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Substrate Specificity of the Radical SAM Methyl Synthase RlmN 

by 

Christina Marie Fitzsimmons 

 

Abstract 

Ribonucleic acids (RNA) are a large family of molecules that perform critical functions in the 

cell including coding the information of genes, regulation of gene expression, and facilitating 

and controlling translational accuracy. Post-transcriptional modifications help RNAs extend their 

function in cells by stabilizing correctly folded structures, avoiding misrecognition by other 

macromolecules, and preventing their own degradation. Although RNAs contain a wide variety 

of post-transcriptional marks, one of the most important is methylation, which accounts for 

nearly two-thirds of the distinct RNA modifications. Of particular interest is the bacterial radical 

SAM methyl synthase RlmN, which has the unusual ability to modify two distinct types of RNA: 

23S rRNA and tRNA. In rRNA, RlmN installs a methyl group at the C2 position of A2503 of 

23S rRNA, while in tRNA the modification occurs at nucleotide A37, immediately adjacent to 

the anticodon triplet. RNA modifying enzymes are generally highly specific for the type of RNA 

that they modify. Intrigued by the ability of RlmN to modify both rRNA and tRNA, we sought to 

determine the tRNA features necessary for methylation by RlmN. In this study, we utilized in 

vitro transcribed tRNAs, tRNA chimeras, and tRNA point mutants as model substrates to 

interrogate RNA recognition by RlmN, identifying position 38 of tRNAs as a critical determinant 

of substrate recognition. Following our biochemical experiments, we determined both the 

location and identity of an unknown minor species that was present in our reactions with the 

radical SAM methyl synthase RlmN. Herein we provide an outline of methods for labeling, 
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digesting, and analyzing RNA oligos by LC-MS and LC-MS/MS.  This approach allowed us to 

identify the location of the unknown modification at U54 in tRNA, and subsequent protein MS 

allowed us to determine the identity of the contaminating methyltransferase. Taken together, 

these biochemical and mass spectrometry techniques will contribute to the growing field of RNA 

modifications and RNA modifying proteins. 
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1.1 History of RNA Modifications 

Around the time of the discovery of the structure of DNA [1] scientists were just beginning to 

determine that nucleic acid polymers contained non-canonical nucleosides. In 1948, Hotchkiss 

reported the first evidence of a non-canonical base in DNA. Shortly thereafter, two labs 

independently confirmed this ‘rare’ nucleotide was dm5C [2,3]. In 1956, a ‘fifth nucleotide’ was 

found in tRNA [4] and this modification was soon renamed to pseudouridine in 1960 [5]. 

Between 1960 and 1980 there was an explosion in the discovery of these ‘rare’ RNA nucleosides 

as many labs worked to identify new non-canonical RNA bases. Currently, there are over 100 

non-canonical (now just called ‘modified’) nucleosides in RNA [6,7]. Over 80 distinct 

modifications occur in tRNA [8] while approximately 20 modifications have also been shown to 

be present in other types of RNAs such as rRNA and snoRNA [9]. Despite interest in the field of 

modified RNAs, the lack of analytical tools and small sample size of RNAs has limited progress 

in the field [10-12]. Progress has also been limited by the lack of commercially available 

standards for authentication.  However, recent advances in mass spectrometry detection and 

quantification, as well as “crosstalk” from the fields of epigenetics and transcriptomics, showing 

the widespread prevalence of modifications such as 5-methylcytosine [13-15] and N6-

methyladenosine [16-18], has thrust RNA modification biology back into the spotlight. There is 

increasing interest in determining how modified RNAs may affect fields such as development, 

cellular stress, and protein synthesis [19-23].  

 

1.2 Importance of RNA Modifications  

Modified nucleosides are found throughout the rRNA and tRNA molecules of E. coli. (Fig 1.1) 

Post-transcriptional modifications help RNAs extend their function in cells by stabilizing 
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correctly folded structures [24]; avoiding misrecognition by other macromolecules [21]; adopting 

functional conformations [25]; enhancing codon-anticodon recognition [26]; and preventing their 

own degradation [27]. It is estimated that between 1 and 2% of all coding sequences (depending 

upon the organism) are devoted to RNA modifying enzyme [21].  

Although RNA modifications occur across all kingdoms of life, the distribution of the 

modifications varies between bacteria, archaea and eukaryotes [28]. In general, prokaryotic 

organisms have RNAs with fewer modifications than eukaryotic organisms, however even 

among phylogenetically related species, there may still be subtle differences in the RNA 

modification profile [28]. Modifications also depend upon the cellular environment, and 

variables such as temperature, anaerobic atmosphere, availability of cellular metabolites, 

malignancy, and other stress conditions can all affect the post-transcriptional modifications that 

are observed [29].  

Along with cellular conditions, several hot spots for nucleotide modification are known, 

including the anticodon loop of tRNA, and nucleotides around the peptidyl transferase center 

(PTC) of rRNA [29,30]. There are also examples of independently evolved enzymes that 

catalyze identical nucleotide modifications (i.e. convergent evolution.) [31,32]. These convergent 

enzymes highlight the importance of RNA modifications in the cell.  Although RNAs contain a 

wide variety of post-transcriptional marks, two of the most common modifications include 

pseudouridylation and methylation [6,21]. 

 
1.3 Pseudouridylation 

Pseudouridine (Ψ) was originally called the ‘fifth ribonucleotide’ [4] because of its abundance 

throughout different classes of RNA. Psudouridine is formed through an isomerization of 

uridine. First, the glycosyl bond (N1-C1') linking the sugar to the uracil base is cleaved. The base 
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is then rotated 180º around the N3-C6 axis, and lastly a carbon-carbon bond is formed between 

the sugar and the base (Scheme 1.1) [28,33]. Shortly after it was first discovered, it was 

hypothesized that pseudouridine was concentrated at the junctions between single-stranded and 

helical regions in tRNA and rRNA [34]. Pseudouridine was thought to play an important 

structural role [30]. One reason is due to the chemistry of pseudouridine: the N1 nitrogen is 

available as an additional H-bond donor. Additionally, pseudouridine favors a 3'-endo sugar 

conformation. This ribose pucker restricts the base to an anti conformation, which enhances local 

RNA stacking in single and double-stranded regions [24,35]. Recent biochemical studies have 

confirmed the location of pseudouridine in functionally important regions. In tRNA, 

pseudouridine is found almost universally at position 55 [36-38]. Other locations in tRNA 

include the D-stem and the anti-codon stem and loop [35]. In rRNA, pseudouridine is located 

throughout the large and small subunits, particularly in domains II, IV, and V [39]. Although the 

three domains are distant from each other in primary and secondary structure, in the three-

dimensional structure they are close to the PTC [40,41].  

Pseudouridines are synthesized in RNA by pseudouridine synthases. These enzymes are grouped 

into 4 families, based upon the class of RNA they modify (e.g. tRNA, rRNA, snRNA, etc) as 

well as how they recognize the RNA. In bacteria, synthases in the RluA and RsuA families are 

responsible for pseudouridine formation in rRNA [42], while the TruA and TruB families are 

responsible for pseudouridine formation in tRNA [42]. While they may modify multiple 

nucleotide sites within a class, (e.g. RluD or TruB) they are generally confined to one type of 

RNA. However, as with most cellular processes, there are exceptions. One such interesting 

exception is the E.coli enzyme RluA, which was found to act on both rRNA and tRNA [43].  
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1.3.1 Pseudouridine synthase RluA 

Previous research had identified 8 pseudouridine positions in E. coli 23S rRNA [30]. Although 

the sites of modification had been identified by RNA sequencing, the pseudouridine synthases 

responsible for these modifications were still unknown. Based on research at the time, it was 

hypothesized that each pseudouridine would either require its own specific synthase [44] or that 

one synthase would work at adjacent sites (e.g. TruA, which forms pseudouridine at positions 38, 

39, 40 in tRNA [45]).  

With this in mind, researchers set out to systematically identify pseudouridine synthases, 

characterize their site(s) of action, and determine any in vivo effects of their deletion [43]. RluA 

was initially identified as a promising rRNA pseudouridine synthase in a screen of cell lysates 

with in vitro transcribed 23S rRNA. The rluA gene was subsequently cloned and overexpressed 

for in vitro studies with fragments of RNA. The specificity of the synthase was tested with full-

length and fragments of 23S rRNA and 16S rRNA; as well as two full-length tRNA transcripts. 

As was observed in the cell lysate assay, pseudouridylation was highest on both full-length 23S 

rRNA and the fragment (1-847) of 23S rRNA. There was no activity observed with full-length 

16S, or the 16S fragments (1-526 and 1-678). Similarly, no reaction was observed with 

tRNAVal. Interestingly, the tRNAPhe transcript reacted at nearly the same rate as the full-length 

23S rRNA. Sequencing analysis was used to determine the exact location of the modification in 

tRNA at position 32 in the anti-codon region.  

When the sequence of the two regions was compared, it was observed that both modifications 

occur in single-stranded regions, and have identical sequences for the next 6 nucleotides 

following the modification. There were no similar sequences identified in 23S or 16S rRNA. In 

contrast, the researchers identified several other tRNAs (tRNACys, tRNALeu4, and tRNALeu6) 
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which each differ by only a single base 2-3 nucleotides away from the modified uracil. It was 

hypothesized that the only requirements for modification by this enzyme were a single-stranded 

region of the correct sequence. This hypothesis was later confirmed by others, showing that short 

17-mer anti-codon loops of tRNAs as well as stem-loop containing sequences flanking 23S 

residue 746 are substrates for RluA [46,47]. 

The crystal structure of RluA in complex with a 17-mer tRNA anti-codon fragment was solved 

in 2006 [48] and sheds light how one enzyme recognizes multiple types of RNA. When tRNA 

bound to RluA, it resulted in dramatic reorganization of the structure of the anti-codon stem 

loop. One of the most prominent changes is that the base, U32, is “flipped out” away from the 

helical stack and can now occupy the active site of the enzyme. The other nucleotides in the 

ACSL form a non-sequential stacking interaction. It was also noted that the crystal structure of 

RluA was different than TruB, another pseudouridine synthase that recognizes its substrates 

through the pre-folded structure of the T-arm, as well as several base-specific contacts. Despite 

the different recognition strategies, the organization of the active sites is quite similar and 

demonstrates that the catalytic core can accommodate a number of different RNAs as substrates.  

 

1.4 Methylation  

Roughly 66 percent of the more than 100 distinct RNA modifications involve the addition of a 

methyl group. RNA modifications occur in all kingdoms of life and in many diverse classes of 

RNA [49]. Additionally, while RNA methylation is common, the distribution of methylated 

nucleotides varies between archaea, bacteria, and eukaryotes [28]. For example, 6-

methyladenosine, 5-methylcytosine, 7-methylguanosine, and 2'-O-methyluridine are all 

commonly found in archaea, bacteria, and eukaryotes. On the other hand, 2'-O-methyladenosine 
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and 2-methylguanosine have not yet been found in prokaryotes [28]. Within the families of 

methyltransferases that act upon RNA, there are three general mechanisms that utilize diverse 

types of chemistry to install methyl groups on nucleotides. One of the simplest examples of 

methylation is modification to the nitrogen and 2'-oxygen atoms of RNA. The general scheme 

for the reaction is an SN2 mechanism, with the naturally nucleophilic nitrogen and oxygen 

reacting with the S-adenosyl-L-methionine (SAM) co-factor. In the process, SAM is converted to 

S-adenosylhomocysteine (SAH). Enzymes in this family are thought to enhance the chemistry of 

the reaction by bringing RNA and SAM into close proximity, as well as promoting favorable 

orientation of the two molecules.  A second type of commonly observed methylation is that of 5-

methyluridine (m5U) or 5-methylcytidine. The m5U modification occurs in nearly all tRNAs at 

position 54 [28]. In E. coli, the enzyme that installs this mark, TrmA (also known as RumT) was 

the first tRNA methyltransferase studied in detail. These pioneering studies were responsible for 

elucidated the principles of C5 methylation in pyrimidines. The critical step in the mechanism is 

the Michael addition of a negatively charged nucleophile at the C6 position of the pyrimidine. 

This leads to an enolate intermediate, whose negative charge may be stabilized by protonation. 

This species now presents a nucleophilic C5 moiety, which can be alkylated by SAM before the 

nucleophile from C6 is eliminated to restore the 5,6 double bond [50] (Scheme 1.2). In contrast 

to the first two types of methylation, methylation at the C2 and C8 positions of RNA requires a 

different type of chemistry altogether.  Methylation at positions C2 of tRNA was first discovered 

in 1970s [51,52] and in domain V of rRNA in 1995 [53]. Although it was not known at the time, 

it was later discovered that these modifications, as well as certain steps in the biogenesis of 

ms2i6A, yW, Q and archeosine, are catalyzed by radical SAM methylating enzymes. As the name 
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indicates, these enzymes generate radicals as part of their reaction mechanism, and share several 

key sequence and structural features [54]. 

 

1.5 Characteristics of Radical SAM Enzyme Family Members 

The radical SAM superfamily was first annotated in 2001 [55] with over 645 unique enzyme 

sequences. As of 2010, over 2800 enzymes have been identified in the family [56].  Radical 

SAM superfamily members are spread across all kingdoms of life and catalyze highly diverse 

reactions. Some well-known family members include lysine 2,3-amino mutase (LAM) [57,58]; 

lipoic acid synthase (LipA) [59,60]; biotin synthase (BioB)  [61,62]; and anaerobic 

ribonucleotide reductase (NrdG) [63,64]. 

Although they catalyze a number of different reactions, the enzymes in this family share a few 

key features. The first is the generation of a 5'-deoxyadenosyl radical (5'dA�) generated by the 

reductive cleavage of S-adenosyl-L-methionine (SAM). This deoxyadenosyl radical then initiates 

the radical reaction by abstracting a hydrogen atom, typically from the enzyme’s substrate. Sofia 

et al. coined the name ‘radical SAM’ as a nod to this process, and to distinguish them from the 

classical SAM-dependent reactions that instead proceed via a polar, SN2 mechanism [54-56]. 

The second hallmark of these enzymes is a conserved cysteine motif in the primary sequence of 

these proteins. This motif (CXXXCXXC) or a close variant thereof, is responsible for 

coordinating a [4Fe-4S] cluster. Conserved aromatic residues immediately prior to the third 

cysteine (typically either a tyrosine or a phenylalanine) may function to lower the midpoint 

potential of the cluster by limiting solvent exposure [55]. Three of the four irons are ligated by a 

single cysteine residue, while the last iron is chelated to the amino and carboxylate groups of 
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SAM [56]. The proximity of SAM to the iron-sulfur cluster facilitates homolytic cleavage of the 

molecule and generation of the 5'dA radical.  

The final shared feature of these enzymes, in relation to the iron-sulfur cluster necessary for 

single-electron chemistry, is that these enzymes are typically oxygen sensitive.  

At first glance, the proteins in this family did not share very much sequence homology beyond 

the conserved catalytic cysteine motif. The authors faced difficulties in creating an alignment of 

proteins with a high degree of sequence divergence [55]. However, by organizing the subfamilies 

into function (e.g. sulfur transfer [62], ring-forming reactions, secondary metabolites, etc.) the 

group was able to identify a number of misnamed sequences and organize the radical SAM 

proteins to find 30 distinct subgroups. With the detailed classification and annotation of the 

radical SAM class, other proteins could now be evaluated for membership into this family [55]. 

 

 
1.6 Previous research on RlmN 
 
1.6.1 Identification of the methyltransferase responsible for the A2503 modification  

In 2008, researchers from the University of Illinois, Chicago identified the methyltransferase 

RlmN (YfgB) to be responsible for the modification of adenosine 2503 in 23S rRNA. RlmN was 

initially identified because of its homology with Cfr, a radical SAM family enzyme that modifies 

the C8 position of A2503; a modification which confers resistance to a several important classes 

of antibiotics, including phenicols, pleuromutilins, lincosamides, and oxazolidinones. The 

modification of A2503 by RlmN was analyzed in E. coli. Researchers [65] found that when 23S 

rRNA was extracted from the ∆rlmN strain and analyzed by a primer extension assay, the band 

corresponding to the reverse transcriptase stop at m2A2503 was not observed. However when the 

∆rlmN strain was transformed with an overexpression plasmid containing the RlmN protein, the 
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primer extension stop band reappeared. The m2A modification was further analyzed by two-

dimensional thin-layer chromatography (2D-TLC). 23S rRNA was isolated from both WT and 

∆rlmN strains, digested to individual mononuclosides, and 5' labeled by incubation with γ-[32P]-

ATP. When the labeled nucleosides were separated by 2D-TLC, a spot indicative of m2A was 

present in rRNA derived from the WT strain, but this spot was absent in the rRNA from the 

∆rlmN strain. Together, these results confirmed that RlmN (YfgB) was responsible for the post-

transcriptional modification at the C2 position of A2503.  

The group also tested the fitness of ∆rlmN strains in cell growth experiments. While the lack of 

m2A had little effect upon cells grown in rich media, in co-growth competition conditions, the 

∆rlmN cells slowly lose to WT. Additionally, it was also observed that ∆rlmN cells had increased 

antibiotic susceptibility to tiamulin, hydromycin A, and sparsomycin [65]. RlmN and its 

homologs are broadly distributed across a number of species. The conservation of this adenosine 

modification near the nascent peptide exit tunnel, combined with a small increase in antibiotic 

susceptibility when the mark is absent, indicates the importance of the A2503 modification.  

