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ABSTRACT

The structure of Bacillus subtilis TrmB (BsTrmB), the
tRNA (m’G46) methyltransferase, was determined
at a resolution of 2.1 A. This is the first structure of
amember of the TrmB family to be determined by X-ray
crystallography. It reveals a unique variant of the
Rossmann-fold methyltransferase (RFM) structure,
with the N-terminal helix folded on the opposite site
of the catalytic domain. The architecture of the active
site and a computational docking model of BsTrmB
in complex with the methyl group donor S-adenosyl-
L-methionine and the tRNA substrate provide an
explanation for results from mutagenesis studies
of an orthologous enzyme from Escherichia coli
(EcTrmB). However, unlike EcTrmB, BsTrmB is
shown here to be dimeric both in the crystal and
in solution. The dimer interface has a hydrophobic
core and buries a potassium ion and five water
molecules. The evolutionary analysis of the putative
interface residues in the TrmB family suggests that
homodimerization may be a specific feature of TrmBs
from Bacilli, which may represent an early stage of
evolution to an obligatory dimer.

INTRODUCTION

Modified nucleosides have been found in all types of nucleic acids.
Among the different families of RNA molecules, tRNA is the
most heavily modified. The chemical nature of these modifications
is very diverse, going from simple modifications like methylation,

isomerization, reduction, thiolation, deamination or alteration of
the nature of the glycosyl bond to complex group addition or
multiple modifications leading to the formation of ‘hypermodi-
fied” nucleosides (1). These modifications are post-transcriptional
and enzymatically generated during the course of RNA matura-
tion. The RNA modification enzymes represent between 3 and
11% of the open reading frames (ORFs) in genomes (2) and many
of these ORFs seem to be part of the minimal set of genes
necessary for life (3). Structural studies of RNA-modifying
enzymes can shed light on the remarkable specificity and the
catalytic mechanism of these enzymes, on the biochemical con-
sequences of these modifications, as well as on the evolutionary
relationships among the RNA modification machineries in organ-
isms from different kingdoms. A certain number of nucleoside
modification enzymes acting on tRNA have been structurally
characterized, allowing a better understanding of enzyme mech-
anism and substrate recognition. Among them are several
pseudo-uridine synthases (¢ synthases). The crystal structure of
the y synthase TruB unliganded or in complex with a tRNA
substrate revealed profound conformational rearrangements
of both the enzyme and the substrate upon binding (4-6). Sim-
ilarly, the crystal structure of the complex between tRNA and
archaeosine tRNA-guanine transglycosylase from the archaeon
Pyrococcus horikhoshii revealed a drastic change from a canonical
L-shaped tRNA to the alternative A-shape (7).

The most common among tRNA modifications are the
numerous methylations. Essentially all tRNA species contain
methylated nucleosides and virtually all domains of the
molecule have been found to be methylated. tRNA methyla-
tion is carried out by a diverse group of methyltransferases
(MTases). S-adenosyl-L-methionine (AdoMet) is the most
common methyl donor. AdoMet-dependent tRNA MTases
belong to two structurally and phylogenetically unrelated
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protein superfamilies: the Rossmann fold MTases (RFM) and
SPOUT MTases (abbreviated after the founding members
SpoU and TrmD) (8). The latter is characterized by a deep
trefoil knot crucial for the formation of the catalytic site and
the cofactor-binding pocket (9,10). As part of a large scale
project aiming to identify, characterize and classify
novel tRNA methyltransferases (MTases) among proteins of
unknown function in sequence databases, the product of the
vggH ORF in Escherichia coli was studied and found to
encode the TrmB enzyme. This enzyme, belonging to the
RFM family of MTases is responsible for the formation of
7-methylguanosine at position 46 (m’G46) of the variable
loop (11). The yeast ortholog of this enzyme, Trm8p, was
found to exhibit the same specificity (12). In Bacillus subtilis
the product of an orthologous gene yrmQ (here termed
BsTrmB) has also been identified. Here, we present the crystal
structure of the BsTrmB enzyme, and analyze it as a repres-
entative of the TrmB family.

MATERIALS AND METHODS

Cloning, expression and purification of the
TrmB enzyme of B.subtilis

The trmB (ytmQ) ORF was amplified from genomic DNA of
B.subtilis strain 168 using ML162 (CGTACATATGAGAAT-
GCGCCACAAGCCTTGGGCTGATG) and ML163 (CGTA-
CTCGAGCGTTCTCCATTCAACCTCAGCCCGATAGATC)
as primers and Pwo DNA polymerase in a standard PCR. The
amplified Ndel Xhol fragment was purified and inserted in the
E.coli expression vector pET30b giving rise to the pML64
plasmid, where a C-terminal His-tag determinant is added
to the #rmB ORF. This plasmid was transformed in the
E.coli Rosetta (DE3) expression strain.

