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MiaE catalyzes the posttranscriptional allylic hydroxylation of
2-methylthio-N-6-isopentenyl adenosine in tRNAs. The Salmonella
typhimurium enzyme was heterologously expressed in Escherichia
coli. The purified enzyme is a monomer with two iron atoms and
displays activity in in vitro assays. The type and properties of the
iron center were investigated by using a combination of UV-visible
absorption, EPR, HYSCORE, and Md&ssbauer spectroscopies which
demonstrated that the MiaE enzyme contains a nonheme dinuclear
iron cluster, similar to that found in the hydroxylase component of
methane monooxygenase. This is the first example of an enzyme
from this important class of diiron monooxygenases to be in-
volved in the hydroxylation of a biological macromolecule and the
second example of a redox metalloenzyme participating in tRNA
modification.

EPR spectroscopy | Méssbauer spectroscopy | nonheme dinuclear iron
cluster | tRNA modification enzyme

Transfer RNAs (tRNAs) from all organisms contain modified
nucleosides that are formed from the four normal nucleo-
sides, adenosine (A), guanosine (G), uridine (U) and cytidine
(C). At present, >100 different modified nucleosides have been
characterized in tRNAs from various organisms (http://
medstat.med.utah.edu/RNAmods). The wobble position (posi-
tion 34) and the position immediately on the 3 side of the
anticodon (position 37) are frequently modified. Modifications
are suggested to introduce conformational variations of the
tRNA and to provide specific recognition sites for proteins or
nucleic acids (1). They improve the fidelity and efficiency of
tRNA in decoding the genome (2). The influence of tRNA
modification on reading frame maintenance, on central and
intermediary metabolism and on bacterial virulence has been
reviewed (3, 4).

In general, modification reactions are catalyzed by enzymes
acting posttranscriptionally on tRNA substrates and are thus an
integral part of the tRNA maturation process. The genetic and
regulatory properties of the tRNA modifying enzymes as well as the
physiological consequences of modification defects have recently
been reviewed (5, 6). tRNA modification is thus a major source of
fascinating enzymes catalyzing a variety of interesting reactions with
very high specificity because the chemical modification is intro-
duced at a single site within a complex substrate (tRNA). Only a
small part of these naturally occurring enzymes have been isolated
and characterized so far. In particular, redox modifications of
tRNAs have been surprisingly scarcely studied as compared with
nonredox reactions such as methylations for example. Recently, we
discovered and characterized the first, and so far the only, iron-
sulfur enzyme involved in tRNA modification (7-9). This enzyme,
the product of the miaB gene (Scheme 1), catalyzes a difficult C-H
to C-S bond conversion during the thiomethylation of i°A-37
(N-6-isopentenyl adenosine) to ms?®A-37 (2-methylthio-N-6-
isopentenyl adenosine). This nucleoside is found at position 37, next
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to the anticodon at the 3’ position in almost all eukaryotic and
bacterial tRNAs that read codons beginning with uridine except
tRNA; v (10). In Salmonella typhimurium, but not in Escherichia
coli, for example, it is further modified by hydroxylation during an
oxygen-dependent reaction catalyzed by the product of the miaE
gene (Scheme 1) (11). The miaE mutant strain has several impor-
tant phenotypes because it is unable to grow aerobically on succi-
nate, fumarate or malate, whereas a miaA mutant can, suggesting
that the bacteria are able to specifically sense the hydroxylation
status of the tRNA-isopentenyl group and are growing on the
dicarboxylic acids of the citric acid cycle only if this group is
hydroxylated (12, 13).

The highly selective incorporation of a single oxygen atom into
such a complex macromolecule is a fascinating chemical issue.
Whereas the gene (miaE), encoding the hydroxylase responsible for
this reaction, was identified in the beginning of the 1990s, the
protein has not been investigated yet and is thus the subject of this
study. Here, we demonstrate that the MiaE protein is indeed a
hydroxylase enzyme containing a carboxylate-bridged nonheme
diiron center, as shown by a combination of U V-visible absorption,
EPR, Méssbauer and HYSCORE spectroscopies coupled with iron
analyses and in vitro enzyme activity assays. Thus, the MiaE protein
is a new member of the carboxylate-bridged nonheme diiron
protein family, which also includes soluble methane monooxygen-
ase as a prototype (14). This is the first example of an enzyme from
this important class of monooxygenases shown to participate in
tRNA modification.

