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Abstract

Transfer RNA (tRNA) molecules contain many chemical modifications that are introduced after 

transcription. A major form of these modifications is methyl transfer to bases and backbone 

groups, using S-adenosyl methionine (AdoMet) as the methyl donor. Each methylation confers a 

specific advantage to tRNA in structure or in function. A remarkable methylation is to the G37 

base on the 3' side of the anticodon to generate m1G37-tRNA, which suppresses frameshift errors 

during protein synthesis and is therefore essential for cell growth in all three domains of life. This 

methylation is catalyzed by TrmD in bacteria and by Trm5 in eukaryotes and archaea. Although 

TrmD and Trm5 catalyze the same methylation reaction, kinetic analysis reveal that these two 

enzymes are unrelated to each other and are distinct in their reaction mechanism. This chapter 

summarizes the kinetic assays that are used to reveal the distinction between TrmD and Trm5. 

Three types of assays are described, the steady-state, the pre-steady-state, and the single turnover 

assays, which collectively provide the basis for mechanistic investigation of AdoMet-dependent 

methyl transfer reactions.
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1. Introduction

Naturally occurring tRNA molecules contain many post-transcriptionally modified bases and 

backbones, where the standard nucleotides (A, C, G, and U) are modified with the addition 

of various chemical moieties. Each post-transcriptional modification is synthesized in a 

specific enzymatic pathway on the primary tRNA transcripts. Modifications that occur in the 

tRNA elbow region mainly contribute to the tertiary folding of the nucleic acid and those in 

the anticodon region mainly contribute to the protein synthesis activity on the ribosome. 

These and other post-transcriptional modifications can also play a role in the cellular 

response to stress (Yi and Pan, 2011). Although other types of cellular RNA (e.g., mRNA, 

rRNA, microRNA, piwi-interacting RNA, and small interfering RNA) also contain post-

transcriptional modifications (Yi and Pan, 2011), tRNA is distinguished with the most 

diversity and abundance. A major form of post-transcriptional modifications in tRNA is 
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methylation. For example, of the 76 nucleotides in the standard sequence framework of E. 
coli tRNA, up to 9 different types of methylation can occur (Figure 1A, Table 1), whereas 

other types of modifications (pseudouridynation, thiolation, dihydrouridylation, etc) are 

much less frequent. Given the dominance of methylation, the question of how the addition of 

a single methyl group to a nucleotide can modulate tRNA structure and activity becomes 

increasingly important.

To address the role of each methylation to tRNA, it is necessary to understand the reaction 

mechanism of the methyl transferase and to relate it to biology. One consideration is the 

methyl donor of the methyl transferase. The greatest majority of methyl transferases use 

AdoMet as the methyl donor. The preference for AdoMet over other methyl donors, such as 

folate, reflects the favorable energetics resulting from a nucleophilic attack on the positively 

charged methyl group of the sulfonium center (Figure 1B). The energy release upon methyl 

transfer from AdoMet is more than twice of the energy release upon hydrolysis of ATP to 

ADP and Pi (Cantoni, 1975). The target atoms performing the nucleophilic attack on the 

methyl group of AdoMet are diverse, including nitrogen, oxygen, carbon, and sulfur. 

AdoMet itself is synthesized by condensation of methionine with ATP by methionine 

adenosyl transferase (or SAM synthetase) (Markham et al., 1980), and the product of methyl 

transfer is S-adenosyl homocysteine (AdoHcy). The ratio of AdoMet versus AdoHcy is 

defined as the methylation potential and it is subject to change according to the energy state 

of a cell. In mammals, the reduction of the methylation potential lengthens the circadian 

rhythm (Fustin et al., 2013), indicating a broad impact on cell physiology. This observation 

then raises the question of whether the circadian lengthening is due to the loss of 

methylation at specific sites in a specific subset of tRNA. It is possible that, upon the 

reduction of the methylation potential, certain types of tRNA methylation remain while 

others decrease or disappear, leading to changes in the tRNA structure and activity. To 

address the dynamics of such changes in cells, a pre-requisite is an understanding of the 

sensitivity of each tRNA methyl transferase to alterations of the AdoMet level in kinetic 

analysis

A second consideration is the structural conformation of AdoMet when bound to a tRNA 

methyl transferase. To date, at least 5 classes (class I–V) of structurally distinct AdoMet-

dependent methyl transferases have been identified (Schubert et al., 2003). The distinction 

among the 5 classes is the topological structural fold that binds AdoMet and as such the 

conformation of AdoMet in each fold. This wide diversity among AdoMet-dependent 

methyl transferases is paralleled only by the diversity among ATP-dependent protein kinases 

and phosphoryl transferases (Schubert et al., 2003). The discovery of different AdoMet 

conformations among methyl transferases suggests the existence of distinct reaction 

mechanisms. For example, the class I fold is the most common of the 5 classes and it 

includes the greatest majority of tRNA methyl transferases, including TrmA for synthesis of 

m5U54 and TrmB for synthesis of m7G46 in E. coli (Table 1) (Hou and Perona, 2010). The 

class I fold binds AdoMet in the open space of a dinucleotide-fold (also known as the 

Rossmann-fold) (Schubert et al., 2003). A signature of the class I fold is that AdoMet adopts 

a straight conformation, where the adenosine and methionine moieties are extended in 

opposite direction from each other (Schubert et al., 2003). The other type of tRNA methyl 

transferases has the class IV fold, which is characterized by binding AdoMet to the bottom 
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of a deep cleft in a topologically knotted protein fold. The class IV fold is rare among 

protein structures and it is made up of three passages of the protein backbone in and out of a 

loop in a structure known as the trefoil-knot fold (Nureki et al., 2002; Nureki et al., 2004). A 

signature of the class IV fold is that AdoMet adopts a sharp bent conformation, where the 

two component moieties are spatially facing each other almost at a right angle (Schubert et 

al., 2003). Only a limited number of E. coli tRNA methyl transferases have the class IV fold 

and these include TrmD for synthesis of m1G37, TrmH for synthesis of Gm18 (Gm = 2’-O-

methyl), TrmJ for synthesis of Cm32/Um32, and TrmL for synthesis of Cm34/Um34 (Table 

1).

