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Abstract: Post-transcriptional modifications of bases within the transfer RNAs (tRNA) anticodon
significantly affect the decoding system. In bacteria and eukaryotes, uridines at the wobble
position (U34) of some tRNAs are modified to 5-methyluridine derivatives (xm®U). These
xm°U34-containing tRNAs read codons ending with A or G, whereas tRNAs with the unmodified
U34 are able to read all four synonymous codons of a family box. In Escherichia coli (E.coli), the
bifunctional enzyme MnmC catalyzes the two consecutive reactions that convert 5-
carboxymethylaminomethyl uridine (cmnm®U) to 5-methylaminomethyl uridine (mnm®U). The
C-terminal domain of MnmC (MnmC1) is responsible for the flavin adenine dinucleotide
(FAD)-dependent deacetylation of cmnm®U to 5-aminomethyl uridine (nm°U), whereas the
N-terminal domain (MnmC2) catalyzes the subsequent S-adenosyl-L-methionine-dependent
methylation of nm°U, leading to the final product, mnm®U34. Here, we determined the crystal
structure of E.coli MnmC containing FAD, at 3.0 A resolution. The structure of the MnmC1 domain
can be classified in the FAD-dependent glutathione reductase 2 structural family, including the
glycine oxidase ThiO, whereas the MnmC2 domain adopts the canonical class | methyltransferase
fold. A structural comparison with ThiO revealed the residues that may be involved in cmnm®U
recognition, supporting previous mutational analyses. The catalytic sites of the two reactions are
both surrounded by conserved basic residues for possible anticodon binding, and are located far
away from each other, on opposite sides of the protein. These results suggest that, although the
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MnmC1 and MnmC2 domains are physically linked, they could catalyze the two consecutive

reactions in a rather independent manner.

Keywords: tRNA modification enzyme; anticodon; wobble uridine; genetic code; two-codon set;
decoding system; methyltransferase; FAD-dependent oxidoreductase; crystal structure

Introduction

Transfer RNAs (tRNAs) are heavily modified post-
transcriptionally in all three domains of life. These
modifications play critical roles for the fine-tuning of
tRNA functions.! Especially, the modification of the
wobble position of the tRNA anticodon is known to
affect the decoding system.?

The codon triplet in mRNA is decoded by the
three anticodon bases in tRNA, at positions 34, 35,
and 36. The interaction between the wobble position
of tRNA (position 34) and the third base of the codon
is relaxed, which enables tRNA to read more than
one synonymous codon. The modification of the wob-
ble base is used to either restrict or expand tRNA
recognition in the decoding system.>® The uridine
at the wobble position (U34) is often modified to 5-
methyluridine derivatives (xm®U) in bacteria and
eukaryotes, and the tRNA with xm®U34 is restricted
to read the codons with A or G at the third position
of the two-codon sets.?%° In contrast, the tRNA with
unmodified U34 can read all four synonymous co-
dons of a family box in the genetic code.’™®

In Escherichia coli (E. coli), the C5 atom of uracil-
34 is modified by a 5-methylaminomethyl group
(mnm®U) in tRNA®", tRNA™Y*, tRNA®™, tRNA"8, and
tRNA®Y 912 This modification is considered to be
involved in restricting the codon recognition.'®>*® The
biosynthetic pathway leading to the addition of the
methylaminomethyl group (mnm) on the C5 atom of
uracil involves three consecutive steps [Fig. 1(A)]. The
first step, performed by MnmE and GidA, forms 5-car-
boxymethylaminomethyl (cmnm®U). 121721
The 5-cmnm group is then deacetylated to a 5-amino-
methyl group, and subsequently methylated into the
final product, methylaminomethyl uridine (mnm®U).
These two last steps are performed by the bifunctional
enzyme, MnmC,'%?1"23 apparently without the accu-
mulation of the intermediate product, aminomethyl
uridine (nm°U).?* In the unique case of E. coli tRNA-
Leu 4 the Ch-atom of U34 remains hypomodified
(emnm®U34).2° Thiolation of the 2-position of uracil-34
(s?U, leading to mnm®s?U) is accomplished independ-
ently only in tRNA %" tRNA™® and tRNA®™ by
several other proteins,?¢?” whereas in tRNAM"-4, the
2'-hydroxyl group of the U-ribose is independently
methylated (Um, leading to cmnm®Um)?® by the meth-
yltransferase (MTase) TrmL.2

