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ABSTRACT

MiaE (2-methylthio-Né-isopentenyl-adenosines;-
tRNA monooxygenase) is a unique non-heme
diiron enzyme that catalyzes the O,-dependent
post-transcriptional allylic hydroxylation of a hyper-
modified nucleotide 2-methylthio-Nf-isopentenyl-
adenosine (ms2i®A3;) at position 37 of selected
tRNA molecules to produce 2-methylthio-N°—4-
hydroxyisopentenyl-adenosine (ms?io®As;). Here,
we report the in vivo activity, biochemical, spectro-
scopic characterization and X-ray crystal structure
of MiaE from Pseudomonas putida. The investiga-
tion demonstrates that the putative pp-2788 gene
encodes a MiaE enzyme. The structure shows
that Pp-MiaE consists of a catalytic diiron(lll) do-
main with a four alpha-helix bundle fold. A docking
model of Pp-MiaE in complex with tRNA, combined
with site directed mutagenesis and in vivo activity
shed light on the importance of an additional linker
region for substrate tRNA recognition. Finally,
krypton-pressurized Pp-MiaE experiments, revealed
the presence of defined O, site along a conserved
hydrophobic tunnel leading to the diiron active
center.

INTRODUCTION

Transfer RNA (tRNA) contains a wide variety of post-
transcriptional chemical modifications and more than 100

have been reported across all phylogenic domains of life
(https://iimcb.genesilico.pl/modomics/) (1,2). The most
chemically complex and best studied of these modifications
occur within the tRNA anticodon stem and loop (ASL)
domain (1,3). Several studies indicate that they affect the
thermal stability and structural conformation of tRNA
(4-7), enhance specificity of codon decoding (8,9), increase
its ribosomal binding affinity (4,5,10,11), maintain the
translational reading frame (12,13) and promote correct
tRNA and mRNA translocation through the ribosome
(11,14). Within the ASL domain, the overwhelming ma-
jority of nucleoside modifications occur at either position
34 (the wobble position) or position 37 (3’ adjacent to
anticodon). In many cases, modification of the nucleoside
involves a single chemical step such as the addition of a
methyl or thiol group. Alternatively, some modifications
require multiple enzymes within a complex biochemical
pathway to produce a hypermodified nucleoside (15,16).
Scheme 1 illustrates a particularly interesting biosyn-
thetic sequence leading to the hypermodified nucleoside
2-methylthio-N°-(4-hydroxyisopentenyl)-adenosine at
adenine-37 present in tRNAs, which read codons starting
with uridine, excepting tRNASGSA) (ms2ioAss) (17).
During the last two decades, our laboratory and others
have investigated the enzymology of this biosynthetic
pathway. Initially, the dimethylallyl (A2-isopentenyl)
diphosphate:tRNA transferase MiaA catalyzes the ad-
dition of the dimethylallyl group from dimethylallyl
diphosphate (DMAPP) to the exocyclic amino nitrogen
(N%) of the Az nucleoside, forming i°Asz7 (18-20). This ini-
tial reaction is absolutely required for the next step in which
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Scheme 1. Biosynthetic pathway for ms2io®As7. The enzymes involved are: MiaA, MiaB and MiaE. DMAPP, dimethylallyl diphosphate; PPi, pyrophos-
phate; SAM, S-Adenosylmethionine; AdoH 5’deoxyadenosyl; SAH, S-Adenosylhomocysteine.

the enzymatic transformation involves the methylthiolation
of i®A3; at the C,-position to produce 2-methylthio-N°-
isopentyl-adenosine (ms?i®As7) (21,22). This challenging
reaction depends on MiaB, an iron-sulfur cluster contain-
ing enzyme that requires S-adenosylmethionine (SAM) as
a co-substrate. MiaB is thus a member of the ‘radical-
SAM’ iron-sulfur enzyme superfamily, however within
the subclass of enzymes containing two clusters (23—
25). The final transformation in this pathway depends on
MiaE which catalyzes the O,-dependent hydroxylation of
ms?i®As; to produce ms?io®Az; (26-29). MiaA and MiaB
are common in both eukaryotes and prokaryotes; however,
MiaE is found only within a small subset of facultative
anaerobic bacteria such as Salmonella typhimurium, P,
putida, Corynebacterium fascians, and Agrobacterium
tumefaciens (30,31). The only available investigations were
conducted in S. typhimurium (12,26,32,33). Indeed, early
genetic studies showed that in the absence of thiomethyl
group (miaB knockout strain) only small amounts
of N°-(cis-4-hydroxyisopentenyl)adenosine (i0°As7) are
produced, suggesting that MiaE strongly prefers ms?i®As;
over i®As; as a substrate (26). Interestingly, the S. ty-
phimurium miaE knockout strain has several important
phenotypes (32). Indeed, because this strain is unable
to grow aerobically on succinate, fumarate or malate,
whereas a miaA mutant can, it suggests 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 (32). However, the genetic reasons for this
phenotype remain unclear.

Despite the wealth of genetic, physiological and biochem-
ical data on the ms”io®A3; biosynthesis pathway, only the
reaction catalyzed by MiaA is relatively well-studied and
crystal structures of the enzyme alone and in complex with
its tRNA substrate are published (19,20,34-36). For MiaB
enzyme, no structure is available yet. After two decades
of investigation by our group and more recently by the
Booker’s group, the reaction mechanism by which MiaB in-
stalls a thiomethyl group at position 2 of the adenine is still
under debate (24,37). Regarding MiaE and from enzymo-
logical standpoint, only three papers have been published
(all with the enzyme from S. typhimurium), demonstrating
that MiaE is a member of the non-heme diiron family of
enzymes (27-29). This incredibly diverse family of enzymes,

which catalyze an impressive array of chemical oxidations,
has been identified throughout all the biological kingdoms
(38-42). In 2006, the X-ray crystal structure of a putative
MiaE protein from P putida KT2440 strain was released
to the PDB by the Joint Center for Structural Genomics
(JCSG, 2ITB). However, no analysis of this structure has
been performed and no activity was reported to confirm
such assignment. Here, in order to study the structural and
molecular basis that promote MiaE-tRNA recognition, we
decided to investigate MiaE from P. putida KT2440 strain
by combining biochemical, site-directed mutagenesis, spec-
troscopic methods and X-ray crystallography. These studies
will help to fill the gaps in the understanding of ms?i0®As;
biosynthesis.