 
1.6.2 In vitro methylation of rRNA by RlmN 

Despite the importance of Cfr and RlmN in antibiotic resistance and protein translation, 

respectively, these proteins had not been reconstituted and analyzed in vitro. Yan et al. were the 

first to express and purify these two proteins for use in in vitro studies [67]. A panel of rRNAs 

isolated from WT and ∆rlmN strains were incubated with either RlmN or Cfr in the presence of 

sodium dithionite and [3H-methyl]-SAM.  These experiments demonstrated that 23S isolated 

from the rlmN knockout strain was the only substrate for RlmN. In contrast, Cfr was able to 

methylate 23S rRNA from both the WT and the ∆rlmN strains. The 23S methylation reactions 

were further analyzed by HPLC to determine the exact methylation pattern. 23S rRNA was 
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digested to single nucleosides, separated by HPLC, and the retention time of the products was 

compared to synthetic methylated standards. These experiments showed that RlmN catalyzes 

methylation at the C2 position of adenosine, while Cfr catalyzes methylation at both the C2 and 

C8 positions. These co-elution studies were in agreement with the previous 2D-TLC and mass 

spectrometry studies [65,67]. 

To define the exact sequence necessary for methylation by the enzymes, truncations of 23S 

rRNA were generated by in vitro transcription and tested in the in vitro [3H-methyl] SAM 

methylation assays. These experiments demonstrated the preference of the enzymes for long 

substrates, particularly those containing helices 90-92 (bases 2507-2586) in domain V. While 

shorter constructs were methylated to a certain extent, the activity of the enzymes was 

attenuated. This suggests helices 90-92 are important for substrate stabilization or recognition by 

the enzymes.  

In addition to the substrate requirements for methylation, two hallmarks of radical SAM 

enzymes—the conserved CXXXCXXC motif and the generation of the 5'dA radical—were 

tested. The conserved cysteine motif is responsible for coordinating the [4Fe-4S] cluster, a 

necessary component of the holo enzyme for generation of the 5'dA radical. To test the 

importance of the individual cysteines, mutants were created at each C125A, C129A and C132A 

in RlmN and the corresponding residues in Cfr. None of the mutants were active towards the 23S 

rRNA substrate, confirming their critical role in coordinating the [4Fe-4S] cluster for the 

methylation reactions [66]. In addition to the cluster, another hallmark of radical SAM enzymes 

is the generation of the 5'dA radical itself. Using [3H-methyl] and [2,8-3H-adenosyl]-SAM, the 

reaction mixtures were monitored by HPLC for the formation of methionine and 5'-

deoxyadenosine. It was demonstrated that reactions containing RlmN and Cfr show a production 
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of methionine and 5'-deoxyadenosine. This evidence of 5'-deoxyadenosine points to a role for the 

5’dA radical in hydrogen atom abstraction. Interestingly, RlmN and Cfr also generate S-

adenosylhomocysteine, a byproduct of a more traditional SN2 type of chemistry. The knowledge 

that SAM serves as both the source of the 5'dA radical and the source of methyl in the reaction 

added new diversity to the radical SAM superfamily, and opened doors for future studies into the 

precise mechanism of these enzymes.  

 

1.6.3 Mechanistic studies of RlmN and Cfr  

While in vitro methylation experiments had given information about the amount of SAM that 

was used in the reaction, the exact mechanism of how it was used remained unclear. One 

hypothesis was that, similar to other radical SAM family members, RlmN abstracted a hydrogen 

atom from the rRNA substrate. This would generate a substrate-centered radical, which could 

then react with the second equivalent of SAM to form the final methylated product. To lend 

support to this proposed mechanism, Yan and Fujimori performed labeling studies with 

deuterium labeled SAM and rRNA substrates (Table 1.1) [68]. In the first experiments, rRNA 

labeled with deuterium at the C2 was incubated with RlmN, SAM, and SDT. The m2A and 5'dA 

products were isolated from the reaction by HPLC and subjected to analysis by mass 

spectrometry. Surprisingly, analysis of 5'dA from the deuterium reaction did not show 

incorporation of deuterium—the mass of 5'dA was identical to that from the control reaction. In 

contrast, analysis of 2-methyladenosine by both mass spectrometry and tandem mass 

spectrometry demonstrated that the deuterium atom was located in the incorporated methyl 

group.  
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To probe the reactions further, RlmN was incubated with unlabeled RNA, but in the presence of 

tri-deuterated methyl group ([methyl-2H3]-SAM). When the reaction products were analyzed, 

5'dA showed incorporation of 1 deuterium while the mass of m2A showed incorporation of two 

deuteriums. Experiments undertaken with Cfr showed a similar pattern of labeling. Taken 

together, these labeling experiments indicate that RlmN is able to utilize SAM in two roles: 1) as 

a source of the 5'dA radical and 2) as a source of methylene, which is incorporated into the final 

2-methyladenosine product [68].  

In a related study, labeling studies with RlmN and Cfr were performed under single turnover 

conditions with a short (7-mer) substrate [69]. When WT RlmN was incubated with ([methyl-

2H3]-SAM, no deuterium was incorporated into the methyl group of the product. The researchers 

hypothesized that the enzyme may become pre-methylated under normal growth conditions. To 

test their theory, RlmN was expressed in an E. coli auxotroph that was cultured with [methyl-

2H3]-methionine. The RlmN grown in these conditions was then utilized in in vitro methylation 

studies under single turnover conditions. Surprisingly, it was observed that the m2A adenosine 

products were two mass units higher than the control. (m/z = 284.1) A peak corresponding to m/z 

285.1 (d3-methyl) was not observed. When the fraction corresponding to 5'dA was analyzed, the 

results demonstrated an enrichment for deuterium (m/z = 253.1) (Table 1.1). Together, the 5'dA 

and the m2A results imply that the 5'dA radical does not abstract a hydrogen from the C2 or C8 

position of the RNA, but instead the radical abstracts a hydrogen from a methyl group that 

originates on the protein. The amino acid that donates the methyl group was determined by 

trypsin digest of the WT RlmN. A conserved catalytic cysteine (C355) was identified as the site 

of modification for the first methyl group.  
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Based on their results, the group proposed a mechanism for the transformation of adenosine to 2-

methyladenosine (Scheme 1.3). In this novel mechanism, RlmN utilizes SAM both homolytically 

and heterolytically. The first equivalent of SAM methylates this conserved Cys355 in the active 

site. A second equivalent of SAM is cleaved homolytically by the [4Fe-4S] cluster to generate 

the 5'dA radical. This radical species then abstracts a hydrogen from the methylthio ether, 

generating a protein-bound methylene radical. This radical then adds to the C2 position of the 

target adenosine. Subsequent oxidation and deprotonation steps lead to a covalent protein-RNA 

adduct. Finally, it was hypothesized that a second conserved cysteine (C118 in RlmN) resolves 

the covalent adduct [69].  

The importance of Cys 118 was confirmed through the use of RlmN mutants. McCusker et al. 

generated RlmN C118A and C118S mutant proteins, and examined their role in the proposed 

mechanism [70]. They determined that RlmN C118 mutants are unable to resolve the covalent 

intermediate, either in vitro or in vivo. When the authors performed tandem mass spectrometry 

experiments, the crosslink was localized to Cys355. Finally, when the isolated proteins were 

analyzed by SDS-PAGE gel, the samples showed two distinct bands. One band appeared at the 

native mass of RlmN (approx. 43 kDa) while the second band appeared at approx. 65 kDa. When 

the samples were treated with RNase, the two species were resolved into a single band at 

molecular weight 43 kDa. Taken together, these experiments lend support to the formation of a 

covalent intermediate in the mechanism of RlmN and its rRNA substrates.  

 

1.6.4 Crystal structures of RlmN  

The pre-methylation of Cysteine 355 (C355) was confirmed when RlmN was crystalized both 

with and without its SAM cofactor (PDB 3RFA; 3RF9) (Fig 1.2) [71]. While these two 
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structures suggested a route by which RlmN could become pre-methylated, key information 

regarding RNA substrate recognition and methyl transfer catalysis was still missing. Namely, the 

C5′ carbon of SAM is positioned approximately 6.0Å from methylated C355. This distance is too 

far for the required activation via hydrogen atom abstraction, suggesting that the enzyme must 

perform some rearrangement prior to catalysis. 

Additionally, in the structure without SAM, the β7′ loop containing one of the catalytic cysteines 

(C355) is highly disordered, leaving the end of the 3/4 TIM barrel exposed to the solvent. In the 

second structure (with SAM bound), this loop, containing one of the catalytic cysteines (C355) 

has been visualized, however it has high-B-factor values (RlmN average B factor = 23.1; β7′ 

loop average B factor = 46.04). As noted above, the β7′ loop containing one of the catalytic 

cysteines (C355) is highly disordered [71].  

Flexibility had been observed in other nucleic-acid binding proteins as well as other radical SAM 

family members during substrate binding. This suggests that in the case of RlmN, 

conformational changes either by either the enzyme or the RNA substrate may help bring more 

ordered structure to the protein. This makes sense, as the enzyme would likely avoid unexpected 

side-products after generating the radical species. The authors hypothesized that it may be the 

case that in the protein-RNA complex, the RNA substrate refolds as it binds to the active site.  

 

1.6.5 RlmN mediated methylation of tRNA 

Around the same time RlmN C118A was used to covalently capture RNA, another paper came 

out describing how RlmN was able to act on not only rRNA, but also tRNA [72]. In this paper, 

the authors noted that several tRNAs have m2A at position 37. While it had been known that 

tRNA contains m2A, the enzyme responsible for this modification in tRNA was previously 



 16 

unknown. In rRNA, RlmN is responsible for this modification. While RNA modification 

enzymes are generally highly specific for the type of RNA (e.g. rRNA, tRNA, etc) the authors 

sought to test the hypothesis that RlmN was responsible for the modification at both positions.  

To test their hypothesis, tRNA and rRNA were enriched and purified from both WT and ∆rlmN 

strains. The recovered RNA was digested to individual nucleosides and separately analyzed by 

HPLC. The m2A nucleoside was found to be absent in both rRNA and tRNA chromatograms 

from the ∆rlmN strain. To test if m2A in tRNA is dependent on RlmN, the authors performed an 

in vivo complementation assay. RlmN was cloned into a pET-15b vector and the plasmid 

containing protein was transformed into the ∆rlmN cells. The recombinant plasmid expressed 

from the plasmid restored m2A biosynthesis in ∆rlmN (as compared to WT cells) [72].  

Interestingly, when RlmN was purified and tested with in vitro transcribed tRNA, m2A was not 

observed. The authors hypothesized that RlmN works at a late stage of tRNA maturation—

needing other modifications in order to recognize and modify its substrates. While no 

modifications seemed necessary in the anti-codon loop of tRNA, modifications in other regions 

of tRNA may stabilize the canonical tRNA structure for recognition and methylation by RlmN. 

As RlmN activity in 23S rRNA is dependent on helices 90-92 [66], the authors hypothesized the 

RlmN may require a similar 3D structure of tRNA for m2A synthesis in tRNA. 

To test the effects of local sequence identity on recognition and methylation by RlmN, the 

authors constructed a chimeric tRNAGln
UUG using a scaffold system first developed by Ponchon 

[73,74]. With their construct, they created tRNA mutants at U35A, U35G, G36A, and G36U. It 

was found that G36U reduced m2A accumulation. The other positions did this as well, but not to 

the same extent. The authors hypothesized that position 36 may be an important determinant for 

recognition by RlmN.  
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Finally, the authors tested the ∆rlmN strain in a UAG stop codon read-through assay. RlmN 

inactivation produced an error-prone phenotype: increasing UAG read-through relative to WT 

E.coli. This effect is opposite to the error-restrictive phenotype seen with the ∆miaA strain. In the 

latter, loss of modification at position 37 decreases UAG read-through. Most tRNA 

modifications at position 37 are required for stabilization of the codon-anticodon pair. The 

authors hypothesized that the error-prone phenotype of the ∆rlmN mutant is not from its loss on 

tRNA (because like ∆miaA, this would form MORE stable interactions than fully-modified 

tRNAs.) They proposed the error-prone phenotype is due to loss of m2A from 23S rRNA. A2503 

is in the PTC—an area responsible for discrimination of near-cognate tRNAs during the 

proofreading phase of translation [75]. Loss of m2A may alter the PTC, allowing accommodation 

of an incorrect tRNA. However, as m2A is located in both tRNA and rRNA, it is difficult to 

study its exact role in each class of RNA.  

 
 
1.7 Project Scope and Aims 

Enzymes that modify RNA are generally highly specific for the class of RNA they modify (i.e., 

mRNA, tRNA, rRNA, etc) as well as the target position. In E. coli, there are a limited number of 

multi-site acting enzymes, but to date, only a few enzymes, the pseudouridine synthase RluA and 

the methyltransferase TrmA, have been shown to act on multiple classes of RNA. We are still 

discovering information about the molecular determinants of RNA recognition by proteins. The 

unique dual nature of RlmN substrate specificity provides an interesting platform with which to 

address questions of this nature. This is particularly important, as understanding substrate 

recognition requirements and providing structural insight into catalysis is key to our mechanistic 

understanding of these radical methyl synthase enzymes.  
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Figures, Schemes, and Tables 
  
(A) 

 
 
Figure 1.1. Frequently modified positions in E.coli RNA. MODOMICS [76-78] profiles 

showing most frequently modified positions in tRNA (A) and rRNA (B). Modification key: light 

blue (up to 20% modified), dark blue (40% modified), dark grey (60% modified), red-grey (up to 

60% modified) bright red (100% modified). 
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(B)  
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Figure 1.2. Crystal structure of RlmN. The [4Fe-4S] cluster is shown in orange and yellow 

spheres. The CXXXCXXC binding motif is shown in green. Catalytic cysteines C355 and C118 

are shown in magenta. The methyl group on C355 is shown in violet [71] (PDB 3RFA).  
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Scheme 1.1. Proposed mechanism of pseudouridine synthase RluA 
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Scheme 1.2. General overview of Michael Addition chemistry utilized by 5-methylcytidine 

and 5-methyluridine synthases.  
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Scheme 1.3. Proposed mechanism of RlmN.  
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Table 1.1. Summary of deuterium labeling experiments  

 

Enzyme SAM RNA Condition Mass 
5’dA 

Mass 
2mA 

RlmN Methyl Unlabeled Multi turnover 
(SDT reductant) 

252.1  
(CH3) 

282.1  
(CH3) 

RlmN D3-methyl Unlabeled Multi turnover 
(SDT reductant) 

253.1  
(CH2D) 

284.1 
(CHD2) 

RlmN Methyl C2-deuterium 
labeled 

Multi turnover 
(SDT reductant) 

252.1  
(CH3) 

283.1 
(CH2D) 

RlmN 
(Cys355-CH3) 

D3-methyl Unlabeled Single turnover 
(SDT reductant) 

252.1 
(CH3) 

282.1 
(CH3) 

RlmN 
(Cys355-CD3) 

Unlabeled Unlabeled Single turnover 
(SDT reductant) 

 284.1 
(CHD2) 

RlmN 
(Cys355-CH3) 

Unlabeled Unlabeled Single turnover  
(NADPH/FldA/Fpr 
reducing system) 

253.1 
(CH2D) 
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Chapter 2 

Determinants of tRNA Recognition by the Radical SAM Enzyme RlmN 

This chapter is adapted from the PLoS ONE article by Fitzsimmons, C.M and Fujimori, D.G. 

entitled “Determinants of tRNA Recognition by the Radical SAM enzyme RlmN.” It is contents 

are reproduced here under the Creative Commons Attribution (CC BY) License. 
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2.1 Abstract 

RlmN, a bacterial radical SAM methylating enzyme, has the unusual ability to modify two 

distinct types of RNA: 23S rRNA and tRNA. In rRNA, RlmN installs a methyl group at the C2 

position of A2503 of 23S rRNA, while in tRNA the modification occurs at nucleotide A37, 

immediately adjacent to the anticodon triplet. Intriguingly, only a subset of tRNAs that contain 

an adenosine at position 37 are substrates for RlmN, suggesting that the enzyme carefully probes 

the highly conserved tRNA fold and sequence features to identify its targets.  Over the past 

several years, multiple studies have addressed rRNA modification by RlmN, while relatively few 

investigations have focused on the ability of this enzyme to modify tRNAs. In this study, we 

utilized in vitro transcribed tRNAs as model substrates to interrogate RNA recognition by RlmN. 

Using chimeras and point mutations, we probed how the structure and sequence of RNA 

influences methylation, identifying position 38 of tRNAs as a critical determinant of substrate 

recognition. We further demonstrate that, analogous to previous mechanistic studies with 

fragments of 23S rRNA, tRNA methylation requirements are consistent with radical SAM 

reactivity. Together, our findings provide detained insight into tRNA recognition by a radical 

SAM methylating enzyme.    



 34 

2.2 Introduction  

Methylation of RNA on the four canonical bases modulates its structure and function [1], 

allowing it to fulfill its numerous roles in the cell. These modifications are introduced by RNA 

methyltransferases (MTases). To accomplish these transformations, RNA MTases utilize several 

general mechanisms. The exocyclic nitrogens in the nucleobases [2-4] as well as oxygen atoms 

at the 2' position of the ribose [5,6] are nucleophilic sites. MTases promote methylation at these 

sites through favorable orientation of the RNA and the methyl group donor. Unlike methylation 

of nitrogen or oxygen atoms, methylation of cytosine or uridine at the C5 position requires a 

different mechanism, because the target position is not nucleophilic. Covalent catalysis via a 

Michael addition activates the C5 carbon and accounts for methylation at these sites [7-16]. In 

contrast, methylation at the unreactive C2 and C8 positions of adenosines requires a different 

enzymatic mechanism and is catalyzed by members of the radical S-adenosyl-L-methionine 

(SAM) superfamily (Fig 2.1, A) [17,18]. 

