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ABSTRACT

The tRNAm1R9methyltransferase (Trm10) family is conserved throughout Eukarya and Archaea. Despite the presence of a
single Trm10 gene in Archaea and most single-celled eukaryotes, metazoans encode up to three homologs of Trm10.
Several disease states correlate with a deficiency in the human homolog TRMT10A, despite the presence of another cyto-
plasmic enzyme, TRMT10B. Here we investigate these phenomena and demonstrate that human TRMT10A (hTRMT10A)
and human TRMT10B (hTRMT10B) are not biochemically redundant. In vitro activity assays with purified hTRMT10A and
hTRMT10B reveal a robust activity for hTRMT10B as a tRNAAsp-specific m1A9 methyltransferase and suggest that it is
the relevant enzyme responsible for this newly discovered m1A9 modification in humans. Moreover, a comparison of
the two cytosolic enzymes with multiple tRNA substrates exposes the enzymes’ distinct substrate specificities, and sug-
gests that hTRMT10B exhibits a restricted selectivity hitherto unseen in the Trm10 enzyme family. Single-turnover kinetics
and tRNA binding assays highlight further differences between the two enzymes and eliminate overall tRNA affinity as a
primary determinant of substrate specificity for either enzyme. These results increase our understanding of the important
biology of human tRNAmodification systems, which can aid in understanding themolecular basis for diseases inwhich their
aberrant function is increasingly implicated.
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INTRODUCTION

Posttranscriptional modification of RNA molecules is a
universally conserved process; alteration of nucleotides
by the enzymatic addition or rearrangement of chemi-
cal groups allows RNA molecules to expand beyond the
limits of four nucleotide bases into greater chemical, struc-
tural, and functional space (Jackman and Alfonzo 2013;
Machnicka et al. 2014). Out of all RNA molecules, tRNA
is the most heavily modified, with ∼17% of nucleotides
modified in a typical eukaryotic tRNA (Phizicky and
Hopper 2010). This extensive posttranscriptional process-
ing represents a heavy investment by the cell to generate a
competent pool of tRNA for use in translation. It has in-
creasingly been found that tRNA modifications, and the
enzymes that catalyze them, play important roles in human
disease (Kirchner and Ignatova 2015), with deficiencies
in modification activity so far heavily associated with

mitochondrial and neurological disease phenotypes
(Abbott et al. 2014). Despite this medical relevance and
their widespread conservation, the function and impor-
tance of many tRNA modifications, especially those occur-
ring in the core of the tRNA, has not been completely
determined and remains an important question.

The Trm10 tRNA modification enzyme family was dis-
covered in Saccharomyces cerevisiae and catalyzes the ad-
dition of a methyl group to the N-1 atom of ninth-position
purines (m1R9) in eukaryotic and archaeal tRNA (Jackman
et al. 2003). Trm10 family members have been character-
ized structurally and biochemically as members of the
SPOUT superfamily of methyltransferases (Jackman et al.
2003; Shao et al. 2014; Singh et al. 2018; Krishnamohan
and Jackman 2019). Members of the SPOUT family cata-
lyze diverse methylation reactions, modifying distinct
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atoms and positions in their target nucleotides (Hori 2017;
Krishnamohan and Jackman 2019). Despite the diversity of
reactions catalyzed, SPOUT family enzymes all possess a
common core “SPOUT” domain, characterized by a knot-
ted protein fold (Hori 2017; Krishnamohan and Jackman
2019). All Trm10 enzymes identified to date share overall
sequence similarity in this common SPOUT fold, but are
flanked by highly dissimilar nonconserved amino- and car-
boxy-terminal domains (Krishnamohan and Jackman 2017;
Singh et al. 2018). Available crystal structures of isolated
Trm10 SPOUT domains overlap almost identically, but do-
mains outside of this conserved SPOUT core do not (Shao
et al. 2014; Van Laer et al. 2016; Singh et al. 2018).
Previous characterization of Trm10 family members

has largely focused on the single homologs found in
Archaea and unicellular eukaryotes, and on two of the
three human homologs, which exhibit mitochondrial
(hTRMT10C) and cytosolic (hTRMT10A) localization, re-
spectively (Kempenaers et al. 2010; Vilardo et al. 2012;
Swinehart et al. 2013; Van Laer et al. 2016; Krishnamohan
and Jackman 2017; Cosentino et al. 2018). However, a
third human homolog (hTRMT10B) is also predicted to ex-
hibit cytosolic localization, but no biological function has
yet been attributed to this enzyme. The three human ho-
mologs, like all other Trm10 enzymes studied to date,
share a SPOUT core that is characterized by significant se-
quence conservation among active site residues (Krishna-
mohan and Jackman 2017) and is flanked by distinct
amino- and carboxy-terminal domains that are very diver-
gent in terms of overall size and sequence (Jackman
et al. 2003; Shao et al. 2014; Singh et al. 2018). The conser-
vation of two distinct cytosolic homologs in humans and
other vertebrates has not been explained. Interestingly,
deficiency in the activity of hTRMT10A is implicated in
multiple disease states, mostly characterized by neurolog-
ical and glucose metabolic defects, even though the
hTRMT10B gene is unaltered in the patients studied
(Igoillo-Esteve et al. 2013; Gillis et al. 2014). Although
questions about why the absence of hTRMT10A activity
contributes to disease remain, it is also unclear why
hTRMT10B is apparently unable to replace this important
function. Additionally, biochemical activities associated
with hTRMT10B have not been clearly demonstrated,
and purified hTRMT10B lacked m1G9 methyltransferase
activity with several tested S. cerevisiae and human tRNA
substrates (Vilardo et al. 2012, 2018).
We hypothesized that the features so far associated with