Transformed cells were grown at 37°C in Luria—Bertani broth
supplemented with kanamycine (30 pg/ml) to an optical density
of 0.7 and isopropyl-B-D-thiogalactoside was added to a final
concentration of 1 mM to induce recombinant protein expres-
sion. The culture was incubated for an additional 3 h at 37°C and
the cells were subsequently harvested by centrifugation.

The cell pellet was resuspended in extraction buffer (50 mM
Tris—HCI and 500 mM KCI, pH 8.5) and lyzed by sonication.
The lysate was cleared by centrifugation (20 000 g for 10 min)
and applied to a Pharmacia Biotech Chelating Sepharose Fast
Flow column (1.6 x 30 cm) charged with Ni**. The column
was washed with extraction buffer supplemented with 5 mM
imidazole and eluted with a linear gradient (0.005-1 M) of
imidazole. The eluted fractions were analyzed by SDS-PAGE.
The pure fractions were pooled and dialyzed against 2 X
1 liter extraction buffer. Finally the sample was concentrated
on a Diaflo PM10 membrane (Amicon Corporation). At this
stage the protein appears as a single band of 25 kDa on a
denaturing gel.

The seleniated version of the protein was purified following
the same procedure except that the cells were grown according
to Doublié et al. (13).

Cloning and T7 in vitro transcription of the
B.subtilis tRNA™™ gene

The procedure for cloning and T7 in vitro transcription of the
B.subrilis tRNAP™ gene is based on the method described

previously (14). The sequence coding for B.subtilis tRNAP™
was amplified by PCR using Pwo DNA polymerase (Roche
Applied Science), B.subtilis genomic DNA as template and
forward (5-CGCTAATACGACTCACTATAGGCTCGGTA-
GCTCAGTTGGTAGAGC-3") and reverse (5-CGCCCTGG-
TGGCTCGGGACGGAATCGAACCGCCG-3') oligonucleo-
tides as primers. The PCR product was cloned into the Smal
site of the pUCI18 vector, giving plasmid pFT1. Radioactive
(**P) transcripts of B.subtilis tRNAP™ were obtained using
Mval-digested pFT1 plasmid as template. [0-**P]GTP and
[0(—32P]UTP were purchased from MPBiomedicals and
T7 RNA polymerase from Roche Applied Science. Large
amounts of the non radioactive transcript were obtained
using a T7 MEGAshortscript kit (Ambion) following the
instructions of the supplier.

Electrophoretic mobility shift assays

Purified protein (3, 5 or 10 pug) was preincubated for 5 min at
37°C in 20 pl of gel shift buffer (2.5% glycerol and 50 mM
Tris—HCI pH 8.0) with or without addition of sinefungin
(1 mM final concentration). B.subtilis tRNA™™ transcript
(1 pg) was then added and incubation was continued for
30 min. Loading buffer (4 ul) (0.25% bromophenol blue
and 30% glycerol) was added to each sample which was
loaded on a 6% polyacrylamide gel in 1x TB (Tris 89 mM,
boric acid 89 mM, pH 8.3). Electrophoresis was carried out at
4°C under constant voltage (10 V/cm). The gel was stained
with methylene blue.

Construction of a B.subtilis mutant strain lacking
TrmB activity

The BFS1045 B.subtilis mutant strain carries a disrupted yrmQ
OREF. This strain was obtained after transformation of the wild
type B.subtilis 168 strain (15) with the plasmid pYR1045
constructed as follows. A 250 bp DNA fragment correspond-
ing to the internal part of the y#mQ ORF (from nt 3 058 750 to
3059 000, according to the SubtiList database: http://genolist.
pasteur.fr/SubtiList) was generated by PCR using two primers
adding a BamHI and a HindIII restriction sites to the 5" and the
3’ end, respectively, of the PCR product. This fragment was
then inserted between the BamHI and the HindIII sites of the
plasmid pMUTIN?2 (16) to create plasmid pYR1045. The cor-
rect integration of pYR1045 at the yrmQ locus by a single
crossing over, resulting in ysmQ disruption, was checked
by PCR.

Crystallization and data collection

Crystals were obtained by hanging drop. A protein solution
of 10 mg/ml was equilibrated against a solution containing
20% PEG4000, 20% glycerol, 80 mM ammonium sulfate
and 60 mM potassium acetate, pH 5 at 20°C. MAD data
were collected at the FIP beamline BM30 (17) (ESRF, Gren-
oble, France). Crystals were flash frozen in the nitrogen
stream. For each wavelength (Table 1) 150 frames were col-
lected with a A¢p = 1°. Data were processed with DENZO/
SCALEPACK (18) and programs from the CCP4 package
(19). Details about the data collection and processing are
given in Table 1.


http://genolist

Table 1. Crystal, data and refinement parameters

Data collection
Space group R3
Unit cell a=17875A, b= 17875 A, ¢ = 41.90
Ao =B=090°,7=120°

30-2.1 A (2.10-2.18 A) (overall (last shell))

Resolution range Scalepack A A
30-2.1 A(2.10-2.12 A) [overall (last shell)]

