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ABSTRACT

The tRNA m'Ggy methyltransferase (Trm10) is a
member of the SpoU-TrmD (SPOUT) superfamily of
methyltransferases, and Trm10 homologs are widely
conserved throughout Eukarya and Archaea. Despite
possessing the trefoil knot characteristic of SPOUT
enzymes, Trm10 does not share the same quaternary
structure or key sequences with other members of
the SPOUT family, suggesting a novel mechanism
of catalysis. To investigate the mechanism of m'Gg
methylation by Trm10, we performed a biochemical
and kinetic analysis of Trm10 and variants with al-
terations in highly conserved residues, using crys-
tal structures solved in the absence of tRNA as a
guide. Here we demonstrate that a previously pro-
posed general base residue (D210 in Saccharomyces
cerevisiae Trm10) is not likely to play this suggested
role in the chemistry of methylation. Instead, pH-rate
analysis suggests that D210 and other conserved
carboxylate-containing residues at the active site
collaborate to establish an active site environment
that promotes a single ionization that is required for
catalysis. Moreover, Trm10 does not depend on a cat-
alytic metal ion, further distinguishing it from the
other known SPOUT m'G methyltransferase, TrmD.
These results provide evidence for a nhon-canonical
tRNA methyltransferase mechanism that character-
izes the Trm10 enzyme family.

INTRODUCTION

Despite an increased appreciation for the presence and
function of modified nucleotides in biological RNAs, trans-
fer RNA (tRNA) remain exceptional because of their ex-
tensive posttranscriptional modification, with modified nu-
cleotides found throughout tRNA species in organisms
from all domains of life (1-5). The importance of many

tRNA modifications in the anticodon stem—loop (and their
corresponding enzymes) is relatively well-documented, as
loss of these modifications frequently affects translation
efficiency or fidelity (6,7). In contrast, roles of modifica-
tions that occur outside of the anticodon region, in the
body of the tRNA, are more difficult to define, as deletion
of a single enzyme responsible for these modifications fre-
quently does not typically cause an obvious growth phe-
notype. Nonetheless, stress-related fitness defects have been
associated with loss of tRNA modifications and an increas-
ing number of diseases have been attributed to mutations
in human modification enzymes (8-15), both of which sug-
gest important roles for tRNA modifications that remain to
be fully demonstrated. To better understand the biological
impact of these modifications, it is therefore important to
understand the biochemical properties and reaction mech-
anisms of the associated enzymes.

Trm10 is responsible for one post-transcriptional modi-
fication found in the body of multiple tRNAs in Archaea
and Eukarya. Trm10 methylates the N1 of guanosine at
the ninth position of tRNAs (Gy) using S-adenosyl me-
thionine (SAM) as the methyl group donor (16,17) (Figure
1). In Saccharomyces cerevisiae, TRM10, like many other
genes for tRNA modification, is non-essential (16); how-
ever, trml0A strains exhibit hypersensitivity to the com-
mon anti-tumor drug 5-fluorouracil (SFU) (18). Metazoa
encode multiple paralogs of Trm10, including three ho-
mologs found in humans (TRMTI10A, TRMTI10B and
TRMTI0C). TRMTI10C is the most well-characterized
of these, which localizes to mitochondria and functions
in tRNA 5-end maturation as part of an unusual pro-
teinaceous ribonuclease P (RNase P) complex (19,20). For
the other two non-mitochondrial human homologs, less is
known. Recently, however, disease syndromes character-
ized by neurodegenerative defects and glucose metabolic
disorders were associated with two different familial mu-
tations in human TRMTI10A (hnTRMT10A), indicating at
least some non-redundant functions for TRMT10A and
TRMTI10B in human cells, further adding to the questions
surrounding this enzyme family and its biochemical prop-
erties (10,11,21-23).
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Previous biochemical and structural characterization
suggested several unusual mechanistic features associated
with Trm10 methylation. First, although the originally-
discovered S. cerevisiae Trm10 (ScTrm10) acts as an ob-
ligate Go methyltransferase, an archaeal Trm10 homolog
from Sufolobus acidocaldarius acts only on tRNA species
with adenines at Ag, and others, such as the enzyme from
Thermococcus kodakarensis and human TRMT10C, methy-
late both Gy and Ay (16,20,24). The molecular basis for
these variable target nucleotide specificities is unknown but
suggests distinct catalytic features compared to other base-
modifying RNA methyltransferases, which so far all exhibit
specificity for a single target base (3). Second, although sev-
eral crystal structures corroborated the original bioinfor-
matics prediction that Trm10 is a member of the SpoU-
TrmD (SPOUT) superfamily, there are notable differences
that preclude inferring the mechanism of Trm10 by direct
analogy to other more well-studied SPOUT family mem-
bers (25-27). These differences include a unique quaternary
structure; while Trm10 structures implicate a monomer
as the catalytically relevant form of the enzyme, all other
SPOUT family members (with the exception of Sfml—a
protein arginine methyltransferase (28)) function as dimers
with the active site located at the dimeric interface. Sequence
differences are also an issue, since sequence alignments fail
to identify analogous residues to some highly conserved
amino acids implicated in the mechanisms of other SPOUT
methyltransferases (27,29-31). Finally, although a highly
conserved aspartate (D210 in ScTrm10) has been proposed
by several groups to serve as a general base during m'Gy
methylation (20,25), this role has not been biochemically
validated for any family member. For all of these reasons,
the overall mechanism of Trm10 catalysis remains poorly
understood. Here we use biochemical and kinetic methods
to investigate the mechanism of human and S. cerevisiae
Trm10, and provide evidence for a novel mode of catalysis
that differs from several previous predictions.
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Figure 1. Trm10 catalyzes m' Gy formation in tRNA. (A) Representative
cloverleaf structure of tRNA showing position of the Gy residue that is
the target for Trm10 methylation. (B) Trm10 uses S-adenosylmethionine
(SAM) as the donor of the methyl group to form m! Gg. A protein residue
(D210 in ScTrm10) has been proposed to serve as a general base (indicated
by GB:) to abstract the proton from the N1 target atom for methylation.

