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ABSTRACT

TrmB belongs to the class | S-adenosylmethionine (SAM)-dependent methyltransferases (MTases) and
introduces a methyl group to guanine at position 7 (m’G) in tRNA. In tRNAs m’G is most frequently
found at position 46 in the variable loop and forms a tertiary base pair with C13 and U22, introducing
a positive charge at G46. The TrmB/Trm8 enzyme family is structurally diverse, as TrmB proteins exist in
a monomeric, homodimeric, and heterodimeric form. So far, the exact enzymatic mechanism, as well as
the tRNA-TrmB crystal structure is not known. Here we present the first crystal structures of B. subtilis
TrmB in complex with SAM and SAH. The crystal structures of TrmB apo and in complex with SAM and
SAH have been determined by X-ray crystallography to 1.9 A (apo), 2.5 A (SAM), and 3.1 A (SAH). The
obtained crystal structures revealed Tyr193 to be important during SAM binding and MTase activity.
Applying fluorescence polarization, the dissociation constant K4 of TrmB and tRNA™ was determined to
be 0.12 uM * 0.002 pM. Luminescence-based methyltransferase activity assays revealed cooperative
effects during TrmB catalysis with half-of-the-site reactivity at physiological SAM concentrations.
Structural data retrieved from small-angle x-ray scattering (SAXS), mass-spectrometry of cross-linked
complexes, and molecular docking experiments led to the determination of the TrmB-tRNA™"® complex
structure.
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Introduction belongs to the SAM-dependent MTases and is structurally
diverse, ranging from monomeric or homodimeric to hetero-
dimeric functional assemblies [9-11]. While the eubacterial
E. coli homologue consists of a single functional subunit [12],
the B. subtilis and A. aeolicus TrmB form a homodimeric
biological assembly only differing in a C-terminal extension
seen in thermophilic TrmBs such as A. aeolicus TrmB [11,13].
In contrast, the eukaryotic yeast TrmB consists of two unre-
lated subunits Trm8/Trm82 [9,14], with the known homolo-
gues in human METTL1/WDR4 [15].

Crystallographic studies of eubacterial and eukaryotic
tRNA(guanine-N7-)-MTases revealed a class I MTase fold
[9,11,12], [PDB ID: 3 CKK] [16,17] ; hence, these enzymes
belong to the Rossmann-like fold (RFM) MTase superfamily
[11,18]. The Rossmann-fold consists of six B-strands forming
the central B-sheet flanked by a-helices, giving rise to a doubly
wound aPa sandwich. The central p-sheet harbours a switch-
point introduced by an antiparallel p-strand, forming the
S-Adenosylmethionine (SAM) binding pocket. However, the
tRNA(guanine-N7-) (uanine-N7-) MTases, also called TrmB/
Trm8, differ from the canonical Rossmann-fold by an addi-
tional PB-strand inserted between P-strands 5 and 6 [11,19].

The lack of TrmB/Trm8 - tRNA complex crystal struc-
tures renders biochemical characterization of this enzyme

Ribonucleic acids (RNA) are subject to a vast number of post-
transcriptional modifications. Currently, about 172 post-
transcriptional RNA modifications are known, introducing
an enormous diversity to the basic four RNA nucleosides
adenosine (A), uridine (U), cytidine (C), and guanosine (G)
[1]. Over 90 of these modifications are found in transfer
RNAs (tRNA) across all three kingdoms of life, rendering
them highly versatile molecules (see http://mods.rna.albany).
Of all modifications, methylation is the most abundant one.
Methylation of the guanine base at position 7 (m’G) is
a highly conserved modification and common to eubacteria,
eukaryotes, and a few archaea [2]. m’G occurs not only in
tRNA [1,3], but also in other RNA species such as messenger
RNA (mRNAs) as the 5'-cap, ribosomal RNA (rRNA), small
nuclear RNA (snRNA), and small nucleolar RNA (snoRNA)
[4,5]. In tRNAs, m’G is frequently found at position 46 in the
varijable loop and forms a tertiary base pair with C13 and G22
leading to the stabilization of the tRNA core. The formation
of the tertiary base pair in turn introduces a positive charge at
the N7 of the guanine base [6-8]. The enzyme introducing
the m’G modification in tRNA is the tRNA(guanine-N7-)-
Methyltransferase (MTase), also denoted as TrmB or Trm8
(TRMTS, EC 2.1.1.33) [1,3]. The TrmB/Trm8 protein family
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family extremely valuable, in particular concerning the pro-
tein-RNA interaction. Mutagenesis studies on the Aquifex
aeolicus TrmB (AaTrmB) showed that replacing the highly
conserved Aspl33 by alanine or asparagine abolishes MTase
activity completely [20]. Furthermore, AaTrmB recognizes its
cognate tRNA via the T-stem with the tertiary base pair in
the tRNA core being not essential for methylation [21]. In
agreement with biochemical characterization of AaTrmB,
mutation of the Escherichia coli TrmB (EcTrmB) Argl80 to
alanine (in AaTrmB Asp133) reduced MTase activity by 90%
[22]. Additionally, single mutations of Arg26, Aspl44,
His151, Argl54, Argl55, Thr217, and Glu220 to alanine
either caused at least 10-fold reduction of MTase activity,
or in case of Aspl44, Argl54, and Argl55, abolished it
completely. In the yeast homolog Trm8, Asp220, which cor-
responds to the A. aeolicus and E. coli Asp133 and Argl80,
respectively, adopts the same side chain orientation and
position within the TrmB structure. This led to the conclu-
sion that AaTrmB Aspl133 forms the catalytic centre of the
TrmB/Trm8 enzyme family [20]. The proposed reaction
mechanism includes the capture of the N-H of the guanine
base by the carboxyl group of Asp133 (nomenclature accord-
ing to AaTrmB), and the subsequent nucleophilic attack of
the methyl group of SAM by the N7 atom of the guanine
base.

The physiological role of m’G46 has been subject to recent
studies. The m’G46 modification is located in the tRNA core.
The influence of the modification on other cellular processes
depends on the position of the modification. In general,
modifications in the tRNA body mostly enhance RNA proces-
sing and stability, whereas modifications within the anticodon
can influence translational accuracy and stress response.
Hence, the lack of modifications outside the anticodon rarely
lead to phenotypic defects as for TrmB gene disruption in
E. coli [23]. Interestingly, deletion of the yeast homolog Trm8/
Trm82 either as single mutant or double mutant coupled to
other genes leads to phenotypic defects [14]. Alexandrov et al.
described a conditional temperature sensitivity on basis of
a physiological function for the m’G modification in tRNA.
Thermus thermophilus TrmB knockout mutants showed
severe growth defects in high temperatures and hypo-
modification of m'G37 leading to the specific degradation of
tRNAP™ and tRNA™. Additionally, the authors could show
that m’G46 has a positive effect on other modifications indi-
cating the existence of a complex modification network [24].
Furthermore, mutations of the human TrmB homolog
METTLLI are linked to genetic diseases. In humans, WDR4
gene mutation abolishes the m’G46 modification in tRNA
and causes microcephalic primordial dwarfism [25]. These
studies show the complexity and importance of m’G46 mod-
ification of tRNAs.