Resolution range Truncate

. Al edge A2 inflection A3 remote
Wavelength/A 0.980101 0.980285 0.978110
Completeness 99.4 (95.5)  99.8 (98.0) 99.7 (97.0)
Mosaicity 0.54 0.55 0.55
R merge 49 (33.1) 4.4 (30.3) 4.4 (31.8)
Bwilson 31.3 314 31.9
Mn(I/Sigma) 26.0 (3.64) 21.4 (3.31) 19.6 (2.59)
Unique reflections 174 360 174 360 174 528

Phasing
SOLVE Res. range 20-2.15 A
nanomalous found 5
FOM after SOLVE 0.3
RESOLVE Res. range 20-2.4 A
FOM after RESOLVE 0.54
Residues placed 34 of 416
Main chain placed 274
Build score 262
Refinement Final model
R/Rfee . 0.20/0.23 Molecule A residues 8-212
RMS bonds/A 0.013 Molecule B residues 10-213
RMS angles/deg 1.51 3 K" ions, 309 water

molecules

Structure determination

The structure was solved by SeMAD. With SOLVE (20) 5 out
of 10 possible Se sites were identified. RESOLVE (21) was
used to improve initial phases and to do initial tracing. The
final model was built manually in TURBO-FRODO, and
refined with CNS (22). The asymmetric unit contains two
BsTrmB molecules and the asymmetric unit was transformed
so as to contain the dimer most likely corresponding to the
functional unit. In each monomer a larger electron density
between the carbonyls of residues Asnl15 and Gly46 was
refined as a potassium ion. In the dimer interface a large
electron density was also attributed to a potassium ion on
the basis of the coordination and coordination distances
(23). The coordinates and structure factors have been depos-
ited at the PDB (ID code 2FCA).

Comparative structure and sequence analyses

Sequence database searches and multiple sequence alignment
(MSA) of the TrmB family were described previously (24).
Here, searches of the protein structures available at the Protein
Data Bank were carried out with DALI (25). Superposition of
structures of BsTrmB and SpTrmB dimers was carried out
with the 12I-SiteEngine Server (26), which superposes protein
complexes to maximize the overlap of their interaction inter-
faces. The protein-protein interaction server (27) was used to
calculate the interface accessible surface area (ASA), planarity
and gap volume indices of the interfaces, and number of inter-
face segments. Interface ASA (per monomer) is calculated as
B/2 where B is a difference between a sum of total ASAs of
individual monomers and the ASA of a dimer. Gap volume
index is a gap volume of the interface divided by the interface
ASA. The planarity of the interface is described as a root mean
square deviation (r.m.s.d.) of all the interface atoms from the
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least-squares plane through the atoms. Interface segments
were defined by allocating interface residues separated by
more than five residues to different segments. The residue
propensity (RP) score of the interface was calculated as
RP = Zi n;P;where n; is the number of interface residues
of type I and P; is the number-based propensity to be part
of a homodimer interface (28). The area fraction of non-polar
interface atoms (f,,,) was calculated using the area contributed
by carbon atoms. The area fraction of fully buried atoms
(fow) was calculated using atoms with zero ASA after dimer
formation.

Evolutionary rates of all interfaces were calculated with
CONSURF (29) based on the MSA generated previously
(24), refined based on threading the TrmB sequences onto
the new structure. Sequences with ambiguous alignment in
the interface region were removed from the MSA. P-values
were calculated according to (30) using evolutionary rates
obtained from CONSUREF. Simply, P-values express the sup-
port for the null hypothesis that ‘the mean evolutionary rate of
the interface consisting of n residues is not lower than the
mean evolutionary rate of the random set of n residues
drawn without replacement from the set of all surface residues’
(low P-value—null hypothesis should be rejected).

Molecular docking

SURFLEX 1.31 (31) was used to dock AdoMet into the active
site of BsTrmB. Structures of AdoMet and BsTrmB were
prepared for docking using SYBYL 7.0. Several docking
runs with different parameters were performed. In each run,
the docking simulation was started from 10 random orienta-
tions of AdoMet in random conformations. Best scoring res-
ults from all runs were ranked according to a theoretical
affinity and crash score, which reflects clashes of the ligand
with itself and with the protein molecule. The second best
solution was very similar to the binding mode observed in
other members of the RFM superfamily and was chosen for
further analyses.

GRAMM 1.03 (32) was used to generate 10 000 alterna-
tive docking models using the BsTrmB-AdoMet model with
the crystal structure of yeast tRNA™ (Protein Data Bank ID
code 1EHZ). The low-resolution docking mode of GRAMM
was used. A value of repulsion parameter was adjusted to
minimize the interpenetration between the tRNA and
protein molecules. Subsequently, all 10 000 orientations
were filtered to keep only those structures that satisfied
loose distance constraints for placing G46 within 14 A
from the methyl group of AdoMet. The variant with the
best shape complementarity and minimal number of clashes
was chosen for the refinement.

