubation at 37
°C in the presence of 0.5 mM Mg(OAc)2 for 15 min, then cooled at
room temperature for 10 min before transferring to ice. For Mg2+-
dependent folding experiments, concentrations of 0.05−20 mM
Mg(OAc)2 were used in place of 0.5 mM Mg(OAc)2 solution
referenced above. To remove nonspecifically bound Mg2+ ions, the
folded RNAs were buffer-exchanged into pH ∼7100 mM AmOAc
with Micro Biospin P6̅ Micro columns (Bio-Rad, Hercules, CA) prior
to both native MS or IM-MS analyses. The modified single-stranded
short interfering RNA (siRNA) and siRNA Duplex (each 60 μL at 2
μM) were provided by Amgen (sequences are proprietary to Amgen)
and did not undergo any refolding as described above.

High-Resolution Native Mass Spectrometry. A Thermo Fisher
Q-Exactive Ultra high mass resolution (QE-UHMR) Hybrid Quadru-
pole-Orbitrap Mass Spectrometer was used for identifying Mg-bound
populations of mt-tRNALeu(UUR) identified under a negative ionization
polarity. Samples were buffer-exchanged into 100 mM ammonium
acetate (AmOAc) using Micro Bio-Spin P6̅ gel columns (Bio-Rad,
Hercules, CA) and directly infused via nanoelectrospray ionization
(nESI).25 nESI was performed using borosilicate needles pulled and
gold-coated in-house with a Sutter p-97 Needle Puller and a Quorum
SCX7620 mini sputter coater, respectively. QE-UHMR acquisition
settings can be found in Supporting Table 1. The acquired native
mass spectra were deconvoluted using UniDec in negative polarity.26

IM-MS and CIU. An Agilent 6560C (Agilent Technologies, Santa
Clara, CA) was utilized for all IM-MS and CIU experiments where the
instrument configuration has been previously described.27,28 RNA
samples were subjected to nESI (capillary voltages of 1.2−1.5 kV)
with in-house pulled borosilicate capillary needles. For higher in-
source activation (>390 V), sulfur hexafluoride (SF6) was used as a
drying gas between the fragmentor (F) and capillary exit (CE) lenses
to act as an electron scavenger and prevent arcing. Additionally,
SF6(g) has a larger mass than the typical N2 gas used in this region of
the instrument and results in higher center-of-mass-frame kinetic
energy collisions with the analyte ions. Throughout the rest of the
instrument, high-purity nitrogen (N2(g)) was used. Additional 6560C
settings can be found in the Supporting Information (Table S2).

Multifield CCS measurements were conducted across 1450−1700
V (by 50 V increments) at the drift tube entrance voltage and
collected in 0.5 min intervals. CIU experiments were conducted by
increasing the CE lens (up to +490 V) relative to the F lens (400 V).
Specifically, 10 V steps at 0.2 min were acquired from 10 to 480 V CE.
The time segment feature was used in the Agilent Mass Hunter 10
Acquisition software to collect all activation steps in a single file. The
MIDAC Agilent data extractor (packaged with CIUSuite2) was used
to extract the arrival time distributions (ATDs) for the ions of interest
from each time segment. The ATDs were plotted against the applied
ΔV, referred to as collision voltage (CV), using CIUSuite2.3.
Importantly, this version of CIUSuite229 is crucial for accurate fitting
of the compaction transition observed in nucleic acid CIU.

CIU Data Processing. β-version CIUSuite2.3 was used for the
CIU analysis of all nucleic acids (Figure S1). Specifically, raw
instrument files were loaded via CIU batch extraction to generate .raw
files. Within the batch extraction template, upper and lower m/z
values were specified by charge state, and t0 (t-fix) and β (β) values
were provided. t0 and β were acquired by spraying Agilent tunemix in
a negative ionization polarity. The resulting mass spectra were
subsequently analyzed in IM-MS Browser 10, and the single-field CCS
calculator was used to extract the drift times of each tunemix ion to
obtain t0 (t-fix) and β (β) values for CIU-CCS calibration.
Additionally, high energy and non-time-segmented (a value of “0”)
was specified for the extraction.

Resulting text _raw.csv files were then used as input for CIUSuite2
data processing, using a smoothing window size of 5 and 1 iteration
(2D Savitzky-Golay). The data were interpolated by a factor of 2 and
cropped in both axes to better visualize the resulting fingerprint. Data
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were plotted and underwent standard feature detection with the
“exclude feature” set to false for all CIU50 analyses reported here.