Results

Cloning, Expression, and Purification of MiaE from S. typhimurium.
The miaE gene is found as the second gene of a dicistronic operon
with two possible translational start points for the gene product.
The first AUG start codon is located 11 bp downstream of the stop
codon of the first gene, ORF 15.6, of the operon, whereas the
second one is located 49 bp downstream of the same stop codon.
In between, a stem-loop terminator-like structure is present (12).
Even though this feature suggested that translation would be
allowed only from the second AUG, we made two constructs to
verify whether only a 29,057-Da protein is overexpressed (if the
second AUG is used) or a 31,140-Da protein is also overexpressed

Author contributions: J.-M.L., S.M., M.F., and M.A. designed research; C.M., F.P., J.-L.O.,
R.G.-S., G.B.,S.M., and S.G. performed research; C.M., F.P., J.-L.O.,R.G.-S., G.B., J.-M.L., S.M.,
S.G., M.F,, and M.A. analyzed data; and G.B., J.-M.L., M.F., and M.A. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Abbreviation: MIOX-MI, myo-inositol oxygenase complexed with myo-inositol.

*To whom correspondence may be addressed. E-mail: mohamed.atta@cea.fr or
marc.fontecave@cea.fr.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0704338104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | August 14,2007 | vol. 104 | no.33 | 13295-13300

>
3
=
4]
=
i
X
o
=3
)



http://www.pnas.org/cgi/content/full/0704338104/DC1
http://www.pnas.org/cgi/content/full/0704338104/DC1

SINPAS

yd

CH;4

CH;
NH, PPi HN
Ne_-\.. DMAPP N
Y f\N ;i, Y f\N
<1|\1 N/) MiaA <1|\1 N/)
R R

tRNA - Az tRNA - i°A;;

SAM, "S"

</N I\NH 0, </Nf\NH
MiaB (Fe-) N N)\SCH3 MigE N )\

CH, CHj

CHj4 CH,0H
HN HN

N~ scH,
R R

tRNA - ms?i®A5; tRNA - ms?io®As;

Scheme 1. Biosynthetic pathway for ms?io®Ain S. typhimurium. The enzymesinvolved in this pathway are: MiaA, MiaB, and MiaE. DMAPP, dimethylallyl diphosphate;

SAM, S-adenosylmethionine; S, sulfur atom from MiaB enzyme; PPi, pyrophosphate.

(if the first AUG is used). The two possible ORFs for the miaE gene
were amplified from the genomic DNA of S. typhimurium by PCR
and cloned into a pT5-7 vector as previously described (7, 9). The
resulting plasmids are named pT;-miaE1 for the first AUG start
codon and pT7-miaE2 for the second AUG start codon. The
plasmids were then used to transform E. coli BL21(DE23) cells and
protein expression was monitored by SDS/gel electrophoresis. It
was clear that the observed level of MiaE expression in pT7-miaE1-
transformed cells was much lower than that in pT;-miaE2-
transformed ones (data not shown). pT7-miaE2 was used to con-
struct a plasmid for expression of an N-terminal His-tagged protein
as described (7). This plasmid was named pT7-miaE2H and led to
the protein MiaE2H that was further studied here.

The E. coli strain BL21(DE3) was transformed by using the
expression vector pT7-miaE2H. Isopropyl-1-thio-B-D-galactopyr-
anoside induction of the transformed E. coli cells resulted in the
overproduction of a protein that migrates at ~30,000 Da on SDS
gels and was found in the soluble fraction of cell-free extracts. After
the final step of purification, the purity was evaluated by SDS/
PAGE to be >95% [see supporting information (SI) Fig. 5]. The
apparent molecular mass of MiaE2H determined by analytical gel
filtration chromatography (Superdex 75 HR10/30; GE Healthcare,
Vélizy, France) is ~27,000 Da, which indicates that the protein
behaves as a monomer in solution (data not shown).