The refinement of the BsTrmB—AdoMet—tRNA complex
model was conducted by energy minimization in explicit
water with periodic boundaries using the SANDER module
of AMBER 8 (33). This minimization allowed for removing
steric clashes between the molecules and formation of favor-
able contacts between the BsTrmB, AdoMet and tRNA. The
nonbonded cutoff was set to 10 A. A total of 1000 cycles of
steepest descent were followed by 1500 cycles of conjugate
gradients. The parameters for the AdoMet cofactor were
derived using the program ANTECHAMBER. The parameters
and libraries for yeast tRNA™™ were obtained from the
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AMBER Parameter Database at School of Pharmacy &
Pharmaceutical Sciences (http://pharmacy.man.ac.uk/amber/).

RESULTS AND DISCUSSION
Functional characterization of BsTrmB

The ytmQ ORF in B.subtilis encodes an ortholog of the E.coli
MTase TrmB responsible for the formation of m’G46 in the
variable loop of tRNA. To test the MTase activity of the
ytmQ gene product the purified protein was incubated with
[methyl-'*C]AdoMet and T7 in vitro transcribed B.subtilis
tRNA"™. The tRNA was subsequently hydrolyzed by nuclease
Pl and the resulting 5'-phosphate nucleosides were anal-
yzed by bidimensional cellulose thin layer chromatography
(2D-TLC) followed by autoradiography. Figure 1A reveals
the formation of a radioactive compound with the migration
characteristics of 7-methylguanosine 5'-phosphate (pm’G).
On the other hand, radioactive (32P) B.subtilis tRNAP™
transcripts were obtained by T7 in vitro transcription in the
presence of [0L—32P]GTP or [0(-32P]UTP. These transcripts
were incubated in the presence of the purified yrmQ gene
product and non radioactive AdoMet. After incubation, the
[0-**P]GTP-labelled transcript was hydrolyzed by nuclease
Pl (generating 5'-phosphate nucleosides) and the
[0-*?PJUTP-labelled transcript was hydrolyzed by RNAse
T2 (generating 3’-phosphate nucleosides-nearest neighbor
analysis: B.subtilis tRNA™ contains U47). The hydrolysates
were analyzed by 2D-TLC followed by autoradiography. The
formation of a modified guanosine with migration
characteristics of pm’G was observed in the case of
[0->?P]GTP-labeled tRNA™™ (data not shown) whereas the
formation of a nucleotide with mig7ration characteristics of
7-methylguanosine 3’-phosEhate (m’Gp) was observed with
[0-*?P]UTP-labeled tRNAF™ (Figure 1B). These results show
that the B.subtilis ytmQ gene product displays the same activ-
ity as the E.coli TrmB enzyme, generating m’G at position
46 in tRNA. For this reason, the yrmQ gene has been renamed
trmB and the gene product BsTrmB.

A

25 PA
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The B.subtilis strain BFS1045, in which the #rmB gene is
inactivated by an insertion, shows normal growth, demonstrat-
ing that neither the BsTrmB protein, nor the m’G46 modifica-
tion are essential. Total (bulk) tRNA extracted from the
BFS1045 strain was shown to be a substrate for the purified
BsTrmB enzyme (Figure 2).

The formation of a specific complex between BsTrmB and a
tRNA substrate was tested by the electrophoretic mobility shift
assays in the presence or absence of sinefungin, a cofactor
analog. As can be seen in Figure 3, a bandshift is observed in
the presence of sinefungin, indicative of complex formation.
When very high enzyme/substrate ratios are used, higher
molecular mass aggregates appear, even in the absence of
sinefungin. Experiments are in progress to determine the stoi-
chiometry of the complex between BsTrmB and the tRNA.

Overall structure of BsTrmB

The crystals of BsTrmB diffracted to 2.1 A, but the structure
could not be fully traced automatically with the program
Solve/Resolve. Therefore most of the structure was built
manually. The electron density for the two BsTrmB molecules
in the asymmetric unit is clear for residues 10-210. The
10 N-terminal residues of the protein and the His-tag are
not visible in the electron density. Analysis of the Ramachan-
dran plot (Supplementary Figure 1) revealed that 95.8% resi-
dues are in favored regions, and 99.0% residues are in allowed
regions. There are four outliers (E86 and L185 in monomer A
and G187 and S198 in monomer B), all in surface-exposed
regions with a relatively high temperature factor. The 3D fold
of the BsTrmB monomer is very similar to the RFM structure,
also termed ‘class I" MTase fold (34) (Figures 4C and 5). It
consists of a seven-stranded P-sheet flanked by helices, and
differs from the canonical Rossmann-fold by an additional
strand inserted between strand 5 and 6 (35). Most parts of
the structure of BsTrmB (including the conserved motifs
[-VIII) are in general agreement with the theoretical model
we proposed previously for the orthologous EcTrmB enzyme
(24). Nonetheless, the crystal structure of BsTrmB reveals one
striking difference with respect to all previously characterized

