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ABSTRACT

The complex between Trm7 and Trm734 (Trm7-
Trm734) from Saccharomyces cerevisiae catalyzes
2’-O-methylation at position 34 in tRNA. We report
biochemical and structural studies of the Trm7-
Trm734 complex. Purified recombinant Trm7-Trm734
preferentially methylates tRNAPM® transcript vari-
ants possessing two of three factors (Cm32, m'G37
and pyrimidine34). Therefore, tRNAP"®, tRNA™ and
tRNALeY are specifically methylated by Trm7-Trm734.
We have solved the crystal structures of the apo
and S-adenosyl-L-methionine bound forms of Trm7-
Trm734. Small angle X-ray scattering reveals that
Trm7-Trm734 exists as a hetero-dimer in solution.
Trm7 possesses a Rossmann-fold catalytic domain,
while Trm734 consists of three WD40 p-propeller do-
mains (termed BPA, BPB and BPC). BPA and BPC
form a unique V-shaped cleft, which docks to Trm7.
The C-terminal region of Trm7 is required for bind-
ing to Trm734. The D-arm of substrate tRNA is re-
quired for methylation by Trm7-Trm734. If the D-arm
in tRNAPhe is docked onto the positively charged area
of BPB in Trm734, the anticodon-loop is located near
the catalytic pocket of Trm7. This model suggests
that Trm734 is required for correct positioning of
tRNA for methylation. Additionally, a point-mutation
in Trm7, which is observed in FTSJ1 (human Trm7
ortholog) of nosyndromic X-linked intellectual dis-
ability patients, decreases the methylation activity.

INTRODUCTION

Transfer RNA is as an adapter molecule that interprets the
codons in mRNA to corresponding amino acids. Primary

tRNA transcripts must undergo maturation by process-
ing, splicing and post-transcriptional modification for their
biological function. Post-transcriptional modifications in
tRNA are found in three domains of life (1), and contribute
to structural integrity and stability of tRNA as well as de-
coding fidelity and efficiency in protein synthesis (2,3).

To date, more than 100 modified nucleosides have been
found in tRNA (http://mods.rna.albany.edu/mods/) (1).
Methylated nucleosides are frequently found in tRNA, and
2'-O-methylation of ribose is most abundant (4). Given that
the methyl-group in 2’-O-methylated nucleoside shifts the
equilibrium of ribose-puckering from the C2’-endo form to
the C3’-endo form, 2'-O-methylation stabilizes a local struc-
ture in tRNA (5). The first position (position 34) of anti-
codon in tRNA is often modified to 2’-O-methylated nu-
cleoside (6), and it is considered to reinforce the codon-
anticodon interaction during protein synthesis. Further-
more, because 2’-O-methylation protects RNA from hydrol-
ysis, the 2/-O-methylation in the anticodon-loop may pro-
long the half-life of tRNA.

S-adenosyl-L-methionine (SAM)-dependent methyl-
transferases are divided into more than five classes on
the basis of the structure of their catalytic domain (4,7).
Most methyltransferases have a Rossmann fold catalytic
domain and are classified as class I enzymes. Members
of SpoU-TrmD (SPOUT) RNA methyltransferase su-
perfamily are classified as class IV enzymes (7,8). While
2'-O-methyation in anticodons is generally widespread,
completely different types of tRNA methyltransferases
function in the modification in the three domains of life.
For example, in Escherichia coli, 2’-O-methylation at po-
sition 34 in the formation of 2’-O-methylcytidine (Cm34)
and 5-carboxymethylaminomethyl-2’-O-methyluridine
(cmnm’Um34) is catalyzed by TrmL (9), a homo-dimeric
enzyme of the SPOUT RNA methyltransferase super-
family (10). In contrast, 2’-O-methylation in tRNATP
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from Methanocaldococcus jannashii, a hyper-thermophilic
archaeon, is mediated by a complex of multiple proteins
and RNA (L7Ae, Nop5, archaeal fibrillarin and box C/D
guide RNA system) (11), in which archaeal fibrillarin is
a class I methyltransferase (12,13). In the case of Saccha-
romyces cerevisiae, a complex between Trm7 and Trm734
(Trm7-Trm734) catalyzes the 2’-O-methylation at position
34 (Nm34) in tRNA (14,15). The amino acid sequence of
Trm7 strongly suggests that Trm7, the catalytic subunit,
belongs to the class I enzyme superfamily (16). Thus, it
is clear that methyltransferases responsible for the Nm34
modifications in tRNA differ among the three domains of
life.

Analysis of the #rm7 gene deletion strain of S. cerevisiae
reveals that Trm7 is responsible for all Nm34 modifica-
tions [2’-O-methylguanosine (Gm34) in tRNAP" Cm34
in tRNATP and 5-carbamoylmethyl-2’-O-methyluridine
(ncm®Um34) in tRNAY] (14,16). The modification site
targeted by Trm7 switches dependent on its partner subunit:
a complex of Trm7 and Trm732 (Trm7-Trm732) catalyzes
2'-O-methylation at position 32 in tRNA (14,16). Further-
more, it has been reported that the formation of wyosine
at position 37 requires Gm34 in tRNAP" (17). Moreover,
during the course of study, it was reported that trm7-gene
deletion mutant strains of S. cerevisiae and Schizosaccha-
romyces pombe caused constitutive activation of general
amino acid control response (18). In addition, it has been re-
ported that mutations in human FTSJ1 (ortholog of Trm?7)
cause non-syndromic X-linked intellectual disability (19).

However, there remain important questions. For exam-
ple, why does Trm7-Trm734 act only on specific tRINAs?
Furthermore, why is a partner subunit, Trm734, required
for methylation on position 34 in tRNA? To address these
issues, we report biochemical and structural studies of
Trm7-Trm734.

MATERIALS AND METHODS
Materials and yeast strains

[Methyl-"*C]-SAM (1.95 GBq/mmol) was purchased from
PerkinElmer. Non-radioisotope-labeled SAM and sinefun-
gin were obtained from Sigma. DNA oligomers were ob-
tained from Thermo Fisher Scientific. T7 RNA polymerase
was purchased from Toyobo. All other chemical reagents
were of analytical grade.

