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ABSTRACT

Transfer RNAs acquire a variety of naturally occurring chemical modifications during their maturation; these fine-tune their
structure and decoding properties in a manner critical for protein synthesis. We recently reported that in the eukaryotic
parasite, Trypanosoma brucei, a methylation and deamination event are unexpectedly interconnected, whereby the tRNA
adenosine deaminase (TbADAT2/3) and the 3-methylcytosine methyltransferase (TbTrm140) strictly rely on each other for
activity, leading to formation of m3C and m3U at position 32 in several tRNAs. Still however, it is not clear why these two
enzymes, which work independently in other systems, are strictly codependent in T. brucei. Here, we show that these enzymes
exhibit binding synergism, or a mutual increase in binding affinity, that is more than the sum of the parts, when added
together in a reaction. Although these enzymes interact directly with each other, tRNA binding assays using enzyme variants
mutated in critical binding and catalytic sites indicate that the observed binding synergy stems from contributions from tRNA-
binding domains distal to their active sites. These results provide a rationale for the known interactions of these proteins, while
also speaking to the modulation of substrate specificity between seemingly unrelated enzymes. This information should be of
value in furthering our understanding of how tRNA modification enzymes act together to regulate gene expression at the post-
transcriptional level and provide a basis for the interdependence of such activities.
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INTRODUCTION

All nucleic acids in cells undergo some type of post-transcrip-
tional chemical modification; these may involve chemically
simple modifications such as methylations and thiolations
or more complex ones requiring several chemical building
blocks. Regardless, the importance of modifications is high-
lighted by their prevalence and degree of evolutionary
conservation, and further made obvious by the fact that
organisms dedicate more than 1% of their genome to encode
modification enzymes (Björk and Kohli 1990; Hopper and
Phizicky 2003; de Crécy-Lagard 2007). Functionally, some
modifications act as structural modulators increasing flexibil-
ity or rigidity as needed, in turn affecting nucleic acid stability;
others can directly impact gene function by altering the genetic
information of the nucleic acids they target.

By far, tRNAs are the recipients of the largest diversity of
modifications. In general, modifications at the anticodon
loop play critical roles in translational efficiency and/or fidel-
ity, whereas modifications that are more distal from the
anticodon arm ensure proper folding of the tRNA and thus
affect tRNA function indirectly. To date over 100 different

modifications have been identified in tRNA and in some
organisms, for example, Saccharomyces cerevisiae, almost a
complete set of modification enzymes have been described.
In most cases, however, it is less clear how each enzyme at
the molecular level recognizes and targets specific substrates
in a pool of very similar nonsubstrate tRNAs. Predictably,
their chemical diversity and the variety of tRNA positions tar-
geted dictate that modification enzymes may have evolved
numerous ways of substrate recognition; some binding to
local secondary structural features, some recognizing the
global L-shaped tertiary fold, and yet others surveying specif-
ic sequences within the tRNA molecule. Notably, modifica-
tion enzymes may act on a tRNA molecule at any point in
its folding pathway, with some modifications playing critical
roles early, ensuring the formation of certain structures while
avoiding formation of unwanted conformers. These enzymes
lay the structural foundation for subsequent modification en-
zymes that rely on tRNA architecture for activity (Grosjean
et al. 1996b; Helm 2006; Swinehart and Jackman 2015;

Corresponding author: alfonzo.1@osu.edu
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/rna.062893.

117.

© 2018 McKenney et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see http://
rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/by-nc/
4.0/.

56 RNA 24:56–66; Published by Cold Spring Harbor Laboratory Press for the RNA Society

mailto:alfonzo.1@osu.edu
mailto:alfonzo.1@osu.edu
mailto:alfonzo.1@osu.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.062893.117
http://www.rnajournal.org/cgi/doi/10.1261/rna.062893.117
http://www.rnajournal.org/cgi/doi/10.1261/rna.062893.117
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml


McKenney et al. 2017). For instance, introduction of m1A at
position 9 in human mitochondrial tRNALys favors forma-
tion of its canonical L-shape structure (Helm et al. 1998;
Helm 2006; Kobitski et al. 2011). Further modification of
m2G10 and pseudouridine (ψ) at positions 27 and 28 strongly
depends on proper formation of tertiary structure, and by ex-
tension, upon prior synthesis of m1A9 (Helm 2006). Many
modification enzymes require a fully folded tRNA for activi-
ty; among these, S. cerevisiae tRNA adenosine deaminase,
ScADAT2/3, strictly relies on the global structure of the
tRNA to form inosine at position 34 (I34) (Haumont et al.
1984; Auxilien et al. 1996; Grosjean et al. 1996b). However,
its bacterial counterpart, ADATa or TadA, in vitro can effi-
ciently deaminate a minimal substrate composed only of
the anticodon arm (Auxilien et al. 1996; Wolf et al. 2002).
Likewise, some tRNA methyltransferases, including bacterial
TrmJ and eukaryotic Trm5 methyltransferases, require full-
length tRNA, whereas others are less stringent and can mod-
ify shorter substrates in vitro (Liu et al. 2015).
A growing theme in the RNA modification field is that

