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ABSTRACT: Queuosine is a structurally unique and functionally
important tRNA modification, widely distributed in eukaryotes and
bacteria. The final step of queuosine biosynthesis is the reduction/
deoxygenation of epoxyqueuosine to form the cyclopentene motif
of the nucleobase. The chemistry is performed by the structurally
and functionally characterized cobalamin-dependent QueG.
However, the queG gene is absent from several bacteria that
otherwise retain queuosine biosynthesis machinery. Members of
the IPR003828 family (previously known as DUF208) have been
recently identified as nonorthologous replacements of QueG, and
this family was renamed QueH. Here, we present the structural
characterization of QueH from Thermotoga maritima. The structure
reveals an unusual active site architecture with a [4Fe-4S]
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metallocluster along with an adjacent coordinated iron metal. The juxtaposition of the cofactor and coordinated metal ion predicts
a unique mechanism for a two-electron reduction/deoxygenation of epoxyqueuosine. To support the structural characterization, in
vitro biochemical and genomic analyses are presented. Overall, this work reveals new diversity in the chemistry of iron/sulfur-
dependent enzymes and novel insight into the last step of this widely conserved tRNA modification.

B INTRODUCTION

Post-transcriptional modifications of transfer RNAs (tRNAs)
are common and essential steps, providing functional and
structural elements for key players in protein translation."”
The modifications range from, relatively simple, nucleoside
methylation to de novo production of hypermodified bases.
Modifications contribute to tRNA stability, folding, and fidelity
of decoding.”~> tRNAs lacking modifications have an
accelerated decay rate, accompanied by loss of aminoacylation
function.”” tRNA modifications can also affect the function of
the overall translation machinery, such as aminoacyl-tRNA
synthetases, in addition to playing a key role in the decoding
capacity of the machinery.®

The hypermodified nucleoside queuosine (Q) is common at
the wobble position of the anticodon stem loop (ASL) of
tRNAs that encode for Asn, Asp, His, or Tyr (G/Q-U-N
anticodon motif)."*™"' Q was discovered a half-century ago;
yet, its molecular mechanism of function remains vaguely
defined. Although Q is not required for cell growth under
ordinary conditions, the absence of Q_reduces fitness under
stress, as well as translational accuracy.”'*'® In eukaryotes, Q-
tRNA levels control the translational speed of the Q-decoded
codon and suppress second-position misreading.'"> Q is
broadly distributed in bacteria and eukaryotes, but only
bacteria are capable of de novo biosynthesis.'® The correspond-

© 2021 American Chemical Society
3152

7 ACS Publications

ing free base queuine (q) is salvaged by eukaryotes and
considered a micronutrient for humans.'” The biosynthesis of
Q starts from GTP requiring GTP cyclohydrolase I, along with
the QueDECF enzymes, to produce the intermediate PreQ,
(Figure S1).11618 {tRNA guanine transglycosylase (TGT) then
inserts PreQ, into a tRNA.'>"? The final two enzymatic steps
are completed by the bacteria-specific tailoring enzymes QueA
and QueG/QueH (Figures la and §1).207* Salvage pathways
have been described where YhhQ specifically transports PreQO
and PreQ, and a representative example is in Escherichia coli.”®
In addition, two Q salvage mechanisms have been charac-
terized in some pathogenic and commensal bacteria, which
include transporters of Q and/or biosynthetic precursors, a
specific TGT enzyme, along with queuine lyase.”

The final enzyme in the Q Dbiosynthetic pathway,
epoxyqueuosine reductase (EC 1.17.99.6 QueG), catalyzes
the reduction/deoxygenation of epoxyqueuosine (0Q) to yield
the Q-incorporated tRNA (Figure la).”"** QueG is a member
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Figure 1. Epoxyqueuosine reductase, QueH. (a) Reduction and deoxygenation of epoxyqueuosine catalyzed by QueG (cobalamin-dependent) or
QueH. (b) Overall structure of Thermotoga maritima showing iron (orange), chloride (green), and sulfur (yellow) atoms.