Construction of expression vectors

Saccharomyces cerevisiae BY4741 cells were grown in YPD
medium at 30°C for 48 h. The genomic DNA was extracted
from the cells with a yeast genomic DNA extraction and
purification high recovery kit (TAKARA, Japan). All the
primers used for the construction of cloning and expres-
sion vectors of trm7, trm732 and trm734 genes are listed
in Supplementary Table S1. The details of construction of
Trm7-Trm734 and Trm7-Trm732 co-expression vectors are
described in Supplementary File.

Expression of Trm7-Trm734 and Trm7-Trm732 in E. coli

Transformation of the E. coli BL21 (DE3) Rosetta 2
strain was performed with the plasmids. The transformats
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were cultivated in 100 ml of LB liquid medium contain-
ing 100 pwg/ml of ampicillin at 37°C for 12 h. The cells
were sub-cultured in 1 1 of the same medium at 37°C.
When the optical density reached ~0.8, isopropyl-B-D-
thiogalactopyranoside was added into the growth medium
to a final concentration of 0.5 mM with subsequent cultiva-
tion at 20°C for 24 h. The cultured cells were harvested by
centrifugation (4320 x g at 20°C for 20 min).

Purification of Trm7-Trm734 and Trm7-Trm732

Trm7-Trm734 and Trm7-Trm732 were purified using the
same method as described below. 3.0 g of cells were sus-
pended in buffer A [50 mM Tris-HCI (pH 8.0), 5 mM
MgClp, 5 mM imidazole, 200 mM KCI and 5% glycerol]
supplemented with Halt protease inhibitor single-use cock-
tail (Thermo Fisher Scientific), and then disrupted with an
ultrasonic disruptor (model VCX-500, Sonics & Materials.
Inc, USA). The supernatant was collected by centrifugation
at 38 900 x g at 4°C for 20 min, and then loaded onto a
Ni-NTA Super-flow column (QIAGEN) equilibrated with
buffer A. After the unbound proteins were washed with
buffer A, the bound proteins were eluted stepwise using
buffer A containing 500 mM imidazole. The concentra-
tion of KCI in the eluted fraction was adjusted to final
concentration of 100 mM by the addition of buffer C [50
mM Tris—HCI (pH 8.0), 5 mM 2-mercaptoethanol, 50mM
KCI and 5% glycerol]. The diluted fraction was loaded
onto a HiTrap Heparin-Sepharose column (GE Health-
care) pre-equilibrated with buffer C, and then the bound
proteins eluted with a linear gradient from 50 mM to 1
M KCl in buffer C. The eluted fraction was concentrated,
and then loaded onto a Superdex-200 gel-filtration col-
umn (GE Healthcare) equilibrated with buffer D [50 mM
Tris—-HCI (pH 8.0), 5 mM 2-mercaptoethanol, 400 mM
KCl and 5% glycerol]. The eluted fractions were pooled,
and then concentrated. The purity of Trm7-Trm734 and
Trm7-Trm732 were confirmed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Purification of TrmD

Aquifex aeolicus TrmD, a tRNA m'G37 methyltransferase,
was purified as reported in our previous study (20).

Preparation of tRNA transcripts

The wild-type and mutant tRNAPP® transcripts were pre-
pared by in vitro T7T RNA polymerase transcription as
reported previously (21) using the primers listed in Sup-
plementary Table S2. The transcripts were purified by
Q-Sepharose chromatography. Methylated tRNAFPP® tran-
scripts were prepared as follows. For Cm32 formation by
Trm7-Trm732, 0.1 wM Trm7-Trm732, 8.5 uM transcript
and 50 uM SAM in 200 pl of buffer E [S0 mM Tris—HCI
(pH 7.5), 5 mM MgCl,, 6 mM 2-mercaptoethanol, and 50
mM KCI] were incubated at 30°C for 2 h. For m'G37 for-
mation, 1.25 puM TrmD, 8.5 uM transcript, 50 uM SAM
in 200 pl of buffer E were incubated at 55°C for 2 h. The
methylated tRNAs were recovered by phenol-chloroform
extraction and ethanol precipitation.
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tRNA methylation assay

The enzymatic activity of Trm7-Trm734 was measured
by incorporation of '*C-methyl groups from [methyl-'4C]-
SAM into tRNA transcripts; 0.22 puM Trm7-Trm734, 11
wM transcript and 13 pM [methyl-'4C]-SAM in 180 wl
of buffer E were incubated for various times (0, 2, 5, 15,
30 and 60 min) at 30°C. An aliquot (20 wl) was then
used for the filter assay. In order to detect Gm forma-
tion in tRNAPM transcript by Trm7-Trm734, we employed
two-dimensional thin-layer chromatography (22). The '“C-
methylated tRNAP transcript was dissolved in 5 wl of 50
mM ammonium acetate (pH 5.0) and digested with 2.5 units
of nuclease P1, and then 2 ul of standard nucleotides (0.05
Asgo units each of pA, pG, pC and pU) was added. A to-
tal of 2 pl of the sample was spotted onto a thin layer plate
(Merck code number 1.05565, cellulose F) and separated.
Incorporation of '*C-methyl groups was monitored with a
with a FLA-2000 (GE Healthcare) imaging analyzer. Stan-
dard nucleotides were marked by UV 260 nm irradiation. To
visualize the methylation activity, we employed 10% PAGE
(7 M urea) and an imaging analyzer system. Briefly, tRNA
(0.2 Aygp units) sample was incubated with 0.8 uM Trm7—
Trm734 and 19.5 uM [methyl-"*C]-SAM for 30 min at 30°C
in 50 pl of buffer E, and then loaded onto a 10% polyacry-
lamide gel (7 M urea). The gel was stained with methylene
blue and dried. The incorporation of '“C-methyl groups
into tRINA was monitored with the imaging analyzer as de-
scribed above.