An E. coli Strain Transformed with pT;-miaE2 or pT;-miaE2H Plasmids
Produces ms2io®A. Knowing that E. coli has only the unhydroxylated
form of ms%i®A in its tRNAs, we used it as a naturally occurring
hydroxylase-deficient microorganism (12). The functionality of the
two proteins (MiaE2 and MiaE2H) was assayed in vivo by using E.
coli DH5a strain that was transformed with the two plasmids
(pT7-miaE2 and pT;-miaE2H). Cells were grown at 37°C in LB
medium, and tRNAs were then isolated, digested and their mod-
ified nucleosides were analyzed by HPLC, as described (15). Under
these conditions and as expected, tRNAs from the control strain
(DHS5«), which was transformed with the parental pT7-7 lacking
miaFE plasmid, showed an accumulation of ms?®A which elutes at
~60 min with no evidence for the presence of ms?io®A (Fig. 14).
However, all tRNAs isolated from DH5a transformed with pT;-
miaE2 or pT7-miaE2H plasmids showed the presence of ms?io®A,
which elutes at ~47 min (Fig. 1B). The identity of ms?°A and
ms%io®A was confirmed by their retention time and UV-visible
spectra as described (15). These results demonstrated that MiaE2
and MiaE2H are functional in vivo during the ms?i®A-ms?io®A
conversion. Because the introduction of a His tag at the N terminus
in MiaE2H had no effect on enzymatic activity in vivo, we decided
to work with the His-tagged MiaE2H enzyme in further in vitro
experiments.

Metal Content and Amino Acid Analysis. UV-Visible absorption
bands in the optical spectrum of pure MiaE2H (see below) sug-
gested the presence of a metal ion. Metal analysis revealed that
MiaE2H is an iron-containing protein. Fe quantitation based on Fe
assays and quantitative amino acid analysis of pure MiaE2H led to
the value of ~2.1 * 0.2 mol of iron per mol of MiaE2H. No other
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metals were detected by atomic absorption. The same value was
obtained by using MiaE2 protein. We noted that the Bradford
protein assay overestimates the concentration of MiaE2H by a
factor of ~1.16.

Conversion of ms2i®A to ms2io®A Catalyzed by MiaE2H Protein in Vitro.
To investigate the enzymatic conversion of ms?i°A to ms%io®A in
vitro, we established standard reaction conditions for assaying the
purified MiaE2H protein. Typically the reaction mixture contained
MiaE2H, total tRNAs, and cell free extracts obtained from DH5«
strain, in a volume of 100 ul of 50 mM Tris-HCI (pH 7.5). The
reaction was carried out at 37°C for 60 min in air. The tRNA
substrate was total tRNAs obtained from E. coli DH5«, which
contains msZi®A, the reaction substrate, but no ms2io®A, the reac-
tion product. After 60 min incubation in vitro, tRNAs were recov-
ered by phenol extraction and ethanol precipitation and then
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Fig. 1. HPLC chromatograms of tRNA hydrolysates. (A) tRNAs were obtained
from E. coli DH5a strain. (B) tRNAs were obtained from an in vivo complemen-
tation of DH5a strain transformed with pT7-miaE2 or pT;-miaE2H. The identifi-
cation of ms2ifA and ms2iofA was based on UV-visible spectra (data not shown)
and retention times (ms2ifA eluted at ~60 min and ms2iofA at ~47 min). (C)
msZiofA production as a function of reaction time and quantity of purified
MiaE2H enzyme (4, 20 uM; A, 5 uM). The assay mixture contained 50-100 ug of
bulk tRNAs and 0.6 mg of cell-free extracts in 100 mM Tris-HCI (pH 7.5). Reactions
were carried out at 37°C. (/Inset) The HPLC detection of ms2i®A substrate (elution
at 60 min) and msZio®A, product of the reaction (elution at 47 min) the arrows
indicate the decrease of the substrate and the increase of the product.
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Table 1. Assay conditions for in vitro conversion of ms2iA to
ms2ioSA catalyzed by MiaE2H

Dialyzed
Cell-free cell-free
Experiments tRNA MiaE2H extracts extracts NADPH H,O, ms2io®A

1 + + -
2 + + -
3 + + + +
4 + + + -
5 + + + + +
6 + + + +

The hydroxylase activity was assayed by incubating ~50-100 ng of tRNAs
with (+) or without (blank) 50 uM purified MiaE2H and 30 ul of cell-free
extracts at 20 mg/ml in aerated buffer (Experiments 1-3). In Experiments 4 and
5, the cell-free extracts were dialyzed and assayed without (Experiment 4) or
with (Experiment 5) 1 mM NADPH. In Experiment 6, 20 mM H,0, was used in
place of cell-free extracts. The last column indicates whether the experiment
resulted (+) or not (—) in the production of ms2io6A as a probe for tRNA
hydroxylation.