In this study, we present the crystal structure of Bacillus
subtilis TrmB (bsTrmB) in complex with its substrate SAM,
the post-catalytic product SAH as well as an unliganded state.
We show that under near physiological SAM concentrations,
the TrmB homodimer methylates tRNA in a negative coop-
erative manner and shows a half-of-the sites reactivity.
Furthermore, using protein-RNA cross-linking, we could
map the RNA interaction sites on TrmB and propose a ccross-
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link-based three-dimensional model of TrmB-tRNA™ com-
plex, which has been verified by SAXS measurements.

Material and methods
Cloning of bsTrmB

Bacillus subtilis TrmB (bsTrmB) gene was amplified from
genomic B. subtilis DNA introducing BamHI and Pst] restric-
tion sites at the 5 and 3 position, respectively (forward pri-
mer: BamHI- CG GGATCC atgagaatgcgccacaagcc, reverse
primer: AA CTGCAG ttacgttctccattcaacctcage-  Pstl).
bsTrmB was cloned in the expression vector pQE80 introdu-
cing a N-terminal 6x His-tag. The Y193A mutant was
obtained by site directed mutagenesis and both, the wild
type and mutant genes verified by sequencing.

Protein expression and purification

Wild type and mutant Hiss-bsTrmB fusion proteins were
expressed in Escherichia coli BL21(DE3) cells and cultivated
in 2YT medium containing 100 pug/ml Ampicillin. The expres-
sion cultures were grown at 37°C until the optical density
(ODggo) reached 0.5 and protein expression was induced by
the addition of 1 mM Isopropy B-p-1-thiogalactopyranoside
(IPTG). After 4 h at 37°C cells were harvested, frozen in liquid
nitrogen, and stored at —20°C until further use.

Frozen cells were thawed in Lysis buffer (50 mM Tris/HCl
pH 8.5, 500 mM KClI) and disrupted by micro fluidization for
7 cycles at 90 psi (M-110S Microfluidics). The soluble protein
was collected by centrifugation for 30 min at 50,000 g, 4°C,
and filtered through a 0.45 um syringe filter. The lysate was
applied to a His-Talon FPLC affinity column (Protino Ni-
NTA MN) equilibrated against Lysis buffer. Nucleic acids
were removed from the protein bound to the resin (lysis
buffer + 1 M LiCl,) and the fusion protein was eluted with
50 mM Tris/HCl pH 8.5, 50 mM MgCl,, 300 mM KCl,
500 mM imidazole. Further purification was achieved by
Superdex S200 size exclusion chromatography (50 mM Tris/
HCI pH 8.5, 50 mM MgCl,, 300 mM KClI). Purified bsTrmB
was concentrated to 6-9 mg/ml and stored at —80°C until
further use.

In vitro transcription and RNA purification

Bacillus subtilis tRNA™P® (bstRNAT"®) was transcribed from
a linearized vector in a run-off in vitro transcription contain-
ing T7 Polymerase, 10 mM rNTPs each, 1x HT buffer (30 mM
HEPES pH 8.0, 25 mM MgCl,, 10 mM DTT, 2 mM spermi-
dine, 0.01% Triton X-100). The reaction was incubated for 3 h
at 37°C, PP; was pelleted and the reaction terminated by the
addition of 50 mM EDTA. Self-cleavage of the ribozyme GImS
was induced upon glucosamine-6-phosphate (GImN6P) addi-
tion and further incubated for 1 h at 37°C. bstRNA"™ was
purified by ion exchange chromatography (1 ml Resource-Q
GE). The in vitro transcription reaction was applied to the
resin with IEX-A buffer (20 mM HEPES pH 7.5, 20 mM KCI)
and eluted with a linear gradient from 10% to 35% IEX-B
buffer (20 mM HEPES pH 7.5, 2 M KCl). Fractions containing
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pure tRNA were pooled, ethanol precipitated, and subse-
quently dissolved in ddH,O. tRNA was stored at —-20°C
until further use.

tRNA labelling and binding assays

tRNA was labelled with fluorescein-5-thiosemicarbazide
(Sigma Aldrich) according to Johannsson et al. 2018 [26].
Unreacted fluorophore was removed using Zeba Spin desalt-
ing columns (Thermofisher Scientific). bsTrmB was stepwise
diluted in assay buffer from 0.007-2.1 uM (20 mM Tris/HCl
pH 8.0, 200 mM KClI). Anisotropy was measured using a mul-
timode microplate reader (PerkinElmer) and plotted
with R [27].

Methyltransferase assay

bsTrmB kinetics were analysed with the MTase-Glo methyl-
transferase assay (Promega). The assay was performed accord-
ing to the manufacturer’s recommendations. 0.1 pM TrmB
were mixed with 61 to 0 uM tRNA®™, 40 uM, 10 uM, and
1 uM SAM and incubated for 30 min at RT. The reaction was
stopped adding 0.5% TFA. After the addition of the MTase-
Glo reaction solution and MTase-Glo detection solution,
luminescence was measured using a multimode microplate
reader (PerkinFlmer). The data was transformed to display
the consumed SAM molecule using a SAH standard curve.
Data were plotted with R [27] and fitted with the Hill equa-
tion v = V. x" /(K" +x7).

Crystallization

bsTrmB was crystallized using sitting drop vapour diffusion.
1 ul 2 mg/ml TrmB supplemented with 20-fold molar excess
SAM (Sigma Aldrich) was mixed with 1 pl crystallization
buffer (20% PEG 4000, 20% Glycerol, 0.06 M KAc pH 5.0,
0.08 M Ammonium sulphate, 0.01 M Trimethylamine hydro-
chloride). Crystals grew over night at 293 K. Soaking experi-
ments were performed with 20-fold molar excess SAH (Sigma
Aldrich). These crystals were harvested using loops and flash
cooled and subsequently stored in liquid nitrogen. bsTrmB
apo was crystallized via sitting drop vapour diffusion at 293 K.
1 ul 2 mg/ml TrmB was mixed with 1 pl crystallization buffer
from the commercially available MIDAS MDI1-59 screen
(Molecular Dimensions). Crystals grown in 0.2 M NaCl,
0.1 M MES pH 6.0, 15% v/v Pentaerythritol propoxylate (5/
4PO/OH) were cryo protected by adding glycerol to a final
concentration of 23%, flash frozen in liquid nitrogen, and
stored at 77 K.