Crystallization

A concentrated solution of ~3 mg/ml of Trm7-Trm734 was
used for crystallization using the hanging drop vapor dif-
fusion technique. Initial crystallization screening was per-
formed using Crystal screening kits 1 and 2, and VDX48
plates with sealant (Hampton Research). The drop solu-
tion was equilibrated against 200 wl of reservoir solution
at 20°C. A few small single crystals appeared after 5 days in
the drop in Crystal screening kit 1 #39. The crystallization
conditions were further optimized by using Additive screen-
ing kit (Hampton Research). A single crystal with rectan-
gular shape (size pm, 200 x 100 x 50) was obtained under
the crystallization conditions [0.1 M HEPES-NaOH (pH
7.5), 2 M (NH4),S04, 2% PEG400, 2 mM phenol and 3%
ethylene-glycol] at 20°C for 5 days. The crystal of Trm7-
Trm734 in complex with SAM was prepared as follow. The
crystal of Trm7-Trm734 was soaked in the mother liquor
containing 1 mM SAM at 20°C for 1h. For the experimen-
tal phase determination using single-wavelength anomalous
dispersion (SAD) method, the crystal was soaked in crystal-
lization mother liquor supplemented with 0.2 mM K,0OsO4
at 20°C for 1 h and then soaked in the mother liquor at
20°C for 1 h to remove unbound Os atoms. Cryo-protection
was achieved by stepwise transfer to the respective artificial
mother liquor containing 25% ethylene-glycol. The crystals
were then flash-frozen in liquid nitrogen.

Structural determination

X-ray diffraction datasets from the crystals of apo-Trm7-
Trm734 and Trm7-Trm734-SAM complex (A = 1.0000)

and SAD datasets from the Os-induced crystal (A =
1.13986) were collected at 100 K on the BL26B1 and
BL38B1 beamlines at SPring-8 (Hyogo, Japan). All datasets
were processed, merged and scaled using the HKL.2000 pro-
gram (23). Using the deduced Os-SAD dataset, all 10 Os po-
sitions were identified and refined in the monoclinic space
group C2, and the initial phase was calculated by using
AutoSol in PHENIX (24), followed by automated model
building using RESOLVE (25). The resulting map and par-
tial model were used for manually building the model us-
ing COOT (26). The model was further refined by using
PHENIX (20). Using the apo-Trm7-Trm734 and Trm7-
Trm734-SAM complex datasets with the refined model as a
search coordinate, the structures were determined by molec-
ular replacement with the Phaser program (27). The mod-
els were further manually built with COOT (22) and refined
with PHENIX (24). The structure of apo-Trm7-Trm734
was refined to Ryork/ Reree Of 19.4%/23.9% at 2.70 A reso-
lution, and the structure of Trm7-Trm734-SAM complex
was refined to Ryork/Reee Of 20.3%/23.5% at 2.32 A reso-
lution, respectively (Table 1). The space group of the crys-
tals belonged to C2, where two Trm7-Trm734 molecules
are present in an asymmetric unit and were almost iden-
tical one another. The final model of apo-Trm7-Trm734
contained residues [Trm7 (chain B and D), 9-212 and 233-
259; Trm734 (chain A and C), 1-547, 555-758, 763-992,
997-1013], 310 water molecules, four SO4>~ molecules and
two HEPES molecules, and the Trm7-Trm734-SAM com-
plex contained residues [Trm7 (chain B and D), 9-212 and
233-259; Trm734 (chain A and C), 1-547, 555-758, 763~
992, 997-1013], 511 water molecules, 2 SAM molecules, 10
SO4%~ molecules and 2 HEPES molecules. The final mod-
els were further checked using PROCHECK (28), showing
the quality of the refined models. Ramachandran plots (%)
of their structures are tabulated in Table 1. The structure
factors and coordinates of apo-Trm7-Trm734 and Trm7-
Trm734-SAM complex have been deposited in the Protein
Data Bank (PDB codes: 6JP6 and 6JPL). All structural fig-
ures were generated by PyYMOL (DeLano Scientific, Palo
Alto, CA, USA).

Small angle X-ray scattering (SAXS) data collection and pro-
cessing

Small angle X-ray scattering (SAXS) data for apo Trm7-
Trm734 and Trm7-Trm734 in complex with tRNAPh and
sinefungin were recorded at 20°C on the BL-10C and
BL45XU beamlines at PF (Tsukuba, Japan) and SPring-
8 (Hyogo, Japan), respectively (29). The details of SAXS
measurement are described in the Supplementary File.
The structures are submitted to small angle scattering
biological data bank (SASBDB; https://www.sasbdb.org/
aboutSASBDB/) (30). Deposited SASBDB ID of Trm7-
Trm734 is SASDDR3.

Site-directed mutagenesis and purification of mutant proteins

Site-directed mutagenesis was performed using the
QuichChange site directed mutagenesis kit (Stratagene)
with the primers listed in Supplementary Table S3. The
expression vectors for deletion mutants of Trm7 (A»33:310
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Table 1. Data collection and refinement statistics
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Trm7-Trm734

Trm7-Trm734-Os-derivative

Trm7-Trm734-SAM

Data Collection

Space group 2
Cell dimensions
a(A) 253 643
b(A) 110 351
c(A) 133 503
o, B,y (°) 90, 90.02, 90
Resolution (A) 50-2.70 (2.75-2.70)
Completeness (%) 99.9 (99.0)
merge 8.7 (46-5)
I/o? 22.2(3.7)
Redundancy 4.2 (4.2)
Refinement
Resolution (A) 36.43-2.70
No. Reflections 100973
No. of non-hydrogen atoms 19 867
Protein atoms 19 560
Water molecules 257
No. ions SO4%~ x 4, HEPES x 2
No. Ligands
Ryork” 19.4
Riree® 23.87
Bond (A) 0.01
Angle (°) 1.23
Average B-factor (Az) 46.6
Ramachandran plot (%)
Most favored 94.41
Additional allowed 5.05
Generously allowed 0.53
Disallowed 0

c2

258 179
109 479
131 164

90,

50-3.20 (3.26-3.20)
100 (100)

12.
30.

7.6 (7.6)

c2

253 558
110 671

133 559

90, 90.01, 90
50-2.32 (2.36-2.32)
99.9 (99.5)

7.0 (68.7)

29.7 (2.7)

4.6(4.2)

89.98, 90

6 (67.9)
2(4.1)

47.42-2.32
159 317
20155

19 560

461

S04 x 10, HEPES x 2
SAM x 2
20.32
23.51

0.01

1.25

50.4

93.18
6.12
0.7

0

The value in the parentheses is for the highest resolution shell.

4 Rmerge = L Xjl<I(h)> — I(h);}|/ £ X I<I(h)>|, where <I(h)> is the mean intensity of symmetry-equivalent reflections.

b Ryork = = (ILFp(obs) — Fp(calc)ll)/ X1F,(obs)IL.

