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SHORT ABSTRACT:  28 

Here, we describe a protocol for the biochemical characterization of the yeast RNA-modifying 29 
enzyme, Mod5, and discuss how this protocol could be applied to other RNA-modifying enzymes.  30 

 31 
LONG ABSTRACT:  32 

N6-isopentenyladenosine RNA modifications are functionally diverse and highly conserved 33 
among prokaryotes and eukaryotes. One of the most highly conserved N6-isopentenyladenosine 34 
modifications occurs at the A37 position in a subset of tRNAs. This modification improves  35 

translation efficiency and fidelity by increasing the affinity of the tRNA for the ribosome. 36 
Mutation of enzymes responsible for this modification in eukaryotes are associated with several 37 

disease states, including mitochondrial dysfunction and cancer. Therefore, understanding the 38 
substrate specificity and biochemical activities of these enzymes is important for understanding 39 

of normal and pathologic eukaryotic biology. A diverse array of methods has been employed to 40 
characterize i6A modifications. Herein is described a direct approach for the detection of 41 

isopentenylation by Mod5. This method utilizes incubation of RNAs with a recombinant 42 
isopentenyl transferase, followed by RNase T1 digestion, and 1-dimensional gel electrophoresis 43 
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analysis to detect i6A modifications. In addition, the potential adaptability of this protocol to 44 

characterize other RNA-modifying enzymes is discussed. 45 
 46 

INTRODUCTION:  47 
At least 163 distinct posttranscriptional RNA modifications have been identified, with these 48 

modifications conferring diverse and context-dependent functions to RNAs, directly influencing 49 
RNA structure, and affecting interactions of RNA with other molecules1,2. As the appreciation for 50 

the number and variety of RNA modifications increases, it is critical to develop assays that can 51 
reliably interrogate both the RNA modifications and the enzymes that catalyze them.   52 
 53 
One of the first RNA modifications to be identified occurs  at base 37 in tRNAs, adjacent to the 54 
anti-codon on the 3’ side3,4. An isopentenyl group is transferred from 55 
dimethylallylpyrophosphate (DMAPP) to the N6 position of adenosine 37 (i6A37) 3,5 on a subset 56 
of both cytoplasmic and mitochondrial tRNAs. i6A37 improves translation fidelity and efficiency 57 
by increasing the tRNA’s affinity for the ribosome4,6 and i6A37 is important for stress response in 58 

bacteria7. The enzymes that perform this modification are termed tRNA isopentenyl transferases 59 

and are highly conserved in bacteria8,9, fungi10, worms11, plants12, and higher eukaryotes13, 60 
including humans14.  61 
 62 
Mutations in the human tRNA isopentenyl transferase gene, TRIT1, are associated with human 63 
disease. For example, a mutation in TRIT1 is correlated with a severe mitochondrial disease, likely 64 
caused by a defect in mitochondrial protein synthesis 15,16. Furthermore, TRIT1 has been 65 
described as a tumor suppressor gene17,18 and is implicated in several types of cancers including 66 
melanoma19, breast20, gastric21, and lung cancers22,23. Finally, TRIT1 and Mod5 (Saccharomyces 67 
cerevisiae) isopentenyl transferases are aggregation-prone proteins that form prion-like amyloid 68 
fibers24-26. These observations potentially implicate tRNA isopentenyl transferases in 69 

neurodegenerative diseases, although direct evidence for this has not yet been shown.  70 
 71 

Given the role that isopentenyl transferases play in translation and disease, methods that directly 72 
measure i6A isopentenyl transferase activity are important for a mechanistic understanding of 73 

these enzymes under normal and disease states. An increasing number of methods are available 74 
to detect i6A RNA modifications, including in vitro isopentenylation assays, positive hybridization 75 

in the absence of i6A (PHA6) assays, thin layer chromatography (TLC), amino acid acceptance 76 
activity assays, and mass spectrometry approaches (Reviewed in Ref. 4).  77 
 78 

An in vitro isopentenylation assay has been described that utilizes 14C-DMAPP and unlabeled 79 
tRNAs. In this assay, radioactive carbon is transferred to RNA from 14C-DMAPP by the isopentenyl 80 

transferase. While this assay is highly sensitive, it is often difficult to determine the specific 81 
residue that is modified9,20,27. PHA6 assays rely on the bulky i6A modification interfering with 82 

hybridization of a 32P-labeled probe spanning the modified residue. As such, hybridization is 83 
greater in the absence of an i6A modification18,28,29. PHA6 assays are highly sensitive, and capable 84 

of analyzing total RNA extracted from cellular lysates. Additionally, the ability to design probes  85 
specific to the RNA of interest gives this method substantial target flexibility. However, PHA6 86 

assays are limited to the characterization of modifications that occur on residues within the 87 



 

 
 

targeted region of the probe and therefore are less likely to identify novel modification sites. In 88 

addition, as absence of binding is indicative of modification, other modifications or mutations  89 
that affect RNA binding will confound data analysis.  90 

 91 
Another approach combines benzyl DEAE cellulose (BD) cellulose chromatography with amino 92 

acid acceptance activity as a readout of i6A modifications in tRNA30. This approach directly assays 93 
the function of the i6A modification, but it is an indirect approach to detect i6A modification and 94 

lacks resolution to map modifications to a specific residue in the RNA. A TLC approach has been 95 
used to detect total tRNA i6A modifications. In this approach, internally 32P-labeled tRNAs are 96 
digested to single nucleotides and two-dimensional TLC analysis is used to identify 97 
isopentenylation. This approach is highly sensitive in detecting total i6A in a given RNA sample 98 
but upon digestion, all sequence information is lost; thus, the investigator has no way of 99 
determining which residues have been modified31.  100 
 101 
More recently, liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods have 102 

been developed that quantitatively compare total RNA modifications between species, cell types, 103 

