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Instrument Introduction:  
 
IMgenius (Figure 2) is an atmospheric pressure differential ion mobility spectrometer 
and is operated with a custom electrospray ion source designed to generate lowly-
charged ions (±M1+, ±M2+, ±M3+). These ions are gently introduced into the into the 
body of the spectrometer to maintain solution state structural memory into the gas 
phase.  

Ribonucleic Acid (RNA) Analysis: 

The development of next-generation sequencing 
(NGS) technologies has aided in identifying 
numerous roles non-coding RNAs (ncRNAs) 
occupy in disease.1 These studies continue to 
offer new insights into the development of RNA-
based therapeutics1-5. Transfer RNAs are a class 
of ncRNAs involved in a variety of biochemical 
processes where proper functioning is dictated by 
proper tRNA structure. Mitochondrial transfer 
RNAs (mt-tRNAs) serve as a unique class of 
ncRNAs, as these tRNAs can adopt uniform, 
canonical tertiary tRNA structures despite their 
altered sequences (Figure 1), and disruptions in 
the structures of these species results in 
numerous diseases. 7,8  
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Figure 1. A typical tRNA 
secondary structure (left) with 
conserved structural motifs 
(D-loop, T-loop, Acceptor 
Stem, Anticodon Loop, 
Variable loop). The dashed 
lines represent points of 
contact to obtain tertiary 
structure (right). 

 

Despite the importance these ncRNAs exhibit, the structural characterization of 
biomolecules like mt-tRNAs continues to remain a significant challenge. Standard 
biophysical techniques (e.g., X-ray crystallography, nuclear magnetic resonance, 
and cryo-electron microscopy) can capture high-resolution structures of RNAs; 
however, these techniques are time and resource intensive, often require structural 
modifications to the target RNA, and/or may not be amenable to specific nucleic 
acids of interest.  
 
Atmospheric ion mobility spectrometry (IMS) is an alternative approach uniquely 
capable of meeting these technology needs. IMS allows for the rapid 
characterization of RNAs using nanomoles of sample.  Recent IMS developments 
permit the simultaneous measurement of structural heterogeneity, stability, purity, 
binding affinity, and modification state.6 Here we utilize a structurally well-
characterized mt-tRNA to investigate IMgeniusTM capabilities in addressing RNA 
structure. 
 
 
 

Figure 2. A benchtop 
IMgenius. Dimensions 
for his platform are: 
26.5" x 16" x 10.5" (D x 
W x H). 

TECHNICAL NOTE 



 
  

RNA Structural Ensemble-Dependencies on ESI Voltage 
Anna G. Anders, Dr. Henry Benner, and Ananya Dubey Kelsoe 

 
 

Gas Phase Charge-Reducing Electrospray Ionization (ESI): 
 

Desalted samples are electrosprayed at a flow rate of 300 nL/min and pass through 

the adjustable charge-reducing chamber. The chamber contains a polonium (Po) grid 

that readily emits alpha particles, and these particles further generate bipolar air ions 

that reduce ESI droplet charges (±1, ±2, ±3, etc.). Below, Figure 3 depicts the 

simplified charge residue model (CRM)10 of a tRNA in standard (blue) and charge-

reduced (grey) ESI. Standard ESI is depicted as having generated highly charged 

droplets that ultimately transfer these charges to the analyte (Figure 3 B, blue). When 

in excess, these charges can induce coulombic stretching of the analyte and 

potentially result in a loss of proper structure. Charge-reduced ESI circumvents 

coulombic stretching by reducing the number of charges that are transferred from the 

ESI droplet to the analyte (Figure 3B, grey).  Additionally, this gas-phase charge 

reduction requires no charge reducing agents (CRAs) be added to solution. To 

recapitulate the above ideas, fewer charges remain on the ESI droplets (and in turn, 

the analyte) produced with the Po source on IMgenius. 

 

 

 
Figure 3. A) Standard ESI (blue) and charge-reduced ESI (grey) overview. The 
radioactive Po grid charge reduces the ESI droplets. B) The charge residue CRM in 
standard and charge-reduced ESI. The number of charges transferred in standard ESI is 
greater than that in charge-reduced ESI. 
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shifts to the rights and increased FWHMs 

indicating more unfolded structures (Figure 

4). 

 

These effects were further explored across a 

mt-tRNA processing pathway (Figure 5A),10 

where the same trends were observed as with 

the control (Figure 5B-D). In addition to the 

smaller ncRNAs, these effects were also 

observed with megadalton RNA. However, it 

is important to note these trends are RNA 

specific and were not observed with proteins 

(data not shown). 