®Rpee = R factor for a selected subset (5%) of reflections that was not included in earlier refinement calculations.

Trm7 and Ajg3;0 Trm7) were constructed by reverse
polymerase chain reaction with the two primers listed in
Supplementary Table S3. These mutations were verified
by DNA sequencing. All the mutants were expressed
and purified using the same method for the wild-type
Trm7-Trm734. The purity of mutants was confirmed by
SDS-PAGE.

RESULTS

Requirements of Cm32, m'G37 and pyrimidine34 in tRNA
for methylation by Trm7-Trm734

In this study, we have constructed E. coli expression systems
for Trm7-Trm734 and Trm7-Trm732. Trm7-Trm734 and
Trm7-Trm732 were successfully purified as shown in Figure
1A and Supplementary Figure S1.

Because Trm7, Trm732 and Trm734 are localized to cy-
toplasm in S. cerevisiae (31), the events through nuclear
membrane are not required for the methylation by Trm7-
Trm?734. Furthermore, precursor tRNAP contains an in-
tron, which is removed in cytoplasm (32-35). Moreover,
precursor tRNAs are transported between nuclear and cy-
toplasm repeatedly during their maturation in S. cerevisiae
(36-38). Thus, the 2’-O-methylations in the anticodon-loop
of tRNAPM are expected to be relatively late events in the
maturation process (37). Therefore, we considered whether

other modified nucleosides may be involved or required for
the methylation by Trm7-Trm734. To investigate this idea,
methylated tRNAPP transcripts were prepared (Figure 1B).
When the Cm32 modification was introduced into tRNAPhe
transcript by Trm7-Trm732, the methyl-group acceptance
activity was not increased (Figure 1C). In contrast, when
m!G37 was introduced, the methyl-group acceptance ac-
tivity clearly increased. Furthermore, when both the Cm32
and m! G37 modifications were introduced, the initial veloc-
ity of methyl-transfer reaction by Trm7-Trm734 was very
fast (Figure 1C). Thus, the full activity of Trm7-Trm734 re-
quires other modifications (Cm32 and m'G37) in tRNA.
The formation of Gm in the tRNA transcript by Trm7-
Trm734 was confirmed as shown in Supplementary Figure
S2A and B. In addition, we substituted the guanine base
at position 34 in tRNAP" transcript for A, C and U (Fig-
ure 1D). Although these mutant tRNAP"® transcripts were
methylated by Trm7-Trm734, the substitution of G34 by C
or U (G34C or G34U) strongly enhanced the methyl-group
acceptance activity (Figure 1D). Thus, Trm7-Trm734 pref-
erentially methylates pyrimidine nucleoside at position 34
(pyrimidine34) rather than purine nucleoside. These results
answer the question, “‘Why does Trm7-Trm734 act only on
specific tRNAs (tRNAPP {tRNATP and tRNAMY)?” Of the
43 tRNA molecular species in S. cerevisiae, only tRNAPhe,
tRNATP and tRNA possess the combination of Cm32,
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Figure 1. Characterization of the recombinant Trm7-Trm734 (A) SDS-PAGE (12.5%) of purified recombinant Trm7-Trm734. The gel was stained with
Coomassie Brilliant Blue. (B) Cloverleaf structure of Saccharomyces cerevisiae tRNAPP transcript. Three SAM-dependent tRNA methyltransferases,
Trm7-Trm732, Trm7-Trm734 and TrmD, catalyze formation of Cm32, Gm34 and m!G37, respectively. (C) Time-dependent methyl transfer activity of
Trm7-Trm734 using S. cerevisiae tRNAPM® transcript (YF, green triangles), YF with Cm32 (red squares), YF with m!'G37 (cyan circles) and YF with
both Cm32 and m' G37 (orange cross marks). Error-bars indicate the standard deviation calculated from the results of three independent experiments. (D)
Methyl-group acceptance activities of mutant tRNAPM transcripts were measured. G34 in the wild-type transcript was replaced by A, U or C. Left, the
transcripts were analyzed by 10% PAGE (7 M urea). The gel was stained with methylene blue. Right, autoradiogram of the same gel.

m!G37 and/or pyrimidine34 in the normal anticodon-loop,
which is required for the effective methylation by Trm7-
Trm734.

Overall structure

We determined the X-ray structure of Trm7-Trm734 at 2.70
A resolution (Figure 2A). Trm7 forms a heterodimer with
Trm734 with an overall size of ~100 x 60 x 80 A3. Fur-
thermore, the X-ray structure of Trm7-Trm734 in com-
plex with SAM was determined at 2.32 A resolution and
shown to be almost identical to the structure of apo state
(Supplementary Figure S3A). Two heterodimers are found
in asymmetric units of the crystal which belongs to the

monoclinic space group C2. One HEPES and five SO4%~
molecules from the reagents used for crystallization are
bound to each heterodimer (Supplementary Figure S3B). A
structural model of two C-terminal regions of Trm7, W213-
L232 and L260-V310, could not be built as these regions
were not visible in the electron density (Figure 2B). The
C-terminal region of L260-V310 was not degraded by con-
taminating proteases during the crystallization because we
confirmed by SDS-PAGE analysis that Trm7 in the crystals
retained its full length (data not shown). Therefore, the C-
terminal region of Trm7 is disordered and likely to reside in
the large space (Supplementary Figure S4). Trm734 consists
of three WD-40 B-propeller domains (hereafter abbreviated
as BPA, BPB and BPC), and each domain is connected
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1013

Figure 2. Structure of Trm7-Trm734. (A) Ribbon diagram of the X-ray structure of Trm7-Trm734. Trm?7 is colored red. The three domains of Trm734
(BPA, BPB and BPC) and linker regions are colored green, blue, yellow and black, respectively. The structures on the right are rotated through —90° along
the horizontal axis. (B) Schematic representation of Trm7 and Trm734 with domain boundaries. The dotted lines show the regions of Trm7 which are
invisible. (C) Overlay of the envelope shape of Trm7-Trm734 calculated with DAMMIN using the SAXS data and the CORAL model of Trm7-Trm734

based on its X-ray structure.