TrmD presents an important case for why kinetic analysis of methyl transfer is critical for 

understanding the reaction mechanism. TrmD is broadly conserved in the bacterial domain 

(Bystrom and Bjork, 1982a, b), while its counterpart in the eukaryotic and archaeal domain 

is Trm5 (Christian et al., 2004; Christian et al., 2013). Both TrmD and Trm5 are essential for 

cell growth (Baba et al., 2006; Bjork et al., 2001), because their reaction product m1G37 

occurring on the 3' side of the tRNA anticodon is necessary to suppress +1-frameshift errors 

on the ribosome. Unlike mis-sense errors, +1-frameshift errors are deleterious, resulting in 

pre-mature termination of protein synthesis and leading to cell death. However, while TrmD 

and Trm5 catalyze the same reaction, they are fundamentally distinct (Ahn et al., 2003; 

Christian et al., 2004; Elkins et al., 2003; Goto-Ito et al., 2008; Goto-Ito et al., 2009). The 

distinction is manifested in their structure: while TrmD is an obligated dimer that uses the 

class IV-fold for AdoMet binding, Trm5 is an active monomer that uses the class I-fold 

(Christian et al., 2004). More importantly, the distinction is manifested in their kinetics: 

while the slow step of the TrmD reaction is the chemistry of methyl transfer, that of the 

Trm5 reaction is after methyl transfer and is associated with release of the m1G37-tRNA 

product (Christian et al., 2010b). Indeed, it is with the understanding of their kinetic 

distinction that we now gain insight into how their structural distinction affects methyl 

transfer. For example, while TrmD recognizes AdoMet using a rigid lock-and-key mode, 

Trm5 uses an induced-fit mode (Lahoud et al., 2011). While TrmD binds tRNA by 

recognizing only the anticodon stem-loop, Trm5 recognizes the entire tRNA L-shape with an 

emphasis on the elbow region (Christian and Hou, 2007; Goto-Ito et al., 2009). While TrmD 

discriminates the target G37 base by carefully reading all three functional groups on the 

Watson-Crick face, Trm5 is more relaxed and reads only two of the three functional groups 

(Sakaguchi et al., 2012). Finally, while both enzymes involve a general base to abstract the 

N1 proton of G37 to activate the nucleophile, TrmD differs from Trm5 by engaging a 

catalytic Mg2+ ion for the proton abstraction (Christian et al., 2010a; Sakaguchi et al., 2014). 

Together, these mechanistic distinctions show that the structural difference between TrmD 

and Trm5 has resulted in the kinetic distinction of their methyl transfer. Importantly, this 

correlation between structure and mechanism would not have been realized without the 

development of kinetic assays to monitor the methyl transfer reaction of each enzyme.

Here we describe three kinetic assays that were used to distinguish TrmD from Trm5. 

Combined, these assays provide information on the rate constant of each catalytic turnover 

(kcat), the substrate concentration (Km) that permits methyl transfer proceeding at the half-

maximum turnover rate, the rate constant of methyl transfer in a single turnover (kchem), the 

substrate binding affinity (Kd) for the methyl transferase in a single turnover, and the rate-
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limiting step in multiple rounds of turnover. A summary of these kinetic parameters for E. 
coli TrmD (EcTrmD) and the archaeal Methanococcus jannaschii Trm5 (MjTrm5) is shown 

in Table 2. The central component of these assays is the radioactive [3H-methyl]-AdoMet as 

the methyl donor (abbreviated as 3H-AdoMet hereafter), which permits the incorporation of 

[3H-methyl] to synthesize the product m1G37-tRNA. While the radioactivity in the product 

tRNA is an integral part of the nucleic acid and therefore is acid precipitable, that in the free 

AdoMet substrate is not acid precipitable and can be washed away. Measuring the 

radioactivity of the product tRNA, usually collected on filter pads, then quantifies the 

amount of product synthesis. This quantitative information is valuable for insight into the 

kinetic and catalytic mechanism. An advantage of this method is that because the radiolabel 

is placed on AdoMet, the substrate G37-tRNA can be prepared without label in one 

transcription reaction.

In contrast, there exists an alternative and also quantitative assay (Swinehart et al., 2013), 

which places the label on the substrate G37-tRNA while using unlabeled AdoMet. In this 

alternative method, the G37-tRNA substrate is prepared with a site-specifically placed 32P at 

the 5' end of G37, so that the label is associated only with G37 in the substrate or m1G37 in 

the product (Jackman et al., 2003). After methyl transfer, the substrate and product tRNAs 

are digested to single 5'-monophosphate nucleotides, and G37 and m1G37 are separated by 

one-dimensional thin layer chromatography (TLC) and quantified individually on a 

phosphorimager screen. A major challenge of this alternative assay, however, is that the site-

specific labeling of 5'-32P-G37 in tRNA is a multi-step process, involving synthesis of a 

tRNA fragment starting with G37, 5'-32P-labeling of this fragment, and joining this labeled 

fragment with another tRNA fragment to reconstitute the full-length molecule. While this 

multi-step labeling procedure was successful for the G37-tRNA substrate, it may be difficult 

for other tRNA substrates, possibly involving ligation of three or more fragments (Sakaguchi 

et al., 2012).

