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F420H2-oxidase (FprA) catalyses the four-electron reduction of O,
to 2H,0 using the reduced form of F4,o as electron donor. The
hydrophobic O,-channel detected by Kr-derivatization and the
concerted movement of a gating loop could contribute to prevent
unwanted side-reaction between the catalytic intermediates and
solvents, therefore preventing reactive oxygen species formation.

Electrochemical reactions require electro catalysts functioning
as a cathode and anode.' Metal-containing redox-enzymes are
considered as blueprints to design mimic complexes for the
development of efficient electro catalysts. For example, some
oxidases (e.g. laccase) harbour cathode catalyst property by
using O, as an electron acceptor and the chemical compounds
mimicking their active-site are used as electrocatalysts.> For
future application of bio-inspired electrochemical processes,
we need to learn more from the chemical reaction, structure
and function of different groups of O,-reducing enzymes.
Flavodiiron proteins (FDPs) belong to an enzyme family har-
bouring a di-nuclear iron centre and flavin mononucleotide
(FMN). FDPs catalyse four-electron reduction of O, to form
water.>* The active site of FDPs represents an excellent tem-
plate to design O, reducing catalysts because of its affinity
towards O,, high-turnover and specific reaction path avoiding
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reactive oxygen species formation. The latter would damage the
catalysts in the electrochemical systems.

FprA has been found in many anaerobic organisms (Fig. S1,
ESIf), initially in Desulfovibrio gigas® and later also in
methanogens®” and clostridia.®° It has even been identified
in the parasite Giardia intestinalis.'® Structural studies have
been performed on these FprAs to understand the physiological
electron donor for the reaction and highlight high fold simi-
larity between homologous enzymes (Fig. S2, ESIf).”°™> In
methanogenic archaea, the electron donor of the reaction
(Fig. 1a) is reduced F o (F420H,).® Fanp is a deazaflavin derivative,
which functions as electron carrier. Affinity of FprA against O, is
2 uM,® which is lower than those of laccases (K, > 20 pM)."?

Crystal structure of FprA from Methanothermobacter marbur-
gensis (mFprA) was solved in three states; active reduced state,
active oxidized state and inactive oxidized state at the resolutions
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Fig. 1 (a) Reaction scheme of FprA. The tFprAsnox and tFprAcy, forms
correspond to the redox state at Fe(i)Fe(i) and Fe()-O—Fe(in), respectively.
(b) Quaternary structure of tFprA organized as a dimer of homodimer. A
first homodimer is displayed in the back as white surface. The second one
in front (green ribbon) highlights the di-iron centre as orange spheres and
FMN in sticks. Kr atoms in the tFprAoo-k, Structure after derivatization with
125 bars of krypton are depicted in cyan spheres.
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of 2.30 A, 1.7 A and 2.26 A, respectively.” Based on the different
conformations observed, the importance of a switch-loop (resi-
dues 148-153 in mFprA) for the Fe coordination and possibly
for F,,, interaction has been highlighted. In the reduced state,
the active site is closed and O, could bind to the di-iron centre
to be reduced by two electrons. During this event, the first water
is formed and the oxidized di-iron site contains an oxygen
bridging ligand; Fe(ur)-O-Fe(u). Probably, the first water pro-
duct is extruded by a transient opening of the catalytic cavity,
although there is no experimental evidence. The next two
electrons from FMNH, reduce the bridging oxygen to form
the second water molecule in the closed state. In this mecha-
nism, no reactive oxygen species are produced’ as observed in
the enzyme assay.® To perform such catalytic reaction, the
hydrophobic environment towards the di-iron is crucial for
the electron transfer and proton donation in a concerted
manner, which avoids disturbance caused by the solvent mole-
cules and prevents any side-reaction leading to reactive oxygen
species. The O, supply into the closed active site pocket is
however puzzling, since the catalytic chamber is not directly
exposed to the solvent but somehow concealed inside the
enzyme. Sequence alighments and computation predicted that
there is an organized channel in FDPs (Fig. S1 and S3, ESI{)."*
This hydrophobic channel would allow O, transport from the
bulk solvent to the active site. The experimental proof of the O,
channel must be established because properties of the channel
is ascertained only by its exact geometry and composition.

