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Abstract 

Among RNAs, transfer RNAs (tRNAs) contain the widest variety of abundant post- 

transcriptional chemical modifications. These modifications are crucial for tRNAs to 

participate in protein synthesis, promoting proper tRNA structure and aminoacylation, 

facilitating anticodon:codon recognition, and ensuring the reading frame maintenance of 

the ribosome. While tRNA modifications were long thought to be stoichiometric, it is 

becoming increasingly apparent that these modifications can change dynamically in 

response to the cellular environment. The ability to broadly characterize the fluctuating 

tRNA modification landscape will be essential for establishing the molecular level 

contributions of individual sites of tRNA modification. The locations of modifications within 

individual tRNA sequences can be mapped using liquid chromatography coupled to 

tandem mass spectrometry (LC-MS/MS). In this approach, a single tRNA species is 

purified, treated with ribonucleases and the resulting single-stranded RNA products are 

subject to LC-MS/MS analysis. The application of LC-MS/MS to study tRNAs is limited by 

the necessity of analyzing one tRNA at a time because the digestion of total tRNA 

mixtures by commercially available ribonucleases produces many short digestion 

products unable to be uniquely mapped back to a single site within a tRNA. We overcame 

these limitations by taking advantage of the highly structured nature of tRNAs to prevent 

the full digestion by single-stranded RNA specific ribonucleases. Folding total tRNA prior 

to digestion allowed us to sequence S. cerevisiae tRNAs with up to 97% sequence 

coverage for individual tRNA species by LC-MS/MS. This method presents a robust 

avenue for directly detecting the distribution of modifications in total tRNAs. 

http://rnajournal.cshlp.org/
http://www.cshlpress.com/


Downloaded from rnajournal.cshlp.org on July 3, 2023 - Published by Cold Spring Harbor Laboratory Press 

Jones et al. 3 

 

 

 
 

Introduction 

RNAs can include over 150 enzymatically incorporated post-transcriptional 

chemical modifications (Boccaletto et al. 2018; McCown et al. 2020). These modifications 

are found on every class of RNAs, including ribosomal RNAs (rRNAs), transfer RNAs 

(tRNAs) and messenger RNAs (mRNAs), where they impact nearly every stage of the 

RNA lifecycle (Jones et al. 2020; McCown et al. 2020). tRNAs have the most diverse 

modification landscape of any class of RNA molecules, with modifications playing a 

multitude of roles that vary depending upon their position within the tRNA. For example, 

modifications near the tRNA anticodon commonly modulate decoding and frame 

maintenance, while modifications at other locations within tRNAs contribute to stability, 

folding, and ribosome-tRNA interactions (Zhang et al. 2022; Jackman and Alfonzo 2013). 

tRNA modifications were originally believed to be stoichiometric and static, however 

recent evidence suggest that the tRNA modification landscape is dynamically altered 

under stress and disease, such as mitochondrial disease and type 2 diabetes (Chan et 

al. 2010, 2012; Yoluç et al. 2021; Asano et al. 2018; Ishida et al. 2011; Alings et al. 2015; 
Suzuki 2021; Huber et al. 2019). 

 
In light of these observations, new methodologies for the rapid and robust 

characterization of the tRNA modification landscape are of significant interest. For over 

20 years the modified sites of highly purified individual tRNAs have been identified using 

bottom-up RNA sequencing (Kowalak et al. 1993; Jora et al. 2019; Suzuki et al. 2020; 

Suzuki and Suzuki 2007), where modified sites are identified by a mass shift detected in 

precursor and product ion scans. However, long intact RNAs remain difficult to robustly 

sequence by direct MS/MS (Taucher and Breuker 2012; Crittenden et al. 2023; Taucher 

and Breuker 2010). Consequently, RNAs are commonly digested using ribonucleases to 

smaller fragments that can be sequenced by MS/MS, analogous to bottom-up proteomics. 

While this process has enabled the sequencing of purified individual tRNAs (Suzuki et al. 

2020; Addepalli and Limbach 2016), rRNAs (Popova and Williamson 2014; Taoka et al. 

2018, 2016, 2015), and therapeutic RNAs (e.g., CRISPR guide RNAs, therapeutic 

mRNAs, siRNA) (Jiang et al. 2019; Vanhinsbergh et al. 2022; Goyon et al. 2021, 2022; 

Jones et al. 2023b), full sequence coverage of RNA mixtures is difficult to achieve 

because of the formation of nonunique digestion products that do not map back to a single 
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site. As a result, bottom-up RNA sequencing of tRNAs requires the purification and 

analysis with multiple ribonucleases for each individual tRNA to obtain full sequence 

coverage. The limitation of characterizing a single tRNA at a time has long impeded the 

comprehensive interrogation of the tRNA modification landscape and its dynamics by 

bottom-up RNA sequencing. 