by three linker regions (Figure 2A and B; black). Only
the BPA and BPC domains directly interact with Trm?7.
A detailed description of the bipartite interaction between
Trm7 and Trm734 is provided later. We next performed
SAXS analysis to confirm the Trm7-Trm734 heterodimeric
complex structure in solution. As shown in Figure 2C, the
structural model of Trm7-Trm734 with randomized loops
(L260-V310) in the C-terminal Trm?7 is superimposed well
onto the envelope shape of the solution model generated
from SAXS analysis, with good x? and normalized spatial
discrepancy (NSD) values (2.18 and 1.92, Supplementary
Figure S5 and Table S4). Thus, these results confirm the
heterodimer of the Trm7-Trm734 complex structure in so-
lution as well as in the crystal and suggest the presence of a
disordered C-terminal region (L260-V310) of Trm?7.
Figure 3A shows the structure of Trm7 in the Trm7-
Trm734 complex. Trm7 is composed of one 3;( helix, seven
« helices and seven B strands (Supplementary Figure S6).
All the « helices surround one parallel/antiparallel mixed
B-sheet that is formed by the seven B strands (Supplemen-
tary Figure S6A), indicating that the structural motif of
Trm7 is a Rossmann fold, as found in the class I methyl-
transferases. The structure of S. cerevisiae Trm7 is consid-
ered similar to that of S. pombe Trm7 and Homo sapiens
FTSJ1, given that there is a striking similarity of amino
acid residues (Supplementary Figure S7). In the Trm734
structure (Figure 3B), BPA, BPB and BPC are WD40 do-

mains consisting of a seven-bladed B-propeller fold (num-
bered from 1 to 7 in Supplementary Figure S6B) with each
of the WD40 blades being composed of a four-stranded
anti-parallel B-sheet (hereafter referred to as a, b, ¢ and d,
from the innermost to the outermost strands, Supplemen-
tary Figure S6B). The N-terminus of Trm734 starts from
the B strand (d7) of BPC and transfers to the 8 strand (al)
of BPA via one linker. After the formation of six WD40
blades in BPA, the  strand (c7) of BPA also transfers to
the B strand (d1) of BPB via one linker with BPA being
incomplete because of one missing B strand (d7) required
for the formation of the seventh WD40 blade. The B strand
(cl) of complete BPB transfers to the 8 strand (d7) of BPA,
thereby completing the formation of BPA. At last, d7 in
BPA transfers to the B strand (al) of BPC via one linker
and BPC is formed. In the WD40 blades, insertions of the
following secondary structure elements were found: two «
helices (a1 and «2) are inserted between the two B strands
[c2-d2 (BPA) and d1-a2 (BPB)], and four 3 helices are also
inserted between two B strands [d2-a3 (BPB), a3-b3 (BPB),
al-bl (BPC) and c4-d4 (BPC)]. Three 3 strands (B1-B3) are
further inserted between two B strands [c4-d4 (BPC)]. As
shown in Supplementary Figure S8, there is little amino acid
sequence homology between S. cerevisiae Trm734, S. pombe
Trm734 and human WDS (a homolog of Trm734) other
than His-Gly (HG) and Trp-Asp (WD) sequences, which
are conserved in the WD40 repeats (39). The structures of
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Figure 3. Structures of Trm7 and Trm734 subunits in the Trm7-Trm734
complex. (A) Ribbon diagram of the Trm7 structure. (B) Ribbon dia-
gram of Trm734. Three WD40 domains—BPA, BPB and BPC—are col-
ored, green, blue and yellow, respectively. The linker regions are colored
black. Close-up view enclosed in a dotted square indicates one WD40 blade
formed by four antiparallel 8 strands.

BPA and BPC are the most similar of the three domains of
Trm?734, while the structure of BPB differs slightly from that
of BPA and BPC (Supplementary Figure S9). A search for
structural homology to Trm734 with the Dali server (40)
has suggested that BPA and BPC have structural homol-
ogy with the WD40 repeat-containing protein 61 involved
in human transcription (i.e. the structure with the highest
Z-score: 2.2 A r.m.s.d for 268 aligned residues; Protein Data
Bank (PDB) code: 30WS8-A), and that BPB is homologous
to S. cerevisiae Sec12 which has the fold of the WD40 re-
peat and which is a guanine nucleotide exchange factor re-
sponsible for activating the small G protein (i.e. the struc-
ture with the highest Z-score: 3.3 A r.m.s.d for 278 aligned
residues; PDB code: 4H5J-B). Therefore, Trm734 consists
of three domains of classical WD40 domains conserved in
other proteins, especially those that interact with nucleic
acids.

Figure 4. SAM bound form of Trm7-Trm734. (A) Ribbon and surface
schematic of the overall structure of Trm7-Trm734 in complex with SAM.
Trm7, and BPA, BPB and BPC of Trm734 are colored red, and green, blue,
and yellow, respectively. SAM is depicted as a stick model. (B) SAM bind-
ing pocket in Trm7. Close-up view of SAM binding pocket is shown in
a dotted square. The amino acid residues responsible for the interactions
with SAM are highlighted as stick models (green).

Active site of Trm7

In the structure of Trm7-Trm734 in complex with SAM
(Figure 4A and Supplementary Figure S3), SAM is bound
to the pocket of Trm7. As shown in Figure 4B and Supple-
mentary Figure S10A, 14 residues form the SAM binding
pocket: 12 residues (S25, C51, A52, AS53, P54, S56, L84,
A98, D99, 1100, G125 and A126) bind to SAM by hy-
drophobic interactions and van der Waals contacts, and two
residues (D83 and D124) form three hydrogen bonds with
SAM (D83 O381-SAM ribose 02, D83 032-SAM ribose
03" and D124 O381-SAM carboxyl OXT). All these residues
are conserved in Trm7 and RImE proteins (Supplemen-
tary Figure S7). RImE is a eubacterial 23S rRNA methyl-
transferase, which catalyzes 2'-O-methylation of U2552 of
the 23S rRNA (41-43). The structural characteristics of
these residues are well conserved around the SAM binding
pocket (Supplementary Figure S10B). The overall structure
of Trm7 is very similar to that of the E. coli RImE (44).



RImE is reported to use four catalytic residues (K38, D124,
K164 and E199; the number of each amino acid residue
is based on the sequence of E. coli RImE.) for the trans-
fer of the methyl group from SAM (44). These resides of
E. coli RImE are conserved in Trm7 proteins (Supplemen-
tary Figure S7). Furthermore, there is a striking conforma-
tional similarity of the four residues and SAM between S.
cerevisiae Trm7 and E. coli RImE (Supplementary Figure
S10C). Therefore, these observations strongly suggest that
the methylation mechanism of Trm7 is very similar to that
of RImE. However, the long C-terminal region is distinct in
Trm7 and FTSJ1 proteins (Supplementary Figure S7).