of the cobalamin/[4Fe-4S] enzyme family, and its activity was
assigned to the yjeS gene by systematic screening of E. coli
genes.25 Protein structures of QueG from Streptococcus
thermophilus and Bacillus subtilis confirm a cobalamin/[4Fe-
4S] redox chain, along with a HEAT-like protein/RNA
interaction domain, and the enzymatic mechanism has been
proposed to involve reduction via a cobalt—carbon-bound
intermediate.”*”” QueG orthologs could only be identified in
694 out of 1273 eubacteria genomes examined that also harbor
tgt and queA homologs.”” Using a comparative genomics
approach on bacterial genomes lacking queG, epoxyqueuosine
reductase activity was assigned to the DUF208 gene family, in
some instances located proximal to fgt and queA. An opposite
distribution pattern between duf208 genes and queG suggests
that duf208 can fill the gap in genomes missing queG. Indeed,
in an E. coli mutant, heterologous expression of duf208 from
different species restores the functional conversion of 0Q to Q,
establishing DUF208 as a nonorthologous replacement of
QueG in vivo, and the family was renamed QueH (Figure
la).”” The QueH family (IPR003828) was previously
annotated as a member of the ATPase, adenine nucleotide
a-hydrolase (AANH) superfamily. AANH enzymes are known
to be involved in tRNA modifications, for example, QueC and
the 4-thiouridine biosynthesis enzyme, Thil.”**’ Present
knowledge of the function and the mechanism of the QueH
family is very limited; an ortholog from Helicobacter pylori
(Hp0100) has been identified as a component of a tRNA-
independent transamidosome enzyme complex, and gene
expression accelerates the catalysis of transamidation.”

In the presented study, QueH from T. maritima is
structurally and biochemically characterized. The structure
reveals a unique protein architecture with a [4Fe-4S]
metallocluster, along with an adjacent coordinated metal ion
(Fe) in the active site. Biochemical analyses support catalytic
roles for the iron centers in reductase chemistry, and
preliminary analysis suggests a novel active site environment
and metal function. Overall, a unique structure and the
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proposed enzyme chemistry are described for the QueH
protein family.

B MATERIALS AND METHODS

Protein purification and crystallization experiments were
performed under anaerobic conditions in a strictly argon
atmosphere. Chemicals and reagents were purchased from
Sigma-Aldrich or Fisher Scientific. All solutions used for QueH
purification were exhaustively degassed and purged with argon
gas prior to use. Protein structure surface analysis was executed
using CAVER,”" and protein cavities were depicted using
POCASA software along with the CASTp server.””** Graph-
ical illustrations of protein structure were prepared using
PyMOL, and electrostatic surface representations using the
APBS plugin.****

Expression and Purification of QueH. A plasmid
construct of affinity tag-free T. maritima queH in the pET-
28b vector was utilized for expression and purification. The
coding sequence was inserted into the Ncol and NotI sites of
pET-28b, after PCR amplification with the following primers

5’-CATGCCATGGGCACTGTGCTGATTCATGTTT-3".

S'"-ATAAGAATGCGGCCGCTTACATATGAC-
CACGTTTTCTGG-3'".

The resulting plasmid was transformed into E. coli
BL21(DE3) cells and grown at 37 °C in LB media to an
ODgy of 0.6. Overexpression was initiated by adding IPTG
(0.25 mM final concentration). Growth continued for 20 h at
18 °C, and cells were harvested by centrifugation. The cell
pellet was resuspended in 20 mM Tris-HCI pH 7.5, 500 mM
NaCl, and 2 mM 2-mercaptoethanol (f-ME) (60 mL) and
lysed at 14000 psi through a microfluidizer cell (M-110L
Pneumatic). The lysate was clarified by centrifugation at
14 000g for 20 min at 4 °C, transferred to a sealed bottle,
heated for 15 min at 68 °C, and then cooled for 5 min on ice.
The lysate was further clarified by centrifugation at 18 000g at
4 °C for 30 min. Solid ammonium sulfate was added to the
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clarified lysate to 35% saturation and stirred at 4 °C. The
sample was decanted, and ammonium sulfate was added to a
final concentration of 70% saturation. Precipitated protein was
collected by centrifugation at 18 000g for 30 min at 4 °C and
then resuspended in 10 mL of 20 mM Tris-HCI pH 7.5, 100
mM NaCl, and 2 mM S-ME. The solution was then dialyzed
against 1 L of 20 mM Tris-HCI pH 7.5, 100 mM NaCl, and 2
mM S-ME overnight. QueH was further purified by cation
exchange chromatography (HiTrap SP HP 1 mL, GE
Healthcare) with a linear gradient of 0—500 mM NaCl over
30 min, followed by size-exclusion chromatography (HiLoad
16/600 Superdex 75, GE Healthcare) with 20 mM Tris-HCl
pH 7.5, 100 mM NaCl, and 2 mM f-ME as the running buffer.
Protein fractions were pooled and dialyzed against 1 L of 20
mM Tris-HCl pH 7.5, 100 mM KCl, and 10% glycerol (storage
buffer); concentrated to 12 mg/mL; and moved into an
anaerobic chamber for further reconstitution.