Diffraction data collection, molecular replacement and
refinement

X-ray diffraction data were collected at PETRA III P13 beam-
line (EMBL, DESY, Hamburg [28]) and at MX-14.1 (BESSY,
Berlin). Diffraction images were indexed, integrated and
scaled using the XDS-package [29]. The TrmB complex struc-
tures were solved using molecular replacement by PHASER
[30] implemented in the CCP4 suite [31] and bsTrmB apo

structure used as model (PDB ID: 2FCA). Structure refine-
ment was done by iterative steps using Refmac implemented
in the CCP4 suite [32] and subsequent manual adjustments in
Coot [33]. Ligand omit maps were calculated using the Phenix
package [34]. Figures were prepared with PyMOL v.2.2 [35].

Protein-RNA cross-linking and LC-MS/MS analysis and
data analysis

For UV cross-linking, the complex was irradiated at 254 nm
for 10 min on ice using an in-house built cross-linking appa-
ratus as described [36]. For chemical cross-linking,
1,2,3,4-diepoxybutane (DEB) or nitrogen mustard (NM)
were added to a final concentration of 50 mM and 1 mM,
respectively [37]. The cross-linking reaction was performed
for 30 min at 37°C. Cross-linked samples were ethanol-
precipitated and further processed as described in [36].
Briefly, 10 pg RNase A (EN0531, Thermo Fisher Scientific),
1kU RNase T1 (EN0531, Thermo Fisher Scientific) and 250 U
PierceTM universal nuclease (88,700, Thermo Fisher
Scientific) were used for tRNA digestion followed by protein
hydrolysis using trypsin (sequencing grade, Promega) at
a 1:20 mass ratio. Sample clean-up was performed using C18
columns (74-4601, Harvard Apparatus) and cross-linked pep-
tides were enriched with in-house packed TiO, columns
(Titansphere 5 um; GL Sciences, Japan). Peptides were dried
and subjected to MS measurement.

Sample pellets from TiO, enrichment were dissolved in 2%
[v/v] acetonitrile, 0.05% [v/v] TEA. LC-MS/MS analyses were
performed on a Q Exactive HF-X (Thermo Fisher Scientific)
instrument coupled to a nanoflow liquid chromatography
system Dionex Ultimate 3000, Thermo Scientific. Sample
separation was performed with a flow rate of 300 nl/min
using a linear gradient and a buffer system consisting of
0.1% [v/v] formic acid (buffer A) and 80% [v/v] acetonitrile,
0.08% [v/v] formic acid (buffer B). Peptides were separated
over 58 min. Eluting heteroconjugates were analysed in posi-
tive mode using a data-dependent top 15 acquisition method.
MS1 and MS2 resolution were set to 120,000 and 30,000
FWHM, respectively. AGC targets were set to 10° and 5x10°,
normalized collision energy (NCE) to 28, dynamic exclusion
to 21 s, and max. injection time to 104 ms (for both MS1 and
MS2). MS data were analysed and manually validated using
the OpenMS pipeline RNPxl and OpenMS
TOPPASViewer [36].

SAXS measurements on the TrmB complex

The scattering signal of TrmB, tRNA and the TrmB-tRNA""
complex was measured with an in-house small-angle x-ray
scattering (SAXS) setup (Xeuss 2.0, Xenocs, Sassenage,
France): A Cu K, source (Genix 3D, Xenocs, Sassenage,
France) generated x-rays with a wavelength of 1.54 A, at 50
kV and 600 pA. The resulting beam was reduced to a size of
approximately 0.5 x 0.5 um?> with multilayer optics and scat-
terless slits. Proteins, dissolved in buffer solutions, were mea-
sured in quartz glass capillaries with a nominal inner diameter
of 1.48 mm and a wall thickness of 10 pm (Art. no. 4017515
Hilgenberg GmbH, Mansfeld, Germany). During the



measurements the capillaries were sealed with wax to avoid
evaporation. A Pilatus3R 1 M pixel detector (Dectris Ltd.,
Baden, Switzerland) with 981 x 1043 px” and a pixel size of
172 x 172 um?® recorded the scattering images at a sample-to-
detector distance of 575 mm. To avoid air scattering, most of
the beam path was kept at low pressure (p< 0.56 mbar).

For each protein sample, the same capillary was first used
for an empty measurement, then filled with ultrapure water
for a calibration measurement, then refilled with buffer for
a background measurement and finally refilled with the pro-
tein in buffer. In each case, a transmission measurement with
an exposure time of 0.1 s was performed. The scattering signal
of buffers and proteins with exposure times ranging from 12
to 25 hours per capillary were recorded and divided into
30 min intervals. During these measurements a 3 mm beam-
stop blocked the primary beam. The scattering signal of both
TrmB and the TrmB-tRNA complex was measured at 3 pro-
tein concentrations each (3 mg/ml, 2 mg/ml and 1 mg/ml) to
ensure that no form factor influenced the measurement
(Figure S1). The final concentration of 3 mg/ml was measured
3 times for TrmB (20 mM Tris, pH 8.5, 500 mM KCI and
10 mM MgCl), the TrmB-tRNA complex (20 mM HEPES, pH
7.4, and 50 mM KCI) and tRNA (20 mM HEPES, pH 7.4, and
50 mM KCl).

The scattering data were processed with self-written
Matlab (Matlab 9.3, 2017, The MathWorks, Natick, MA,
USA) scripts, based on the PSI cSAXS matlab package
(www.psi.ch/en/sls/csaxs/software). Multiple scattering images
were summed up, masked to exclude contributions of beam
stop and detector grid, and azimuthally averaged. The result-
ing radial intensity profiles were functions of the absolute
value of the scattering vector g:

o)

where A is the wavelength of the x-rays and © is half the
scattering angle. The radial intensity profiles were corrected
by their total exposure time and their transmission factor.
Here, the transmission factor was the ratio of the summed
intensities of a transmission measurement and the primary
beam intensity in a 35 x 35 px” window around the beam
centre. The scattering signal was background corrected by
subtracting the radial intensity profile of the buffer from the
one of the proteins in buffer. Further, it was divided by the
protein concentration and the inner diameter of the capillary
to be able to compare intensity profiles from capillaries with
different inner diameters and with different protein concen-
trations. The inner diameters of the capillaries were deter-
mined with the transmission measurements of the empty and
water filled capillaries as well as the density p = 1 g/cm’ and
the mass attenuation coefficient (u/p) = 10.4 cm*/g of water
(www.nist.gov/pml/x-ray-mass-attenuation-coefficients).
Finally, an average radial intensity profile was calculated from
all available profiles for every protein by using a pointwise
weighted average.