There is substantial interest in developing LC-MS/MS approaches to directly 

sequence total tRNA pools, viral RNA genomes, and purified highly modified RNA species 

(e.g., mRNA vaccines and therapeutics). Current methods for sequencing these more 

complex samples employ an array of orthogonal enzymes that provide overlapping 

digestion products and full sequence coverage, including RNase T1 (G-specific) (Jiang 

et al. 2019; Ross et al. 2016; Addepalli and Limbach 2016; Wetzel and Limbach 2013; 

Popova and Williamson 2014; Pomerantz and McCloskey 2005; Thakur et al. 2020; 

Vanhinsbergh et al. 2022; Ohira et al. 2022; Goyon et al. 2021; Suzuki et al. 2020; Kimura 

et al. 2020; Wein et al. 2020; Taoka et al. 2018, 2016, 2015), RNase A (pyrimidine 

specific) (Popova and Williamson 2014; Ohira et al. 2022; Kimura et al. 2020; Taoka et 

al. 2018, 2016; Goyon et al. 2021; Suzuki et al. 2020), cusativin (C-specific) (Thakur et 

al. 2020; Addepalli et al. 2017), RNase MC1 (U-specific) (Addepalli et al. 2015; Thakur et 

al. 2020), colicin E5 (GU-specific) (Jiang et al. 2019), and RNase H (DNA-RNA duplex 

regions) (Taoka et al. 2018, 2016, 2015; Yan et al. 2021). This process has enabled the 

sequencing of a multitude of RNA species, including the adaptation to more complex 

samples with total tRNA (Thakur et al. 2020), ribosomal RNA (Taoka et al. 2018, 2016, 

2015), and long therapeutic mRNAs (Jiang et al. 2019). However, many key enzymes are 

not commercially available (e.g., cusativin, RNase MC1, colicin E5) and are difficult to 

obtain because they cleave endogenous RNAs in vivo, making them toxic to the cells 

used for their production. While the partial digestion of purified mRNAs by RNase T1 has 

been used as an alternative to orthogonal digestions to improve LC-MS/MS sequencing 

of long mRNAs (Vanhinsbergh et al. 2022), partial digestions produce a low abundance 

and diverse oligonucleotide digestion product mixture that reduces MS/MS signal 

intensity and complicates data analysis. 
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To circumvent these limitations, we drew inspiration from the foundational work 

over 40 years ago to structurally map RNAs using single stranded specific RNases 

(Lockard and Kumar 1981; Wurst et al. 1978; Donis-Keller et al. 1977). Analogously, we 

leveraged the inherent stability of tRNA secondary structures to selectively restrain 

ribonuclease digestion to single-stranded regions. Digestion of folded tRNAs produces 

longer and more unique oligonucleotides, facilitating bottom-up RNA sequencing of 

complex RNA mixtures using solely commercial, readily available enzymes (RNase T1 

and RNase A). We found that this adaptation primarily limits ribonuclease cleavage to 

stem loops and more dynamic tRNA regions (e.g., variable loops) and consequently 

enhances the sequence coverage of total tRNA by bottom-up RNA sequencing. Overall, 

this process provides a selective and reproducible pipeline to produce longer and more 

unique oligonucleotide digestion products prior to LC-MS/MS sequencing, enabling 60- 

90% sequence coverage for most tRNA with only commercial ribonucleases by LC- 

MS/MS. 
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Results and discussion 
 

tRNA secondary structure protects against ribonuclease digestion and reduces the 
complexity of digested total tRNA mixtures 

tRNA structures are essential both for their biological function in protein synthesis, 

and to prevent their degradation by endogenous ribonucleases in vivo. The refolding of 

tRNA is commonplace prior to in vitro biochemical analysis to ensure proper tRNA 

structure for related investigations. We utilized an analogous protocol to fold total tRNA 

prior to ribonuclease digestion using both monovalent (sodium or potassium) and divalent 

(magnesium) cations to stabilize tRNA structure. Since tRNA contain significant 

secondary structure, we posited that digestion by single stranded specific ribonucleases 

will be limited to the single stranded stem loops of the tRNA (D-loop, anticodon stem loop, 

and T-loop) (Figure 1A). Consequently, longer and more specific oligonucleotide 

digestion products would be produced compared to complete ribonuclease digestions of 

total tRNA. 

We initially tested this approach using single stranded specific RNase T1 to digest 

folded S. cerevisiae total tRNA, which provides a diverse tRNA landscape of broad 

lengths and post-transcriptional modifications. tRNA structure and dynamics is highly 

dependent on temperature (Yamagami et al. 2022); thus, we first characterized the 

temperature dependence of RNase T1 digestion of folded tRNAs. We compared the 

folded tRNA digestions to a complete RNase T1 digestion condition commonly employed 

for bottom-up RNA sequencing (100 U/μg in 220 mM ammonium acetate at 37℃). As 

expected, under standard digestion temperatures (37℃), the tRNA is not fully protected 

against RNase T1 digestion (i.e., 100 U RNase T1 per μg of RNA still fully digests the 

folded total tRNA, Supplemental Figure S1). Thus, S. cerevisiae tRNA is likely dynamic, 

exhibiting significant structural breathing at 37℃ despite the presence of monovalent and 

divalent cations, possibly suggesting that a population of tRNA is partially unfolded 

despite the melting temperature of S. cerevisiae tRNA being 76℃ (Watanabe et al. 2013). 

This is perhaps unsurprising considering 37℃ is a heat shock condition for S. cerevisiae. 

However, as the digestion temperature is decreased to 30℃ and 25℃, tRNA folding 

provides more protection against RNase T1 digestion regardless of the enzyme 
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concentration utilized in the reaction (Supplemental Figure S1). This is likely due to the 

reduction in tRNA dynamics. We found that 25℃ provided the most consistent digestion 

conditions independent of the enzyme concentration utilized in the reaction; this 

temperature was selected for use in our study. 