many modifications do not occur in isolation and may be
part of well-orchestrated cascades, whereby one modification
is essential or may influence the synthesis of another; in such
cases, modifications are predicted to follow a strictly ordered
set of reactions. A model of modification interdependence,
where modifications may rely on prior modifications, was
first proposed after the observation of potential modification
and editing cascades in mitochondrial tRNAs (Mörl et al.
1995; Crain et al. 2002; Rubio and Alfonzo 2005; Rubio
et al. 2006a, 2017). Since then, more examples of modifica-
tion cascades have surfaced (Rubio and Alfonzo 2005; Shigi
et al. 2006; Rider et al. 2009; Tomikawa et al. 2010; Ishida
et al. 2011; Guy et al. 2012; Zhou et al. 2015; Arimbasseri
et al. 2016). In terms of tRNA methylation, there are several
cases in which methyltransferases specifically act on a previ-
ously modified substrate, or where a methylation serves as a
prerequisite for further modification (McKenney et al. 2017).
In E. coli, for instance, the TrmL methyltransferase requires
formation of i6A at position 37 (Zhou et al. 2015). The se-
quence A36–A37–A38 is important for EcTrmL methylation,
but whether this sequence is necessary for recognition by
the enzyme itself or for the i6A37 modification is yet unclear;
nonetheless, incorporation of i6A37 is sufficient to recruit
EcTrmL to the tRNA in vitro (Zhou et al. 2015). Likewise,
in yeast N6-isopentenyl adenosine (i6A) at position 37 is
required for m3C32 formation on tRNASer (Arimbasseri
et al. 2016). Indeed, yeast Trm140 recognizes the sequence
identity element G35–U36–t

6A37 in tRNAThr substrates;
however, the tRNASer substrate lacks this sequence (Han
et al. 2016). Instead, tRNASer recognition was stimulated by
seryl-tRNA synthetase (Ses1) and relies on its unique variable
loop in addition to t6A37 and i6A37 (Han et al. 2016). In yet
another example, deamination of adenosine to inosine
(A-to-I) is required for further methylation at position 37
of tRNAAla in eukaryotic tRNAs (Grosjean et al. 1995,

1996a; Gerber et al. 1998). In marsupials, deamination
editing from cytidine to uridine (C-to-U) at position 35
acts as a determinant for queuosine formation at position
34 in the anticodon loop of tRNAAsp (Mörl et al. 1995;
Arimbasseri et al. 2016). There is also direct precedence for
methylation as a requirement for deamination; in Archaea,
position 58 and/or 57 can be modified with m1A depending
on the organism (Grosjean et al. 1995; Roovers et al. 2004). If
m1A occurs at position 57, as in the majority of Archaea, it is
subsequently converted to m1I57 via adenosine deamination
(Grosjean et al. 1995, 1996a; Roovers et al. 2004).
We recently described an unexpected and uniquely ex-

treme instance of modification interdependence involving
a tRNA deaminase (TbADAT2/3) and a methyltransferase
(TbTrm140) from T. brucei. TbADAT2/3 and TbTrm140
act together to edit and modify a single nucleotide position
(cytosine 32, C32) in the anticodon loop of several tRNAs.
This position is first methylated to form 3-methylcytosine
(m3C) and then deaminated to generate 3-methyluridine
(m3U). Remarkably, to form these products both enzymes
must be present in the reaction and consequently they
form a stable protein complex in vitro and in vivo (Rubio
et al. 2017). This example of strict interdependence by both
enzymes then raises questions as to what each enzyme con-
tributes to each other in targeting C32. In the present report,
we have taken advantage of the robustness of m3C formation
in vitro and performed a series of binding and kinetic studies
that show that interdependence may be driven by the syner-
gistic effect that both enzymes have on substrate binding
when added together in the same reaction. We also show
that active site residues in each enzyme contribute minimally
to binding synergy and that the observedmutual enhancement
of substrate binding depends on domains that are more distal
to the active sites. These findings have implications for multi-
substrate recognition and are discussed in the context of how
binding synergy may be exploited to ensure high specificity.

RESULTS

TbADAT2/3 and TbTrm140 bind synergistically
to tRNAThr

To explore the basis for the co-requirement of TbTrm140
and TbADAT2/3 for methylation and deamination activity
at position 32 of tRNAThr, an electrophoretic mobility shift
assay (EMSA) was established. In these experiments, a slower
migrating band was observed when either TbADAT2/3 or
TbTrm140 was incubated with the tRNA, indicating forma-
tion of a stable protein–RNA complex when compared to
a tRNA alone control (Fig. 1A,B). The resulting data were
fitted to a binding isotherm with a single exponential and
an apparent dissociation constant (Kdapp) was calculated.
TbADAT2/3 yielded a Kdapp of 0.21 ± 0.03 µM, comparable
to that shown by our laboratory with a different tRNA
(Fig. 1A,C; Ragone et al. 2011). There are three different
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isoacceptors of tRNAThr (anticodons AGU, UGU, and CGU);
all are substrates for m3C/m3U formation at position 32
(Gaston et al. 2007), and all showed similar Kdapp in these
experiments. However, given that position 32 methylation
occurs even in tRNAs that lack an adenosine at position 34
(which is converted to inosine by the same TbADAT2/3
deaminase), we focused on tRNAThr

CGU for further binding
studies, thus uncoupling contributions, however negligible,
to binding from A34 (Arluison et al. 1999; Ragone et al.
2011; Sibert and Patton 2012). No binding parameters have
been previously determined for TbTrm140. Thus, before ex-
ploring what the interaction between TbADAT2/3 deaminase
and TbTrm140 contributes to binding, we performed similar
binding experiments as above with recombinant TbTrm140
and tRNAThr

CGU (Fig. 1B,D). Constant concentrations of
substrate tRNAwere incubated with increasing concentration
of enzymes and, as above, subjected to EMSA. This yielded a
binding isotherm with a nominal Kdapp of 0.21 ± 0.05 µM
(Fig. 1D), which is similar for the binding of TbADAT2/3
to the same substrate.