MATERIALS AND METHODS
Mutagenesis and purification of Trm10

Trm10 variants (yeast and human) were generated using
Phusion mutagenesis (Thermo Scientific) using previously
described plasmids for heterologous expression and purifi-
cation of wild type ScTrm10 and hTRMTI10A from Es-
cherichia coli (16,17). Mutations were confirmed by se-
quencing and wild-type and mutant proteins were purified
using metal ion affinity chromatography, as previously de-
scribed (17) and dialyzed into a storage buffer containing
50% glycerol, 20 mM Tris pH 7.5, 55 mM NaCl, 1 mM
MgCl,, 1 WM ethylenediamine tetraacetic acid (EDTA) and
1 mM dithiothreitol. The resulting proteins were judged to
be 75-90% pure by SDS-PAGE and stored at —20°C (Sup-
plementary Figure S1).

In vitro methylation assay

Yeast tRNASY and yeast Go-tRNAP" (17) were prepared
from in vitro transcripts and specifically labeled with 2P at
the phosphate immediately 5’ to Gy using previously de-
scribed methods (17). For specific activity assays, reactions
containing Gy-labeled tRNASY, 50 mM Tris pH 8.0, 1.5
mM MgCl, and 0.5 mM SAM were initiated with 10-fold
serial dilutions of enzyme, as indicated. After incubation for
1-2 h at 30°C, reactions were stopped by addition of phe-
nol: chloroform: isoamyl alcohol (25:24:1) and purified by
phenol extraction and ethanol precipitation. The purified
tRNA was then digested to single nucleotides using nuclease
P1 (Sigma-Aldrich) leaving the 5'->P label on methylated
(p*m'G) or unmethylated (p*G) Gy, which were resolved
by cellulose thin-layer chromatography (TLC) in isobutyric
acid: H;O:NH4OH (66:33:1) solvent. The plates were ex-
posed to a phosphor screen and scanned using Typhoon™
imaging system (GE Healthcare) and quantified using using
ImageQuant™ TL software (GE Healthcare).

SAM-dependence assays were performed using the above
assay with 1 puM enzyme and 5 nM-500 puM SAM. The per-
cent of methylated Gy (%P) was quantified and plotted as
a function of SAM concentration and the data were fit to
Equation (1) to yield the concentration of SAM required
for half maximum product formation (Xj») using Kaleida-
graph software (Synergy).

%P = Pyay % [SAM]/(K) 2, [SAM]) (1)

Single-turnover kinetics and pH-rate analysis

Single turnover reactions contained 3’P-Gy labeled tRNA
under the same reaction conditions used for the specific ac-
tivity assays above, but with >2 M of each enzyme (to
achieve >100-fold excess over [tRNA]). Aliquots were taken
at desired time points and quenched with phenol: chloro-
form: isoamyl alcohol (25:24:1), purified, digested and an-
alyzed by TLC as described above. The percent m' Gy (%P)
formed at each time point was quantified and plotted as a
function of time (¢), and kops Was determined by fitting to
a single exponential equation (Equation 2) using Kaleida-
graph software (Synergy).

YoP = Pnax * (1 - exp(_kobs * t)) (2)



For the pH-rate profile, single turnover rate constants
were determined as above under varied pH conditions us-
ing an overlapping buffer system with one or more buffer-
ing agent in each reaction to control for buffer-dependent
effects. The buffers used were: 25 mM sodium acetate + 50
mM Bis-Tris + 50 mM Tris (pH 5.0, 6.0, 7.0, 8.0, 9.0), 25
mM sodium acetate (pH 5.2), 50 mM Bis-Tris (pH 6.3, pH
6.5, pH 6.6), 50 mM Bis—Tris + 50 mM Tris (pH 7.2, pH 7.7,
pH 8.3, pH 8.5, pH 8.8) and 50 mM Tris (pH 7.5). The ks
values obtained from three independent experiments were
plotted as a function of pH and the pK, was calculated by
fitting to Equation (3) using Kaleidagraph (Synergy), with
kmax representing the pH-independent maximal rate.

kobs = max/(l + lo(pKa—pH)) (3)

To ensure that all kyps values were independent of the
concentration of Trm10, rates were measured using at least
2 different excess enzyme concentrations for each wild
type enzyme (W"TRMT10A and ScTrm10) and for ScTrm10
D210A. An enzyme concentration of at least 1 wM was es-
tablished to be saturating for all three enzymes, and the rates
for all other variants were determined accordingly based on
the similar Kp ,pp, for tRNA exhibited by these enzymes, us-
ing at least 2 wM enzyme in the assays.