The deacetylation and subsequent methylation of
the 5-cmmmm group into the 5-mnm group of U34 [Fig.
1(A)] are each performed independently by distinct
domains of MnmC.?® The C-terminal domain is respon-
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sible for the demodification reaction (MnmC1), and con-
verts cmnm®U to nm®U in a flavin adenine dinucleotide
(FAD)-dependent manner. The N-terminal domain cata-
lyzes the methylation reaction (MnmC2) and changes
nm®°U to the final product mnm®U, using S-adenosyl-L-
methionine (AdoMet). The sequence analysis revealed
that the N-terminal MnmC2 domain belongs to the
AdoMet-dependent class I MTase family, whereas the
C-terminal MnmC1 domain is closely related to the
FAD-dependent glycine/D-amino acid oxidases,?*?3
within the glutathione reductase 2 (GRy) family.?®
Several previous studies have examined the mo-
lecular functions and the enzymatic and biochemical
properties of the individual domains of MnmC. How-
ever, little is known about how these fused domains
cooperate in catalyzing the two consecutive reactions.
Here, we report the crystal structure of MnmC bound
with FAD, which provides new insights into its
substrate recognition and catalytic mechanism.

Results

Overall structure

The crystal structure of MnmC consists of two globu-
lar domains [Fig. 1(B)]. The MnmC2 domain (resi-
dues 1-254 — E. coli numbering) [Figs. 1(C) and 2],
which is responsible for the AdoMet-dependent
methylation of the intermediate nm®U34, has a cen-
tral region with the canonical secondary structure
seen in the class I MTases.?® This domain is charac-
terized by a seven-stranded B-sheet (B1-p6 and B8)
sandwiched by two o-bundles (a3-a5 and 26-08), and
in MnmC it is extended by additional o-helices (ol
and o2 at the N-terminus and another B-strand (p7)
in the central B-sheet [Fig. 1(C)].

As predicted from the sequence analysis,?® the
structure of the MnmC1 domain (residues 255-668)
[Figs. 1(C) and 2], which is responsible for the FAD-
dependent deacetylation, bears a fold characteristic
of the GR, family.2® The general architecture con-
sists of four PB-sheets: a three-stranded antiparallel
B-sheet (p18-p20), a six-stranded B-sheet (17, B10,
B9, B21, B29, and B28) flanked by an a-helix bundle
(09, 210, a13, and ol15), and a three-stranded anti-
parallel B-sheet (12, 16, and B11). In addition, the
substrate binding domain consists of a mixed eight-
stranded B-sheet (B14, P15, P13, P23, P24, P25-26,
p22, and P27) flanked by the other o-bundle (a11,
012, and o14). The MnmC1 domain terminates with
three o-helices (a16—218) [Fig. 1(C)].

The overall conformation of the two domains is
essentially identical among the six molecules in the
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Figure 1. (A) Schematic representation of mnm®U biosynthesis in tRNA. X = O (in U) or S (in s?U). Modified positions are
colored red; (B) Overall structure of MnmC with the FAD cofactor. The N-terminal domain (MnmC2) is colored salmon, and
the C-terminal domain (MnmCH1) is colored sky blue; and (C) Topology diagram of MnmC with secondary structure elements.

asymmetric unit. The two domains interact with
each other through B3 and o6 in the MnmC2 do-
main, and o10 «16, and 17 in the MnmC1 domain
[Fig. 1(B)]. The interface between the two domains
contains numerous hydrophilic residues.