Given that TbADAT2/3 and TbTrm140 form stable com-
plexes in vivo and in vitro and both enzymes are required for
methylation (Rubio et al. 2017), we determined the impact of
each protein on substrate binding when incubated together
with the tRNA substrate. Similar EMSAs were performed,
but this time, radiolabeled tRNAThr

CGU was incubated with

one enzyme at a constant concentration
while adding an increasing concentration
of the other. First, TbTrm140 was held
constant at 0.210 µM and different in-
creasing concentrations of TbADAT2/3
were added, resulting in a stable pro-
tein–RNA complex (Fig. 2A) and yield-
ing a Kdapp of <0.03 µM (Fig. 2C),
representing over a sevenfold increase
in affinity from what is seen with
TbADAT2/3 alone (compare to Fig. 1B,
D). The Kdapp value determined from
the binding isotherm is below the detect-
able limits of this assay, therefore it is
reported here as below 0.03 µM. An
analogous increase in binding affinity
was determined when the reciprocal ex-
periment was performed. In this case,
holding TbADAT2/3 constant while in-
creasing TbTrm140 again resulted in a
Kdapp below 0.03 µM (Fig. 2B,D). These
results show that, when added together,
TbTrm140 and TbADAT2/3 bind syn-
ergistically, exhibiting an improvement
in binding that is more than the sum of
the individual binding affinities.
To rule out the possibility that the

observed increase in binding is simply
the result of potential molecular crowd-

ing, we performed similar experiments with TbADAT2 alone
without its partner TbADAT3 (Supplemental Fig. S1A). This
protein can still form a stable homodimer, but by itself is un-
able to either bind tRNAor catalyze the deamination reaction.
To test this, a threefold excess of TbADAT2 (600 nM) when
compared to the levels of TbADAT2/3 in the previous reac-
tions were added in the presence of increasing concentrations
of TbTrm140 as before. This yielded a Kdapp of 0.26 ± 0.06
μM, which represents binding by TbTrm140 alone. Similar
experiments were performed with bovine serum albumin still
at 600 nM constant concentration while increasing either
TbADAT2/3 or TbTrm140 (Supplemental Fig. S1B,C). This
yielded a Kdapp of 0.180 ± 0.03 μM and 0.150 ± 0.04 μM, re-
spectively. Therefore, no sign of synergy was observed, ruling
out the possibility of nonspecific crowding effects as the root
cause of the synergy seen with TbADAT2/3 and TbTrm140.
Importantly, in these experiments the order of addition of
the proteins to the tRNA had no impact on binding behavior.
Taken together, these experiments suggest that part of the co-
requirements of both enzymes for activity may rest on their
mutual contribution to binding affinity.

Synergistic binding is independent of enzyme activity

To further understand how the two enzymes work in com-
plex, we explored whether the synergy observed was simply

FIGURE 1. TbADAT2/3 and TbTrm140 stably bind tRNA in vitro. Analysis of protein–tRNA in-
teractions using EMSA where radioactively labeled tRNAThr

CGU (2.5 nM) was incubated with in-
creasing concentrations of enzyme and separated on a native acrylamide gel. (A) Representative
EMSA of TbADAT2/3 incubated with tRNAThr

CGU. Lane 1 is a no-enzyme control; lanes 2–6
show tRNA with an increasing concentration of TbADAT2/3 (0.06, 0.12, 0.24, 0.48, and 0.7
µM, respectively). (B) EMSA of TbTrm140 incubated with tRNAThr

CGU. Lane 1 is a no-enzyme
control; lanes 2–6 show tRNA with an increasing concentration of TbTrm140 (0.04, 0.08, 0.16,
0.32, and 0.56 µM, respectively). The fraction of total bound tRNA from the EMSA gels was quan-
tified and plotted as a function of protein concentration. The data were fit to a single-ligand bind-
ing isotherm and the apparent dissociation constant (Kdapp) was determined as described in
Materials and Methods. These graphs are shown in (C) TbADAT2/3 with tRNAThr