■ RESULTS AND DISCUSSION
Ribonucleic Acids Structurally Compact prior to

Unfolding. Prior reports have detailed the potential of CIU
assays to probe the structures and stabilities of a variety of
proteins and protein complexes.15−20 Typical CIU experiments
produce increased drift times or CCSs in a manner correlated
with increases in collision voltage (CV), with some cavity-
containing protein complexes observed to undergo compaction
upon collisional activation.30 Prior to this report, CIU has not
been used to study the HOS of RNA species, and a key
objective of the studies described here centered on evaluating
the information content of such assays applied to nucleic acid
targets.
We selected three RNA species of varying HOS (e.g.,

primary, secondary, tertiary) and hypothesized that their
resulting CIU fingerprints would reflect patterns indicative of
their differences in HOS as RNAs with more complex
secondary and tertiary structures were probed. Pilot CIU
experiments focused on an siRNA, a double-stranded RNA
duplex, and a mt-tRNA. Our CIU data revealed that both the
number of CIU features and the CIU50 values recorded
depend strongly on RNA HOS (Figure 1). In contrast to the
majority of protein CIU, RNA ions routinely undergo an initial
compaction step upon collisional activation prior to CIU to a
variable extent. However, when evaluated across ionization
polarities, charge states, ion species, and levels of pre-CIU
HOS, this compaction remains the most prominent aspect of
RNA CIU data sets (Figures S2 and S3). MS evaluation across
respective CIU features reveals there to be no change in RNA
mass during compaction (e.g., no loss of RNA bases), thus
suggesting that an alteration in RNA HOS is the most likely
origin of the observed shift in RNA CCS values (Figure S4).
Prior experiments have observed the compaction of large

biomolecules upon desolvation during ESI, including nucleic
acids.31−37 A closer analogue to the collision-initiated RNA
compaction observed in our RNA CIU data includes the
compaction steps observed for cavity-containing multiprotein
complex ions during CIU, where such transitions have been
linked to the collapse of such cavity-bearing structures as a low-
energy remodeling pathway during the collisional activation of
such ions in the gas phase.30 Despite such similarities, it is not
possible currently to draw direct comparisons between our
RNA CIU data and these prior reports due to the differing
polarities, chemical compositions, and potential for salt-
bridged structures within the two ion classes.
IM-MS Preserves Native-like Mg2+-Ensemble Popula-

tions into the Gas Phase. As noted above, previous native
MS work on nucleic acids has revealed that such ion species
undergo significant gas-phase collapse upon desolvation during
ESI.38,39 While the findings outlined above could suggest a loss
of native-like structure upon desolvation, it has also been
observed that nucleic acids can retain their specific cofactor
and ligand interactions from the solution during MS analyses
(Figure S7).40−45 Prior reports in this area have focused
primarily on characterizing either rigid nucleic acid structures
or nucleic acid forms produced in the absence of biologically
relevant cationic cofactors (e.g., Mg2+, Na+, K+) due to the
incompatibility of high salt concentrations with ESI. As such,
the overall level of native higher-order structural information

preserved in the gas phase for less rigid nucleic acid structures
remains largely unknown.
We began recreating these previous experiments, and we

further explored other reported solution conditions to discover
which would adequately stabilize native-like RNA structures
for IM-MS characterization. Ultimately, we found that
solutions containing 100 mM AmOAc when ionized in
negative polarity mode were optimal for the IM-MS analyses
of flexible RNAs. The ionic strength identified in our survey is
lower than the optimal value reported previously for rigid
nucleic acid species,13 yet it was chosen for its ability to
promote more native-like CCSs values in the RNA species
studied here while preserving a native charge state envelope
(i.e., low charge states indicative of folded RNA structures).
The negative ionization polarity was selected for its ability to
confer improved signal intensities for RNA species due to their

Figure 1. CIU detects HOSs in RNA species. Top to bottom (A−C),
RNA species increase in their higher-order structural complexity. (A)
A single-stranded short interfering RNA (siRNA) of primary
structure. (B) An RNA duplex of secondary structure. (C) A mt-
tRNA of tertiary structure. CIU analyses support the expected
increase in HOS through the observed increasing number of features
observed (n ≥ 3, RMSDs ≤ 2.00 for all).
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greater anionic ionization efficiencies (Figure S5A) and for the
preservation of a native-net overall charge for RNA species,
which can be a concern for the evaluation of biomolecular
HOS, when compared to equivalent positive polarity data sets
(Figures S5 and S6).
In addition to the considerations detailed above, various

magnesium (Mg2+) concentrations were explored in our
evaluation of solution conditions designed to preserve native-
like RNA HOS for IM-MS investigations. Mg2+ is a particularly
important cofactor required for RNA structure, function,
catalysis, and RNA binding proteins (RBPs).46−48 In the
context of RNA folding, Mg2+ concentrations vary extensively
in solution-based folding protocols and commonly use
magnesium chloride (MgCl2).