In Vitro Reconstitution of Holo [4Fe-4S] QueH.
Enzyme reconstitution was performed in an anaerobic
chamber. Stock solutions of 1.0 M dithiothreitol (DTT), 500
mM iron(III)chloride, and 500 mM sodium sulfide were
freshly prepared in the storage buffer. Holo-QueH was
reconstituted by rapidly mixing DTT, FeCl;, and sodium
sulfide solutions (10 uM each). The reaction was incubated at
room temperature for 4 h and then desalted using a PD-10
column equilibrated with storage buffer containing 10 mM
DTT.

TmQueH Crystallization. Initial crystallization conditions
were obtained in an anaerobic chamber using the hanging drop
method at 22 °C. Briefly, 2 yL of TmQueH solution (storage
buffer with 10 mM DTT) and 2 pL of 100 mM bis-Tris-HCI
pH 5.5, 200 mM lithium sulfate monohydrate, and 25% PEG-
3350 were mixed and equilibrated against 500 uL of reservoir
solution. Crystal optimization using an additive screen
(Hampton Research) gave hexagonal crystals over 12 days in
100 mM bis-Tris-HCI pH 5.5, 200 mM lithium sulfate
monohydrate, 25% PEG-3350, and 10 mM CacCl,.

Data Collection, Structure Solution, and Refinement.
Diffraction data for TmQueH were collected on beamline 23-
ID-D of the GM/CA CAT facility, Argonne National
Laboratory Advanced Photon Source (APS-ANL), at a
wavelength of 1.0332 A. Data were collected at 100 K using
a Pilatus 6M detector, integrated, merged, and scaled using the
XDS package™ to a resolution of 1.50 A with one monomer
per asymmetric unit in space group C222,. As no apparent
homology model was available for molecular replacement, the
hybrid substructure search (HySS) protocol’” was used to
locate heavy metals, and an experimental phase solution was
determined using AutoSol in PHENIX’®" with a figure of
merit of 0.52—1.45 A and CC-BAYES of 59.9. The R-work/R-
free after density modification was 0.26/0.27. Experimental
density maps enabled the automated building of 149 residues,
and the remaining residues were built manually using
COOT." Refinement was performed with PHENIX and
REFMACS.>**" An iron/sulfur cluster parameter file was
generated using the cofactor structure of QueG.>”"** Water and
metals were added in the later rounds of refinement. Sigma-A
weighted, simulated annealing composite omit maps were used
to judge and verify structures throughout refinement. Model
geometry was validated through MolProbity,’ with 98.3 of
protein residues in TmQueH being in the favored region of
Ramachandran analysis.

Electron Paramagnetic Resonance (EPR) Spectrosco-
PpY. Anaerobically reconstituted TmQueH (as described above,
150 pL, 10 mg/mL) was mixed with 1 mM sodium dithionite
and transferred into a sealed EPR tube in an anaerobic
glovebox. Samples were removed from the glovebox and flash-
frozen in liquid nitrogen before EPR analysis. EPR spectra
were acquired with a Bruker Elexsys ES00 system utilizing an
Oxford ESR900 cryostat at a frequency of 9.644 GHz, in the
perpendicular setting of a Bruker ER4116-DM dual-mode
resonator. The field modulation frequency was set at 100 kHz,
modulation amplitude at 10 G, and the microwave power at 2
mW at 10 K. All spectra were baseline-corrected by subtraction
of the EPR signal of a blank. For the oxidized sample, the tube
was thawed and exposed to air for 30 min before being frozen
in liquid nitrogen.

UV-—Vis Spectroscopy. Anaerobically reconstituted QueH
(as described above, 100 uL, 1.1 mg/mL) was opened to
ambient air, and the UV—vis spectra were recorded at 10 and
30 min. A second sample was mixed with 1 mM sodium
dithionite and transferred to an anaerobic cuvette before
measuring UV—vis spectra.

Expression and Purification of C-Terminal Hexahisti-
dine-Tagged TmQueH. The TmQueH coding sequence was
cloned into the plasmid pET-28b at the restriction sites Ncol
and Notl after PCR amplification with the following primer
sequences

5’-CATGCCATGGGCACTGTGCTGATTCATGTTT-3".