and experimental conditions32-34. A limitation of this methodology is that it is less able to 104 
determine the identity and position within the RNA from which the modified nucleoside was 105 
derived34. Furthermore, the expertise and equipment necessary to execute these experiments  106 
limit the practicality of this approach. 107 
 108 
In addition, several next-generation sequencing technologies have been developed to map RNA 109 
modifications transcriptome-wide34. Immunoprecipitation of RNAs with antibodies specific to a 110 
particular modification (RIP-Seq) enable the investigator to identify all sequences containing a 111 
specific modification35,36. Additionally, reverse transcriptase-based approaches such as Chem-112 
Seq and non-random mismatch sequencing rely on perturbations of the reverse transcription 113 

reaction at the modified residues37-39. Despite the advantage of these techniques to map RNA 114 
modifications transcriptome-wide, RIP-seq and Chem-Seq technologies are limited by the lack of 115 

reliable antibodies or reactive chemicals available for each specific modification, respectively34. 116 
Furthermore, reverse transcriptase enzymes required to perform Chem-Seq and non-random 117 

mismatch sequencing techniques can be impeded by stable RNA structures. The highly modified 118 
and structurally stable nature of tRNAs make them especially difficult to interrogate using these 119 

techniques. To date, next-generation sequencing-based technologies have not yet been utilized 120 
to map i6A modifications34. 121 
 122 

Herein, we describe a simple and direct approach to detect i6A tRNA modifications in vitro. This 123 
method utilizes incubation of RNAs with recombinant S. cerevisiae isopentenyl transferase 124 

(Mod5), followed by RNase T1 digestion, and 1-dimensional gel electrophoresis analysis to map 125 
i6A modifications. This approach is direct and requires little specialized expertise to analyze the 126 

data. Furthermore, this method is adaptable to other RNA modifying enzymes, including enzymes  127 
that covalently change the molecular weight of RNA or an RNA’s mobility through a gel.  128 

 129 
PROTOCOL: 130 

 131 



 

 
 

Note: The protocol was adapted from Ref. 24. 132 

 133 
1. Obtain RNA and Enzyme of Interest 134 

 135 
1.1 Use in vitro transcribed RNAs internally labeled with 32P, and recombinant His6-Mod5 136 

expressed in and purified from E. coli, as previously described24.  137 
 138 

1.1.1. Introduce in vitro transcribed RNAs (section 3) using T7 RNA polymerase in the presence of 139 
unlabeled ATP, UTP, CTP, GTP and 10 µCi of gel-purified, ethanol-precipitated α-ATP, 140 
resuspended in 1x TE (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA), and stored at -80 °C24.  141 
 142 
1.2. Alternatively, obtain commercially available fluorescently labeled RNAs of interest. Produce 143 
the enzyme(s) of interest in any preferred expression system.  144 
 145 
Caution: Internal fluorescent tags in the RNA can alter RNA structure and recognition by enzymes.  146 

 147 

2. Prepare a 20% Polyacrylamide Denaturing Gel 148 
 149 
Note: In order to obtain sufficient resolution of RNA fragments, a 40 cm length vertical slab gel  is 150 
recommended. The width of the gel used is determined by the number of samples to be analyzed.  151 
 152 
2.1 Thoroughly clean glass plates. First, wash with soap and water, rinse well with deionized 153 
water, and finally clean with isopropanol and lint-free wipes.  154 
 155 
2.2 Assemble the plates and spacers.  156 
 157 

2.3 Mix the following reagents to make 100 mL of 20% acrylamide, 7.5 M urea, 1x TBE gel: 80 mL 158 
of urea gel concentrate (237.5 g/L of acrylamide, 12.5 g/L of methylene bisacrylamide, 7.5 M urea 159 

in deionized water), 10 mL of urea gel diluent (7.5M urea in deionized water), and 10 mL of urea 160 
gel buffer (0.89 M Tris-Borate-20 mM EDTA buffer pH 8.3 and 7.5 M urea).  161 

 162 
Note: The volume of gel solution must be adjusted according to the dimensions of gel.  163 

 164 
2.5 Add 40 µL of N,N,N′,N′-Tetramethylethylenediamine (TEMED) and 800 µL of freshly prepared 165 
10% ammonium persulfate (APS).  166 

 167 
2.6 Draw gel solution up into a large syringe and dispense between glass plates. Tap on glass with 168 

fingers while pouring to prevent bubble formation. 169 
 170 

2.7 Allow gel to solidify for 30 min. 171 
 172 

2.8 Clamp solidified gel onto vertical gel apparatus using binder clips.  173 
 174 

2.9 Fill upper and lower buffer chambers with 1x TBE.  175 



 

 
 

 176 

2.10 Two hours prior to loading the gel, pre-run the gel at 20 mA, for 2 h to allow the buffer 177 
boundary to outrun the smallest oligonucleotides – otherwise the smallest nucleotides and 178 

oligonucleotides tend to collapse at the buffer front. 179 
 180 

3. RNA Isopentenylation Assay 181 
 182 

3.1 Prepare reactions in a final volume of 17 µL, containing 58 mM Tris-HCl (pH 7.2), 1.2 mM ATP, 183 
5.8 mM MgCl2, 0.2 mM DMAPP, 10 U of RNase inhibitor (e.g., SuperRNaseIn), 40,000 CPM of 184 
internally 32P-labeled RNA, 5.3 µM Mod5, and 1.2 mM 2-mercaptoethanol.  185 
 186 
3.2 Incubate reactions at 37 °C for 1 h. 187 
 188 
3.3 Ethanol-precipitate RNAs using 2.5 volumes (42.5 µL) of 100% ethanol and 1/10 volumes (1.7 189 
µL) of 3.5 M sodium acetate pH 5.5, and place at -20 °C for 1 h or overnight. 190 

 191 

3.4 Centrifuge RNA samples for 20 min at 15,400 x g and 4 °C.  192 
 193 
3.5 Carefully remove the supernatant and wash the RNA pellet with 500 µL of 70% ethanol. 194 
 195 
3.6 Centrifuge samples at for 5 min 15,400 x g and 4°C. 196 
 197 
3.7 Carefully remove the supernatant and air-dry RNA pellets for 15 min, or until all ethanol has 198 
evaporated.  199 
 200 
3.8 Resuspend RNA pellets in 10 µL of 8 M urea. 201 