hTRMT10B, including lack of in vitro activity with known
substrates for hTRMT10A, and apparent nonredundant bi-
ological function, could be explained by distinct substrate
specificities for the two enzymes. Here we tested this
idea by characterizing biochemical activities associated
with hTRMT10A and hTRMT10B across a range of tRNA
substrates. Using in vitro tRNA activity and binding
assays, we identified a novel function for hTRMT10B in

m1A9 methylation of a single human tRNAAsp substrate
that is not modified by hTRMT10A, further underscoring
the distinct biochemical characteristics that distinguish
hTRMT10A and hTRMT10B. Consistent with the biological
data, we confirm hTRMT10A as the de facto methyltrans-
ferase responsible for all m1G9 formation so far described
on cytosolic tRNA (Vilardo et al. 2012; Cosentino et al.
2018), and demonstrate that hTRMT10B has a much
more limited and specific role in tRNA processing in
humans.

RESULTS

hTRMT10A is not functionally redundant
with hTRMT10B in vivo in S. cerevisiae

Unicellular eukaryotes such as S. cerevisiae present a sim-
plified opportunity to study the biological functions of
Trm10 enzymes, since there is a single Trm10 enzyme
that catalyzes all m1G9 methylation in this organism. We
sought to investigate whether the two human cytosolic
orthologs hTRMT10A and hTRMT10B function differently
in this system by taking advantage of a 5-fluorouracil (5-
FU) hypersensitivity phenotype that has been previously
associated with deletion of trm10 in S. cerevisiae
(Gustavsson and Ronne 2008). Plasmids for galactose-
inducible expression of the two human Trm10 homologs
were transformed into the trm10Δ strain and tested for
their ability to rescue the growth-sensitive phenotype
(Fig. 1A). As expected, strains expressing S. cerevisiae
Trm10 (ScTrm10) or hTRMT10A were able to grow at con-
centrations of 5-FU that suppress the growth of the vector
control strain, indicating that hTRMT10A is able to substi-
tute for the required function of ScTrm10 in the presence
of 5-FU (Fig. 1A). However, strains containing the
hTRMT10B-expressing plasmids grew identically to the
empty vector stain, even though western blotting con-
firmed expression and presence of protein (Fig. 1B), thus
supporting the idea that hTRMT10A and hTRMT10B
have differing biological functions, resulting in the inability
of hTRMT10B to complement the trm10Δ phenotype.

hTRMT10A and hTRMT10B catalyze methylation
of different tRNA substrates

We questioned whether distinct tRNA substrate specifici-
ties of hTRMT10A and hTRMT10B could explain the ap-
parent lack of functional redundancy between these
enzymes. To explore this, we cloned, in vitro transcribed,
and analyzed several human and S. cerevisiae tRNAs as
substrates for Trm10-catalyzed methylation. A previously
described enzyme assay was used (Swinehart et al.
2013), where methylated enzymatic products are resolved
from unmethylated nucleotides after nuclease digestion
(p∗G vs. p∗m1G, p∗A vs. p∗m1A, respectively) by thin-layer
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chromatography (TLC). Multiple yeast and human tRNAs
(Fig. 2; Supplemental Fig. S1; summarized in Table 1)
were screened for methylation activity after incubation
with purified recombinant hTRMT10A or hTRMT10B.
Consistent with previous observations (Vilardo et al.
2012; Cosentino et al. 2018), hTRMT10A displayed robust
activity on every tested G9-containing tRNA from either
humans or S. cerevisiae, similar to ScTrm10 (Fig. 2A,C;
Supplemental Fig. S1). In contrast, hTRMT10B displayed
only very weak m1G9 activity on two substrates (human

tRNAArg and tRNATrp), with no detectible activity on any
other G9-containing tRNA (Fig. 2B). This discrepancy be-
tween the ability of the two purified human enzymes to cat-
alyze m1G9 modification is consistent with the lack of
apparent functional redundancy suggested by the previ-
ous biological data (Igoillo-Esteve et al. 2013; Gillis et al.
2014; Cosentino et al. 2018), and further supports the pre-
viously described role of hTRMT10A as the de facto human
cytoplasmic m1G9 methyltransferase (Cosentino et al.
2018).

Due to hTRMT10B’s relative lack of m1G9 activity, as well
as the lack of a corresponding enzyme for the recently re-
ported m1A9 on cytosolic tRNAAsp (Clark et al. 2016), we
also screened for activity on several A9-containing
tRNAs. We found that hTRMT10B, and not ScTrm10 or
hTRMT10A, is indeed capable of catalyzing m1A9 methyl-
ation on tRNAAsp in vitro, based on its ability to generate
the labeled p∗m1A product that is also observed in reac-
tions with the known m1A9 methyltransferase from
Thermococcus kodakarensis (TkTrm10) (Fig. 2D). The in-
ability of ScTrm10 or hTRMT10A to catalyze any detect-
able m1A9 modification is consistent with previous
biochemical studies with three other human tRNAs and
suggests that hTRMT10B has the sole responsibility for
generating the m1A9 modification that is found on
tRNAAsp in humans (Vilardo et al. 2012). To confirm the
identity of the modification catalyzed by hTRMT10B in
the in vitro assays, unlabeled tRNA transcripts were incu-
bated with and without hTRMT10B, and analyzed for the
presence of ribonucleoside modifications using high-per-
formance liquid chromatography-tandem mass spectrom-
etry (HPLC-MS/MS). HPLC-MS/MS of nucleosides and
oligonucleosides confirmed that the only enzymatic prod-
uct detected was m1A, and that the methylation was at po-
sition A9 of the tRNA (Fig. 3A; Supplemental Fig. 2). To
confirm that the observed methylation activity was indeed
due to hTRMT10B, we created hTRMT10B variants with
two different inactivating mutations known to disrupt con-
served SAM-binding residues G231 and G232 (G207 and
G208 in the context of hTRMT10A) (Gillis et al. 2014;
Shao et al. 2014; Krishnamohan and Jackman 2017). The
single variant (G231R) abolished methylation of tRNAAsp

