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1 | INTRODUCTION

Yeji Lee

| Jungwook Kim

Abstract

N®-methyladenosine (m°®A), widely distributed in both coding and noncoding
RNAs, regulates the epigenetic signals and RNA metabolism in eukaryotes.
Although this posttranscriptional modification is frequently observed in mes-
senger and ribosomal RNA, it is relatively rare in transfer RNA. In Escherichia
coli, TrmM encoded by yfiC is the tRNA-specific N® methyltransferase, which
modifies the A37 residue of tRNAY™ (cmo’UAC) using S-adenosyl-L-
methionine as a methyl donor. However, the structure—function relationship
of this enzyme is not completely understood. In this report, we determined
two x-ray crystal structures of Mycoplasma capricolum TrmM with and with-
out S-adenosyl-L-homocysteine, which is a reaction product. We also demon-
strated the cellular and in vitro activities of this enzyme in the m°A
modification of tRNA and the requirement of a divalent metal ion for its func-
tion, which is unprecedented in other RNA N°® methyltransferases, including
the E. coli TrmM. Our results reveal that the dimeric form of M. capricolum
TrmM is important for efficient tRNA binding and catalysis, thereby offering
insights into the distinct substrate specificity of the monomeric E. coli
homolog.
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To date, more than 10 modifications at the 37th position
of tRNA have been reported,”> where N'-

Over 150 posttranscriptional modifications are observed
in cellular RNAs, most of which are concentrated in
tRNAs.! The anticodon stem-loop (ASL) is the most
heavily modified region of tRNA, especially at the 34th
and 37th positions."* Posttranscriptional modifications of
these nucleotides enhance the decoding process, includ-
ing translation fidelity,”> frameshift,®® translocation,”'°
ribosome binding,'"** and aminoacylation."*'* ASL
modifications play important roles in the regulation of
translation in response to various types of stress.">*” The
37th position within tRNA, 3’ adjacent to the third nucle-
otide of the anticodon, is generally occupied by a purine.

methylguanosine (m'G), N*-methyladenosine (m*A), N°-
methyladenosine (m®A), N°-isopentenyladenosine (i°A),
N°®-threonylcarbamoyladenosine (t°A), and their deriva-
tives were identified in Escherichia coli tRNAs
(Figure 1a). These nucleobase modifications can poten-
tially affect the base-pairing and local conformation of
polynucleotides; for example, m'G blocks base-pairing
and induces local duplex melting in RNA.'® Analysis of
solution structures of ASL containing i°’A37 revealed that
the modification disrupts the intraloop hydrogen bond to
increase flexibility, which helps stabilize the open confor-
mation of the anticodon loop and forms the characteristic
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FIGURE 1
(a) Chemical structures of modified nucleosides at the

tRNA modifications at position 37.

37th position, where posttranscriptional modifications
are highlighted in red. (b) Cloverleaf representation of
the secondary structure of Mycoplasma capricolum
tRNAY? (UAC). (c) Methyl transfer reaction by TrmM
involved in m®A37 modification
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U-turn motif."**' In the structure of t°A37 harboring
ASL, the extended planar structure of the modified base
enhances the stacking with nearby bases, which stabilizes
the codon-anticodon interactions more than the
unmodified tRNA.*>*

m°®A is relatively rare in tRNA and mostly observed in
bacteria. The biosynthetic pathway leading to the m®A37
modification in tRNA was discovered by Golovina et al.,
where TrmM in E. coli was identified as a tRNA-specific
methyltransferase (Uniprot ID: P31825, formerly desig-
nated as YfiC or TrmN6), which installs the methyl group
on the exocyclic nitrogen (N°®) of A37 residue in tRNA"?!
(cmo®UAC).** Deletion of trmM does not significantly
affect the fitness of the mutant strain under normal
growth conditions, although this modification is impor-
tant for enhancing cell survival during osmotic and oxi-
dative stress. However, an experimentally determined
structure of TrmM is not currently available. Notably,
m®A37 modification appears to be quite common in
Mollicutes, such as Mycoplasma mycoides and
M. capricolum, based on the published tRNA sequences;
for example, 12 out of 29 tRNAs of M. capricolum contain
m°®A at the 37th position.”> However, the enzyme

responsible for m®A37 modification has not yet been veri-
fied in these organisms, although a position-specific
iterative-basic local alignment search for TrmM in
M. capricolum returns MCAP_0012, which shares 21.6%
sequence identity with the E. coli homolog. Previously,
MCAP_0012 was predicted to be a tRNA O2'-MTase
along with E. coli YfiC and Bacillus subtilis YabB before
the characterization of E. coli YfiC as an N® MTase.*