 202 
3.9 Add 150 U of RNase T1 and incubate at 37 °C overnight. 203 

 204 
3.10 Add 2 µL of 6x loading buffer (60% glycerol, 0.1% xylene cyanol). 205 

 206 
3.11 Load 10 µL of each RNA sample on a pre-run, 20% polyacrylamide, 7.5 M urea gel (see 207 

section 2 of Protocol).  208 
 209 
 Note: Radiolabeled RNA size ladders may be included as an additional mobility marker.  210 

 211 
3.12 Run gel for 2 h at 25 mA.  212 

 213 
3.13 Stop gel and remove from apparatus.  214 

 215 
3.14 Break seal between the two glass plates and remove one of the glass plates, with the gel 216 

remaining on the “bottom” plate.  217 
 218 

Note: Take care not to tear the gel during this step. 219 



 

 
 

 220 

3.15 Place a layer of plastic wrap over the gel and expose on a phosphor screen for 3 h. 221 
Alternatively, place gel on chromatography paper and dry with a gel dryer prior to phosphor 222 

screen exposure.  223 
 224 

3.16 Image phosphor screen on a phosphor imager.  225 
 226 

REPRESENTATIVE RESULTS:  227 
Mod5 was incubated with a tyrosine tRNA or serine tRNA in the presence or absence of DMAPP. 228 
Following the modification reaction, products were RNase T1-digested, which cleaves the 3’ end 229 
of all guanosines leaving a 3’ guanosine monophosphates (GMP)24 (Figure 1). Full digestion of the 230 
RNAs produces a predictable pattern of radiolabeled fragments (Figure 2A), which are then 231 
resolved on a 20% polyacrylamide denaturing gel. The transfer of an isopentenyl group from 232 
DMAPP to the RNA causes a mobility shift of the fragment containing the modified residue 233 
(Figure 1).  234 

 235 

This protocol reliably detects isopentenylation of both canonical and non-canonical tRNA 236 
residues modified by Mod524. For example, Mod5 is predicted to modify a subset of tRNAs, which 237 
contain the previously described AAA36-38 sequence requirement10, including the tyrosine tRNA 238 
and serine tRNA used in this study. Mod5 modifies the predicted residue in the presence of 239 
DMAPP as is indicated by the shifted 10 nt AAA36-38 containing fragment in the tyrosine tRNA 240 
(Figure 2B). Similarly, when the serine tRNA is incubated with Mod5 and DMAPP, a complete shift 241 
of the 10 nt AAA36-38 containing fragment is observed (Figure 2C). Interestingly, a partial shift of 242 
a 7 nt fragment is observed that does not contain the AAA36-38 (Figure 2C). These data suggest 243 
that the AAA36-38 sequence and structure are not required for Mod5 in vitro activity; however, 244 
future studies using LC-MS/MS or other methods are required to confirm the exact chemical 245 

nature of the modification. 246 
 247 

FIGURE LEGENDS:  248 
 249 

Figure 1: Illustration of isopentenyl transferase assay. tRNA, internally labeled with 32P-250 
adeonsine, is shown incubated with S. cerevisiae tRNA isopentenyl transferase (Mod5), and ATP 251 

with or without DMAPP. Positions A36-A38 are indicated adjacent to the anticodon region. Red 252 
asterisks represent radiolabeled nucleotides. Following incubation, RNAs are digested with 253 
RNase T1, extracted, and resolved by 20% denaturing-PAGE. The transfer of an isopentenyl group 254 

from DMAPP to the tRNA is indicated by a retarded band during electrophoresis.  255 
 256 

Figure 2: RNase T1 digestion map and representative results of an isopentenyl transferase 257 
assay. (A) Black triangles represent RNase T1 cleavage sites, and black lines above the triangles 258 

represent resulting fragments that contain at least one 32P-labeled adenosine. Grey highlighted 259 
residues are predicted i6A modification sites (i.e., A37). (B) Tyrosine tRNA and (C) serine tRNA 260 

were internally labeled with 32P-adenosine. The S. cerevisiae isopentenyl transferase, Mod5, was 261 
incubated with each RNA in the presence or absence of DMAPP. The RNAs were then digested 262 

with RNase T1 and resolved on denaturing-PAGE. Shifted bands dependent on DMAPP indicate 263 



 

 
 

the presence of a modified RNA residue. The predicted modification site, A37, is underlined, and 264 

modified A37 residues are indicated with an asterisk. An unanticipated and novel modification 265 
site is identified and indicated as “i6A?”. This figure has been modified from Read et al. 24 with 266 

permission. 267 
 268 

DISCUSSION:  269 
RNA modifications continue to be shown to play ever more important and diverse roles in cellular 270 

and organismal function. As such, the development of assays to interrogate RNA modifying 271 
enzymes is central to better understanding the fundamental aspects of biology. This protocol 272 
describes a high-resolution in vitro assay to characterize the tRNA modification activity of Mod5. 273 
 274 
This protocol has the distinct advantage of providing a direct, and easily interpretable readout of 275 
isopentenylation. The protocol described allows for robust biochemical characterization of 276 
isopentenyl transferases. Furthermore, this system can be used with enzyme variants or modified 277 
RNA substrates, allowing for direct determination of roles that specific residues or domains have 278 

on modification. To gain even greater resolution, this protocol could readily be adapted to include 279 

parallel digestions with other RNases, such as RNase P1 and/or RNase A, which cleave at all four 280 
nucleotides or at C and U, respectively.  281 
 282 
A limitation of this assay is that it is relatively low-throughput and thus fewer RNAs that can be 283 
practically analyzed compared to RNA-sequencing and mass spectrometry approaches34. 284 
Therefore, it is not recommended that this protocol be used for those who aim to identify RNA 285 
modification sites transcriptome-wide. This protocol is most useful to investigators who are 286 
interested in examining a specific RNA modifying enzyme with particular RNAs of interest. 287 
However, many transcriptome wide methodologies used to identify RNA modifications require 288 
covalent addition of a chemical moiety to a modified nucleotide. This method provides a cheap 289 

and efficient assay where one could test modification protocols on an individual substrate to 290 
optimize chemical modification before committing to a transcriptome-wide effort40. Although 291 

this protocol provides a simple and direct assay to detect isopentenyl transferase activity, as it is 292 
described here, only the percent modified of the total RNA fragment can be calculated and 293 

compared between groups. Researchers interested in making quantitative enzyme activity 294 
comparisons must first calculate the units of activity per concentration of enzyme.  295 