2. Methodology

1. Steady state assays

2. Pre-steady-state assays

3. Single turnover assays

3. Steady state assays

For decades, kinetic analysis of methyl transfer to tRNA substrates has been dominated by 

steady state assays. In these assays, the enzyme is in catalytic amounts, the tRNA substrate 

is in excess, the AdoMet concentration is saturating, and the reaction proceeds over multiple 

rounds of turnover. Fitting the data of the initial rate of methyl transfer (V0) as a function of 

the tRNA substrate concentration to the Michaelis-Menten equation yields the catalytic 

turnover kcat and the Michaelis constant for the tRNA substrate Km (tRNA). Conversely, 

analysis of the initial rate (V0) as a function of the AdoMet concentration, while tRNA is 

saturating, yields the catalytic turnover kcat and the Michaelis constant Km (AdoMet). In 

both cases, the kcat value should be similar, which is a validation for the reliability of the 
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assay. Using such steady state assays, the kinetic parameters of EcTrmD were determined 

and used to evaluate the corresponding parameters of mutant enzymes harboring amino acid 

substitutions (Elkins et al., 2003). This analysis revealed the broad landscape of the enzyme, 

showing the residues important for synthesis of m1G37-tRNA. Because steady state assays 

require only minimal amounts of the enzyme, they are easy to prepare and are usually the 

first assays to perform for a methyl transfer reaction.

3.1. Preparation of a target tRNA transcript

The substrate tRNA is prepared as a transcript from run-off transcription of a DNA template 

encoding a native or mutant sequence. The DNA template sequence can be cloned into a 

plasmid and made available for run-off transcription by digestion with a restriction enzyme 

to expose the 3' end. Alternatively, the DNA template can be constructed from overlapping 

oligonucleotides (Hou, 2012; Zhang et al., 2008). The template sequence is usually placed 

behind the promoter of the highly processive T7 RNA polymerase and the transcription by 

this enzyme gives the best yield for the range of tRNA lengths (70–90 nucleotides). An over-

producer strain of T7 RNA polymerase is available (Tabor et al., 1987) and the enzyme can 

be purified in house and titrated to the level where 10 µL of the enzyme gives visible 

precipitation of pyrophosphate-Mg2+ conjugates in less than one hour at 37 °C. The 

pyrophosphate is released from NTP upon incorporation of NMP during active transcription. 

The observation of such precipitation is usually a good indication of strong transcription. If 

no precipitation is observed in more than one hour, then add more T7 RNA polymerase to 

the transcription reaction.

An important note of T7 RNA polymerase is that it initiates transcription only with G 

(guanosine, GMP, or GTP). Therefore, substrate sequences that do not start with a G are 

prepared with a hammerhead ribozyme sequence between the promoter and the first 

nucleotide of the tRNA gene (Fechter et al., 1998; Liu et al., 2012; Pham et al., 2014). 

Transcription of this hybrid construct gives rise to a fusion, where the synthesized ribozyme 

in the upstream portion will self-cleave to liberate the downstream substrate tRNA with a 5'-

OH end. Another consideration is the propensity of T7 RNA polymerase to generate 

heterogeneous 3' ends, which can affect some post-transcriptional modification reactions 

(Roovers et al., 2006). This problem can be reduced, but not completely eliminated, by two 

methods. One is to use the “foot” mutant of T7 RNA polymerase, which lacks the C-

terminal F882-A883 residues of the wild-type enzyme and as a result exhibits reduced 

processivity (Mookhtiar et al., 1991). The other is to introduce two consecutive 2'-O-methyl 

backbone modifications to the 5'-terminus of the non-coding strand of the DNA template to 

reduce the processivity of T7 RNA polymerase (Kao et al., 1999). Notably, introduction of 

the 2'-O-methyl backbone modifications are not easily achieved with plasmid DNA 

templates, but are readily accommodated by chemical synthesis of oligonucleotides for 

constructing DNA templates. The synthesized tRNA transcripts are separated from DNA 

templates by denaturing 12% polyacrylamide/7M urea (12%PAGE/7M urea) gels, identified 

by UV shadowing, extracted from gel materials into the TE buffer (10 mM Tris-HCl, pH 8.0, 

1 mM EDTA), collected by 3 volumes of ethanol precipitation, washed by 70% ethanol, and 

resuspended and stored in TE.
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3.2. Methyl transfer in steady-state conditions

The representative enzymes are EcTrmD and MjTrm5, each of which is well characterized 

and has a high-resolution crystal structure in complex with AdoMet or the product AdoHcy 

(Elkins et al., 2003; Goto-Ito et al., 2008; Goto-Ito et al., 2009). Additionally, EcTrmD is 

homologous to Haemophilus influenza TrmD, which has crystal structures in the apo form 

and in the form with AdoMet or AdoHcy (Ahn et al., 2003), while MjTrm5 is homologous 

to human Trm5 (Homo sapiens Trm5, HsTrm5) with similar kinetic parameters (Christian et 

al., 2013). The chosen assay temperature is 37 °C for EcTrmD and HsTrm5 and 55 °C for 

MjTrm5. The G37-tRNA substrate for each enzyme is the transcript of EctRNALeu, 

HstRNACys, and MjtRNACys, respectively. The reaction buffer for EcTrmD is 0.1 M Tris-

HCl (pH 8.0), 24 mM NH4Cl2, 6 mM MgCl2, 4 mM dithiothreitol (DTT), 0.1 mM EDTA, 

and 0.024 mg/mL bovine serum albumin (BSA). The same reaction buffer applies to 

MjTrm5 and HsTrm5, except that NH4Cl2 is increased to 100 mM. To determine the kinetic 

parameters for the tRNA substrate, the substrate concentration varies while AdoMet is 

saturating; conversely, to determine the kinetic parameters for AdoMet, the concentration of 

the methyl donor varies, while tRNA is saturating. In either case, the substrate must exist in 

excess of the enzyme (preferably more than 50-fold), so that the enzyme can catalyze 

multiple turnovers while the reaction consumes no more than 5% of the substrate.