In this study, we experimentally proved that
MCAP_0012 is the TrmM of M. capricolum (denoted as
Mc_TrmM hereafter), which methylates the N°® of A37
residue of tRNA using S-adenosyl-L-methionine (SAM) as
a methyl donor to produce m°A37 and S-adenosyl-L-
homocysteine (SAH) (Figure 1b,c). Furthermore, two x-
ray crystal structures of Mc_TrmM were determined,
with and without SAH, representing the first 3D struc-
ture of tRNA-specific N® MTase. Using this structural
information combined with various biochemical data, we
sought to unveil the molecular basis underlying TrmM-
tRNA interactions, which can provide fundamental
insights into the mechanism of chemical transformation
and key determinants of substrate specificity during m°A
modification of tRNA.

85UB017 SUOLILLIOD SISO 8|qelidde au Ad peusenob ae sojoie YO '8sN J0 S9|Nn 10y Akeuq 18Ul UO /8|1 UO (SUOIPUOD-PUR-SLLBY D" A8 | 1M Aleql 1 put|uo//:Sdny) SUOTIPUOD pue sws | 8U 89S [7202/60/80] U0 A%iqiTauljuo &M ‘(1S19) ABojouyos | pue 8aus1os Jo aininsu| niBuemo Aq 6TEY'0.d/Z00T OT/I0p/W00" A 1M Afed Ui |Uo//SANY WS pepeojUMOq 'S ‘220z 'X96869YT



JEONG ET AL.

2 | RESULTS

21 |
E. coli

Mc_TrmM can substitute YfiC in

Mc_TrmM shares 22% sequence identity with E. coli YfiC
or TrmM (Ec_TrmM), the only tRNA N® MTase known
to date. To test whether Mc_TrmM could function as a
tRNA-specific N® methyltransferase in bacterial cells, we
performed a gene complementation assay using a trmM-
deletion mutant (AtrmM) of E. coli. Since E. coli rRNA
also contains m°A, we carefully extracted the total tRNA
from the cellular RNA pool to minimize rRNA contami-
nation, as described in Supplementary Methods S1. Our
high-performance liquid chromatography (HPLC) and
liquid chromatography-mass spectrometry (LC-MS) data
showed that m°A was not detectable in the total tRNA
samples derived from AtrmM cells transformed with an
empty plasmid. Meanwhile, the m°A signal was clearly
observed in the tRNA sample when the mutant strain
was complemented with a plasmid harboring the
M. capricolum trmM gene (Figure 2), which strongly sug-
gests that Mc_TrmM is a tRNA N°® MTase.

2.2 | Mc_TrmM requires a divalent
metal ion for activity

To validate whether Mc_TrmM was necessary and suffi-
cient for the N® methylation of tRNA, we purified recom-
binant Mc_TrmM using E. coli as the expression host and
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performed in vitro assays using tRNA substrates prepared
from the T7-RNA polymerase reaction (Figure S1). Sur-
prisingly, the installation of the methyl group was
detected in our HPLC and LC-MS analyses only when a
divalent metal ion was provided in the assay mixture
(Figure 3 and Figure S2). We initially tested various metal
ions for the methyl transfer assay and found that
Mc_TrmM was most active with Mg>", Mn>", Ca®", or
Fe’" but inactive with Fe*" or Zn®". The enzyme dis-
played a marginal activity with Co*". In contrast, the
metal dependence of Ec_TrmM has not yet been
reported.”* Using inductively coupled plasma mass spec-
trometry, we examined the metal content of recombinant
Mc_TrmM samples, which were incubated with 5 mM
divalent metal ions, followed by dialysis against a metal-
free buffer. However, none of these metal ions were
detected in the dialyzed protein sample at a significant
level (Table S1), suggesting that the intrinsic metal affin-
ity of the enzyme is very weak and that additional factors
may be required for efficient metal binding. Although the
identity of the metal required for TrmM cellular activity
is currently unknown, Mngr was chosen as the metal
cofactor for our assays.