 296 
Success of this method relies heavily on a few critical steps. It is important that the integrity of 297 
the RNA of interest is confirmed prior to the isopentenylation. Degradation of the RNA sample 298 

prior to the isopentenyl transferase assay could have a significant effect on RNA modification and 299 
confound data interpretation. Furthermore, such degradation is difficult to detect after the 300 

RNase T1 digestion has taken place. Therefore, it is recommended that RNA integrity is checked 301 
by denaturing PAGE. Furthermore, to fully and accurately characterize the extent of RNA 302 

modification, it is essential to ensure RNase T1 digestion has proceeded to completion. Additional 303 
RNases, such as RNase P1 and/or RNase A, may be used to digest RNAs in parallel with RNase T1 304 

to increase the resolution of this assay. Radiolabeled oligonucleotide ladders of known length 305 
and sequence and undigested RNA samples can be used to assess digestion. Lastly, for some 306 

enzymes, the specificity of modification depends on the RNA being in the “correctly” folded state. 307 



 

 
 

While most tRNAs synthesized in vitro fold into structures resembling their in vivo structure, this 308 

is less certain for other classes of RNAs, particularly with longer RNAs41.  309 
 310 

Although the protocol described is specific to Mod5 isopentenylation of tRNAs, this method could 311 
be easily adapted to characterize other RNA-modifying enzymes that covalently add a chemical 312 

moiety that significantly alters the molecular weight or gel mobility of the RNA.  313 
 314 

ACKNOWLEDGMENTS: 315 
We would like to thank Dr. David Engelke for his guidance and helpful comments on this 316 
manuscript. PJS - Ball State University laboratory startup funds; DAB - grant 1R15AI130950-01.  317 
 318 
DISCLOSURES: 319 
None to disclose.  320 
 321 
REFERENCES: 322 

1 Boccaletto, P. et al. MODOMICS: a database of RNA modification pathways. 2017 update. 323 

Nucleic Acids Research. 46 (D1), D303-d307, doi:10.1093/nar/gkx1030, (2018). 324 
2 Lewis, C. J., Pan, T. & Kalsotra, A. RNA modifications and structures cooperate to guide RNA-325 
protein interactions. Nature Reviews: Molecular and Cellular Biology. 18 (3), 202-210, 326 
doi:10.1038/nrm.2016.163, (2017). 327 
3 Soll, D. Enzymatic modification of transfer RNA. Science. 173 (3994), 293-299 (1971). 328 
4 Schweizer, U., Bohleber, S. & Fradejas-Villar, N. The modified base isopentenyladenosine and 329 
its derivatives in tRNA. RNA Biology. 14 (9), 1197-1208, doi:10.1080/15476286.2017.1294309, 330 
(2017). 331 
5 Persson, B. C., Esberg, B., Olafsson, O. & Bjork, G. R. Synthesis and function of isopentenyl 332 
adenosine derivatives in tRNA. Biochimie. 76 (12), 1152-1160 (1994). 333 

6 Urbonavicius, J., Qian, Q., Durand, J. M., Hagervall, T. G. & Bjork, G. R. Improvement of reading 334 
frame maintenance is a common function for several tRNA modifications. EMBO Journal. 20 (17), 335 

4863-4873, doi:10.1093/emboj/20.17.4863, (2001). 336 
7 Aubee, J. I., Olu, M. & Thompson, K. M. The i6A37 tRNA modification is essential for proper 337 

decoding of UUX-Leucine codons during rpoS and iraP translation. RNA. 22 (5), 729-742, 338 
doi:10.1261/rna.053165.115, (2016). 339 

8 Caillet, J. & Droogmans, L. Molecular cloning of the Escherichia coli miaA gene involved in the 340 
formation of delta 2-isopentenyl adenosine in tRNA. Journal of Bacteriology. 170 (9), 4147-4152 341 
(1988). 342 

9 Soderberg, T. & Poulter, C. D. Escherichia coli dimethylallyl diphosphate:tRNA 343 
dimethylallyltransferase: essential elements for recognition of tRNA substrates within the 344 

anticodon stem-loop. Biochemistry. 39 (21), 6546-6553 (2000). 345 
10 Dihanich, M. E. et al. Isolation and characterization of MOD5, a gene required for 346 

isopentenylation of cytoplasmic and mitochondrial tRNAs of Saccharomyces cerevisiae. 347 
Molecular and Cellular Biology. 7 (1), 177-184 (1987). 348 

11 Lemieux, J. et al. Regulation of physiological rates in Caenorhabditis elegans by a tRNA-349 
modifying enzyme in the mitochondria. Genetics. 159 (1), 147-157 (2001). 350 



 

 
 

12 Golovko, A., Sitbon, F., Tillberg, E. & Nicander, B. Identification of a tRNA 351 

isopentenyltransferase gene from Arabidopsis thaliana. Plant Molecular Biology. 49 (2), 161-169 352 
(2002). 353 

13 Warner, G. J., Rusconi, C. P., White, I. E. & Faust, J. R. Identification and sequencing of two 354 
isopentenyladenosine-modified transfer RNAs from Chinese hamster ovary cells. Nucleic Acids 355 