completely hydrolyzed by nuclease P1 and alkaline phosphatase.
The resulting hydrolysate was analyzed by HPLC and the results are
summarized in Table 1. From the reaction mixtures containing the
tRNA substrate, the purified MiaE2H enzyme and cell-free extracts
altogether, the formation of the ms?0°A product was observed,
thus reflecting selective in vitro tRNA hydroxylation. No ms?io®A
could be detected when the MiaE2H protein or cell-free extracts
were omitted from the reaction mixture. No ms?io®A could be
detected either when cell-free extracts were used after extensive
dialysis. In this case, the activity of MiaE2H protein was partially
restored when NADPH was added to the reaction mixture. Sub-
stitution of hydrogen peroxide (H,O>) for cell free extracts in the
reaction mixture allowed the conversion of ms%°A to ms?i0®A.
Under the assay conditions described above and as shown in Fig.
1C, the production of ms?0®A was linear for at least half an hour,
and the rate of reaction was proportional to MiaE2H concentration.

Spectroscopic Characterization of MiaE2H. The light absorption spec-
trum of the as-isolated MiaE2H protein is shown in Fig. 2. In
addition to the band at 280 nm (e ~ 60,000 M~! cm™1)
corresponding to protein absorption, the spectrum displays two
additional bands at 320 and 370 nm associated with the presence of
iron in the protein. The optical properties described here are
comparable with those of the active site of the R2 subunit of aerobic
ribonucleotide reductase from E. coli, phenol hydroxylase from
Pseudomonas sp strain CF 600 and toluene-2-monooxygenase from
Burkholderia cepacia G4 proteins known to contain p-oxo-bridged
diiron clusters with primary ligation sphere consisting of oxygen and
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Fig.2. UV-visible absorption spectrum of purified MiaE2H. The buffer was 100
mM Tris*HCI (pH 8), containing 30 mM NaCl and 5% glycerol. The sample con-
centration was 0.6 mg/ml. Arrows indicate the 320-nm and 370-nm iron charge
transfer bands.
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Fig.3. Characterization of MiaE2H protein by EPR spectroscopy. (A) X-band EPR
spectrum of the MiaE2H protein (1.9 mM) in 100 mM Tris-HCl (pH 8) containing 30
mM NaCl and 5% glycerol. Experimental conditions: temperature 4 K, microwave
power 1 mW, modulation amplitude 10 mT. The weak signal indicated by a star
at g ~ 2.00 is contaminating Cu?*. (B) Low-frequency region of the X-band
HYSCORE spectrum of the mixed-valent state [Fe'-Fe''] of MiaE2H protein (1.9
mM) in 100 mM Tris*HCI (pH 8) containing 30 mM NaCl and 5% glycerol. Exper-
imental conditions: magnetic field 3,900 G (g = 1.778), frequency 9.7 GHz, and
temperature 4 K.

nitrogen ligands (16-18). Similarity to these enzymes is further
supported by EPR spectroscopy. In the low-field region of Fig. 34
the EPR spectrum displays a weak g = 4.3 signal associated with
mononuclear adventitiously bound ferric ions in a rhombic envi-
ronment. The intensity of the g = 4.3 signal varies from one
preparation to another. In the high-field region of the spectrum of
Fig. 34, all g values of the signal are <g = 2 (g = 1.91, 1.78, 1.68)
with g,v = 1.83. This rhombic EPR spectrum is characteristic of a
Zeeman split § = 1/2 ground state of an antiferromagnetically
coupled mixed-valent [Fel'-Fe!'] center with an § = 5/2 Fell and
an S = 2 Fell, This type of mixed-valent cluster accounted for 27 +
5% of the total cluster based on double integration of the g,, = 1.83
signal. Chemical reduction of MiaE2H protein with buffered
sodium dithionite in the presence of phenazine methosulfate as a
mediator resulted in a slight increase in the intensity of the g,, =
1.83 signal. At maximal conversion, 50% of dinuclear iron clusters
were in the mixed-valent state. When methyl viologen was used as
a mediator, a new EPR signal appeared at g ~ 15 (data not shown),
arising from an integer spin (S = 4) system and indicating the
formation of a fully reduced diferrous center (19). This redox state
is under investigation.