and tRNATrp, with some residual (though reduced) activity
on tRNAArg (Fig. 3B), and the double variant (G231R/
G232R) displayed no methylation activity on any of the
three substrates (Fig. 3C).

hTRMT10B exhibits extreme tRNA substrate
selectivity in vitro

ScTrm10 and its human homolog hTRMT10A are known to
exhibit considerable promiscuity in terms of in vitro m1G9

methylation activity, with both enzymes capable of methyl-
ating every G9-containing Type I tRNA so far tested using
in vitro assays (Vilardo et al. 2012; Swinehart et al. 2013),

FIGURE 1. Human Trm10 orthologs function differently in vivo in S.
cerevisiae. (A) Complementation assay testing ability of human
TRMT10 homologs to complement the S. cerevisiae trm10Δ 5-FU hy-
persensitivity phenotype. The S. cerevisiae trm10Δ strain was trans-
formed with LEU2 plasmids expressing various Trm10 homologs
under control of a galactose-inducible promoter (PGAL-TRM10X in
schematic). Selected transformants containing either ScTrm10,
hTRMT10A, hTRMT10B, or empty vector control plasmid, as indicat-
ed, were plated by fivefold serial dilutions onto S-Gal-leu media con-
taining increasing concentrations of 5-FU (0, 0.1, or 1 µg/mL). Images
are of plates grown at the indicated temperatures for 2–3 d.
(B) Western blot to test for expression of the indicated enzymes in
S. cerevisiae trm10Δ strains. Antibodies targeted amino-terminal HA
epitopes incorporated into each construct; detected bands matched
expected sizes for the indicated enzymes as follows: ScTrm10
(36 kDa), hTRMT10A (41 kDa), hTRMT10B (37 kDa). Tubulin loading
control is shown on the lower blot.
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although it has been observed that ScTrm10modifies a re-
stricted subset of the G9-containing tRNAs in vivo (Juhling
et al. 2009; Swinehart et al. 2013). Both hTRMT10A and
ScTrm10 exhibited similar patterns of m1G9 methylation
on all substrates tested in this work, consistent with these
previous observations (Table 1). However, hTRMT10B

does not exhibit similar promiscuity,
as evident from its inability to detect-
ably methylate any of three other A9-
containing tRNAs tested using a
similar in vitro activity assay with tran-
scripts representing human tRNAAla

and tRNAPhe, and S. cerevisiae
tRNAPhe. In these assays, hTRMT10B
is only able to methylate tRNAAsp,
and shows no detectable methylation
on the other three tRNA (Fig. 4A). The
reason for the observed lack of
hTRMT10B activity is not apparent
when comparing either secondary
structures of the tested tRNAs (Fig.
4B) or sequences of A9-containing
tRNAs in humans (Fig. 4C; Juhling
et al. 2009). The possibility that other
yet to be identified substrates for in vi-
tro methylation by hTRMT10B exist
cannot be excluded. Nonetheless
the substrate selective behavior ob-
served so far for this enzyme places
it in stark contrast to other tested
Trm10 family members such as
ScTrm10 and hTRMT10A, and even
the mitochondrial hTRMT10C, which
is able to N-1 methylate many tRNAs
with A, G, and even I at position 9
(Vilardo et al. 2012).

In vitro tRNA substrate specificity
patterns exhibited by hTRMT10A
and hTRMT10B are not
determined by tRNA affinity

With differences in substrate
specificity between hTRMT10A and
hTRMT10B established, we assessed
whether different methylation pat-
terns could be explained by distinct
tRNA binding affinities exhibited by
each enzyme. Filter binding assays
were used to measure apparent affin-
ities between each purified enzyme
and four selected tRNA species, cho-
sen to represent both substrate and
nonsubstrate tRNAs for both en-
zymes. Interestingly, for the four test-

ed tRNAs, we observed no substantial differences in the
apparent equilibrium dissociation constant (KD,app) be-
tween hTRMT10A and hTRMT10B. These assays revealed
only approximately fivefold difference in KD,app between
hTRMT10A’s most tightly bound tRNA (tRNAArg) and
hTRMT10B’s most weakly bound tRNA (tRNAAsp) (Fig. 5).