Research. 26 (23), 5533-5535 (1998). 356 
14 Golovko, A., Hjalm, G., Sitbon, F. & Nicander, B. Cloning of a human tRNA isopentenyl 357 

transferase. Gene. 258 (1-2), 85-93 (2000). 358 
15 Kernohan, K. D. et al. Matchmaking facilitates the diagnosis of an autosomal-recessive 359 
mitochondrial disease caused by biallelic mutation of the tRNA isopentenyltransferase (TRIT1) 360 
gene. Human Mutations. 38 (5), 511-516, doi:10.1002/humu.23196, (2017). 361 
16 Yarham, J. W. et al. Defective i6A37 modification of mitochondrial and cytosolic tRNAs results 362 
from pathogenic mutations in TRIT1 and its substrate tRNA. PLoS Genetics. 10 (6), e1004424, 363 
doi:10.1371/journal.pgen.1004424, (2014). 364 
17 Smaldino, P. J., Read, D. F., Pratt-Hyatt, M., Hopper, A. K. & Engelke, D. R. The cytoplasmic and 365 

nuclear populations of the eukaryote tRNA-isopentenyl transferase have distinct functions with 366 

implications in human cancer. Gene. 556 (1), 13-18, doi:10.1016/j.gene.2014.09.049, (2015). 367 
18 Lamichhane, T. N., Mattijssen, S. & Maraia, R. J. Human cells have a limited set of tRNA 368 
anticodon loop substrates of the tRNA isopentenyltransferase TRIT1 tumor suppressor. 369 
Molecular and Cellular Biology. 33 (24), 4900-4908, doi:10.1128/mcb.01041-13, (2013). 370 
19 Swoboda, R. K. et al. Antimelanoma CTL recognizes peptides derived from an ORF transcribed 371 
from the antisense strand of the 3' untranslated region of TRIT1. Molecular Therapy Oncolytics. 372 
1, 14009, doi:10.1038/mto.2014.9, (2015). 373 
20 Yue, Z. et al. Identification of breast cancer candidate genes using gene co-expression and 374 
protein-protein interaction information. Oncotarget. 7 (24), 36092-36100, 375 
doi:10.18632/oncotarget.9132, (2016). 376 

21 Chen, S. et al. Association of polymorphisms and haplotype in the region of TRIT1, MYCL1 and 377 
MFSD2A with the risk and clinicopathological features of gastric cancer in a southeast Chinese 378 

population. Carcinogenesis. 34 (5), 1018-1024, doi:10.1093/carcin/bgt010, (2013). 379 
22 Spinola, M. et al. Identification and functional characterization of the candidate tumor 380 

suppressor gene TRIT1 in human lung cancer. Oncogene. 24 (35), 5502-5509, 381 
doi:10.1038/sj.onc.1208687, (2005). 382 

23 Spinola, M. et al. Ethnic differences in frequencies of gene polymorphisms in the MYCL1 region 383 
and modulation of lung cancer patients' survival. Lung Cancer. 55 (3), 271-277, 384 
doi:10.1016/j.lungcan.2006.10.023, (2007). 385 

24 Read, D. F. et al. Aggregation of Mod5 is affected by tRNA binding with implications for tRNA 386 
gene-mediated silencing. FEBS Letters. 591 (11), 1601-1610, doi:10.1002/1873-3468.12627, 387 

(2017). 388 
25 Waller, T. J., Read, D. F., Engelke, D. R. & Smaldino, P. J. The human tRNA-modifying protein, 389 

TRIT1, forms amyloid fibers in vitro. Gene. 612, 19-24, doi:10.1016/j.gene.2016.10.041, (2017). 390 
26 Suzuki, G., Shimazu, N. & Tanaka, M. A yeast prion, Mod5, promotes acquired drug resistance 391 

and cell survival under environmental stress. Science. 336 (6079), 355-359, 392 
doi:10.1126/science.1219491, (2012). 393 



 

 
 

27 Soderberg, T. & Poulter, C. D. Escherichia coli dimethylallyl diphosphate:tRNA 394 

dimethylallyltransferase: site-directed mutagenesis of highly conserved residues. Biochemistry. 395 
40 (6), 1734-1740 (2001). 396 

28 Lamichhane, T. N., Blewett, N. H. & Maraia, R. J. Plasticity and diversity of tRNA anticodon 397 
determinants of substrate recognition by eukaryotic A37 isopentenyltransferases. Rna. 17 (10), 398 

1846-1857, doi:10.1261/rna.2628611, (2011). 399 
29 Lamichhane, T. N. et al. Lack of tRNA modification isopentenyl-A37 alters mRNA decoding and 400 

causes metabolic deficiencies in fission yeast. Molecular and Cellular Biology. 33 (15), 2918-2929, 401 
doi:10.1128/mcb.00278-13, (2013). 402 
30 Laten, H., Gorman, J. & Bock, R. M. Isopentenyladenosine deficient tRNA from an 403 
antisuppressor mutant of Saccharomyces cerevisiae. Nucleic Acids Research. 5 (11), 4329-4342 404 
(1978). 405 
31 Etcheverry, T., Colby, D. & Guthrie, C. A precursor to a minor species of yeast tRNASer contains 406 
an intervening sequence. Cell. 18 (1), 11-26 (1979). 407 
32 Yan, M. et al. A high-throughput quantitative approach reveals more small RNA modifications 408 

in mouse liver and their correlation with diabetes. Analytical Chemistry. 85 (24), 12173-12181, 409 

doi:10.1021/ac4036026, (2013). 410 
33 Su, D. et al. Quantitative analysis of ribonucleoside modifications in tRNA by HPLC-coupled 411 
mass spectrometry. Nature Protocols. 9 (4), 828-841, doi:10.1038/nprot.2014.047, (2014). 412 
34 Jonkhout, N. et al. The RNA modification landscape in human disease. Rna. 23 (12), 1754-413 
1769, doi:10.1261/rna.063503.117, (2017). 414 
35 Dominissini, D. et al. The dynamic N(1)-methyladenosine methylome in eukaryotic messenger 415 
RNA. Nature. 530 (7591), 441-446, doi:10.1038/nature16998, (2016). 416 
36 Meyer, K. D. et al. Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs 417 
and near stop codons. Cell. 149 (7), 1635-1646, doi:10.1016/j.cell.2012.05.003, (2012). 418 
37 Squires, J. E. et al. Widespread occurrence of 5-methylcytosine in human coding and non-419 

coding RNA. Nucleic Acids Research. 40 (11), 5023-5033, doi:10.1093/nar/gks144, (2012). 420 
38 Schwartz, S. et al. Transcriptome-wide mapping reveals widespread dynamic-regulated 421 

pseudouridylation of ncRNA and mRNA. Cell. 159 (1), 148-162, doi:10.1016/j.cell.2014.08.028, 422 
(2014). 423 