Krypton (Kr) or Xenon (Xe) soaking are powerful methods
to study hydrophobic channels in proteins.">'® Successful
examples have been reported on heme-copper oxidases'” and
laccase.'® To investigate hydrophobic channels in FprA, we
have chosen Kr which offers a smaller probe radius and an
accessible X-ray absorption edge compared to Xe. We report
here two crystal structures of FprA from Methanothermococcus
thermolithotrophicus (tFprA) (Table S1, ESIT), a marine thermo-
philic methanogen belonging to Methanococcales, a distinct
group from the terrestrial methanogen M. marburgensis, whose
FprA was structurally analysed before.” In our previous work,
native tFprA structure was solved under aerobic condition with
a crystallophore derivative.'® In contrast, the first crystal struc-
ture of this report presents tFprA (tFprA,n.x) was obtained in
strict anaerobic conditions after native purification. The second
structure was obtained aerobically in the presence of 125 bars
of Kr and is refered to as tFprA...xr- As Kr derivatization
requested several trials and an important number of crystals,
tFprA was heterologously produced in Escherichia coli and
crystallized in the presence of oxygen. Derivatization with Kr
was performed using a “soak and freeze” methodology devel-
oped at the ESRF, Grenoble - France.'®

FprA is composed of a dimer of homodimer. However, the
functional unit is a homodimer; the catalytic pocket is formed
at the dimeric interface, where the di-iron site located in the
N-terminal B-lactamase-like domain is in front of the FMN,
itself bound to the C-terminal flavodoxin-like domain side.
tFprA structures present the same overall structure and com-
position as that described for mFprA. The crystal structure of
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tFprAanox Obtained at 1.83 A resolution is in an active reduced
state comparable to that observed in mFprA structure (PDB
code: 20HI). tFprA and mFprA have a sequence identity of 70%.
The tFprA,yoxr Structure at 1.80 A resolution is similar to
the active oxidized state of mFprA (PDB code: 20HH) (RMSD:
0.88 A) and tFprA,,o, superposes well with mFprA in the active
reduced state (PDB code: 20HI) (RMSD: of 0.77 A). The unusual
non-prolyl cis-peptide bond between Leul50 and His151 is
observed in both structure tFprA,,ox and tFpragyo-xr-

One main difference between the reduced and oxidized
states is the loop 24 to 28 pointing from a f-hairpin in the
B-lactamase-like domain which is unique in FDPs and covers
the active site.? This loop is observed in the closed position in
both tFprA structures as observed in the active reduced state of
mFprA (Fig. S4, ESIT).” In the oxidised state (tFprAgyoxi), the
loop 24-28 shows an average B-factor higher than in the
reduced states (tFprAanox) suggesting a higher loop flexibility
in the oxidized form although this feature is not observed in
mPFprA structures (Table S2, ESIt). These inconsistencies could
be explained by differences of iron occupancy in mFprA struc-
tures. A close analysis of the variation of the loop 24-28
unravelled a flip of Y28 close to L203 in tFprA,nox structure
(Fig. S4, ESIT) which probably acts as a gate to control solvent
access or sealing.

In mFprA and tFprA structures, the di-iron centre is coordi-
nated by four histidines, one aspartate, one glutamate and one
bridging aspartate residues, which are also perfectly conserved
in other FDPs (Fig. S1, ESIt). In mFprA (PDB codes: 20HH and
20HI) and tFprA structures (tFprAanox and tFprAg.x;) the
distance between the two irons is between 3.3 to 3.5 A, which
corresponds to van-der-Waals contacts. Iron atom occupancies
are close to 100% in tFprA,,ox and slightly lower in tFprAqxo-xr
(between 0.7 to 0.9). In the case of mFprA structures (PDB
codes: 20HH and 20HI), one iron of the catalytic centre is
present at low occupancy (0.4) that provokes a high increase of
flexibility for the switch loop 149-154 coordinating the Fe
(Fig. S5, ESIT). tFprAoyo«r Structure, exposed to oxygen during
the purification and crystallization, exhibits the classic oxo-
bridging ligand, which is a chemical proof of the oxidized state
because such bridging ligand was also observed in one active
site of the mFprA tetramer in the active oxidized state (PDB
20HH, chain E). This reaction intermediate Fe(u)-O-Fe(u) is
produced after the first reduction step. In the reduced active
state, tFprA,,ox does not have such bridging oxygen, or at low
occupancy (Fig. S6, ESIt). FMN in tFprA,n.x and tFprAgoxr
structures are in a partial butterfly conformation (Fig. S7, ESIT).
The distance between N5 of FMN and an iron of the di-iron
centre is ~9.3 A in both tFprA structures, which is identical to
that observed in mFprA structures. Such distance would allow a
direct electron transfer for the reduction reaction.