Studies on RlmN and Cfr, two bacterial radical SAM methylating enzymes, have 

established key mechanistic features of radical SAM methylation of RNA. A unique feature of 

these enzymes is their ability to utilize both homolytic and heterolytic reactivity of SAM to carry 

out methylation of the C2 and C8 amidine carbons of adenosine [19-21]. The first equivalent of 

SAM is used to methylate a conserved cysteine residue (C355), unassociated with the four iron-

four sulfur ([4Fe-4S]) cluster, to form a protein-bound methyl thioether [19,22-24]. A second 

equivalent of SAM, coordinated by the [4Fe-4S] cluster in these proteins, is then cleaved 

homolytically to generate a 5′-deoxyadenosyl radical (5′-dA•), a canonical feature of radical 

SAM catalysis [25]. This highly reactive radical species then abstracts a hydrogen atom from the 

premethylated cysteine 355 to form a thiomethylene radical. The methylene radical then adds 
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into the substrate carbon to form a covalent RNA-protein adduct, which has been trapped by 

mutagenesis [22] and characterized spectroscopically [23,24]. A second conserved cysteine 

residue resolves the covalent RNA-protein intermediate, forming the methylated product.  

In addition to its mechanism of action, RlmN is also unusual in that it is able to act on 

both rRNA and tRNA (Fig 2.1, B,C) [26]. RNA modifying enzymes are generally highly specific 

for the type of RNA that they modify (e.g. tRNA, rRNA, mRNA, etc). To date, there are only 

two other enzymes in bacteria, the pseudouridine synthase RluA and the methyltransferase 

TrmA, that have been shown to modify multiple types of RNA [7-9,27-31]. When acting on 

rRNA, RlmN methylates the C2 position of A2503 in 23S rRNA. While the biological role of 

this modification is not fully understood, it has been proposed to contribute to translational 

fidelity [26,32,33]. Lack of methylation of A2503 has a minimal effect on the cell fitness and has 

been shown to slightly increase linezolid resistance in Staphylococcus aureus [34-36]. 

Additionally, absence of the C2 methylation of A2503 can also cause resistance to the 

pleuromutilin antibiotic tiamulin, as demonstrated for catalytically inactive RlmN variants 

obtained by directed evolution [37]. When acting on tRNA, RlmN methylates the C2 position of 

A37, a nucleotide located in the anticodon stem loop (ACSL) immediately adjacent to anticodon 

triplet [26,38,39]. While the functional significance of A37 methylation is poorly understood, it 

is interesting to note that RlmN only modifies a subset of tRNAs that contain an A at position 37.  

Structures of the RlmN C118A mutant in complex with one of its tRNA substrates, tRNAGlu
UUC, 

have recently been reported, shedding light on the structural aspects of tRNA recognition by this 

enzyme [40]. These structures, obtained by trapping of the covalent enzyme-substrate complex 

through protein mutagenesis, indicate that RlmN recognizes the overall shape of the co-

crystallized tRNAGlu
UUC through interaction with the sugar-phosphate backbone of the D-arm 
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and the 3' acceptor end of the tRNA.  Additionally, the study revealed that the most extensive 

protein-tRNA interactions are located in the ACSL region, which is remodeled by the enzyme to 

allow access to the substrate nucleotide.  

Intrigued by the ability of RlmN to modify both rRNA and tRNA, we sought to determine the 

tRNA features necessary for methylation by RlmN. In addition, the compact, well-defined 

structure of tRNA combined with its short length (approx. 75 nt) relative to 23S rRNA (2904 nt), 

provides an excellent framework to investigate RNA recognition by RlmN. To understand why 

RlmN methylates only a subset of tRNAs that have an adenosine at position 37, we prepared 

chimeric RNA constructs that combine features of substrate and non-substrate tRNAs and 

assessed their ability to serve as RlmN substrates. In addition, we generated ACSL point mutants 

to investigate how the nature of the nucleotides in this critical recognition region impacts RlmN-

mediated methylation. Our results indicate that the local sequence of the ACSL plays a critical 

role in the ability of RlmN to discriminate and modify tRNA substrates.  
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2.3 Materials and Methods 

2.3.1 General Methods 

Anaerobic manipulations were carried out in a glovebox (MBraun) under a 99.997% nitrogen 

atmosphere containing less than 2 ppm oxygen. All reagents were analytical grade or the highest 

grade commercially available and used as supplied unless noted otherwise. Plasmids containing 

Escherichia coli K-12 tRNA genes were synthesized by Gene Oracle. [14C-methyl]-SAM was 

purchased from Perkin Elmer. Oligonucleotide PCR primers and ACSL 17-mer RNA were 

synthesized by Integrated DNA Technologies (IDT). PCR purification was performed with 

Qiagen PCR purification kits and protocol. Enzymes for in vitro transcription were purchased 

from New England Biolabs (NEB) unless otherwise noted. The tRNA used in in vitro 

methylation assays was purified using Zymo Research RNA Clean & Concentrator kit unless 

otherwise noted. Statistics and graphical analysis were performed in GraphPad Prism VI.  

 

2.3.2 Expression, Purification, and Reconstitution of WT and Mutant RlmN Proteins 

Wild-Type (WT) RlmN and RlmN prepared without the [4Fe-4S] cluster (ApoRlmN) were 

prepared by modified versions of previously published protocols [19,20]. Briefly, enzymes were 

over expressed in M9 minimal media supplemented with 75 µM 1,10-phenanthroline. Enzymes 

were purified by Talon chromatography. Following Talon purification, the iron-sulfur cluster in 

WT RlmN was reconstituted by chemical reconstitution and further purification by FPLC on a 

MonoQ 10/100 GL column (GE Healthcare Life Sciences) using a linear gradient of buffer A (50 

mM Tris-HCl, pH 8.0, 10% glycerol, 50 mM NaCl) and buffer B (50 mM Tris-HCl, pH 8.0, 10% 

glycerol, 1 M NaCl). Following Talon purification, ApoRlmN was immediately purified by 

FPLC on the MonoQ column as described above.  Mutant C118A RlmN was overexpressed, 
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purified by Talon affinity chromatography, and reconstituted as described previously [20,22]. 

Following chemical reconstitution, anion exchange chromatography employing either HiTrap Q 

HP or MonoQ columns was performed and fractions containing protein were combined and 

concentrated for storage at -80 °C. Protein concentration was determined by the Bradford 

method.  

 

2.3.3 Expression and Purification of Flavodoxin and Ferredoxin:NADPH Oxidoreductase 

Flavodoxin (FldA) and Ferredoxin:NADPH Oxidoreductase (Fpr) were expressed and purified as 

described previously [22,41]. Briefly, pETARA expression vectors containing an N-terminal 

GST fusion incorporating a Tobacco Etch Virus (TEV) protease cleavable linker N-terminal to 

FldA and Fpr were transformed into BL21 (DE3) E. coli. Overnight cultures were grown in LB 

media containing 100 µg/mL ampicillin and used to inoculate 1L expression cultures. Cells were 

grown to OD600 of 0.6 with shaking at 37 ºC. Isopropyl β-D-1-thiogalactophyranoside (IPTG) 

was added to a final concentration of 200 µM. Incubation and shaking continued for another 4 

hours, after which the cells were harvested and the pellets stored at -80 ºC. Cells were 

resuspended in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM dithiothreitol (DTT), 

1 mM phenylmethylsulfonyl fluoride (PMSF)) with the addition of 1 mg/mL lysozyme. The 

resuspended cells were treated with lysozyme for 1 hr at room temperature, after which the cells 

were lysed by sonication on ice. Cellular debris was removed by ultracentrifugation and the 

clarified lysate was incubated with 2 mL of glutathione sepharose 4B beads (GE Healthcare) at 4 

ºC with rocking for 1 hour. The protein bound resin was washed with 10 bed volumes of wash 

buffer (50 mM HEPES, pH 8.0, 10% (v/v) glycerol, 1 mM DTT) and resuspended in the same 

buffer. TEV protease was added to 1% (w/w) of protein. Incubation at 4 ºC with rocking was 
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continued overnight. Following cleavage, the resin was washed with the wash buffer and the 

eluted cleaved proteins were collected, concentrated, and stored at -80 ºC.  

 

2.3.4 Alignment of tRNA Substrates and Non-substrates 

E. coli DNA sequences for known in vivo substrates (“substrates”) and tRNAs containing 

adenosine at position 37 that is not known to be modified (“non-substrates”) were extracted from 

the MODOMICS database [42-44]. Alignment of substrate and non-substrate tRNAs was 

performed by T-Coffee alignment program within the Jalview platform. Alignment visualization 

and statistics were performed in Jalview (Fig 2.2) [45]. 

 

2.3.5 Construction and Purification of WT and Point Mutant tRNAs 

Plasmids containing the tRNA gene sequences were synthesized by Gene Oracle with the 

following general construction: 5'-T7 promoter sequence-tRNA gene-Bam-HI restriction site-3'. 

In both the tRNAGln
UUG and tRNAGln

CUG constructs, the U at position 1 was removed, so that 

these genes begin at position 2. For the His, Asp, and Glu genes, an additional G was added 5' of 

position 1. These changes were made because a G is required at positions 1 and 2 for 

transcription by T7 RNA polymerase [46-48].  

No modifications were made to the sequences for Asp or Gly. Point mutations were introduced 

to WT tRNA using site-directed mutagenesis. Plasmids were linearized by overnight digest at 37 

ºC with BamHI-HF (NEB) and purified for use in in vitro transcription reactions.  

 

Preparation of rRNA Substrates 

Segments of the 23S rRNA gene were amplified using the plasmid pKK3535 as a template [20]. 
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The primers used for PCR amplifications were F-2496: 5′-GGGCACCTCGA-3' and R-2582: 5'-

CCA GCT CGC GTA CCA CTT TAA A-3'. The forward PCR primer also included the T7 RNA 

polymerase promoter sequence 5'-TAATACGACTCACTATAGG-3'. PCR products were 

purified using the Qiagen PCR purification kit and subsequently used for in vitro transcription. 

Preparation of Chimeric tRNA Substrates 

Chimeric tRNAs were constructed by overlap extension PCR. The first of two PCRs created a 

linear tRNA gene. The sequences for tRNAGln
UUG and tRNAGly

CCC were selected as the substrate 

and non-substrate sequences, respectively. The sequences of the final chimeric tRNAs are listed 

in Table 2.1. Overlap extension primers were designed to be approximately 45 bases long and 

contain a 10-12 base overlap. PCR was performed with Phusion DNA polymerase in the 

accompanying Phusion GC buffer supplemented with 50 mM KCl and 2% betaine. For each 50 

µL reaction, 400 pmol of each primer was used as template.  

PCR products were gel-purified and then subjected to a second round of PCR to amplify the gene 

of interest. All forward PCR primers for this round included the T7 RNA polymerase promoter 

sequence 5'-TAATACGACTCACTATA-3', followed by several nucleotides corresponding to 

the specific tRNA. PCR was performed with Phusion DNA polymerase in the accompanying GC 

buffer, supplemented with 2% DMSO and 2% betaine. Purity was ensured by acrylamide gel 

electrophoresis before beginning in vitro transcription.  

2.3.6 In vitro Transcription of tRNAs 

RNAs were produced by T7 RNA polymerase in vitro transcription from linearized plasmid or 

PCR amplicon templates in 1 mL volume following standard protocols [47]. Reactions contained 

40 mM HEPES, pH 8.1, 2 mM Spermidine, 0.01% Triton X-100, 50 mg/mL PEG 8000, 20 mM 
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DTT, 8 mM rGTP, pH 8.0, 5 mM rUTP, pH 8.0, 5 mM rATP, pH 8.0, 5 mM rCTP, pH 8.0, 30 

mM MgCl2, and 4 U Thermostable Inorganic Pyrophosphatase (TIPP) (NEB). Transcription 

reactions were incubated at 37 ºC for 6 hours and subsequently quenched with 100 µL of 0.5 M 

EDTA, pH 8.0. The RNAs were purified by 8% Polyacrylamide / 8 M Urea gel and the bands 

were excised by UV-shadowing. Gel-excised RNA was extracted in nuclease-free water and 

precipitated overnight at -20 ºC with 0.3 M sodium acetate, pH 5.2 and ethanol. Precipitated 

RNAs were washed with 70% ethanol and the pellet was air-dried before resuspension in 

nuclease-free water.  

 

2.3.7 RNA Folding and Native Gel Analysis of tRNA 

The tRNAs were folded on a thermocycler in a buffer containing 100 mM KCl. First, the tRNAs 

were heated to 95 ºC for 3 min, and then cooled slowly to 65 ºC, at which point MgCl2 was 

added to a final concentration of 5 mM. The temperature was then lowered over the course of 60 

minutes to 4 ºC.  Uniform RNA folding was determined by 0.5x TBE, 8% polyacrylamide native 

gel stained with Sybr Gold and visualized on a BioRad ChemiDoc MP Imaging System (BioRad) 

(Fig. 2.3).  

 

2.3.8 Determination of tRNA Melting Temperature 

PIPES (50 mM, pH 7.5) and (NH4)2SO4 (30 mM) were added to tRNAs dissolved in distilled 

water [46]. The changes in absorbance with increasing temperature were measured using a Cary-

100 UV Vis Spectrophotometer coupled with a 6 x 6 multicell holder with temperature control. 

The temperature was increased from 20 ºC to 95 ºC at a rate of 0.1 ºC/min. The tRNA samples 

were allowed to equilibrate at 20 ºC for 10-15 minutes before thermal denaturation profiles were 
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obtained. Absorbance was monitored at 260 nm. RNA samples were measured in a quartz 

spectrophotometer cell with a tight septum cap (Starna Cells). A computer generated plot was 

measured for each profile and the melting temperature (Tm) was calculated as the inflection 

point (second derivative d2A/dT2) of absorbance with respect to temperature. All measurements 

were performed in triplicate (Table 2.2). In silico secondary structure predictions were made by 

the Vienna RNA Websuite RNAFold Program [49].  

 

2.3.9 Activity Assay 

Radioactive methylation reactions were performed similar to previously described conditions 

[50]. Briefly, reactions contained 10 mM MgCl2, 2mM DTT, 20 µM FldA, 2 µM Fpr, 2 µM 

RNA, 1 µM RlmN, and 30.7 µM (0.075 µCi) [14C-methyl]-SAM (Perkin Elmer) (58 mCi/mmol) 

and 1 mM NADPH in 100 µL reaction buffer (100 mM HEPES, pH 8.0, 100 mM KCl). All 

reaction components except the radiolabeled SAM and NADPH were made anaerobic by purging 

with argon prior to mixing in an MBraun glovebox. The reaction mixture was then removed from 

the anaerobic chamber in a gas-tight glass vial. [14C-methyl]-SAM was aliquoted in a second gas-

tight vial outside of the glovebox and dried by an argon stream. To this vial, which was kept 

under argon pressure, the reaction mixture was added using a gas-tight syringe. The vial was 

allowed to pre-incubate at 37 ºC for 5 min. The reaction was initiated by addition of anaerobic 

NADPH and incubated at 37 ºC for 60 min.  Immediately after initiation of the reaction, a 5 µL 

aliquot was removed. This sample was used to determine the total amount of radioactivity in the 

vial. After 1 hour, reactions were quenched by addition of cold SAM to a final concentration of 

120 µM. RNA was then purified from the reaction mixture using the RNA Clean & Concentrator 

Kit (Zymo Research). Recovered RNA was added to vials containing Ultima Gold scintillation 
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fluid. The amount of incorporated radioactivity in the products was measured using a Beckman-

Coulter multipurpose scintillation counter (Fullerton, CA). All reactions were performed in 

duplicate at minimum. The experimentally measured radioactivity in the product was normalized 

to a theoretical maximum (100% methylation). The normalized results were then plotted in 

GraphPad Prism VI. 

 

2.3.10 HPLC Separation and Identification of Methylated Adenosine 

Methylated RNA was purified using the RNA Clean & Concentrator Kit (Zymo Research). The 

purified RNA was subsequently enzymatically digested to individual mononucleosides using 

nuclease P1 (Sigma Aldrich), snake venom phosphodiesterase (Sigma Aldrich), and Calf 

Intestinal Phosphatase (NEB) [2-4,20,51]. The digested samples were separated by analytical 

HPLC using a Luna C18 reverse-phase column (10 µm, 4.6 mm x 250 mm) (Phenomenex) and 

as in a previously described protocol [20]. Synthetic 2-methyladenosine and the unmodified 

mononucleosides were detected by UV absorption at 256 nm, whereas the 14C-labeled 

methyladenosines were detected by radiomatic flow scintillation analyzer (Packard 515TR flow 

scintillation analyzer; Perkin-Elmer).  
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2.4 Results 

2.4.1 In vitro Methylation of WT tRNAs 

We set out to determine whether we could reconstitute RlmN activity toward in vitro transcribed 

tRNAs that have been previously reported to be methylated at A37 [26]. Our panel included the 

following tRNAs: tRNAArg
ACG, tRNAAsp

GUC, tRNAGln
CUG, tRNAGln

UUG, tRNAGlu
UUC, and 

tRNAHis
GUG. In addition to the aforementioned substrates, our panel also included tRNAGly

CCC, 

which contains an adenosine at A37 but is not known to be modified at this nucleotide by any 

enzyme, and thus serves as our negative control. Finally, a fragment of 23S rRNA (2496-2582) 

was selected as a positive control due to its size similarity to tRNA [20]. All RNAs were in vitro 

transcribed, and incubated with RlmN and [14C-methyl]-SAM under anaerobic conditions. 