49 Because free chloride (Cl−)
ions can lead to ion suppression in ESI, a Mg(OAc)2 salt was
chosen as a source of Mg2+ ions and for its MS-compatible
counterion (acetate, OAc−). Preliminary data collection was
aimed at identifying if the solution structural Mg2+ effects were
retained in the gas phase using a highly structured flavin
mononucleotide riboswitch (FMNRS) aptamer (Figure S8).50

Upon the addition of micromolar amounts of Mg(OAc)2 to
RNA samples in solution, significant changes in both the RNA
CCS and stability were observed in our IM-MS data. Mg2+-
induced stabilization in RNA structures has been well reported
in prior studies51−54 and is reflected in CIU50 values that
increase in a manner correlated with increasing Mg(OAc)2
concentrations. However, given the nonlinear nature of the
correlation observed, we focused our efforts on determining
the optimal amount of Mg(OAc)2 for IM-MS and CIU
characterization of structured and flexible RNA targets.

To identify optimal Mg2+ concentrations for native IM-MS
studies of less rigid nucleic acid structures, an mt-tRNA
(specifically, mt-tRNALeu(UUR)) was used as a model system.
Overall, tRNAs often serve as model RNA systems due to their
well-characterized solution-states, canonical secondary and
tertiary structures (Figures 2A and S9),55−58 and discrete
structural dependence on Mg2+ binding.55 mt-tRNAs serve as
unique tRNA species due to their hypothesized increase in
dynamism when compared to cytosolic tRNAs.58,59 Despite
this increased dynamism, current literature identifies the
presence of eight specifically bound Mg2+ ions for natively
structured tRNAs,58 and we have utilized native MS to
determine if this stoichiometry is preserved within the tRNA
ion-ensembles detected in the gas phase.
Specifically, the canonically elbow-shaped, mature 3′CCA-

containing wild-type synthesized mitochondrial (mt)-tRNA
Leucine (LEU, UUR) was folded in concentrations of
Mg(OAc)2 ranging from 0.05 to 20 mM in 100 mM
AmOAc (Figure S17, not all concentrations tested shown).
As observed in our FMNRS data, we detect a stabilization and
a change in CCS upon the addition of Mg(OAc)2 to mt-
tRNALeu(UUR) samples (Figure 2B). These data comport with
the conclusion that shifts in the compaction step observed in
our data, quantified by CIU50-1, contain biomolecular stability
information that strongly correlates with expected shifts in
solution. Specifically, we observe a dramatic increase in CIU-
based stability upon folding the tRNA in the presence of Mg
when compared to RNA that has not been subjected to proper
RNA folding conditions. Control experiments verified that
shifts in CIU50 are not due to the addition of Mg alone
(Figure S10). These data align with further control experi-

Figure 2. (A) tRNA secondary structure with predicted contacts to adopt the final tertiary structure. (B) Centroid fitted CCS and CIU50 Mg2+
dependences of the WT mt-tRNALeu(UUR) species (n ≥ 3, p ≤ 0.01). (C) Native mass spectra of the Mg2+-free 3′CCA species (gray) and a common
Mg2+ folding concentration (blue). Metal-free tRNAs are denoted by red circles, sodium by black squares, and Mg2+ by purple triangles. (D)
Weighted averages of Mg2+:tRNA as a function of Mg(OAc)2 concentration (n ≥ 3). It is important to note that all Mg2+ peaks across each
Mg(OAc)2 concentration were accounted for in the weighted average calculation.
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ments where we observe increases in RNA stability upon the
addition of post-transcriptional modifications known to
stabilize the tRNA structure (Figure S14) and upon RNA-
ligand binding (Figure S7). Taken together, these data strongly
indicate that the RNA stability information extracted from CIU
is strongly correlated with relative shifts associated with RNA
stability in solution.
Our native MS data identify a plethora of Mg2+:tRNA

stoichiometries under the above-noted solution conditions,
and as expected, with increasing Mg2+ concentrations in
solution, we detect an increase in Mg2+-binding/adduction to
the RNA ions observed in our experiments. Despite this, we
note that the weighted average of all Mg-bound RNA ion
populations observed across all Mg concentrations greater than
∼75 μM (a 25-fold excess relative to our tRNA concentration)
produced values of 8 ± 1 Mg2+ ions bound (Figure 2C), with
larger Mg2+-binding stoichiometries observed with insufficient
intensity to significantly shift this average at higher Mg2+
concentrations.
While our native MS experiments were able to detect the