S'"-ATAAGAATGCGGCCGCCATATGAC-
CACGTTTTCTGGAA-3'.

The construct, along with a plasmid containing the E. coli
ISC operon, was co-transformed into E. coli BL21(DE3) cells.
A starter culture (100 mL LB media with S0 pug/mL
kanamycin, S0 pg/mL spectinomycin) was inoculated at 37
°C and grown to an ODgyy = 0.3. Next, 4 L of M9 media was
inoculated with the starter culture and incubated at 37 °C to
an ODy, = 0.3. L-Arabinose (final concentration of 2 g/L) was
then added to induce expression of the ISC operon, and
growth continued to an ODgy of 0.6. FeCl; (final
concentration of S0 uM) and L-cysteine (final concentration
of 150 uM) were added along with IPTG (0.25 mM final), and
growth continued for 20 h at 18 °C. The cell pellet was
resuspended in HEPES-KOH pH 8.0, 300 mM KCI, and 10%
glycerol and lysed using B-PER (ThermoFisher Scientific) after
introduction into an anaerobic chamber. The lysate was
incubated at 65 °C for 15 min before being clarified by
centrifugation at 39 000g for 30 min at 4 °C. The soluble
fraction was purified by NTA-affinity chromatography, and
brown fractions were pooled, concentrated, flash-frozen in
liquid nitrogen, and stored at —80 °C.

Expression and Purification of N-Terminally Hexa-
His-Tagged SpQueH. The S. pyogenes QueH coding
sequence was cloned into the plasmid pET-28b at the
restriction sites Ndel and Notl after being amplified with the
primers

S"-GGGAATTCCATATGATTGATTTACAAGA-
GATTCTCG-3.

5'-ATAAGAATGCGGCCGCTTACATCTCATCCCCAC-
GAT-3.

The expression protocol for SpQueH follows that described
for TmQueH and was carried out aerobically. In short, cell
pellets were resuspended in HEPES-KOH pH 8.0, 300 mM
KC], and 10% glycerol and lysed by sonication before being
clarified at 39 000g for 30 min at 4 °C. The supernatant was
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then purified by NTA-affinity chromatography. Brown
fractions were pooled, concentrated, flash-frozen in liquid
nitrogen, and stored at —80 °C for further use.

Reconstitution of TmQueH for In Vitro Analysis.
TmQueH (50 uM) was reconstituted in buffer containing
100 mM HEPES-KOH pH 8.0, 300 mM KCl, and 10%
glycerol. The protein was first incubated with 10 mM DTT for
2 h, and then 10 molar equivalents of iron(III) chloride were
slowly added and incubation continued for 30 min. Next, 10
molar equivalents of sodium sulfide were added and incubated
overnight at 4 °C. Reconstituted TmQueH was purified by
size-exclusion chromatography (HiLoad 16/600 Superdex 75,
GE Healthcare). tRNA substrate for QueH was purified from
the E. coli strain (AqueG::KanR JW4124, abbreviated AqueG)
along with the corresponding wild-type strain BW25113
(KEIO collection).*** QueH reactions (24 mM HEPES—
NaOH/pH 8.0, 200 pg/mL tRNA, 100 M sodium dithionate,
1 or 10 uM QueH) were incubated at 37 °C for 20 h in an
anaerobic chamber. Reaction mixtures were filtered with a 10
kDa cutoff and digested with benzonase (0.2 U/uL),
phosphodiesterase (0.002 U/uL), and alkaline phosphatase
(0.02 U/uL) for 3 h at 37 °C before passing again through a
10 kDa cutoff filter.

Mass Analysis of QueH Reactions. Briefly, S uL of the
reaction mixture was analyzed on a Waters Synapt G2-Si
instrument/ CORTECS UPLC C18 column with 5§ mM
NH,OAc (A) and 40% acetonitrile/water (B) as running
buffers. Protocol: 100% of A for 1 min, gradient to 88% A over
16 min, 50% A over 6 min, and 0% A to 25 min followed by
isocratic 0% A to 39 min. Positive electrospray ionization mode
was used, 50—2000 Da range, 0.5 s scan duration, 3.5 kV, and a
source temperature of 120 °C. The queuosine nucleoside was
analyzed at 410 Da.