Following the incubation, RNA was recovered from the reaction and the total radioactivity 

incorporated into the product was analyzed by liquid scintillation counting (Fig 2.5, A). Unlike 

tRNAGly
CCC, all other tRNA transcripts were methylated by E. coli RlmN in vitro. Incorporation 

of radioactivity into the in vitro transcribed tRNAs indicates that RlmN is able to utilize these 

tRNAs as substrates despite the lack of any additional naturally occurring post-transcriptional 

modifications. Thus, our in vitro reconstituted system recapitulated the in vivo findings that 

tRNAArg
ACG, tRNAAsp

GUC, tRNAGln
CUG, tRNAGln

UUG, tRNAGlu
UUC, and tRNAHis

GUG are all RlmN 

substrates [26]. 

To confirm that the observed radioactivity was indeed due to the formation of 2-methyladenosine 

(m2A), we enzymatically performed a total digest of the radiolabeled RNA. The resulting single 

nucleosides were separated by reverse-phase HPLC and compared to a synthetic standard of m2A 

(Fig 2.5, B). In reactions containing tRNA, we observed formation of a radioactive product that 

co-eluted with authentic m2A. These findings are largely consistent with recent mass-
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spectrometry based detection of m2A obtained by incubation of RlmN with in vitro transcribed 

tRNA [40].  

Thus far, the majority of mechanistic studies on RlmN-catalyzed methylation were carried out 

with rRNA as a substrate [19-21,25]. Here, we investigated if the reaction requirements for 

tRNA methylation by RlmN are consistent with the previously reported mechanism of rRNA 

modification by this enzyme. To do so, we omitted various components from the reaction and 

monitored radioactivity incorporation into tRNAGln
UUG. Specifically, when reducing equivalents 

(NADPH or FldA/Fpr) were omitted from the reaction, we did not observe the formation of m2A 

(Fig 2.5, C). Additionally, no product was formed when RlmN devoid of the [4Fe-4S] cluster, 

(ApoRlmN) was used in the reaction. Finally, no m2A formation was detected when Cys118, a 

residue required for methylation [22,52] was mutated to alanine. In summary, our results 

demonstrate that RlmN utilizes a similar mechanism to methylate both rRNA and tRNA and 

preference for certain tRNAs also demonstrates that nucleotide sequence may play a role in 

influencing methylation by RlmN. 

 

2.4.2 In vitro Methylation of Chimeric Constructs 

To investigate how structural features of tRNA—namely the D-arm, the T-arm, acceptor stem, 

ACSL and variable loop region (VAR) (Fig 2.6, A)—impact the ability of tRNA to serve as an 

RlmN substrate, we sought to generate chimeric constructs. To inform construction of the 

chimeras, we carried out sequence alignment of E. coli tRNA sequences obtained from the 

MODOMICS database (Fig 2.2) [23,24,42-44]. In addition to substrate tRNAs, (Fig 2.2, blue 

highlight), our search revealed a number of tRNAs that contain an adenosine at position 37. We 

selected a subset of these tRNAs, those not known to be modified at position 37, as our non-
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substrate group (Fig 2.2, red highlight). The chimeric constructs combined features of both 

substrate (tRNAGln
UUG)) and non-substrate (tRNAGly

CCC) tRNAs (Fig 2.6, B).  

We tested the ability of these chimeric constructs to act as substrates for E. coli RlmN using an 

in vitro methylation assay.  When compared to the WT tRNAGln
UUG and tRNAGly

CCC, all chimeric 

constructs exhibit a drastic reduction in methylation in the endpoint radioactivity incorporation 

assay (Fig 2.6, C). Radioactivity incorporation was detected for Chimeras A (tRNAGly
CCC 

acceptor stem and tRNAGln
UUG body) and E (ACSL and VAR of tRNAGln

UUG grafted onto the 

body of tRNAGly
CCC), and further verified by RNA digestion and detection of m2A (Fig 2.4). 

Chimera B (tRNAGly
CCC acceptor and D-arm), Chimera C (tRNAGly

CCC acceptor, T-arm, and 

VAR) and Chimera D (tRNAGln
UUG ACSL; tRNAGly

CCC body) were poor substrates for 

methylation, despite appearing well-folded by native gel (Fig 2.3). In addition to the chimeras, 

we tested a 17-nucleotide sequence corresponding to ACSL of tRNAGln
UUG ACSL. We 

concluded that this minimal ACSL alone is not a substrate for methylation by RlmN.  

 

2.4.3 In vitro Methylation of ACSL Point Mutant tRNAs 

To assess the importance of the local RNA sequence on recognition by RlmN, we generated a 

series of point mutants in the ACSL region of tRNAGln
UUG (Fig 2.7, A). We probed nucleotides 

from positions 33-38 surrounding the substrate adenosine (Fig 2.8) and tested their ability to 

serve as RlmN substrates in vitro. Mutation at position 33 from uracil to guanosine resulted in a 

2-fold decrease in the ability of RlmN to methylate the tRNA substrate. We elected not to mutate 

position 34, as all possible nucleotides are found at this position in the native substrate tRNAs 

(Fig 2.7, B). Mutations on nucleotides in positions 35 and 36 had minimal effect on RlmN-

mediated methylation, as these mutant tRNAs were methylated at approximately the same level 
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as WT tRNAGln
UUG. As expected, when A37 was replaced by a G, methylation was abolished. 

Methylation was also abolished when U38 was mutated to adenosine (Fig 2.7, C).  

 

2.5 Discussion 

RlmN, a radical SAM methylating enzyme, has the unusual property of modifying two distinct 

types of RNA: 23S rRNA and several tRNAs. While recognition of rRNA has been investigated 

to determine key substrate requirements [20] and characterize aspects of methylation [19-24] 

relatively little is known about the ability of this enzyme to modify tRNAs. Furthermore, the 

ability of RlmN to modify only a subset of A37-containing tRNAs further highlights the need for 

a better understanding of tRNA recognition by this enzyme. Following the initial report of tRNA 

modification by RlmN [26], only one recent study has investigated tRNA recognition by this 

enzyme and has provided unprecedented structural insight into how RlmN interacts with tRNA 

[40]. Here, we examine how RlmN recognizes tRNA in vitro by systematic investigation of 

substrate tRNA modifications, namely through chimeric constructs and point mutants in the 

ACSL of tRNA. The recently solved crystal structure of RlmN in complex with tRNAGlu
UUC [40] 

provides a framework to interpret our results.  

In the initial report that identified tRNAs as substrates of RlmN, it was demonstrated that tRNAs 

tRNAArg
ACG, tRNAAsp

GUC, tRNAGln
CUG, tRNAGln

UUG, tRNAGlu
UUC, and tRNAHis

GUG are in vivo 

substrates for RlmN [26,38,39]. Based on the lack of in vitro activity, it was speculated that 

RlmN acted in late-stage tRNA maturation after other modifications had occurred. Here we show 

that in vitro transcribed tRNAs are indeed substrates for methylation by RlmN (Fig 2.5), 

consistent with a recent report [40]. In our end-point methylation assay, we observed that tRNAs 

tRNAGln
CUG, tRNAGln

UUG, tRNAGlu
UUC, and tRNAHis

GUG are better methylation substrates than 
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tRNAArg
ACG, tRNAAsp

GUC under the utilized conditions. This difference in substrate preference 

may result from the nature of the nucleotide in position 29 of tRNA. The Gln, Glu, and His 

tRNAs contain guanosine in this position, a residue that forms a bidentate hydrogen bond with 

R206 as shown in the recent crystal structure [40]. In contrast, our alignment of tRNAArg
ACG and 

tRNAAsp
GUC, reveals position 29 to be a C and U, respectively. Overall, these results indicated 

that in vitro transcribed tRNAs are RlmN substrates. Differences in enzyme preparation or 

conditions of the activity assay may account for the lack of in vitro tRNA methylation observed 

in a previous study [26].  

In the context of tRNA methylation, the reaction requirements for substrate modification (Fig 

2.5, C) are analogous to those for rRNA methylation [19-22,52]. Analogous to other radical 

SAM enzymes, the presence of a reductant is required for activity. Additionally, RlmN lacking 

the iron-sulfur cluster is inactive, consistent with the critical role of the cluster in both C355 

methylation and formation of 5'-dA• [20,52].  

Intrigued by the observation that only a subset of tRNAs containing A37 are modified by RlmN 

in vivo, we generated chimeric constructs combining elements of substrate tRNAGln
UUG with that 

of non-substrate tRNAGly
CCC, a tRNA that also contains A37 (Fig 2.2). The following structural 

elements of tRNA were exchanged: the D-arm, the T arm, the ACSL, and the VAR. While 

sequence alignment shows some of these elements are highly conserved between substrates and 

non-substrates (e.g. T-arm, Fig 2.2) other regions are highly divergent (e.g. ACSL and VAR, Fig 

2.2.) The generated constructs were analyzed by native gel electrophoresis, which revealed a 

single band that migrates similar to the wild-type tRNA (Fig 2.3). Additionally, the melting 

temperatures of chimeric constructs are similar to the wild-type tRNAs (Table 2.2). Despite 

appearing well folded by both of these measures, the chimeric tRNAs are poor substrates for 
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RlmN (Fig 2.6, C). Among these poor substrates, Chimera E, containing the ACSL and VAR 

regions of tRNA Q2 and D and T arms of tRNAGly
CCC, was methylated 10-fold less than 

tRNAGln
UUG as determined by our radioactivity incorporation assay. Additionally, Chimera A, 

where the acceptor stem of tRNAGln
UUG had been replaced by that of tRNAGly

CCC, showed a 20-

fold drop in methylation by RlmN. Minimal, if any, methylation of Chimeras B, C, and D was 

observed in these assays.  

That the chimeric constructs, even when containing the ACSL region of an efficient WT tRNA 

substrate, are not efficiently modified suggests that RlmN carefully interrogates multiple features 

of tRNAs. Modeling with in silico prediction software (Fig 2.6, B) [49] reveals that the 

secondary structures are not dramatically different, however we cannot exclude the possibility 

that tRNA 3D structure may change in the chimeras. Outside of the ACSL, substrate interactions 

are mediated by RNA backbone interactions, and slight changes to tertiary structure may prevent 

adequate recognition by RlmN. The importance of distal regions for recognition is reminiscent of 

our earlier investigation of rRNA substrate requirements, where helical regions adjacent to 

substrate A2503 strongly contributed to RlmN methylation [20]. Finally, as expected, the ACSL 

17-mer is not modified by RlmN, consistent with the extended recognition of the substrate 

observed in the crystal structure. This observation contrasts with tRNA recognition by other 

posttranscriptional modifying enzymes, such as TrmA, an enzyme which efficiently modifies 

short RNA fragments [8].  

To assess the importance of the RNA sequence for methylation by RlmN, we chose to target our 

efforts to the sequence in the ACSL, as this region shows the most extensive remodeling in the 

crystal structure. We generated point mutations to the ACSL region of tRNAGln
UUG (Q2) and 

assessed the ability of RlmN to modify these mutants using our in vitro methylation assay. When 
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the highly conserved uracil 33 was mutated to guanosine, we observed a modest but reproducible 

two-fold reduction in methylation. Little to no change was observed for mutations at positions 35 

or 36 (Fig 2.7, B). Our observations are consistent with recent structural analysis, which 

indicates that nucleotides 33 and 35 are not in direct contact with the enzyme. Similarly, the 

crystal structure shows that position 36 can accommodate G or C (Fig 2.8); both nucleosides are 

found in the native tRNAs modified by RlmN. In contrast to these mutations, replacement of the 

substrate nucleotide (A37G) completely abolishes activity of RlmN, as does replacement of U38 

by an adenosine (Fig 2.7, C). In the crystal structure, U38 makes several contacts with the active 

site residues (Fig 2.8, E) [40]. While these contacts do not appear to be base-specific, it is likely 

that adenosine in this position would cause significant steric clashing with the protein. Among 

tRNA substrates, only tRNAArg
ACG has an adenosine in position 38 and is among the poorer 

substrates under our in vitro methylation conditions (Fig 2.5).  The remaining tRNA substrates 

contain a smaller pyrimidine at this position. In contrast, among the tRNAs that have A37 but are 

not modified by RlmN, five of the eight contain an adenosine at position 38.  

In addition to specific nucleotide sequence in the tRNA, it is also interesting to consider the 

timing of the m2A modification. While our in vitro results provide evidence that additional 

modifications are not necessary for methylation by RlmN, the ability of tRNA to be modified by 

RlmN may be drastically altered by the presence of other modifications. In tRNAs modified by 

RlmN, there are a number of other ACSL posttranscriptional modifications that occur in vivo, 

including pseudouridine at position 32 by the enzyme RluA [28,31,54] and positions 38, 39 and 

40 of tRNA by the enzyme TruA [55], as well as modifications to the wobble position (34) such 

as queuosine and 5-methylaminomethyl-2-thiouridine. The impact of these modifications on 

RlmN function is yet to be determined.  
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In conclusion, we show herein that RlmN is able to modify a number of tRNAs in vitro. Using 

chimeras and point mutations we probed the structure and sequence determinants for methylation 

by this enzyme. In combination with the recent complementary structural study, our findings 

have increased understanding of tRNA modification by RlmN, and contribute to the growing 

understanding of substrate recognition by radical SAM methylating enzymes.  



 52 

2.6 Acknowledgements 

We are grateful to Dr. Lindsey Pack, and other members of the Fujimori Lab for critical 

feedback and discussion of the manuscript. We thank Dr. Jack Taunton for the use of the 

scintillation counter and Dr. Bhargavi Jayaraman for the gifts of the pT7-911Q plasmid and yeast 

tRNAs, as well as for advice with preparation of in vitro transcribed tRNAs and feedback on the 

manuscript. Finally, we are grateful to Dr. Vanja Stojkovic and Dr. Mary McMahon for their 

advice throughout the project as well as their feedback and discussion of the manuscript.  

  



 53 

 
Figures and Tables 
 
 
 

 

Figure 2.1. RNA methylation catalyzed by RlmN. (A) RlmN catalyzes the conversion of 

adenosine (A) to 2-methyladenosine (m2A). RlmN modifies position A2503 in 23S rRNA (B) 

and position A37 in select tRNAs (C).  
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Figure 2.2. Full alignment of substrate and non-substrate RNAs. Substrate tRNAs (blue) and 

non-substrate tRNAs (red) were aligned in Jalview. Darker shades of color represent a higher 

degree of conservation at a given position. Less conserved positions are represented by lighter 

shades of color. The target adenosine is indicated at position 37; sequence elements 

corresponding to regions of interest (e.g. ACSL, T-arm) are also denoted. A section of rRNA 

from Domain V of 23S rRNA is shown for comparison, with the target adenosine (2503) 

indicated. We excluded tRNAs that do not contain A at position 37, as well as those tRNAs that 

contain A37 modified by another enzyme.  
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Figure 2.3. Native gel analysis of Chimeric tRNA constructs. Chimera tRNA folding was 

analyzed by 0.5x TBE, 8% polyacrylamide native gel stained with Sybr Gold and visualized on a 

BioRad ChemiDoc MP Imaging System. Lanes contain the following RNAs: 1. in vitro 

transcribed tRNAGln
UUG, 2. Chimera A, 3. Chimera B, 4. Chimera C, 5. Chimera D, 6. Chimera 

E, 7. in vitro transcribed tRNAGly
CCC.  
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Figure 2.4. Analysis of methylation of chimeras A and E by radio HPLC.    Chimeras A and 

E were isolated from in vitro methylation assay with radioactive SAM, enzymatically digested, 

and the nucleosides separated by reverse-phase HPLC. The retention time of the methylated 

nucleoside was compared with an authentic m2A standard. 
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Figure 2.5. RlmN mediated methylation of in vitro transcribed tRNAs. (A) End-point 

methylation of in vitro transcribed RNAs. Bars represent the mean of at least two replicates ± 

s.d. (B) Radio HPLC analysis of nucleosides obtained by methylation and total RNA digestion of 

select tRNA substrates.  Radioactive signal co-elutes with an authentic m2A standard. (C) 

Evaluation of reaction requirements for methylation of in vitro transcribed tRNAGln
UUG. Bars 

represent the mean of two replicates ± s.d 
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Figure 2.6. Interrogation of chimeric tRNA substrates. (A) A representative 2D structure of 

tRNA. (B) In silico predicted representation of chimeric tRNA used in this study.  Elements 

derived from substrate tRNAGln
UUG are in blue, while those deriving from non-substrate 

tRNAGly
CCC are in red. (C) End-point methylation of chimeric tRNA and tRNAGln

UUG ACSL 

RNA. Bars represent the mean ± s.d. of at least two replicates.  
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Figure 2.7. RlmN methylation of ACSL mutants. (A) Sequence of tRNAGln
UUG ACSL. 

Numbers indicate the beginning and end of ACSL, as well as the target adenosine. (B) 

Alignment of ACSL regions from substrate (blue) and non-substrate (red) E. coli tRNAs. Darker 

colors represent a high degree of conservation. Lighter colors indicate that the nucleotide is less 

conserved. (C) End-point methylation of in vitro transcribed tRNAGln
UUG point mutants. Bars 

represent the mean of at least two replicates ± s.d.  
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Figure 2.8. Analysis of ACSL mutations in the context of tRNAGlu
UUC – RlmN C118A 

crystal structure [40]. Crystal structure of RlmN C118A in complex with tRNAGlu
UUC showing 

the ACSL nucleotides U33 in yellow (A), U35 in green (B), C36 in magenta (C),  and C38 in 

blue (D). Protein contacts between C38 (blue) and RlmN (cyan) are depicted in (E). In all panels, 

the target adenosine (A37) is depicted in red, the tRNA backbone in orange, the [4Fe-4S] cluster 

as red and yellow spheres, magnesium as a violet sphere, and RlmN in mint.  
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Table 2.1. Sequences for tRNA truncations and Chimera tRNA constructs. Chimera tRNAs 

were generated by overlap extension PCR. Sequences for tRNAGln
UUG (“substrate”) and 

tRNAGly
CCC (“non-substrate”) were obtained from the MODOMICS RNA database. Sequence 

elements originating from the substrate are in UPPERCASE; those originating from the non-

substrate are lowercase. The target adenosine is denoted in bold underline.  