The presence of a diiron cluster was further supported by
Maossbauer spectroscopy. Fig. 4 displays the Mossbauer spectra of
the MiaE2H enzyme isolated from bacteria grown in the presence
of 37Fe (as described in Materials and Methods), recorded at 4.2 K
under a small magnetic field applied both parallel (Fig. 44) or
perpendicular (Fig. 4B) to the y-rays. Spectra were also recorded at
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Fig. 4. Mossbauer spectra of MiaE2H (1.9 mM) in 100 mM Tris:HCI (pH 8)
containing 30 mM NaCl and 5% glycerol. Experimental conditions: spectra were
recorded at4.2 Kin amagnetic field of 0.60 mT applied parallel to the ybeam (A),
or 0.22 mT applied perpendicular to the y beam (B), or at 77K and zero applied
field (D). Spectrum Cis obtained by subtraction (A — B). The solid black lines are
spin-Hamiltonian simulations, generated by using the parameters described
below. The solid colored lines are contributions from the oxodiferric clusters
(orange) and the mixed-valence [Fe'-Fe'"] clusters (blue). Contribution from the
majority diferric species (central doublet) is not shown.

77 (Fig. 4D) and 120 K (not shown) without applied field. These
spectra clearly indicate the presence of several iron entities that can
be accounted for in the context of dinuclear centers as suggested by
the EPR experiments. The spectra are dominated by a quadrupole
doublet, the parameters of which (8 ~ 0.50 (1) mm's~!, AEq = 0.51
(1) mm-s 1) clearly correspond to high-spin ferric ions. This doublet
may be associated with two indistinguishable antiferromagnetically
coupled ferric ions of a single diamagnetic S = 0 species. It accounts
for ~54 (3)% of total Fe. Interestingly at 77 K (Fig. 4D), this doublet
experienced a significant broadening and this effect was further
increased at 120 K. This behavior can be explained by the contri-
bution of thermally accessible excited spin states of diferric species.
This is indicative of a system which is moderately antiferromag-
netically coupled as has been observed for hydroxo-bridged entities
(20, 21). The presence of a hydroxo-bridged diferric unit would be
consistent with the low AEq value (22, 23). This major doublet is
flanked by a pair of nearly symmetric shoulders weighing altogether
~16 (3)% of total Fe. They are associated with two equally intense
quadrupole doublets: 8 = 0.54 (2) mms~! with AEq = 1.49 (2)
mm-s~!and § = 0.49 (2) mm-s~! with AEq = 2.16 mm-s~! (2). The
large quadrupole splittings of theses ions are the signature of a
p-oxo-diferric system (24). Finally, a broad magnetic contribution,
reminiscent of those observed for enzymes with a localized mixed-
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Table 2. Comparison of spectroscopic properties of the diiron
center in MiaE2H, methane monooxygenase, myo-inositol
oxygenase (MIOX-MI), R2 subunit of aerobic ribonucleotide
reductase, stearoyl carrier A%-desaturase protein, and uteroferrin

Diiron 5 (AEQ), 5 (AEQ),

center g values mm/s Fe'"  mm/s Fe''/Fe!"! Ref.
Mixed-valent form [Fe'-Fe'']

MiaE2H 1.91, 1.78, 1.68 This work

MIOX-MI 1.95,1.81,1.81 0.49 (-1.11) 1.12 (+2.68) 25

Ufr 0.54 (—1.85) 1.24 (+2.68) 20

MMOH 21

Oxidized forms [Fe''-Fe!l]

MiaE2H (minor) 0.52 (1.49) 0.48 (2.16) This work

RNR 0.55 (—1.62) 0.45 (—2.44) 52

Ufo 0.55 (1.69) 0.48 (2.17) 20

MiaE (major) 0.49 (0.51)