FIGURE 2. Human TRMT10A and TRMT10B exhibit distinct in vitro tRNA substrate specifici-
ties. (A) m1G9 activity of hTRMT10A on human G9-containing tRNAs. Labeled tRNA were cre-
ated by in vitro transcription in the presence of [α32P]-GTP, resulting in uniform labeling at
every G nucleotide. Labeled tRNA were incubated with fivefold dilutions of the enzyme
(1.5 mg/mL to 2.4 µg/mL, with the highest concentration indicated by the number shown in
the wedge representing each titration) or no enzyme (−) for 1 h. Quenched reactions were di-
gested to single nucleotides using P1 nuclease and analyzed by TLC to resolve product
(p∗m1G) from remaining unreacted substrate (p∗G). (B) m1G9 activity of hTRMT10B on human
G9-containing tRNAs. Reactions were performed identically to A, except that serial dilutions
contained 0.3 mg/mL to 0.5 µg/mL enzymes, with the highest concentration indicated by
the number shown in the wedge representing each titration as above. (C ) m1G9 activity of
ScTrm10 on human G9-containing tRNAs. Reactions were performed identically to A, except
that serial dilutions contained 2 mg/mL to 3 µg/mL enzyme, with highest concentration indi-
cated by the number shown in the wedge representing each titration as above. (D) m1A9 activ-
ity of hTRMT10A and hTRMT10B, and T. kodakarensis Trm10 positive m1A9 control
(Krishnamohan et al. 2019), on human tRNAAsp. Uniformly A-labeled in vitro transcript of
tRNAAsp was prepared as described in B above (in transcription reactions containing [α32P]-
ATP), and tested with the same assay. Digestion with nuclease P1 generates p∗m1A frommeth-
ylated product RNA and p∗A from unreacted substrate, which are also resolved by TLC.
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In fact, we found that hTRMT10A and hTRMT10B display
slightly lower affinity for substrates upon which they have
higher methylation activity (Table 2, discussed below).
Taken together, it is clear that apparent affinity of the en-
zyme for certain tRNA species is not a determinant of cat-
alytic potential, and certainly does not explain the ability of
hTRMT10B to preferentially methylate tRNAAsp over other
A9-containing tRNAs, since KD,app for this tRNA is similar to
or even greater than that observed for the nonsubstrate
tRNAAla (Fig. 5). Thus, these data suggest that tRNA bind-
ing alone is not the primary determinant of either
hTRMT10A or hTRMT10B activity.

hTRMT10A displays higher in vitro catalytic rates
than hTRMT10B

To further quantify differences between hTRMT10A and
hTRMT10B, we performed a single-turnover kinetic analy-
sis of each enzyme with representative tRNA substrates,
tRNAArg, tRNATrp, and tRNAAsp (tRNAAla is not detectably
methylated by either enzyme and thereforewas not tested)
using the same activity assays described above. Observed
rates (kobs) were determined for each enzyme using
saturating concentrations of enzyme, which enables com-
parison of the rate-determining steps for the methyla-
tion step for each substrate, as described previously
(Krishnamohan and Jackman 2017). In these assays,
hTRMT10A exhibited a significantly higher overall catalytic
efficiency than hTRMT10B, with 380-fold and 1100-fold

greater kobs values exhibited for tRNAArg, and tRNATrp, re-
spectively (Table 2). The relatively weak m1G9 methylation
activity of hTRMT10B fits with the unique role of
hTRMT10A as the cytosolic m1G9 methyltransferase in
humans. The rates of hTRMT10B-catalyzed m1A9 methyla-
tion on tRNAAsp, although on the low end of catalytic effi-
ciency among other studied Trm10 family members, are
nonetheless modestly higher than those observed for
m1G9 methylation. Moreover, the inability of hTRMT10A
to catalyze any detectable activity on the tRNAAsp that is
known to be modified with m1A9 in human cells (Clark
et al. 2016) is consistent with this activity representing
the true biological function of hTRMT10B in humans. We
note that while these studies were in progress, indepen-
dent genetic analysis demonstrated that depletion of
hTRMT10B in human cells led to complete loss of m1A9

modification of human tRNAAsp, confirming this function
of the human TRMT10B ortholog in vivo (E Vilardo and
W Rossmanith, pers. comm.).

DISCUSSION

Interest in understanding mechanisms by which tRNA
modification enzymes select and modify substrate tRNA
has increased as roles for these enzymes in human disease
have become more apparent (Abbott et al. 2014; Kirchner
and Ignatova 2015). The identification of nearly complete
sets of tRNA modification enzymes and their targets in S.
cerevisiae and E. coli facilitatedmany early studies focused

TABLE 1. In vitro methylation activity of Trm10 enzymes

Nucleotide at position 9 tRNA (anticodon) ScTrm10 activity hTRMT10A activity hTRMT10B activity

Human tRNAs

G9 Arg (UCG) +++ +++ +
Asn (GUU) +++ +++ -
Gln (CUG) +++ +++ -
Gln (UUG) +++ +++ -
Gly (CCC) +++ +++ -
Gly (GCC) +++ +++ -
iMet (CAU) +++ +++ -
Trp (CCA) +++ +++ +

A9 Ala (AGC) - - -
Asp (GUC) - - ++
Phe (GAA) NDa - -

Yeast tRNAs

G9 Asn (GUU) +++ +++ -
Gly (CCC) +++ +++ -
Gly (GCC) +++ +++ -
Leu (CAA) - - -
Trp (CCA) +++ +++ -
Val (UAC) +++ +++ -