CGU and (D)
TbTrm140 with tRNAThr

CGU. Each figure represents at least five independent replicates.
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due to two different active sites converging on a single posi-
tion. This being the case, it is expected that mutations at the
active site of either enzyme that impair activity should abro-
gate binding synergy. To test this, previously described active-
site and binding mutants of TbADAT2/3 were tested in the
presence of TbTrm140. Catalytic mutants were previously
generated by alanine substitutions of the proton-shuttling
glutamate (E92A) of TbADAT2 and a critical zinc binding
residue (C291A) of TbADAT3. These catalytically dead mu-
tants can still form heterodimers and bind tRNA with a sim-
ilar affinity as wild-type TbADAT2/3 alone (Ragone et al.
2011). As a control, a tRNA binding-deficient mutant created
previously by deletion of the last 10 amino acids of the C-
terminal end of TbADAT2 was also tested (Ragone et al.
2011). Constant concentrations of each mutant were incu-
bated with radiolabeled tRNA in the presence of increasing
concentrations of wild-type TbTrm140 as before, and the
resulting dissociation constant was estimated. Neither cata-
lytic mutant (ADAT2/3 E92A and ADAT2/3 C291A) had
any effect on binding synergy with Kdapps comparable to
wild-type TbADAT2/3 in the presence of TbTrm140 (Fig.
3A,B), whereas the TbADAT2/3 binding-deficient mutant
(ADAT2/3 C-terΔ10) exhibited a Kdapp of 0.12 ± 0.03, reflec-
tive of the binding by TbTrm140 with no contribution by

TbADAT2/3 (Fig. 3C). This last observa-
tion is expected given that the 10-amino
acid C-terminal deletion of TbADAT2
completely abrogates tRNA binding.
Taken together this suggests that binding
domains, which are not directly involved
in catalysis, are the major contributors to
the observed synergy.

We then generated mutants at
conserved SAM-binding residues of
TbTrm140. Methyltransferases that uti-
lize S-adenosylmethionine (SAM) as a
methyl donor are categorized into at least
five classes (I–V) based on their struc-
tural folds. Most SAM methyltransfer-
ases, including TbTrm140, are class I,
which have a conserved and predictable
Rossmann-like fold. Class I methyl-
transferases are made up of a parallel β-
sheet surrounded by helices, but unlike
the Rossmann-fold, they contain an
additional antiparallel β-strand. The
class I methyltransferases often vary in
sequence, but generally contain a charac-
teristic nucleotide binding motif,
GXGXG, important for SAM binding.
Analogous conserved residues are found
in TbTrm140 and a potential TbTrm140
catalytic mutant was produced by alanine
substitution of two of these residues
(G124A and G126A). This mutant

(Trm140 G124/G126A) had no detectable m3C formation
activity in vitro (data not shown), but despite this, no effect
on binding synergy was observed in the presence of wild-
type TbADAT2/3 (Fig. 4B), once again reinforcing the view
that analogous to the TbADAT2/3, active-site residues con-
tribute little to binding synergy.
Some methyltransferases use common specific RNA-bind-

ing domains to bind tRNA while others use motifs that are
not easily recognizable or that have not been described yet.
No obvious RNA binding motif(s) is present in Trm140
from either S. cerevisiae (NP_014882.4) or T. brucei.
However, the activity of ScTrm140 was abolished upon dele-
tion of a string of residues at the C terminus (D602-Q621);
notably this domain is distal to the conserved SAM-binding
residues and presumably does not form part of the active
site, suggesting that this region may be important for tRNA
binding (Noma et al. 2011). The protein sequence of
TbTrm140 was analyzed by the DNA- and RNA-binding pre-
diction tool, BindN (Supplemental Fig. S2), revealing a re-
gion of positively charged residues found in the N-terminal
portion of the protein (Wang and Brown 2006). A string of
positively charged residues equivalent to those deleted in
ScTrm140 was also found at the C terminus of TbTrm140.
The N-terminal and C-terminal ends of TbTrm140 were,

FIGURE 2. TbADAT2/3 and TbTrm140 bind tRNA synergistically. (A) EMSA of TbADAT2/3
incubated with tRNAThr

CGU in the presence of a constant concentration (210 nM) of
TbTrm140. Lanes 1 and 2 show a no-enzyme control reaction and a control reaction with no
TbTrm140 added, respectively. Lanes 3–7 show an increasing concentration of TbADAT2/3
(0.06, 0.12, 0.24, 0.48, and 0.7 µM, respectively). (B) EMSA of TbTrm140 incubated with
tRNAThr

CGU in the presence of a constant concentration (210 nM) of TbADAT2/3. Lanes 1
and 2 show a no-enzyme control reaction and control reaction with no TbADAT2/3 added, re-
spectively. Lanes 3–7 show an increasing concentration of TbTrm140 (0.04, 0.08, 0.16, 0.32,
and 0.56 µM, respectively). The data were fit to a single-ligand binding isotherm and the apparent
dissociation constant (Kdapp) calculated as in Figure 1. These graphs are shown in (C) and (D) for
TbADAT2/3 and TbTrm140, respectively. Each figure represents at least five independent
replicates.
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respectively, deleted, and of the resulting mutants analyzed
by EMSA, only the former impaired binding (Supplemental
Fig. S3). Therefore, the N-terminal deletion mutant
(TbTrm140 ΔS2-G17) was chosen for subsequent studies.
Comparable to wild-type TbTrm140, the N-terminal dele-
tion mutant can still form homodimers (Supplemental Fig.
S4). The C-terminal deletion mutant (TbTrm140 ΔI320-
S340) showed similar binding behavior as the wild type and
was therefore not pursued further (Supplemental Fig. S5).
Incubation of the binding-defective mutant, TbTrm140
ΔS2-G17, with increasing concentrations of TbADAT2/3
abrogated synergy and a dissociation constant reflective of
TbADAT2/3 binding alone was observed (Supplemental
Fig. S3B). This analysis has thus identified an important
tRNA-binding domain in TbTrm140 that is distinct from
the analogous domain in yeast. These results also emphasize
how tRNA binding domains more distal to the active sites of
TbTrm140 and TbTrm140 are important for binding syn-
ergy; these must have a direct bearing on the co-requirement
for both enzymes in the reaction.