39 Schwartz, S. et al. High-resolution mapping reveals a conserved, widespread, dynamic mRNA 424 
methylation program in yeast meiosis. Cell. 155 (6), 1409-1421, doi:10.1016/j.cell.2013.10.047, 425 

(2013). 426 
40 Behm-Ansmant, I., Helm, M. & Motorin, Y. Use of specific chemical reagents for detection of 427 
modified nucleotides in RNA. Journal of Nucleic Acids. 2011 408053, doi:10.4061/2011/408053, 428 

(2011). 429 
41 Novikova, I. V., Hennelly, S. P. & Sanbonmatsu, K. Y. Tackling structures of long noncoding 430 

RNAs. International Journal of Molecular Sciences. 14 (12), 23672-23684, 431 
doi:10.3390/ijms141223672, (2013). 432 

 433 



Figure 1 Click here to download Figure JoVE_Figure 1.TIF 

http://www.editorialmanager.com/jove/download.aspx?id=816168&guid=b069e6d7-e17c-4f5f-a7b5-304a1efad849&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=816168&guid=b069e6d7-e17c-4f5f-a7b5-304a1efad849&scheme=1


Figure 2 Click here to download Figure JoVE_Figure 2.tif 

http://www.editorialmanager.com/jove/download.aspx?id=816172&guid=20230e1a-30f2-48bb-b07a-4dcabfa08f79&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=816172&guid=20230e1a-30f2-48bb-b07a-4dcabfa08f79&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

Reagents

UreaGel Concentrate National Diagnostics EC-833 As part of a kit

UreaGel Diluent National Diagnostics EC-833 As part of a kit

UreaGel Buffer National Diagnostics EC-833 As part of a kit

10x TBE National Diagnostics EC-833 As part of a kit

Ammonium persulfate (APS) Sigma-Aldrich 7727-54-0
N,N,N′,N′-

Tetramethylethylenediamine 

(TMED) Sigma-Aldrich T9281

Tris base Sigma-Aldrich T1503

Boric acid Sigma-Aldrich 10043-35-3

EDTA Sigma-Aldrich 60-00-4

ATP Sigma-Aldrich 34369-07-8

MgCl2 Sigma-Aldrich 7786-30-3

DMAPP Caymen Chemical 1186-30-7

Super RNaseIN ThermoFisher Scientific AM2694

2-mercaptoethanol Sigma-Aldrich 60-24-2

Ethanol Sigma-Aldrich 64-17-5

Sodiume acetate Sigma-Aldrich 127-09-3

Rnase T1 ThermoFisher Scientific EN0541

Glycerol Sigma-Aldrich 56-81-5

Xylene cyanol Sigma-Aldrich 2650-17-1

Equipment and Supplies
Short glass plates (20-40 cm W x 

40 cm L) The Gel Company
Long glass plates (20-40 cm W x 

40 cm L) The Gel Company
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Vertical gel apparatus The Gel Company S2-3040

50 mL disposable syringe Fisher Scientific 03-377-26

Stainless steel binder clips Idea Scientific 1066

Phosphoscreen Sigma-Aldrich 28-9564-74

Plastic wrap (local grocery store)
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Journal of Visualized Experiments 

Ms. Ref. No.:  JoVE58100 

 

Dear Dr. DSouza, 

 

Please find included in our resubmission a revised version of our manuscript "A simple and direct in vitro assay to detect 

tRNA-isopentenyl transferase activity." The reviewer comments have enabled us to greatly improve the quality of our 

manuscript. In the following pages are our point-by-point responses to each of the editorial comments. (Editor/reviewer 

comments are italicized with author responses to each comment are in bold).  

We thank you for your time and consideration, and look forward to receiving your comments. 

 

 

Sincerely, 

 

 
  

Philip J. Smaldino, PhD  

 

Assistant Professor 

Department of Biology 

Ball State University 

Muncie, IN 47306 

 
 
RESPONSE TO REVIEWER COMMENTS: 
 
Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar 
issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the 
published version. 
We have carefully edited and proofread the manuscript.  
 
2. Please combine all panels of one figure into a single image file. 
We have combined panels 2B and 2C into one file.  

Rebuttal Letter Click here to download Rebuttal Letter
JoVE_Resubmussion_Cover Letter and Rebuttal.pdf
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3. Please rephrase the Short Abstract to clearly describe the protocol and its applications in complete sentences between 
10-50 words: “Here, we present a protocol to …” 
We have made these changes. 
 
4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 
We have made these changes. 
 
5. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the 
technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete 
sentences wherever possible. 
We have made these edits wherever possible. 
 
6. Please specify all volumes and concentrations added for the reactions. 
We have made these edits.  
 
7. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be 
expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this 
information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the 
Figure Legend, i.e. “This figure has been modified from [citation].” 
We have included a statement from FEBS Letters indicating permission to reuse figures that we have previously 
published for use in this current JoVE manuscript.  
 
8. Please do not abbreviate journal titles. 
 
Reviewers' comments: 
Reviewer #1: Manuscript Summary: The authors describe a protocol for a high-resolution, low-cost assay that detects 
tRNA modification by Mod5. First, RNA is isopentenylated by incubation with Mod5 and DMAPP and radioactively 
labeled with P-32. RNAs are subsequently digested with RNase T1 and subjected to denaturing electrophoresis. 
Phosphor imaging reveals shifts in band size among isopentenylated RNA fragments, compared to DMAPP-lacking 
control reactions. The authors used this technique to successfully detect Mod5-mediated isopentenyl modification of 
tyrosine (S cerevisiae) and serine (H. sapiens) tRNAs. A major advantage of this protocol is its adaptability for the study 
of different enzymes and RNAs. The authors nicely review additional techniques for the detection of RNA modifications. 
 