In addition to temperature, tRNA structure is highly dependent on the presence of 

divalent cations. tRNAs can contain up to six Mg2+/phosphate interactions that stabilize 

proper tertiary structure (Schauss et al. 2021). Our data corroborate these findings, where 

the selective protection against single stranded specific RNase T1 digestions varies with 

divalent cation concentration. When no Mg2+ is added into the digestions, RNase T1 fully 

digests the total tRNA in both ammonium acetate (NH4OAc) and 2-(N- 

morpholino)ethanesulfonic acid (MES) pH 6.0/potassium chloride buffers (Figure 1B). 
However, when 20 mM Mg2+ is incorporated, the total tRNA spontaneously folds leading 

to the selective protection against RNase T1 digestions (Figure 1B). RNase T1 is known 

to be inhibited by the presence of divalent cations; however, previous investigations have 

shown that denatured tRNAs are much more sensitive to RNase T1 digestion than folded 

tRNAs in similar quantities of Mg2+ (Adams et al. 1967). We find that this protection does 

not require the melting and slow cooling to form stable tRNA secondary structures; 

however, minor alterations in the oligonucleotide digestion product profile suggest a more 

diverse array of secondary structures is formed without reannealing the tRNA before the 

addition of Mg2+ (Figure 1B). Together, this suggests that, as anticipated, Mg2+ is 

essential for stable folding of S. cerevisiae tRNA to produce longer RNase T1 

oligonucleotide digestion products. 

The standard cloverleaf secondary structure of tRNA should protect against 

digestion by single stranded specific ribonucleasesin the three tRNA stem loop regions. 

If our folded total tRNA digestions occur as anticipated, we reasoned that the resulting 

oligonucleotide digestion products would range from 15-20 nt if all three stem loops are 

cleaved, or 30-40 nt if a stem loop is missed (e.g., a stem loop does not contain a 

guanosine for RNase T1 digestions). Our results indicate that this is indeed the case, with 

the RNase digestion of folded total tRNAs primarily yielding oligonucleotide digestion 

products of the expected lengths (Figure 1B). This conclusion is supported by liquid 
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chromatography coupled to UV absorbance detection (LC-UV), where less 

oligonucleotide signal for 20-30 nt oligonucleotides is observed relative to 14-20 nt and 

>30 nt oligonucleotides that correspond to digestion in the tRNA stem loops (Figure 1C 
and 1D). Thus, tRNA secondary structure protects against RNase T1 digestion, resulting 

in longer digestion products that could facilitate the RNA LC-MS/MS sequencing. We 

predicted that the tRNA fragment lengths we obtained would be readily sequenced on the 

timescale of a UHPLC separation, since even longer oligonucleotide digestion products 

(≥ 40 nt) were previously sequenced during the bottom-up RNA sequencing of long 

purified messenger RNAs (Vanhinsbergh et al. 2022). 

While folding tRNAs reduces the complexity of the digested total tRNA mixtures, it 

does not fully remove the production of short oligonucleotide digestion products (Figure 
1B and 1D). This suggests that tRNA remains modestly dynamic and maintains 

ribonuclease access to some cleavage sites present in double stranded regions. This 

effect is likely beneficial since we obtain both complete cleavage products and longer 

tRNA structure protection digestion products for analysis by LC-MS/MS sequencing. 

Together, digestion of folded total tRNA yields increases the fraction of longer 

oligonucleotide digestion products, leading to higher sequence coverages of complex 

total tRNA mixtures by bottom-up RNA sequencing. 

Previously, partial ribonuclease digestions were used to produce longer and more 

specific digestion products to improve sequence coverage by bottom-up RNA sequencing 

(Vanhinsbergh et al. 2022). However, since the ribonuclease can digest anywhere 

throughout the RNA, partial digestions produce complex and diverse oligonucleotide 

digestion product mixtures, which reduce signal intensity and complicate data analysis. 

In contrast, our folded total tRNA digestions yield a more selective pool of longer 

oligonucleotide digestion products. We observe this where folded total tRNA digestions 

yield more specific longer oligonucleotide fragments compared to partial RNase T1 

digestions, as seen by the sharper peaks for longer digestion products by LC-UV 

(Supplemental Figure S2). Further, partial RNase T1 digestions produce a mixture of 3’ 

phosphate and 2’3’-cyclic phosphate digestion products (Vanhinsbergh et al. 2022). Here, 

we find that folded total tRNA RNase T1 digestions produce only 3’ digestion products 
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(Supplemental Figure S3), suggesting that the digestion goes to completion despite 

containing many missed cleavage sites. This further reduces the complexity of the 

digestion product pool while producing longer and more specific oligonucleotide 

fragments to facilitate sequencing by LC-MS/MS. 

In addition to RNase T1, RNase A is a common single stranded specific 

ribonuclease for bottom-up RNA sequencing that cleaves at pyrimidine residues. We 

tested the ability of RNase A to cleave folded total tRNA and provide an orthogonal 

digestion to RNase T1 to increase downstream sequence coverage. Similar to RNase T1 

digestions, we folded total tRNA in the presence of a monovalent cation and magnesium. 

Since RNase A requires high concentrations of NaCl (instead of KCl) to specifically target 

ssRNA, we replaced KCl with NaCl for this application (Ausubel 1987). Similar to RNase 

T1, tRNA secondary structure protects against RNase A digestion with these adaptations. 

RNase A demonstrated a different cleavage pattern than RNase T1, primarily generating 

oligonucleotide digestion products approximately half the size of a tRNA, likely 

corresponding to the cleavage in the anticodon stem loop (Supplemental Figure S4). 

Overall, tRNA secondary structure protects against single stranded specific RNase 

T1 and RNase A digestions, and digestion of folded total tRNAs results in the production 

of longer oligonucleotide digestion products. This simple change in digestion protocol is 

a key innovation because a primary limitation of bottom-up RNA sequencing of total tRNA 

and complex RNA mixtures has been the production of short, nonunique digestion 

products by commonplace ribonuclease digestions. This modification of previous 

digestion workflows could enhance attainable sequence coverages by bottom-up RNA 

sequencing without requiring orthogonal digestions from non-commercial enzymes or 

partial RNase digestions that result in arduous and non-robust data analysis, and limited 

sequence coverage. 