In this paper, we report the purification, the characteri-
zation and the three-dimensional structure of the putative
MiaE protein from P. putida KT2440 strain (PP_2188). The
function of the protein as a tRNA-hydroxylase enzyme is
established. The solved structure at 1.7 A resolution con-
firms the predicted four-helix bundle fold and reveals the de-
tailed structure of the diiron cluster. Furthermore, by using
a Krypton-pressurized MiaE experiments we unravel the
presence of defined O, sites along a conserved hydropho-
bic tunnel leading to the diiron active site. Finally, care-
ful analysis of the structure, together with biochemical and
computational studies uncover the structural elements by
which MiaE recognizes the tRNA substrate. Indeed, while
MiaE retains a conventional four-helix bundle fold for di-
iron cluster coordination, an additional extension appended
to the canonical domain provides crucial residues for tRNA
recognition. Our results suggest that this extension repre-
sents a key element that allows MiaE to be specialized in
tRNA biology. More broadly, our data highlight the impor-
tance of structural appendages to canonical domains that
lead to functional diversities.

MATERIALS AND METHODS
Strains

Eschirichia coli TOP10 was used for routine DNA manip-
ulations and as naturally occurring hydroxylase-deficient
strain. E. coli RosettaTM2 (DE3) (Novagen®), Merck) was
used to produce the recombinant Wild-type protein and
mutated forms.
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Expression and purification of Wild-type MiaE protein from
P. putida (Pp-MiaE)

We obtained a commercially supplied codon-optimized
synthetic plasmid of P putida MiaE (pET,g,-MiaE,
kanamycin-resistant, containing an N-terminal hexahis-
tidine tag and a Thrombin protease cleavage site) from
Genscript. This plasmid was transformed into chemically-
competent RosettaTM2 (DE3) E. coli cells. A 500 ml ster-
ile culture erlenmeyer containing 100 ml Luria Bertani
medium (LB) supplemented with kanamycin (50 wg/ml)
was inoculated with a single colony of RosettaTM2 (DE3)
cells carrying pET,g,-MiaE. The 100 ml culture was grown
overnight at 37°C, 200 rpm and used to inoculate 10 1 M9
minimal medium on a fermenter. The minimal medium was
prepared by supplementing M9 Minimal Salts (Sigma) with
a final concentration of 20 mM glucose, 2 mM MgSQOy, 50
wg/ml kanamycin and 50 wM FeCls. The fermenter cul-
ture was grown at 37°C, 200 rpm to an ODgpy ~ 1-1.2 and
the culture was cooled at 24°C, then supplemented with ad-
ditional 50 uM FeCl; and protein production was induced
with | mM IPTG final concentration. The fermenter culture
was grown for additional 15 h. The cells were harvested by
centrifugation (4000 rpm for 20 min at 4°C). The purifica-
tion protocol was carried out 4°C. The cell pellet was sus-
pended in 100 ml of buffer A (100 mM HEPES, pH 7.5, 30
mM NaCl), sonicated and lysate clarified by ultracentrifu-
gation at 40 000 rpm at 4°C for 120 min. The supernatant
was collected and passed over Ni-NTA column (20 ml). Col-
umn was washed with 5 volumes of buffer A. Pp-MiaE pro-
tein was eluted from the column with a gradient of 0-100%
of buffer B (100 mM HEPES, pH 7.5, 30 mM NacCl, 500
mM imidazole). Fractions containing MiaE were pooled
and concentrated in a 10 000 MWCO filter in an Amicon®
Ultra centrifugal filter devices. Before to eliminate imida-
zole, the affinity His-tag was removed by thrombin pro-
tease treatment at 4°C during 3 h. The Pp-MiaE sample
was then chromatographed on a Superdex S-75 column
(GE Healthcare) previously equilibrated with buffer A. The
eluted Pp-MiaE protein was concentrated using Amicon
Centrifugal filters 10 000 MWCO. Protein purity was as-
sessed by gel electrophoresis by loading 5 j.g of protein on
Any kDa"™ Mini-Protean@® TGX™ precast gels (Bio-Rad)
with Precision Plus Protein™ Standards (Bio-Rad). Migra-
tion was achieved on a mini-Protean apparatus (Bio-Rad) at
200V for 25 min. The pure protein was divided into aliquots
and stored frozen at —80°C until use.

Site-directed mutagenesis

We obtained a commercially supplied codon-optimized
synthetic plasmid of mutated Wild-type Pp-MiaE (pET»s,-
MiaE, kanamycin-resistant) from Genscript.

In vivo Pp-MiaE activity and analysis of tRNA nucleoside
composition by HPLC

Because E. coli contains the unhydroxylated ms?i®Asz; in
its tRNAs, we used the E. coli TOP10 strain as the natu-
rally occurring ms®io®As;-deficient strain to assay the ac-
tivity of the expressing plasmids of miaE gene in vivo (26).

The E. coli TOP10 strain was transformed with the express-
ing plasmids coding for the Pp-MiaE or mutated forms
and grown in 100 ml of LB medium supplemented with
50 wg/ml kanamycin at 37°C until ODgg reached 1. tR-
NAs were isolated as described previously (43), 50-100 pg
of purified tRNAs bulk were digested to nucleosides by nu-
clease P1 and dephosphorylated by bacterial alkaline phos-
phatase treatment. The resulting hydrolysate was analyzed
by HPLC as described (44).

tRNASr(CGA) gybstrate

The overexpressing tRNA"CGA) plasmid was generously
provided by Dr M. Hartlein (45). The overproduction and
purification of tRNA"(CGA) were performed using the E.
coli TOP10 strain as described (24).

HPLC-mass spectrometry analyses of tRNA

Aliquot fractions of enzymatically hydrolyzed tRINAs were
injected on ExionLC system (SCIEX, Framingham, MA)
equipped with a 2 x 150-mm inner diameter (particle size
5 pm) reverse phase column (Uptisphere ODB, Interchim,
Montlugon, France). The separation involved a gradient of
acetonitrile in a 2 mM ammonium formate aqueous solu-
tion. The outlet of the column was connected to a UV de-
tector and the flow was then sent to the inlet of an API
6500+ quadrupolar mass spectrometer (SCIEX, Framing-
ham, MA) operated in the positive ionization mode. In a
first series of analyses, pseudo-molecular ions specifically
corresponding to ms’*i®A substrate (m/z = 382.1) and
ms?i0®A product (m/z = 398.2) were detected. The mass
spectrum corresponding to the retention times of the two
compounds was then recorded. Finally, fragmentation mass
spectra involving use of the mass spectrometer in the ion
monitoring modes were obtained.