predicted Mg2+-RNA stoichiometry for the properly folded mt-
tRNALeu(UUR), it is important to note that we anticipated
detecting an ensemble of Mg2+-binding states in our native MS
RNA measurements due, in part, to the structural dynamism
and polydispersity inherent to such biomolecules. In addition,
it is important to note that there are two types of Mg2+−RNA
interactions expected in our data: site-specific tightly bound
Mg2+ ions and those that are associated with a secondary
solvation shell primarily serving as counterions. Taken
together, our experiments have likely captured Mg2+ ions
mainly belonging to the former category alongside a subset of
the latter category of bound Mg2+. Aside from Mg2+, it is
important to note that cations such as sodium (Na+) and
potassium (K+) are abundant within living cells and have been
shown to be involved in several nucleic acid structures.
Specifically, tRNAs have been identified to utilize Na+ in
addition to Mg2+, and future work aims to address the
concentrations of such ions needed for the improved analysis
of native-like tRNAs in the absence of bulk solvent.
Shifts in MELAS-Associated tRNA Structure and

Stability. Human mitochondria are unique in that they
contain their own genome and encode for a complete set of
tRNAs separate from cytosolic tRNAs.60 Importantly, these
mt-tRNAs incur significant rates of mutation due to the highly
oxidative environment native to the mitochondria, and these
mutations result in several mitochondrial disorders that remain
difficult to capture and characterize.61−63 Mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS) remain one of the most common, and often fatal,
mitochondrial disorders beginning in early childhood, affecting
both the nervous and muscular systems.64 In approximately
80% of cases, an A3243G transition mutation occurring in the
mt-tRNALeu(UUR) is observed and correlated to the onset of the
disorder.65 While the current consensus is that this mutation
negatively affects mitochondrial translation, the biophysical
consequences of this mutation remain poorly understood.
Like cytosolic tRNAs, mt-tRNAs undergo 5′ and 3′ end

processing, but these processing points differ in that mt-tRNAs
are cleaved via the tRNA punctuation model unlike their
cytosolic counterparts (Figure S11).60 Currently, most prior
work focusing on the A3243G MELAS RNA mutation has
surrounded its ability to be processed by mitochondrial
ribonuclease P (mt-RNase P) at the 5′leader sequence,66,67

but the effects the mutation induces across mt-tRNA
maturation states have remained unexplored until now.
Specifically, we leveraged the optimal solution and instrument
conditions identified in the data described above for native-like
gas-phase RNA analyses to probe the biophysical consequen-
ces this mutation induces onto the mt-tRNAs across a subset
of the RNA maturation pathway (Figure 3A).

In agreement with previous A3243G mutant results, an
increase in RNA dimerization is observed for the 3′CCA-
containing species (Figure S12),68 and for the first time, our
data show an increase in dimerization for the 5′leader-
containing species (Figure S12). Overall, CCS data reveal
significant differences across each point of maturation and
mutation, but the effects of these structural changes induced in
the specific RNA species studied are difficult to interpret
through CCS information alone (Figure 4A). If the structure of
the mt-tRNA remains unchanged, the reduced mass associated
with the A3243G mutation alone is likely to be insufficient to
shift the observed CCS of the intact mt-tRNA. Interestingly,
we note that these changes in mt-tRNA CCS were not
observed in the absence of Mg2+. As such, while our CCS data
indicates changes in mt-tRNA structure upon A3243G
mutation, such data alone does not allow us to draw distinct
conclusions regarding the nature of the RNA HOS alterations
produced.
In our CIU data, we reveal differences between mt-tRNA

variants (Figure S13). Specifically, we observe that the
A3243G mutation significantly destabilizes each mt-tRNA
maturation state (Figure 4B). Likely, this destabilization stems
from a hypothesized disruption of a conserved D−T loop
interaction, an essential interaction for the adoption of the
proper tertiary structure (Figure S9). Taken together, the CCS

Figure 3. (A) Simplified mt-tRNA structures. Specifically, a 5′leader-
containing species (red), mature mt-tRNA, and a 3′CCA species
(blue) were characterized in this work. It is important to note that
following 3′CCA addition, these species are post-transcriptionally
modified for mature functioning. (B) Centroid fitted CCSs of the WT
(black) and A3243G (turquoise) mt-tRNALeu(UUR) across the
maturation pathway (z8−, n = 5, p ≤ 0.005). Significant differences
in the CCS are observed across the mutation and the respective
maturation species.
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and CIU data indicate a topological disruption in the mt-tRNA
HOS in the A3243G mutant. Furthermore, when combined
with data shown in Figure 2, we theorize that CIU50-1 can
perhaps be attributed to the collapse of RNA tertiary structure
elements associated with Mg-binding ( Figure S9).54,56