N-terminal MnmC2 Domain

The structure of the MnmC2 domain is highly simi-
lar to that of a protein with unknown function
(DUF752 from Aquifex aeolicus, PDBID = 2E58)
bound with AdoMet (RMSD of 1.73 A for 177 Co
atoms). The structure revealed a cleft around the
prospective AdoMet binding site (Fig. 3). A number
of conserved basic residues surround the cleft, which
is large enough to accommodate the anticodon loop
of a tRNA (data not shown). To understand how the
E. coli MnmC2 domain binds AdoMet, we super-
posed its structure with that of DUF752 [Fig. 4(A)].
The class I MTase contains the highly conserved
GxGxG sequence (from Gly66 to Gly70 in MnmC),
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within the loop in motif I (Fig. 2).3° The superposed
structures indicated that this motif interacts with
the carboxypropyl moiety of AdoMet [Fig. 4(A)]. The
mutation of the highly conserved Glu64 reportedly
interfered with the AdoMet binding.?® The super-
posed model suggests that Glu64 may interact with
the amino group in the methionine moiety of Ado-
Met. Many class I MTases use the conserved DPPY
sequence in motif IV as a common substrate binding
motif.?® However, the N-terminal domain of MnmC
instead has the DGF sequence at the corresponding
region. The first (Aspl178) and third (Phel80) resi-
dues in this sequence are strictly conserved in the
MnmC family, and the D178A and F180A substitu-
tions reportedly abolished the methylation activity.23
In the structure of DUF752, Asp193 (corresponding
to Aspl78 of E. coli MnmC) interacts with the amino
group of AdoMet, whereas Phel95 (corresponding to
Phe180) forms hydrophobic interactions with both
the ribose and donor methyl group.
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Figure 2. Sequence alignment of the MnmC family, created by using ESPript.®! The domain structures are indicated by
dashed arrows. Numbering is adopted from the E. coli MnmC sequence. Conserved residues are shown in red. The highly
conserved residues are shown in white within red-filled rectangles. The conserved motifs in the class | MTases are indicated
by blue lines. The signature motif, GxGxG in motif |, the DGF sequence in motif IV, and the conserved GxGxxS motif in
MnmC1 are indicated by green lines. Residues forming hydrogen bonds with FAD are indicated by blue triangles. Residues
that interfere with the oxidation reaction®® are indicated by yellow triangles. Gl numbers are given in parentheses: E. coli str.
K-12 substr. W3110 (89109144), Enterobacter cloacae subsp. cloacae ATCC 13047 (296104010), Haemophilus influenzae
86-028NP (68249949), Pseudomonas aeruginosa PAO1 (15598652), Chromobacterium violaceum ATCC 12472 (34497397),
Campylobacter jejuni subsp. jejuni NCTC 11168 (218562880).
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Figure 3. Surface representations of MnmC, from the FAD binding pocket side (A) and the AdoMet binding pocket side (B).
Left: electrostatic surface potential representation, in which blue indicates positive charges and red indicates negative
charges. Right: surface representation colored by conservation rate. The conservation rate was calculated using the ConSurf
server.>234 The highly conserved residues are colored red and the variable residues are colored white.

C-terminal MnmC1 Domain
A DALI search revealed that the MnmC1 domain is
homologous to the glycine oxidase ThiO [PDBID =
ING3, Z score = 40.5] and the monomeric sarcosine
oxidase [PDBID = 3M13, Z score = 39.71.3% The
ThiO-containing structures that are homologous to
MnmC1 are classified in the GR; family. The sub-
strates of ThiO and MnmC1 have similar chemical
structures (glycine and carboxymethyl-amino group,
respectively), and the reaction mechanism of
MnmC1 was proposed based on that of ThiO.?2

The MnmC1 domain bears some typical features
of the GR; family. The GR, family contains the con-
served GxGxxG motif, located in the loop connecting
B9 and a9 in the Rossmann fold (Fig. 2), which func-
tions to compensate for the charge of the pyrophos-
phate moiety of FAD.?® In the structure of MnmC,
the corresponding GGGIAS (GxGxxS) sequence
(from Gly271 to Ser276) is located adjacent to the
pyrophosphate moiety of FAD, which is recognized
by the amino groups of Ala275, Ala303, and Ser304,
as well as the side chain of Ser304 [Fig. 4(B)]. The
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G271Q mutation reportedly decreases the oxidation
activity, but does not affect the FAD-binding.2® The
crystal structure revealed that Gly271 is located
close to the adenosine moiety of FAD [Fig. 4(B)].
Thus, the substitution of the bulky glutamine for
the glycine may disrupt the FAD binding site, thus
interfering with the proper arrangement of the cata-
lytic groups required for the reaction.