 

RNA Species DNA Sequence (5′—3′) 
 

tRNA Glu 
(UUG) 

5′—GG GGT ATC GCC AAG CGG TAA GGC ACC GGT TTT TGA TAC 
CGG CAT TCC CTG GTT CGA ATC CAG GTA CCC CAG CCA—3′ 

tRNA Gly 
(CCC) 

5′—gc ggg cgt agt tca atg gta gaa cga gag ctt ccc aag ctc tat acg agg gtt cga ttc 
cct tcg ccc gct cca—3′ 

Chimera A 5′—gcg ggc gta GCC AAG CGG TAA GGC ACC GGT TTT TGA TAC 
CGG CAT TCC CTG GTT CGA ATC CAG G gc ccg ct cca—3′ 

Chimera B 5′—gcg ggc gta gtt caa tgg tag aac gCC GGT TTT TGA TAC CGG CAT TCC 
CTG GTT CGA ATC CAG Ggc ccg ct cca—3′ 

Chimera C 5′—gcg ggc gta GCC AAG CGG TAA GGC ACC GGT TTT TGA TAC 
CGG ata cga ggg ttc gat tcc ctt cgc ccg ct cca—3′ 

Chimera D 5′—gcg ggc gta gtt caa tgg tag aac gCC GGT TTT TGA TAC CGG ata cga 
ggg ttc gat tcc ctt cgc ccg ct cca—3′ 

Chimera E 5′—gcg ggc gta gtt caa tgg tag aac gCC GGT TTT TGA TAC CGG CAT Tga 
ggg ttc gat tcc ctt cgc ccg ct cca—3′ 
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Table 2.2. Melting temperature (Tm) for select chimera tRNA constructs. Melting 

temperature was calculated as the inflection point (d2A/dT2) of the absorbance with respect to 

temperature. All values represent the mean ± s.d. of a minimum of three replicates.  

tRNA Replicate 1 
(d2A/dT2) 

Replicate 2 
(d2A/dT2) 

Replicate 3 
(d2A/dT2) 

Replicate 4 
(d2A/dT2) Mean (ºC) std. dev 

(ºC) 
tRNA Gln 
(UUG) 65.10 66.38 65.57  65.68 0.647 
tRNA Gly 
(CCC) 68.30 68.77 69.12 66.09 68.07 1.362 
Chimera B 59.20 61.22 66.08 63.28 62.45 2.941 
Chimera C 64.67 68.86 61.87  65.13 3.518 
Chimera D 62.50 62.18 61.59  62.09 0.462 
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Chapter 3 

Analysis of RNA Modifications and Modifying Enzymes by Mass Spectrometry 
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3.1 Introduction 

In addition to the four canonical bases, RNA also frequently contains nucleoside modifications 

that extend its functionality. These modified bases play a critical role in RNA maturation [1-5], 

deciphering codon-anticodon interactions [6-8], and stabilizing the tertiary structure of RNA [9-

11]. To date, over 100 different RNA modifications have been reported [5,12]. Over the last 15 

years in particular, we have observed significant progress in identifying the location and 

biological function of these modifications though advances in mass spectrometry [13,14].  

Mass spectrometry (MS) is already a powerful analytical tool in the field of proteomics, due to 

the development of new fragmentation methods, analysis strategies, and advances in the 

instruments themselves [15-17]. Because it is an extremely sensitive technique, researchers can 

gain information not only about the mass of modifications, but also information about their 

location [15,18]. In the last several years, a number of MS approaches have also been developed 

to analyze modified nucleotides within RNA [13,19]. One common method utilizes a selective 

RNase to digest the RNAs of interest; these digested oligos are then chromatographically 

separated prior to analysis by MS. By comparing the experimental results with the predicted 

molecular masses, researchers can determine if any mass shifts are detected and if the shifts may 

be due to modifications. These modified species can then be further isolated for tandem MS to 

locate the exact position of the post-transcriptionally modified nucleoside.  

In this chapter, we describe several methods to analyze RNAs of interest by MS, including 

isotopically labeling RNAs of interest, RNA digestion, and LC-MS analysis of both RNA oligos 

and peptides. While we will focus on a case study involving methylation and the radical SAM 

methylating enzyme RlmN, the methodology presented here could apply to study various types 

of post-transcriptional modification and RNA modifying proteins.  
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3.2 Case Study: Identification of a mystery contaminant in reactions of RlmN and tRNA 

We set out to determine whether we could reconstitute RlmN activity toward in vitro transcribed 

tRNAs that have been previously reported to be methylated at A37 [20]. We overexpressed 

RlmN, purified it by Talon affinity chromatography, and performed [4Fe-4S] cluster 

reconstitution as previously described [21-23]. RlmN was further purified by FPLC on a S200 

gel filtration column and subsequently frozen into single-use aliquots. During our initial in vitro 

methylation experiments containing tRNA, we noted the formation of a second, minor species 

that did not co-elute with the synthetic 2-methyladenosine (m2A) standard. This species was only 

present in reactions containing tRNA, and was not observed in those reactions containing rRNA 

(Fig 3.1, A). To further investigate the formation of the new species, we repeated the in vitro 

methylation experiments and RNA digestion, omitting various reaction components critical for 

radical SAM chemistry (Fig 3.1, B) Additionally, we performed in vitro methylation with several 

mutant or non-functional RlmN variants. When we omitted either RNA or SAM from the 

reaction, neither m2A nor the new species was formed. However, when we omit components of 

the [4Fe-4S] reduction system: either NADPH or the flavodoxin (FldA) flavoprotein reductase 

(Fpr), we observed formation of only the new product. Only when all components of the reaction 

were present did we observe formation of the major product, m2A. Similarly, in the presence of 

WT RlmN, both m2A and the new species form. However, when catalytic Cys355 is mutated to 

alanine, we observed formation of only the new species. (Fig 3.1, C) Taken together, these 

results indicated that formation of the new species is not dependent on [4Fe-4S] chemistry. 

Following our biochemical experiments, we sought to use liquid chromatography coupled with 

electrospray ion trap mass spectrometry to identify the modified nucleoside and the precise 

location of the methylation site.  
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3.3 Preparation of AdoMet Synthetase and Isotopically Labeled AdoMet 

In order to assess both the location of the new modification and the type of methylation 

occurring (e.g. intact methyl transfer vs. construction of a methyl group by RlmN) [24], we 

elected to prepare isotopically labeled SAM. For the synthesis of SAM, isotopically labeled 

methionine is available from a number of chemical supply companies. The choice between L-

methionine-(methyl-d3),  L-methionine-(methyl-13C) and L-methionine-(methyl-13C, d3) is 

solely on the researcher. Radioactive (14C-methyl) and (3H-methyl) methionine should be avoided 

so as to not contaminate the mass spectrometry instruments. In our hands, we elected to use d3-

methyl SAM, as the mass difference between CH3-methyl labeled and d3-methyl labeled 

(+14.014 and +17.0353) RNAs allows us to accurately compare peak shifts of interest. 

 

3.3.1 Preparation of AdoMet Synthetase 

For the preparation of AdoMet synthetase and isotopically labeled AdoMet, the method of 

Broderick et al. was followed [25].   

1) A single colony of DM22 (pk8) (gift from Dr. G. Douglas Markham) was used to 

inoculate 50 mL of LB media containing 30 ug/mL anhydrous tetracycline (LB/Tet). 

This culture was grown for 12-14 hours to saturation and then used to inoculate 700 

mL of LB/Tet in each of five 2800 mL culture flasks.  

2) The cultures were grown at 37 ºC with vigorous shaking for 12-14 hours before 

harvesting by centrifugation at 11000 x g. The cell paste was stored frozen at -80 ºC.  

3) To prepare the crude extracts of DM22 (pK8) for synthesis reactions, the cell paste 

was suspended (~3 mL / g cells) in 100 mM Tris-HCl, pH 8.0 containing 1 mM 
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EDTA. Lysozyme was added 50 µg/mL and the suspension was incubated at 20 ºC 

for 30 min.  

4) Phenylmethylsulfonylfluoride (PMSF) was added to a final concentration of 0.1 mM. 

Cells were lysed by sonication in an ice bath.  

5) The suspension was centrifuged at 27000 x g for 30 min. The clarified supernatant 

was dialyzed overnight to remove small molecules and aliquots were stored at -80 ºC.  

 

3.3.2 Preparation of isotopically labeled AdoMet 

1) For the preparation of isotopically labeled methionine, reactions (10 mL) were carried 

out at room temperature with moderate stirring in 100 mM Tris-HCl, pH 8.0 

containing 50 mM KCl, 26 mM MgCl2, 13 mM ATP, 1 mM EDTA, 8% β-

mercaptoethanol, 10 mM isotopically labeled methionine (L-methionine-(methyl-d3 )) 

(Cambridge Isotope Laboratory, 98% purity), a small amount of inorganic 

pyrophosphatase (~0.25 U) (Sigma Aldrich), and 1 mL of dialyzed AdoMet 

synthetase lysate. All reagents were added in the order listed to minimize 

precipitation.  

2) The reaction was terminated after 16 hours by addition of 1 mL of 1 M metal-free 

HCl, and precipitated protein was removed by centrifugation at 27000 x g for 30 min 

at 4 ºC.  

3) The supernatant was applied to a 10 mL column of SP-Sephadex C50 equilibrated in 

50 mM metal-free HCl. The column was washed with 2 bed volumes of 50 mM 

metal-free HCl and eluted in 500 mM metal-free HCl.  
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4) Fractions containing product were pooled, lyophilized to near dryness, and stored at -

80 ºC until needed. SAM was quantified by A260 and by NMR. d3-methyl SAM is 

identified by the loss of the methyl peak in the 1H NMR. 

 

3.3.3 In vitro methylation of tRNA substrates 

1) The in vitro methylation reactions were performed as described previously [26] with 

the following modifications.  

2) The 100 µL volume reactions were conducted entirely in the glovebox under nitrogen 

atmosphere. Radioactive SAM was omitted from the reactions. Instead, three parallel 

conditions were run for each RNA substrate: i) omission of SAM; ii) SAM; or iii) 

[d3-methyl] SAM.  

3) Reaction components (excluding NADPH) were combined in a sterile eppendorf and 

allowed to pre-incubate at 37 ºC for 5 minutes.  

4) The reactions were initiated with the addition of NADPH and the reaction proceeded 

at 37 ºC for 1 hour.  

5) After 1 hour, reactions were quenched by freezing in liquid nitrogen, and RNA was 

prepared for MS by digestion with RNase, as described below.   
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3.4 Isolation and digest of tRNA from reactions 

Prior to analysis by LC-MS methods, RNA must be digested into short oligos (2-10 bases long) 

suitable for separation on the capillary HPLC system. Base-specific ribonucleases (RNase) are 

frequently used to accomplish this fragmentation. One commonly available enzyme is RNase T1. 

RNase T1 cuts phosphodiester bonds on the 3'-side of guanosine (G) nucleotides in single-

stranded RNA. This yields oligos that begin with a 5'-hydroxy and end in a 3'- monophosphate 

(general structure 5'—NNNGp—3'). (The exceptions to this digest pattern are the 5' and 3'- 

termini of the digested RNA). Some modified nucleosides, such as 7-methylguanosine or 2'-O-

methylguanosine are resistant to RNase T1 digestion [27,28] and will result in a ‘missed’ 

cleavage site. For this reason, an alternative RNase may be selected. RNase A is another 

commonly available enzyme which cuts single-stranded RNA in a similar manner to RNase T1, 

but is specific for the pyrimidines cytosine and uracil [29,30]. It is also advantageous to perform 

parallel digests with both RNases on the same RNA of interest, as the different digest patterns 

may yield orthogonal results. Additionally, it is important to consider the sequence being 

digested—a sequence rich in pyrimidines will yield fragments that are too small to be easily 

identified and mapped by MS. We performed digests of target RNAs with RNase T1 using the 

following protocol.  

 

3.4.1 Protocol for Digestion of RNAs for analysis by MS 

1) RNA was isolated from in vitro methylation reactions using the Zymo Research 

Clean & Concentrator kit according to the manufacture’s protocols.  

2) In a sterile eppendorf tube, we combined 30 pmol of the RNA of interest, ammonium 

acetate, pH 5.3, to a final concentration of 10 mM, and 30 U of RNase T1.  
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3) The volume was adjusted to 30 µL with Nuclease Free water and the reaction was 

allowed to incubate for 3-4 hours at 37 ºC.  

4) After 4 hours, the reaction was quenched with an equal volume of 100 mM 

triethylamine acetate (TEAA), pH 7.0.  

5) The pH was adjusted with the addition of formic acid (FA) to a final concentration of 

0.1% and then desalted with C18 ZipTips according to the manufacture’s instructions.  

6) The reaction was dried by vacuum centrifugation and dissolved in 2-10 µL of the 

starting buffer (95% Buffer A, 5% Buffer B).  

Note: Digested oligos are not stable in long-term storage. Ideally, RNA should be digested 

the same day as any LC-MS steps to increase the stability of the samples for detection of 

modifications. 

 

3.5 Packing and equilibrating the HPLC column  

Nano, capillary and micro liquid chromatography (LC) systems are extremely useful in analysis 

of RNA modifications. By reducing the internal diameter (ID) of the column, we observe less 

chromatographic dilution and therefore increase the concentration of the eluted peak [31,32]. 

Miniaturizing the system not only increases the sensitivity, but also improves the efficiency of 

interfacing with the mass spectrometer, and reduces consumption of valuable solvents [33]. To 

separate the digested oligos prior to MS applications, we utilized an in-house packed nano HPLC 

column. Self-packed columns are an inexpensive alternative to commercially available columns, 

and do not compromise separation efficiency [34]. The ID of the column and the stationary phase 

are both at the discretion of the researcher, and will vary based upon the type and amount of 

sample material to be analyzed. In our hands, we have found that an ID between 25 and 100 µm 
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offers good resolution of oligonucleosides. For our experiments, we used a 22.8 cm Integrafrit 

unfilled column (OD 360 µm; ID 100 µm) packed with Jupiter Proteo 90 Å 4 µm resin 

containing a C12 stationary phase (Phenomenex).  

 

3.5.1 Packing the HPLC column 

1) If the silica tubing does not have a built-in frit, cut a section of silica tubing 5-10 cm 

greater than the desired length. Ensure by microscope that each end of the tube has a 

clean, straight edge. Apply a frit to one end of the tube. The other end will remain 

open. 

2) Add approximately 100 mg of resin and 2-4 mL of solvent to a small glass vial. 

Ethanol, methanol, and isopropanol are all suitable choices for column packing. 

Additionally, add a small magnetic stir bar to the vial. 

3) Set the vial into the pressure cell chamber and turn the stir plate on beneath the cell. 

Place the top of the pressure cell into place and tighten the lid. 

4) Thread the open end of the capillary tube into the top of the pressure cell. Ensure that 

the end of the tubing is a few millimeters above the bottom of the vial (and is not in 

contact with the stir bar). When the correct height is reached, finish tightening the top 

of the pressure cell.  

5) Set the pressure regulator on the nitrogen gas tank to about 1200 psi. Slowly increase 

the pressure in the cell by adjusting the two-stage regulator. You should observe a 

small amount of liquid appearing at the top of the column.  

6) With a flashlight or other small light source, observe the column packing, checking 

carefully for bubbles or cracks in the resin. 
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7) Slowly increase the pressure to 1800 psi. The packing process may take several hours 

(or longer) depending upon the diameter and the length of the column.  

8) Once the column has been packed to the desired length, slowly vent the pressure, 

watching carefully for column cracking.  

9) Trim the column to your desired length and connect it to the LC pump system to 

equilibrate it in the desired buffer.  

 

3.5.2 Mobile Phase Considerations and Equilibrating the Column  

Traditionally, silica capillary columns and transfer tubes are connected to HPLC and MS valves 

using a PEEK sleeve and stainless steel nut and ferrule. Flush connections are important—gaps 

between the capillary and the valve port will introduce dead volumes, making downstream MS 

analysis more difficult. Column equilibration in the desired buffer not only conditions the 

column for separation of the oligos, but it also ensures correct packing and settling of the resin. 

There are a handful of solvent system choices for oligonucleotides. Initially, researchers 

performed separation using a gradient containing a mobile phase of triethylamonium acetate 

(TEAA) buffer/acetonitrile at pH 7.0. With this system, oligonucleotides several hundred bases 

in length can be separated with 1-2 base resolution [19,35]. However, while TEAA is ideal for 

HPLC separation of oligos, it is a poor solvent choice for MS methods because of its low 

volatility and tendency to form Na+ and K+ adducts [13,19]. A mobile phase containing 

triethylamine (TEA) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) adjusted to pH 7.0 results 

good HPLC separation, high-sensitivity ionization, and minimal cation adduct formation [13,19].  

Additionally, HFIP is miscible in a number of commonly available solvents including water, 
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methanol, 2-propanol, and hexane. For our experiments, we utilized a mobile phase consisting of 

400 mM HFIP/methanol adjusted to pH 7.0 with TEA.  