 
 

Bottom-up RNA sequencing of S. cerevisiae total tRNA 
 

Bottom-up RNA sequencing of complex RNA mixtures is hindered by the 

significant production of small, nonunique digestion products that do not map to a single 
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location. As a result, most applications have been limited to highly purified individual 

tRNAs. While bottom-up RNA sequencing can be applied to complex total tRNA pools 

(Puri et al. 2014; Hagelskamp et al. 2020; Cao and Limbach 2015; de Crécy-Lagard et 

al. 2020; Yu et al. 2019), this assay is generally used to confirm select modified positions 

previously identified by other sequencing methods, rather than fully sequencing the tRNA 

modification landscape. Recently, orthogonal enzymatic digestions were performed that 

provide more unique oligonucleotide digestion products and enable the deep sequencing 

of total E. coli tRNA mixtures by bottom-up RNA sequencing (Thakur et al. 2020). While 

powerful, the requirement of three orthogonal enzymes limits the accessibility of this 

process because it requires the expression and purification of non-commercially available 

toxic ribonucleases. 

To facilitate total tRNA sequencing using exclusively commercial enzymes, we 

exploited tRNA structure to selectively protect against digestion by single stranded 

specific ribonucleases to produce longer oligonucleotide digestion products without the 

need for partial digestions, allowing us to sequence total S. cerevisiae tRNAs by LC- 

MS/MS (Figures 1A, 2A, and 2B and Table 1). We digested S. cerevisiae total tRNA 

using either RNase T1 or RNase A in either the unfolded or folded conformations. Further, 

we removed the 3’ phosphates on the oligonucleotide digestion products to facilitate 

MS/MS sequencing of the longer oligonucleotides, which previously was shown to reduce 

the complexity of oligonucleotide MS/MS spectra by removing the 3’-phosphate loss 

fragmentation product ion and increasing the abundance of sequence informative c- and 

y- ions (Krivos et al. 2011). The digestion products were separated by hydrophilic 

interaction chromatography (HILIC) prior to detection and sequencing by high resolution 

tandem mass spectrometry. Despite ion pairing reversed phase chromatography (IP- 

RPLC) being the most common form of chromatography for bottom-up RNA sequencing, 

we employed HILIC with fully MS compatible mobile phases without the presence of 

instrument contaminating ion pair reagents. 

As expected, the complete digestion of S. cerevisiae total tRNA using RNase T1 

produced minimal sequence coverage (most tRNAs between 10-30% coverage), 

primarily due to the significant production of nonunique oligonucleotide digestion products 
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(Figure 2A, 2B, and 3A, and Supplementary Table S1). Comparatively, the folded tRNA 

RNase T1 digestions obtain significantly higher sequence coverages for the S. cerevisiae 

tRNA, where most tRNAs obtain between 60%-90% sequence coverage (Table 1, Figure 
2A, 2B, and 3A, and Supplementary Table S2). Notably, when the two datasets are 

utilized in tandem (unfolded + folded), the sequence coverage of most S. cerevisiae 

tRNAs is not improved further. As mentioned previously, the folded tRNA does not 

completely eliminate the production of complete RNase oligonucleotide digestion 

products. Thus, many of the digestion products detected in the complete RNase T1 

digestion are subsequently redetected in the folded tRNA digestions. Additionally, the 

folded total tRNA RNase T1 digestions also produce longer digestion products that 

provide further sequence confidence for these regions. While LC-MS signal intensity can 

be distributed between multiple oligonucleotide digestion products that map back to the 

same location within a tRNA, folding tRNA prior to RNase digestions enables sequencing 

of areas that produce nonunique digestion products by complete digestions (Figure 2A 
through 2D). Thus, in tandem characterization of unfolded and folded tRNAs is not 

required to maximize the sequence coverage of most tRNA by bottom-up RNA 

sequencing. 

Our denaturing urea polyacrylamide gel electrophoresis (urea-PAGE) and LC-UV 

analyses suggest that RNase T1 digests tRNA in the three single stranded stem loop 

regions to produce oligonucleotide digestion fragments in 14-20 nt and > 30 nt ranges 

(Figure 1B, 1C, and 1D). By LC-MS/MS, we confirmed this notion where the 

oligonucleotide digestion products enriched in the folded total tRNA RNase T1 digestions 

primarily extend between two neighboring stem loop regions (Figure 2A and 2B). These 

longer digestion products enable the sequence of highly guanosine rich regions within the 

double stranded regions that would be missed by complete RNase T1 digestions. Despite 

producing longer oligonucleotide digestion products, the oligonucleotide fragments are 

readily sequenced using collision induced dissociation (CID) tandem mass spectrometry 

fragmentation and produce confident oligonucleotide MS/MS coverage maps (Figure 3B 
through 3E and Supplemental Figures S5 to S8). While longer oligonucleotides (e.g., 

intact tRNAs and CRISPR oligonucleotides) require specialized fragmentation techniques 

and long scan times (minutes of spectral averaging) to produce adequate spectra, the 
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oligonucleotide digestion products remain in a length regime capable of sequencing on 

the time scales of a UHPLC chromatographic peak (milliseconds for confident MS/MS 

spectrum). Further, we found that RNase T1 can cleave within tRNA variable regions and 

at mismatched base paired sites (Figure 2A and 2B), consistent with previous findings 

suggesting that these locations are more dynamic within the folded tRNA. Taken together, 

our results support that the stable tRNA secondary structure restrains RNase digestion 

primarily to single stranded regions within the tRNA, resulting in the production of longer 

and more specific digestion products that enhance bottom-up RNA sequencing. 