A9D (minor) 0.49 (0.72) 23

MMOH 0.50 (0.87) 0.51(1.16) 21

valent [Fe'-Fe"] center (MMOH, uteroferrin and myo-inositol
oxygenase), was observed (20, 21, 25), this contribution could be
fitted as well. However, because the limited contribution of this
species [30 (5)%] and the spread of its spectrum over a wide velocity
range, the Mdssbauer parameters cannot be reliably determined
with a high enough accuracy. The simulated curves shown in Fig.
4 have been obtained from the spin Hamiltonian parameters
reported for the mixed-valent center of myo-inositol oxygenase
complexed with myo-inositol (MIOX-MI, see Table 2) (25). The
excellent agreement between the experimental and simulated spec-
tra is further shown in the difference spectrum obtained by sub-
tracting the parallel from the perpendicular spectrum (Fig. 4C), in
which the contributions of the diamagnetic components are can-
celled out. A precise quantitation of the various dinuclear entities
is difficult owing to the fact the adventitious high spin ferric center
detected in EPR was not distinguished by Mdssbauer spectroscopy.
It could contribute a tenth of the major quadrupole doublet if it
were a fast relaxing high-spin ferric center. Alternatively it would
overlap the magnetic spectrum of the mixed-valent species. To
summarize, these Mdssbauer studies point to the coexistence of
three forms of a diiron center in the as-isolated MiaE2H enzyme:
a major probably hydroxo-bridged diferric species, a minor w-oxo-
bridged diferric species and a mixed-valent [Fe'-Fe!l] species.
As shown by EPR and Mossbauer spectroscopies, the as-isolated
MiaE2H protein contains up to 25% to ~30% of the diiron cluster
in the mixed-valent [Fe''-Fe'!'] state. The latter was analyzed by
HYSCORE spectroscopy to further characterize the coordination
sphere of the diiron center. One of the main advantages of this
two-dimensional pulsed EPR technique resides in its ability to
distinguish three types of nuclei: the strongly ( | ax | /2 > vn) and
weakly (| an|/2 < vn) coupled ones and the “distant” nuclei,
which are characterized by very low hyperfine couplings (26, 27). In
the latter case, the corresponding peaks lie on the diagonal of the
(+, +) quadrant, whereas the strongly and weakly coupled nuclei
appear in the (—,+) and the (+, +) quadrants, respectively (28). In
Fig. 3B, the HYSCORE spectrum of the mixed-valent state shows
a symmetrical set of features in the (—, +) quadrant. These peak
patterns and their positions are characteristic of at least one strongly
coupled nitrogen atom (an I = 1 nucleus with quadrupolar cou-
pling) (29). From the position of the so-called double quanta-
double quanta correlation peaks (asterisk in Fig. 3B) at (9.2; —4.8)
and (4.8; —9.2) MHyz, it is possible to obtain a good estimation of
the isotopic hyperfine coupling | an | by using the relationship
vag= = 2[((w~ = an/2)? + K*(3 + m%)]"2, where K is the quadrupole
coupling constant, and m is the asymmetry parameter (30). The
value obtained (| ax | = 6.4 MHz) is characteristic of a nitrogen
atom directly bound to the metal center. Upon close examination,
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Scheme 2. Multiple sequence alignment of MiaE proteins. (A) Amino acid
alignments of MiaE proteins from S. typhimurium (S.t, Q08015) and putative
tRNA ms?io®A hydroxylases from Vibrio cholerae (V.c, QIKQTS8); Photorhabdus
luminescens subsp. Laumondii (P.I, Q7MB84) and Shewanella oneidensis (S.o,
Q8CX43). The alignments were performed with the ClustalW program. Totally
conserved amino acid residues are indicated by asterisks. The conserved EXXH
motifs are framed. Black arrowheads indicate amino acid residues that could be
potential ligands for diiron center. The numbers refer to amino acid residues for
S. typhimurium protein. (B) Primary sequence homologies of diiron carboxylate
proteins. 1, MiaE from S. typhimurium (Q08015); 2, R2 subunit of ribonucleotide
reductase from E. coli (P69924); 3, hydroxylase component of methane mono-
oxygenase from Methylosinus trichosporium (P27353); 4, stearoyl carrier A%-
desaturase protein from Ricinus communis (P22337).

a pair of peaks at (6.9; —2.8) and (2.8; —6.9) MHz (# in Fig. 3B)
could be attributed to a double quanta—double quanta correlation
from another strongly coupled nitrogen with | an | equal to 4.1
MHz, indicative of the presence of a second nitrogen ligand.
Observation of hyperfine coupling of two nitrogens from histidine
ligands in similar systems was reported previously (31). Hyperfine
values obtained here are compatible with those obtained for the
[Fel'-Fe™] clusters of the cryoreduced R2 protein (3.16 and 7.31
MHz) and of the cryoreduced stearoyl carrier A%-desaturase protein
(3.34 and 9.1 MHz) (31). Similar values were obtained for both the
His-tagged and untagged forms of MiaE2.