Crystallization, data collection, structure determination and
refinement

Crystals of WT Pp-MiaE were grown by the hanging drop
vapor diffusion method at 293 K by mixing the purified
MiaE (at 20 mg/ml in 100 mM HEPES, pH 7.5, 30 mM
NaCl) with an equal amount (2 pl) of reservoir solution
(0.5 M CacCl,, 42% PEG 6k, 2 M Tris—Cl pH 8). After
a few days, crystals appeared and were swept through a
reservoir solution complemented and directly flash-frozen
in liquid-nitrogen. Data were collected at a wavelength of
0.9753 A on the European Synchrotron Research Facility
beam line ID29 (ESRF, Grenoble, France). The data were
processed XDS integration suite in space group C2 witha =
116.80A,5 =50.93 A, ¢ =76.26 Aand B =91.00 (SI, Sup-
plementary Table S1). The structure was phased by molecu-
lar replacement using 2ITB as an initial model using Phaser
(46), rebuilt in Coot (47) and refined using Phenix (48) or
Refmac (49).

Protein structure accession numbers

The atomic coordinates and structures factors for P. putida
MiaE have been deposited under PDB code 6ZMA, 6ZMB
and 6ZMC for the krypton derivative, wild type and high
pressure freezing respectively.



Light absorption

Aerobic UV-visible absorption spectra were recorded on a
Cary 1Bio spectrophotometer (Varian) for Pp-MiaE in so-
lution. In crystallo UV-vis absorption spectrum of Pp-MiaE
was recorded at icOS laboratory (ESRF, Grenoble) on a
microspectrophometer (50). Spectrum was recorded on sin-
gle crystal, which was maintained at 100 K by an Oxford
cryostream 700 nitrogen gas cryogenic cooling system, us-
ing a QE65Pro, Ocean Optics spectrometer.

Electron paramagnetic resonance spectroscopy (EPR)

X-band (~9.5 GHz) EPR spectra were acquired using a
Bruker EMX spectrometer equipped with a ER /44119 high
sensitivity resonator (Bruker) and a ESR910 Oxford Instru-
ments continuous-helium flow cryostat. For all experiments,
quartz tubes with 3 mm inner and 4 mm outer diameters
were used (VWR).

Steady state fluorescence

Fluorescence spectra of wild-type Pp-MiaE and mutants
were recorded in a 4/10 quartz cell on an Agilent fluores-
cence spectrophotometer with excitation and emission slit
widths of 5 and 10 nm, respectively and a voltage of 610
V. Proteins were excited at 295 nm, and the resulting emis-
sion was monitored from 305 to 700 nm. The fluorescence
titration for tRNA binding experiments were done using
the same instrument settings. An incubation of 10 min was
achieved after each addition of tRNASe(CGA) wwhich was
varied between 1 and 20 pM, on MiaE (10 pM) to reach
the equilibrium. The change in the fluorescence intensity of
the fluorophore as a function of tRNA concentration was
fitted to F = {[tRNA]/(Kp + [tRNA]} + a*[tRNA], where
Kp is the dissociation constant in wM and a is the slope of
the linear dependence of the quenching.

Pressure krypton derivative

The krypton crystal derivatives of Pp-MiaE were produced
using soak and freeze methodology developed at the ESRF
(51). The crystals were mounted on a specific sample sup-
ports (MiTeGen, Ithaca) and transferred into the tube of
high pressure sample cell. After 10 min of pressurization un-
der 140 bar of krypton gas, the krypton-containing crystals
were directly flashcooled still under pressure. After depres-
surization, the frozen stable derivatives were handled in lig-
uid nitrogen and transferred in standard SPINE-pucks for
data-collection. A diffraction data collection of a Pp-MiaE
Kr-derivative was collected at the krypton anomalous ab-
sorption edge (0.87 A) on the ESRF beam line ID30B. The
overall protein structure of this derivative, including the di-
iron metal cluster, is structurally isomorph to that of the
non-pressurized native enzyme. Then, the structure of the
derivative was solved by molecular replacement using the
native model, on the basis of which an anomalous electron
density map was computed.

High-pressure cryo-cooling

Crystals of Pp-MiaE were processed using a high-pressure
cooling system developed and available at the ESRF (52).
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The crystals were harvested directly from crystallization
trays using specific sample supports (MiTeGen), and trans-
ferred into the pressurizing tubes of the high pressure cool-
ing machine. The crystals, installed at the upper part of
tubes at ambient temperature, were pressurized under 2000
bar of argon, while the lower part of the tubes was cooled
in liquid nitrogen. After an equilibration time of 5 min. the
crystals, still under pressure, were dropped and flash-cooled
at 77K in the bottom part of the tubes. Finally, the crys-
tals of Pp-MiaE were depressurized and handled at 77K to
preserve the stability of the cryo-trapped pressure-induced
structural modifications, and stored in liquid nitrogen. Data
were collected at a wavelength of 1.77 A on the ESRF beam
line ID30B.

Molecular docking of the Pp-MiaE protein with tRNA sub-
strate

To generate the structural model for the MiaE-tRNA com-
plex we used the crystal structure of E. coli unmodified
tRNAP" PDB ID 3L0U, that we docked to Pp-MiaE us-
ing the HADDOCK online server (53). To guide the dock-
ing we defined several residues and bases of Pp-MiaE and
tRNAPhe respectively to be part of the interaction (see Re-
sults section).

Tunnel computation

Internal channels and their properties were computed and
analyzed using the software MOLEonline 2.0 (54). Both na-
tive and krypton-derivative structure coordinates files were
successively used as input model to compute the channels,
and the two calculations result in similar tunnels archi-
tectures. The parameters used for these calculation were
marginally adapted from the default values of the program.
Importantly, the starting point of the channel were speci-
fied to be in a sphere of 5 A radius with its origin precisely
positioned in front of the two iron atoms. Iron atoms are
taken into account in the tunnels calculation. The default
setting values of the program were retained for the bottle-
neck radius (minimum allowed radius of the channel) and
the bottleneck tolerance, i.e. 1.1 and 3 A respectively.