Interestingly, when our WT mt-tRNA IM-MS data are
examined closely, unique trends are observed across the
maturation pathway. While the CCSs appear to be related to
the overall mt-tRNA sequence length (where an increase in
length likely relates to an increase in size), the trends in
stability are more difficult to rationalize. The final addition of
the 3′CCA confers greater stability than the longer 5′leader
sequence, while the species lacking both a 5′leader and 3′CCS
is the most unstable. It is likely that specific nucleotides are
contributing to the observed trends in RNA stability (e.g.,
canonical base pairing between the sixth nucleotide of the
5′leader with the 75th base of the 5′leader-containing species),
and future work investigating single-nucleotide truncations is
needed to identify how these nucleotides affect the structure of
each species. Finally, mt-tRNAs are highly dependent upon
post-transcriptional modifications (PTMs) for proper structure
and function (Figure S16).67,−70 The species in this work were
produced using solid-phase synthesis; thus, additional work
exploring the post-transcriptionally modified maturation
structures and the A3243G mutation is needed.

■ CONCLUSIONS
In this study, we have extensively characterized the utility of
IM-MS and CIU to probe the HOS of large, dynamic nucleic
acids. For the first time, CIU was utilized to probe RNA HOS,
and our results indicate an overall increase in CIU fingerprint
complexity as the number of discrete HOS elements is added
to the structures of the RNAs analyzed. Additionally, CIU50
analyses recapitulate RNA stabilization and structural depend-
ence on its folded status in the presence of Mg2+. Across each
set of conditions tested, our results further demonstrate a well-

conserved structural compaction prior to unfolding in RNAs.
While the overall level of compaction was found to be
dependent upon RNA HOS, charge state, ion polarity, and
solution conditions, it is potentially a feature common to all
RNA CIU data.
In a more general sense, a set of conditions for the native

IM-MS analysis of nonrigid RNAs were identified where these
conditions proved to preserve Mg2+ specificity and ligand
binding (i.e., FMN to the FMNRS) while mitigating gas-phase
collapse typically observed following ESI. This gas-phase
collapse was mitigated through a systemic identification of
optimal solution conditions in terms of ionic strength and
counterion concentrations. In agreement with previous work,
an increase in CCS is observed with decreasing ionic strength
in solution, and 100 mM AmOAc was ultimately chosen as it
produced the most native-like CCS values without altering the
native charge envelope of the RNA ions produced. These
conditions were applied to a well-studied tRNA and ultimately
observed to preserve specific bound states of the Mg2+ cofactor
for the mt-tRNALeu(UUR) species. Taken together, these
conditions permitted evaluation of the A3243G mt-
tRNALeu(UUR) mutation, allowing us to quantify significant
topological and stability differences across the mt-tRNA
maturation pathway for this disease-associated nucleic acid.
Finally, these results indicate that some native-like properties

of RNA HOSs are preserved in the gas phase. Our control CIU
experiments with mt-tRNALeu(UUR), the FMNRS, and
tRNASer(GCU) revealed expected shifts in RNA stability across
the PTM status, ligand binding, the use of proper RNA folding
procedures, and maturation level. As such, our data strongly
indicates that CIU stability information is correlated to the
biophysical properties of RNA in solution. Future research will
be focused on the deployment of CIU to probe specific RNA
secondary structures (e.g., hairpins, internal loops, pseudo-
knots, etc.) which could provide an informative roadmap for
CIU fingerprint-interpretation. Furthermore, future efforts

Figure 4. (A) Average CIU fingerprints of the WT (black) of mt-tRNALeu(UUR) in order of maturation (top to bottom). (B) Average CIU
fingerprints of the A3243G mutant (teal) in order of maturation (top to bottom). (C) Average CIU fingerprint comparisons between the WT and
A3243G species. (D−F) Compaction (CIU50-1) of the WT and A3243G mutant across maturation (top to bottom) (n ≥ 5 for all, replicate
RMSDs ≤ 2.00, p ≤ 0.01).
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involving the characterization of RNA compaction during CIU
through a combination of solution, MS, and computational
studies may provide new information surrounding RNA
structure and polyanionic gas-phase species, in general.
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