1. Prepare the working stock of 3H-AdoMet by mixing as follows:

Purchase 3H-AdoMet commercial solution (Perkin Elmer, NET155H, 60 Ci/mmol, 

6.6 µM, 0.55 µCi/µL).

Purchase unlabeled AdoMet (1 mM): dissolve 0.57 mg of AdoMet in 1.0 mL water 

with 1 µL concentrated H2SO4 (final concentration of the acid = 12 mM). Store the 

solution at −20 °C.

Mix 200 µL 3H-AdoMet commercial solution with 90 µL unlabeled AdoMet (1 

mM) to give a final concentration of ~300 µM AdoMet with a specific activity of 

2,650 dpm/pmole.

2. Calculate the specific activity of the working stock 3H-AdoMet from step 1.

The working stock consists of 200 µL of the commercial 3H-AdoMet (6.6 µM, 

0.55 µCi/µL) and 90 µL of unlabeled AdoMet (1 mM)

Total concentration of the commercial 3H-AdoMet in the mixture: 4.55 µM

Total concentration of unlabeled AdoMet in the mixture: 310.34 µM

Combined concentration of AdoMet: 314.89 µM

Total µCi in the mixture: 0.55 µCi/µL × 200 µL = 110 µCi

Specific activity in dpm/pmole: [110 µCi × (2.2 × 106 dpm/µCi)] / [314.89 

pmole/µL × 290 µL)] = 2,650 dpm/pmole.

3. As an initial determination of the kinetic parameters for the G37-tRNA substrate 

for EcTrmD or MjTrm5, set up a series of reactions, where the concentration of 

G37-tRNA increases by 2-fold from 0.1 to 25 µM. This range of concentration 

usually covers the Km (tRNA) (5 µM for EcTrmD and 0.5 µM for MjTrm5) 
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(Christian et al., 2013; Elkins et al., 2003). Include in the series a reaction without 

tRNA as a control. Once an initial Km (tRNA) is determined, one should repeat the 

Km (tRNA) analysis by ranging the G37-tRNA concentration between 1/5 and 5× 

of the initial Km (tRNA) value.

4. Each reaction in the series above should have the following components:

Reaction components Volume to add (µL) Final concentration (µM)

tRNA/TE 10.0 0.1–25

Heat-cool (HC buffer) 2.0

5× buffer 5.0 1.0×

3H-AdoMet (310 µM, 2,650 dpm/pmol) 3.0 37.2

EcTrmD or MjTrm5 (25 nM) 5.0 0.005

Total 25.0

Heat the series of reactions containing only tRNA/TE at 80 °C for 3 min, spin 

briefly, add the HC buffer (10 mM Tris-HCl, pH 8.0, 10 mM MgCl2), and anneal 

the tRNA at 37 °C for 15 min.

5. Add the 5× buffer, the working stock 3H-AdoMet, and initiate the reaction by 

adding EcTrmD or MjTrm5. At the specified time points (e.g., 2, 4, 6, 8, and 10 

min), remove 5 µL from the reaction, spot it onto a 1 cm2 Whatman 3MM filter 

pad, and place the filter pad into a beaker containing 5% trichloroacetic acid 

(TCA).

6. After all pads are in TCA, shake the solution for 10 min at 4 °C to wash off un-

incorporated 3H-AdoMet, while allowing the synthesized m1G37-tRNA to 

precipitate in TCA. Decant and repeat the 5% TCA wash.

7. Wash all filter pads with 95% ethanol by shaking for 10 min at 4 °C in the beaker. 

Repeat the ethanol wash one more time.

8. Wash all filter pads with ether. Agitate gently by hand and let the ether solution sit 

at room temperature for 5 min under a fume hood. Decant ether and dry the filter 

pads under the fume hood for 15 min.

9. Transfer each filter pad to a scintillation solution in a vial and measure the amount 

of radioactivity using a liquid scintillation counter.

10. Calculate the amount of m1G37-tRNA synthesis based on the specific activity of 

the working stock of 3H-AdoMet.

11. Correct the 3H counting by measuring the quenching factor using the following 

procedure: Take a 5 µL aliquot at the final time point of a reaction and pass it 

through a quick spin column to remove unincorporated 3H-AdoMet, which stays 

with the column. Directly transfer the eluate 5 µL (which contains counts only 

associated with the methylated tRNA) into the liquid scintillation fluid and measure 

the counts. The ratio of the direct measurement of this count over the count on the 

TCA precipitated filter pad at the same time point reveals the quenching factor, 
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which should be used to correct the fraction of methylation. For the protocol 

described here, the quenching factor is usually 4.

12. For each enzyme concentration, fit the data of the time course to the linear 

equation:

(equation 1)

where y is the pmoles of synthesis of m1G37-tRNA, x is the time, a is the initial 

rate (V0) of synthesis in pmoles/sec, and b is the intercept on the y axis, which 

arises from background counts of the reaction due to non-specific binding of 3H-

AdoMet to filter pads. The value of b should be closely similar to the value 

obtained from the control reaction containing no tRNA.