Computer programs for figures

Structural figures were generated using PyMOL (DeLano
Scientific, Palo Alto, CA, USA). The electrostatic potential
surface models were calculated using APBS (55). The amino
acid sequence alignment was generated using ClustalW 1.83
(56).

RESULTS AND DISCUSSION

PP_2188 gene from P. putida KT2440 strain encodes a tRNA-
(ms?i0®A37)-hydroxylase enzyme

In 2006, the presence of a putative miaE gene (pp2188)
in P. putida KT2440 strain genome, was speculated on the
basis of the 3D structure of the protein encoded by the
pp2188 gene by the Joint Center for Structural Genomics
(JCSG, 2ITB). However, no tRNA hydroxylase activity was
reported to confirm such assignment. Knowing that E.
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coli has only ms?i®As; in its tRNAs, and lacks miaE gene,
we used it as a naturally occurring hydroxylase-deficient
microorganism to test the functionality of pp2/88 gene.
The pETag,-MiaE plasmid was assayed in vivo by trans-
forming E. coli TOPI10 strain. Cells were grown at 37°C
in LB medium, and tRNAs were then isolated, digested
and their modified nucleosides were analyzed by HPLC, as
described previousely (44). As expected, tRNAs from the
control strain (TOP10), which was transformed with the
parental pET»g, lacking pp2188 gene, showed an accumula-
tion of ms2i®As; that elutes at ~72 min with no evidence for
the presence of ms?i0®As; (Figure 1A, black trace). How-
ever, tRNAs isolated from the complemented strain showed
the presence of ms?i0®A3;, which elutes at ~63 min (Figure
1A, red trace). The identity of ms?i®A3; and ms”io®As; was
further confirmed, first by their chromatographic retention
times and UV-visible spectra (Figure 1B and C respectively)
(44) and second by HPLC to coupled mass spectrometry
analysis. The respective protonated pseudo-molecular ions
MH?* were found at m/z = 382.1 for ms?i®A3; and m/z =
398.2 for ms?i0®As; (Figure 1D and E respectively), in good
agreement with the theoretical values for the unprotonated
molecular weights of 381.15 and 397.14, respectively. Fur-
ther support for the proposed structures was provided by
the mass fragmentation spectra which exhibited a loss of a
ribose unit as well as loss of the i°, i0® and ms? side chains
[see supporting information (SI) Supplementary Figure S1].
This result unambiguously demonstrates that the product
of pp2188 gene from P. putida encodes a tRNA-hydroxylase
MiaE enzyme which is functional in vivo and selectively in-
volved in the conversion of ms%i®As; to ms2i0®As;.

Expression, purification and biochemical characterization of
MiaE from P. putida (Pp-MiaE)

The E. coli RosettaTM2 (DE3) strain was transformed us-
ing the expression vector pETg,-MiaE. IPTG induction of
the transformed E. coli cells resulted in the overproduction
of a mainly soluble protein that migrates at ~24 kDa on
SDS gels. After the final step of purification, the purity was
evaluated by SDS/PAGE to be >95% (SI, Supplementary
Figure S2-1-A and B). The apparent molecular weight of
Pp-MiaE determined by analytical gel filtration chromatog-
raphy (Bio SEC-3 Column from Agilent) is approximately
50 kDa. This is twice the expected 24 kDa mass for a sin-
gle copy of the protein, indicating that Pp-MiaE forms a
stable homodimer («;) in solution (SI, Supplementary Fig-
ure S2-2). Although this dimeric a, configuration of Pp-
MiaE is the most commonly observed quaternary struc-
tures among the non-heme diiron enzymes family, this re-
sult is surprisingly in stark contrast of that reported for
the monomeric MiaE from S. typhimurium (27,28). Early
bioinformatic sequences analyses of enzymes involved in
the biosynthesis pathway of ms?io®A;; revealed that MiaE
proteins clusters mainly into two groups (31). The first
one contains the already characterized enzyme from S. 7y-
phimurium, with monomeric o configuration, whereas the
second group, now characterized, is homodimer, «;. Se-
quences analyses showed that MiaE from P. putida and S.
typhimurium shares 51% of identity. Both group contain
unifying motifs such as two conserved copies of short se-

quence YEXXH’? and P'EXXH"* separated by approxi-
mately 78 residues and a highly conserved sequence motif
I2EARSCERF'? (numbering corresponds to Pp-MiaFE).
Interestingly, one characteristic feature which could explain
the difference in the quaternary structures of the MiaE en-
zymes is the presence of an insertion of about 47 residues
in monomeric MiaE proteins (! KX47R'%® in MiaE from S.
typhimurium) (S1, Supplementary Figure S3).

UV /visible and EPR characterization of Pp-MiaE

The absorption spectrum of as-isolated Pp-MiaE reveals, in
addition to the band at 280 nm corresponding to protein ab-
sorption, two distinct bands at 320 and 370 nm (Figure 2A).
This is typical of oxygen-bridged dinuclear non-heme iron
systems and are attributable to an oxo-to-Fe!!' charge trans-
fer transition as observed for MiaE from S. thyhimurium
(27,28) and other proteins containing p-oxo-bridged di-
iron clusters, including ribonucleotide reductase (RNR)
and stearoyl-ACP desaturase (A°D) (42,57). Similarity to
these enzymes is further supported by EPR spectroscopy.
The spectrum of the as-isolated enzyme displays two dis-
tinct contributions. Whereas the weak g = 4.3 signal is as-
sociated with mononuclear adventitiously bound ferric ions
(Figure 2B, top), the g, = 1.80 (1.90 and 1.72) value is
characteristic of an antiferromagnetically coupled (S=1/2)
mixed-valent [Fef ,—Fe{. 1] center. Controlled chemical
reduction of Pp-MiaE with buffered sodium dithionite re-
sulted in an increase of the g,y = 1.80 signal intensity (Fig-
ure 2B, middle) and the appearance of a g ~ 16 feature
(S =4) consistent with slight reduction of the mixed-valent
cluster to its corresponding diferrous state. Addition of a
large excess of reductant finally led to almost full conver-
sion (Figure 2B, bottom). It is worth noting that the present
spectroscopic characterization of Pp-MiaE is in agreement
with previous characterization of S. typhimurium, which
also revealed a mixed-valent state [Fell ,—Fells /2] In the
as-isolated enzyme (27). However, these results are in con-
trast with those published by Pierce’s group indicating that
no mixed-valent species could be detected by either EPR or
Mossbauer spectroscopy (29).