 

1) RNase T1 digests were analyzed by capillary LC coupled with electrospray ionization 

(ESI) mass spectrometry. All LC-MS and LC-MS/MS analyses were performed using 

an in-house packed capillary column 22.8 cm in length packed with Jupiter 4 µm 

Proteo 90A beads (Phenomenex).  

2) The solvents system was prepared as described elsewhere. [13,19,36].  A stock 

solvent was made consisting of 460 mL of HPLC grade water (Fisher Scientific), 42 

mL of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma) and 1.2 mL of triethylamine 

(Pierce). Buffer A was prepared by diluting the stock 1:1 (V:V) with HPLC grade 

water. Buffer B was prepared by diluting the stock 1:1 (V:V) with HPLC-grade 

methanol (Fisher Scientific).  

3) The HPLC system consisted of an Eldex Micropro LC pump equipped with a pre-

column splitter and a 2 µL injection loop. The flow rate for the system was of 0.5 µL 

/ min.  

4) Prior to equilibration in our solvent system, the in-house packed column was washed 

with 5 column volumes (CV) HPLC-grade water, followed by 5 CV 100% Buffer A 

and 5 CV 100% Buffer B. The nano column was re-equilibrated in buffer A, prior to a 

trial run with a linear gradient from 5 to 70% B over 90 min, hold B for 30 min, re-

equilibrate in A.  
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3.6 LC-MS Calibration, Tuning, and Background Spectrum  

In order to obtain high-quality data, several steps must occur before acquiring experimental 

spectra. The first step that should occur is calibrating the MS. Calibration computes any internal 

shifts needed to align values to their correct positions [37]. In practice, this involves analyzing a 

calibration solution or a standardized compound that will give ions of known m/z values. 

Secondly, the instrument should be tuned. Tuning ensures that the peaks have a sharp, distinct 

shape and give the maximum possible signal for an analyte. Each instrument will have its own 

peak shape (e.g. Gaussian, Lorentzian, etc.) and poor tuning could result in incorrect mass 

assignments [37,38]. This process is generally performed with an autotune function on the mass 

spectrometer, which will automatically adjust settings such as the flow rate, voltages, 

temperature, vacuum, etc. The tuning process is then iterated several times until maximum signal 

is obtained. At this point, the conditions may be saved as a tune file. After tuning and calibration 

are complete, a background or blank injection should be performed and the peaks present in the 

spectra recorded. This final step ensures that any background ions are not mistaken for sample 

ions during analysis, and provides a reference point if the MS becomes contaminated.  

 

3.6.1 Calibration and Tuning 

1) Calibration of the Thermo Scientific Exactive EMR MS was initially performed in 

negative polarity mode with the Pierce Negative Ion Calibration Solution (Thermo 

Fisher Scientific). A dilute amount of the solution was infused onto the MS with a 

syringe-pump and the instructions for the calibration function followed.  

2) Initial tuning was performed using a similar syringe-pump method using short-

synthetic oligos from Integrated DNA Technologies (IDT).  
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3) Synthetic oligos were purchases from Integrated DNA Technologies in varying 

lengths each containing a 5' hydroxyl and a 3' phosphate group. The purchased oligos 

contained either a 3' Gp or a 3' Cp/Up, analogous to RNAs that have been treated with 

either RNase T1 or RNase A.  

4) Powdered oligos were dissolved in nuclease-free water to create 100 mM stock 

solutions.  

5) Oligo standards were serially diluted into a buffer containing 95% A / 5% B prior to 

syringe-pump diffusion onto the EMR MS.  

6) The autotune function was iterated approximately 10 times until maximum signal was 

obtained, and the resulting settings were saved. In our tune file, resolution was set at 

17,500, spray voltage at 1.50 kV, capillary temperature at 250 ºC and S-lens RF level 

at 2.00.  

7) After tuning, the nanoHPLC was connected to the MS and a series of blank runs were 

injected onto the MS to measure background ions attributed to the mobile phase.  

8) Following tuning and calibration, serial dilutions of synthetic oligos were injected 

through the nanoHPLC column and onto the machine to determine the detection limit 

of the MS.  

9) For the EMR, it was determined that the detection limit is 100 fmol of material; while 

a good signal-to-noise ratio over the background ions was obtained at 500 fmol of 

material. 

Note: The Exactive EMR MS was chosen for this analysis because other researchers utilized it 

sparsely. However, the primary focus of the EMR is large protein complexes. To analyze oligos 
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as described here, analysis may alternatively be performed on a Thermo Scientific Orbitrap XL 

MS or similar.  

 

3.6.2 Case Study: LC-MS Analysis of Experimentally Derived Samples 

To identify the modified nucleoside and the precise location of the methylation site, we utilized 

liquid chromatography coupled with electrospray iontrap mass spectrometry. A number of 

tRNAs were incubated under standard reaction conditions using either CH3 or d3-methyl SAM. 

The purified RNA was digested with RNase T1 to yield oligos of approximately 2-8 bases in 

length, suitable for MS analysis. Digested oligos were separated on an in-house packed nano 

column (100 µM ID x 228 mm length, packed with Jupiter 4 µM Phenomenex Proteo 90 Å 

material). The solvents used were as described above. The HPLC system consisted of an Eldex 

Micropro LC with a pre-column splitter. The flow rate was 0.5 µL / min on a 90 min linear 

gradient from 5 to 70% buffer B. Mass spectrometry was performed on a Thermo Scientific 

Exactive Plus EMR. Ions were scanned through negative polarity mode over an m/z range of 

400-2000 with a resolution of 17,500 and a maximum inject time of 50. Spray voltage was to 

1.50 kV, capillary temperature at 250 ºC and S-lens RF level at 2.00. We compared 

experimentally derived m/z values to the predicted masses of oligonucleotides (Table 3.1), as 

well as between conditions omitting or including CH3 SAM (Fig 3.2). One oligonucleotide of 

particular interest was the fragment 5'�UUCGp�3' (m/z 1279.1) for which a small fraction 

appeared as methylated (m/z = 1293.1) in the enzyme plus SAM condition (Fig 3.2). The UUCG 

oligonucleotide encompasses residues 54-57 and is located in the highly conserved T-arm of 

tRNA.  

 



 82 

3.7 MS/MS Calibration and Sample Analysis  

Although nano LCMS is sensitive enough to identify modified oligos, the method is unable to 

give information about the exact location of the modification on the base or the sugar [13]. To 

determine the exact location of modifications, a second method know as tandem MS is used. 

Tandem MS (MS/MS) is a technique to break down selected ions (parent ions) into further 

fragments (daughter ions). Once samples are ionized to generate a mixture of ions, parent ions of 

specific m/z are selected in the MS1 event and then further fragmented (MS2) to generate 

daughter ions for analysis [39]. Two commonly used methods for MS2 fragmentation of oligos 

and peptides are Collision Induced Dissociation (CID) and Higher-Energy Collisional 

Dissociation (HCD). In CID, the parent ion is selected and bombarded with inert gas to cause 

fragmentation. It produces both 5' and 3' ions, and is considered the more gentle of the two 

methods. The disadvantage of CID is that there is frequently a low-mass cutoff, and the MS/MS 

spectrum can be overpopulated with large or stable ion species. In contrast, HCD is a higher 

resolution method with higher mass accuracy than CID. Unlike CID, there is no low-mass cutoff, 

however one disadvantage of this method is that it requires more of the parent ion to generate a 

comparable signal level to CID spectra [40,41]. When the two methods are used in parallel, it is 

possible to gain complementary information about the RNAs of interest.  

 

3.7.1 Parameters for Tandem MS Analysis 

1) Calibration, tuning and background spectrum generation were performed on the 

Thermo LTQ Orbitrap XL mass spectrometer as above described. 

2) Oligos were separated on an Eldex Micropro LC using a 90-minute linear gradient 

from 5-70 % B.  
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3) The instrument was run in negative polarity, data dependent mode, using an initial 

survey scan (Scan event 1; MS1) from 400 to 2000 (m/z) with resolution of 30,000. 

The data type was profile and the mass analyzer utilized was the FTMS.  

4) After every survey scan, ions from the parent list were selected (if present) and 

fragmented by either CID or HCD (Scan Event 2; MS2). If no parent ion was present, 

the most intense ion was selected for fragmentation.  

5) The CID/HCD mass range was set from 300-1800 (m/z) with a minimum threshold of 

100 counts, an isolation width of 3.0 (m/z), an activation Q of 0.250, activation time 

of 30 ms, and normalized collision energy ranging from 20 to 45.  

6) The ions were compared to an in silico fragmentation list generated using the Mongo 

Oligo Mass Calculator (v2.06) (http://library.med.utah.edu/masspec/mongo.htm.)  

Note: If using a HCD method where high sensitivity is required, it is recommended that either 

the Obitrap Elite or Orbitrap Velos instrument is used instead of the LTQ Oribtrap XL.  

 

3.7.2 Case Study: LC-MS/MS Analysis of T-arm fragment 

In order to determine the exact position of modification, we undertook tandem MS (MS/MS) on 

the 5'�UUCGp�3' fragment. We analyzed the experimentally derived CID or HCD fragments 

and compared them to a predicted list of fragments generated by an in silico fragmentation 

program. (Table 3.2) We observed fragments corresponding to the parent ion (m/z 1293.1), the 

b3 ion, UUC + methyl (m/z 948.4), as well as the ion corresponding to the methylated b2 

fragment (UUp + 14 m/z = 642.88.) In analyzing the y-ion series, no methylation was observed 

on the y2 and y3 ions (CGp m/z = 667.08; UCG m/z = 893.1) (Fig 3.3; Table 3.2). Taken 

together, these mass spectrometry results suggest that methylation occurs at the first uracil 
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(U54). The LC-MS and LC-MS/MS experiments were also undertaken with d3-methyl SAM. 

(Fig 3.4, Table 3.3) These results confirm that the minor species is a result of methylation at U54 

in the T-arm of tRNAs.  

In addition to determining the precise location, our experiments with d3-methyl-SAM allowed us 

to elucidate the mechanism of methyl transfer. RlmN conventionally constructs a methyl group 

using a CH2 methylene moiety from the pre-methylated Cys355 and a hydrogen from the target 

adenosine. If the U54 mechanism employed radical chemistry, we would expect the composition 

of the methyl group to be CH2D, and display a mass change of +16.028. Instead, we observe a 

mass difference of +17.035, which corresponds to transfer of an intact d3-methyl group (Scheme 

3.1; Table 3.4). This further supports our results that a non-radical method is utilized to install a 

methyl at the U54 site.  

To confirm our findings, we digested tRNA isolated from the in vitro reactions and performed 

HPLC co-elution with synthetic methylated nucleosides. We found that the new species observed 

at 28 min co-eluted with authentic 5-methyluracil (m5U) (Fig 3.5, A). Other methylated 

nucleosides, including 2'-O-methyluridine (Um), 5-methylcytosine (m5C), and 7-

methylguanosine (m7G) were also tested, however these nucleosides did not display the same 

retention time as the minor species (Fig 3.5, B).  

 

3.8 Protein MS 

Mass spectrometry is playing an important role in the rapidly expanding field of proteomics. 

There are many robust techniques that can be applied to identifying, characterizing, and 

quantifying proteins of interest [18]. Although the techniques differ in the type of data they 

generate, virtually all protein MS workflow consists of three general steps: 1) Proteins are 
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isolated and the sample is digested into peptides; 2) the peptides are subjected to MS analysis; 

and 3) the large MS data sets are analyzed by software programs to determine the amino acid 

sequence, the peptide identity, and statistical significance [18,42,43]. Here, we describe a basic 

peptide MS protocol to identify proteins in samples of purified proteins. With this information, it 

is possible to determine if there is any contamination in samples of purified proteins.  

 

3.8.1 In Solution Trypsin Digest 

1) Prepare stock solutions of 100 mM ammonium bicarbonate and 8 M urea and sterile 

filter them prior to use. Always prepare fresh (same-day) solutions of 100 mM DTT 

and 100 mM iodoacetamide. Trypsin should be aliquotted upon first receiving it, and 

small aliquots may be frozen/thawed up to 3 times. 

2) To prepare protein samples for mass spectrometry analysis, 2 µg of each protein was 

serially diluted into 100 mM ammonium bicarbonate, in a total volume of 25 µL.  

3) To this was added 12.5 µL of 8 M urea to denature the protein.  

4) To the above mixture, 5 µL of 100 mM ammonium bicarbonate, pH to 7.0, was 

added. The pH was tested by placing a small volume of the reaction on a pH strip. It 

is critical to adjust the pH to 7.0-7.5 for the optimum activity of trypsin. If needed, the 

pH may be adjusted by the addition of 1 µL volumes of 100 mM ammonium 

bicarbonate. 

5) To reduce disulfide bonds, add 1 µL of 100 mM DTT and incubate for 15 min at 60 

ºC. Avoid temperatures above 60 ºC, as this can lead to urea-based carbamylation of 

lysines [44].  
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6) Proteins are alkylated by adding 1 µL of 100 mM iodoacetamide to the reaction and 

incubated for 30 min at 20 ºC in the dark.  

7) To digest the proteins, add 1µL of 100 ng/µL MS quality trypsin (Promega) and 

adjust the reaction volume to 50 µL with MS quality H2O. The ideal ratio of protein 

to trypsin is between 1:20 and 1:50. To ensure complete cleavage, incubate the 

reaction at 37 ºC overnight in the dark.  

8) To quench the reaction, add 2 µL of 4% formic acid and desalt with C18 ZipTips 

according to the manufacturer’s protocol. 

9) The eluted peptides are dried by vacuum centrifugation (without heat) for 

approximately 30-40 min and then stored at -20 ºC. The peptide fragments are stable 

over a period of 2-3 weeks if MS analysis cannot occur immediately.  

10) Protein MS was performed by a member of the Burlingame Lab using standard 

methods and the data were extracted for analysis by Protein Prospector 

 

3.8.2 Transformation and Analysis of Data  

1) Go to PAVA on the desktop. Find the .raw file from the appropriate data folder. 

“Create” a peak list from the raw file and then “Save” the peak list to the same folder.  

2) Transfer the file to the klimt workspace using previously created mass spectrometry 

facility (msf) username and password. To transfer the data, copy the peaklist from the 

appropriate instrument/year/month onto klimt.  

3) Open the Protein Prospector data analysis program. If this analysis is being conducted 

from a computer off campus, use port 18181 
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(http://sargent.ucsf.edu:18181/prospector/). If this is the first time, a profile will need 

to be created for future logins.  

4) Batch tagging the data. To create a new project for analysis, the following 

information is needed: the specific mass spectrometer the data was collected on (e.g. 

Velos, EMR, XL, etc.) as well as the specific data type (e.g. CID, HCD etc.), the year 

and month the data was collected, as well as the newly created peak list. Name the 

project file identically to the peak list file name.  

5) Set up the search parameters. For basic runs, the following parameters may be used: i) 

Database = SwissProt Random Concat Library (as of this writing 12.2015 library is 

most recent); ii) max of 2 missed cleavages; iii) 2 max modifications; iv) 

Carboxymethylated (Cys); v) Orbitrap Parent Tolerance = 20 ppm; vi) Ion Fragment 

Trap tolerance: 0.6 to 0.8 Da for CID and 30 Da for HCD. 

6) Submit the results to the server. The search/analysis may take a few minutes up to 45 

minutes depending upon the number of samples in the dataset.  

7) When analyzing the search results, there are a number of parameters that could be 

included in the final spreadsheet that is generated. At minimum, it is recommended to 

include: i) best peptide; ii) interesting peptides; iii) peptide count; iv) gene 

name/species. Other useful output fields may include but are not limited to: UniProt 

ID, protein molecular weight, and percent coverage.  

8) It is possible to rerun Prospector searches with altered parameters, however it is 

recommended that the output files are named in a manner that is specific to each 

unique search.   
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3.8.3 Case Study 

 Our radioactive methylation experiments demonstrated that the new species co-eluted with 5-

methyluracil and our RNA MS experiments indicated that the modified nucleotide was located at 

position 54 of the T-arm of tRNAs. This position is a known modification site of TrmA [45]. 

Taken together, these data suggested possible contamination of RlmN preparations by TrmA. In 

order to test this hypothesis, we performed protein MS/MS on several differently purified RlmN 

proteins. These included Apo Reconstituted RlmN and Apo RlmN purified both by gel-filtration 

chromatography and MonoQ ion-exchange chromatography, as well as C335A and C118A 

proteins purified by gel filtration and HiTrapQ ion-exchange chromatography, respectively. The 

peptides were analyzed by an LTQ Orbitrap Velos MS and analyzed by UCSF Protein 

Prospector. In samples where the final purification step was gel-filtration chromatography, we 

observed a small, but significant level of contamination by the tRNA methyltransferase TrmA 

(Table 3.5). TrmA and RlmN have nearly identical masses, and would be indistinguishable on a 

sizing column. However, it was observed that TrmA and RlmN have different isoelectric points 

(pI). Indeed, when we analyzed samples where RlmN was prepared by ion-exchange 

chromatography, TrmA was not observed (Table 3.6). The protein MS confirmed our hypothesis, 

and future preparation of RlmN will be prepared on the MonoQ column to avoid cross-

contamination by other proteins, such as TrmA.  

 

3.9 Mass Spectrometry Troubleshooting  

Problems can occur even when samples are handled properly and instruments are carefully 

operated. This section presents several common problems and suggestions to resolve them. As 
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with any experiment, it is important to identify if the problem is due to the sample itself or the 

instrument being used.  