13. Plot the initial rate V0 as a function of the G37-tRNA concentration by fitting the 

data to the Michaelis-Menten equation:

(equation 2)

where V0 is the initial rate of synthesis of m1G37-tRNA (in pmole/sec), S is the 

substrate G37-tRNA concentration (in µM), Vmax is the maximum rate (in pmole/

sec), kcat is the catalytic turnover (in sec−1), E0 is the enzyme quantity in the 

reaction (in pmole), and Km is the Michaelis constant for the G37-tRNA substrate 

(in µM).

3.3. Experimental considerations

To determine the kinetic parameters of AdoMet, one should design a series of reactions 

similar to steps 3–4 in Section 3.2 but vary the AdoMet concentration in 0.1–25 µM, while 

the tRNA substrate is saturating (~10× of Km (tRNA)). The suggested range of AdoMet 

concentration covers the Km (AdoMet) for EcTrmD (5–8 µM) and MjTrm5 (0.5 µM) 

(Christian et al., 2013; Lahoud et al., 2011). By having a working stock of 3H-AdoMet (step 

2), one can use this stock to make appropriate dilution to the desired concentration. 

However, an important difference here from the determination of Km (tRNA) is that the 

radioactivity of AdoMet varies with each dilution. To address this difference, one needs to 

have a no-tRNA control reaction for each AdoMet concentration to provide the background 

counts for correction of the non-specific radioactivity bound to filter pads at each 

concentration. The counts after correction of the no-tRNA control for each AdoMet 

concentration, followed by correction for the filter-quenching factor, are then converted to 

pmoles of product synthesis. This information is then used to determine the Km (AdoMet) as 

described in steps 11–13.

The steady state parameters are each a composite term of multiple turnovers. Therefore, kcat 

does not mean the rate constant of methyl transfer and Km does not mean the binding 

affinity of the substrate to the enzyme. The kinetic assays described below, pre-steady-state 

and single turnover assays, are designed to complement steady state assays.
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4. Pre-steady-state assays

The recent development of pre-steady-state assays has shed new light on the distinction 

between TrmD and Trm5. In pre-steady-state assays, the G37-tRNA substrate is maintained 

in 10-fold molar excess of the enzyme and both the substrate and the enzyme are at the µM 

level to permit one turnover of methyl transfer on the enzyme, followed by multiple rounds 

of steady-state turnover. It was in fact in pre-steady-state assays that the kinetics of TrmD 

was distinguished from Trm5. Specifically, while the TrmD reaction occurred linearly over 

time, the Trm5 reaction occurred in a rapid burst phase followed by a slower and linear 

phase (Fig. 2) (Christian et al., 2010b). Fitting the TrmD data to a linear equation revealed a 

slope of 0.09 ± 0.01 s−1, similar to the value of kcat in steady state. Fitting the Trm5 data to a 

burst equation revealed a rate constant of 0.12 ± 0.03 s−1 for the first turnover and a rate 

constant of 0.020 ± 0.007 s−1 for steady-state turnover kcat. The rate constant for the first 

turnover is associated with the chemistry of methyl transfer (kchem) under conditions of 

rapid equilibrium binding and it can report either the chemical step or the pre-chemistry 

active-site rearrangement step of the enzyme. Because TrmD maintains the same rate 

constant in the first turnover as in steady-state turnover, its catalytic cycle is limited by 

kchem. In contrast, because Trm5 exhibits a faster kchem in the first turnover relative to the 

steady-state kcat, its catalytic cycle is limited by kcat, which is associated with the release of 

the m1G37-tRNA product. Indeed, by treating m1G37-tRNA as an inhibitor of Trm5, pre-

steady-state assays showed that increasing concentration of the inhibitor progressively 

decreased the burst amplitude, a parameter that indicates the active fraction of the enzyme 

(Christian et al., 2010b). Similarly, increasing concentration of AdoHcy also decreased the 

burst amplitude (Christian et al., 2010b). The analysis of the Kd of each inhibitor for Trm5 

then revealed that the enzyme has a tighter binding affinity to AdoHcy relative to AdoMet 

and a tighter binding affinity to m1G37- relative to G37-tRNA. These results support the 

notion that the tight binding of Trm5 to either product contributes to the slow product release 

in catalytic turnover.

4.1. Methyl transfer in pre-steady-state conditions

Using EcTrmD and MjTrm5 as the examples, the reaction buffer for each is as described in 

section 3.2. Because methyl transfer of the first turnover for EcTrmD (kobs = 0.09 ± 0.01 

s−1) or MjTrm5 (kobs = 0.12 ± 0.03 s−1) occurs on the time scale of 0.1 s−1 or faster 

(Christian et al., 2010b), meaning that it takes less than 10–11 sec to complete the first 

turnover, the pre-steady-state measurement should be carried out on a rapid mixing and 

quench instrument. Our lab uses the KinTek RQF-3 model (KinTek Corp, Texas, 

www.kintek-corp.com), which operates with a computer panel to control rapid mixing of the 

contents of two syringes and time-dependent quenching of the reaction. For methyl transfer 

that proceeds on a slower time scale, the mixing and quenching can be performed without 

the instrument. We have found that data obtained from the same protocol performed with or 

without the instrument are similar, with the standard deviation less than 20%.

1. Take an aliquot of the unmodified transcript of G37-tRNA (200 pmole) and adjust 

the volume with TE to 15 µL. Heat the tRNA solution for 3 min at 80 °C, which is 

above the estimated melting temperature of the tRNA transcript. Quickly spin the 
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solution and add 5 µL of the HC buffer. Anneal the G37-tRNA at 37 °C for 15 min. 

The resulting stock concentration of G37-tRNA is 100 µM.