Major Concerns: None 
 
Minor Concerns:  
(1) The authors refer to a 7M urea denaturing gel in Step 3.11. However, the urea gel is 7.5M urea, according to Section 
2.  
We have edited this typo so that 7.5 M Urea is consistently stated throughout.  
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(2) Mod5 is an S. cerevisiae enzyme. Does the H. sapiens origin of the serine tRNA inform the finding of a novel i6A 
modification site and, if so, how? 
This is an interesting question, and we cannot be sure of the answer without additional experiments that confirm the 
identity of the novel modification, which we are presuming to be i6A.  We have added the following statement to 
address this consideration: 
 
“Interestingly, we also observe a partial shift of a 7 nt fragment that does not contain the AAA36-38 sequence (Figure 
2C). These data suggest that the AAA36-38  sequence and structure is not required for Mod5 in vitro activity, however, 
future studies using LC-MS or other methods are required to confirm the exact chemical nature of the modification.” 
 
Reviewer #2: Manuscript Summary: 
 
I suggest to eliminate the last sentence since it depends on the effects produced by the modification on Endonuclease 
accessibility 
We have removed the last sentence.  
 
Major Concerns: 
The article shows a method for the study of specific enzymes that catalyze the isopentenylation, specifically the protocol 
addresses de activity of the Mod5 enzyme, which modifies position A37 of specific tRNAs. The authors declare that the 
method presented is sensitive and allow the study of determinants for the activity of this type of transferase enzymes. 
However, the sensitivity of this method is not commented or compared with other methods and experiments were not 
done to specifically show this. Radioactive signal is sensitive per se, but quantitation or estimation of the changes in the 
amount or pattern in the signal produced by different conditions or variations in the presence of determinants in the 
tRNAs are not documented. Moreover, although different profiles of i6A-modified fragments are produced from tRNAs 
from yeast and human, no direct assay was done to show how changes in other modifications present in this specific 
tRNAs (yeast or human) could influence Mod5 transferase activity. This would be very useful in order to evidence the 
sensitivity and capability of the method to address what is state in the manuscript. 
A specific problem of the protocol is related with the way that the amount of the enzyme used is presented. It appears 
that is not commercial and the amount is presented as a concentration, therefore with this assay is not possible to 
estimate the sensitivity of this specific method. Using this same method one could calculate the Units of activity of Mod5 
present in the concentration used in the assay proposed. 
 
We acknowledge the limitation brought up by Reviewer 2 regarding quantitation and claims of sensitivity. Although 
we agree that developing a quantitative protocol to measure i6A modification would be useful, we believe that the 
extensive characterization that this would require is beyond the scope of this current JoVE protocol. The revised 
version of this manuscript is edited to present this method as a simple, direct, and qualitative assay useful in 
detecting isopentenylation of tRNAs. Claims of sensitivity and quantitative language throughout the manuscript have 
been edited to reflect these changes, including in the title and elsewhere. We have also added the following 
statement to the Discussion: 
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“Although this protocol provides a simple and direct assay to detect isopentenyl transferase activity, as it is 

described here, only the percent modified of the total RNA fragment can be calculated and compared between groups. 

Researchers interested in making quantitative enzyme activity comparisons must first calculate the Units of 

activity per concentration of enzyme.” 

 
 
Minor Concerns: [none] 
 
Reviewer #3: Manuscript Summary: The paper discussed current methods for tRNA-isopentenyl transferase activity assay 
and described the details of an in vitro assay method. 
Minor Concerns:  

1) The method to label RNAs with P32 needs to be described.  

The method to radioactively-label the RNAs was referenced in the original text of the manuscript. We have retained 
this reference in the resubmitted manuscript and have added the following text: 
“Briefly, RNAs were in vitro-transcribed using T7 RNA polymerase in the presence of  unlabeled ATP, UTP, CTP, GTP 
and 10 µCi of α-ATP, gel-purified, ethanol-precipitated, resuspended in 1x TE (10 mM Tris-HCl pH 7.5, 0.1 mM EDTA), 
and stored at -80°C” 
 
2) Figure 2C showed an unexpected modification of the 7nt fragment. Is there a limitation of this method that other types 
of modification would show similar results as i6A modification? 
 
This is an interesting idea. It is possible that Mod5 could potentially modify the RNA in a way which is distinct from its 
well-characterized isopentenyl transferase activities. Given the well-known function of Mod5 as an isopentenyl 
transferase, and given that the shift requires DMAPP, strongly suggests that the shift represents a non-canonical i6A 
modification. Despite, these data, we acknowledge the lack of direct evidence for this claim and therefore we agree 
with the reviewer that we cannot completely rule out another type of modification. Therefore, we have adjusted the 
text to reflect this consideration: 
 
“Interestingly, we also observe a partial shift of a 7 nt fragment that does not contain the AAA36-38 sequence (Figure 
2C). These data suggest that the AAA36-38  sequence and structure is not required for Mod5 in vitro activity, however, 
future studies using LC-MS or other methods are required to confirm the exact chemical nature of the modification.” 
 
Reviewer #4: Manuscript Summary: 
The manuscript by Chambers et al describes the original method for detection and characterization of RNA i6A-modifying 
enzymatic activity. Other methods exist for this purpose, but current version provides not only detection of isopentenyl 
group incorporation but also gives the position of modification, which is an extra value compared to other methods. The 
method uses internally 32P labelled RNA transcript and non-labelled DMAPP. After incubation with the enzyme, the 
transcript is completely digested by RNAse T1 and the resulting fragments are separated by denaturing 20% gel. The 
fragment with extra i6-group migrates slower compared to unmodified counterpart, allowing identification of 
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modification position. The manuscript is clearly written, even if some improvements can be suggested (see below). 
 