 

1. Samples appear “bunched up” and are not time resolved 

a. Check the predicted digest pattern in silico. If the oligos appear to be of similar 

m/z, digestion with a different RNase may offer a more diverse size profile of 

oligos for separation.  

b. If the oligos appear together at the end of the gradient, they may only be partially 

digested. Increase the length of the digest to remedy this problem.  

c. Ensure that the gradient is long enough to separate samples. In general, oligos 2-8 

bases long require nanoHPLC gradients of 60 to 120 minutes for adequate 

separation.  

d. Double-check all unions to ensure the dead volume between the end of the 

column and the transfer wire is minimized.  

2. Samples show poor ionization 

a. Ensure the mass spectrometer is tuned/calibrated correctly and that the most 

recent tune/calibration files are loaded.  

b. Adjust the Spray Voltage, Capillary Temperature, and the physical three-

dimensional orientation distance between the tip and the MS until a cone-shaped 

spray is observed.  

c. Ensure the spray tip is not clogged or bent.  

d. Increase the length of digestion with the RNase to ensure small, easily ionizable 

oligos.   



 90 

3. RNA samples are forming adducts 

a. Handle and store oligo samples correctly to avoid contamination. When possible, 

analyze samples on the same day they are digested.  

b. Use solvents and reagents of the highest quality (e.g. MS grade). 

c. Minimize the use of reagents and additives containing K+ and Na+.  

d. Ensure all samples are desalted prior to injection onto the LCMS system. 

4. The mass spectrometry shows poor sensitivity and spectra appear “dirty” 

a. Inject and run a blank sample.  

b. Clean the nanoHPLC column with a combination of HPLC grade water, 

acetonitrile, methanol, and/or 2-propanol according to the manufacturer’s 

instructions for that particular resin.  

c. If possible, replace the column frits. Not all frits are interchangeable.  

d. Clean the ESI tip—ask for help from the Burlingame lab / MS facility. 

e. Clean the MS source—ask for help from the Burlingame lab / MS facility. 

f. Repack a new nanoHPLC column. 

Note: the previous two items (e and f) are extreme measures and require several days to perform. 

5. The MS2 spectra does not show predicted ions  

a. Ensure the mass spectrometer is tuned/calibrated correctly and that the most 

recent tune/calibration files are loaded.  

b. Double-check the sequence and timing of the MS1 and MS2 events. Ensure that 

the scan parameters (e.g. data collection window, mass of the parent ion, masses 

excluded from the scan, data collection window, source of fragmentation and 

collision energy) are compatible with the type of MS event that is selected.  
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c. Increase sample injection threshold so that a greater number of ions will build up 

in the orbitrap.  

d. Increase collision energy to ensure that the parent and daughter ions are both 

visible in the scan.  

e. Increase the isolation width to ensure ion species are not being discarded.  

f. Try a different fragmentation method to ensure complete coverage of the species 

of interest.  

 

3.10 Conclusions  

Posttranscriptional modifications occur across all kingdoms of life and are important for 

extending the function of RNA. While genetic and biochemical techniques have played an 

important role in determining the specific function of modified RNAs, nano HPLC and 

quantitative mass spectrometry are rapidly becoming techniques of choice for identifying the 

type and location of posttranscriptional modifications. Herein, we provide an overview of 

methods for labeling, digesting, and determining the location of an unknown minor species in 

our reactions with the radical SAM methyl synthase RlmN. LC-MS and LC-MS/MS allowed us 

to identify the location of the unknown modification at U54 in tRNA, and subsequent protein MS 

confirmed that RlmN purified by gel-filtration FPLC methods is contaminated by the tRNA 

methyltransferase TrmA.  

Although we initially prepared RlmN by ion-exchange FPLC (Yan 2010 and 2011) [24,46], we 

transitioned to using a gel-filtration method to match Lanz 2012 [21].  We did not notice this 

contamination when we were only working with rRNA, but we did when we started working 

with tRNA. The TrmA and RlmN enzymes have nearly identical masses, and were 
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indistinguishable by either gel-filtration column or Protein SDS-PAGE gel. However, TrmA and 

RlmN have different pI. When we returned to the ion-exchange FPLC purification method, 

TrmA contamination was not observed. In the future, we advise using a MonoQ or Hi-Trap Q 

column to prepare RlmN and avoid cross-contamination by other proteins.  

Although we present an example focusing on methylation, these methods can be applied broadly 

to many other posttranscriptional modifications. With advances in next-generation sequencing, 

oligonucleotide separation methods, as well as mass spectrometer instrumentation, mass 

spectrometry will become a powerful tool to identify and characterize distinct RNA 

modifications across the genome.  
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Figures, Schemes, and Tables 

 
Figure 3.1. Biochemical analysis of minor species in the reactions of RlmN and tRNA.  

Radio HPLC analysis of nucleosides obtained by methylation and total RNA digestion of in vitro 

transcribed tRNA and various RlmN enzymes. A) (Top Panel) Reactions of RlmN purified by 

gel-filtration chromatography and various RNA substrates. The unknown, minor species is 

present at an elution time of approximately 30 minutes and is present only in reactions 

containing tRNA. B) (Middle Panel) Analysis of reactions omitting various components critical 

for radical SAM chemistry. C) (Bottom Panel) Analysis of reactions containing various RlmN 

mutants.  
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Figure 3.2. LC-MS analysis of tRNA samples. tRNAs were isolated from in vitro methylation 

reactions and subjected to digestion by RNase T1. The digested oligos were separated by 

nanoHPLC and analyzed by LC-MS. A) MS1 spectrum of tRNA His with SAM omitted. B) 

MS1 spectrum of tRNA His + CH3 SAM 
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Figure 3.3. Orbitrap CID spectrum of 5'-UUCGp-3'. tRNAs was isolated from in vitro 

methylation reactions with [methyl-1H3]-SAM and subjected to digestion by RNase T1. The 

digested oligos were separated by nanoHPLC and analyzed by Orbitrap LC-MS/MS in CID 

fragmentation mode.  
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Figure 3.4. LC-MS and LC-MS/MS analysis of tRNA His with [methyl-2H3]-SAM. tRNAs 

were isolated from in vitro methylation reactions with d3-methyl SAM and subjected to digestion 

by RNase T1. The digested oligos were separated by nanoHPLC and analyzed by LC-MS or LC-

MS/MS. A) LC-MS spectrum of tRNAHis
GUG + d3-methyl SAM. B) LC-MS/MS of tRNAHis

GUG + 

d3-methyl SAM analyzed by Orbitrap LC-MS/MS in HCD fragmentation mode.  
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Figure 3.5. HPLC co-elution with synthetic methylated nucleoside standards. Radio HPLC 

analysis of nucleosides obtained by methylation and total RNA digestion of in vitro transcribed 

tRNA and RlmN. A) Radio HPLC chromatogram demonstrating the minor species co-elutes with 

authentic 5-methyluracil. B) Radio HPLC chromatogram showing the minor species does not co-

elute with other synthetic nucleosides.  
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Scheme 3.1. Scheme depicting the difference between the transfer of an intact methyl group 

and the construction of a methyl group from a methylene moiety.  
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Table 3.1. In silico predicted RNase T1 digest pattern of tRNAHis
GUG.  

 

 

 

  

Posi%on	 Sequence	 Predicted	
m/z	=	1	

Predicted		
m/z	=	2	

2-3	 UGp	 668.075	 n/a	

5-10	 CUAUAGp	 1937.245	 969.112	

11-15	 CUCAGp	 1607.209	 803.094	

16-18	 UUGp	 974.100	 486.547	

20-22	 UAGp	 997.127	 498.06	

23-24	 AGp	 691.102	 n/A	

25-29	 CCCUGp	 1583.198	 791.589	

31-34	 AUUGp	 1303.152	 651.097	

35-36	 UGp	 668.075	 n/A	

37-43	 AUUCCAGp		
(+	methyl)	

2242.286	
(2256.30)	

1121.13	
(1127.638)	

44-46	 UUGp	 974.100	 486.547	

47-49	 UCGp	 973.116	 486.05	

50-51	 UGp	 668.075	 n/A	

54-57	 UUCGp	 1279.141	 639.062	

58-69	 AAUCCCAUUACGp	 3817.505	 1908.249	

70-76	 CACCCCA	 2120.346	 1059.669	
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Table 3.2. Predicted and observed CID and HCD fragmentation of 5'-UUCGp-3'. 
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Table 3.3. Predicted and observed CID and HCD fragmentation of 5'-UUCGp-3' in 

reactions containing d3-methyl-SAM. 
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Table 3.4. Predicted and observed masses of U54 methylation in reactions containing d3-

methyl-SAM.  

 

 
 
 
 
  

Scheme	1:	Methyl	group	construc4on	vs.	transfer	of	an	intact	methyl	group	

Fragment	 Unmodified	Mass	 Predicted	Mass	
(methylene)	

Predicted	Mass	
(intact	methyl)	

Observed	Mass	

AUACCGp	
(posi4on	37-42)	 2242.231	 2257.233	 	n/a	 2257.233	

UUCGp	
(posi4on	54-57)	 1279.109	 1295.138	 1296.145	 1296.145	

Methylene	(CH2)	

Intact	methyl	(CH3)	
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Table 3.5. Representative peptide fragment analysis of RlmN purified by gel-filtration 

column.  

  

Rank Acc	# Gene Num	Unique %	Cov Best	Disc	Score Best	Expect	Val Protein	MW Species Protein	Name
[1] P36979 rlmN 76 96.1 7.47 2.20E-11 43085.9 ECOLI Dual-specificity	RNA	methyltransferase	RlmN
[2] P17169 glmS 33 55.8 5.87 2.30E-09 66894.9 ECOLI Glutamine--fructose-6-phosphate	aminotransferase	[isomerizing]
[3] P0A6Y8 dnaK 30 47.8 6.39 1.60E-10 69115.5 ECOLI Chaperone	protein	DnaK
[4] P37773 mpl 25 49.7 6 3.50E-10 49874.6 ECOLI UDP-N-acetylmuramate--L-alanyl-gamma-D-glutamyl-meso-2,6-diaminoheptandioate	ligase
[5] P0A6T5 folE 21 67.1 6.48 1.60E-10 24830.8 ECOLI GTP	cyclohydrolase	1
[6] P22188 murE 25 58 4.86 8.30E-09 53344.1 ECOLI UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-diaminopimelate	ligase
[7] P0ACJ8 crp 27 69 4.11 1.10E-07 23640.6 ECOLI cAMP-activated	global	transcriptional	regulator	CRP
[8] P0AFG3 sucA 22 28.3 5.04 2.90E-08 105062.6 ECOLI 2-oxoglutarate	dehydrogenase	E1	component
[9] P0A9A9 fur 15 78.4 6.02 8.70E-10 16795 ECOLI Ferric	uptake	regulation	protein
[10] P0A6N2 tufA 16 54.3 4.91 8.50E-09 43314 ECOL6 Elongation	factor	Tu
[11] P0AFG8 aceE 12 17 5.85 2.40E-09 99669.3 ECOLI Pyruvate	dehydrogenase	E1	component
[12] P17952 murC 16 41.8 4.28 2.90E-07 53626.4 ECOLI UDP-N-acetylmuramate--L-alanine	ligase
[13] P10902 nadB 13 30.2 6.63 6.90E-12 60337.9 ECOLI L-aspartate	oxidase
[14] P0AA43 rsuA 14 64.9 5.09 1.30E-08 25865.5 ECOLI Ribosomal	small	subunit	pseudouridine	synthase	A
[15] P77398 arnA 19 31.7 3.44 1.40E-06 74289.5 ECOLI Bifunctional	polymyxin	resistance	protein	ArnA
[16] P0A9P0 lpdA 12 37.8 4.93 1.50E-08 50688.9 ECOLI Dihydrolipoyl	dehydrogenase
[17] P0A9K9 slyD 9 37.2 6.44 1.40E-10 20853 ECOLI FKBP-type	peptidyl-prolyl	cis-trans	isomerase	SlyD
[18] P36999 rlmA 13 47.2 4.7 4.00E-09 30419.2 ECOLI 23S	rRNA	(guanine(745)-N(1))-methyltransferase
[19] P42596 rlmG 15 45 3.91 6.00E-08 42331.8 ECOLI Ribosomal	RNA	large	subunit	methyltransferase	G
[20] P32144 yihW 10 47.9 5.57 7.10E-09 28507.6 ECOLI Uncharacterized	HTH-type	transcriptional	regulator	YihW
[21] P0A6M8 fusA 11 24.4 4.3 1.40E-07 77582 ECOLI Elongation	factor	G
[22] P32664 nudC 10 44.4 4.85 3.00E-08 29689.2 ECOLI NADH	pyrophosphatase
[23] P67087 rsmI 8 49.3 5.04 2.20E-09 31348.2 ECOLI Ribosomal	RNA	small	subunit	methyltransferase	I
[24] P0A7V0 rpsB 11 51.9 3.74 3.50E-07 26743.9 ECOLI 30S	ribosomal	protein	S2
[25] P03023 lacI 10 32.5 3.81 2.40E-07 38590.5 ECOLI Lactose	operon	repressor
[26] P76422 thiD 7 35.3 4.86 7.20E-08 28633.9 ECOLI Hydroxymethylpyrimidine/phosphomethylpyrimidine	kinase
[27] P0A7R1 rplI 6 49.7 4.76 6.30E-07 15769.2 ECOLI 50S	ribosomal	protein	L9
[28] P23003 trmA 7 31.4 4.32 4.80E-08 41967.3 ECOLI tRNA/tmRNA	(uracil-C(5))-methyltransferase
[29] P0A873 trmD 9 43.1 3.72 5.90E-07 28422.6 ECOLI tRNA	(guanine-N(1)-)-methyltransferase
[30] P0A8P8 xerD 7 31.2 4.62 1.10E-07 34246.7 ECOLI Tyrosine	recombinase	XerD
[31] P0A440 purU 6 20.4 4.56 5.50E-08 31921 ECOL6 Formyltetrahydrofolate	deformylase
[32] P0A722 lpxA 6 27.9 4.8 4.00E-08 28080.2 ECOLI Acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine	O-acyltransferase
[33] P0ACR4 yeiE 6 25.6 4.42 1.10E-08 32724 ECOLI Uncharacterized	HTH-type	transcriptional	regulator	YeiE
[34] P0A6A3 ackA 5 21.5 5.04 3.30E-08 43290.8 ECOLI Acetate	kinase
[35] P0A825 glyA 6 18.9 5.37 9.20E-10 45317 ECOLI Serine	hydroxymethyltransferase
[36] P08192 folC 8 21.1 3.85 3.40E-07 45406.1 ECOLI Bifunctional	protein	FolC
[37] P32125 mobB 8 52.6 3.39 7.70E-07 19363.6 ECOLI Molybdopterin-guanine	dinucleotide	biosynthesis	adapter	protein
[38] P0A894 rapZ 7 38.4 3.89 4.20E-08 32492.6 ECOLI RNase	adapter	protein	RapZ
[39] P30177 ybiB 6 25.9 4.89 1.20E-09 35048.9 ECOLI Uncharacterized	protein	YbiB
[40] P39177 uspG 5 40.1 4.74 1.30E-08 15935.3 ECOLI Universal	stress	protein	G
[41] P0A9B2 gapA 5 25.1 4.66 5.60E-09 35532.8 ECOLI Glyceraldehyde-3-phosphate	dehydrogenase	A
[42] P0A6Z6 nikR 5 42.1 4.46 1.00E-07 15093.9 ECOLI Nickel-responsive	regulator
[43] P00893 ilvI 5 13.9 4.38 4.30E-08 62984.9 ECOLI Acetolactate	synthase	isozyme	3	large	subunit
[44] Q1R4A4 metE 5 10.5 4.14 3.10E-07 84707.2 ECOUT 5-methyltetrahydropteroyltriglutamate--homocysteine	methyltransferase
[45] P0C0U4 rimK 6 29.3 3.62 2.90E-07 32436.8 ECOLI Ribosomal	protein	S6--L-glutamate	ligase
[46] P0A7X6 rimM 4 31.3 4.73 6.70E-09 20605.6 ECOLI Ribosome	maturation	factor	RimM
[47] P23908 argE 6 26.9 3.04 9.50E-06 42347.7 ECOLI Acetylornithine	deacetylase
[48] P0AGJ2 trmH 4 28.4 4.26 1.80E-07 25343.3 ECOLI tRNA	(guanosine(18)-2'-O)-methyltransferase
[49] P0AA10 rplM 8 62 2.88 1.40E-06 16018.7 ECOLI 50S	ribosomal	protein	L13
[50] P0A951 speG 6 39.2 3.2 9.70E-07 21887.2 ECOLI Spermidine	N(1)-acetyltransferase
[51] P0A7K2 rplL 4 36.4 3.84 4.80E-06 12295.3 ECOLI 50S	ribosomal	protein	L7/L12
[52] P0A8I5 trmB 7 31.4 2.93 3.00E-07 27307.6 ECOLI tRNA	(guanine-N(7)-)-methyltransferase
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Table 3.6. Representative peptide fragment analysis of RlmN purified by ion-exchange 

column. 