2. Prepare the G37-tRNA solution for syringe #1 of the RQF-3 instrument:

Syringe #1 Volume 2× Concentration 1× Concentration

G37-tRNA transcript (100 µM) 60.0 µL 20.0 µM 10.0 µM

ddH2O 151.0 µL

5× buffer 60.0 µL 1×

Working stock of 3H-AdoMet 29.0 µL 30.0 µM 15.0 µM

Total 300.0 µL

Mix G37-tRNA and ddH2O, add the 5× buffer, add the working stock of 3H-

AdoMet, and place the solution on ice until loading onto syringe #1. Note that the 

working stock of 3H-AdoMet is prepared as described in steps 1 and 2 of section 

3.2. When performing pre-steady-state assays, both the tRNA and enzyme solutions 

are made in the 2× concentration, which upon mixing will result in the 1× 

concentration of each component.

3. Prepare the enzyme solution for syringe #2 of the RQF-3 instrument:

Syringe #2 Volume 2× Concentration 1× Concentration

EcTrmD or MjTrm5 (400 µM) 1.5 µL 2.0 µM 1.0 µM

ddH2O 238.5 µL

5× buffer 60.0 µL 1×

Total 300.0 µL

Mix water and the 5× buffer and add the enzyme. Place the solution on ice until 

ready to load onto syringe #2.

4. On the RQF-3 instrument, fill the large syringe on each side with 1× buffer and the 

middle syringe with 5% TCA. Fill syringe #1 with 300 µL of the tRNA solution to 

one sample loop and syringe #2 with 300 µL of the enzyme solution to the second 

sample loop. Enter time points on the control panel. Upon hitting the start button, 

the 1× buffer pushes 15 µL from syringe #1 and 15 µL from syringe #2 into the 

reaction loop. After the specified time lapse (e.g., 0, 1, 3, 5, 7, 9, 12, 15, 20, 25, 30, 

40, 50, 60, 80, 100, and 120 sec), the reaction is quenched with 54 µL of 5% TCA.

5. Collect the quenched solution of each time point in an Eppendorf tube. Spot 20 µL 

of the quenched solution onto a 1 cm2 Whatman 3 MM filter pad. Wash all filter 

pads with 5% TCA twice, followed by 95% ethanol twice, and followed by ether 

once. Dry filter pads in hood and measure radioactivity of each filter pad in a 

scintillation counter. Correct the counts for the quenching factor, and calculate the 

synthesis of m1G37-tRNA based on the corrected counts. Calculate the fractional 
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conversion from G37 to m1G37-tRNA and plot the data vs. time. These procedures 

are as described in steps 6–12 of section 3.2.

6. Fit the data to the burst equation as shown below:

(equation 3)

where yo is the y intercept, A is the amplitude of the initial exponential phase 

(representing the active fraction of the enzyme), k1 is the observed rate constant of 

the initial exponential regression, k2 is the apparent rate constant of the steady-state 

phase, and t is the time in seconds (Dupasquier et al., 2008; Zhang et al., 2006).

4.2. Experimental considerations

The appearance of burst kinetics implies slow product release after methyl transfer. To test 

this hypothesis, one can use the burst phase to determine the enzyme affinity for the product. 

For example, to determine the enzyme affinity for the m1G37-tRNA product, we purified the 

product from the methyl transfer reaction by using RNase H to selectively cleave the 

substrate G37-tRNA (Hou, 2012; Hou et al., 2006). The purified m1G37-tRNA was used to 

form a series of Trm5-product complexes, which was tested for the forward methyl transfer 

reaction in pre-steady-state assays. We showed that while increasing concentration of the 

product had little effect on the rate of the burst or steady-state phase, it progressively 

decreased the amplitude of the burst phase (Christian et al., 2010b), indicating that the 

dissociation of the product from Trm5 was slow and it limited the availability of the enzyme 

for the forward reaction. A fit of the data to a quadruple equation (equation 4) revealed a Kd 

(m1G37-tRNA) of 0.2 ± 0.1 µM.

(equation 4)

where y represents the methylated tRNA product after one turnover; Eo is the active enzyme 

concentration; S is the tRNA concentration; Kd is the dissociation constant for tRNA 

(Dupasquier et al., 2008; Zhang et al., 2006). The Kd (m1G37-tRNA) is lower than the Kd 

(G37-tRNA) of the enzyme-substrate complex that was determined from single turnover 

kinetic assays (Christian et al., 2010b).

The burst amplitude can be further exploited to determine the parameters for AdoMet, such 

as Kd (AdoMet) and Kd (AdoHcy). For example, we determined Kd (AdoMet) by pre-

forming a series of Trm5-AdoMet complexes. Analysis of the series of complexes for 

methyl transfer in pre-steady-state assays showed progressive increases of the burst 

amplitude with increasing concentration of the methyl donor. Fitting the amplitude data as a 

function of AdoMet concentration to a hyperbolic equation (equation 5) revealed a Kd 

(AdoMet) of 0.44 ± 0.09 µM. Conversely, we determined Kd (AdoHcy) by pre-forming a 

series of Trm5-AdoHcy complexes and showed that increasing concentration of AdoHcy 

progressively decreased the burst amplitude in pre-steady-state assays. Fitting the amplitude 

data as a function of AdoHcy concentration to a hyperbolic equation (equation 6) revealed a 

Kd (AdoHcy) of 20 ± 5 nM, which is nearly 20-fold lower than the Kd (AdoMet). 
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Interestingly, between the two products of the methyl transfer reaction, we noticed that the 

Kd (AdoHcy) is 20-fold lower than the Kd (m1G37-tRNA), indicating that it is AdoHcy that 

has the highest affinity for Trm5 and that it is the release of AdoHcy that controls the overall 

catalytic turnover for Trm5.