Yeast complementation assay

Two previously described, otherwise isogenic strains of Sac-
charomyces cerevisiae, TRM10 and trm10A (16), were trans-
formed with 2 (high copy) LEU2 plasmids expressing var-
ious Trm10 genes (ScTRM10, hTRMTI10A or D210N mu-
tant of h\TRMT10A) under the control of a galactose in-
ducible promoter (17). Two independently isolated Leu+
transformants were each tested for 5-fluorouracil (5FU)
sensitivity by replica plating onto SGal-leu plates contain-
ing varied concentrations of SFU (0.1, 1, 25 g /ml). Plates
were grown at 30 or 37°C for 2-3 days before being pho-
tographed.

Fluorescence anisotropy

tRNA binding assays were performed by fluorescence
anisotropy (FA) using the indicated enzymes and 5'-6-
carboxyfluorescein labeled tRNASY prepared as described
previously (11). Anisotropy observed from two independent
experiments was plotted as a function of enzyme concentra-
tion and fit to Equation (4) (FAnin — minimum anisotropy
observed limit, FA,x — maximum anisotropy observed
limit, n — Hill coefficient, [E] — enzyme concentration) us-
ing Kaleidagraph (Synergy) to obtain Kp.

FA = FAmin + (FAmax - FAmln)/(l + (KD/[E])H) (4)

Isothermal titration calorimetry (ITC)

ITC was used to evaluate the K for SAM exhibited by wild
type and variant (D210N, G206R) hTRMT10A enzymes.
The experiment was carried out using a Microcal VP-ITC
calorimeter. Purified enzymes were dialyzed overnight in a
buffer containing 20 mM Tris—HCI pH 7.5 and 150 mM
NaCl prior to use in the ITC experiment. The same dialysis
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buffer was used as the SAM dilution buffer. The experiment
was carried out at 25°C by titrating SAM at a concentra-
tion of 2 mM into enzyme at a concentration of 100 wM.
The isotherms obtained were analyzed and fit to equations
corresponding to one binding site per enzyme on Origin 7.0
(Microcal) analysis software.

RESULTS

The proposed aspartate general base D210 is not critical for
methylation activity

A mechanism involving acid-base catalysis (Figure 1B) has
been proposed, with an aspartate (D2101n S. cerevisiae) act-
ing as a general base to extract a proton from the target N-
1 atom of guanosine for subsequent methylation, based on
absolute conservation of this residue in all Trm10 sequences
of both eukaryal and archaeal origin that have been exam-
ined to date (see representative alignment in Figure 2) and
its location near the predicted active site in multiple crys-
tal structures (20,25). To explicitly test this role for D210,
we altered it to each of several other amino acids (A, N,
K) in the context of ScTrm10, and measured the effects on
m! Gy methylation activity with a previously characterized
yeast tRNASY substrate (Figure 3A) (16,17). Surprisingly,
none of these alterations abolished the methylation activity
on substrate tRNASY, and only a modest decrease in activ-
ity was observed compared to wild-type, as judged by simi-
lar specific activities exhibited by the variant enzymes, with
the greatest effect (~10-fold) observed for D210K ScTrm10
(Figure 3A).

To fully quantify these effects on catalysis, single turnover
rates (kops) of methylation were measured at saturating en-
zyme concentrations for the D210A and D210K variants,
chosen to represent the least and most defective variants at
this position, respectively. The effects (4-fold and 20-fold,
respectively) on the observed rates with these variants were
consistent with the overall defects judged by specific activity
(Table 1). These effects were not restricted to ScTrm10, since
alteration of the analogous residue to D210 in hTRMT10A
to asparagine caused a similarly modest (5-fold) decrease
in observed rate of the enzyme with the same tRNASY
substrate (Table 1). These relatively small defects more or
less prove that D210 cannot play an essential role in driv-
ing methylation as a general base. To further demonstrate
the functionality of the variant enzymes, we performed an
in vivo complementation assay to test the ability of the
hTRMT10A D210N variant to suppress the SFU hypersen-
sitive phenotype of trmi0 deletion in S. cerevisiae. Growth
of the trml0A strain is inhibited compared to a TRM10
wild-type strain in media containing 1 pg/ml SFU (Figure
3B) (18). This growth defect is due to the loss of TRM10,
since expression of a wild-type copy of either ScTrm10 or
hTRMTI10A complements this phenotype at either 30 or
37°C, while expression of the empty vector does not restore
wild-type growth to the trml0A strain. Cells expressing the
hTRMTI10A D210N variant were similarly resistant to the
effects of SFU as either wild-type enzyme, consistent with
the in vitro biochemical results (Figure 3B). These results
provide in vitro and in vivo evidence against the essential
nature of the D210 residue, making it unlikely that D210
functions as an obligate general base during catalysis.
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SAM binding motif (Motif 11)

Figure 2. Multiple sequence alignment of Trm10 homologs. Alignment of selected Trm10 homologs from Eukarya (SpTrm10, ScTrm10 plus the three
human paralogs) and Archaea (Trm10 from S. acidocaldarius, SaTrm10) was performed using Clustal Omega (41-43). Conserved residues are highlighted
by shading (using BoxShade), with the positions of the three absolutely conserved carboxylate-containing residues (D100, E111, D210) indicated by arrows
and the location of the SPOUT SAM binding motif (referred to as Motif 11 in the original analysis of SPOUT sequences) indicated by the solid bar under
the sequence. Numbers to the left of each sequence indicate the relevant residue numbering for each homolog; some N-terminal and C-terminal residues

are omitted from the alignment for clarity.