Overall structure of Pp-MiaE

The structure of Pp-MiaE was determined by molecular re-
placement using as model the PDB entry 2ITB (from P,
putida). The Pp-MiaE model has been refined to an R fac-
tors of Ryor of 18.8% and an Ry of 21.7%. Here, the
resolution of 1.7 A is significantly improved than previ-
ously reported for the 2ITB. A summary of diffraction data
collection, phase determination, and structure refinement
is shown in SI, Supplementary Table S1. The Pp-MiaE
structure is mainly a compact single domain with predomi-
nantly a-helical secondary structures as predicted (31) (Fig-
ure 3A). In the asymmetric unit, two Pp-MiaE monomers
intertwine to form a homodimer () with 1041A? of inter-
face area per monomer, as calculated by PDBePISA (Figure
3B). In each monomer, the N-terminal domain is ordered
and only the first two amino acid residues are not observed.
The next 25 residues form an extended loop followed by a
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Figure 1. In vivo activity. (A) HPLC chromatograms of tRNA hydrolysates obtained from E. coli TOP10 strain (Black), in vivo complementation of TOP10
transformed with pET,g,-MiaE (red), pET2s,-MiaE-K49D (blue), pET2s,-MiaE-RoE (green). (B and C) UV-visible spectra of ms?i°A and ms?io®A
respectively. (D and E) Fragmentation mass spectra of the compounds at m/z that corresponds to the H -protonated pseudo-molecular ion for ms2i®As;
and msZio®A3; respectively (MH* = 382.15 and 398.14). Red arrows indicate the decrease of the substrate (ms2i®A37) and the increase of the product

(ms2io®Asz7).

short a-helix (L3-E28, Figure 3A, in cyan). This N-terminal
domain is connected to the a;-helix of the catalytic domain,
which is folded in the canonical four-a-helix bundle («, s,
a3 and ay) (Figure 3A, in green), conserved in the non-heme
diiron enzyme family (58-62). These four-a-helices provide
amino acid residue ligands to the diiron active site (Figure
3C, see the diiron core description in the section below). An
intermediate loop of ~26 amino acid residues (*3RX,,P'%%)
connects the a; and a3 helices of the catalytic domain (Fig-
ure 3A, in magenta). Finally, the structure is completed
with the C-terminal part of the protein, which constitutes
mainly a fifth a-helix ending with a short loop (Figure 3A,
in blue).

The dimerization contacts of Pp-MiaE are mainly due to
salt bridges and hydrogen bonds between «, of monomerl

and o, of monomer2 involving residues Ser®®, Arg®’, His”?
and Glu’ of each helices. Additional weak hydrophobic
contacts involve the helix a; of monomerl with o; of
monomer2 (SI, Supplementary Figure S4). Interestingly,
this dimerization configuration of Pp-MiaE forms a con-
cave cavity of funnel-shape (Figure 3B, in green), the area
of which is delimited by the intermediate loop (Figure 3B,
in pink). Thus, this spatial juxtaposition highly suggests the
location of the tRNA binding site. The dimension of the
cavity is sufficiently wide to accommodate the ACS Loop
domain of the tRNA substrate. This inference is strongly
supported by the electrostatic potentials of the concave sur-
face and the intermediate loop which are positive (See sec-
tion describing the electrostatic potential below) and likely
to interact with negatively charged tRNA molecule.
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Figure 2. Spectroscopic characterization of Pp-MiaE enzyme. (A) UV—
visible absorption spectrum of purified Pp-MiaE in 100 mM HEPES pH
7.5, containing 30 mM NaCl. The sample concentration (1mg/ml). Arrows
indicate the 320-nm and 370-nm iron charge transfer bands. (B) X-band
EPR spectrum of the Pp-MiaE protein (1 mM) in 100 mM HEPES pH 7.5
containing 30 mM NaCl. As-isolated enzyme (top), semi-reduced (middle)
and fully-reduced (bottom). Arrows indicate g-values. The weak signal in-
dicated by * at g & 2.00 corresponds to contaminating Cu?* from the EPR
cavity. Experimental conditions: temperature 4 K, microwave power | mW,
modulation amplitude 10 mT, modulation frequency 100 kHz.

Diiron core of Pp-MiaE

The diiron active site is buried within the center of the four-
a-helix bundle and is fully occupied in the crystals. In the
two monomers of the asymmetric unit, the diiron clusters
share the same set of amino acid ligands (Figure 3C). The
calculated Fe-Fe distances of 3.19 and 3.24 A are consis-
tent with a diferric state. Indeed, a Fe-Fe distance of ~4.2
A was determined for the diferrous form (61). Further ev-
idence of the oxidized state is provided by the presence of
a w-oxo bridge, the density of which is clearly observed in
both monomers and an oxo ligand was modeled at the .-
bridging position. This assignment is consistent with the
solution and in cristallo UV /Vis absorption spectra of the
protein (Figure 2A and SI, Supplementary Figure S5) and
in line with previously reported optical spectra of other di-
iron(III) enzymes (63-65). In addition to the w-oxo bridge,

each iron is coordinated by several residues of the active
site. Fe; coordinates (N)His!**, (0)Glu'??, (O)Glu'! and
(0)GIu®, the latter forming a bridge across the two iron
ions. Fe, interacts directly with His’?, Glu*® and Glu® and
its coordination sphere is completed by a water molecule H-
bonded to the dangling oxygen atoms of Glu*® (Figure 3C).
This feature was reported for MMOH and toluene/o-xylene
hydroxylase (62,66). The coordinative bonds to the car-
boxylate oxygen atoms range from 2.03 to 2.34 A, whereas
the two Ns—Fe bonds are between 2.27 and 2.50 A. In a nut-
shell, the diiron cluster of Pp-MiaE displays an oxygen-rich
coordination (Figure 3-C). During refinement, a positive
peak in the difference electron density omit map (F, — F) in
the vicinity of the diiron cluster was observed, which indi-
cates the presence of an exogenous ligand (SI, Supplemen-
tary Figure S6). Thanks to the high quality of the electron
density map, it was possible to model (in the last refinement
cycle) this ligand as a Tris molecule that likely originates
from the crystallization buffer (SI, Supplementary Figure
S6).