To further analyse the average radial intensity profiles and
assuming a globular shape of the scattering proteins, Guinier
analysis was performed to obtain the radius of gyration. For
this purpose, the software PRIMUS [38] (ATSAS, EMBL,
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Hamburg, Germany) was used and a g range of
0.21 < g< 0.41 nm™' was considered for TrmB, 0.27 < q -
< 0.51 nm™" for tRNA and 0.12 < g < 0.24 nm™" for the
complex.

RNA-protein molecular docking

Preparation of protein and tRNA model

The homodimeric model of apo/holo bsTrmB was prepared
based on the reported crystal structure by removing all non-
protein atoms from the atomic model and used for in silico
docking experiments. Atomic coordinates of the tRNA model
were extracted from the crystal structure of yeast phenylalanine
tRNA (PDB id: 1IEHZ) and converted to a format suitable for
Rosetta. All modified bases were replaced by unmodified ones,
the sequence has been adjusted to match bstRNA"" and the
resulting model was idealized using ERRASER [39].

Protein-RNA docking combined with SAXS and cross-link
based validation

Initially, the bstRNA™ model was manually docked with the
G 46 positioned close to the active site of bsTrmB using
spatial restrains obtained from the cross-linking experiment.
However, SAXS based validation of the symmetric protein-
tRNA complex, comprising two bstRNAPP molecules bound
in the same manner by the homodimeric bsTrmB, indicated
not a perfect fit. This was most likely a consequence of not
optimal orientation of the docked partners as well as different
conformations (bending) of the tRNA molecule. Hence, two
models of bend bstRNA™ were prepared in Coot [33] utiliz-
ing local distance restraints (ProSMART) [40] in order to
perform in silico docking, and subsequently verified by both,
SAXS and cross-link experimental data.

Docking was performed with the RosettaDock application
[41] optimized for predicting RNA-Protein complexes [42].
Docking was divided into two stages: low resolution global
docking and high resolution refinement of selected decoys.
The former stage uses a coarse-grained representation of dock-
ing partners and facilitates quick sampling of the available
search space. In order to thoroughly sample the search space,
100.000 poses have been generated for each tRNA model.
Favourable low resolution (initial) docking orientations were
identified as follows. First, a point in space was selected which
is located in the active site of bsTrmB. This point corresponds
to the position of the SD atom of SAM bound in the here
reported bsTrmB structure and is located between Phe71
Trp120 Phel97 residues which have been identified by UV
cross-link experiment. Then, the distance criterion of maxi-
mum 8 A, calculated between that point and the phosphate
atom of G 46, was applied to select decoys with G 46 positioned
in vicinity of the active site. The best 100 decoys for each of two
tRNA models were selected based on the I_sc score (represent-
ing the energy of the interactions across the interface) and the
total Rosetta score. These models have been subjected to the
high resolution (second) docking step which performed
rebuilding of all-atom models followed by model optimization
(1000 decoys per low resolution model). The resulting decoys
were first sorted by I_sc score and the most favourable 100
models have been validated based on crosslinking data and
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subsequently by calculating the fit to the SAXS curve. The latter ~ Michaelis-Menten equation and taking the K, value as binding
step required generation of symmetrical dimeric bsTrmB - constant. Here, we directly measured the dissociation constant

bstRNAP™ complexes. Modelling of the flipped G 46 nucleo- using quantitative binding analysis via fluorescently labelled,
in vitro transcribed, unmodified tRNA®" of Bacillus subtilis.

tide was performed in Coot.
TrmB binds tRNA™ with a K,; of 0.12 uM + 0.002 uM (Fig. 1).

Results TrmB half-of-the-sites reactivity under near physiological
Affinity of in vitro tRNA"" to TrmB conditions

To date, the binding affinity of TrmB enzymes to their cognate We further tested TrmB MTase activity using the MTase-
tRNAs were measured by studying methylation kinetics via the ~Glo™ Methyltransferase Assay (Promega). The MTase assay
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Figure 1. Quantitative analysis of wt bsTrmB tRNAP"™ complex formation measured by fluorescence polarization. The fluorescently labelled tRNAP" was analysed
within increasing bsTrmB concentration, in the range of 0.007 to 2.1 uM. Complex formation was observed with fluorescence polarization. Measurements were
performed in three indepentend experimental replicates. Results are shown as mean = SD with error bars of SD (n = 3). tRNA"™ binds to TrmB in the nanomolar

range of 0.12 pM £ 0.002 pM. Data were plotted with R [27].
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Figure 2. Methyltransferase assay of wt bsTrmB with varying SAM concentrations to analyse cooperativity. Methyltransferase assay was performed according to the
Promega MTase-Glo assay and measured via luminescence. Cooperativity of the TrmB subunits was tested with increasing concentrations of SAM in the range of 1-
40 uM (1 pM SAM in blue, 10 uM SAM in red, and 40 pM in lilac). The colour code is identical between main plot and inset. Measurements were performed as
independent duplicates with increasing substrate concentrations from 0 to 60 uM tRNAP"®. Data were plotted using R [27] and fitted with the Hill equation, errors are
presented as standard deviation. TrmB methylated tRNA™" with a V. of 1.7 nM/s % 0.09 nM/s, a K, of 4.8 uM = 0.8 uM, and a Hill coefficient of n = 0.8. Lowering
SAM concentrations led to a decrease in the Hill coefficient from n = 0.8 (40 uM SAM) to n = 0.4 (10 uM SAM) and n = 0.5 (1 uM SAM).



was performed under MTase-Glo™ standard conditions
using 40 uM SAM. The obtained data were described best
using the Hill-equation, which provides further information
about cooperativity during catalysis by the Hill coefficient n.
In general, a Hill coefficient of n < 1 describes negative
cooperative effects during catalysis, n > 1 positive cooperative
effects, and n = 1 independent binding [43,44]. TrmB methy-
lated tRNA®™ with a V. of 1.7 nM/s + 0.09 nM/s, a K, of
4.8 uM + 0.8 uM, and a Hill coefficient of n = 0.8, indicating
mild negative cooperative effects during catalysis (Fig. 2). The
observed K,, value for bsTrmB is in the range of the pre-
viously reported K,, values of 0.7 uM for AaTrmB to yeast
tRNA™™ and 6 puM for EcTrmB to tRNAF™ [20,22]. To
further assess the degree of negative cooperativity during
TrmB catalysis, additional MTase assays, using in vitro
tRNAP™ with SAM concentrations of 10 uM and 1 uM,
were performed and results were summarized in Table 1.
Comparison of the Hill coefficient of all three samples
shows a shift of mild negative cooperativity at 40 uM
(n = 0.8 £ 0.09) to a strong negative effect of n = 0.4 + 0.07
for 10 yM and n = 0.6 £ 0.1 for 1 uM SAM (Fig. 2).
Additionally, the Hill coefficient also describes how many
active sites within a macromolecule are catalytically active.
A Hill coefficient of 0.5 for the homodimeric TrmB suggests
that only one of two active sites is active. This leads to the
hypothesis that bsTrmB shows a half-of-the-sites reactivity at
low SAM concentrations, with only one subunit being cataly-
tically active at any given time.