Table 1. Kinetic parameters for m!Gg methylation of tRNACY by Trm10 enzymes

Enzyme kobs (minfl) Fold defect?® pKa Kl/g (SAM) (}.LM) KD (tRNA) (IIM)

ScTrm10

Wild-type 1.00 + 0.13 — 8.1 £ 0.1 uD* 113.0 + 3.2

D210A 0.24 £ 0.03 4 7.1 £ 0.1 43+ 04 ND

D210K 0.05 £ 0.006 20 7.2 £ 0.1 91.8 &£ 8.7 108.0 &+ 6.9

DI100N 0.44 &+ 0.01 2 6.9 £ 0.1 0.03 + 0.01 91.8 + 14.7

E111A 0.18 £ 0.08 6 8.0 £ 0.1 1.4 £ 0.1 86.4 £ 9.9

DI100N+D210A (DM) <0.002 >500 NDP ND 339 £ 3.6

DI100N+D210A+EI11A ND ND ND ND 43.7 + 8.0

(T™M)

G206A G207A ND ND ND 77.6 £ 9.9 ND

hTRMT10A

Wild-type 0.34 &+ 0.05 — 79 £ 0.2 UDb 216.9 £ 40.6
Kp (ITC) = 17.7 £ 4.0

D210N 0.065 £ 0.03 5 73 £ 0.1 7.84 +1.25 127.7 £ 13.6

Kp (ITC) = 60.6 & 10.3

2Fold defect calculated by kops(Wild-type)/kops(variant).
PND = not determined.
¢UD = undefined.

Analysis of the putative SAM binding site of Trm10

The crystal structures of ScTrm10 and Schizosaccharomyces
pombe Trm10 (SpTrm10) were solved in the presence of a
SAM analog, S-adenosyl homocysteine (SAH) and there-
fore aided in identifying residues that interact with SAM,
which include the proposed general base residue D210
(25,26). D210 is embedded in a sequence motif that is char-
acteristic of the SAM binding sequence of several other
SPOUT family enzymes (Figure 2) (27). The crystal struc-
ture shows that D210 participates in an ionic interaction
between the a-NH?3* group in the homocysteine moiety of

SAH and its carboxylate side chain (25). To test the role
of D210 as well as other nearby residues in the interaction
with SAM, we made alterations to two highly conserved
glycine residues in this sequence (G206, which interacts with
the SAH ribose 2'-OH in the cofactor-bound structure (25),
and G207) to alanine and tested the dependence of each
variant enzyme on the concentration of SAM provided in
the assay with tRNASY. The constant K, was defined as
the concentration of SAM required to achieve half max-
imal activity for each enzyme. The parameter K;,, could
not be defined for either wild type enzyme (ScTrm10 and
hTRMTI10A) since significant levels of activity were ob-
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Figure 3. D210 is not essential for m!Gy activity of Trm10. (A) Activity
assay of ScTrm10 with Go-labeled tRNASY . Reactions contain 10-fold se-
rial dilutions of purified ScTrm10; WT (wild-type) (3 wM-0.3 nM); D210N
(3-0.003 wM); D210K (3-0.03 wM); D210A (3-0.003 wM); or no enzyme
(). Positions of the labeled m! G product (p*m!G) and unreacted substrate
(p*G) are indicated. Specific activity of each enzyme was calculated based
on the amount of each enzyme required to produce 20% product in one
hour at 30°C and is labeled under the relevant panel for each enzyme. (B)
Complementation of the yeast 7m0 A phenotype. An S. cerevisiae trml0A
strain was transformed with plasmids expressing either wild-type ScTrm10
or human TRMTI10A, or the human TRMTI10A D210N variant, as indi-
cated. Control strains (TRM10 and trm10A ) transformed with empty vec-
tor are shown in the top two rows of each panel. Two independently iso-
lated colonies for each strain were analyzed by replica plating onto S-Gal-
leu media containing the indicated concentrations of 5-fluorouracil (0-25
ug/ml) and grown at either 30 or 37°C for 2-3 days before photographing.

served even in the absence of added SAM for these two en-
zymes (Table 1, Supplementary Figure S2A and B). This re-
sult is likely due to co-purification of SAM with some frac-
tion of these enzymes and the use of single-turnover enzyme
excess conditions, as observed previously (16).