Bipartite interaction between Trm7 and Trm734

Trm7 directly interacts with the two WD40 domains, BPA
and BPC, in Trm734. In the interaction between Trm7 and
BPA, seven hydrogen bonds and three salt bridges play a
major role (Supplementary Figure S11A and Table 2A). In
contrast, seven hydrogen bonds and one salt bridge are ob-
served in the interaction between Trm7 and BPC (Supple-
mentary Figure S11B and Table 2B). In addition to these
hydrogen bonds and salt brides, many residues play a signifi-
cant role in hydrophobic interaction and van der Waals con-
tacts (Supplementary Tables S5 and 6). The buried surface
area (BSA) of the interface between Trm7 and Trm734 is es-
timated to be 1728.7 A2 in Trm7 (45), whereas the estimated
BSA values of Trm7 for BPA and BPC have been found to
be 994.4 and 734.3 A2, respectively. As shown in Figure 5A,

BPA and BPC cooperatlvely form a unique V-shaped cleft,

which has not been reported in other WD40 proteins. The
cleft is ~85° wide and is adjusted for docking to Trm7. Most
residues of BPA and BPC involved in the interaction with
Trm7 are not conserved in other Trm734 homologs (Supple-
mentary Figure S8). Figure 5B shows the superimposition
of the RImE structure onto Trm7 in complex with Trm734
with the conformation of RImE being well superimposed
with that of Trm7 with the exception of the C-terminal re-
gion of Trm7 (N233-A256) absent in RImE. Most of the
residues in the C-terminal region of Trm7 interact with BPA
and BPC in Trm734, with an approximate BSA of 374.7
A2 (21.7%, the estimated occupancy for the total BSA of
Trm7), indicating that the C-terminal region of Trm7 sig-
nificantly contributes to the interaction between Trm7 and
Trm734. Thus, the C-terminal region (N233-A256) of Trm7
might determine the specificity of binding to Trm734. The
role of the disordered region (L260-V310) in Trm7 remains
unclear because the region is invisible.

To examine the role of C-terminal region, we performed
mutational analysis using two mutants (a233.310 Trm7 and
A260-310 Trm7), in which the two C-terminal regions (N233-
V310 and L260-V310, respectively) were deleted. As shown
in Figure 5C, the complex of Asg310 Trm7 and Trm734
could be purified. In contrast, only a small amount of the
complex between Aj33.310 Trm7 and Trm734 could be puri-
fied by Ni-NTA column chromatography (Figure 5D). In-
stead, the majority of purified Aj33.310 Trm7 was obtained
in the Trm734-unbound form. As shown in Figure 5E, the
complex of Asgp310 Trm7 and Trm734 retained methyl-
transfer activity. In contrast, the activity of As3s.3;9 Trm7
and Trm734 fraction was barely detectable. Thus, these re-
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Table 2. Hydrogen bonds and salt bridges between Trm7 and Trm734

A. Hydrogen bonds and salt bridges between Trm7 and Trm734 BPA.

Trm?7 Trm734 BPA length (A)
Q142 NE2 Y112 OH 3.0
R169 NH1 N48 OD1 32
R169 NH2 N48 OD1 32
V290 R223 NH1 3.0
D134 OD2 H51 NE2 2.7
N233 N GI1320 3.4
N233 OD1 K114 NZ 2.5
C236 SG R134 NH1 2.8
E246 OE2 R67 NH2 3.4
E247 OE1 R67 NH2 2.5

B. Hydrogen bonds and salt bridges between Trm7 and Trm734 BPC.

Trm7 Trm734 BPC length (A)
R167 NHI T938 OG1 3.1
R167 NH1 D906 OD1 3.6
R167 NH2 N908 OD1 2.9
R167 NH2 D906 O 2.9
R1670 $937 OG 2.6
D172 OD2 $936 OG 33
T196 OG1 R658 NH2 3.2
Y2540 Q882 NE2 2.7

sults suggest that the C-terminal region (N260-V310) is not
required for the methylation activity of Trm7-Trm734, and
that another region (N233-A256) is important for the in-
teraction between Trm7 and Trm734. Thus, it is clear that
overall the C-terminal region of Trm7 is required for the in-
teraction with Trm734.

Substrate tRNA recognition by Trm7-Trm734

Prior to this study, the intriguing question of how substrate
tRNA bound to Trm7-Trm734 remained. To determine the
tRNA-binding mode of Trm7-Trm734, we created an elec-
trostatic potential surface using the Trm7-Trm734 struc-
ture (Figure 6). As shown in Figure 6A, many positively
charged residues are distributed on the surface of BPB in
Trm734 and are thus considered to be the recognition sites
of phosphate groups in the tRNA substrate. To date, only
one structure of complex between WD40 repeat protein and
nucleic acid, namely the DNA bound form of human DDB1
and DDB2 complex, has been reported (46,47). The human
DDBI1 and DDB2 complex can bind to DNA and DDBI
is composed of three WD40 domains (Supplementary Fig-
ure S12A and B). However, the interaction between Trm7—
Trm734 and tRNA could not be predicted from this struc-
ture because the conformational location of each WD40 do-
main in DDBI is different from that in Trm734 (Supple-
mentary Figure S12B) and the WD40 domains in DDBI1
do not contact the DNA (Supplementary Figure S12A).
To examine what parts of the tRNA are responsible
for recognition by Trm7-Trm734, we measured the methyl
group acceptance activity of four truncated mutant tran-
scripts of S. cerevisiae tRNAP" in which the D-arm, T-
arm, anticodon-arm and aminoacyl-stem were individually
deleted (Supplementary Figure S13A). Methyl group accep-
tance activity was clearly detected for the wild-type and the
A T-arm and A aminoacyl-stem mutants, but could not
be observed in the A D-arm and A anticodon-arm mu-
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Figure 5. The V-shaped cleft of Trm734 docks to Trm7. (A) Docking of Trm7 onto Trm734 through the V-shaped cleft. The V-shaped cleft is opened
to 85° (dotted line). (B) Close-up view of the ribbon diagram of the interaction of Trm?7 (red) with BPA (green) and BPC (yellow) of Trm734. The stick
models (dark-gray) show the C-terminal region (N233-A256) of Trm7 essential for the interaction between Trm7 and Trm734. The structure of Escherichia
coli RImE (cyan) is superimposed onto that of Trm7 (red). (C) 12% SDS-PAGE of purified Asep-310 Trm7 mutant. The gel was stained with Coomassie
Brilliant Blue. (D) About 12% SDS-PAGE of purified Aj33 310 Trm7 mutant. (E) Relative methyl-transfer activities of the wild-type Trm7-Trm734 (WT)
and deletion mutants (A233 310 Trm7 and Asgp 310 Trm7). The initial velocity of the WT for tRNAPhe transcript is expressed as 100.0%.