Validation of binding constants by single turnover
kinetics

A limitation of EMSA in our situation is that a precise mea-
surement of dissociation constants cannot be achieved. This

FIGURE 3. TbADAT2/3 catalytic residues do not contribute to increased affinity of TbTrm140 for tRNA. (A) EMSA of TbTrm140 to assess binding
to tRNAThr

CGU in the presence of two TbADAT2/3 catalytic mutants (E92A) and (B) (C291A). (C) EMSA of TbTrm140 to tRNAThr
CGU in the pres-

ence of TbADAT2/3 C-terminal deletion binding mutant. In each panel, lanes 1 and 2 show a no-enzyme control reaction and a control reaction with
no mutant TbADAT2/3 added, respectively. Lanes 3–7 show an increasing concentration of TbTrm140 (0.04, 0.08, 0.16, 0.32, and 0.56 µM, respec-
tively). The bottom panels show the single-ligand binding isotherms used to calculate the individual Kdapp. Each graph represents at least five inde-
pendent replicates.

FIGURE 4. TbTrm140 catalytic residues do not contribute to in-
creased affinity of TbADAT2/3 for tRNA. (A) EMSA of TbTrm140 cat-
alytic mutant (G124/G126A) to tRNAThr

CGU. Lane 1 is a no-enzyme
control reaction. Lanes 2–6 show an increasing concentration of
TbTrm140 catalytic mutant (0.04, 0.08, 0.16, 0.32, and 0.56 µM, re-
spectively). (B) EMSA of TbADAT2/3 to tRNAThr

CGU in the presence
of the TbTrm140 catalytic mutant. Lanes 1 and 2 show a no-enzyme
control reaction and control reaction with no mutant TbTrm140
added, respectively. Lanes 3–7 show an increasing concentration of
TbADAT2/3 (0.06, 0.12, 0.24, 0.48, and 0.7 µM, respectively). The bot-
tom panels show the single-ligand binding isotherms used to calculate
the individual Kdapp. Each graph represents at least 5 independent
replicates.
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is due to the fact that titration of one enzyme while the other
is held constant limits the linear range of the assay; eventually
the dissociation constant calculation becomes reflective of
only the enzyme that was held constant. Thus, single turn-
over kinetic assays were performed to corroborate and
more precisely define the binding affinities established by
EMSA. First, to compare affinities between TbADAT2/3
alone and TbADAT2/3 with TbTrm140, we performed A-
to-I deamination assays. Here it is expected that since A-to-
I formation is predictably independent of m3C formation,
no synergy will be observed when using inosine formation
as a reporter. In this experiment a saturating amount of
enzyme, to ensure single-turnover conditions, was incubated
with tRNAThr

AGU substrate radiolabeled at every adenosine
and product formation assessed over time by 1D-TLC
(Supplemental Fig. S6A). The resulting data were fit to
the equation [ f = a(1− e−kt)] as previously described to
obtain an observed rate constant (kobs), which was then
used to derive an apparent dissociation constant (Kdapp).
TbADAT2/3 alone exhibited a Kdapp of 0.18 ± 0.06 µM,
which is in agreement with the results from EMSA (0.21 ±
0.03 µM) (Fig. 5A,C; Ragone et al. 2011). As expected, this
Kdapp was virtually unchanged when A-to-I activity was tested
in the presence of TbTrm140 (Fig. 5B,D). Similar experi-

ments were performed while monitoring m3C formation
(Supplemental Fig. S6B) to calculate kobs and derive a Kdapp

for methylation, but this time tRNAThr
CGU radiolabeled

at every cytosine was used as a substrate. Here, however,
because both enzymes are required for m3C production,
the assay was performed with both present in the reaction.
From this experiment the kinetically determined Kdapp for
m3C was 0.02 ± 0.01 µM, which is in agreement with our re-
sults from the EMSAs (<0.03 µM) and supports the view that
when together both enzymes act synergistically. Importantly,
these experiments highlight the fact that while synergy is im-
portant for m3C formation, it plays no role on A-to-I despite
both reactions requiring the same deaminase (Fig. 6A,B).
To validate the observation that the active site residues are

not involved in binding synergy, we performed methylation
assays with different combinations of catalytic and binding
mutants of TbTrm140 and TbADAT2/3. TbTrm140 was test-
ed with the catalytically dead mutant TbADAT2/3 E92A;
coincubation of TbTrm140 with this mutant still yielded an
active methylase with a kinetically determined dissociation
constant of 0.02 ± 0.01 µM. This value is comparable to the
wild-type enzymes and again in line with the EMSA results
(Supplemental Fig. S7). No detectable methylation activity
was observed with the TbADAT2/3 C-terminal binding-im-

paired deletion mutant, even at an upper
concentration range for an extended in-
cubation time (Supplemental Fig. S8A).
Similarly, no methylation activity was de-
tected with the TbTrm140 binding mu-
tant, ΔS2-G17, in the presence of the
wild-type TbADAT2/3 (Supplemental
Fig. S8B). This is expected since the
Trm140 tRNA-binding mutant is unable
to bind the tRNA; therefore, it cannot
methylate it. These results support our
findings by EMSA and underscore the
importance of tRNA binding domains
as a driving force for synergy, and conse-
quently, for m3C formation.