2.3 | Scope of tRNA substrates for
Mc_TrmM

Although only tRNA"*! (cmo®UAC) contains the m®A37
modification in E. coli, 12 tRNA species show this modifi-
cation in M. capricolum. We performed in vitro assays to
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Cellular activities of the TrmM of M. capricolum. (a) Representative extracted-ion chromatogram of N°-methyladenosine

(m°A) modification in LC-MS-based analyses of hydrolyzed cellular tRNA. The m°A formation was rescued in AtrmM cells complemented
with the Mc_trmM-harboring plasmid but not with an empty vector. (b) Mass spectrum obtained from electrospray ionization (ESI)-
quadrupole time-of-flight tandem (QTOF)-MS analysis of the peak shown in (a). The m/z values of two major peaks shown are consistent
with those of m°A ([C;1H;6Ns0,4]" = 282.1202) and N°-adenine ([C¢HsNs]™ = 150.0780)

85UB017 SUOLILLIOD SISO 8|qelidde au Ad peusenob ae sojoie YO '8sN J0 S9|Nn 10y Akeuq 18Ul UO /8|1 UO (SUOIPUOD-PUR-SLLBY D" A8 | 1M Aleql 1 put|uo//:Sdny) SUOTIPUOD pue sws | 8U 89S [7202/60/80] U0 A%iqiTauljuo &M ‘(1S19) ABojouyos | pue 8aus1os Jo aininsu| niBuemo Aq 6TEY'0.d/Z00T OT/I0p/W00" A 1M Afed Ui |Uo//SANY WS pepeojUMOq 'S ‘220z 'X96869YT



4of11 BE JEONG &r AL.
PROTEIN
Wl LEY—@ SOCIETY
100
i
60 - il Y 80 4
& 504 S
P <
2 L 60+
= 401 o
9 s
2 a0 ®
- o 40
c —=— no metal = Ma2*
=4 24 @] 9
O 20 4 M92 o —A— Mn?*
+
—4A—Mn 20 e CGZ+
10 - CaZ+ * Zn2+
—o—Zn*
0{#—»—» o » 0
T T T T T T T T T T T T T 1
T T T T T T
0 10 20 30 40 50 60 0 1 2 3 4 5
Time (min) M2* (mM)
FIGURE 3 Metal-dependent in vitro activity of Mc_TrmM. (a) Time-course measurement of m°A formation in tRNA? with or without

a divalent metal ion. (b) Formation of m°A in tRNAY® with varying concentrations of divalent metal ions. Error bars represent the standard

deviation of three data sets

determine whether recombinant Mc_TrmM could modify
tRNAY?, tRNA™", and tRNA®™™, The assay results revealed
that Mc_TrmM was capable of installing the methyl group
on all three tRNAs, although tRNAY* appeared to be mod-
ified more efficiently than the other two (Figure 4a). When
the time-course of TrmM-dependent m°A formation was
examined, Mc_TrmM and Ec_TrmM exhibited comparable
specific activities in methylating Mc_tRNAY® (Figure 4b).
ASL alone appeared to be a poor substrate for Mc_TrmM,
and m°A formation was not detected in our assay when
ASLV* was employed as the methyl acceptor. In contrast,
Ec_TrmM was able to modify ASLY?, albeit at a much
slower rate compared to the full-length version. As
expected, Mc_TrmM was able to modify E. coli tRNAY
in vitro, complying with the complementation assay
results. Notably, the enzyme exhibited substantially higher
activity when M. capricolum tRNAY?, a substrate with a
native sequence, was used in the assay.