Crystal structure of bsTrmB

To get insight into the catalytic mechanism of B. subtilis
TrmB, we solved bsTrmB crystal structures of the apo state,
bound with the catalytic methyl group donor SAM, and in
complex with the post-catalytic ligand S-adenosyl-
L-homocystein (SAH). All structures were solved by molecu-
lar replacement and determined to 1.98 A, 2.5 A, and 3.1 A
resolution for the apo, SAM-, and SAH complex, respectively
(Fig. 3). The details of data collection and structure refine-
ment statistics are summarized in Table 2. The N-terminal
regions (up to 11 residues) in all structures were not visible in
the electron density and thus could not be modelled.
Apparent high flexibility of this region is consistent with the
prediction of the N-terminal residues 1-10 to be disordered.
The determined crystal structures adopt a classic class I RFM
MTase fold consisting of 7 -strands building the central -
sheet flanked by two side layers of 6 a-helices forming an afa
sandwich (Fig. 3A), confirming data of the apo bsTrmB
structure [11]. Superposition of both monomers of the homo-
dimeric apo bsTrmB, TrmB-SAM (Fig. 3B), and TrmB-SAH
structures revealed, that they are structurally identical (root

Table 1. Kinetic parameters of wt bsTrmB using SAM concentrations from 1 to
40 uM.

SAM 40 uyM 10 uM 1 uM
Vinax [NM/s] 1.7 + 0.09 0.3 + 0.04 0.3 + 0.04
K [UM] 48+ 08 88 + 6.2 52+28
n 0.8 + 0.09 0.5 + 0.07 0.7 £0.2
Keae X 10% [s7"] 8.5 + 0.45 15+ 0.2 13+02
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mean square deviation between all Ca atoms of 0.119 A (apo),
0.146 A (SAM), and 0.181 A (SAH)). The solvent accessible
area of the dimer interface sums up 779.2 A® indicating
existence of a stable homodimer in solution. The dimer inter-
face is formed by 22 residues constructing a hydrophobic
interface with a A’G of -6.3 kcal/mol, as assessed by
PISA [45].

SAM binding pocket

In the SAM-TrmB crystal structure, in each monomer the
electron density for SAM is clearly visible at higher sigma
levels on both 2mFo-DFc as well as mFo-DFc (polder) omit
maps (Figure S2). The SAM binding pocket is built by the
C-terminal edges of B-strands P2, 3, and B5 (Fig. 3A), form-
ing the central topological switch-point (Fig. 3A), common to
SAM-dependent MTases. Bound SAM molecule adopts an
elongated conformation (Fig. 3C). The binding pocket of
both SAM molecules consists of three motifs, motif I (Glu69
(B2), Gly46 (1)), motif IT (Asn115, Phell6, p4), and motif III
(Thr191, Tyr193, a8), of which Glu69 and Thr191 are highly
conserved among TrmB members (Fig. 3C). The 2 OH group
of the ribose forms hydrogen bonds with the side chain of
Glu69, the carboxyl group of the methionine moiety is hydro-
gen bonded to the side chain of Thr191 and the main chain of
Tyr193, and the amine group to the main chain of Asnll15
and Gly46.

The overall topology of the TrmB-SAH complex structure
is similar to the TrmB-SAM complex. Additional hydrogen
bonds are formed between the N6 amine group of the SAH
adenine moiety to the side chain of Asp96 (Fig. 3D).
Interactions of Asnll5 and SAH could only be seen for
TrmB monomer B. Hydrogen bonds of Glul92 to the car-
boxyl group of SAH are established only in monomer A.

Conformational rearrangement of the active site

Next, we were interested in whether the binding of SAM or
SAH leads to conformational changes of the active site.
Therefore, we compared the TrmB-SAM/SAH complex struc-
tures with the TrmB apo structure. In both liganded struc-
tures, Tyr193 in motif VI shows a rearrangement in its side-
chain orientation towards the ligand. Upon ligand binding,
Tyr193 OH group is displaced by about 8 A towards the
sulphur atom of SAM/SAH. This side-chain conformational
change leads to a decrease in local B-values of the loop region
connecting a8-p7 (Fig. 4). Furthermore, the observed rotation
of Tyr193 pulls helix a8 on average 1.8 A towards SAM and
results in a reorientation of Phel97 (Fig. 4C). This movement
of a8 further leads to a ‘closing’ of the catalytic pocket.
Interestingly, the Tyr193 is not conserved across the TrmB/
Trm8 family. In yeast Trm8 and human METTLI, this tyrosin
is replaced by glutamate at position 261 and 210, respectively.
Both Glu residues adopt, like Tyr193 in B. subtilis, the same
position relative to the sulphur group of SAM [9], [PDB ID:
3 CKK]. However, due to lacking the active site loop harbour-
ing amino acids 260-270 in determined complex and apo
Trm8 crystal structures, no structural data are available
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Figure 3. Crystal structures of SAM and SAH bound to bsTrmB. (A) TrmB subunit A is represented as cartoon with annotated secondary elements. SAM is shown as
ball and stick model, central switch point is highlighted by the black circle. (B) superposition of TrmB monomer A (light pink) and monomer B (dark pink) represented
in cartoon mode, SAM is shown as ball and stick. the crystal structure was determined to 2.5 A © close-up view of the ligand binding sites of TrmB monomer A (left)
and superposition of both (right) complexed with SAM. Ligand interacting residues are shown in sticks and interactions are marked as dashed lines. (D) close up view
of the SAH-TrmB complex structure. bsTrmB is depicted as cartoon (light cyan (monomer A, left) and superposition of both (right)). the soaked S-Adenosyl-
L-homocysteine is depicted in ball and stick mode. SAH coordinating residues are shown as sticks and hydrogen bonds as dashed lines. the crystal structure was
determined at 3.1 A. hydrogen bonds are colour coded for 2.2-2.8 A (red) and 2.8-32 A (green).