O, supply from the enzyme surface to the active site seems
unrealistic by the FMN entrance since this region is highly
hydrated and would therefore repulse O, molecules, which
have an hydrophobic nature. Thus, a hydrophobic channel
would make more sense to capture O, molecules with high
specificity and efficiency, as it was predicted and calculated by

This journal is © The Royal Society of Chemistry 2020
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Romio and co-workers.>® To characterize experimentally this
possible gas channel, we produced Kr-derivatives of oxidized
tFprA by flash cooling crystals under gas pressure and collected
datasets below and above the Kr K-edge (SI Method and
Table S1, ESIt). Anomalous signal coming unambiguously from
Kr atoms have been detected in an anomalous Fourier map at
similar positions in each of the eight monomers constituting
the asymmetric unit (Fig. S8, ESIT). Up to six Kr were localized
in a hydrophobic channel (Fig. 1b and 2b, c, Fig. S8, ESIf). The
narrow channel is ~30 A long and has an average radius of
1.2 A, which is in accordance with the size of O, molecule. The
channel is built at the conserved interface (Fig. S2, ESIt)
between the anti-parallel B-sheets B13p14f15 and the o-
helices 6 and 7. It starts from the surface and ends at the di-
iron site. The hydrophobic channel simulated by the CAVER
software in tFprA,,.x structure (Fig. 2c and Fig. S3, ESIt)
perfectly coincides with the Kr positions. Comparison between
tFprAanox and tFprAq.kr does not indicate any channel distor-
tion or size modification upon pressurisation and Kr binding.

(a) tFprAanox (b) tFperxo-Kr
FMN FMN
Fe(ll)Fe(ll) < Fe(ll)OFe(lll)
9&\-& YT ) €2 o\ 0 °
Closed loop Hydrophobic Open loop Hydrophobic
24-28 channel 24-28 channel
() N ' ©
k/\ Krz Krs
FMN ) -~
~ Fe(lll)OFe(lll) _ O Krs
Q, /
-/& Krs
C Krs

yd 1203 F215

Fig. 2 Structure of the active site and a hydrophobic O,-channel. (a)
tFprAanox Structure, in which the loop 24-28 is fixed as a closed con-
formation and isolates the catalytic cavity highlighted by a yellow halo. The
predicted O, pathway is indicated with a gray dashed arrow. (b) tFprAcxeo-«r
structure after derivatization with 125 bars of krypton, in which the loop
24-28 is flexible compared to tFprA;nox. The water channel is depicted by
light blue halo and a red arrow indicates solvent exchange. Kr are depicted
as cyan balls. (c) tFprA channels identified by CAVER in tFprA,nox structure.
Hydrophobic part of the channel is depicted in light green. Kr atoms from
tFprAoxo-kr Structures are superimposed as cyan spheres. Hydrophilic part
of the channel involved in water release after O, reduction is depicted in
light orange. Di-iron centre is highlighted as orange spheres, FMN and the
loop 24-28 in sticks. Y28 in tFprA,nox €Xists as a double conformation and
only the one at highest occupancy (70%) is displayed.