B RESULTS

X-ray Crystal Structure of TmQueH. The queH gene
(TMO0731) of T. maritima was previously shown to comple-
ment a AqueG strain of E. coli by restoring functional
production of Q.*” This gene was previously characterized as
a probe to the misfolded protein response in E. coli as a
representative misfolded/insoluble gene product.”® To favor
soluble expression of QueH, an affinity tag-free, recombinant
TMO0731 was constructed in the pET-28b vector, hetero-
logously expressed in E. coli, followed by purification and
anaerobic reconstitution of a predicted [4Fe-4S] cluster in the
presence of iron(1Il)chloride and sodium sulfide (Figure S2).
The reconstituted protein was crystallized and diffraction data
collected to 1.50 A resolution in the space group C222, (Table
1). As no apparent structural homologs were available, the
phase solution was determined using SAD phasing approaches
based on anomalous diffraction of native iron atoms.

Overall Architecture of T. maritima QueH. The crystal
structure of T. maritima QueH contains one protein monomer
per asymmetric unit, consistent with size-exclusion chromatog-
raphy, suggesting a monomeric, soluble protein (Figure 1a). A
structural homology search revealed 4-thiouridine (s4U)
synthetase (Thil) as most similar to QueH"” (Table S1).
Although their substrates and chemistries are significantly
different, both QueH and Thil are members of the AANH
superfamily,”” exemplifying a minimal structural core motif for
this family with diverse chemistries.

QueH comprises a single protein domain with a mixed N-
terminal extension fB/a fold (f1—4, aS) flanked by three a-
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Table 1. Data Collection and Refinement Statistics

QueH_Apo (PDB: 7LCS)
Data Collection

222,
Cell Dimensions

space group

a, b, c (A) 53.22, 105.18, 73.90
a, B, v (deg) 90, 90, 90
resolution (A) 42.85-1.50 (1.55—1.50)“
Riperge (%) 4.4 (70.8)
I/ol 36.83 (4.85)
cc,, 1 (0.929)
completeness (%) 99.33 (98.05)
redundancy 13.0 (12.4)
Refinement
resolution (A) 42.85—1.50
no. reflections 33562 (3275)
R/ Riee 19.54/20.96
No. Atoms
protein 1472
ligand/ion 10
water 98
B-Factors
protein 30.01
ligand/ion 26.68
water 36.47
RMS Deviations
bond lengths (A) 0.006
bond angles (deg) 0.81

“Values in parentheses are for the highest-resolution shell.

helices of each side of the core along with an extended a-helix
(a8) at the C-terminus (Figure 1b). The overall architecture is
similar to a “thumbs-up” shape with three adjacent a-helices
(al, @2, and @7) and f-strands as fingers, and a8 as the thumb.
The N-terminal extension begins at 1, leading to a tight-turn
with al. The core fold includes a loop, following strand f1,
containing two conserved cysteines, Cys9 and Cys10, and an
aspartate residue (Aspl3) as an unpredicted, metal-binding
center (Figures 1b and 2c). A canonical [4Fe-4S] cluster is
coordinated with a four cysteine motif: Cys87-X2-Cys90 (a4)
and Cys169-X-Cys171 (located in a loop between a7 and a8)
with helix a3 helping to enclose the active site (Figures 1b and
2a). The unusual arrangement does resemble a limited number
of catalytic metalloclusters with ~9 A separating a [4Fe-4S]
cluster and a single coordinated metal ion,***’

Structural features outside of the metallocluster core are
likely involved in substrate binding and redox chemistry.
Notably, two concurrent loops (aS-loop-a6 and a7-loop-as,
Figure S3) define a funnel-shaped pocket large enough to
accommodate a tRNA substrate localized adjacent to the
metallocluster core (Figure 2a). The active site has a second
opening, opposite the large pocket, linking the iron/sulfur
cluster to bulk solvent (Figure 2b). Unlike QueG, no common
RNA-binding motif or ferredoxin-like domain is readily
identifiable in the structure of QueH, although positively
charged patches of residues are present at the C-terminal
extension of the protein suggesting a favorable protein—RNA
interface (Figure S4).