Table 2. Crystallographic data collection and refinement statistics.
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bsTrmB-SAM bsTrmB-SAH bsTrmB apo
Crystallographic data
Beamline Petra Ill, P13 BESSY, 14.1 Petra Ill, P13
Wavelength (A . 0.9763 0.9184 0.9763
Resolution range (A) 44.55-2.5 (3.17-2.5) 44.37-3.1 (3.35-3.1) 44.53-1.98 (2.0-1.98)
Unique reflections 16,092 9049 96,395
Redundancy 10.55 (10.6) 7.8 (7.6) 3.8 (3.8)
Completeness (%) 99.9 (99.9) 99.9 (99.87) 91.5 (89.9)
Space group H3 H3 P1
a, b, c (A) 178.19, 178.19, 37.01 177.48, 177.48, 42.44 42.62, 103.68, 103.69
a, B, y (deg) 90, 90, 120 90, 90, 120 118.12, 97.91, 97.84
Rmeas (%) 11.3 (56.4) 31.8 (152.4) 8.3 (155.7)
I/ (1) 13.31 (4.61) 7.2 (1.43) 12.47 (1.5)
CCip ) 99.9 (96.1) 98.5 (62.2) 99.7 (54.8)
Wilson B (A%) 61.1 98.5 35.2
Refinement statistics
Rwork/Réree 0.21/0.25 0.18/0.27 0.19/0.22
Clash score 8.57 6.4 427
No. Of atoms . 3416 3422 10,878
Average B-factor (A)? 70.0 65.0 44,0
Root mean square deviation
Bonds A 0.011 0.005 0.009
Angles (°) 1.71 143 1.25
Ramachandran plot
Favoured (%) 96.55 94.13 96.79
Allowed (%) 2.96 538 2.72
Outlier (%) 0.49 0.49 0.49
PDB codes 7NYB 7NZI 7NZJ

which could shed the light on similarities or dissimilarities of
this region when compared to bsTrmB.

To investigate whether Tyr193 plays a crucial role in SAM
binding and/or methyl group transfer, we generated
a Tyr193Ala mutant of TrmB. This mutation resulted in
a reduced affinity of TrmB to its cognate tRNA™™ from
a K; of 0.12 uM to 0.32 pM. Furthermore, MTase activity
was significantly reduced (25 fold reduction) (Figure S3).
These results confirm the importance of Tyrl93 in SAM
binding and methyl group transfer.

Conserved water molecules in SAM binding pocket and
possible reaction mechanism

Comparison of crystal structures from bsTrmB complexed
with SAM/SAH or in the apo state with TrmB enzymes
from E. coli, S. cerevisiae, and H. sapiens revealed the presence
of a few structurally conserved water molecules surrounding
the SAM binding pocket, 4 in subunit A (Fig. 5A) and 5 in
subunit B (Fig. 5B). In both chains, one conserved water
molecule (named W,) interacts with the highly conserved
residue Aspl54. W; interacts with the side chain of the con-
served Thr153 and further forms hydrogen bonds to the side
chain of Ser117 and main chain of Phell6. Additionally, W,
forms hydrogen bonds with W,, W3, Aspl54 (monomer A),
and Tyr193 (monomer B). These water molecules protrude
into the putative tRNA G46 binding pocket. Prior to tRNA
binding, these water molecules might just fill up the void
space, but upon binding, they could play a role in aligning
the guanine base for methyl group transfer or even aiding in
catalysis.

The remaining two structurally conserved water molecules,
W, and W5 are located near the adenine binding site, possibly
bridging the protein main chain with SAM. W, forms

hydrogen bonds with the Leul30 and Aspl18 main chain.
W5 in turn hydrogen bonds to Aspll8 side chain and the
N7 atom of the adenine SAM (Fig. 5B).

tRNAP"©-TrmB complex cross-linking

To get a structural insight in how TrmB binds its tRNA sub-
strates, we performed UV light induced cross-linking of the
TrmB-tRNA"" complex and analysed the cross-linked peptides
by means of mass spectrometry. We found 6 residues cross-
linked to RNA (Fig. 6). Phe71, Prol121, Lys137/138, and Phe197
cross-linked to cytosine and Trp120 cross-linked to guanine.
Phe71, Trp120 and, Phel97 are part of the SAM binding pocket.
Residues Phe71 and Trpl20 are oriented vertically upward, so
they could interact with tRNA via n-stacking to fix the tRNA
substrate in a proper position for catalysis. Phel97 flanks the
proposed guanine bbase-binding pocket. The electrostatic sur-
face potential surrounding the SAM binding pocket shows
positively charged areas especially in the conserved region nl
connecting P4 and a6, which could indicate possible tRNA
binding sites to bind and stabilize the tRNA structure upon
base flipping of G46 and catalysis (Fig. 6). Taken together, the
observed tRNAP"-TrmB cross-links suggest the binding of
tRNAP above the SAM-binding pocket with the ASL aligning
with the methionine moiety and the acceptor stem aligning with
the adenine moiety. Additional strong interactions are estab-
lished between the n1 with the tRNA molecule.

Low resolution model of the TrmB-tRNAP" complex using
SAXS and molecular docking

After the identification of direct TrmB-tRNA™ interaction
sites, we aimed for more structural insight about the TrmB-
tRNAP® complex. Therefore, we reconstituted this complex, as
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D
Phel97

Figure 4. Structural rearrangement of the bsTrmB active site upon ligand binding. (A) TrmB (monomer A, light pink) is shown as cartoon, the bound SAM is
represented as ball and stick model. Local B-factors are ramp coloured from blue to red representing regions of low and high flexibility, respectively. Tyr193 and
Phe197 are shown as sticks. (B) apo TrmB (monomer A, grey) is shown as cartoon. Local B-factors are ramp coloured from blue to red representing regions of low and
high flexibility, respectively. Tyr193 and Phe197 are shown as sticks. (C) Superposition of TrmB-SAM and apo TrmB. Tyr193 and Phe197 are depicted as sticks and the
residue movement upon ligand binding is shown as dashed lines. Average displacement of ca of helix 8 is about 1.8 A.