Discussion

The results presented here provide the first and complete
characterization of the recombinant MiaE2H protein from S.
typhimurium, a monooxygenase involved in specific tRNA mod-
ification. MiaE catalyzes an allylic hydroxylation converting
ms?i®A to ms?o°A at position 37 within the tRNA substrate
(Scheme 1). In this article, we have clearly established that
MiaE2H belongs to the class of carboxylate-bridged nonheme
diiron enzymes, the most prominent members of which are
MMO hydroxylase and the R2 RNR subunit (32, 33).

This type of diiron center can exist in different forms. Indeed,
each iron atom can accommodate either the +2 or the +3 state and
the two ions may be bridged by either an oxo ligand or correspond-
ing protonated forms, OH or OH,. Moreover, it is not unusual that
such diiron enzymes exist as a mixture of such forms (34). Detailed
spectroscopic investigation of pure preparations of the as-isolated
MiaE2H protein revealed the presence of three different forms of
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the dinuclear site: (i) an EPR-silent hydroxo-bridged Fe™-OH-
Fe!! center, with characteristic Mossbauer spectroscopic proper-
ties; (i) an EPR-silent oxo-bridged Fe"-O-Fe!l center, charac-
terized by oxo-to-iron charge transfer bands in the UV-visible
spectrum and by large quadrupole splittings of the corresponding
doublets in the Mossbauer spectrum; (iif) a hydroxo-bridged Fel'-
OH-Fe™ mixed-valent center, remarkably stable and displaying a
characteristic rhombic signal at g values <2 in the EPR spectrum
as well as a broad magnetic signal in the Mdssbauer spectrum, in
agreement with a § = %2 ground state. Using this EPR signal, we
showed by HYSCORE spectroscopy that each iron is bound by a
nitrogen atom (from histidine), as is generally observed in this class
of enzyme (33, 34). By analogy, we suspect these histidines to belong
to the EXXH (His-139 or His-140 and His-222) conserved se-
quence motifs (see below) and make the hypothesis that the other
ligands are carboxylate groups from glutamate and aspartate.

A BLAST search revealed limited sequence homologies of MiaE
with the known diiron enzymes. Nevertheless, it showed that MiaE
contains two conserved copies of the primary sequence motif
EXXH separated by ~77 aa residues at least (Scheme 2B), which
is a hallmark of this large group of enzymes (33-38) in which one
can find not only the so-called diiron monooxygenases, such as
methane monooxygenase, phenol hydroxylase, toluene monooxy-
genase, and alkane w-hydroxylase, but also desaturases such as
stearoyl-ACP (acyl carrier protein) desaturase, which inserts a
double bond into a protein-bound fatty acid (39), and the R2
subunit of ribonucleotide reductase, which catalyzes an intramo-
lecular one-electron oxidation of tyrosine (40). The amino acid
residues Glu (E) and His (H) provide the ligands to the diiron
center in all these enzymes (33, 38, 41). Moreover, using the BLAST
search algorithm, we were able to identify many putative MiaE
proteins from different organisms, showing strict conservation of
the EXXH motif for distantly related species (Scheme 2A4). It is
therefore likely that the glutamate and histidine residues of these
motifs are the actual ligands of the iron pair in MiaE.