The flavin ring of FAD is recognized by hydro-
gen bonds with the backbones of Ala310 and
Leu620, and the side chain of Tyr504. The three
hydroxyl groups of the ribitol moiety interact with
the backbones of Gly616 and Gly619, and the
Ser304 side chain. The adenine base and the ribose
2’-OH group are recognized by Leu432 and Asp296,
respectively [Fig. 4(B)].

Like the MnmC2 domain, the cavity around the
FAD binding site of the MnmC1 domain also con-
tains a number of conserved basic residues (Fig. 3),
and its structure is complementary to that of the
tRNA nucleotides, indicating the presence of the
tRNA anticodon loop binding site.

PROTEIN SCIENCE ‘ VOL 20:1106-1118 1109
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Figure 4. (A) Putative AdoMet binding site. The superposed structures of the MnmC2 domain (salmon) and DUF752 (blue) are
shown in a Ca trace representation. The AdoMet molecule bound to DUF752 is shown in a stick representation; (B) FAD
binding. The hydrogen bonds between the MnmC1 domain (sky blue) and FAD are indicated by dotted lines; and (C) cmnm®U
binding model. The superposed structures of the MnmC1 domain (sky blue) and ThiO (green) are shown in a Ca trace

representation.

Discussion

Substrate binding mechanism of MnmC1

The mutational analysis of MnmC1 revealed that
the R567A mutation decreased the FAD-dependent
oxidation, but did not interfere with the FAD bind-
ing (Fig. 2).?2 This well conserved arginine residue
is located in the vicinity of the flavin ring. Figure
4(C) shows the superposition model of MnmC1 and
ThiO. The ¢cmnm®U molecule is oriented so that the
atoms of the terminal glycine moiety of its 5-cmnm
group are superposed on the carboxyl carbon, Co,
and nitrogen atoms, respectively, of N-acetylglycine
(the substrate analog) in the structure of ThiO. In
the model, Arg567 is located near the terminal car-
boxyl group of cmnm®U, indicating that this residue
is involved in the recognition of cmnm®U and the
discrimination of mnm®U. The R618A substitution,
which abolished the activity of MnmC, also resides
near the FAD-binding site, suggesting that it may be
involved in binding the anticodon loop of tRNA.

How are the two reactions coordinated?

tRNAs containing nm®(s®)U, the intermediate of the
reactions catalyzed by MnmC, have never been
detected in naturally occurring E. coli tRNAs.210
The nm®U-containing tRNAs can be produced only
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in vitro, when the reaction is conducted in the ab-
sence of AdoMet,2* or under experimental conditions
favoring the incorporation of ammonium ions,
instead of glycine, catalyzed by the GidA-MnmE
complex.?’ Obviously, the two consecutive MnmC-
dependent enzymatic reactions are optimized in
vivo, and thus no accumulation of the nm®U-contain-
ing tRNA intermediate is evident. One explanation
could be that the two reactions occur without the
release of the tRNA substrate from the enzyme. In
this scenario, once bound to the enzyme, the portion
of the tRNA anticodon containing nm®U34, produced
by MnmC1, may simply flip (or channel) into the
active site of MnmC2, where the free amino group of
nm®U34 is rapidly methylated into mnm®U34. How-
ever, the present structure of bifunctional MnmC
shows that the two catalytic cavities of the MnmC1
and MnmC2 domains face opposite sides of the
protein (Fig. 3). We also observed the absence of
extensive packing interactions between the MnmC
monomers in the crystal. Instead, these observations
favor an alternative reaction mechanism, in which
the product of the first reaction is physically
released from the MnmC1 domain before rebinding
to the MnmC2 domain. The recent observation that
purified recombinant E. coli bifunctional MnmC
binds an nm®U-containing tRNA substrate more