For all of the variants, however, methylation activity de-
pended on the addition of SAM and comparison of the K »
suggests differences in these residues’ interaction with the
methyl donor. A strong dependence on [SAM] was observed
with the G206A/G207A double mutant, as evident by its
Ky of 77.6 & 9.9 M, compared with the relatively low
K> value (0.03 £ 0.01 wM) exhibited by DIOON Trm10
(Table 1, Figure 4 and Supplementary Figure S2A). This re-
sult is consistent with the role of the two conserved glycine
residues in SAM binding, as suggested by the position of
SAH in the crystal structures and the severe catalytic de-
fect exhibited by one of the human disease-associated alter-
ations at G206 (11,25,26). Variants at D210 exhibited the
next most SAM-dependent activity, with alterations to A or
N resulting in intermediate values of Kj,, while the SAM-
dependence of the D210K variant was similar to that of the
double G206/G207 variant (Table 1, Figure 4). To directly
assess the effects of alteration at D210 on SAM binding, we
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Figure 4. Alteration of conserved residues in the SAM-binding motif af-
fects SAM-dependence of methylation by ScTrm10. Methylation activ-
ity of each ScTrm10 enzyme with Go-labeled tRNASY was quantified
as described in methods and plots of percent conversion to m!Gyg versus
[SAM] were fit to Equation (1) to determine K5 sam) for each enzyme:
G206A/G207A (open diamonds; K/, =77.6 9.9 uM), D210K (squares;
K1 =91.8 £8.7 uM), D210A (circles; Ki» = 4.3 + 0.4 pM).

used isothermal titration calorimetry (ITC) to measure the
Kpsam of wild type and D210N variants of hTRMTI10A
(Table 1, Supplementary Figure S3). The human enzyme
was used for ITC due to the high concentrations yielded
from its purification (as necessary for ITC), but the similar
behavior of hTRMT10A and ScTrm10 in our biochemical
assays suggest that the results are likely relevant to ScTrm10
as well. The G206R variant of h\TRMT10A that was previ-
ously shown to ablate methylation activity, likely due to an
inability to bind SAM (11), was used as a control and exhib-
ited no detectable binding by ITC, as expected (Supplemen-
tary Figure S3). The modest (~3.5-fold) effect on Kp sam of
the D210N mutant enzyme measured by ITC is consistent
with the SAM-dependence observed with the activity assay
(Table 1). Thus we conclude that although D210 likely plays
the previously suggested role in interaction with SAM, the
presence of the wild-type carboxylate side chain is not essen-
tial for a productive interaction with SAM during methyla-
tion.

Roles for two other conserved carboxylate residues near the
presumed active site

Given the non-essential nature of D210, several alternatives
to the originally-proposed D210 general base-mediated
mechanism could be envisioned. Possibly another residue
(instead of D210) functions as a general base. Alternatively,
there could be redundancy in the active site, such that other
residue(s) can function as a general base in the absence
of D210. Finally, Trm10 may use another mechanism en-
tirely that does not rely on a general base for catalysis. We
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Figure 5. Combinations of conserved D/E alterations in ScTrm10 severely
affect Trm10 methylation activity. (A) Activity assay of ScTrm10 with Gg-
labeled tRNASY . Reactions contain 10-fold serial dilutions of purified en-
zyme; WT (3-0.003 uM); DM (3-0.003 wM); TM (5.5-0.0055 wM); or
no enzyme (-). Positions of the labeled m1G product (p*m'G) and un-
reacted substrate (p*G) are indicated. (B) Binding of indicated enzymes
to tRNASY measured with fluorescence anisotropy. Anisotropy was mea-
sured as described in methods with 5'-fluorescein modified tRNA and plot-
ted as a function of increasing enzyme. Kp rna Was determined by fit to
the binding isotherm (Equation 4) using WT ScTrm10 (open circles; Kp
=113 £3.2nM), ScTrm10 DM (squares, Kp = 33.9 &+ 3.6 nM), ScTrm10
TM (diamonds, Kp = 43.7 & 8.0 nM). BSA was used as negative control
(triangles).

looked for other conserved residues that could potentially
act as an N1-proton abstracting general base and identified
two candidates: a strictly conserved aspartate (D100) and
a highly conserved glutamate (E111), which are both ob-
served in reasonable proximity to the proposed active site in
crystal structures (Figure 2) (25). Variants at each of these
two positions were constructed to remove the carboxylate-
containing side chain that could potentially accept a proton
from NI1. Interestingly, the D100A variant was insoluble
when expressed in E. coli, suggesting a possible structural
role for this residue and necessitating use of the readily pu-
rified D100N variant along with the E111A enzyme in these
assays. Nonetheless, like the alterations at D210, variants at
either of these positions again exhibited only modest defects
in the single turnover rate of catalysis, effectively ruling out
a unique role for any of these as a single general base (Table
1).