2.4 | Overall conformation of Mc_TrmM

We determined the x-ray crystal structures of apo and
SAH-bound Mc_TrmM, which were built using diffrac-
tion data up to 2.16 and 2.52 A, respectively (Table 1). All
protomers in both apo and SAH-bound structures assume
a similar conformation, with an rmsd value of C,s rang-
ing from 0.35 to 0.56 A. Each monomer adopts a
Rossmann-fold, which contains an extended p-sheet com-
posed of seven strands in the core flanked by two strands
(B1 and B2) and a helix (a8) in the N- and C-termini,

respectively (Figure 5a). The core fap-fold conserved in
TrmM is a canonical structural attribute of Class I SAM-
dependent MTases.*’” The search for structural homologs
using SAH-bound structure as a query on the DALI
server®™ returned a putative methyltransferase from
Listeria monocytogenes as a top hit with an rmsd value of
1.3 A and z-score of 31.3 (PDB code 3lpm), which is
linked to no publication record.

The SAH-bound structure of Mc_TrmM exhibited a
total of four protomers in the asymmetric unit (ASU),
which were formed from two weakly associated dimers
via a noncrystallographic dyad, whereas a monomer was
found in the ASU of the apo-structure (Figure 5b). How-
ever, an essentially identical dimer can be reconstituted
with a symmetry-related molecule, similar to that
observed in the SAH-bound structure. To establish the
oligomeric state of the enzyme, we performed multiangle
light scattering combined with size exclusion chromatog-
raphy (SEC-MALS) on recombinantly purified Mc_TrmM
and analyzed the data. In line with the crystallographic
results, the enzyme appeared to exist as a homodimer in
the solution (Figure 5c). Alternatively, Ec_TrmM was
shown to be a monomer, as confirmed via SEC experi-
ments (Figure S3). Protein interface analysis using the
PISA program® also supports the notion that the biologi-
cal assembly of Mc_TrmM is a dimer, as represented by
our structures. The dimer interface was mainly
maintained by multiple hydrogen bonds and hydropho-
bic contact between residues located on «7, loop 8, and
loop 9 in both monomers, where no salt bridge could be
detected (Figure 5d).
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(a) M.capricolum tRNAY(UAC)
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FIGURE 4

Comparison of substrate specificity. (a) HPLC chromatograms showing the time-dependent formation of m°A by Mc_TrmM

with M. capricolum tRNAV™ (UAC), M. capricolum tRNA" (CAA), and M. capricolum tRNA®™ (UUG). (b) Time-course measurement of
specific activities of Mc_TrmM and Ec_TrmM with M. capricolum tRNAY* (UAC), E. coli tRNA"?! (UAC), and E. coli tRNA"? (UAC)
anticodon stem-loop. Error bars represent the standard deviation of three data sets

Although our in vitro assays revealed the requirement
for a divalent metal ion in the methyl transfer reaction,
we could not identify the metal-binding site in either of
the protein structures. Unfortunately, our attempts to
introduce a metal ion into the active site of the protein
crystals by increasing the metal concentration during co-
crystallization or soaking in combination with the use of
different types of divalent metal ions was unsuccessful.

2.5 | Conformational changes induced
by cofactor binding

Our SAH-bound structure of Mc_TrmM clearly identified
protein-bound cofactors in three of the four protomers
(A, C, and D). The overall binding mode of each cofactor is

quite similar to one another, featuring an extensive
hydrogen-bonding network, as described in Figure 6a,b. In
the apo structure, C, of Asn-50 moves toward Ser-28 by
approximately 4.1 A relative to that in the SAH-bound state
and fills in the space, which would have been occupied by
the homocysteine moiety (Figure 6¢). The largest structural
deviation between the apo and SAH-bound structures
occurred in the region encompassing loop 6 and a short
helix a5 (Phe-119 to Glu-141), which were entirely disor-
dered in the apo structure (Figure 6d). In comparison, the
SAH-bound structure exhibited a smaller degree of disor-
der, which could be modeled completely in protomer A
and with a smaller gap in protomers C and D, where resi-
dues from Met-122 to Glu-130 are missing. Interestingly,
similar to the apo structure, a substantial disorder occurred
around loop 6-a5 in protomer B, the only subunit not
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TABLE 1 Crystallographic statistics
Apo SAH-bound

Data collection
Wavelength (A) 1.0000 0.97942
Space group H32 P2,
Cell dimensions

a,b,c (A) 112.71112.71110.18 74.39 75.89 95.54

a, B,y (°) 90 90,120 90 95.18 90
Resolution (A) 30.00-2.15 (2.19- 47.64-2.54 (2.65-