DISCUSSION

Enzymes interact with partner proteins
that may alter their specificity, activity,
and affinity for a given substrate; tRNA
modification enzymes are no exception,
with methyltransferases being particularly
prone to subunit recruitment (Guy and
Phizicky 2014; Hori 2014; Swinehart
and Jackman 2015; McKenney et al.
2017). The yeast 2′-O-methyltransferase,
Trm7 for example, interacts with two dif-
ferent proteins, Trm732 and Trm734, to
modulate its specificity for positions
C32 and G34 of the same tRNA

FIGURE 5. Kinetic determination of the dissociation constant of TbADAT2/3 for tRNAThr in the
presence of TbTrm140. Single turnover assays of (A) TbADAT2/3 with tRNAThr

CGU alone and (B)
in the presence of TbTrm140were performed as described inMaterials andMethods. The fraction
of inosine formed for each TbADAT2/3 protein concentration ranging from 10 to 2500 nM was
measured over time as indicated in the graph. Determination of dissociation constants for (C)
TbADAT2/3with tRNAThr

CGU alone and (D) in the presence of TbTrm104. The fraction of inosine
produced was plotted as a function of time and fit to a single exponential curve [ f = a(1 − e−kt)],
where f represents inosine formed, a denotes inosine produced at the end point of the reaction, k
signifies kobs, and t is time. The resulting kobs values were plotted against the concentration of
TbADAT2/3 and fit to a single ligand binding isotherm. The Kdapp was then determined by non-
linear regression using Sigmaplot. Each graph represents at least five independent replicates.
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anticodon (Pintard et al. 2002; Purta et al. 2006; Benítez-
Páez et al. 2010; Guy et al. 2012; Guy and Phizicky 2014;
Hori 2014; Swinehart and Jackman 2015; McKenney et al.
2017). Similarly, the m2G10 methyltransferase, Trm11, and
the mcm5U34 methyltransferase, Trm9, both utilize the pro-
tein Trm112 to direct substrate specificity (Kalhor and Clarke
2003; Purushothaman et al. 2005; Studte et al. 2008;
Mazauric et al. 2010; Chen et al. 2011; Liger et al. 2011;
Guy and Phizicky 2014; Hori 2014; Swinehart and Jackman
2015; McKenney et al. 2017). Other enzymes require both
subunits for tRNA binding, as is the case with Trm6 and
Trm61, although Trm6 is the catalytic component
(Anderson et al. 1998, 2000; Ozanick et al. 2007; Guy and
Phizicky 2014; Hori 2014; Swinehart and Jackman 2015;
McKenney et al. 2017). In yet another instance, the enzymes
Trm8 and Trm82, whichmethylate tRNA to formm7G at po-
sition 46, are both required to form an active enzyme com-
plex (Alexandrov et al. 2002; Matsumoto et al. 2007;
Leulliot et al. 2008; Guy and Phizicky 2014; Hori 2014;
Swinehart and Jackman 2015; McKenney et al. 2017)

We previously demonstrated that two different enzymes, a
methyltransferase and a deaminase, converge on a single
anticodon loop nucleotide position to catalyze formation
of m3C and m3U at position 32 of tRNAThr. Unlike many
of the aforementioned multiprotein enzymes, we show here
that TbADAT2/3 and TbTrm140 are both capable of binding
tRNA directly; however, binding individually is nonproduc-
tive, leading to neither methylation nor deamination of
position 32 of tRNAs; their intended target. The question
then remains as to why these enzymes require each other
for function. One possibility could be the increase in binding
affinity observed upon addition of both binding partners; this
can be attributed to several potential factors. First, it could be
a result of coactivation upon protein complex formation pri-
or to substrate binding, whereby complex formation leads to
a conformational change that then makes the enzymes poised
for activity. However, were this the case, it is expected that
complex formation alone would be sufficient for activity,
even if one of the partners in the complex is unable to bind
tRNA, which goes against the observations presented here.
The answer instead may lie in how they bind tRNA, where
a rearrangement of the enzymes and/or the tRNA could pos-
sibly facilitate binding synergy and stimulate enzyme activity.
Most enzymes and enzyme complexes do not bind their sub-
strate as rigid entities, but instead display flexibility upon
binding. Binding between protein and RNA is often achieved
by an induced-fit mechanism (Williamson 2000; Leulliot and
Varani 2001; Uter and Perona 2004). The idea of induced-fit
was first used to explain how enzymes in an inactive state
become catalytically active upon substrate binding (Jones
and Peterlin 1994; Leulliot and Varani 2001). This mode of
binding generally utilizes the favorable binding energy to
drive entropically unfavorable conformational changes
made by either the protein, the RNA, or both (Williamson
2000; Leulliot and Varani 2001; Uter and Perona 2004).
These conformational changes can in turn govern specificity
and affinity which often go hand in hand (Eaton et al. 1995;
Leulliot and Varani 2001; Uter and Perona 2004).
There are many cases where recognition of substrate

tRNA, particularly by tRNA methyltransferases, involves
multiple steps, including initial binding and induced-fit pro-
cesses (Hori 2014). The bacterial 2′-O-methyltransferase en-
zyme, TrmH for instance, methylates G18 on several
substrates depending on the organism. In Thermus thermo-
philus, the enzyme acts on all tRNAs with G18 whereas it
methylates only a subset of tRNAs in E. coli (Liu et al.
2015). It was shown that the regions in the N- and C-terminal
ends of TrmH support initial tRNA binding while the active-
site residues participate in substrate discrimination (Ochi
et al. 2013). Therefore, the enzyme undergoes two steps,
the initial tRNA binding, facilitated by the ends, followed
by induced fit, enabled by the active site (Ochi et al. 2010,
2013). Similar to TrmH, the eukaryotic ADAT2/3 deaminase
contains a binding domain away from the active site, which
permits accommodation of multiple different substrates,