To test the idea of redundant function for the conserved
acidic residues, we constructed double (D210A + D100N)
and triple (D210A + DI0ON + E111A) variants of Sc-
Trm10. The double mutant (DM) exhibited significant loss
of activity compared to the individual mutants with some
residual activity, while alteration of all three acidic residues
(TM) completely abolished detectable methylation activity
(Figure 5A). A theoretical kops for the D210A + D100N
double mutant, assuming independent effects of altering the

two aspartates, was calculated using a double mutant cycle
to be 0.11 min~! based on the ks measured for each single
variant (Supplementary Figure S4). From the limited prod-
uct formed in the assay with the DM variant (Figure 5A),
an upper limit to kops of 0.002 min~! is estimated using the
method of linear initial rates. Since this estimated kqps for
ScTrm10 DM is at least 50-fold lower than that expected
from an additive effect due to these alterations, D210 and
D100 do not function completely independently in catalysis
by Trm10. To address the possibility that the severe defects
observed with the double and triple variants could be due to
global structural effects, tRNA binding affinity was deter-
mined for each variant by fluorescence anisotropy (Figure
5B). These measurements revealed no significant difference
from the wild-type enzyme, suggesting that although struc-
tural changes in the active site cannot be ruled out, signifi-
cant misfolding is not the apparent cause of the low activity
of the variants. The relatively weak activity associated with
the double variants precluded measurement of K/, to as-
sess whether the synergistic effect on catalysis is due in part
to effects of these combined alterations on SAM-binding,
although we note that neither D100 or E111 is predicted to
interact directly with the cofactor in any available structure,
possibly diminishing the likelihood of a SAM-binding con-
tribution to the observed defects in catalysis. These results
point toward an active site in which multiple residues are in-
volved in catalysis, and argue against a single general base
driven mechanism.

pH-rate analysis suggests a single ionization dependent mech-
anism that is maintained in the absence of the conserved D/E
residues

We performed pH-rate profile analyses to better understand
the nature of the ionization(s) that were involved in m!'Gy
formation by Trm10. Measurements of the single turnover
rate constant (kops) of wild-type ScTrm10 and hTRMTI10A
were performed at various pH ranging from 5.0 to 9.0.
Single turnover assay conditions with saturating concen-
trations of enzymes were used to isolate the maximal rate
constant associated with the rate-limiting step for the reac-
tion of the enzyme-substrate (ES) complex (either chemistry
itself, or a conformational change that precedes a faster
chemical step). Rate measurements at each pH value were
independent of the concentration of Trm10 based on assays
performed with at least two different concentrations of ex-
cess enzyme, thus ensuring that the ks corresponds to the
kmax for the rate-limiting step for reaction of the ES complex
under these conditions. The concentration of SAM was 500
pM, well in excess of the measured SAM affinity (Table 1).
The best fit to the pH-rate profile for wild-type ScTrm10
(Equation 3) was most consistent with the occurrence of a
single basic ionization with a pK, of 8.1 £ 0.1 that is rel-
evant for catalysis (Figure 6A). The same pH-rate analysis
was performed with wild-type hTRMT10A, which showed
a strikingly similar single ionization-dependent profile with
a corresponding pK, of 7.9 £+ 0.2 (Figure 6C).

To test whether the conserved carboxylates impact the
observed pH-dependence of Trm10, pH-rate profiles were
similarly determined for each of the single variant enzymes
(Table 1). Enzyme concentrations were used for the vari-
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Figure 6. m' Gy formation by Trm10 is associated with a single basic ionization. Single turnover kyps (min~—) for tRNASY methylation were measured at
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D210N (pK, = 7.3 £ 0.1).

ants that were saturating according to the wild-type analysis
(=2 wM), which is further supported by the similar Kp rna
also measured by FA for these variant enzymes compared
to WT (Table 1, Supplementary Figure S5). Although the
magnitude of the observed rates differed as expected for
each variant based on the fold-defects measured earlier, the
overall shape of the pH-rate profiles was in each case simi-
lar to wild-type and best fit by the single ionization equation
(Figure 6). Interestingly, however, the measured pK, values
for variants at either D210 or D100 were all shifted in the
acidic direction by ~0.5-1 pH unit (Figure 6). In contrast,
the E111A variant exhibited a nearly identical pH depen-
dence to the wild-type enzyme (Figure 6B).

ScTrml0 does not utilize a catalytic metal ion-dependent
mechanism

Recently, a detailed mechanistic study with a different
SPOUT family m'G methyltransferase (TrmD) suggested
an essential role for a metal ion (likely Mg?*) in catalysis
(31). This metal likely promotes m'G formation by TrmD
through stabilization of the developing negative charge on
the C6 carbonyl via a direct interaction that was supported
by metal rescue studies (31). Since the role of metal ions
in Trm10 has not yet been investigated, we first tested the
ability of EDTA to inhibit ScTrm10 activity and saw that
unlike for TrmD, there was virtually no detectable effect on
the extent of enzyme activity at concentrations of EDTA
up to 0.5 mM (in large excess over the 4 nM ScTrm10 in the
assay), suggesting that the two SPOUT m'G methyltrans-
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conditions on Gg-tRNAFPRe Percent product formed under these single
turnover conditions was plotted and fit to Equation (2) to yield the indi-
cated kops (shown in parentheses) for catalysis in the absence and presence
of Mg?* in the reactions; NE is no enzyme control.

ferases do not share this aspect of catalysis (Figure 7A).
However, since the standard Trm10 purification conditions
contain Mg?* in the buffers (16,17), we re-purified ScTrm10
in buffer lacking any added metal and measured the rate of
m!Gy catalysis with this enzyme in the absence and presence
of Mg?*. Activity was readily detected in time courses using
the enzyme purified under metal-free conditions, although
addition of 5 mM MgCl, to the assays resulted in an ~10-
fold increase in the observed rate, likely due to the optimal
folding of and interaction with the tRNA substrate in the
presence of Mg”*, as is frequently observed with enzymes
that act on RNA (Figure 7B). Nonetheless, the relatively
small magnitude of this effect on the overall rate (compared
to the >300-fold effect exerted by Mg>* on TrmD and its
complete loss of activity in the presence of EDTA) argues
against catalytically important roles for metal ions in m'Gg
methylation by Trm10.