2.15) 2.54)

Rinerge 0.082 (0.567) 0.215 (2.385)
CCyps 0.994 (0.898) 0.992 (0.413)
1/o1 5.8(2.5) 6.9 (1.4)
Completeness (%)  93.3 (91.8) 97.5(96.9)
Redundancy 5.1(3.8) 6.2 (6.0)
Refinement
Resolution (A) 26.51-2.15 47.64-2.54
No. of unique 13,868 34,125

reflections
Ruork/Riree 0.202/0.258 0.209/0.266
No. atoms

Protein 1,671 6,929

Ligand 0 88

Water 30 31
B-factors

Protein 49.28 54.56

Ligand — 54.71

Water 45.77 39.71
R.m.s. deviations

Bond lengths (A) 0.008 0.008

Bond angles (°)  0.889 1.024
Ramachandran analysis

Favored (%) 97.1 94.8

Allowed (%) 2.9 5.2

Outliers (%) 0 0

Note: Dataset was collected from a single crystal. Values in parentheses.

complexed with the cofactor in the SAH-bound structure.
Moreover, the N-terminal 25 amino acid residues in proto-
mer B are nontraceable, unlike the other subunits. These
N-terminal residues, which comprise p1, p2, and loop
1, exhibit the second-largest conformational difference
between the apo and cofactor-bound structures. Although
the amino acid residues of the N-terminal and loop6-a5
regions do not directly contact SAH, the binding of the
cofactor appears to influence the local conformation
around these moieties.

2.6 | Putative tRNA-binding site on
Mc_TrmM

The concave shape of the protein conformation around
the SAH-binding site appears to be ideal for tRNA dock-
ing. A large portion of the putative tRNA-binding pocket
is composed of a “substrate-binding loop,” which plays a
critical role in recognizing RNA substrates in other N°-
methyltransferases.’®>* Our structural data suggest that
loop 6 corresponds to the substrate-binding loop (Phe-
119 through Ser-132), which is mostly disordered in both
the apo and SAH-bound structures of Mc_TrmM, as
described earlier. An entire substrate-binding loop can be
traced in protomer A of the SAH-bound structure, where
the organization of the loop is augmented by a small con-
tact made by a nearby symmetry-related protomer C’
(Figure S4).

To elucidate the detailed interaction map between
tRNA and the protein, we first analyzed the distribu-
tion of electrostatic potential in the structure of
dimeric Mc_TrmM (Figure 7a). Putative tRNA-binding
residues that might have attractive Coulombic interac-
tions with the negatively charged phosphate backbone
of an oligonucleotide were identified in two regions,
one in each protomer (Figure 7b). Region 1 is defined
by a protein surface surrounding the cofactor-binding
site, which includes Lys-121, Lys-127, Lys-129, Arg-
139, His-140, His-167, Arg-168, and Arg-171. These
candidate residues were subjected to alanine mutation
and the single mutant proteins were tested for in vitro
methyl transfer activity. Notably, R139A and R168A
were essentially inactive, whereas the catalytic activi-
ties of K121A, K127A, H140A, H167A, and R171A
were approximately 10%-50% of those of the wild type
(Figure 7c). The second tRNA-contacting region,
Region 2, is located in the other protomer of the homo-
dimer, where the distribution of positive charges in
Region 2 appears to be contiguous with that of Region
1. Six lysine residues in Region 2 were grouped into
two, K40A/K41A/K42A/K43A and K158A/K160A, as
multiple alanine mutants were generated. Both
mutants showed a severe loss of activity, where no sig-
nificant activity of the quadruple mutant was detected,
and the double mutant exhibited less than 10% activity
of the wild type. To verify that the structural integrity
of each mutant protein was not seriously compromised
as a result of the mutation, each mutant protein was
analyzed using SEC (Figure S5). The elution profiles of
all tested proteins were similar to that of the wild type,
and none of these proteins exhibited aggregate forma-
tion, confirming that the reduced activity of the
mutant enzymes was not caused by the overall mis-
folding of proteins.
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Overall structure of Mc_TrmM. (a) Topology diagram based on the S-adenosyl-L-homocysteine (SAH)-bound structure of

Mc_TrmM. (b) Contents of the asymmetric units of SAH-bound (cyan) and unbound (yellow) structures of Mc_TrmM are shown on the left

and right panels, respectively. The structure of Mc_TrmM complexed with SAH (pink sticks) contains four protomers, whereas the apo

structure contains only one. The monomer shown in grey represents a symmetry-related molecule in the crystal of apo protein.