Figure 1. Affinity-purified ytmQ gene product (BsTrmB) catalyzes the formation of m’G in T7 transcripts of B.subtilis tRNA™™, (A) B.subtilis tRNA™ (5 ug) was
incubated with 5 pig of purified BsTrmB protein and 15 uM of [methyl-'*C]AdoMet (58 mCi/mmol) in TM buffer (50 mM Tris—HCI and 10 mM MgCl,, pH8) in a
total volume of 200 pl. After 30 min incubation at 37°C the tRNA was recovered and digested with nuclease P1. The resulting nucleotides were analyzed by 2D-TLC
and autoradiography as described (42). First dimension developed with isobutyric acid/conc. NH,OH/water (66:1:33; v/v/v); second dimension developed with conc.
HClV/isopropanol/water (17.6:68:14.4; v/v/v). (B) [0->2PJUTP-labeled in vitro transcribed B.subtilis tRNA™® (5 x 10° c.p.m.) was incubated with 5 pg of purified
BsTrmB and 30 uM AdoMet in TM buffer in a total volume of 300 pl. After 30 min incubation at 37°C, the tRNA was recovered, hydrolyzed by RNAse T2 and the
resulting nucleotides were analyzed as above.
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Figure 2. Total tRNA extracted from the the B.subtilis strain BS1045 with a
disrupted trmB gene is a substrate for the affinity-purified BsTrmB MTase.
Total tRNA (5 ng) was incubated with the purified BsTrmB enzyme (5 [1g) in
the presence of 30 UM [methyl-'*C]AdoMet in TM buffer. After 30 min
incubation at 37°C the tRNA was recovered and digested with nuclease P1.
The resulting nucleotides were analyzed by 2D-TLC and autoradiography as
described in the legend of Figure 1.
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Figure 3. Complex formation between BsTrmB and B.subrilis tRNAP™ tran-
script. The experimental conditions are described in Materials and Methods.
The enzyme to substrate ratio (E/S) varies from 3 to 10. The experiment was
performed with or without addition of sinefungin (1073 M.

members of the RFM fold that was also unaccounted for in the
previous model of EcTrmB: residues 10—40 of the N-terminus
fold back over the protein, over helix C, strand 2 and 3, and
helix B. As a result, the N-terminal helix (corresponding to
motif X) is located on an opposite part of the structure than in
other RFM enzymes (Figure 5).

Searches in the PDB for structures related to BsTrmB
revealed that a closely related structure from Streptococcus
pneumoniae (here termed SpTrmB) was solved by a structural
genomics consortium, but not yet analyzed in the literature
(1YZH; Y. Kim, H. Li, F. Collart and A. Joachimiak, manu-
script in preparation). SpTrmB and BsTrmB exibit the 0.89 A
average r.m.s.d. between 190 superimposable Co atom pairs
and share the unusual conformation of the N-terminal region.
The second best matches for BsTrmB in the PDB are the more
remotely related AdoMet-dependent methyltransferase from
Mycobacterium tuberculosis (119G, RMSD 2.2 A for 141 Co.
atom pairs) and catechol O-MTase (1VID, RMSD 2.2 A for
141 Co atom pairs), one of the smallest class I MTases, which
exhibits an orthodox RFM fold.

The BsTrmB structure contains three potassium ions per
asymmetric unit, one in the interface between monomers
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and one in a region involved in AdoMet binding in the homo-
logous catechol O-MTase, bound to the main chain carbonyls
of residues Asnl15 and Gly46.

Dimerization

In the crystal BsTrmB forms a homodimeric structure, with
two molecules per asymmetric unit. The dimer surface covers
helix E (residues 154—170), and strand 6 (172-179), and buries
a surface of 805 A per molecule. The dimer contact buries a
cluster of five water molecules of which three are bound to a
potassium ion. The potassium ion itself is bound to residues
Ser167 OH from molecules A and B, and to the main chain
carbonyls of Leul71 from molecules A and B. It is also
coordinated to Arg212 NH, from molecules A and B, at a
distance of 4.0 A. The rest of the interface consists largely of
hydrophobic interactions involving Phe159, Leul63, Leul73,
Leul76 and Leul78, and hydrogen bond contacts involving
residues Ser183, Arg212 and Argl56 on the edges of the
interface (Figure 4B). The analysis of the molecular mass
of the BsTrmB by gel filtration studies confirms that BsTrmB
is dimeric also in solution, and that dimerization is not a
consequence of crystal packing only (Figure 6).

Analysis of the asymmetric unit of the SpTrmB structure
(1YHZ) reveals two molecules, however in an orientation that
is unlikely to be biologically relevant (low interface ASA and
lack of features typical for real homodimers—data not shown).
Thus, symmetry related molecules were created by applying
symmetry operators from space group C121 in which SpTrmB
crystallized. In the reconstructed unit cell we identified a
putative biological interface essentially identical to that in
the BsTrmB dimer. All other possible crystal interfaces in
SpTrmB have very small interface ASA or big gap volume
(data not shown) and were regarded as resulting from crystal
packing.