FIGURE 6. Kinetic determination of dissociation constant of
TbTrm140 to tRNAThr in the presence of TbADAT2/3. (A) Single turn-
over assays of TbTrm140 to tRNAThr

CGU in the presence of TbADAT2/3
were performed as described in Materials and Methods. The fraction of
methylated cytosine 32 was measured for each TbTrm140 protein con-
centration ranging from 10 to 2500 nM as shown in the graph. The
methylated fraction was plotted as a function of time and fit to a single
exponential curve [ f = a(1− e−kt)], where f represents methylated cyto-
sine formed, a denotes methylated cytosine produced at the end point of
the reaction, k signifies kobs, and t is time. (B) The resulting kobs values
were plotted against the concentration of TbTrm140 and fit to a single
ligand binding isotherm. The Kdapp was then determined by nonlinear
regression using Sigmaplot. Each graph represents at least five indepen-
dent replicates.
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while the bacterial deaminase edits a single A34-containing
tRNAArg substrate and recognizes a specific sequence in the
anticodon loop with high affinity. The evolution of substrate
specificity was proposed whereby the ADAT2/3 enzyme ac-
quired a “general” tRNA-binding domain away from its ac-
tive site, which coupled with active site structural relaxation
over time, may have facilitated the accommodation of multi-
ple different substrates. Thus, together, TbTrm140 and
TbADAT2/3 may undergo multiple binding steps to bind
and accommodate their tRNA substrates.
The mode of enzymatic activation described here differs

from m3C formation at position 32 in other systems. The
yeast, Schizosaccharomyces pombe, relies on two Trm140-
related homologs for m3C methylation, SpTrm140 specific
for tRNAThr and SpTrm141 specific for tRNASer (D’Silva
et al. 2011; Noma et al. 2011; Arimbasseri et al. 2016). It
is unclear whether SpTrm140 and SpTrm141 function as
a multisubunit complex; however, upon deletion of either
gene individually, m3C levels decreased in all tRNA sub-
strates, suggesting a connection between these methylation
events (Arimbasseri et al. 2016). Interestingly, T. brucei also
harbors two homologs of TbTrm140 as well. As of yet, only
TbTrm140 mentioned here methylates tRNA whereas the
other homolog, TbMTase37, performs an unrelated function
in ribosomal RNA biogenesis (Fleming et al. 2016). Other
metazoans and fungi contain multiple homologs as well,
some with m3C found in an additional substrate, tRNAArg,
and present at novel sites of tRNASer (Arimbasseri et al.
2016; Xu et al. 2017). Instead of using two methyltransferase
homologs, the ScTrm140 enzyme exploits differences in se-
quence elements, anticodon loop modifications, and utilizes
seryl-tRNA synthetase, Ses1, to modulate specificity (Han
et al. 2016). These observations are in line with our data
showing that TbADAT2/3 is required for methylation by
TbTrm140 and that tRNA-binding plays a major role in
T. brucei as an activity determinant (Rubio et al. 2017).
In addition to the functional necessity for the binding strat-

egies described here, binding synergy could also provide a
competitive advantage over other tRNA modification
enzymes in the nucleus. This would be particularly important
for TbADAT2/3, as the bulk of the enzyme localizes to the
cytoplasm and is in low abundance in the nucleus where C-
to-U editing takes place. One could also envision the use of
binding synergy for regulatory purposes. For instance, we pre-
viously showed that complex formation between these two en-
zymes prevents TbADAT2/3 from mutagenizing the genome
(Rubio et al. 2017). The increase in binding affinity for tRNA
offers a possible explanation for how the complex may be se-
questered away on the tRNA, precluding interaction and po-
tentially rampant deamination of the genome by TbADAT2/3.
In the current manuscript, we have presented a rationale

for the observed codependence of TbADAT2/3 and
TbTrm140 based on the observed synergistic increase in
substrate binding affinity when combined. Thus, binding
synergy is an important component of enzyme coactivation.

Interestingly, the presence of Trm140 in vitro does not affect
the A-to-I activity of TbADAT2/3 at position 34. This is
not entirely unexpected as the localization of these activities
are restricted to separate compartments where A-to-I occurs
in the cytoplasm andmethylation in the nucleus. The delicate
interplay between these seemingly separate editing and meth-
ylation events represents an example of the intricacy of
tRNA modification pathways and provides a potentially new
layer to how modification cascades could be enacted and
likely regulated.