The similarity of MiaE with methane monooxygenase (MMO),
a prototype of this class of enzymes, is likely to extend to its
mechanism of action. MMO catalyzes the insertion of one oxygen
atom from dioxygen into its substrate (methane), whereas the
second atom ends up as a molecule of water (42). This reaction was
extensively analyzed and shown to involve a two-electron reductive
activation of the dioxygen molecule and to require a source of
electrons. In the case of MMO, the electrons are provided by
NADH and are transferred to the active site through a specific
reductase (32, 43). Expression of MiaE2H in E. coli provides it with
the ability to produce ms?io®A, indicating that E. coli contains
reductase activities that can be used by MiaE2H for oxygen
activation. This is further confirmed by in vitro assays showing that
ms?i®A-to-ms?io®A conversion can be achieved by incubating pure
MiaE2H and the tRNA substrate with E. coli cell-free extracts
under air. More recently, a different mechanism was discovered in
the case of myo-inositol oxygenase (44), another diiron enzyme with
a slightly different active site, which activates dioxygen through its
mixed-valent Fel'-Fe!l state (25, 45). The sequence homology of
MiaE with the hydroxylase component of MMO and the fact that
it can function in vitro with hydrogen peroxide as the oxidant, in the
absence of a source of electrons, strongly suggests that MiaE
operates in a similar way to MMOH through a two-electron O,
reductive activation mechanism. However, as MiaE2H prepara-
tions contain a mixture of diiron sites, as discussed above, it is still
unknown whether the active form is hydroxo- or oxo-bridged. This
issue, as well as the functionality of the mixed-valent form of the
center will be addressed in future studies.

Diiron monooxygenases are involved in the oxidation of a wide
variety of substrates. Intriguingly, there are no examples of such
enzymes for the oxidation of biological macromolecules. In all cases
reported so far, the substrates are low-molecular-weight com-
pounds: methane, alkanes, aromatics, alkenes, and myo-inositol. On
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the other hand, a number of macromolecules, such as proteins or
nucleic acids, are known to be extensively chemically modified
through controlled and selective hydroxylation reactions catalyzed
by important monooxygenases. For example, prolyl- and lysyl
hydroxylases are involved in the posttranslational oxidation of
collagen. Similarly, prolyl- and asparaginyl hydroxylases are in-
volved in the posttranslational oxidation of the hypoxia-inducible
transcription factor (HIF). Protein demethylation, occurring in
histones, is initiated by the hydroxylation of the methyl group to be
removed (46). DNA is also subject to hydroxylation, for example
during the conversion of methylated adenine to adenine, a reaction
catalyzed by the protein AlkB and involved in DNA repair (47-49).
It is remarkable that all these reactions are catalyzed by Fe(II)- and
2-oxoglutarate-dependent monoiron dioxygenases. Thus, we con-
clude that MiaE is a unique diiron monooxygenase as it is the first
member of this family to achieve the direct and selective hydroxy-
lation of a biological macromolecule, here a tRNA, and thus
expands the range of natural substrates for this family. This raises
many interesting questions regarding how the active site of MiaE
controls the transfer of an activated oxygen atom to the dimethy-
lallyl group of adenine-37 of a tRNA substrate. This, in particular,
will require the determination of the three-dimensional structure of
MiaE2H, both alone and in complex with the tRNA substrate. This
is currently under investigation. Finally, this study provides an
additional illustration of the richness of the redox chemistry used
for tRNA modification. The first reported metalloenzyme involved
in tRNA modification was MiaB, an iron-sulfur protein (50, 51).
MiaE, which uses a nonheme diiron center, is the second one.
Considering that inactivation of the miaE gene gives rise to
important phenotypes associated with iron metabolism and aerobic
growth (3), further studies should address the question of the
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biological significance of the hydroxylation reaction catalyzed by
MiaE.

Materials and Methods

Strains. E. coli DHS5a was used for routine DNA manipulations and
as a naturally occurring hydroxylase-deficient strain. E. coli
BL21(DE3) was used to produce the recombinant protein MiaE.

Cloning of the miaE Gene. The ORF encoding the MiaE protein was
PCR amplified by using S. typhimurium genomic DNA, Pwo
polymerase (Roche, Indianapolis, IN). Full experimental details
are provided in SI Materials and Methods.

Miscellaneous Methods. Protocols and references for expression,
purification, in vivo and in vitro MiaE activity, protein determina-
tion assays, SDS/PAGE, and iron determination in protein prepa-
rations are provided in SI Materials and Methods.

Preparation of MiaE2H Samples. Paralle] Mossbauer and EPR sam-
ples of native MiaE2H were prepared aerobically. The MiaE2H
used for these studies was purified from bacteria grown in minimal
medium (M9) containing 0.1 mM >’Fe as the only source of iron.
Chemical reduction of the as-isolated MiaE2H was carried out
under anaerobic conditions.

Spectroscopic Measurements. Full experimental details for EPR,
Mossbauer, and HYSCORE spectrocopies are provided in SI
Materials and Methods.
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