(c) Multiangle light scattering combined with size exclusion chromatography (SEC-MALS) result of Mc_TrmM measured using light
scattering (red), UV radation (blue), and refractive index (green). Molecular weight is labeled in black (61.35 kDa), which corresponds to the
size of the dimer (calculated mass = 57.46 kDa). (d) Dimer interface of TrmM is shown, where the inset illustrates a close-up of molecular

interactions between amino acid residues on loop 8, loop 9, and helix 7 from both subunits

3 | DISCUSSION

3.1 | Structure-guided reaction
mechanism of Mc_TrmM

Catalytic asparagine or aspartate residue in the highly
conserved N/D-PP-Y/F/W (NPPY hereafter) motif in N°
RNA MTases plays important roles in several aspects of
the enzymatic reaction, including participation in SAM
binding, enhancement of the nucleophilicity of N°, and
stabilization of a positively charged reaction intermedi-
ate.*"*37%¢ Structural alignment with the active site resi-
dues of the human methyltransferase-like 16 (METTL16):
RNA complex implies that a similar strategy for the recog-
nition and methylation of the adenine base may be
retained for Mc_TrmM (Figure 8a). The side chain of Asn-
116 is estimated to be 3.3 A away from the nucleophilic
adenine N° based on the superimposed model. To verify
the proposed role of Asn-116, we prepared two mutant
proteins of Mc_TrmM, N116D, and N116A and examined
their activities via methyl transfer assays. The catalytic

activity was completely abolished for both mutant
enzymes (Figure 8b), which was surprising as we initially
expected N116D to act similar to the wild-type enzyme.
Because the side chain of Asn-116 is within a hydrogen-
bonding distance from the carboxyl group of SAH, as
described in Section 2, we confer that N116D may be inac-
tive owing to the repulsive ionic interactions between the
negatively charged side chains of Asp-116 and the car-
boxyl group of SAM, thus decreasing the binding affinity
for the methyl donor.

Based on our collective data, we propose a catalytic
mechanism underlying N° methylation of A37 by
Mc_TrmM, as shown in Figure 8c. In this scheme, Asn-
116 participates in the binding of SAM and A37 residue
of tRNA. Asn-116 and Pro-117 serve as hydrogen bond
acceptors from exocyclic N® to enhance nucleophilicity.
Furthermore, these hydrogen bonds can stabilize the pos-
itively charged methylammonium intermediate formed
immediately after methyl transfer. Finally, deprotonation
of the methylammonium group completes the m°A37
modification, presumably in a nonenzymatic manner,
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FIGURE 6 Structural changes induced by the binding of SAH. (a) Illustration of the hydrogen-bond network between SAH and
Mc_TrmM. The average distance of the hydrogen bond is labeled in A. (b) Fourier difference map (Fo — Fc) was calculated without
modeling SAH during refinement and displayed as grey mesh contoured at 3.0 sigma. (c) Superimposed active sites showing the local
conformational change between the SAH-bound (cyan) and apo (yellow) structures. (d) Superimposition of apo and SAH-bound structures
highlighting the locations where the largest conformational deviations are observed. SAH is shown as pink sticks

considering the strong acidity of the intermediate.’” The
aromatic side chain of Tyr-119 aids in the proper position-
ing of the target adenine base for efficient nucleophilic
attack on SAM via critical n-stacking interactions. How-
ever, we do not currently understand the exact role of diva-
lent metal ions during catalysis, despite our kinetic data
indicating that they are essential for catalytic activity. The
requirement of metal ions has not yet been reported for
other RNA N°® MTases. Meanwhile, the bacterial tRNA
m'G37 MTase, TrmD, is dependent on the divalent metal
ion, Mg®*.*®** The primary role of the ion is proposed to
be optimizing the active site geometry and the conforma-
tion of SAM based on a molecular dynamics simulation
and quantum mechanics study.** For Mc_TrmM, metal
binding may involve additional components, such as tRNA.
Metals bound to tRNA sometimes contribute to the correct
conformation or folding of polynucleotides. There is an