(equation 5)

where A is maximum amplitude in burst kinetics, S is the AdoMet concentration 

(Dupasquier et al., 2008; Zhang et al., 2006).

(equation 6)

where yo is the initial burst amplitude in the absence of AdoHcy; A is the scaling constant 

for amplitude change upon addition of AdoHcy; I is the concentration of AdoHcy 

(Dupasquier et al., 2008; Zhang et al., 2006).

5. Single turnover assays

In single turnover assays, the enzyme is in excess of the tRNA substrate and the AdoMet 

concentration is saturating, so that the reaction proceeds only once. This single turnover 

condition offers two advantages. First, because the observed rate constant (kobs or kapp) 

reports the kinetics of just one methyl transfer, the plot of kobs vs. concentration leads to the 

determination of kinetic parameters intrinsically associated with the methyl transfer. Second, 

because the enzyme and AdoMet are both saturating relative to the tRNA substrate, the 

enzyme-substrate affinity is measured under the condition of rapid equilibrium binding, so 

that the determined Kd reflects the true thermodynamic binding affinity.

5.1. Methyl transfer in single turnover conditions

1. Prepare the tRNA solution for syringe #1 of the RQF-3 instrument:

Syringe 1 Volume 2× Concentration 1× Concentration

G37-tRNA transcript (100 µM) 1.5 µL 0.5 µM 0.25 µM

ddH2O 209.5 µL

5× buffer 60.0 µL 1×

Working stock of 3H-AdoMet 29.0 µL 30.0 µM 15.0 µM

Total 300.0 µL

Mix G37-tRNA and ddH2O, add the tRNA, and denature the mixture by heating at 

85 °C for 3 min. Briefly spin down the heated solution and then add the 5× buffer 

to allow annealing of the tRNA at 37 °C for 15 min. Add the working stock of 3H-

AdoMet and place the solution on ice until loading onto syringe #1. Note that the 

working stock of 3H-AdoMet is prepared as described in steps 1 and 2 of section 

3.2. When performing single turnover assays, both the tRNA and enzyme solutions 

are made in the 2× concentration, which upon mixing will result in the 1× 

concentration of each component.
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2. In single turnover assays, the reaction rate is driven by the enzyme concentration, 

not by the tRNA concentration (Dupasquier et al., 2008; Liu et al., 2011; Liu et al., 

2007; Zhang et al., 2006). Therefore, a series of reactions are designed with 

increasing concentration of the enzyme, so that the plot of kobs vs. concentration 

gives the Kd of the enzyme for the tRNA substrate (Kd (tRNA)). The 6 reactions 

designed below are to provide an initial evaluation of the Kd (tRNA). Once an 

initial Kd (tRNA) is obtained, the experiments should be repeated to vary the 

enzyme concentration in the range of 1/5 and 5× of the Kd.

3. Using EcTrmD as an example, prepare a series of the enzyme solutions (ranging 

from 2 to 32 µM as the 2×) for syringe #2 of the RQF-3 instrument. For each 

concentration, prepare a 300 µL solution. A total of 6 concentrations are prepared.

Reaction 1 2 3 4 5 6

2× EcTrmD 2 µM 4 µM 8 µM 16 µM 24 µM 32 µM

1× EcTrmD 1 µM 2 µM 4 µM 8 µM 12 µM 16 µM

EcTrmD stock (400 µM) 1.5 µL 3.0 µL 6 µL 12 µL 18 µL 24 µL

5× buffer 60 µL 60 µL 60 µL 60 µL 60 µL 60 µL

ddH2O 238.5 µL 237 µL 234 µL 228 µL 222 µL 216 µL

Total 300 µL 300 µL 300 µL 300 µL 300 µL 300 µL

Mix ddH2O and the 5× buffer, add the enzyme solution. Place on ice until loading 

onto syringe #2.

4. On the RQF-3 instrument, fill the 1× buffer solution, 5% TCA solution, the tRNA 

solution, and one enzyme solution to the appropriate syringes as described in step 4 

of Section 4.1. After the specified time lapse, the reaction is quenched with 54 µL 

of 5% TCA. Put the quenched solution in an Eppendorf tube and collect samples up 

to 17 time points (e.g., 0, 1, 3, 5, 7, 9, 12, 15, 20, 25, 30, 40, 50, 60, 80, 100, and 

120 sec).

5. Spot 20 µL of each aliquot onto a 1 cm2 Whatman 3 MM filter pad. Wash all filter 

pads with 5% TCA twice, with 95% ethanol twice, and with ether once. Dry filter 

pads in a hood and measure radioactivity of each filter pad in a scintillation counter. 

Correct the counts for the quenching factor, calculate the synthesis of m1G37-tRNA 

based on the specific activity of 3H-AdoMet, convert the data into fractional 

conversion from G37 to m1G37-tRNA, and plot the data vs. time. These procedures 

are as described in steps 6–12 of section 3.2.

6. Data points for each time course are fit to the single exponential equation:

(equation 7)

where yo is the y intercept, A is the scaling constant, kapp is the apparent rate 

constant, and t is the time in seconds to determine kobs (or kapp) (Dupasquier et al., 
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2008; Zhang et al., 2006). The data of kobs vs. enzyme concentration for single 

turnover analysis of m1G37-tRNA synthesis are fit to the hyperbolic equation:

(equation 8)

where kchem is the rate constant for the steps associated with the methyl transfer 

chemistry, Kd is the enzyme affinity for the tRNA substrate (Kd (tRNA)), and Eo is 

the enzyme concentration (Dupasquier et al., 2008; Zhang et al., 2006). Note that in 

single turnover assays using chemical quench, kchem can be the chemistry of methyl 

transfer or the pre-chemistry rearrangement of the enzyme active site. The latter 

possibility can be addressed by dynamics experiments using fluorescent tRNA (Liu 

et al., 2009) in stopped-flow methodologies.