A9 Phe (GAA) NDa NDa -

a(ND) Not determined as part of this work.
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on activities in these organisms, while an understanding of
several biologically important human enzymes has lagged
(Juhling et al. 2009; Phizicky and Hopper 2010; Jackman
and Alfonzo 2013). Similarly, studies of modifications in
and around the anticodon loop of tRNA are represented
frequently in the literature due to readily observed transla-
tional phenotypes associated with loss of many of these
types of modifications, whereas studies of modifications
in the core of tRNA have lagged (Gu et al. 2014; Endres
et al. 2015; Tuorto and Lyko 2016). Here we attempted
to address both gaps by characterizing two human tRNA
methyltransferases responsible for modifications at ninth-
position purine residues.
Seeking to explain the apparent lack of functional redun-

dancy between hTRMT10A and hTRMT10B, we showed
that the two enzymes have distinct functionalities, as evi-
denced by their distinct in vitro substrate specificities,
and identify hTRMT10B as the enzyme responsible
for the recently discovered (Clark et al. 2016) m1A9 modi-
fication in tRNAAsp (Fig. 2). In parallel with the work de-
scribed here, a genetic approach was used to identify
the same tRNAAsp m1A9 modification activity associated
with hTRMT10B in HAP1 cells, in agreement with our ob-

servations (E Vilardo and W Rossmanith, pers. comm.).
So far, out of several studies seeking to characterize mod-
ifications found in human tRNA species, tRNAAsp is the
only tRNA demonstrated to contain the m1A9 modification
(Clark et al. 2016), and thus tRNAAsp appears to be the sin-
gle biological target for hTRMT10B activity. It remains un-
clear why humans or other organisms encode this second
cytosolic TRMT10B homolog if its only function is to cata-
lyze modification of a single target tRNA. However, these
results suggest that hTRMT10B is not present to simply
act in a tissue-specific manner to replace existing
hTRMT10A functions, as had been previously suggested
(Gillis et al. 2014). Therefore the conservation of TRM10B
orthologs throughout vertebrates suggests that the ability
to catalyze distinct modifications at position 9 provides
some evolutionary advantage (Jackman et al. 2003).
It is interesting that, unlike the other members of the

Trm10 family characterized so far, which act relatively non-
selectively on various tRNA species that contain the appro-
priate target nucleotide in vitro (Vilardo et al. 2012;
Swinehart et al. 2013; Cosentino et al. 2018), hTRMT10B
was not able to modify three other tested tRNA species
that contain the A9 nucleotide (Fig. 4A). This apparent

FIGURE 3. Validation of m1A9 methylation product catalyzed by hTRMT10B. (A) Extracted ion chromatograms of the nucleoside (left) and the
oligonucleotide (right) analyses of tRNAAsp transcript (with and without hTRMT10B incubation indicated by black and gray arrows, respectively).
The nucleoside analysis confirmed that m1A (the only ribonucleoside modification detected) is only observed in the transcript incubated with
hTRMT10B. The oligonucleotide analysis revealed the presence of the unique and sequence-specific UU[m1A]G oligonucleotide, confirming
m1A at position 9 of tRNAAsp. Mass spectra information is shown in Supplemental Figure 2. (B,C ) Methylation activities of hTRMT10B variants
with inactivating mutations in the conserved SAM binding residues. Activity assays were performed with either single variant G231R or double
variant G231R/G232R purified enzymes (0.3 and 0.2 mg/mL, respectively), with tRNAs uniformly labeled at G nucleotides (B) or A nucleotides
(C ), as in Figure 2.
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stricter substrate selectivity is another way that hTRMT10B
appears to biochemically differ fromother Trm10enzymes.
Although the molecular basis for this tRNA-selective mod-
ification activity is not known, it may suggest that presence
of m1A9 could be deleterious if formed on other tRNAs,
thus explaining the evolution of more restrictive substrate
specificity for this particular family member.

Measurements of in vitro rates of methylation catalyzed
by hTRMT10B consistently indicated a significantly lower
apparent catalytic efficiency exhibited by the enzyme com-
pared to other Trm10 homologs, including hTRMT10A
(Table 2; Krishnamohan and Jackman 2017; Krishnamohan
et al. 2019). The relative lack of efficient m1G9 methylation
catalyzed by hTRMT10B is consistent with the scenario in

FIGURE 4. Human TRMT10B exhibits limited tRNA substrate specificity. (A) In vitro methylation assays were performed with four different A9-
containing yeast and human tRNAs. Serial dilutions of hTRMT10B (0.3 mg/mL to 0.5 µg/mL), or no enzyme (-) were incubated with the uniformly
labeled tRNA and analyzed after nuclease P1 digestion, as described above. (B) Secondary structure diagrams of tRNAs tested in A, with the A9

residue highlighted in red for each tRNA. (C ) Multiple sequence alignment of A9-containing human tRNA genes (Juhling et al. 2009). Alignment
was performed using Clustal Omega (Sievers et al. 2011), similar nucleotides are highlighted by shading (using BoxShade), and nucleotides
unique to tRNAAsp among all other A9 tRNA are starred and shown in red.
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which hTRMT10A is the biologically relevant m1G9methyl-
transferase, and with the fact that hTRMT10B expression
cannot complement the growth defect associated with
trm10 deletion in S. cerevisiae, despite its weak ability to
catalyze this reaction with at least two tRNA (Fig. 1). How-
ever, as hTRMT10B is the only known enzyme in humans
that is capable of introducing the tRNAAsp m1A9 modifica-
tion (Clark et al. 2016), the relatively slow in vitro rates raise
questions about the biological sufficiency of this enzyme.
Interestingly, a recent analysis of the archaeal bifunctional
m1A/m1G homolog from Thermococcus kodakarensis
(TkTrm0) revealed significant substrate-dependent differ-
ences in rate, with several tRNA species being methylated
with 100-fold slower rates than others (Singh et al. 2018;
Krishnamohan et al. 2019). Understanding howhTRMT10B
specifically interacts with its target tRNA substrate will be
important to determine the basis for any role for the iden-
tity of the tRNA in dictating overall catalytic efficiency.
Nonetheless, the tRNA binding experiments performed
here (Fig. 5) suggest that differences in overall tRNA affin-
ity are not able to explain the observed tRNA substrate
specificity, and demonstrate the need for further experi-
ments detailing the interaction of hTRMT10B with tRNA.
The lower observed rates of methylation by hTRMT10B