for the cross-linking experiments, and performed small-angle
X-ray scattering (SAXS) measurements. To better evaluate the
obtained SAXS data, we measured each component of the
TrmB-tRNA™™ complex separately. Guinier radii for the indi-
vidual components were determined to be 3.29 + 0.04 nm
(TrmB), 2.67 + 0.02 nm (tRNA), and 5.3 + 0.05 nm (tRNA-
TrmB complex). However, evaluation of the complex SAXS
curves was challenging. Therefore, molecular docking experi-
ments were performed and validated using the experimental
SAXS curves. Complex models were generated by molecular
docking using Rosetta [41]. First, a low-resolution global dock-
ing, generating 100.000 decoys in a coarse-grained representa-
tion, was performed. These initial poses were sorted by their

relative position to the sulphur atom of SAM, and the distance
to the G46 of the tRNA molecule. The best 100 models were
subsequently sorted by the energy of the interactions across the
interface (I_sc score) and the total Rosetta score. Second,
decoys exhibiting the best scores were used for high resolution
docking, and again sorted by the I_sc score. Initially, the crystal
structure of tRNA™P (PDB ID: 1EHZ) has been used, however
the validation against SAXS data indicated some structural
changes of the tRNA molecule. As the G46 base needs to
break hydrogen bonds in the tRNA core and flip into the active
site pocket, bending of the tRNA molecule can be assumed.
Indeed, much better fits of the computationally generated
complex models were obtained when slightly bend tRNA
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Figure 5. Structurally conserved water molecules in TrmB crystal structures mapped on the TrmB-SAM structure. (A) Monomer A of the TrmB-SAM complex structure
is shown in surface mode (left). SAM is shown as ball and stick model and water as spheres. Water coordinating residues are represented as sticks (right), water is
shown as spheres, and hydrogen bonds are shown as dashed lines. (B) Monomer B of the TrmB-SAM crystal structure shows TrmB in surface representation (left).
SAM is shown as bal and stick model. Water molecules are represented as spheres. Water coordinating residues (right) are shown as sticks, water as spheres and

hydrogen bonds as dashed lines.

molecules [33] were used. The most favourable models were
validated based on the cross-linking data and the calculated
SAXS curves to fit the experimental SAXS data. Evaluation of
the TrmB crystal structure against the TrmB SAXS data
resulted in a good fit of the SAXS and X-ray data (Fig. 7A).
The protein-tRNA complex SAXS data could be described best
with a TrmB-tRNA™™ complex model in a 2:2 stoichiometry
(Fig. 7B). Hence, the final TrmB-tRNA complex model com-
prises two slightly bend tRNA molecules bound to the homo-
dimeric protein (Fig. 7C). The tRNA molecules lie on top of
TrmB, with the T-arm facing towards the protein (Fig. 7E),
agreeing with previously published data about the yeast TrmB
homolog Trm8-Trm82 [9]. The tRNA core makes intermole-
cular contacts, while the acceptor stem and the anticodon stem
protrude off the protein. Extensive protein-RNA contacts are
established by the a helix a5 to the RNA backbone of the T-arm
(Fig. 7D). Further contacts are established between residues of
a5, a8, and nl to G46 and U47.

Taken together, the TrmB-tRNA™ complex model sug-
gests that each of the TrmB subunits is able to bind a tRNA
molecule. Further, the tRNA substrates are recognized via the
D- and T-arm. The conserved loop region nl of TrmB seems
to stack between the variable loop and the T-arm, probably
ensuring proper positioning of the tRNA molecule on the
SAM binding pocket and catalytic pocket.

Discussion

The m’G46 modification introduced in tRNAs is gaining
attention since the discovery of its connection to the human
disease microcephalic primordial dwarfism [25]. Structural
analysis of the TrmB-tRNA complex as well as biochemical
investigation would give valuable insight into TrmB function.
Hence, in this study, we focused on the tRNA-TrmB interac-
tion on both, a biochemical and structural level. The TrmB/
Trm8 enzyme family is structurally diverse with monomeric,
homodimeric, and heterodimeric biological assemblies [9-11].
Interestingly, even though the TrmB homologues of E. coli
and B. subtilis belong both to the bacterial kingdom they show
differences in their biological assembly [10,11]. While E. coli
functions as a single subunit, B. subtilis TrmB evolved
a homodimeric assembly. Hence, the impact of homodimer-
ization of bsTrmB was studied. TrmB catalysis was shown to
follow negative cooperative effects by pinpointing the reaction
kinetics to be described best by the Hill equation (Fig. 2).
While under standard assay conditions this effect is mildly
distinct, this effect becomes more drastic when decreasing
SAM concentrations. In near physiological conditions
[46,47], TrmB cooperativity drops from mild negative effects
to a half-of-the-sites reactivity. With this, TrmB is able to
ensure both substrates, SAM as well as tRNA, to bind to the
same subunit and catalysis can occur. Thus, we propose
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Figure 6. UV-Cross linking of TrmB to tRNA™"®. Surface representation of TrmB, electrostatic potential is depicted at a contour level of + 7 ksT/e. SAM is shown in ball
and stick mode. Residues cross-linked to tRNAP" are shown as green dots. Covalent links are mapped on the protein surface and shown in green boxes.

a ligand based control system to ensure effective enzyme
catalysis under low ligand concentrations.

However, this raises the question of whether both subunits of
the TrmB homodimer are capable of binding SAM and tRNA. To
shed light on this question, we solved the crystal structure of TrmB
with its methyl group donor SAM and reaction product SAH (Fig.
3). In our ligand complex structures SAM and SAH are well
resolved in both subunits. As reported previously, bsTrmB belongs
to the SAM-dependent class I methyltransferases, containing
a Rossman fold core [11]. Comparison of TrmB-SAM/-SAH
crystal structures with its homologs from yeast and E. coli shows
an identical mode of binding across species. The amino group of
the adenine moiety is captured by the oxygen atom of either Asp or
Asn, the ribose moiety is coordinated strictly by glutamate, and the
methionine moiety is coordinated by a main chain oxygen. This
shows, that even though the TrmB/Trm8 protein family is diver-
gent in their amino acid sequence, they are structurally highly

similar with a conserved mode of ligand binding and therefore
exhibit most likely a similar catalytic mechanism. Furthermore, we
observed a repositioning of Tyr193 in the SAM-binding pocket
upon ligand binding. This movement can be also seen in the yeast
homologue Trm8, as well as in the human homolog METTLI.
Here, Trm8 Glu261 and METTL1 Glu210 adopt the same position
and side chain orientation, compared to the B. subtilis Tyr193.
Examining the importance of Tyr193, we exchanged Tyr193 by
alanine which abolished MTase activity completely while still
being able to bind tRNA, even though with 2.6 times less affinity.
This provides the importance of Tyr193 during catalysis by prob-
ably correct positioning of SAM.