F173
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Kr,s and Kre highlight two possible entrances for the O,
(Fig. 1b, 2c and Fig. S8, ESIt). Interestingly, a modulation in
the Kr atoms occupancies along the channel is observed. Two
main Kr atoms Kr, and Kr; are trapped in a high hydrophobic/
rigid part of the channel formed by three phenylalanine’s side
chains (F158, F173, F215) (Fig. 2c). These two Kr atoms present
high occupancies (0.75) compared to the four other ones (Kr;,
Kry, Krs and Kre). This might suggest a lower affinity for Kr and
therefore also for O, in the outer part of the tunnel (Kr, s and
Kre) and at that close to the iron centre (Kry) in the oxidized
state. The high Kr affinity part of the tunnel also probably acts
as a “retention cavity” and could play a role in the kinetics of O,
transport. Similar variation in Kr-binding were also observed in
other O, hydrophobic tunnels.>" The Kr; atom (occupancy 0.1)
observed near the di-iron site points out the final destination of
O, from the gas channel, which could be the O,-binding site,
where O, is in interaction with the di-iron site centre. Kr; atom
is located outside of the channel in a hydrophobic pocket. The
hydrophobic residues lining the channel are very well con-
served in methanogens and could be extended to other dinuc-
lear oxidases such as those from Giardia intestinalis® and
Moorella thermoactica® (Fig. S1 and S2, ESIT). CAVER simulation
argues for a common O, route in all structural homologues
available (Fig. S3, ESIt). This finding highlights the universal
needs of such hydrophobic channel to specifically react with O,
or NO. CAVER analysis also identified a hydrophilic channel in
the oxidized state, likely the channel involved in water release.
This second channel (Fig. 2) starts from the di-iron site at the
end of the O, channel, includes the loop 24-28 and finishes in
the large hydrophilic cavity formed by the FprA tetrameric
interface.

The FprA reaction is performed by a ping-pong mechanism
using two molecules of F,,0H,. When the di-iron centre and
FMN are completely reduced to Fe(u)Fe(n) and FMNH,, the
loop 24-28 would lock the entrance of the water channel. In
tFprAanox, Y28 might contribute to bridge the hydrophilic
gap and prevent unwanted side reactions by moving close to
L203, which is one of the last amino acid of the hydrophobic
channel (Fig. 2c). The channel ends-up in front of the empty di-
iron site (tFprAanox), where O, could bind, as previously pre-
dicted by the analysis of mFprA. The first two-electron
reduction is performed by the Fe(u)Fe(u). O, is first bound to
the dinuclear Fe site, which forms transient bridged Fe(um)
peroxo intermediate”*>** and then form a water molecule with
the first oxgen atom, while the second one is trapped at the di-
iron site to form an oxo-bridge Fe(ur)-O-Fe(ur). Protons required
for the water-forming reactions are supplied from the histidine
side-chains (H84-H152 and H89-H234), which coordinate the
irons. The formed water molecule is repelled from the hydro-
phobic region when H26 and Y28 become more flexible, and
open the hydrophilic channel (Fig. 3). After removal of the first
water molecule from the active site pocket, the loop 24-28
is restabilized, probably upon the reduction event by FMNH,.
In the closed structure, reduction of oxygen bound to the
dinuclear iron site is performed in the absence of water
molecule. After that, the water channel opens again and the
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Fig. 3 Contribution of the hydrophobic O,-channel, loop 24-28 and
water channel in the catalytic mechanism. The hydrophobic O,-channel
(gray) and hydrophilic water-channels (light blue) are indicated. In the
reduced state, the loop is closed and fixed (green and gray dashed line).
After the first water is produced, the switch loop is still closed but becomes
flexible (orange), where the water is released to bulk solvent.

water molecule is released. The driving-force able to guide the
closure and opening of the 24-28 loop to prevent or allow
solvent accessibility could be the FMN state or even the F,,0H,
binding that could lead to a local rearrangement. For instance,
the isoalloxazine group is in van der Waals contact with the
loop 24-28 (3.4-4.2 A) and could contribute to stabilise or
destabilise the loop depending on its state.

In conclusion, previous biochemical studies indicated that
FprA catalyses reduction of O, with four electrons supplied by
two molecules of F4,0H,. The reaction avoids the generation of
reactive oxygen species, hydrogen peroxide and superoxide
anion. Seedorf et al. proposed a catalytic mechanism involving
a Fe(m)-O-Fe(u), which does not produce reactive oxygen
species as an intermediate. However, the mechanism did not
explain how to supply O, into the active site while stopping
water intrusion. The shape and position of the hydrophobic
channel allowed us to draw a reaction scheme taking into
account a water repulsion system to avoid unwanted reaction.
Such reaction scheme would require a gating system by sur-
rounding loops coordinating the reactivity of the catalytic cham-
ber, which is a conserved system retained by life in numerous
organisms dealing with oxidative stress.
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