The common interface of BsTrmB and SpTrmB dimers was
analyzed in respect to the physical and geometrical properties
and compared with values obtained for homodimers (27,28)
(Tables 2 and 3). It was shown previously (21) that the com-
bination of these parameters (Materials and Methods) can be
successfully used to discriminate between crystallographic
interfaces and biological interfaces with very low false-
positive rate (0.6%). Most homodimers have Fy, > 30%,
Fyp*B > 800 A% and RP > 0. Dimeric interfaces of BsTrmB
and SpTrmB have very similar features to those typical for
homodimers (Table 2). However, a mapping of evolutionary
rates (Figure 7) onto the surface of the structure and statistical
test of a significance of a conservation level of the interface
show that the interface is not as conserved as expected
for homodimers. The level of conservation numerically is
described with P-value equal to 0.35 which does not allow
to reject a null hypothesis that the interface is not more con-
served that the rest of the surface. Small interface area, low RP
score and moderate level of conservation suggest that either
BsTrmB and SpTrmB belong to the class of transient homodi-
mers (36) or the dimer structure is only conserved within the
subgroup of TrmB enzymes from Bacilli.

The dimerization interface is formed by a central hydro-
phobic cluster of five residue pairs surrounded by a polar and
charged rim of partially buried residues (Figure 8). The hydro-
phobicity of the central region is conserved in BsTrmB and
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A

Figure 4. (A) Overall view of the dimer structure of BsTrmB. (B) More detailed view of the dimer interface, with the potassium ion shown in magenta and water
molecules in red. (C) Ribbon drawing of BsTrmB monomer A with the positively charged residues in loop 121-128 shown in bonds and residues Glu44, Glu69 and
Asp96 shown in ball-and-stick. The N-terminal residues 8—40 are shown in yellow. (D) Ribbon drawing of catechol O-MTase (1VID) in the same orientation as the

BsTrmB monomer A in (C). The N-terminal helix is shown in yellow.

SpTrmB but not in all TrmB MTases. In particular, the region
consists of Phel59 and Leul73 (hydrophobicity conserved
only in Bs-like TrmBs), Leul63 (hydrophobicity conserved
both in Bs- and Ec-like TrmBs), Leul76 [hydrophobicity con-
served only in Bs-like TrmBs (except Mollicutes)], Leu 178
[hydrophobicity conserved in BsTrmB-like MTases but only
in one subgroup (mainly Bacillales)].

The rim of polar residues in the interface is only moderately
conserved. It seems that this region can accept substitutions of
several polar amino acids without losing the ability to dime-
rize. The interaction in the rim region is formed by a com-
plicated network of hydrogen bonds and water bridges. Not all
hydrogen bonds and water bridges are preserved in crystal
structures of BsTrmB and SpTrmB despite their sequence
similarity (Figure 9). Apparently, this network of hydrogen
bonds and electrostatic interactions is even less similar in more

distantly related BsTrmB-like MTases where it is created by
different interacting amino acids.

Identification of the ligand-binding and active sites

At present only the structure of the ligand-free BSTrmB is
available. However, from the homology to other RFMs, the
knowledge that AdoMet acts as a co-factor in the tRNA
(m’G46) methylation reaction, and the mutagenesis data
obtained for the orthologous EcTrmB enzyme (24) it is pos-
sible to identify the functionally important sites.

RFMs bind the methyl donor AdoMet in a deep groove
formed by the C-terminal edges of strands 1-3. This is the
most conserved region in the RFM superfamily, both at the
sequence and structure level. The comparison of BsTrmB
to the structure of catechol O-MTase (COMT) complexed



Rossmann Fold

Figure 5. Topology diagram of typical Rossmann-fold dehydrogenases,
Class-I (RFM) MTases and TrmB. Triangles indicate B-strands in parallel
orientation, the inversed triangles in MTases indicate the only antiparallel
strand, circles indicate helices, connectors indicate loops. The conserved core
is colored in light gray, the variable N- and C-terminal elements are colored in
white and dark gray, respectively.
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Figure 6. Gel filtration analysis of BsTrmB. Molecular mass determination was
performed using an Amersham Biosciences Superose P12 HR (1 x 30 cm)
column equilibrated with 50 mM Tris—HCl, pH8, 10 mM MgCl,, 300 mM KCl
and 10% Glycerol. The flow rate was 0.4 ml/min. The column was calibrated
with the following markers: carbonic anhydrase (29 kDa), ovalbumin (43 kDa),
BSA (66 kDa), BSA dimer (132 kDa) and alcohol dehydrogenase (150 kDa).
The elution volume corresponding to BsTrmB is indicated by an arrow.

with AdoMet (Figure 4C and D) shows conservation of the
AdoMet-binding residues typical for motifs I, II and III. We
carried out computational docking of AdoMet to the BsTrmB
structure, which revealed that the preferred binding of the
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Table 2. Analysis of interfaces in lyzh and ytmq in terms of conservation of
interfaces

Mapped on SpTrmB chain A BsTrmB chain A
Group: Bs TrmB-like
Interface score 0.11 0.19
Mean random surface patch score  0.28 0.27
P-value 0.22 0.35
Group: Ec TrmB-like
Interface score 0.54 0.57
Mean random surface patch score  0.23 0.18
P-value 0.90 0.96

cofactor is similar to that observed in other members of the
superfamily (Supplementary Data). According to the sequence
conservation and the docking model, Glu44 is inferred to
coordinate the methionine moiety, Glu69 may coordinate
the ribose hydroxyl groups, and Asp96 may coordinate the
N® group of the adenine moiety.