SAM

Figure 6. Search for the RNA-binding mode of Trm7-Trm734. (A) Sur-
face model of Trm7-Trm734 colored according to the electrostatic poten-
tial represented as a gradient from negative (red) to positive (blue). Saccha-
romyces cerevisiae tRNAPP is placed along the distribution of positively
charged surface of Trm7-Trm734-SAM. A line diagram of S. cerevisiae
tRNAPe is colored orange. The D-arm of S. cerevisiae tRNAPPE s col-
ored black. (B) Close-up view of the placement in panel A. The D-arm of
S. cerevisiae tRNAFPM® is colored black. Cm32, G34, m' G37 and SAM are
indicated by the red dotted circles and black line with labels, respectively.

tants (Supplementary Figure S13B). These results demon-
strate the importance of D-arm of S. cerevisiae tRNAPh®
for recognition by Trm7-Trm734. On the basis of these
results, we manually placed the structure of S. cerevisiae
tRNAP" on Trm7-Trm734 with SAM (Figure 6). The L-
shaped structure of tRNA is positioned along the distribu-
tion of positively charged residues in Trm7-Trm734. In this
model, BPB in Trm734 can be placed near the aminoacyl-
stem and D-arm of S. cerevisiae tRNAP" and Trm7 can be
placed making contact with the anticodon loop of tRNA.
BPC of Trm734 seems to contact with a part of anticodon
loop. As shown in Figure 6B, the methylation site (G34)
and positive determinants (Cm32, m'G37 and D-arm) for
Trm7-Trm734 are able to be placed on the same side of the
tRNA. In this model, Trm734 regulates the angle and dis-
tance from the aminoacyl-stem and D-arm to the catalytic
pocket in Trm7, which captures the ribose of G34 of the
tRNA. Thus, this model suggests that Trm734 is required
for the positioning of tRNA.
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However, a docking model could not be built without
clashes between the L-shaped tRNA and Trm7-Trm734,
suggesting that the structures of tRNA and Trm7-Trm734
change for the methyl-transfer reaction to proceed. The
methyl-transfer reactions mediated by tRNA methyltrans-
ferases often require structural changes of both the tRNA
and enzyme itself (induced-fit process) (48-51). To inves-
tigate how the Trm7-Trm734 changes structurally upon
tRNA binding, we performed SAXS analysis of Trm7-
Trm734 in complex with sinefungin and tRNA. Compared
to the envelope shape of apo Trm7-Trm734, the struc-
ture of the complex of Trm7-Trm734-tRNA is significantly
changed, showing a shifted radius of gyration (R,) of 40.98
+ 0.11 A and maximum size parameter (Dp,x) of 155 A in
P(r) analysis (Supplementary Table S4). These values are a
remarkable increase relative to those of the SAXS envelop
of Trm7-Trm734 which has values for Rg of 37.67 & 0.11 A
and Dy of 130 A (Supplementary Table S4). Therefore,
these findings suggest that tRNA binding induces a con-
formational change of Trm7-Trm?734, although the precise
tRNA binding mode remains unclear because the structural
model of tRNA in Trm7-Trm734-tRNA complex is not fit-
ted to the SAXS envelop.

NSXLID

Saccharomyces cerevisiae Trm7 is highly homologous to hu-
man FTSJ1, with a sequence identity of 49%, and A26 and
its adjacent sequences in both enzymes are identical (Sup-
plementary Figure S7). In FTSJ1, the replacement of A26
with proline causes NSXLID in humans (19). As shown in
Figure 7A, A26 of S. cerevisiae Trm7 is in the second posi-
tion of the « helix («2). Furthermore, A26 is adjacent to the
catalytic residue K28 in E. coli RImE. We prepared a recom-
binant A26P mutant, in which A26 in Trm7 was replaced
with proline. We purified the A26P mutant in complex with
Trm734 as judged by the band intensities of proteins by
SDS-PAGE analysis (Figure 7B). This indicates that the
A26P mutation does not affect the interaction with Trm734.
We further found that the activity of the A26P mutant was
significantly decreased compared with the wild-type (Figure
7C). Therefore, these results suggest that the A26P mutant
might prevent the proper folding of the a2 helix, in which
one of the important residues for the catalytic activity, K28
is sited. It has been reported that tRNAPP molecules from
a NSXLID patient with FTSJ1 A26P mutation and a S.
cerevisiae Trm7 A26P mutant strain lack the Gm34 mod-
ification (19). Our in vitro experiments using the purified
Trm7-A26P and Trm734 complex support these in vivo ob-
servations and show that the lack of Gm34 in tRNAs from
human and S. cerevisiae mutant cells is explainable without
the need to consider the presence of other protein factors.

DISCUSSION

For a long time, it has been an enigma that of 43
tRNA molecular species in S. cerevisiae, specific tRNAs,
namely tRNAFPP tRNATP and tRNAMU contain 2'-O-
methylations at position 34. Our biochemical study re-
veals that the responsible tRNA methyltransferase, Trm7—
Trm734, requires Cm32 and m'G37 modifications for ef-
ficient activity toward the tRNAP transcript and that
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Figure 7. Activity of the A26P mutant. (A) Close-up view of the peripheral
structure of « helix (a2) and SAM in Trm7. The residues, S25 A26 and
K28 are shown as stick models (cyan). SAM is illustrated as a stick model.
(B) About 12% SDS-PAGE of purified A26P mutant. The gel was stained
with Coomassie Brilliant Blue. (C) Relative methyl-transfer activities of
the wild-type Trm7-Trm734 (WT) and A26P mutant. The initial velocity
of the WT for tRNAPPe transcript is expressed as 100.0%.