Unusual Metal Architecture in the QueH Active Site.
Sequence analysis shows conservation of the six cysteine
residues among QueH family members, corresponding to four
cysteines coordinating to the [4Fe-4S] cluster, along with two
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Figure 2. Substrate binding pocket and active site of TmQueH. (a) Surface representation of TmQueH showing a large “V-shape” binding pocket
leading to the [4Fe-4S] cluster/Fe active site. An orthogonal opening (yellow arrow) allows access to external redox machinery. (b) Detailed view
of the active site of TmQueH showing enzyme-bound metal, a ligated chloride ion, and iron/sulfur cluster as spheres.
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Figure 3. Metal-binding and conserved [4Fe-4S] cluster sites. (a) Coordination of the mononuclear metal-binding site; the electron density map
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respectively. (b) Four cysteine-coordinated [4Fe-4S] with an electron density map (2F,—F,, 26) and mF,—DF, difference map (green/red, +40).
(c) EPR spectra of QueH. Red line, anaerobically prepared protein; blue line, dithionite reduced; and black line: air-oxidized. For acquisition

parameters, see the Materials and Methods section.

others. The two cysteines not coordinating the metal cluster
were previously predicted to undergo disulfide bond chemistry
through a redox cycle, similar to the mechanism of vitamin K
epoxide reductase.’ In contrast to this prediction, a single
metal ion was found coordinated with the two cysteines (Cys9,
Cysl10) along with Aspl3 and a nonproteinogenic ligand,
consistent with a chloride ion based on the crystallization
conditions, to complete a tetrahedral geometry (Figures 2b
and 3a). Based on the anomalous diffraction data, along with
the observed coordination geometry, the single metal is
consistent with an iron atom (Figure 3a); however, this result
can be influenced by the presence of FeCl; during in vitro
[4Fe-4S] cluster reconstitution used to prepare the enzyme.
Sequence alignment shows that Aspl3 is commonly replaced
in some bacteria species by a cysteine residue, suggesting
possible alternative bonding modes and/or coordinating
metals. Prediction software tools (IonCom server) suggested
Zn*? as a favorable ligand based on the architecture of the
protein metal-binding site.”’ The stand-alone metal could
function as a cofactor providing structural stability and/or
directly participating in the enzyme chemistry during
catalysis.>”

Conserved [4Fe-4S] Cluster Binding Motif. The
observed [4Fe-4S] cluster is buried and located opposite to
the mononuclear metal-binding site in the active site cavity
(Figures 2b and 3b). Clear electron density is present for a
complete [4Fe-4S] cluster with four iron atoms coordinated by
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sulthydryls of four conserved cysteine residues from Cys87-X,-
Cys90 and Cys169-X-Cys171 (Figure 3b). The position of the
[4Fe-4S] cluster at the surface of the active site cavity suggests
that it is in a position to directly interact with a bound
substrate epoxide. This orientation is also confirmed by an
open active site where the, relatively large, tRNA nucleoside
substrate can bind and participate in the established reduction
chemistry. To complete a catalytic cycle, QueH requires two
electrons, presumably trafficked from the [4Fe-4S] cluster,
typically supplied by the ferredoxin/ferredoxin reductase
machinery.””>* Three tunnels are calculated leading from the
[4Fe-4S] cluster to the surrounding solvent (Figures 2a and
SS), suggesting potential binding modes for protein partners,
and the largest tunnel, with an average length of 15 A, can
reasonably accommodate a tRNA substrate.

Spectroscopic Support for a Redox-Active [4Fe-4S]
Cluster in QueH. EPR spectral analyses were recorded to
investigate the redox property of the single [4Fe-4S] cluster
(Figures 3c and S9). Both the anaerobically prepared (red)
and the oxidized preparations (black) show a relatively sharp
signal at 1600 G (g ~ 4.3), which is typical for high-spin
Fe(Ill) in a rhombic environment and consistent with the
assigned metal based on the structure. Dithionite reduction
removes this signal entirely since high-spin Fe(II) is usually
EPR:-silent in the X-band and the low-spin state is diamagnetic.

At higher fields, the QueH sample shows an unusually broad
and apparently axial spectrum between 2000 and 3500 G (g; ~
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2.58, g1 ~ 2.06), which is demonstrated to be sensitive to both
reduction and oxidation (red trace in Figure 3c). Typical EPR
spectra of [4Fe-4S] complexes show axial or rhombic spectra
within a much narrower effective g-factor range between 1.8
and 2.1.% This broad spectrum may be rationalized as due to
[4Fe-4S] but broadened by a strong magnetic coupling
between with the neighboring lone Fe center. As corroboration
of the EPR analysis, UV—vis spectrometry of the anaerobically
prepared/reduced and air-oxidized protein displays character-
istic spectra of [4Fe-4S] clusters (Figure S8).