To further increase total tRNA sequencing coverage, we used LC-MS/MS to 

sequence the products of an orthogonal digestion by RNase A. RNase A has been 

previously utilized to sequence purified individual tRNAs with up to 45% coverage (Yan 

et al. 2021). We find that complete digestion of total S. cerevisiae tRNA by RNase A 

results in minimal (0-22%) sequence coverage for any given tRNA (Figure 3A, Table 1, 
and Supplementary Table S3). This is unsurprising given that RNase A cleaves at both 

pyrimidine residues, generating a complicated mixture of short, non-specific 

oligonucleotide digestion products. However, when RNase A cleaves fold S. cerevisiae 

total tRNA, the attainable sequence coverage is increased by 4-16% for 14 tRNAs (Table 
1 and Supplementary Table S4). Similar to RNase T1, the improved bottom-up RNA 

sequencing coverage results from the production of longer oligonucleotide digestions 

products from the cleavage solely at the single stranded stem loop regions. When 

compared in tandem to the complete and folded total tRNA RNase T1 digestions, RNase 

A digestions produce some orthogonality and improve the sequence coverage by 5-25% 

for over 15 S. cerevisiae tRNAs (Table 1 and Figure 3A). 

For most bottom-up RNA sequencing analyses, IP-RPLC is primarily used since it 

provides supreme chromatographic resolution and electrospray ionization (ESI) efficiency 

compared to HILIC (Apffel et al. 1997; Basiri et al. 2017). However, ion pairing reagents 

are known to contaminate liquid chromatographs and mass spectrometers (Ross et al. 

2016), which limits these applications to designated negative mode instrumentation. 

Here, we utilize HILIC with fully ESI compatible ammonium acetate mobile phases and 

obtain good sequence coverage of S. cerevisiae total tRNA by bottom-up RNA 
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sequencing. However, full sequence coverage is not obtained in the folded RNase T1 

and RNase A digestions, despite providing a longer oligonucleotide digestion pool. 

Specifically, we find that the lowest abundant tRNAs (e.g. SerUGA, SerCGA) generally report 

worse sequence coverages in folded total tRNA RNase digestions, likely resulting from 

ion suppressive coelution of oligonucleotide digestion products from higher abundance 

tRNAs that hinder detection. 

HILIC struggles to adequately resolve longer oligonucleotide digestion products, 

likely resulting in ion suppression of co-eluting oligonucleotide digestion products that 

could provide additional sequencing for lower abundance tRNAs. Further, the poor ESI 

ionization efficiency of longer oligonucleotides further limits the detection of longer 

oligonucleotide digestion products. We find that LC-MS struggles to detect longer 

oligonucleotides using HILIC mobile phases despite being relatively abundant based on 

LC-UV signal (Supplemental Figure S9). We believe that this methodology could be 

facilitated by the better chromatographic resolution and ESI sensitivities of IP-RPLC 

mobile phases or other improved separations. This is especially true for RNase A 

digestions, where most oligonucleotide digestion products are more than 30 nt in length 

(Supplemental Figure S4). Until then, in tandem utilization of the orthogonal RNase T1 

digestions and RNase A is recommended to maximize sequence coverage. Despite these 

limitations, we significantly improved sequence coverage obtainable for S. cerevisiae total 

tRNA by utilizing the intrinsic tRNA structure to enable the selective digestion of tRNAs 

by ribonucleases prior to bottom-up RNA sequencing. 

We find that the folded total tRNA RNase digestions are highly reproducible in 

multiple replicate digestions (Supplemental Figure S10), where 169 oligonucleotide 

digestion products out of 170 were detected in both folded total tRNA replicate digestions 

(Supplemental Table S2). Further, folded total tRNA RNase T1 digestions are only 

modestly more variable than complete RNase T1 digestions, where the average 

coefficient of variation of LC-MS/MS peak areas between two digestion replicates is 19% 

and 13%, respectively (Supplemental Tables S1 and S2). This suggests that the tRNA 

refolds into reproducible secondary structures, resulting in RNase cleavage at consistent 

available sites within the folded tRNA. This is supported by LC-MS/MS data where only 
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3’ phosphate oligonucleotide digestion products are produced during the folded tRNA 

digestions (Supplemental Figure S3). Ribonuclease that produces 3’ phosphate 

digestion products go through a 2’3’-cyclic phosphate intermediate, which results in a 

mixture of 3’ phosphate and 2’3’-cyclic phosphates when RNA is partially digested 

(Vanhinsbergh et al. 2022). Since we only observe 3’ phosphates, we can ascertain that 

the RNase T1 and RNase A digestions of folded tRNA cleaves all available sites prior to 

full protection by remaining tRNA secondary structure of the nicked oligonucleotide 

fragments. This suggests that RNase T1 and RNase will produce consistent 

oligonucleotide digestion product pools presuming tRNA folds into consistent secondary 

structures during tRNA folding protocols. 