 

 

 
Figure 4. IMgenius 1/K plots of the 
WT tRNA across a variety of ESI 
voltages. shifts to lower 1/K and 
decreases in FWHM values is 
observed with decreasing voltage (n = 
3). Extending past voltages 2.45kV 
and below 1.86kV resulted in a loss of 
signal. 

 
Figure 5.  A) A simplified mt-tRNA processing pathway focusing on three processing 
steps/species (left: 5' leader containing, middle: 5'leader removal, right: 3'CCA addition). 
B-D) Depict high and low voltage 1/K plots for ease of viewing. B) 5'leader containing 
species C) 5’leader removed species D) 3’CCA addition species (n = 3). 

 

Ion Mobility Analyses of RNAs: 

 

tRNA Sensitivity to ESI Voltage (z1+) 

Initial work with IMgenius revealed a high sensitivity to tRNA structural conformations 

where voltage differences as low as ~100 V were shown to significantly alter the 

conformational ensemble of the species. Further investigations with the mature, 

wildtype (WT) tRNA species served as a control in preliminary experiments of ESI 

voltage effects. Specifically, lower ESI voltages induced 1/K shifts to the left and 

reduced full width half maxes (FWHMs), indicating more compact structures, while 

higher ESI voltages induced 1/K 
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tRNA Sensitivity to ESI Voltage (z1-) 

 

 

Figure 6. A) 1/K peak fitted values and B) FWHM 
electrospray voltage-dependency for the WT 5’leader 
containing species (z1-, n = 3). The 1/K and the 
FWHM are each observed to increase with 
increasing voltage, highlighting a distortion of the 
RNA ensemble at higher voltages. 

tRNA Across Ion Polarity (z1+ and z1-) 

 
Figure 7. A) Peak fitted 1/K values 
across ionization polarity and mt-
tRNA maturation (Red = positive 
ionization, black = negative 
ionization). B) FWHM values 
across ionization polarities. Each 
FWHM values are observed to be 
significantly greater in a negative 
ionization than in a positive 
ionization. (n = 3, p ≤ 0.05). 

Nucleic acids are natively net-

negatively charged due to the 

extensive number of 

deprotonated phosphate groups 

present on the backbone. As 

such, the electrospray 

sensitivity was investigated in 

this more native ionization 

polarity with the WT 5’leader 

containing species. Like the with 

z1+ ions, z1- ions were 

significantly affected by the 

electrospray voltage (Figure 6).  

Specifically, differences in full width half max (FWHM) and 1/K are observed (n=3). 

In comparing the z1+ and z1- ions, the WT 5’leader containing species was revealed 

to have a greater dependency on the electrospray voltage for z1- ions than z1+ ions 

(data not shown). 
 

 

Taken together, significant differences are 

observed in respective species across 

ionization polarities, as expected.11-13 Despite 

similar trends, users are advised to employ a 

negative ionization polarity when comparing a 

set of nucleic acids to better capture a more 

native-like biophysical measurement. This is 

further illustrated in Figure 7. RNAs are believed 

to exist in broad structural ensembles.14-17 

Figure 7 illustrates the FWHMs of inverse 

mobility peaks across maturation structures and 

reveals a significant decrease in FWHM when 

harboring a positive charge. This data suggests 

the greater structural ensemble is largely lost in 

the non-native ionization polarity, and further 

strengthens previous data supporting the 

analysis of nucleic acids in a negative ionization 

polarity. 

http://www.iondx.com/


 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IonDX Inc. 

8 Harris Ct, C-5 

Monterey, CA 93940 

Website: 

www.iondx.com 

 

 

 

 

 

RNA Structural Ensemble-Dependencies on ESI Voltage 
Anna G. Anders, Dr. Henry Benner, and Ananya Dubey Kelsoe 

 

For more information: 

Email: info@iondx.com 

 

IonDX, IMgenius, and ION Browser are all registered trademarks of IonDX Inc. All other trademarks are the 
property of their respective owners. 
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Discussion and Future Directions: 

 

Differences in the inverse mobility plots allow for interpretation of conformational 

polydispersity, stability, aggregation, and more. Specifically, IMgenius has been 

successful in identifying/characterizing a variety of these characteristics for proteins. 

However, when utilizing this platform to measure the aforementioned attributes for 

nucleic acids, it is crucial that the ESI-voltage be held at a consistent and low potential 

across each sample during data acquisition. Ensuring a consistent ESI-voltage will 

prevent the induction of unwanted mobility shifts or peak shapes related to any 

experimental setup and further potentially inappropriate conclusions about the 

biological properties of the species (Figures 4-6). Future work will utilize IMgenius to 

probe RNA conformational ensembles across a variety of physiological stressors, 

mutations, and more. 
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