Krypton pressurization of Pp-MiaE crystal reveals a well-
defined O, tunnel

Diiron hydroxylases require molecular oxygen for substrate
hydroxylation and its diffusion into the active site is a
key process in the reaction mechanism. Since the diiron
cluster is buried into the catalytic domain, we therefore
sought to detect experimentally whether possible O, bind-
ing sites or oxygen transport pathways exist in Pp-MiaE. It
is known that krypton/xenon atoms are surrogates of O,,
therefore they could be used to investigate the presence of
O,-diffusion tunnel(s) that connect the exposed surface to
the active site. The krypton derivatives were prepared and
the X-ray data collected. The anomalous electron density
map at Kr-edge revealed a total of four distinct positive
peaks above 3.5 o (Figure 4A, in blue), which were unam-
biguously attributed to krypton atoms. However, in the re-
fined structure, only two of these four krypton atoms (Kr
and Kry) corresponding to the strongest anomalous peaks
were positioned (Figure 4A). The remaining ones were dis-
carded since their occupancy is below 0.1. Careful analy-
sis of the krypton sub-structure reveals a narrow and very
deep channel (~29.4 A in length, tunnel 1, in yellow; Figure
4B and SI, Supplementary Figure S7) that runs through the
four-a-helix bundle from the surface of the protein to the di-
iron cluster (tunnel 1, in yellow SI, Supplementary Figure
S7). The tunnel network is formed by amino acid residues
GIn?, Leu®, Leu’!, His**, Phe'®, Leu'?®, Leu!0, Tyr!#
and Phe!®. All are strictly conserved in known tRNA-
hydroxylase MiaE from S. typhimuriun and P. putida (SI,
Supplementary Figure S3). Therefore, it is likely that the
characterized hydrophobic route serves as a specific O,-
diffusion tunnel from the protein surface to the diiron clus-
ter.

To further support our experimental tunnel detection,
tunnel calculations using the MOLEonline 2.0 program (54)
(see Materials and Methods section) were performed (Fig-
ure 4B). Two pathways were detected: a long channel (29.4
A) that displays a hydrophobic nature (tunnel 1, in yellow
Figure 4B and SI, Supplementary Figure S7), and a short
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Figure 3. Overall structure of Pp-MiaE. (A) Ribbon diagram of Pp-MiaE monomer, the four-a helices bundle domain labeled a to a4 (in green), encloses
a catalytic diiron active center drawn as sticks and spheres. The N-terminal domain is drawn in cyan, the intermediated loop in magenta and the C-terminal
domain in blue. (B) Quaternary structure of Pp-MiaE. The backbone of the two molecules are shown in cartoon representation. A non-crystallographic
two-fold axis of symmetry (dash black arrow) relates the two monomers of the asymmetric unit. The colors of the surface show the arrangement of the
domains. (C) The diiron active site. The two iron atoms are represented as orange spheres, the coordinating residues as sticks. The electron density maps
(2F, — F.), which is displayed as blue grid contoured at 2o. NCS means non crystallographic symmetry. The Tris ligand was omitted for clarity (see SI,
Supplementary Figure S6).
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Figure 4. Krypton-derivative structure of Pp-MiaE. (A) Ribbon representation of the krypton-derivatized Pp-MiaE. The anomalous electron density map
contoured at 3.3¢ (colored in blue) is superimposed on the 4 krypton atoms shown as spheres (in red, zoom). The two iron atoms are represented in orange
encountered by its anomalous maps in gray. (B) Representation of the Pp-MiaE internal channels computed by the MOLEonline program. Tunnel 1 (in
yellow surface) fits perfectly with the four krypton atoms line and corresponds the gas diffusion route (zoom). Tunnel 2 comprises two branches (2a and

2b in gray surface).

one (25.2 A) subdivided in two branches (in grey, tunnel 2a
and 2b and SI, Supplementary Figure S7) that appears to
be mainly lined by positively charged residues. Therefore,
the hydrophobic tunnel 1, which in addition perfectly fits
the line of four krypton atoms observed in the structure of
MiaE Kr-derivative (Figure 4B and SI, Supplementary Fig-
ure S7), is confirmed as being the channeling O, route from
the protein surface to the active site. On the contrary, the
positively charged tunnel 2 was not labeled by any Kr atoms
in the Kr-derivative structure and could be consequently the
entry point for the tRNA ACS loop containing the base 37
to be modified. This inference is consistent with the electro-
static potential surface of Pp-MiaE as discussed below.

Electrostatic potential of Pp-MiaE reveals tRNA binding site

Since attempts to crystalize the Pp-MiaE/tRNA complex
were unsuccessful, we investigated this interaction through
the search of positively charged amino acid residues that
are located within the concave surface and the intermedi-

ate loop. We identified Lys®, Lys*, Lys!, Arg!?, Arg!®!
and Lys'!?, which are all solvent accessible and thus pos-
sible tRNA interacting sites (Figure 5SA). The electrostatic
potential distribution of the Pp-MiaE surface was calcu-
lated using the APBS program (55). The result revealed two
positively charged areas (Figure 5B, dash lines circled) in
the vicinity of the active site. In these areas, two of the six
positively charged residues, Lys*’ and Arg!'®, which are di-
rectly bordering the diiron site entrance, caught our atten-
tion (Figure 5B). Interestingly, Lys* is located on the o
helix within the concave cavity, while Arg!® belongs to the
intermediate loop (3*RX,4P!%) that displays a high isoelec-
tric point of 12.