Today, total tRNA sequencing is most commonly conducted using indirect next 

generation RNA sequencing (RNA-seq) methods that struggle to identify what 

modifications are present at specific sites within tRNA. Bottom-up RNA sequencing of 

total tRNA provides an attractive alternative that directly sequences and identifies 

modifications within an RNA strand. Here, we adapted well established bottom-up RNA 

sequencing pipelines by folding tRNA prior to enzymatic digestion, producing longer and 

more specific oligonucleotide digestion products by hindering digestion to tRNA single 

stranded stem loops. This alteration enables the direct total tRNA sequencing by LC- 

MS/MS with up to 97% (Supplemental Table S5) sequence coverage using well- 

characterized, commercially available enzymes. This work expands the current 

epitranscriptomic toolbox to comprehensively interrogate the molecular level 

consequences of the tRNA modifications landscape. While we apply this bottom-up RNA 

sequencing platform to confirm previously identified modified positions within S. 

cerevisiae total tRNA, this assay can be further implemented for de novo identification of 

previously undescribed modified sites. Particularly, this bottom-up RNA sequencing 

pipeline can be used in tandem with RNA-seq (Motorin and Marchand 2021; Watkins et 

al. 2022), direct Nanopore sequencing (DRS) (White and Hesselberth 2022; Thomas et 

al. 2021), and global ribonucleoside modification profiling (GRMP) (Jones et al. 2023a) to 

provide an overarching view of what modifications are present, where they are present, 

and how abundant the modifications are. Currently, the tRNA modification landscapes of 

many model organisms remain uncharacterized (e.g., M. musculus and D. melanogaster) 
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(Boccaletto et al. 2018) despite the increasing recognition that tRNA modifications play 

significant roles in cellular stress and disease (Suzuki 2021; Huber et al. 2019). Utilizing 

the bottom-up RNA sequencing approach developed here in tandem with current NGS, 

DRS, and GRMP pipelines will disencumber current limitations to directly identify what 

modifications are present at specific sites. Further, these approaches will enable the 

global characterization of how the tRNA modification landscape differs between tissues 

and is altered under cellular stress and disease. Together, this toolbox provides a 

comprehensive bioanalytical and biochemical analysis pipeline to undertake novel 

interrogations into the molecular level consequences and dynamics of the tRNA 

modification landscape. 
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Methods 

Optimization of ribonuclease digestions of unfolded and folded total tRNAs 
Folded tRNA RNase digestions were optimized with 75 μg of S. cerevisiae total 

tRNA (Sigma Aldrich) digested in a final reaction volume of 50 μL. For unfolded/complete 

tRNA digestions, the total tRNA was digestions with 100 U of RNase T1 per μg of RNA 

or 100 ng RNase A per μg of RNA at 37℃ for 1 hr in 220 mM ammonium acetate 

(unadjusted pH). Folded total tRNA was digested with RNase T1 at either 100 U/μg, 50 

U/μg, or 25 U/μg at either 37℃, 30℃, or 25℃ for 1 hr. Prior to digestion, total tRNA was 

heat denatured at 95℃ for 10 min in 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) 

pH 6.0 and 200 mM KCl (RNase T1) or 400 mM NaCl (RNase A). The denatured tRNA 

was transferred to a 37℃ heating block for 10 min. Subsequently, 2 M MgCl2 was added 

to a final concentration of 20 mM MgCl2 prior to heating at 37℃ for an additional 30 min. 

Either RNase T1 or RNase A were added prior to digestion at the corresponding 

temperature for 1 hr. The digestion was quenched with the addition of 50 μL acid 

phenol:chloroform:isoamyl alcohol (125:24:1; Sigma-Aldrich, USA; P1944) to denature 

the ribonucleases. The mixture was vortexed and centrifuged at 8,000 x g for 5 min. The 

aqueous layer was transferred to a separate clean tube. 

RNA digestion products were visualized by both gel and LC-UV. For urea-PAGE 

analysis, 20 μL of the aqueous layer was removed and diluted with 1 volume of urea- 

PAGE denaturing loading dye (final concentration of 1X tris-borate-EDTA running buffer 

and 3.5 M urea with bromophenol blue and xylene cyanole). The mixture was heated at 

95℃ for 15 min prior to separation on an 18 cm 20% urea PAGE gel run at constant power 

of 18 W with 1X TBE running buffer. Following, the gel was stained with methylene blue 

and destained with 18 MΩ water. The gels were imaged using a BioRad ChemiDoc MP 

Imaging System. 

The RNase digestions were further characterized by LC-UV, where 5 μL injection 

of the digested total tRNA was separated with a Waters ACQUITY Premier BEH Amide 

VanGuard FIT column (1.7 μm 2.1 x 100 mm, 130Å) on an Agilent Infinity II 1290 Bio 

liquid chromatograph equipped with an Agilent 1290 II DA detector. Mobile phase A was 

25 mM LC-MS grade ammonium acetate (unadjusted pH) with 2.5 μM medronic acid 
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(Agilent InfinityLab Deactivator Additive) in 100% water, and mobile phase B was 25 mM 

LC-MS grade ammonium acetate with 2.5 μM medronic acid in 80:20 acetonitrile:water 

(unadjusted pH). The flowrate was 250 μL/min and the column temperature was 55℃. 

The LC gradient is displayed in Supplemental Table S6. 

 
 

Ribonuclease digestion of unfolded and folded total tRNA for LC-MS/MS analysis 

For unfolded/complete digestions, 900 μg of S. cerevisiae total tRNA (Sigma- 

Aldrich) was digested by either 100 U/μg RNase T1 or 100 ng/μg RNase A in 220 mM 

ammonium acetate (unadjusted pH) at 37℃ for 1 hr in 600 μL total volume. The digestions 

were quenched by the addition of 600 μL acid phenol:chloroform:isoamyl alcohol 

(125:24:1; Supelco; 77619). The mixture was vortexed and centrifuged at 8,000 x g for 5 

min. The upper aqueous phase was washed with 600 μL chloroform, followed by vortexing 

and centrifugation at 8,000 x g for 2 min. The aqueous phase was transferred to a clean 

tube. To the resulting digested oligonucleotide mixture, quick calf intestinal phosphatase 

(CIP, NEB, USA) was added to a final concentration of 0.13 U/μg total tRNA and 

incubated for 1 hr at 25℃. The CIP was quenched by the addition of 600 μL acid 

phenol:chloroform:isoamyl alcohol (125:24:1; Supelco; 77619). The mixture was vortexed 

and centrifuged at 8,000 x g for 5 min. The upper aqueous phase was washed with 600 

μL chloroform, followed by vortexing and centrifugation at 8,000 x g for 2 min. The upper 

aqueous phase (approximately 600 μL) was transferred to a clean tube prior to 

precipitation with 2 μL glycoblue, 65 μL 3 M NaOAc pH 5.2, and 2 mL ethanol. 