DISCUSSION

The m!G tRNA modification has now been associated with
three distinct families of methyltransferases acting at two
tRNA positions, G37 and Gg. Trm10 is so far uniquely ob-
served to catalyze the methylation at position 9, while the
two other enzymes (TrmD in Bacteria and Trm5 in Ar-
chaea and Eukarya) act at G37 (16,32,33). The two m'Gs;
enzymes themselves comprise different and evolutionarily
unrelated classes of methyltransferases (Trm5 is a Class 1

Rossman-fold containing enzyme and TrmD is a SPOUT
methyltransferase) and, perhaps not surprisingly in light of
their distinct origins, use dissimilar mechanisms for catal-
ysis (31,34-36). Here, we investigated the mechanism of
m'Gy formation by two different eukaryotic Trm10 en-
zymes and demonstrate through biochemical and kinetic
studies that Trm10 represents yet another distinct family
in terms of its mechanism of methylation, since it does not
share many features that are associated with either Trm5
or its other SPOUT relative TrmD. Here we showed that
a single general base analogous to the aspartate/glutamate
residues that are highly conserved and catalytically impor-
tant in other methyltransferases is not an obligate feature
of the mechanism of Trm10. This conclusion is supported
by first, our observation that the activity of variants altered
at any of the three highly conserved candidate residues of
Trm10 are only modestly affected in activity (Figure 3, Ta-
ble 1), and second, because the similar shape of the pH-
rate profiles of these same variants suggests that the ba-
sic ionization required for catalysis (discussed further be-
low) is also preserved upon alteration of these residues (Fig-
ure 6). Moreover, unlike TrmD, Trm10 does not utilize a
catalytically-important metal ion to stabilize a negatively
charged O6 that possibly forms during the course of the
methylation reaction (Figure 7). This conclusion is sup-
ported by the observation of substantial activity associated
with enzyme purified in the absence of metal or treated with
high concentrations of the chelator EDTA. Taken together,
these results underscore the lack of a unified mechanism for
N-1 methyltransferases, even among related members of the
larger SPOUT superfamily, and raise additional questions
about the catalytic features employed by Trm10.

The requirement for a general base to abstract a pro-
ton from the target N1 position of Gg was originally sug-
gested based on an observation of increased m' G methyla-
tion with reaction pH and the idea that this might be due
to an enzyme side chain capable of deprotonating the N1
atom during methylation (24). Two different groups iden-
tified D210 as a probable general base due to its universal
conservation and what appeared to be a total loss of activ-
ity associated with alterations at this position in three dif-
ferent enzymes (ScTrm10, SpTrm10 and a human Trm10
ortholog TRMT10C) (20,25). However, limitations of the
single time point enzyme assays used to evaluate activities
of each of these D210 variant enzymes combined with rel-
atively low concentrations of SAM used in those assays
likely resulted in this misleading observation. Using more
detailed kinetic assays and multiple substitutions at this po-
sition, here we demonstrated that D210 is not a catalytically
critical residue, since the effects of its alteration are much
less severe than the several hundred to ~103-fold defects
in the observed rate upon alteration of the relevant general
base residues in Trm5 and TrmD, respectively (30,31,34).
We note that although rates were not reported in a simi-
lar analysis of the residue corresponding to D210 in an ar-
chaeal m' Ag methyltransferase, the general effect on activ-
ity at high concentrations of enzyme appears to be similar
in magnitude to the effects observed here (26). Moreover,
alteration of either of two other highly conserved acidic
residues (D100 and E111) resulted in similarly modest ef-
fects on the observed rate (Figure 3, Table 1), suggesting



that none of these residues is likely to function as a single
obligate general base during catalysis.