could also indicate a dependence on one or more other
modifications for efficient activity, and the absence of na-
tive tRNA modifications on the in vitro tRNA transcripts
tested in the assays may play a role in the observed low

catalytic rates. For ScTrm10, efficiency of methylation was
somewhat affected by the use of modified tRNA substrates
derived from trm10Δ cells, although in this case, the pres-
ence of native modifications served to modestly reduce
methylation activity on several tRNA species that are sub-
strates for ScTrm10 in vitro, but are not normally modified
in vivo (Swinehart et al. 2013). Thus, in the S. cerevisiae ex-
ample, the presence of native modifications may restrict
enzyme activity in vivo to only a limited number of tRNA,
rather than stimulate catalytic efficiency as we might spec-
ulate for hTRMT10B. Again, understanding the nature of
hTRMT10B interaction with tRNA and how modifications
might affect this interaction would make this more clear.
Alternatively, the possibility cannot be excluded that
hTRMT10B may require an additional interacting partner,
such as another protein, for efficient methylation activity.
Several other tRNAmodification enzymes have been dem-
onstrated to require partner proteins for catalysis (Vilardo
et al. 2012; Guy and Phizicky 2014), although this has not
yet been observed for cytosolic Trm10 enzymes, which no-
tably function as monomers instead of the homodimers
typical of other SPOUT methyltransferases (Kempenaers
et al. 2010; Shao et al. 2014; Van Laer et al. 2016; Hori
2017; Singh et al. 2018; Krishnamohan and Jackman
2019). If hTRMT10B utilizes such a protein partner, it would
suggest greater divergence from the cytosolic ScTrm10
and hTRMT10A, and some similarity to the mitochondrial
hTRMT10C, with its m1G9/m

1A9 activity and requisite co-
factor SDR5C1 (Vilardo et al. 2012). Future biochemical
characterization of hTRMT10B, including determinants of
its substrate specificity and interactions with other cellular
molecules, is needed to further delineate its role from
hTRMT10A and hTRMT10C, as well as more completely
understand the evolutionary basis for the distinct con-
served presence of TRMT10B homologs in vertebrates.
hTRMT10A catalyzes m1G9 methylation in vitro, consis-

tent with its previously identified function in β-cells
(Cosentino et al. 2018). That study identified three human
tRNAs as in vitro and in vivo substrates of hTRMT10A:
tRNAGln(UUG), tRNAGln(CUG), and tRNAiMet. Similarly,
Vilardo and colleagues found that hTRMT10A was able
to catalyze m1G9 on one human cytoplasmic (tRNAArg)

FIGURE 5. Binding affinity does not determine substrate specificity
patterns for hTRMT10A and hTRMT10B. Affinities of hTRMT10A
and hTRMT10B were determined for each of four different human
tRNAs using a double-filter binding assay. The four tRNAs were cho-
sen to represent two G9-containing tRNA (Arg and Trp, modified effi-
ciently by hTRMT10A and much less efficiently by hTRMT10B), and
two A9-containing tRNAs (Asp and Ala, with Asp modified only by
hTRMT10B, and Alamodified by neither enzyme). Apparent KD values
determined by the fit of the data from the binding assay, as described
in Materials and Methods, are plotted for each enzyme. Measured
KD,app for hTRMT10A: 0.65 µM (Arg), 2.7 µM (Trp), 2.2 µM (Asp),
and 2.2 µM (Ala), and for hTRMT10B: 1.3 µM (Arg), 3.0 µM (Trp), 3.8
µM (Asp), and 2.2 µM (Ala). Error bars represent standard error derived
from two independent assays.

TABLE 2. Observed single-turnover rates of methylation by
Trm10 enzymes

Activity
tRNA species
(anticodon)

hTRMT10A
kobs (min−1)

hTRMT10B
kobs (min−1)

m1G9 Arg (UCG) 2.59±0.54 (6.8 ±2.7) × 10−3 a

Trp (CCA) 5.21±1.27 (4.7 ±2.4) × 10−3 a

m1A9 Asp (GUC) NDb (2.5±1.3) × 10−2

aEstimate for kobs derived using the method of linear initial rates.
bm1A9 activity of hTRMT10A was not detected under any experimental
conditions tested.
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and three mitochondrial (tRNAIle, tRNALeu, and tRNATyr)
tRNAs, as well as m1I9 on a tRNAArgG9I variant (Vilardo
et al. 2018). Here we confirm the ability of hTRMT10A to
methylate tRNAArg, tRNAGln(UUG), tRNAGln(CUG), and
tRNAiMet in vitro, and add four human tRNAs (tRNAAsn,
tRNAGly(CCC), tRNAGly(GCC), tRNATrp) and five yeast tRNAs
(tRNAAsn, tRNAGly(CCC), tRNAGly(GCC), tRNATrp, tRNAVal) to
its repertoire (Table 1; Fig. 2). Thus we demonstrate not
only that hTRMT10A is the de facto human m1G9 methyl-
transferase, but also that it has a broad capability to meth-
ylate many tRNAs, even ones not expressed in human
cells. Notably, we observe nomethylation of any A residue
in our uniformly labeled transcript of tRNAPhe (Fig. 4),
which rules out the recently suggested possibility that
hTRMT10B is responsible for the m1A14 modification in
that tRNA. The enzyme responsible for catalyzing that
modification thus remains to be identified (de Crécy-
Lagard et al. 2019).