On the other hand, the sequences and structures of the
substrate-binding/active site are not conserved or only weakly
conserved between different families of MTases (and this is
also the case between BsTrmB and COMT). In BsTrmB, a
large insertion (residues 179-200) folds over the active site
region. This insertion is located between strands 6 and 7, in a
site where structurally variable insertions are frequently found
among different RFMs. The electron density is relatively
weakly defined in the hinge regions around the insertion in
molecule A and in the whole insertion in molecule B. The
insertion is anchored to the rest of the protein mostly by
hydrogen bonds, and a few hydrophobic residues (Tyr193
and Phel97) that cluster with Phel16 and I1e204. Tyr 193
is conserved (or conservatively substituted by Phe) in the
TrmB family and is positioned in such a way that it could
stack with a guanine bound in the active site in BsTrmB, e.g. in
analogy to the role fulfilled by Val2l in the m®A MTase
M.Taql, the only MTase acting on purines in nucleic acids
that has been successfully crystallized with the substrate in the
active site (37).

The invariant Aspl54 and conserved Thr153 could be
involved (directly or indirectly) in coordination of the N?
amino group and the O° group, respectively, of the target
guanine base. In agreement with this finding, the mutation
of Aspl80 in EcTrmB (homologous to Asp154 in BsTrmB)
abolishes tRNA binding, but has only a minor effect on
AdoMet binding (24).

Using SURFLEX and GRAMM we constructed a
preliminary computational docking model of the BsTrmB-
AdoMet-tRNA®™ complex. The model (Figure 10; coordin-
ates available as Supplementary Data) suggests an overall good
surface complementarity between the protein and the tRNA
molecules. However, the methylated N’ atom of the target
guanosine is turned away from the methyl group of AdoMet
and if our model is correct, then a significant conformational
change of the tRNA substrate would be required to flip G46 into
the active site of the enzyme. Interestingly, the same binding
mode is equally compatible with the ‘lambda’ form of the
tRNA previously observed in the archaeosine tRNA-guanine
transglycosylase (7), where the D-arm unfolds and loses its
tertiary interactions with the tRNA core. A similar rearrange-
ment in the context of our model would result in clearing the
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Table 3. Analysis of the dimer interfaces in Bs and SpTrmB

SpTrmB chain A

BsTrmB chain A

Homodimers (mean) Transient homodimers (mean)

Subunit interface area (B/2) 787 805
Number of residues 18 20
Planarity 1.28 1.32
Interface residue segments 2 3
Gap volume index 2.64 3.05
Hydrogen bonds per 100 A” 1.1 1.2
RP score 0.42 0.43
Fraction of fully buried atoms (F,) 0.38 0.35
Fraction of nonpolar atoms (F',,) 0.62 0.63
Non-polar interface area (Fy,,*B) 976 1015

1368 740
37 NA

35 2
5 NA
2.2 2.8
0.7 1.2
4.3 <15
0.36 NA
0.65 0.63

>800 932

Data for homodimers were obtained from protein—protein interaction server (27) and from Ref. (43). Data for transient homodimers were obtained from protein—
protein interaction server and from Ref. (28). Those parameters of interfaces in SpTrmB and BsTrmB which suggest that either SpTrmB and BsTrmB belong to the

class of transient homodimers are shown in bold.

Figure 7. Evolutionary rates derived from Bs and SpTrmB (A) and other
TrmB-like sequences (B) mapped on the surface of BsTrmB structure. Gradient
of colors represents the change of conservation: from red (not conserved) to blue
(conserved). The black ribbon represents beta strand 6 and alpha helix E of the
second subunit of a dimer.

Figure 8. Surface representations of BsTrmB (A) and SpTrmB (B) structures
colored by atomic type (red, oxygen; blue, nitrogen; white, carbon). The black
ribbon represents beta strand 6 and alpha helix E of the second subunit of a
dimer.

space for G46 and enabling its rotation into the catalytic site
(data not shown). Unfortunately, the computational simulation
of such rearrangement is beyond the limits of the available
methods. The current docked model remains to be tested experi-
mentally (for instance by cross-linking experiments), both with
respect to the mutual orientation of the protein and the tRNA,
and the type of the potential conformational change and base-
flipping of G46.