Trm7-Trm734 preferentially acts on pyrimidine34. In the
case of tRNAP although position 34 is G, Cm32 and
m!G37 modifications are present. In the case of tRNATP,
although position37 is not m'G but rather is an A, Cm32
and pyrimidine34 are present. In the case of tRNAMY, all
three factors, Cm32, pyrimidine34 and m' G37 are present.
Therefore, these tRNAs can act as substrates for Trm7—
Trm734.

Of the other tRNAs in S. cerevisiae, two tRNAFP™ molec-
ular species possess pyrimidine34 and m' G37 but not Cm32
and 2'-O-methylation at position 34 is not found in these tR-
NAs. Instead of Cm32 and purine38, these tRNAP™ con
tain the W32 and W38 modifications where the W32 and
W38 modifications are conferred by Pus8 (52) and Pus3
(53), respectively. A base pair between W32 and W38 is
probably formed in tRNAP™ and enhances stacking effect
with the anticodon-stem (2,54,55). The structure of ribose-
phosphate backbone of anticodon-loop in these tRNAFP™
seems to be different to the other tRNAs. This differ-
ent ribose-phosphate backbone structure of the anticodon-
loop in tRNAP™ may disturb the introduction of ribose at
position 34 into the catalytic pocket or change the distance
and angle of anticodon-loop from the D-arm, which are im-
portant for the positioning of tRNA.

The degree of some of the modifications in tRNAs from
S. cerevisiae may be regulated by the balance between sub-
strate tRNAs and modification enzymes. During the course
of this study, it was reported that over-expression of Trm10
[tRNA m'G9 methyltransferase (56)] causes the methyla-
tion of tRNAs, which are not methylated by Trm10 in
S. cerevisiae wild-type cells (57). Because Trm7-Trm734
can act on unmodified tRNAPP® transcript slowly, over-
expression of Trm7-Trm734 in S. cerevisiae cells may cause
incorrect methylation of tRNAs, which do not contain
Cm32, pyrimidine34 and/or m!'G37. However, even in such
a situation, the distance and angle of anticodon-loop from
the D-arm seem to be important for the methylation by
Trm7-Trm734. Furthermore, because one of key modifica-
tions, Cm32, is conferred by Trm7-Trm732, it is clear that
the activity of Trm7-Trm734 is regulated by the quantita-
tive balance between Trm732 and Trm734.

Trm7 has the class I-type Rossmann fold, frequently
found in SAM-dependent RNA methyltransferases, and
probably employs a 2’-O-methylation mechanism similar
to that of E. coli RImE, given that their overall structures
are similar and that catalytic residues and SAM-binding
mode are highly conserved. Hence, these findings suggest
that both enzymes share a common ancestor. In the interac-
tion between Trm7 and Trm734, Trm7 docked to the unique
V-shaped cleft formed by BPA and BPC in Trm734. The C-
terminal region of Trm7, which is lacking in E. coli RImE,
is a major contributor to the interaction with the cleft of
Trm734. Thus it is likely that Trm7 acquired the C-terminal
region (N233-A256) in the evolutionary process, to provide
the ability to interact with Trm734 to allow strict recogni-
tion of the 2’-O-methylation site at position 34 in specific
tRNA species. In contrast, there was no significant differ-
ence in the methylation activity between the wild-type Trm?7
and A260-310 Trm7 mutant.

Trm734 is comprised by three WD40 repeat domains
(BPA, BPB and BPC), and the V-shaped cleft formed by



BPA and BPC in Trm734 captures Trm7. Trm734 is re-
ported to be involved in other functions (58,59), but Trm734
structural information alone makes it difficult to specu-
late what parts of Trm734 are involved in these additional
functions. Besides Trm734, Trm82 [a partner subunit in the
Trm8 and Trm82 complex (Trm8-Trm82); tRNA m’G46
methyltransferase from S. cerevisiae (60,61)] is known to
consist of one WD40 domain and to form a heterodimer
with the catalytic domain of Trm8, which belongs to the
class I-type SAM-dependent RNA methyltransferases (62).
The interaction of Trm8 with Trm82 rearranges the N-
terminal conformation of Trm8. Furthermore, Trm82 is ex-
pected to be the RNA-binding site. However, the substrate
tRNA recognition mechanism of Trm8-Trm82 differs com-
pletely from that of Trm7-Trm734: the interaction between
the D-arm and T-arm of tRNA is an essential element for
recognition by Trm8-Trm82 (63) whereas this is not the case
for Trm7-Trm734. WD40 domains are also present in other
RNA-binding proteins. For example, Germin5, which is re-
sponsible for the biosynthesis of snRNA and can directly
bind to snRNA, contains two WD40 domains (64,65). Al-
though our model strongly suggests that Trm734 is required
for the positioning of tRNA onto Trm7-Trm734, the L-
shaped tRNA cannot be simply placed on the surface of
Trm7-Trm734. Thus, dynamic conformational changes of
Trm7-Trm734 and tRNAs are likely to be necessary for
tRNA recognition and 2'-O-methylation. To address these
issues, the structural determination of Trm7-Trm734 in
complex with tRNAPM in future studies is needed.

Although Trm732 has been predicted to contain a
DUF2428 domain and Armadillo repeats based on the
amino acid sequence (14), the precise structure of Trm732
and the interaction between Trm7 and Trm732 are un-
known.

Over the past decades, defects in the modification of hu-
man tRNA species have been reported to cause certain dis-
eases (66-68). Indeed, a recent study has shown that a mu-
tation in WDR4 (the human Trm82 homolog) impairs the
formation of the m’G46 modification resulting a distinct
form of microcephalic primordial dwarfism (69). Further-
more, on the basis of the structural information from S.
cerevisiae Trm8-Trm82 (62), the mutated residue in WDR4
is expected to play a significant role in interaction with the
catalytic subunit. Most of the structures of tRNA modifi-
cation enzymes involved in human disease are not yet de-
termined. Herein, our structure-guided mutagenesis led us
to suggest that the A26P mutation of human FTSJ1 may in-
duce the conformational change in the «a2-helix. We present
a novel bipartite interaction in Trm7-Trm734 and molecu-
lar hypothesis for the methylation activity of this enzyme.
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