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We report the effect of UV-Vis light on the membrar-bound [Ni-Fe] hydrogenase fromAquifex aeolicus under turnover
15 conditions. Using electrochemistry, we show a poté&al dependant light sensitivity and propose that dight-induced structural
change of the [Ni-Fe] active site is related to aenhanced reactivation of the hydrogenase under ilmination at high potentials.

Introduction

Hydrogenases are metallo-enzymes that catalyzeyith@gen interconversion into protons and electamtording to the reaction,H-
2H" + 2e . They are classified in three distinct classesa@ting to the metal content of their active sitdei [Fe], [Fe-Fe] or [Ni-Fef.

20 While [Fe] and [Fe-Fe] hydrogenases suffer a dramiateversible degradation under, ® % [Ni-Fe] hydrogenases are generally
reversibly inhibited under aerobic conditionsFor various [Ni-Fe] hydrogenases, activation/tivation process and the different
associated states of the active site have beenlydetpdied using EPR and FTIR spectroscopies (see ES) ©°. Under
aerobic/oxidative conditions the [Ni-Fe] activeesi$ interconverted into a mixture of two inactstates, so-called Ni-A “Unready” and
Ni-B “Ready” " *° While Ni-B is readily activated under,tér reducing condition’, Ni-A requires a longer time. The nature of the

25 oxygenic ligand bridging the hetero-binuclear aesite accounts for this difference in kineticsexctivation'?% The Ni-B state bears
a hydroxo (OH) ligand whereas the nature of the oxygenic ligiantthe Ni-A state is still a matter of debate'®

Recently, a subgroup of [Ni-Fe] hydrogenases abtexidize H under aerobic conditions has been identified amdequently named
oxygen tolerant (@tolerant) hydrogenasés [Ni-Fe] hydrogenases from the hyperthermophiicteriumAquifex aeolicus
Knallgas bacteriuniRalstonia eutrophaenterobacteriunEscherichia coliand the marine bacteriulMydrogenovibrio marinugre the

30 most currently characterized members of this sulggt®>3 O.-tolerant hydrogenases present several propehasdistinguish them
from oxygen sensitive (sensitive) ones. Under oxidative conditiong;t@erant hydrogenases form only the Ni-B state wittetics
of reactivation 2 orders of magnitude faster thars€nsitive hydrogenasés® The structural determinants of oxygen toleranaeeh
been unraveled very recenfly?’. The overall structural shape consisting of lasgbunit baring the [Ni-Fe] active site and a small
subunit harboring 3 iron-sulfur clusters, alignedaaconductive electronic wire, is very similaiQgsensitive hydrogenases. However, a

35 peculiar [3Fe-4S] cluster proximal to the activee sioordinated by 6 cysteines has been observeégath®f the proximal [4Fe-4S]
cluster coordinated by 4 cysteines classically ofeskin Q-sensitive hydrogenasé$ It is thought to be the key feature of the oxygen
tolerance enabling the fast reduction of @ water?’. These enzymes have stimulated the curiosity ef chmmunity since
biotechnological applications relying on aerobidingen oxidation, could be envisioned with moretanability. Recently, KO,
biofuel cells based on this subgroup of hydrogemds®ve been reported, delivering more than 1 mv{.&2 It was however

40 demonstrated that the anaerobic formation of thetime Ni-B state at high potential was responsibiea decrease of the biofuel cell
performances.

From literature survey, it appears that irradiatf the active site could provide tools to overeothis limitation. Some of the
inactive states of [Ni-Fe] hydrogenases have bagdiesl by spectroscopy under illumination (see ES). The oxygenic ligand in the
Ni-A inactive state in @sensitive hydrogenases, has been shown to slightiyge its binding configuration upon irradiatidn.

45 Switches from a bridging position coordinated byhbie iron and nickel atoms to a coordination \etteie Fe-O bond is cleavét The
Ni-SIr state, an intermediate between the inach«B state and the most oxidized Ni-Sla active stais been shown to be light
sensitive, yielding to the Ni-SL stat® Irradiation of the active site leads to a cleavafithe bond between the Fe atom and the hydroxo
bridging ligand. Moreover, the CO-inhibited statisCO and Ni-SCO) have been reported to undergonepéactivatiort™ ¢

We report in this work the effect of illuminationnder turnover conditions on the reactivation aghhipotential of the

so hyperthermophilic membrane-bound [Ni-Fe] hydrogendsom Aquifex aeolicus(MbH1). Using cyclic voltammetry (CV) and
chronoamperometry (CA), we show that photosensitiof MbH1 depends on both potential and light msigy. We propose this light-
induced process to be related to the conversideoihactive Ni-B state to an active form.



Experimental

CV and CA were done using a pAutolab type Il potestiat from Autolab. A conventional three-electraystem was used with an
Ag/AgCI/NaCl (sat.) reference electrode, and a golcevas auxiliary electrode. All potentials were tpeb against the Ag/AgCI
reference. Prior to each experiment, the solutwer® deoxygenated by bubbling with high-purity miten or hydrogen.

s Double glass layer electrochemical cell was theramtlated with a water bath. The reference eleetmals separated from the warmed
electrolyte using a side junction maintained atnmdemperature. The current are the average ofaat taree replicates and have been
normalized with the highest catalytic current.