5.2. Experimental considerations

In single turnover assays, control experiments should be performed in which enzyme, tRNA, 

and AdoMet are mixed in different orders and in different syringes. For example, syringe #1 

may contain just the tRNA solution, while syringe #2 may contain AdoMet and the enzyme 

solution. If all of the mixing control experiments return the same kobs value, then this is 

evidence that the rate of methyl transfer is independent of the mixing order, and that the 

reaction is proceeding under a rapid equilibrium binding condition.

For TrmD, which lacks burst kinetics, the determination of Kd (AdoMet) cannot take 

advantage of the burst amplitude as in the case of Trm5. Instead, the value of Kd (AdoMet) 

for TrmD can be determined using single turnover assays, in which the enzyme 

concentration is in excess of the AdoMet substrate, while the tRNA concentration is 

saturating. For example, prepare the tRNA solution for syringe #1 of RQF-3 at the 2× 

concentration of 20 µM of G37-tRNA and 1 µM of the working stock of 3H-AdoMet in 1× 

buffer. The specific activity of 3H-AdoMet is 3,400 dpm/pmole, higher than the specific 

activity (2,650 dpm/pmole) for determination of Kd (tRNA), to compensate for the lower 

amount of AdoMet used in the reaction. Prepare a range of TrmD concentration for syringe 

#2 as in step 3 of Section 5.1. After rapid mixing of the tRNA solution with an enzyme 

solution, monitor the synthesis of m1G37-tRNA over time, and determine the kobs from the 

single exponential equation (equation 7) for the specific enzyme concentration. Fitting the 

data of kobs as a function of enzyme concentration to the hyperbola equation (equation 8) 

will then determine the Kd (AdoMet) for the enzyme. This assay has also been successfully 

applied to HsTrm5 without relying on the burst kinetics of the enzyme (Christian et al., 

2013).

6. Conclusions

All tRNA molecules contain multiple post-transcriptional modifications by AdoMet-

dependent methyl transfer reactions. These methylation reactions are subject to regulation, 

due to the variability of AdoMet levels depending on the energy state of a cell. However, 

because different methyl transferases bind AdoMet differently, their reactions are likely to 

be subject to different regulation. To understand the regulation of each methyl transferase 

and how the regulation contributes to the biology of a tRNA, kinetic analysis of the methyl 
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transfer reaction is necessary. This chapter describes three types of kinetic assays that 

collectively form the foundation to address the regulation. The steady state assays are 

important for establishing a global view of the methyl transfer reaction and the data provide 

the basis for comparing data of other assays. The pre-steady-state assays are performed 

under conditions closely similar to those in a cell and as such the data are relevant to 

biology, particularly with respect to the rate-limiting step in catalytic turnovers. The single 

turnover assays are performed upon rapid equilibrium binding of a methyl transferase to its 

substrates, so the data are most appropriate for correlating with the structural information of 

the enzyme. Although the three assays are described for the TrmD and Trm5 reactions, they 

are easily adaptable to other AdoMet-dependent methyl transferases.
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Figure 1. 
AdoMet-dependent methyl transfer to E. coli tRNA. (A) The cloverleaf structure of tRNA is 

made up of nucleotides as circles. Conserved nucleotides are shown in letters, non-

conserved nucleotides are shown as closed circles, and the anticodon nucleotides are shown 

as open circles. The position of each AdoMet-dependent methylation (catalyzed by the E. 
coli enzyme in parentheses) is indicated. The nucleotide numbering is based on the standard 

sequence framework of tRNA (Sprinzl et al., 1998). (B) The chemical structure of AdoMet.
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Figure 2. 
Pre-steady-state kinetics of m1G37-tRNA synthesis. (A) Monitoring the time course of 

synthesis upon mixing EcTrmD (1 µM) with EctRNALeu (10 µM) and AdoMet (30 µM) at 

37 °C. The time-dependent synthesis is calculated as the amount of synthesis per active site 

of the enzyme (%) and is fit to equation 1 to determine the slope (a = slope and b = 0). (B) 

Monitoring the time course of synthesis upon mixing MjTrm5 (1 µM), MjtRNACys (10 µM), 

and AdoMet (25 µM). The time-dependent synthesis is calculated as the amount of synthesis 

per active site of the enzyme (%) and is fit to equation 3 to determine kchem and kcat. This 

figure is adapted from Figure 1 in (Christian et al., 2010b).
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Table 2

Kinetic parameters of EcTrmD and MjTrm5.

Parameter EcTrmD MjTrm5 Assays References

Km (tRNA), µM 3.1 ± 0.1 0.70 ± 0.03 steady-state (Elkins et al., 2003)
(Masuda et al., 2013)

kcat, s−1 0.09 ± 0.01 0.017 ± 0.002 steady-state (Christian and Hou, 2007)

0.020 ± 0.007 pre-steady-state (Christian et al., 2010b)

Kd (tRNA), µM 0.44 ± 0.04 1.4 ± 0.1 single turnover (Christian et al., 2010b)

Kd (AdoMet), µM 0.8 ± 0.1 single turnover (Christian et al., 2010b)

Kd (m1G37-tRNA), µM 0.2 ± 0.1 pre-steady-state (Christian et al., 2010b)

Kd (AdoHcy), µM 0.020 ± 0.005 pre-steady-state (Christian et al., 2010b)

kchem, s−1 0.09 ± 0.01 0.12 ± 0.03 pre-steady-state (Christian et al., 2010b)

0.12 ± 0.01 single turnover (Christian et al., 2010b)
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