  

Rank Acc	# Gene Num	Unique %	Cov Best	Disc	Score Best	Expect	Val Protein	MW Species Protein	Name
[1] P36979 rlmN 55 66.1 6.13 1.90E-09 43085.9 ECOLI Dual-specificity	RNA	methyltransferase	RlmN
[2] P0AF20 nagC 12 32 5.65 2.00E-08 44541.6 ECOLI N-acetylglucosamine	repressor
[3] P0A6F5 groL 13 26.1 4.91 6.50E-09 57329.4 ECOLI 60	kDa	chaperonin
[4] P68766 pepA 19 45.3 2.96 1.80E-06 54880.3 ECOL6 Cytosol	aminopeptidase
[5] P0A722 lpxA 10 31.3 5.46 4.60E-09 28080.2 ECOLI Acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine	O-acyltransferase
[6] P0A9B2 gapA 9 38.7 4.33 8.80E-09 35532.8 ECOLI Glyceraldehyde-3-phosphate	dehydrogenase	A
[7] P0A9K9 slyD 6 40.8 4.65 4.10E-08 20853 ECOLI FKBP-type	peptidyl-prolyl	cis-trans	isomerase	SlyD
[8] P36999 rlmA 8 30.5 4.36 1.60E-08 30419.2 ECOLI 23S	rRNA	(guanine(745)-N(1))-methyltransferase
[9] P0ACJ8 crp 10 50.5 2.79 3.50E-06 23640.6 ECOLI cAMP-activated	global	transcriptional	regulator	CRP
[10] P0A7L0 rplA 8 36.8 3.36 8.70E-07 24729.8 ECOLI 50S	ribosomal	protein	L1
[11] P0ADY3 rplN 5 35.8 4.37 1.00E-07 13541.1 ECOLI 50S	ribosomal	protein	L14
[12] A7ZZ66 ycfP 8 42.8 2.76 3.40E-06 21212.3 ECOHS UPF0227	protein	YcfP
[13] P75863 ycbX 5 22.2 3.78 4.50E-07 40644.8 ECOLI Uncharacterized	protein	YcbX
[14] P0A951 speG 7 39.2 2.79 2.70E-06 21887.2 ECOLI Spermidine	N(1)-acetyltransferase
[15] P0ACR4 yeiE 5 23.9 3.5 3.70E-07 32724 ECOLI Uncharacterized	HTH-type	transcriptional	regulator	YeiE
[16] P00490 malP 6 9 3.47 4.80E-08 90523.2 ECOLI Maltodextrin	phosphorylase
[17] P24182 accC 5 13.6 2.71 5.20E-06 49321.2 ECOLI Biotin	carboxylase
[18] P0A9J8 pheA 6 15.5 2.14 8.70E-05 43111.7 ECOLI P-protein
[19] P17952 murC 5 11.2 2.49 1.70E-05 53626.4 ECOLI UDP-N-acetylmuramate--L-alanine	ligase
[20] P60716 lipA 3 15.9 4.12 4.00E-07 36072.1 ECOLI Lipoyl	synthase
[21] P33030 yeiR 3 9.5 4.13 1.70E-07 36113.5 ECOLI Zinc-binding	GTPase	YeiR
[22] P18196 minC 5 24.2 2.24 2.30E-04 24775.7 ECOLI Septum	site-determining	protein	MinC
[23] P0AG30 rho 8 22.4 1.65 7.80E-06 47004.6 ECOLI Transcription	termination	factor	Rho
[24] P77398 arnA 6 8.8 1.95 9.60E-05 74289.5 ECOLI Bifunctional	polymyxin	resistance	protein	ArnA
[25] P25539 ribD 8 22.9 1.61 2.20E-05 40338.7 ECOLI Riboflavin	biosynthesis	protein	RibD
[26] P0A7B3 nadK 4 26.7 2.45 2.10E-06 32566.7 ECOLI NAD	kinase
[27] P03023 lacI 3 9.2 2.54 1.50E-05 38590.5 ECOLI Lactose	operon	repressor
[28] P22188 murE 2 4.8 3.4 1.10E-05 53344.1 ECOLI UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-diaminopimelate	ligase
[29] P0AA10 rplM 5 35.2 1.95 5.60E-06 16018.7 ECOLI 50S	ribosomal	protein	L13
[30] P17169 glmS 3 6.4 2.41 2.20E-05 66894.9 ECOLI Glutamine--fructose-6-phosphate	aminotransferase	[isomerizing]
[31] P68919 rplY 7 56.4 1.42 4.40E-05 10693.5 ECOLI 50S	ribosomal	protein	L25
[32] P67087 rsmI 2 10.1 3.61 7.10E-08 31348.2 ECOLI Ribosomal	RNA	small	subunit	methyltransferase	I
[33] P0AG55 rplF 3 20.9 2.58 5.20E-07 18903.9 ECOLI 50S	ribosomal	protein	L6
[34] P0ADP2 yigI 4 22.6 1.9 1.10E-05 17162.9 ECOLI Uncharacterized	protein	YigI
[35] P61889 mdh 2 8.7 2.77 2.00E-05 32337.6 ECOLI Malate	dehydrogenase
[36] P0A9A9 fur 2 18.2 2.64 5.20E-06 16795 ECOLI Ferric	uptake	regulation	protein
[37] P27306 sthA 2 6 2.61 4.30E-06 51560.8 ECOLI Soluble	pyridine	nucleotide	transhydrogenase
[38] P0ABD8 accB 2 18.6 2.22 2.50E-05 16687.4 ECOLI Biotin	carboxyl	carrier	protein	of	acetyl-CoA	carboxylase
[39] P05459 pdxB 3 8.2 1.86 3.20E-05 41368 ECOLI Erythronate-4-phosphate	dehydrogenase
[40] Q46855 yqhC 2 7.2 2.29 1.80E-06 35957.1 ECOLI Uncharacterized	HTH-type	transcriptional	regulator	YqhC
[41] P0A7R5 rpsJ 2 23.3 2.02 2.20E-05 11735.7 ECOLI 30S	ribosomal	protein	S10
[42] P25888 rhlE 2 4.8 2.04 6.00E-06 49989.7 ECOLI ATP-dependent	RNA	helicase	RhlE
[43] P0A7K2 rplL 1 9.9 3.32 1.40E-05 12295.3 ECOLI 50S	ribosomal	protein	L7/L12
[44] P0A6T5 folE 1 7.2 3.19 1.40E-06 24830.8 ECOLI GTP	cyclohydrolase	1
[45] P60438 rplC 4 22 1.06 4.10E-04 22243.7 ECOLI 50S	ribosomal	protein	L3
[46] P0A9Y6 cspC 2 42 1.79 1.60E-05 7402.4 ECOLI Cold	shock-like	protein	CspC
[47] P21513 rne 2 2.2 1.51 2.90E-04 118197.6 ECOLI Ribonuclease	E
[48] P0A9X9 cspA 2 31.4 2.08 1.10E-06 7403.3 ECOLI Cold	shock	protein	CspA
[49] P0AFS3 folM 2 8.3 1.74 2.30E-05 26348.5 ECOLI Dihydromonapterin	reductase
[50] P0A7J7 rplK 1 9.9 2.65 6.50E-07 14875.5 ECOLI 50S	ribosomal	protein	L11
[51] P0AA25 trxA 1 11 2.53 3.70E-05 11806.7 ECOLI Thioredoxin-1
[52] P02359 rpsG 1 6.7 2.45 5.10E-06 20019.3 ECOLI 30S	ribosomal	protein	S7



 105 

References 
 
 
1. Dickmanns A, Ficner R. Role of the 5'-cap in the biogenesis of spliceosomal snRNPs. 

Fine-Tuning of RNA Functions by Modification and Editing. 2005. doi:10.1007/b106799 

2. Lapeyre B. Conserved ribosomal RNA modification and their putative roles in ribosome 
biogenesis and translation. Fine-tuning of RNA functions by Modification and Editing. 
2005. doi:10.1007/b105433 

3. Yacoubi El B, Bailly M, de Crécy-Lagard V. Biosynthesis and Function of 
Posttranscriptional Modifications of Transfer RNAs. Annu Rev Genet. 2012; 46: 69–95. 
doi:10.1146/annurev-genet-110711-155641 

4. Kaczanowska M, Ryden-Aulin M. Ribosome Biogenesis and the Translation Process in 
Escherichia coli. Microbiology and Molecular Biology Reviews. 2007; 71: 477–494. 
doi:10.1128/MMBR.00013-07 

5. Phizicky EM, Hopper AK. tRNA biology charges to the front. Genes & Development. 
2010; 24: 1832–1860. doi:10.1101/gad.1956510 

6. Dao V, Guenther R, Malkiewicz A, Nawrot B, Sochacka E, Kraszewski A, et al. 
Ribosome binding of DNA analogs of tRNA requires base modifications and supports the 
"extended anticodon". Proceedings of the National Academy of Sciences. 1994; 91: 
2125–2129.  

7. Phelps K, Morris A, Beal PA. Novel Modifications in RNA. ACS Chem Biol. 2012; 7: 
100–109. doi:10.1021/cb200422t 

8. Agris PF. Bringing order to translation: the contributions of transfer RNA anticodon-
domain modifications. EMBO Rep. 2008; 9: 629–635. doi:10.1038/embor.2008.104 

9. Decatur WA, Fournier MJ. rRNA modifications and ribosome function. TREnds in 
Biochemical Sciences. 2002; 27: 344–351.  

10. Davis DR. Stabilization of RNA stacking by pseudouridine. Nucleic acids research. 1995; 
23: 5020-5026.  

11. Charette M, Gray MW. Pseudouridine in RNA: what, where, how, and why. IUBMB 
Life. 2000; 49: 341–351.  

12. Motorin Y, Helm M. RNA nucleotide methylation. WIREs RNA. 2011; 2: 611–631. 
doi:10.1002/wrna.79 

13. Suzuki T, Ikeuchi Y, Noma A, Suzuki T, Sakaguchi Y. Mass Spectrometric Identification 
and Characterization of RNA Modifying Enzymes. Methods in Enzymology. Elsevier; 
2007. pp. 211�229. doi:10.1016/S0076-6879(07)25009-8 



 106 

14. Kirpekar F, Douthwaite S, Roepstorff P. Mapping posttranscriptional modifications in 5S 
ribosomal RNA by MALDI mass spectrometry. RNA. 2000; 6: 296–306.  

15. Meng Z, Limbach PA. Mass spectrometry of RNA: linking the genome to the proteome. 
Briefings in Functional Genomics & Proteomics. 2006; 5: 87-95.  

16. Nordhoff E, Kirpekar F, Roepstorff P. Mass spectrometry of nucleic acids. Mass 
Spectrom Rev. 1996; 15: 67–138. doi:10.1002/(SICI)1098-2787(1996)15:2<67::AID-
MAS1>3.0.CO;2-8 

17. McCloskey JA, Whitehill AB, Rozenski J, Qiu F, Crain PF. New Techniques for the 
Rapid Characterization of Oligonucleotides by Mass Spectrometry. Nucleosides and 
Nucleotides. 2006; 18: 1549–1553. doi:10.1080/07328319908044782 

18. Han X, Aslanian A, Yates JR III. Mass spectrometry for proteomics. Current Opinion in 
Chemical Biology. 2008; 12: 483–490. doi:10.1016/j.cbpa.2008.07.024 

19. Apffel A, Chakel JA, Fischer S, Lichtenwalter K, Hancock WS. Analysis of 
oligonucleotides by HPLC-electrospray ionization mass spectrometry. Anal Chem. 1997; 
69: 1320–1325. doi:10.1021/ac960916h 

20. Benítez-Páez A, Villarroya M, Armengod ME. The Escherichia coli RlmN 
methyltransferase is a dual-specificity enzyme that modifies both rRNA and tRNA and 
controls translational accuracy. RNA. 2012;18: 1783–1795. doi:10.1261/rna.033266.112 

21. Lanz ND, Grove TL, Gogonea CB, Lee K-H, Krebs C, Booker SJ. RlmN and AtsB as 
Models for the Overproduction and Characterization of Radical SAM Proteins. Methods 
in Enzymology, Elsevier; 2012. pp. 125–152. doi:10.1016/B978-0-12-394291-3.00030-7 

22. McCusker KP, Medzihradszky KF, Shiver AL, Nichols RJ, Yan F, Maltby DA, et al. 
Covalent Intermediate in the Catalytic Mechanism of the Radical S-Adenosyl-L-
methionine Methyl Synthase RlmN Trapped by Mutagenesis. J Am Chem Soc. 2012; 
134: 18074–18081. doi:10.1021/ja307855d 

23. Stojković V, Noda-Garcia L, Tawfik DS, Fujimori DG. Antibiotic resistance evolved via 
inactivation of a ribosomal RNA methylating enzyme. Nucleic Acids Research. 2016; 
doi:10.1093/nar/gkw699 

24. Yan F, Fujimori DG. RNA methylation by radical SAM enzymes RlmN and Cfr proceeds 
via methylene transfer and hydride shift. Proceedings of the National Academy of 
Sciences. National Acad Sciences; 2011; 108: 3930–3934. 
doi:10.1073/pnas.1017781108/-/DCSupplemental 

25. Walsby CJ, Hong W, Broderick WE, Cheek J, Ortillo D, Broderick JB, et al. Electron-
Nuclear Double Resonance Spectroscopic Evidence That S-Adenosylmethionine Binds in 
Contact with the Catalytically Active [4Fe−4S]+ Cluster of Pyruvate Formate-Lyase 
Activating Enzyme. J Am Chem Soc. 2002; 124: 3143–3151. doi:10.1021/ja012034s 



 107 

26. Stojković V, Fujimori DG. Radical SAM-Mediated Methylation of Ribosomal RNA. 
Methods in enzymology. Elsevier; 2015; 560: 355–376. doi:10.1016/bs.mie.2015.03.002 

27. Uchida T, Egami F. Microbial Ribonucleases with Special Reference to RNases T1, T2, 
N1, and U2. The enzymes. 1971 Dec 31; 4:205-50.  

28. Mengel-Jørgensen J, Kirpekar F. Detection of pseudouridine and other modifications in 
tRNA by cyanoethylation and MALDI mass spectrometry. Nucleic Acids Research. 
2002; 30: e135–e135.  

29. Raines RT. Ribonuclease A. Chem Rev. 1998; 98: 1045–1065.  

30. Borkakoti N, Palmer RA, Haneef I, Moss DS. Specificity of pancreatic ribonuclease-A: 
an x-ray study of a protein-nucleotide complex. Journal of Molecular Biology. 1983 Sep 
25; 169(3): 743-55. 

 
31. Vissers JP. Recent developments in microcolumn liquid chromatography. Journal of 

Chromatography A. 1999; 856: 117–143.  

32. Meiring HD, Van der Heeft E. Nanoscale LC–MS (n): technical design and applications 
to peptide and protein analysis. J. Sep. Sci. 2002; 25: 557-568.  

33. Rieux L, Sneekes EJ, Swart R, Swartz M. Nano LC: principles, evolution, and state-of-
the-art of the technique. LC GC North America. 2011; 29(10).  

34. Sechi S. Quantitative proteomics by mass spectrometry. Sechi S, editor. Totowa, NJ: 
Humana Press; 2007 Feb 5.  

35. Larsen BS, McEwen CN, editors. Mass spectrometry of biological materials. CRC Press; 
1998 Mar 2.  

36. Bellodi C, McMahon M, Contreras A, Juliano D, Kopmar N, Nakamura T, et al. H/ACA 
Small RNA Dysfunctions in Disease Reveal Key Roles for Noncoding RNA 
Modifications in Hematopoietic Stem Cell Differentiation. Cell Reports; 2013; 3: 1493–
1502. doi:10.1016/j.celrep.2013.04.030 

37. Nováková L. Challenges in the development of bioanalytical liquid chromatography-
mass spectrometry method with emphasis on fast analysis. Journal of Chromatography A. 
2013; 1292: 25–37.  

38. Nováková L, Gottvald T, Vlčková H, Trejtnar F, Mandíková J, Solich P. Highly sensitive 
fast determination of entecavir in rat urine by means of hydrophilic interaction 
chromatography-ultra-high-performance liquid chromatography-tandem mass 
spectrometry. Journal of Chromatography A. 2012 Oct 12; 1259: 237–243. 
doi:10.1016/j.chroma.2012.03.078 

39. De Hoffmann E. Mass spectrometry. Kirk-Othmer Encyclopedia of Chemical 
Technology.  



 108 

40. Frese CK, Altelaar AFM, Hennrich ML, Nolting D, Zeller M, Griep-Raming J, et al. 
Improved Peptide Identification by Targeted Fragmentation Using CID, HCD and ETD 
on an LTQ-Orbitrap Velos. J Proteome Res. 2011; 10: 2377–2388. 
doi:10.1021/pr1011729 

41. Jedrychowski MP, Huttlin EL, Haas W, Sowa ME, Rad R, Gygi SP. Evaluation of HCD- 
and CID-type Fragmentation Within Their Respective Detection Platforms For Murine 
Phosphoproteomics. Molecular & Cellular Proteomics. 2011; 10: M111.009910–
M111.009910. doi:10.1074/mcp.M111.009910 

42. Baldwin MA. Protein Identification by Mass Spectrometry: Issues to be Considered. 
Molecular & Cellular Proteomics. 2003; 3: 1–9. doi:10.1074/mcp.R300012-MCP200 

43. Carr S. The Need for Guidelines in Publication of Peptide and Protein Identification 
Data: Working Group On Publication Guidelines For Peptide And Protein Identification 
Data. Molecular & Cellular Proteomics. 2004; 3: 531–533. doi:10.1074/mcp.T400006-
MCP200 

44. Kollipara L, Zahedi RP. Protein carbamylation: In vivo modification or in vitro artefact? 
Zahedi R, Sickmann A, editors. Proteomics. 2013; 13: 941–944. 
doi:10.1002/pmic.201200452 

45. Gu XR, Santi DV. The T-arm of tRNA is a substrate for tRNA (m5U54)-
methyltransferase. Biochemistry. 1991; 30: 2999–3002.  

46. Yan F, LaMarre JM, Röhrich R, Wiesner J, Jomaa H, Mankin AS, et al. RlmN and Cfr 
are Radical SAM Enzymes Involved in Methylation of Ribosomal RNA. J Am Chem 
Soc. 2010; 132: 3953–3964. doi:10.1021/ja910850y 

 
 