Of 19 tRNAs that have been identified as havingm1G9 in
human cells, six have now been confirmed as substrates of
hTRMT10A (tRNAAsn and tRNATrp are added in this current
study) (Clark et al. 2016). Interestingly, however, we identi-
fy tRNAGly(CCC) and tRNAGly(GCC) as robust in vitro sub-
strates of hTRMT10A (Table 2), even though they had no
detectable levels of m1G9 methylation in vivo (this does
not appear to be a technical issue, as both were success-
fully identified as having the m1A58 modification) (Clark
et al. 2016). This echoes the in vitro substrate expansion
that has been previously demonstrated for ScTrm10, un-
derscoring further similarities between these two enzymes
(Swinehart et al. 2013). Although it has not been deter-
mined, it is possible that this substrate expansion is charac-
teristic of the homolog most similar to ScTrm10
(hTRMT10A in humans), and that Trm10 homologs in other
organisms will display similar patterns of substrate specific-
ity. Likewise, determining the basis for such divergence
between substrate specificity in vitro and in vivo remains
an interesting and unanswered question.

MATERIALS AND METHODS

Saccharomyces cerevisiae complementation

A previously described trm10Δ strain of S. cerevisiae (Jackman
et al. 2003) was transformedwith 2µ (high copy) LEU2plasmids ex-
pressing the indicated Trm10 genes (ScTrm10, hTRMT10A,
hTRMT10B, or empty vector) under the control of a galactose-
inducible promoter (Swinehart et al. 2013). Cultures of Leu+
transformants were standardized to OD600 =1, and tested for 5-
fluorouracil (5-FU) sensitivity by spotting 2 µL of fivefold serial
dilutions onto S-Gal-leu plates containing varied concentrations
of 5-FU (0, 0.1, 1 µg/mL). Plates were grown at 30 or 37°C for 2–
3 d before being photographed. Western blots were performed
on crude lysates prepared as described in Gelperin et al. (2005),
and used anti-HA primary antibodies (Abcam, ab18181) and
anti-mouse secondary antibodies (Sigma, A9044) to probe for

expression of enzymes with amino-terminal HA epitopes.
Antibodies were detected using Amersham ECL Western
Blotting Detection Reagent (GE Healthcare), and imaging was
performed with the Konica SRX-101A developer (Tokyo, Japan).

Expression, purification, and mutagenesis of
hTRMT10A and hTRMT10B

Amino-terminal His6-tagged constructs of ScTrm10, hTRMT10A,
and TkTrm10 were expressed in E. coli and purified using metal
ion affinity chromatography as described previously (Jackman
et al. 2003; Swinehart et al. 2013; Krishnamohan et al. 2019).
hTRMT10B was expressed and purified using an identical proto-
col, except that an additional Superdex-200 column (GE
Healthcare) was used to improve purification by removal of addi-
tional contaminating proteins that remained after metal ion affin-
ity purification, likely due to lower overall levels of expression of
hTRMT10B relative to the high-expressing ScTrm10 and
hTRMT10A. Gel filtration was performed in a buffer containing
10% glycerol, 20 mM Bis-tris pH 6.5, 500 mM NaCl, MgCl2,
EDTA, and DTT at 0.4 mL/min, with hTRMT10B-containing frac-
tions (identified by SDS-PAGE) pooled and stored at −80°C in
the same buffer. The resulting proteins were judged to be
75%–90% pure by SDS-PAGE. hTRMT10B variants were generat-
ed using Phusion mutagenesis (Thermo Fisher Scientific) and ver-
ified by DNA sequencing; variant proteins were purified as
described above for the wild-type enzyme but without the addi-
tional size exclusion purification step, as further purification was
not needed to detect activity under the tested conditions
(Swinehart et al. 2013).

In vitro methylation assays

In vitro m1R9 methylation assays were performed using uniformly
labeled in vitro transcripts as previously described (Swinehart
et al. 2013). Briefly, inclusion of either [α32P]-GTP (for visualization
of G9 methylation activity) or [α32P]-ATP (for visualization of A9

methylation activity) in T7 RNA polymerase in vitro transcription
reactions were used to generate all substrate tRNAs. No addition-
al refolding step was used prior to assays, based on previous ob-
servations that these did not affect the extent or rate of
methylation of these substrate tRNA transcripts.Methylation reac-
tions contained 2000 counts per minute of the indicated tRNA, 50
mM Tris pH 8.0, 1.5 mMMgCl2 and 0.5 mM SAM, and were initi-
ated by the addition of enzyme (fivefold serial dilutions starting
with the highest possible concentrations of each enzyme: 2 mg/
mL for ScTrm10, 1.5 mg/mL for hTRMT10A, 0.3 mg/mL for
hTRMT10B, 0.3 mg/mL for hTRMT10B G231R, and 0.2 mg/mL
for hTRMT10B G231R/G232R). After incubation for 1 h at 37°C,
reactions were quenched by addition of phenol: chloroform: iso-
amyl alcohol (25:24:1) and purified by phenol extraction and eth-
anol precipitation. The purified tRNA was then digested to single
nucleotides using nuclease P1 (Sigma-Aldrich) leaving the 5′-32P
label on methylated (p∗m1G/A) or unmethylated (p∗G/A) G or A
residues, which were resolved by cellulose TLC in isobutyric
acid: H2O: NH4OH (66:33:1; G residues) or saturated ammonium
sulfate: H2O: isopropanol (80:18:2; A residues) solvent. The plates
were exposed to a phosphor screen and scanned using the
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Typhoon imaging system (GE Healthcare) and quantified using
ImageQuant TL software (GE Healthcare).