The Crystal Structure of MnmC



Table I. Data Collection, Phasing, and Refinement Statistics

SeMet Native

Data collection

Cell dimensions (A)

Wavelength EA)

Resolution (A)

Rsym

Mean I/c

Completeness (%)

Redundancy

Refinement

Resolution (A)

No. reflections

Rwork/Rfree

Number of atoms
Protein/ligand/solvent

Average B-factors
Protein/ligand/solvent

Ramachandran most favored/allowed (%)

Rmsd bond length (A)/angles (°)

92.1, 243.4, 176.4

50.0-3.00 (3.11-3.00)*

92.1, 243.0, 175.5
0.97903 1
50.0-3.00 (3.11-3.00)*
0.102 (0.336)*
10.3 (8.1)*
98.3 (94.0)*
4.1 (4.0)*

0.186 (0.870)*
9.6 (1.5)*
96.9 (94.7)*
6.6 (5.6)*

50-3.00
146580
0.205/0.251

29853/318/61
87.8/84.4/80.5

95.8/4.1
0.010/1.026

*Values in parentheses are for highest-resolution shell.

tightly than the cmnm®U-containing substrate (by
about 10-fold)®** can partly explain the high effi-
ciency of such an independent, two-step mechanism
(‘assembly line’). Notably, when the two MnmC
mutants possessing the catalytically dead MnmC2 or
MnmC1 domain were mixed, partial recovery of the
activity to produce mnm®U was observed, demon-
strating that, at least in vitro, the two domains can
indeed act independently.?3

However, given the relatively hydrophilic nature
of the interface between the two domains (this
work), one cannot exclude the possibility that signifi-
cant conformational changes within the bifunctional
MnmC may also occur upon tRNA substrate binding
and/or during the successive enzymatic reaction
steps. A definitive understanding of MnmC’s reaction
mechanisms awaits the structural determination of
its tRNA complex in multiple forms, where the wob-
ble U34 of the anticodon loop is accommodated sepa-
rately in the MnmC1 and MnmC2 domains. Finally,
it is important to note that cmnm®U34 in naturally
occurring E. coli tRNAM"-4 is never modified into
mnm®U34, attesting to the fact that this particular
tRNA does not interact with MnmC, probably due to
the presence of the long-variable arm.

Materials and Methods

Purification and crystallization

The gene encoding MnmC (JW5380) from E. coli was
cloned into pET-15b (Novagen) and expressed in the
E. coli Rosetta2(DE3) strain (Novagen). The seleno-
methionine-labeled MnmC was expressed from the
cloning vector pET-11b in E. coli strain B834(DE3)
(Novagen). The cells were harvested and disrupted by
sonication in 20 mM Tris-HCI buffer (pH 8.0), contain-
ing 300 mM NaCl and 2 mM DTT. The lysate was
cleared by centrifugation for 30 min at 100,000 g. The
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supernatant was purified by a series of HiTrapQ,
ResourceISO, MonoQ, and Superdex75 column chro-
matography steps (GE Healthcare Biosciences).

The crystals of MnmC were grown using the sit-
ting-drop method. The best crystallization conditions
employed a reservoir solution containing 100 mM
Bis-Tris buffer (pH 5.5), containing 25% (w/v)
PEG3350, 250 mM ammonium sulfate, and 10 mM
hexamine cobalt(IIT) chloride. Diffraction quality
crystals were obtained within 5 days.

X-ray data collection and structure
determination

X-ray diffraction data were collected at the Photon
Factory BL5A beamline and processed with the
HKL2000 program suite. The structure was solved
by the single wavelength anomalous dispersion
method, using the selenomethionine-labeled crystal
dataset. Selenium sites were located by using the
program SHELX,?¢ and then used to calculate the
initial phases with the program Phaser.®” Most of
the model was automatically created by the program
Phenix,?® and the structure was then manually cor-
rected and refined by using the programs Coot®® and
Phenix. Figures were prepared with the Pymol pro-
gram (Schrodinger, LLC.). All data collection, phas-
ing and refinement statistics are summarized in
Table I. The PDB code is 3AWI.
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