Importantly, the crystal structure of BsTrmB allows us to
revise the role of conserved Thr191 and Glul94 residues,

whose homologs in EcTrmB (Thr217 and Glu220) were
found to be important for the enzyme activity and predicted
to be involved in tRNA binding. Thr191 is located at the
bottom of the AdoMet-binding pocket, where it is predicted
to participate in the stabilization of the methionine moiety,
while Glu220 is positioned away from any possible binding
sites and seems to be involved in the stabilization of the
179-200 insertion.

The 179-200 insertion in BsTrmB occupies the space that in
other RFMs (e.g. in the aforementioned COMT or M.Tagq]) is
filled by the N-terminal helix. Thus, it appears that TrmB
evolved a novel structural element involved in the binding
of the target base, which displaced (both in the functional
and structural sense) the N-terminal region typically used
for this purpose. The N-terminal region was relocated to
the completely opposite part of the structure. This finding is
important for the evolutionary studies of the RFM superfamily
and in general, provides a new example of how the protein
folds can change in the course of the evolution (38).

Part of the putative substrate-binding site of BsTrmB is
a loop containing the highly positively charged sequence
121-PKKRHEKR-128. The electron density of this loop is
very clear despite the fact that it protrudes quite far out of
the protein surface. The location near the active site region,
and the large accessibility and concentration of positively
charged residues makes this loop a candidate for involvement
in the binding of the tRNA substrate. In our docking model this
loop makes extensive contacts with the tRNA. Indeed, for the
homologous EcTrmB enzyme it was shown that mutations of
residues homologous to His125, Argl28 or Argl29 (Hisl51,
Argl54A and Argl55A, respectively) to alanine all reduced
the activity of the enzyme to below 10% of the wild-type
activity, and the mutant Argl50A (residue homologous to
Argl24 in BsTrmB) had only 30% of the wild-type activity.
The mutation Asn152A in EcTrmB (the equivalent of Glu126
in BsTrmB) did not have any impact on catalysis or tRNA
binding. In agreement with this finding, the side chain of
Glul26 in the structure of BsTrmB points away from the
potential tRNA-binding site.

CONCLUSIONS

BsTrmB, the product of the y#m(Q gene from B.subtilis, is
shown here to possess tRNA (m’G46) MTase activity in
the presence of AdoMet. It forms a complex with the tRNAP™
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Figure 9. Surface representations of BsTrmB monomer (A) colored by atomic type (red, oxygen; blue, nitrogen; white, carbon) and BsTrmB dimer (B) colored by
chain (chain A, green; chain B, orange). Red and yellow overlapping balls represent conserved positions of water molecules in Bs and SpTrmB crystal structures

respectively (only water molecules for one chain are shown).

Figure 10. A computational docking model of AdoMet (yellow spheres) and
tRNA (white sticks) to the BsTrmB dimer (in green, one monomer shown using
the surface representation, the other as cartoons depicting secondary struc-
tures). The target guanosine in the original tRNA structure is shown in red
and the putative base-binding pocket, where it is hypothesized to be flipped out,
is indicated by a red ellipse).

from B.subtilis in the presence of the cofactor analog sine-
fungin, and not in its absence. The crystal structure of the
tRNA (m7G46) MTase BsTrmB demonstrates that this
enzyme belongs to the RFM superfamily, but exhibits an
unexpected rearrangement of structural elements that form
the putative active site, leading to considerable modification
of the common Rossmann-like fold. Interestingly, BsTrmB
is found to be a dimer both in crystal and in solution. We
have also identified another closely related structure of
SpTrmB to exhibit a very similar dimeric structure in crystals.
This is an interesting finding in the light of the fact that in
Saccharomyces cerevisiae the functional form of the the tRNA
(m’G46) MTase is also a dimer, albeit comprising one protein
orthologous to TrmB (Trm8p) and another (Trm82p) com-
pletely unrelated (39). Homooligomerization has been repor-
ted previously in a number of tRNA modification enzymes,
such as the tRNA (m'A) MTase Trml, and has been proposed
to be an intermediate step in the evolution towards heterooli-
gomeric enzymes, with different subunits specialized in sub-
strate binding or catalysis (14). It is interesting to note that
among DNA MTases, some were found to be monomers, while
others dimerize at different conditions and sometimes require
the dimerization to function (40,41).

The moderate level of conservation of residues at the dimer
interface in BsTrmB and the fact that the orthologous EcTrmB
is a monomer (11) argue that the dimerization of BsTrmB and
SpTrmB represents an early stage of evolution of a potential

obligatory dimer. We propose that the structural and biochem-
ical analysis of other members of the TrmB family could shed
more light on the molecular basis of the evolution of dimeri-
zation among MTases as well as its functional relevance.
Thus, we argue that studies of the structure and function of
relatively closely related proteins are essential for the under-
standing of important biological processes and that the solu-
tion of structures of just single members of each protein family
under the structural genomics initiative will be insufficient for
that purpose.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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