Single-turnover assays contained the same uniformly labeled
transcripts and were performed under the same reaction condi-
tions used for the activity assays above, but included ≥2 µM of
each enzyme (to achieve >100-fold excess over concentration
of tRNA). Aliquots were taken at time points (0.3–90 min) and
quenched with phenol: chloroform: isoamyl alcohol (25:24:1), pu-
rified, digested and analyzed by TLC as described above. The
percent m1G9/m

1A9 (%P) formed at each time point was quanti-
fied and plotted as a function of time (t), and kobs was determined
by fitting to a single exponential (Equation 1) or linear (Equation 2)
equation using Kaleidagraph software (Synergy Software); the
method of initial rates was used to calculate kobs for fits with a lin-
ear initial velocity.

%P = Pmax
∗(1− exp (−kobs∗t)) (1)

%P = ((kobs∗ Pmax)∗t)+ Pmin (2)

Rates were all measured independently using at least two differ-
ent excess enzyme concentrations for each enzyme and did
not depend on the concentration of enzyme in the assays, as ex-
pected for the maximal enzyme concentration-independent
rate that is limiting for the overall chemistry of methylation
(Krishnamohan and Jackman 2017).

HPLC-MS/MS analysis of nucleosides
and oligonucleotides

One microgram aliquots of tRNAAsp transcript (with and without
hTRMT10B in vitro incubation) were hydrolyzed to nucleosides
using nuclease P1 and alkaline phosphatase as previously de-
scribed (Dumelin et al. 2012) or oligonucleotides using ribonucle-
ase T1 and alkaline phosphatase as previously described
(Addepalli and Limbach 2016). For nucleosides, HPLC-MS/MS
analyses were carried out on an Orbitrap Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher Scientific, Waltham, MA) cou-
pled to a Vanquish Flex Quaternary (Thermo Fisher Scientific,
Waltham,MA) UHPLC system in a similar fashion as previously de-
scribed (Jora et al. 2018). An Acquity UPLC HSS T3 column, 1.8
µm, 1.0 mm×100 mm (Waters) was used. The mobile phase buff-
ers were prepared from 5.3 mM ammonium acetate at pH 4.5 in
water (mobile phase A) and in 40/60 acetonitrile/water (mobile
phase B). The reversed-phase HPLC gradient consisted of 0% B
for 7.6 min, 2% B at 15.7 min, 3% B at 19.2 min, 5% B at 25.7
min, 25% B at 29.5 min, 50% B at 32.3 min, 75% B at 36.4 min
(hold for 0.2 min), 99% B at 39.6 min (hold for 7.2 min), then re-
turning to 0% B at 46.9 min. An 18-min step at 0% B was used
for column reequilibration. Flow rate and column temperature
were set at 100 µL min−1 and 30°C, respectively.

For oligonucleotides, HPLC-MS/MS analyses were done using
the same system described above, and under previously de-
scribed conditions (Lobue et al. 2019a,b). A PEEK Shodex
HILICpak VN-50 column, 5 µm, 2.0 mm×150 mm (Shoko
Science) was used. Mobile phases A and B consisted of, respec-
tively, 70 mM ammonium acetate (no pH control) in 30/70 aceto-
nitrile/water and 25mM ammonium acetate (no pH control) in 75/
25 acetonitrile/water. The hydrophilic interaction liquid chroma-
tography (HILIC) HPLC gradient consisted of 100% B for 1.0

min, 45% B at 30 min, then returning to 100% B at 30.1 min. A
25-min reequilibration step at 100% B was used. Data processing
was performed using RNAModMapper (Yu et al. 2017; Lobue
et al. 2019b) with the following settings: variable mapping
mode; precursor and product mass tolerances set to 0.06 m/z;
c/y-type ions weighting factor at 0.7; and P-score andDot product
thresholds at 55 and 0.8, respectively.

Filter binding assays

Uniformly labeled transcripts were incubated with varied concen-
trations of hTRMT10A and hTRMT10B (from 10 nM to 10 µM) for
at least 15 min, at which point the reactions were vacuum filtered
through Amersham Protran 0.45 µm nictrocellulose membrane
and Amersham Hybond-N+ membrane, in sequence, followed
by washing with buffer using a dot-blot apparatus. Each mem-
brane was dried separately, exposed to a phosphor screen and
imaged using Typhoon imaging system (GE Healthcare), and
quantified using ImageQuant TL software (GE Healthcare). The
fraction of tRNA bound (%B) was plotted as a function of enzyme
concentration, and KD was determined by fitting to a binding
isotherm, where %B= fraction of bound tRNA, Bmax =maximal
fraction of bound tRNA, Bmin =minimal fraction of bound tRNA,
[E] = enzyme concentration, KD= apparent dissociation constant,
and H=cooperativity coefficient (Equation 3).

%B = %Bmax +%Bmin −%Bmax

1+ [E]
KD

H (3)

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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