MATERIALS AND METHODS

Recombinant protein expression and purification
from E. coli

The coding sequences of wild-type TbADAT2/3 and TbTrm140
were introduced into expression vectors and mutants generated as
previously described (Rubio et al. 2007, 2017; Ragone et al. 2011).
The TbTrm140 catalytic mutant was produced by quick change mu-
tagenesis (Stratagene). For expression, a 10 mL overnight culture
was added to 1.5 L of prewarmed 2XYT media and grown at 37°C
to an OD600 of 0.6–0.8. Recombinant protein expression was then
induced with a final concentration of 0.5 mM IPTG overnight at
25°C. Cells were pelleted, suspended in lysis buffer (100 mM Tris
pH 8.0, 100 mM NaCl, protease inhibitor cocktail and 0.1%
NP40), and broken by sonication with a Sonifier 450. The resulting
extract was spun at 100,000g for 30 min to remove cellular debris.
The supernatant was collected and bound to 1 mL bed-volume
Ni2+-nitrilotriacetic acid (NTA) agarose beads for 1 h. The NTA–
agarose beads were washed in buffer containing 100 mM Tris pH
8.0, 100 mM NaCl, 25–50 mM imidazole; the bound protein was
eluted with 400 mM imidazole. The resulting protein samples
were dialyzed overnight in 100 mM Tris pH 8.0, 0.5 mM MgCl2,
and 2 mM 1,4-dithiothreitol. Protein samples were further purified
through a Q-sepharose FPLC column and stored at 80°C in buffer
containing 100 mM Tris pH 8.0, 100 mM NaCl, and 20% glycerol.

Size-exclusion chromatography

TbTrm140 N-terminal deletion mutant (ΔS2-G17) and wild-type
proteins were recombinantly expressed and purified as described in
Materials andMethods. Five hundredmicroliters of the protein sam-
ples were injected into a Superdex 200 column (GE Healthcare)
and separated at a flow rate of 0.5 mL/min in a buffer composed
of 100 mM Tris pH 8 and 100 mM NaCl. The elution was moni-
tored at a UV absorption at 280 nm. The column was calibrated
using known standards: dextran blue (2000 kDa), thyroglobulin
(670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa), and vitamin B12 (1.35 kDa) (Bio-Rad).

Synthesis of full-length tRNA substrates

Full-length substrate tRNAs were in vitro transcribed using a T7
promoter and either internally labeled with [α-32P]-ATP for activity
assays or end-labeled with [γ-32P]-ATP for binding assays as previ-
ously described (Rubio et al. 2006b; Ragone et al. 2011).
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Electrophoretic mobility shift assays

Radiolabeled tRNA (2.5 nM) was denatured by heating to 70°C
for 3 min and folded at 37°C for 15 min. The tRNA was incubated
on ice with various concentrations of the enzyme(s) in a reaction
buffer containing a final concentration of 50 mM HEPES pH
7.5, 1 mM MgCl2, 5 mM KCl for 30 min. The products were
separated on a 4% nondenaturing polyacrylamide gel at 80 V for
3 h at room temperature. The gel was dried and exposed to a
PhosphoImager screen. The results were analyzed using a Storm
Phosphoimager and quantified with the ImageQuant software.
The percent of enzyme-bound tRNA was calculated using the equa-
tion, tRNAcomplex/(tRNAfree + tRNAcomplex). The percent bound
was plotted as a function of protein concentration and fit to a sin-
gle-ligand binding curve, and the apparent dissociation constant
(Kdapp) was calculated using SigmaPlot software. A no protein con-
trol was used for background subtraction.

A-to-I and m3C single turnover kinetic activity assays

Adenosine deaminase and methyltransferase assays were performed
in reaction buffers containing 40 mM Tris, pH 7.9, 5 mM MgCl2,
10 mM DTT for the A-to-I assays and 25 mM Tris pH 7, 2.5 mM
MgCl2, 25 mM NaCl, 50 µM EDTA, and 1 mM SAM (S-adenosyl-
methionine) for the methylation assays. The enzymes were provided
in excess (10 nM to 2.5 µM) to the labeled tRNA substrate (2.5 nM),
which was folded as described above, and the reactions were incu-
bated at 27°C. Aliquots were taken at various timepoints, reactions
quenched by phenol extraction, and the tRNA was ethanol precipi-
tated. Nuclease P1 was added to the tRNA pellets and incubated
overnight at 37°C. The pellet was dried, suspended in 3 µL of
water, spotted on a cellulose thin-layer chromatography (TLC) plate
(SelectoScientific, cat. no. 10089), and products were resolved for
1 to 2 h in one dimension using solvent C (0.1 M sodium phosphate
[pH 6.8]:ammonium sulfate:n-propylalcohol [100:60:2, v/w/v]).
The TLC plate was dried and exposed to a PhosphoImager screen.
The results were analyzed using Storm imaging and quantified with
the ImageQuant software. The fraction of inosine or methylated cy-
tosine produced was calculated using the equation, pI/(pA + pI) for
deamination or pm3C/(pC + pm3C) for methylation. The fraction
of product was plotted as a function of time and fit to a single expo-
nential curve [ f = a(1− e−kt)], where f represents product formed, a
denotes product formed at the end point of the reaction, k signifies
kobs and t is time. The resulting kobs values were plotted against the
protein concentration and fit to a single ligand binding isotherm.
The Kdapp was then determined by nonlinear regression using
Sigmaplot.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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