alternative possibility that both enzymes and tRNA partici-
pate in coordinating metal ions and increasing their affini-
ties in a synergistic manner. Once bound, the metal may
influence the rearrangement of tRNA and/or protein con-
formation that is necessary for methyl transfer to occur.
The metal cofactor likely dissociates instantly after methyl-
ated tRNA is released from the enzyme. A high-resolution
structure of the protein—tRNA complex will be valuable in
examining this hypothesis and revealing the functional role
of the metal.

3.2 | A model for the TrmM-tRNA
complex

Structure-guided mutagenesis of potential tRNA-binding
residues combined with kinetic analysis supports the idea
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FIGURE 7 Putative tRNA-binding site. (a) Electrostatic potential mapped on the surface of dimeric Mc_TrmM, where positive charges are
shown in blue, negative charges in red, and neutral charges in white. SAH is represented by light-blue sticks. (b) Distribution of basic residues
targeted for mutagenesis, which were grouped into Region 1 (top inset) and Region 2 (bottom inset), are highlighted. (c) In vitro enzymatic
activities of the wild-type and alanine mutants of basic residues. Notably, the curves from R139A and R168A are overlapped with that of K40A/
K41A/K42A/K43A, where they did not exhibit any detectable activity. Error bars represent the standard deviation of three data sets
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FIGURE 8 Proposed reaction mechanism of Mc_TrmM. (a) Close-up of the superimposed active sites of SAH-bound Mc_TrmM (cyan)
with the methyltransferase-like 16 (METTL16)-RNA complex (orange). (b) Comparison of the in vitro activities of the wild-type, N116A, and
N116D mutants of Mc_TrmM. (c) Proposed reaction mechanism of Mc_TrmM underlying m®A37 tRNA modification. (d) Docking model of

Mc_TrmM-E. coli tRNAY#(UAC) complex

that selective basic amino acid residues spread over both
protomers may serve as docking platforms for tRNA. As
shown in Figure S4, all the mutant proteins tested were
stable after purification and appeared to exist in a globu-
lar conformation, as opposed to forming an aggregate.
However, we cannot rule out the possibility that the

decreased activity exhibited by several mutant proteins
may have originated from critical events other than
defective tRNA binding. We constructed an in silico
model of the Mc_TrmM-tRNA-SAH complex from SAH-
bound Mc_TrmM and E. coli tRNAY?' (PDB code 7EQJ*°)
structures using the HDOCK server,”t which revealed
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some interesting points that are consistent with our
experimental results (Figure 8d). First, most of the basic
residues in Regions 1 and 2 participate in making contact
with nearly the entire tRNA molecule, which explains
why ASL alone is not a good substrate for the enzyme.
Second, extensive interaction with tRNA requires the
dimeric form of the enzyme, which is distinct from
monomeric Ec_TrmM. The difference in substrate speci-
ficity between the two homologs is likely related to dis-
similar strategies for binding and recognizing tRNA.
Lastly, loops 6 and 8, along with the N-terminal region,
contribute to the formation of the tRNA-binding pocket,
which appears to accommodate the ASL domain. These
moieties, in particular, were shown to be the most flexi-
ble parts of the enzyme based on our structures and are
expected to undergo large conformational changes upon
tRNA binding as well as reorganization of the anticodon
loop accompanying the base-flipping of A37, as observed
in other cases.**™*

In summary, we have verified the cellular and bio-
chemical activities of Mc_TrmM in the N6-rnethylation of
A37 residue in bacterial tRNA. Furthermore, two x-ray
crystal structures of the enzyme, complexed with and
without SAH, were determined. This novel structural
information on Mc_TrmM can improve our understand-
ing of the key enzymatic features, such as molecular
determinants for substrate specificity and reaction mech-
anisms, of tRNA N°® MTases. With distantly related
Ec_TrmM, these two homologs constitute another inter-
esting example of divergently evolved enzymes in bacte-
rial tRNA modification.

4 | MATERIALS AND METHODS

Detailed description of experimental procedures is
included in Supplementary Material S1.
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