To clarify whether these selected residues are involved in
tRNA recognition, we conducted a site-directed mutagene-
sis study. The positively charged residues Lys* and Arg!®
were replaced with negatively charged residues, aspartic
acid (Asp) and glutamic acid (Glu) yielding Pp-MiaE-K 4D
and Pp-MiaE-R o E respectively. A double mutant Pp-
MiaE-K4)D-R g E was also generated. Using the in vivo as-
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Figure 5. Charges surface studies of Pp-MiaE. (A) Location of the positively charged residues in Pp-MiaE. The selected residues belongs to the surface
surrounding the active site (i.e. the a3 helix and the intermediate loop) and are solvent-accessible (the light blue surface represents the solvent-accessible
area). (B) Electrostatic surface potential representation. The color code is ranked from red for the most negative area to blue for positive ones. The areas
indicated with dashed lines highlight the positively charged residues in the close vicinity of the diiron cluster in red, including Lys** and Arg!®’ (zoom).

say, we observed that the E. coli TOP10 strain transformed
with pEnga-MiaE-K4OD, pEnga-MiaE-Rl()oE and pEnga-
MiaE-K4D-RjoE (each expressing a different Pp-MiaE
mutant) was unable to produce the ms*io®A3; modified nu-
cleoside (Figure 1-A, blue and green traces). This loss of
activity may be due either to a destabilization of the three-
dimensional structure of MiaE caused by the mutation or to
the perturbation of the tRNA binding given the position of
these positively charged residues in Pp-MiaE (Figure 5B).
In order to verify these two possibilities, the recombinant
proteins of the mutants were overexpressed and purified to
homogeneity. These experiments showed that all three mod-
ified forms of MiaE are expressed and purified like the wild-
type protein (SI, Supplementary Figure S2-1 A and B and
SI, Supplementary Figure S8). The study of the steady state
tryptophan fluorescence of proteins and particularly that of
of metallo-proteins is a powerful tool to probe the structural
changes in proteins (67). Interestingly, Pp-MiaE contains
only one tryptophan residue, Trp'®, located at roughly ~15
A away from the diiron center. Any changes in quaternary,
tertiary and even secondary structures are expected to af-
fect the quantum fluorescence yield of Trp!® as well as the
polarity of its environment. As shown in SI, Supplementary
Figure S9, the maximum fluorescence wavelength (Ayax) of
the wild type Pp-MiaE is observed at 326 nm indicating that
Trp' is in a hydrophobic environment whereas this value is
325 nm for the MiaE-K49D and MiaE-R o E demonstrat-
ing that the Trp'® environment is not modified by the muta-
tions (SI, Supplementary Figure S9A). In addition the flu-
orescence intensity of Trp!® is similar in the three proteins
suggesting that the distance between this residue and the
diiron center is not altered. These results strongly suggest
that MiaE-K49D and MiaE-RyE conserve the wild type
structure. Advantageously, the addition of tRNA to MiaE
produces a steady quenching of Trp'® fluorescence. There-
fore, to investigate the effect of the mutation on the stability
of the MiaE/tRNA complex, the affinity of the wild type,
K4oD and R E for tRNASe(CGA) were determined from
fluorescence titration experiments (SI, Supplementary Fig-
ure S9B). The resulting tRNA binding curves are shown
in SI, Supplementary Figure S9C. The curves f(F) versus

[tRNA]describe an hyperbolic function, consistent with the
formation of a protein/tRNA complex, with nonetheless
the presence of a linear contribution («), which could arise
from a non-productive complex. Data analyses allowed to
estimate an apparent dissociation constant Kp of ~ 7 uM
=+ 0.7 for the wild type whereas this value increases to 32 +
4 and 58 + 7 wM for MiaE-K 4D and MiaE-R o E, respec-
tively. Furthermore the « value of 0.007 nm~" in the wild
type protein is increased by 2-fold in the mutants.

Taken together, the in vivo activity of the mutated protein
and the electrostatic potential analysis of the Pp-MiaE sur-
face strongly suggest that the selected amino acid residues
are indeed involved in the tRNA binding.

Structural plasticity of the intermediate loop

The intermediate loop (3*RX,4P!%) is the longest poorly-
structured segment of the enzyme that displays the high-
est Debye—Waller temperature factors (B-factors), as com-
pared to the remaining folded part of the structure (SI,
Supplementary Figure S10B and D). We thus hypothesized
that this loop could be involved in the tRNA recognition
and should adopt different conformational sub-states to
adapt and/or grasp the tRNA. High pressure cryo-cooling
method (see Materials and Methods section) was used to
explore the potential conformational flexibility of this inter-
mediate loop (SI, Supplementary Figure S10-A) (68). The
resulting pressurized structure of Pp-MiaE displays a mean
atomic B-factor twice higher compared to that of the na-
tive enzyme (79.3 A2, SI, Supplementary Table S1). The
three-dimensional representation of the protein B-factors
(SI, Supplementary Figure S10-B) clearly shows that the
four-a-helix bundle domain forms the stable core of the
enzyme and corresponds to valleys of low B-values, while
non-structured loops are agitated and corresponds to peaks
(SI, Supplementary Figure S10D). Especially, Supplemen-
tary Figure S10D confirms that the intermediate loop is in-
deed the most agitated structural element. Unexpectedly, a
short central sector between residues 88 and 95 is relatively
stable and resistant to pressure effects. A careful structural
analysis reveals that residues Arg®®, Ser®', Arg’* and Tyr®
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Figure 6. Model of Pp-MiaE/tRNA complex. Ribbon diagram of the proposed model for the complex formed between Pp-MiaE and E. coli tRNAPe,
(A) Superimposition of the best docking solution of the 6 clusters generated by the HADDOCK program (tRNA is in yellow). (B) Ribbon diagram of the
best solution. Panel C displays a zoom of the ACS loop of tRNA (in yellow, the adenine 37 is in red) in contact with the intermediate loop of Pp-MiaE (in

magenta).

are involved in hydrogen bonds with adjacent residues of
the stable core of Pp-MiaE, providing a relative stability to
this segment.

A model for Pp-MiaE/tRNA interaction

Structural and biochemical information were gathered and
integrated to drive in silico a docking simulation between
Pp-MiaE (PDB 6ZMB) and E. coli tRNAP" substrate
(PDB 3L0U) using the program HADDOCK (High Am-
biguity Driven biomolecular DOCKing) (53). Lys* and
Arg'® are observed in the structure as directly bordering
both sides of the Pp-MiaE active site entrance and ac-
cessible on the surface of the enzyme (Figure 5B). Fur-
thermore, site directed-mutagenesis demonstrated that both
residues are essential for the activity of the enzyme (Fig-
ure 1A). Therefore, in the docking program input param-
eters, we simply introduced these two positively charged
residues, as the initial surface recognition site where the
nucleotide Ajz; of the ACS loop of the tRNA should
lodge. The docking simulation generated 178 models of Pp-
MiaE/tRNAP" complexes, which were gathered and classi-
fied within six clusters ranked according to their Haddock
scores (accounting for the cluster size, complexation ener-
gies, buried surface and Z-score). Although these docking
models should be treated with some precaution, since fur-
ther large conformational changes of both partners could
take place upon complexation, however, the superimposi-
tion of the best docking structure of each cluster (Figure
6A) reveals a relatively low dispersion in tRNA spatial po-
sitioning with respect to the enzyme. This indicates a good
stability for the docking simulation that results from the
input data introduced into the program. The best cluster
model (top HADDOCK score) led to the final structure of
the Pp-MiaE/tRNAPh® complex (Figure 6-B). The model
reveals only few contacts between Pp-MiaE and tRNAPhe,
in addition to the selected Lys*’ and Arg'® we found that
Lys®, Lys’!, Arg!®! and Lys''? interact with G4, C41, Gog,
Aj7 and Asg. Interestingly, the anticodon region including
G4, Aszs, Azg and Az all have their bases moieties in con-
tact with the intermediate loop (3*RX»4P'%), and in par-
ticular with the short stable sector 88-95 described above.