Major Concerns: 
1. The observation that i6A-modified RNA fragment migrates slower compared to unmodified sequence is barely 
convincing in its present state and requires further validation. First, the gel presented in Figure 2a (2B) presents traces of 
image manipulation at the bottom part and should be replaced by the version where both samples migrate together on 
the SAME gel in parallel. The same applies also to Figure 2b (2C), where two lanes are just assembled from different gels 
or gel parts. 
 
We believe that the Reviewer meant Figures 2B and 2C, since there gel images are not present in Figure 2A. The 
reactions shown in Figures 2B and 2C are run on different gels and as such, are presented as separate panels. 
Secondly, we do not draw comparisons between the images in Figures 2B and 2C. The only comparisons that we make 
are between the lanes containing the same RNA’s with and without DMAPP. For these comparisons, we agree with 
the reviewer in that the samples should be on the same gel and adjacent to each other on that gel; this is how the 
experiments presented in this manuscript were performed. Samples in Figure 2B were run on a single gel and samples 
in Figure 2 C were run on a single gel. We have included the original images for each of these gels. We cropped Figures 
2B and 2C for purely aesthetic reasons (see image below). The degree of spacing between lanes for each gels was 
slightly different, therefore we cropped out the extra space in Figure 2C. We left a gap between the lanes to disclose 
that the image had been cropped. The cropping does not alter the result; in the presence of DMAPP we observe a 
shifted band for both tRNAs. We have added the following statement to the Figure 2 legend: 
 
“Cropped images are indicated by white separation.” 
 
Other than image cropping as described above, there were no other “image manipulations” to Figure 2B or 2C. The 
reviewer may be referring to a horizontal line across the bottom of the image in 2B. This line continues across the 
width of the original image as well, and is simply an imaging artifact and not an image manipulation.  

 
 



 

College of Sciences and Humanities 
Department of Biology 

Muncie, Indiana 47306-0440 | Phone: 765-285-8820 | Fax: 765-285-8804 | biologydept@bsu.edu | www.bsu.edu/biology 

 
2. Size ladder is missing on the gels, thus one can only guess the fragments' sizes. 
 
The sequence of each in vitro-transcribed RNA used in these experiments is known beforehand, therefore the band 
sizes and RNase digest patterns are predicable (see Figure 2A). For each RNA, we observed a banding pattern 
consistent with the predicted patterns. Therefore, although an RNA size ladder might be helpful, it is not essential 
enough to warrant repeating these experiments in their entirety in order to obtain an image with a size marker 
included. Furthermore, the suggested experiments would be practically impossible to complete within the given 
revision time (~3 weeks).   
We have added the following suggestion for the reader: 
“Radiolabeled RNA size ladders may be included to serve as an additional mobility marker.”  
 
3. It is not clear which internal 32P-labelling was used in the experiments. I strongly recommend repeating the assay 
using transcripts separately labelled by all four 32P-rNTP and compare obtained profiles. 
 
This submission of this current article is an effort to publish a previously published method in a video-format. 
Therefore, the authors suggest that the above described experiments are beyond the scope of this JoVE submission.  
Furthermore, our protocol describes a method that specifically detects isopentenylation of adenosine (A), therefore 
radiolabeled-A is used, allowing for identification of A-containing fragments. Although, repeating this experiment 
with all 4 radiolabeled nucleotides would increase the resolution of this assay, it would also add a substantial amount 
of costs, labor, and time, and greatly reduce the practicality of this protocol. The suggested experiments would also 
require far more time than has been allotted for revision (~3 weeks)   
 
4. Analysis of RNAse T1 fragments should be completed by RNAse P1 and T2 digestions made on the same samples and 
2D TLC plates confirming i6A formation upon incubation. 
 
The submission of this current article is an effort to publish a previously published method in a video-format [Read, D. 
F. et al. Aggregation of Mod5 is affected by tRNA binding with implications for tRNA gene-mediated silencing. FEBS 
Lett. 591 (11), (2017)]. Therefore we feel that the above described experiments are beyond the scope of this JoVE 
submission.  
However, we have added the following comment in the Discussion to address the reviewer’s concern: 
“Additional RNases, such as RNAse P1 and/or RNase A, may be used to digest RNAs in parallel with RNase T1 to 
increase the resolution of the assay.” 
 
5. The observation that human tRNASer is modified at the non-conventional site is contradictory to all previous 
observations, and thus should be confirmed by independent approaches, like LC-MS or similar onthe authors' choice. 
 
Given the well-known function of Mod5 as an isopentenyl transferase enzyme and given that the modification is 
DMAPP-dependent, this strongly suggests that the shift represents a non-canonical i6A modification. Despite these 
data, we acknowledge the lack of direct evidence for this claim and we cannot completely rule out another type of 
modification.  
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We have included the following statement as a suggestion for the readers: 
“Interestingly, we also observe a partial shift of a 7 nt fragment that does not contain the AAA36-38 sequence (Figure 
2C). This suggest that the AAA36-38  sequence and structure is not required for Mod5 in vitro activity, however, future 
studies using LC-MS or other methods are required to confirm the exact chemical nature of the modification.” 
 
Minor Concerns: 
Both short and long abstract are not informative since mostly describe i6A biology and not the method suggested.  
We have edited the short and long abstracts to place more emphasis and focus on the method. 
 
Part of the introduction on deep-sequencing approaches is not relevant since these methods are not described for i6A for 
the moment. Instead, authors should describe more in details existing protocols for i6A detection, in order to compare 
with current protocol proposed in the manuscript. 
We have provided details for 5 different existing protocols for detecting i6A in 3 full paragraphs within the 
Introduction. We respectively disagree with the Reviewer’s suggestion to remove discussion of deep-sequencing 
approaches in the Introduction.  Although it is true that i6A has not yet be characterized by deep-sequencing 
techniques, it does not follow that the researcher would not have this option when choosing a protocol. Therefore, 
we think that mention of all feasible methods to characterize i6A, including yet be done deep sequencing-based 
approaches, should be included.  
 
Limitations of the approach should be clearly defined in discussion. 
We have added additional limitations of this protocol to the Discussion section, including discussion of the qualitative 
nature of this protocol.  
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