Interestingly, we observed greater than additive effects of
combined alterations at the conserved D/E residues. Three
possibilities (not necessarily mutually exclusive) seem most
consistent with these results. First, the Trm10 active site
may allow promiscuity in terms of the identity of a residue
that accepts the N1 proton from Gy, and the modest effects
on activity with single variants could be due to more or less
redundant roles for these conserved residues. We consider
this the least likely possibility due to the extreme conserva-
tion of all three of these residues (D100, E111 and D210)
in all enzymes identified to date (only a small number of
which are shown in Figure 2). Second, although the obser-
vation that the double and triple variants exhibit a similar
tRNA affinity to wild-type Trm10 suggests no gross struc-
tural defects, it is possible that these three residues play an
interdependent role in maintaining structure at the active
site in the context of the bound tRNA. This could result in
the observed non-additive catalytic defects associated with
loss of more than one of these side chains. Finally, the mech-
anism of N1 methylation by Trm10 may instead be the re-
sult of a specific base mediated process where the N1 pro-
ton is accepted by bulk solvent. An intriguing possibility is
that the carboxylate-containing residues could be involved
indirectly in catalysis by helping to organize a solvent net-
work to facilitate this process, and that disruption of this
network requires loss of more than one of these residues.
This type of mechanism has been documented through
extensive structural characterization of arylalkylamine N-
acetyltransferases, where two histidines originally thought
to serve as general base residues exhibited similarly modest
effects on catalysis when altered, but were later shown to
form part of a ‘proton wire’ that facilitates deprotonation
of a substrate amine to activate it for attack on acetyl coen-
zyme A (37-39). Further structural and biochemical char-
acterization of Trm10 will be essential to evaluate these and
other hypotheses regarding the role(s) of these absolutely
conserved residues, as well as the roles of others, such as the
invariant Q118 residue that is located in a possible RNA
substrate binding pocket visible in both fungal structures
(25).

If Trm10 does not employ an enzymatic general base
mechanism, this raises the question as to the identity of the
ionizing residue associated with the observed pK, of ~8 for
the wild-type enzymes. Here, a strong possibility is that the
results are consistent with those observed for both TrmS5
and TrmD in which the catalytic pKa reflects the ionization
of the N1 atom of the target guanine itself, possibly pro-
moted by an induced fit process that occurs upon forma-
tion of the catalytic ES complex (33-35). Whether the ob-
served maximal [Trm10]-independent rate corresponds to
the actual chemical step of N1 deprotonation, or to a previ-
ous slower step such as a conformational rearrangement to
form the ES complex, remains to be determined by further
kinetic analysis. Nonetheless, the acid shift of the catalytic
pK, by ~ 1 unit observed upon alteration of D210 and D100
is intriguing, since this is in the opposite direction from the
shift expected toward the solution pK, of ~9.5 for the N1
proton. If these residues were involved in organization of
the active site to promote deprotonation of the target N1
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. Subunit B

Figure 8. Locations of conserved carboxylate residues in SPOUT methyl-
transferases. (A) Crystal structure of Saccharomyces cerevisiae Trm10
(PDB:4JWJ) (25) showing the positions of D210, D100 and El11. The
S-adenosyl homocysteine is shown in green. (B) Crystal structure of
Haemophilus influenzae TrmD (PDB: 4Y VI) (40) showing the active site
composed of residues from two subunits. The SAM analog (sinefungin in
green) is bound to subunit A (opaque) and the catalytic residue D169* of
subunit B (transparent) is shown in red.

atom, their loss could be expected to result in a basic shift
toward the non-enzyme associated pK,. We note that the
acidic pK, shift is not correlated with the overall electro-
static character of the active site, since replacement of D210
with either uncharged A or positively charged K causes the
same acid-shift in the observed pK,. The existing structures
do not provide insight into the possible molecular basis of
this effect, since the three carboxylates are not located close
enough to interact in the absence of bound tRNA, and the
precise nature of their interaction with G9 (if any) is not
known (Figure 8). Fully unraveling the nature of the active
site in Trm10 is an important future direction that will re-
quire additional structural and biochemical analysis, espe-
cially of complexes that contain tRNA substrate.

In addition to its previously proposed role as a general
base, D210 had also been implicated in a role in SAM bind-
ing based on its location within hydrogen bonding distance
of the homocysteine amino group in the SAH-bound struc-
tures. Consistent with this role, D210 variants exhibited a
significant dependence on the concentration of SAM in the
assays, with the D210K alteration exhibiting similar SAM-
dependence to the variants with alterations at the two con-
served G residues that are hallmarks of the SPOUT SAM
binding motif (Figure 4). Nonetheless, the readily detectable
activity of these variants combined with the moderate effect
on SAM-binding by ITC supports the idea that D210 is in-
volved in, but not critical for SAM binding. These results
with the yeast and human Trm10 D210 variants agree with
those observed for the m' Ay catalyzing Sulfolobus acidocal-
darius Trm10 (SaTrm10) where altering the residue corre-
sponding to D210 similarly does not abolish SAM bind-
ing (26). These data add support to the crystallographically
observed SAM-binding site and suggest that any confor-
mational changes associated with catalysis, such as a rate-
determining conformational change that facilitates loss of
the N1 proton from Gy, are more likely to involve the in-
teraction with tRNA than with the SAM methyl donor. In
any case, a rearrangement of the active site in the presence
of the substrate tRNA appears likely and it is clear that
Trm10 exhibits significant deviation from mechanisms ex-



9028 Nucleic Acids Research, 2017, Vol. 45, No. 15

hibited by other members of the SPOUT family. An active
site comprised of multiple catalytic residues could serve to
compensate for Trm10’s monomeric quaternary structure
compared to the dimeric structure employed by TrmD in
which residues from the two subunits form its active site,
with the catalytic aspartate general base arising from sub-
unit B and the methyl group is donated from SAM bound by
subunit A (30,40) (Figure 6B). These and other intriguing
issues await further mechanistic and structural characteri-

zation.
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