The Aj;, which contains the isopentenyl group, is correctly
positioned at the entrance of the diiron active site (Figure
6C). Furthermore, the docking model reveals a good mor-
phologic complementary between the respective tRNAP"®
and Pp-MiaE contact areas. We also observed a slight flex-
ibility of the intermediated loop that adapts and fits the
morphology of the ACS-loop (Figure 6C). On the basis of
this model, we speculate that the stable sector 88-95 of the
intermediate loop could serve as prime recognition struc-
tural element for the tRNA anticodon, and that thereafter
the whole intermediate loop would further need to undergo
swinging movement to clamp the ACS loop over the active
site (Figure 6C) and allow the Aj; isopentenyl group pene-
trating the active site for the hydroxylation to proceed. This
conformational change acting as a clamp is reminiscent of
the MiaA/tRNA complex interaction mechanism that has
been evidenced by X-ray crystallography (19).

To get further support the docking model of the Pp-
MiaE/tRNAP" complex, we compared our model with
all available structures reporting protein/tRNA complexes
(SI, Supplementary Figure S11). To date, nine enzymes
that modify the anticodon helix of tRNA, whose struc-
tures have been solved with their respective intact or
fragmentary tRINA substrates that are the following: Zy-
momonas mobilis tRNA guanine transglycosylase com-
plexed with ASL™" (PDB code: 1 Q2R) (69); Staphylococcus
aureus TadA with ASLA™® (2B3J) (70); E. coli MnmA with
tRNACM 2DEU) (71); E. coli RIuA with ASLPhe (2782)
(72); E. coli TruA with tRNAU (2NR0) (73); bacterial
MiaA orthologues with tRNAP" (PDB code: 2ZMS5 and
27XU) (19); Methanocaldococcus jannaschii TrmS with
tRNAL (2ZZM) (74); Haemophilus influenzae TrmD with
tRNAS™ (4YVT) (75) and E. coli RImN with tRNAS
(5HRG6) (76). Consistently with our docking model, care-
ful examination of all the above structures, using the web
application COCOMAPS (77) dedicated to the analysis
of the biological complexes interfaces, revealed that the
enzyme/tRNA interaction arises via a restricted contact
area and also involves only a few number of amino acid
residues (3 to 9) (SI, Supplementary Figure S11). Neverthe-
less, in order to validate such an interpretation, X-ray data
for Pp-MiaE in complex with its substrate will be required.
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CONCLUSION

A carful survey of MODOMICS database of RNA mod-
ifications (https://iimcb.genesilico.pl/modomics/) indicates
that among all the enzymes that modify the anticodon helix
of tRNA (positions 32-38), there are ~30 enzymes whose
structures have been solved. In particular, only eight of
these enzymes that act at the ACS loop has been solved in
complex their respective substrate. This observation shows
that obtaining crystals of protein/tRNA complexes for
structural determination is a major challenge. MiaE is the
only member of tRNA-modifying enzyme that belongs to
the carboxylate-bridged nonheme diiron protein family, for
which a structural determination is now available. The bio-
chemical studies reported herein unambiguously demon-
strate that the enzyme encoded by pp-2188 gene from P
putida KT2440 strain is a tRNA-hydroxylase that catalyzes
the O,-dependent post-transcriptional allylic hydroxylation
of a hypermodified nucleotide ms?i®A3; at position 37 of
selected tRNA molecules to produce ms’io®As;. Spectro-
scopic investigation shows that the spectroscopic finger-
prints characterizing the enzyme MiaE from P, putida are
very similar to those previously obtained from Salmonella
typhimurium enzyme (27-29). The crystal structure reveals
that Pp-MiaE consists of a compact single domain predom-
inantly composed of a-helices. The catalytic domain dis-
plays a conserved canonical four-a-helix bundle fold that
houses the diiron cluster. The two iron ions are observed
to be bridged by a p-oxo group, which probably corre-
sponds to the form [Feg. s »n—0— Feg!s /2] of Pp-MiaE in
the resting state. Importantly, our structural studies high-
light the structural elements of Pp-MiaE that are specifi-
cally involved in the interaction with its substrate and co-
substrate. A narrow hydrophobic tunnel is shown to chan-
nel molecular oxygen from the enzyme surface to its ac-
tive site. In contrast, a wide hydrophilic cavity is proposed
to chemico/stereo-selectively host and position the target
ms’i®A3; base nearby the active site for further hydroxy-
lation. Finally, a non-canonical flexible loop in positively
charged residues rich region (lysines and arginines) is pro-
posed to be involved in the tRNA docking and grasping
processes.

Diiron monooxygenases are involved in the oxidation
of a wide variety of substrates. However, such enzymes
are rarely reported to catalyze the oxidation of biologi-
cal macromolecules. Only two examples are described so
far, MiaE and deoxyhypusine hydroxylase involved in the
posttranslational modification of a critical lysine residue
of eukaryotic translation initiation factor 5SA (78). In all
cases reported so far, the enzymes belongs to the family of
Fe(II)- and 2-oxoglutarate-dependent monoiron monooxy-
genases (79-82). This raises many interesting questions
concerning the mechanism by which the active site of
MiaE controls the transfer of an activated oxygen atom
to the dimethylallyl group of adenine-37 of a tRNA sub-
strate. This, in particular, will require the determination
of the three-dimensional structure of the protein/tRNA
complexes. This investigation is currently ongoing in our

group.
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The atomic coordinates and structures factors for P. putida
MiaE have been deposited under PDB code 6ZMA, 6ZMB
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