To address the open question of whether the homodimeric
TrmB is able to bind two tRNA molecules, we performed SAXS
measurements of the tRNA™-TrmB complex complemented by
cross-linking experiments and molecular docking approaches.
The Guinier radii obtained by SAXS for TrmB (32.9 A+044)
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Figure 7. Predicted TrmB — tRNAP"® complex model. (A) Experimental and simulated SAXS curves of TrmB. The curve of the model is calculated from the TrmB-SAM
complex crystal structure and scaled to match the experimental curve between 0.1 < g, < 2 nm™". (B) Experimental SAXS curves and predicted SAXS curves from
docking models. The model consisting of two tRNA molecules per TrmB homodimer (red, dotted) shows a higher agreement with the experimental data compared to
the model consisting of one tRNA molecule per TrmB (blue, dashed), also seen at larger g,-values. The feature of the experimental data at q,~2.0 nm~" is shifted to
smaller g,-values in the 2-tRNA model and is not visible in the 1-tRNA model (inset). The data is plotted with Matlab (MathWorks Inc. Natick, Massachusetts, USA). (C)
TrmB - tRNAPM® complex model is depicted as cartoon (left) with surface representation of TrmB (right). (D) Close-up view of the tRNA binding to TrmB monomer
A (light pink). Residues of TrmB interacting with tRNA""® are shown as sticks (yellow), hydrogen bonds are shown as dashed line. (E) TrmB-tRNA""® complex model is
shown with surface representation of TrmB and tRNA™" highlighted by its domain architecture. the domain architecture of tRNA™ is colour coded in Aminoacyl

stem (purple), T-arm (green), variable loop (orange), Aminoacyl stem (blue), and D-arm (red) with the G46 base depicted as sticks.

and tRNA (26.7 A 0.2 A) fit the crystallographic values of 32.5 A
(TrmB) and 29.9 A (tRNA) well, assuming a hydration shell of 7 A
[48,49]. The final docked complex model consists of the TrmB
homodimer and two tRNA molecules (one bound to each subunit
Fig. 7). Although the SAXS curves of the model and the measure-
ments are similar, our model exhibits some misfits compared to
the experimental SAXS curve. This can be explained by extensive
bending of the tRNA molecule upon binding and structural
rearrangement of the tRNA core during G46 base flipping. This
could also explain the observed differences in the Guinier radii of
the tRNA™-TrmB complex of 53 A compared to the complex
model with a Guinier radius of 43 A. Moreover, SAXS is a sensitive
method able to detect small changes in length scales upon con-
formational rearrangements. Subsequently, such chances would
lead to altered SAXS curve. Additionally, the T-arm of tRNA™®
comes into close vicinity of a more negatively charged area of
TrmB. We assume that this negative charge may be needed to

force the tRNA core to release the G46 base from base pairing and
in that manner facilitate its flipping into the catalytic pocket.

The overall positioning of the tRNA on TrmB is in agree-
ment with prior biochemical studies. In A. aeolicus, mutation
of Lysl01Ala (in B. subtilis Lys122) located in a conserved
loop, leads to a weakened tRNA binding and a reduction in
the turnover rate from 1 to 0.36 [20]. This indicates that this
amino acid could be involved in intermolecular communica-
tion. In our complex model, Lys122 and the phosphate back-
bone of G10, located in the D-loop, are in close proximity to
each other and might function as ruler to ensure optimal
positioning of the tRNA molecule on TrmB. Additionally,
mutation of the E. coli Argl54Ala (in B. subtilis Lys128)
results in a loss of function of ecTrmB [22]. In our model,
Lys128 is involved in three protein-RNA contacts, positioning
the tRNA over the SAM binding pocket. These examples of
mutagenesis studies across different TrmB species strengthen
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our complex model and show the importance of the con-
served loop region and nl in catalysis.

Further, comparison of the ligand binding pockets of the
TrmB-SAM and TrmB-SAH crystal structure presents hints
of how pre-, and post-catalytic states could differ. In TrmB-
SAH, the active sites of chain A and chain B are identical. In
TrmB-SAM, the active site pocket of subunit B is narrower
than the active site pocket of subunit A. This indicates, that
the TrmB-SAM complex shows most likely two structurally
different catalytic states, with subunit A being in the post-
catalytic state and subunit B in the pre-catalytic state.
Concluding that even though both subunits are topologi-
cally identical, they appear to be in chemically different
states. This is reinforced by conserved water molecules
located in the catalytic pocket. While subunit A displays
water molecules W,;-W; with even distribution across the
guanine binding pocket, subunit B shows a different distri-
bution with W3 being positioned deep in the binding pocket
whereas W, is located at the rim of the pocket.

Lastly, cross-linked amino acids Leu70 and Phe71 built
contacts with tRNA bases C48 and U47 of the variable loop,
respectively (Fig. 7). An extensive study about yeast tRNA""
secondary structure, the formation of hydrogen bonds within
the tRNA core and anticodon stem, and methyltransferase
activity of yeast Trm8/Trm82 on yeast tRNA®™ showed the
importance of both, U47 and C48 for efficient methyl group
transfer [50]. Upon mutation of U47A and C48A, V..
dropped from 1.4 ymol mg™' h™" to 0.28 umol mg™' h™" and
1.4 umol mg ™' h™" to 0.04 umol mg ™' h™", respectively, result-
ing in a reduction of the methyl acceptance activity by
a decrease in V.. Substitution of the pyrimidine C48 by the
purine A results in the disruption of the G15-C48 base-pairing,
which in turn results in an impaired methyl acceptance activity.
This perturbation could be based on additional rearrangements
of the tRNA core. Base flipping of G46 in our model led to
a rearrangement of both, U47 and C48. While U47 moves
~11 A to the front forming hydrogen bonds with TrmB
Phe71, C48 breaks the base pairing with G15 and forms addi-
tional hydrogen bonds with Phe71. If the pyrimidine C48 is
substituted by the purine adenine, the interactions between
A48 and Phe71 could be too strong and methyl transfer cannot
be achieved (Figure S4). Furthermore, the involvement of U47
and C48 on MTase activity shows the importance of the vari-
able loop, as seen in A. aeolicus TrmB which distinguishes
cognate from non-cognate tRNA by the size of the variable
loop [21]. However, the exact mechanism by which TrmB/
Trm8 enzymes recognize their substrate tRNAs diverged dur-
ing evolution. In general, TrmB/Trm8 enzymes commonly
recognize substrate tRNAs by their D-arm and T-arm, only
differing in their strictness of structural features to be recog-
nized. In contrast to A. aeolicus TrmB for which the substrate
tRNA T-arm plays a key role in recognition and MTase activity
[21], for yeast Trm8/Trm82 the T-arm is essential and the
D-arm semi-essential for recognition. However, in both cases,
deletion leads to a complete loss of activity [50].

In conclusion, we showed the cooperative activity of the
TrmB homodimer with half-of-the-sites reactivity at physio-
logical SAM concentrations. Albeit this half-of-the sites

reactivity, both subunits of the TrmB homodimer are capable
to bind its methyl group donor. Tyr193 is important for SAM
coordination and catalysis might be mediated by conserved
water molecules. Furthermore, we reported the TrmB-
tRNAP™ complex model in which each TrmB subunit binds
a tRNA molecule and protein-RNA contacts are formed by
the T-arm and to a lower extent by the D-arm.
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