Folded digestions were again accomplished using 900 μg of S. cerevisiae total 

tRNA was denatured at 95℃ for 15 min in 50 mM MES pH 6.0 with 200 mM KCl (RNase 

T1) or 400 mM NaCl (RNase A) in 600 μL total volume. After denaturation, the digested 

total tRNA was heated for 37℃ for 10 minutes prior to the addition of 6 μL 2 M MgCl2. 

Following, the mixture was heated at 37℃ for 30 min to allow the tRNA to fold. The 

resulting folded tRNA was digested with either 25 U/μg RNase T1 or 25 ng/μg RNase A 

at 25℃ for 1 hr. The digestions were quenched by the addition of 600 μL acid 

phenol:chloroform:isoamyl alcohol (125:24:1; Supelco; 77619). The mixture was vortexed 

and centrifuged at 8,000 x g for 5 min. The upper aqueous phase was washed with 600 
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μL chloroform, followed by vortexing and centrifugation at 8,000 x g for 2 min. The 

aqueous phase was transferred to a clean tube. To the resulting digested oligonucleotide 

mixture, CIP was added to a final concentration of 0.13 U/μg total tRNA and incubated 

for 1 hr at 25℃. The CIP was quenched by the addition of 600 μL acid 

phenol:chloroform:isoamyl alcohol. The mixture was vortexed and centrifuged at 8,000 x 

g for 5 min. The upper aqueous phase was washed with 600 μL chloroform, followed by 

vortexing and centrifugation at 8,000 x g for 2 min. The upper aqueous phase 

(approximately 600 μL) was transferred to a clean tube prior to precipitation with 2 μL 

glycoblue, 65 μL 3 M NaOAc pH 5.2, and 2 mL ethanol. 

Total tRNA partial digestions were performed with 75 mU of RNase T1 per μg of 

RNA for 30 minutes at 37℃. Following, the digestions were quenched with 

phenol:chloroform:isoamyl alcohol and washed with chloroform as described above. Prior 

to use, the phenol:chloroform:isoamyl was washed three separate times with 1 volume of 

water to remove excess sodium acetate that worsens HILIC chromatography. Each time, 

the upper aqueous phase was removed and replaced with 1 volume of fresh water. The 

washed lower organic phase was used for subsequent digestion quenching. 

 
 

LC-MS/MS analysis of total tRNA digests 

Prior to LC-MS/MS analysis, the complete and folded digestions were 

resuspended in 20 μL of 200 mM ammonium acetate (unadjusted pH), where 5 μL was 

injected onto to the column. The LC parameters (e.g., mobile phases, gradient, column 

temperature) are listed above. The LC was interfaced to a ThermoFisher Orbitrap Fusion 

Lumos mass spectrometer, where the spray voltage was -2.8 kV, the sheath gas was 35, 

the aux gas was 10, the sweep gas was 0, RF lens was 50%, the ion transfer tube 

temperature was 350℃, and the vaporizer temperature was 350℃. Data acquisition was 

performed using data dependent acquisition (DDA) with the Orbitrap used for both 

precursor and product ion scans at 60 K and 30 K resolution, respectively. MS1 scans 

were collected from 300 – 2000 m/z with a maximum injection time of 100 ms and 

normalized automatic gain control (AGC) target of 120%. The MS2 scans were collected 

from 150 – 2000 m/z with a maximum injection time of 200 ms and normalized automatic 
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gain control (AGC) target of 200%. Precursor ions with charge state between 2-6 with a 

signal intensity above 25,000 counts were selected for a fragmentation scan (maximum 

of five per cycle). Precursor ions were isolated with a 2 m/z isolation window and were 

fragmented using CID with a collision energy of 35% and activation time of 10 ms prior to 

analysis in the Orbitrap. Following fragmentation, the ion was excluded for 3 seconds 

before being selected for fragmentation again. 

LC-MS/MS data was analyzed using ThermoFisher BioPharma Finder 5.1. S. 

cerevisiae tRNA sequences and modified positions were obtained from Modomics 

(Boccaletto et al. 2018), where modified sites were fixed at specific positions within each 

tRNA. De novo searching of modified positions was not performed. Oligonucleotide 

identifications were filtered to be within 10 ppm and greater than 85% confidence to be 

confirmed as a confident identification. The confidence score is a BioPharma Finder 

provided parameter that characterizes the similarity between a theoretical MS/MS 

spectrum to the actual MS/MS spectrum collected during analysis based on multiple 

parameters based on the characteristic fragmentation ions (mass accuracy, MS/MS ion 

distribution, modification neutral base loss). All identified oligonucleotides were manually 

inspected for proper monoisotopic mass deconvolution and quality MS/MS spectra. For 