In Vitro Analysis of Recombinant QueH. Recombinant
TmQueH was evaluated for in vitro activity using a variety of
constructs and conditions. The substrate used was bulk tRNA
extracted from AqueG E. coli, harboring epoxyqueuosine at
position 34 (Table S2). tRNAs were then digested to
nucleosides, and the presence of epoxyqueuosine and
queuosine was evaluated using liquid chromatography—mass
spectrometry (LC—MS).”® Epoxyqueuosine can be identified
in negative control reactions, and queuosine in a positive
control (wild-type E. coli). With addition of TmQueH, the
epoxyqueuosine signal disappears; however, a mass corre-
sponding to queuosine was not apparent (Figure S6). This
suggests that epoxyqueuosine-modified tRNAs are being
consumed under these conditions and, overall, is consistent
with previous in vivo results with TmQueH.>” In an attempt to
further characterize enzyme activity, enzyme purification
conditions were varied to include the presence or absence of
a hexahistidine affinity tag, aerobic purification/reconstitution,
and/or inclusion of titanium citrate as an electron donor.
However, none of the approaches resulted in apparent masses
corresponding to products (Figure S7). Additionally, screening
of the QueH homolog from S. pyogenes for in vitro activity also
yielded similar negative results as with TmQueH.

B DISCUSSION

The enzymatic reduction of oQ is the final step in the
biosynthesis of the Q nucleobase, a modification key to the
maturation of tRNAs and the integrity of protein trans-
lation."*'>*® The structure and mechanism of QueG have
previously been characterized, and they show QueG to be a
unique member of the cobalamin-dependent family of
enzymes, catalyzing epoxide reduction to a cyclopentene
product, olefin. The chemistry of the cobalamin cofactor is
diverse, playing a central role in multiple complex enzyme-
catalyzed chemistries.”’ >’ Interestingly, cobalamin-independ-
ent enzymes commonly coexist with pathways that comple-
ment and/or replace functionally homologous cobalamin-
dependent enzymes. Examples include the chemistry of
methionine synthase, ribonucleotide reductase (RNR), and
methylmalonyl-CoA mutase (MCM). QueG is likewise
replaced or sugplemented by QueH in a significant number
of organisms.”” Sequence analysis indicated that QueH is a
cobalamin-independent enzyme with an active site 4Fe-4S
metallocluster but a less-known structural and mechanistic
homolog to known metalloenzymes. Our initial proposed
mechanism involved reduction of the epoxide by a conserved
pair of cysteines with electrons required for turnover mediated
by the [4Fe-4S] metallocluster; this model was inspired by the
similar mechanism of vitamin K epoxide reductase.”” However,
the reduction chemistry of 0Q to Q is predicted to be more
challenging, both kinetically (a less electrophilic epoxide) and
thermodynamically (a higher energy product), relative to
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vitamin K epoxide reductase, justifying that alternative enzyme
strategies are necessary.

To structurally characterize QueH, we screened various
genes for soluble protein expression/crystallization and the
homolog from the thermophilic bacteria, T. maritima, provided
suitable crystals. In the T. maritima genome, queH is flanked by
genes encoding the tRNA repair enzyme, tRNA deacylase, and
tRNA-associated protein threonine-tRNA ligase, although each
is not physically clustered with genes involved in Q
biosynthesis or salvage. Using genome neighborhood network
(GNN) analyses,61 the co-occurrence of QueH with TGT and
other Q-related genes is low and no additional genes are
obvious as co-localized with queH. In addition to the functional
assignment of the DUF208 family to QueH, a DUF208
homolog from H. pylori (Hp0100, 2 DUF208 member with a
C-terminal domain sequence of unknown function) was
previously characterized as a component of asparagine-
transamidosome.””

The structure of TmQueH shows a unique architecture with
an active site containing [4Fe-4S]/Fe metalloclusters available
for epoxide ring-reduction chemistry. Common structural
motifs related to the chemistry of QueH are not present in
the structure, including cobalamin-binding domains, RNA-
binding domains, or a ferredoxin-like domain. The enzyme
does contain a deep active site cavity of size and shape to
accommodate the substrate tRNA o0Q nucleoside. Unpre-
dicted, based on sequence analysis and orthologous chem-
istries, the structure contains a stand-alone, tetrahedrally
coordinated metal (identifiable as iron in the protein crystal
structure) in addition to a [4Fe-4S] metallocluster. As is
common, metal cations can play a direct role in redox
chemistry or catalysis through stabilization of high-energy
radical or anion intermediates.®” [4Fe-4S] clusters in proteins
generally participate in redox electron transport, as the
metalloclusters have reduction potentials ranging from over
400 mV to below —400 mV, allowing for diverse and varied
electron transfer chemistries.”>**