N6-threonylcarbamoyladenosine (t6A) containing oligonucleotides, confidence scores 

below 85% confidence were allowed; however, thorough characterization of the MS/MS 

spectra was performed. t6A results in significant fragmentation within the modification, 

resulting a significant uninformative fragmentation ion that alters the BioPharma Finder 

quality score. 
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Figure 1: tRNA secondary structure protects against digestion by single stranded 
specific RNase T1. (A) For complete digestion, single stranded specific RNases digest 
at every cleavage site (top panel), while we predict that tRNA secondary structure will 
restrict digestion to only available motifs in the single stranded stem loops (bottom panel). 
(B) Denaturing urea-PAGE gel electrophoresis displaying the oligonucleotide digestion 
products produced from the complete and folded RNase T1 digestions with 25 U/μg 
RNase T1 at 25℃ with the following digestion conditions: Lane 1: undigested S. 
cerevisiae total tRNA; lane 2: complete digestion in NH4OAc; lane 3: digestion in NH4OAc 
+ 20 mM MgCl2; lane 4: heat denatured tRNA in MES + KCl; lane 5: MES + KCl + MgCl2. 
(C) LC-UV of total tRNA complete RNase T1 digestion (lane 2 of panel B). (D) LC-UV of 
folded total tRNA RNase T1 digestion (lane 5 of panel B). Comparison of (C) and (D) 
reveals that digestion of folded total tRNAs leads to shifts the distribution of RNA 
fragments to longer lengths. 
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Figure 2: Bottom-up sequencing of S. cerevisiae tRNAAla(AGC) and tRNAAsn(GUU) in 
total tRNA pool. The detected oligonucleotide digestion products for (A) tRNAAla(AGC) and 
(B) tRNAAsn(GUU) in complete digestions and folded tRNA digestions by RNase T1. The 
colors correspond to the number of missed cleavages in the detected RNA fragment. 
Extracted ion chromatograms (EICs) for two oligonucleotides detected in (C) tRNAAla(AGC) 
and (D) tRNAAsn(GUU) displaying the enrichment of longer RNA digestion products in the 
folded tRNA RNase T1 digestions. 
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Figure 3: MS/MS sequencing of folded total tRNA oligonucleotide digestion products. (A) 
The sequence coverage for each individual tRNA from a complete RNase T1 digestion (grey), 
complete RNase A digestion (blue), and a combination of complete and folded digestions using 
RNase T1 and RNase A (red). The sequence coverage consists of solely unique oligonucleotides 
detected with high confidence by BioPharma Finder. Data displayed in figure can be found in 
Table 1. (B) The oligonucleotide MS/MS coverage map for DAGCGCm22GCUCCCUUI 
(1179.4158 m/z) for tRNAAla(AGC) oligonucleotide digestion product produces from (D) sequence 
informative fragmentation ions detected in MS/MS spectra. (C) The oligonucleotide MS/MS 
coverage map for DDAAGGCm22GUGCGACUG (1291.6879 m/z) for tRNAAsn(GUU) oligonucleotide 
digestion product produces from (E) sequence informative fragmentation ions detected in MS/MS 
spectrum. The color of the oligonucleotide MS/MS coverage map bars and labeled ions detected 
in MS/MS spectra correspond to the type of oligonucleotide MS/MS ion detected. The most 
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abundant MS/MS fragment ion of the a-B/c- and w-/y- MS/MS ion type pairs was depicted in (B) 
and (C), even if both ions are present. 

 
 
 

Table 1: Observed sequence coverage of S. cerevisiae total tRNA by complete digestions and 
folded tRNA digestions by RNase T1 and RNase A. For tRNAs containing multiple sequences 
for a single tRNA isoacceptor (e.g., S. cerevisiae tRNAHis(GUG)), a single sequence was utilized for 
sequence coverage analysis to reduce production of non-unique oligonucleotide digestion products 
detected. 

 

Sequence coverage (%) 

tRNA Unfolded Folded 
Unfolded + 

Unfolded Folded 
Unfolded +

 
 RNase T1 RNase T1 folded 

RNase T1 
RNase A RNase A folded A  

RNase A 
l four conditions 

Ala (AGC) 13 74 74 12 38 38 82 
Arg (UCU) 29 63 63 0 35 35 71 
Arg (ICG) 34 80 80 21 67 67 81 
Asn (GUU) 43 82 82 13 0 13 82 
Asp (GUC) 31 56 56 0 61 61 73 
Cys (GCA) 11 31 31 0 0 0 31 
Glu (UUC) 48 61 61 5 43 48 76 
Gly (GCC) 36 70 78 15 33 33 78 
Gly (UCC) 16 16 16 15 7 15 31 
His (GUG) 45 66 71 9 9 9 79 
Ile (AAU) 30 74 74 23 8 23 75 
Ile (UAU) 40 47 54 0 0 0 54 

Leu (UAG) 40 97 97 0 5 5 97 
Leu (CAA) 37 62 62 12 37 37 68 
Leu (UAA) 14 14 14 14 0 14 28 
Lys (CUU) 54 72 72 0 20 20 80 
Lys (3UU) 46 17 46 9 0 9 54 
Met (CAU) 16 16 16 26 34 34 42 
Phe (GAA) 42 49 65 7 21 28 88 
Pro (UGG) 37 21 37 13 0 13 49 
Ser (CGA) 0 0 0 15 0 15 15 
Ser (UGA) 21 20 28 0 18 18 37 
Ser (IGA) 27 72 80 15 54 54 91 
Ser (GCU) 37 46 52 12 40 40 55 
Thr (AGU) 30 84 84 22 37 38 86 
Trp (CCA) 59 84 84 7 17 24 96 
Tyr (GUA) 30 45 45 0 22 22 63 
Val (UAC) 39 55 55 8 0 8 55 
Val (CAC) 61 50 72 4 0 4 74 
Val (AAC) 33 56 62 4 0 4 66 
Ini (CAU) 24 72 72 7 0 7 73 
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