Our in vitro analysis of QueH did not corroborate with
observed activity in vivo,”” namely, QueH-based production of
an isolatable product, Q. The reactions did, however, show the
disappearance of substrate 0Q. Possible reasons for not
observing a product in vitro could include a lack of an effective
electron donor for complete turnover, unstable intermediates
in the in vitro reaction, and/or the fact that complete QueH
function requires an unknown protein partner present in vivo.
As the reconstitution conditions to generate holo-QueH in
vitro favor the incorporation of iron, it is also reasonable that
the mononuclear metal observed in the native enzyme is not an
iron or the site is not bound with any metal ion.

A structural homology search indicates that TmQueH is
most similar to tRNA-modifying enzymes responsible for
thiolation of uridine: with the tRNA s*U8 biosynthesis enzyme,
Thil; the s*U synthetase, TtuA; and the s*U34 thiouridylase,
MnmaA, as the top matches (Table S1). TtuA and MnmA are
similar sulfurtransferases of s?U and share similar catalytic
domains. The TmQueH structure is most homologous with
the pyrophosphatase domain of Thil and the catalytic domain
of TtuA and MnmA, underscoring functional conservation
within tRNA modification family enzymes and evolutionary
constraints on protein structure. Based on homology to the co-
complex structure of MnmA with tRNA substrate,”” a model of
Q-tRNA interactions with QueH was prepared. The model
illustrates that the overall structure and active site can
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Figure 4. Modeled substrate binding and mechanism. (a) Proposed interaction of 0Q tRNA substrate and QueH. Q-tRNA (PDB code: SDOB)
bound with QueH was modeled using MnmA/tRNA (PDB code: 2DER) as a homologous scaffold. (b) Proposed chemical mechanism of the

QueH-catalyzed conversion of 0Q to Q.

accommodate the substrate placing the tRNA on a distinct
positively charged protein surface where the extended
aminomethyl—epoxycyclopentenediol moiety of the substrate
can bind in the active site adjacent to the two metal clusters
observed in the crystal structure (Figure 4a).

The reduction of an epoxide to an alkene and water requires
two protons/two electrons. Based on the presented structures,
a tRNA anticodon stem loop can bind to QueH in a large,
electropositive cavity, such that an 0Q_nucleobase is inserted
between the [4Fe-4S] and Fe binding sites, excluding solvent
diffusion into the active site. As common with the motif, a
[4Fe-4S] cluster could be involved in the transfer of the two
required electrons, generating radical and anionic intermedi-
ates; however, the source of the electrons in vivo is not
apparent. Based on the identity of the metal (M** in Figure
4b), high-energy intermediates could be stabilized by forming a
covalent carbon/metal (as with QueG) or through ionic-type
interactions. EPR spectral analysis provides further insight into
the metal environment. The spectra at high fields show
differences between QueH and canonical protein [4Fe-4S]
clusters most likely due to magnetic coupling with the single
nearby iron ion. Upon oxidation in air, the broad EPR
spectrum is quenched leaving a small signal near g ~ 2 with a
line width of the order of 20 G, which may be a residual
carbon-based radical. After chemical reduction with dithionite,
the broad spectrum sharpens and shows intensity in the
effective g-factor range between 1.85 and 2.1, as expected for a
[4Fe-4S] signal (blue line, Figure 3c). Besides the main
features at 3401 (maximum) and 3589 G (minimum), the
spectrum shows shoulders at 3327, 3478, 3517, 3558, and
3696 G (Figure S9), suggesting the possibility that more than
one paramagnetic species are present or sample heterogeneity
has to be considered. It should be noted that this narrow
spectrum cannot be interpreted as an isolated carbon-based
radical spectrum due to its line width of almost 200 G. Overall,
the results show that the [4Fe-4S] cluster is spectroscopically
active and the spectra are strongly dependent on the redox
state of the protein.

In summary, presented is the first structure of the alternative
epoxyqueuosine reductase, QueH, providing a structural basis
for the final enzyme step of this complex tRNA modification.
Additionally, the work expands the general knowledge of [4Fe-
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48] clusters and the diverse utility of [4Fe-4S]-dependent
enzymes.
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