The graphite working electrode was constructechf® mm rods of pyrolytic graphite (PG) insertedPieek polymer casings from
Bio-Logic SAS. The PG electrode was carefully paishvith alumina 0.04pm (PRESI). 2uL of MbH1 4uM (fied as described iff)
10 were adsorbed on the PG electrode. Electrochemiedriments were performed in 50 mM Hepes buffef7gHat 60°C.
lllumination at 405 nm of the PG electrode wasieadd by placing a LED (M405L2 from Thorlabs) treggd by a potentiometer
(LEDD1B from Thorlabs) at 1cm of the working PG étede. The intensity of illumination (f of the PG electrode has been measured
in lux (Ix) with Lux meter DX-100 (INS).

1s Results and discussion
MbH1 anaerobic inactivation process

When immobilized on a PG electrode underdtin.,, MbH1 starts oxidizing Hat -0.55V. The catalytic current reaches a maximum
value at a potential close to -0.3V (Fig. 1A). Abma oxidizing potentials, foxidation activity decreases dramatically. As atly
reported, MbH1 suffers an anaerobic inactivatioocpss, corresponding to the interconversion betwieeractive state to the Ni-B

20 inactive form. This phenomenon has been reportedilfahe Q-tolerant [Ni-Fe] hydrogenases electrochemicallgreloterized. This
inactivation process can be highlighted by chrormmenmmetric experiments. From -0.5V to -0.3V the lelectrocatalytic signal for H
oxidation remains stable. However, when the paaémises above -0.3V the catalytic activity decesasvith time. The highest the
potential, the more pronounced the decrease irecu(Fig. 1B). Actually, the apparent rate of intereersion between the active and
the inactive forms of MbH1 is potential dependastcéearly shown by the curves between -0.2V and Rbtably, it has been

25 demonstrated that while the constant of inactivat®potential independent, the constant of adtiwatiecreases exponentially as the
potential rises to oxidizing values until reachingonstant value above 6%/
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Fig. 1 (A) H, oxidation by MbH1 adsorbed on a PG electrode ¥edid by CV. Schematic view of the different statéshe [Ni-Fe] active site as a
function of the potential are adapted from&e$can rate: 5 mV’s (B) Effect of the potential on fbxidation followed by CA: -0.5V (light green), 4/
(green), -0.3V (grey), -0.2V (blue), -0.1V (blacR) (red). CA and CV were done in 50 mM HEPES, p#{ 80°C, H atm, under darkness.
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Photoreactivation of MbH1

In order to investigate the putative photosensitiaf MbH1 under turnover conditions, CA experimehtsve been realized under
irradiation sequences of 120s followed by a reiaxatime under darkness (see ESI 2 ). Fig. 2A shthe typical currents recorded
during illumination/darkness steps. For each paemanging from -0.5V to 0V, positive photocurrerdiffering in magnitude are

s recorded under illumination. Control experimentstba bare PG electrode illuminated under(Hig. 2B) exhibit poor photocurrent
intensities for each potential, ensuring a truealgit dependence of the photocurrents observetl MibH1. Relative to catalytic
currents for MbH1 obtained without illumination, talgtic currents observed under irradiation arehbig whatever the potential.
However a spectacular potential dependence of Hotopurrent intensities is observed which does follbw the same potential
dependence profile as the catalytic current obthiwihout illumination. As described before, thaatgic current for H oxidation

10 without irradiation starts decreasing above -0.8Y contrast, the catalytic current keeps increasingl -0.1V under illumination.
Moreover, from -0.5V to -0.3V photocurrents représan average of less than 5% of the catalyticerrobtained under dark
conditions. But, for higher potentials, sharp insesain photocurrent are observed depending ondtemfial (increase of 19 %, 45 %
and 39 % at -0.2V, -0.1V and 0V respectively). Magiation of the percentage of photocurrent witlieptial can be rationalized by
taking into account the equilibrium between thevadinactive forms of the enzyme that is displatedard the inactive Ni-B state as

15 the driving force increases. The midpoint poterfoalthe transition
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Fig. 2 (A) Light induced photocurrents and relaxationrents for H oxidation by MbH1 adsorbed on a PG electrode g by CA, -0.5V (light
green), -0.4V (green), -0.3V (grey), -0.2V (blud),1V (black), OV (red). (B) Catalytic currents felp oxidation by MbH1 obtained under illumination
(purple). Catalytic currents obtained under darkrefter 120 s of potential application (same protas in Figl.B) are depicted in grey. As a control
currents obtained for illuminated bare PG are degdim light grey. 50 mM HEPES, pH 7.2, 60°G, &tm, intensity of illumination &1500 Ix.

70
from the Ni-Sla active state to the Ni-B inactivatethas been titrated at -0.8Mntriguingly, the divergence in photocurrent imsities

is observed at the same potential of -0.3V. Elettemical experiments thus strongly suggest a ligliiced reactivation process of the
Ni-B inactive form of MbH1.

75
Influence of the light intensity

To get more insight in the reactivation processoimed at high oxidizing potentials, the influenceé the light intensity on the
photocurrent response was investigated (Fig. 3).getentials below -0.3V where the enzyme is fudbtive, photocurrents of low
magnitude evolve linearly with the light intensifyor highest oxidizing potentials, the magnitudgbétocurrents as a function of the
s0 potential follows the same profile described in.F2g The photocurrents rapidly reach a maximum e/alith the light intensity. This
suggests the formation of a species at high patlentiich is highly light sensitive, and reinforae divergence in light sensitivity for
active/inactive states depending on the poterita. decrease in photocurrent at the highest liglenhsity may be due to an irreversible

3



photodegradation already reported for Ni-B state@géensitive hydrogenasé
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Fig. 3 Effect of the illumination intensity on the lightduced photocurrents for Hbxidation by MbH1 adsorbed on a PG electrode Yadid by CA, -
0.5V (light green), -0.4V (green), -0.3V (grey),2V¥ (blue), -0.1V (black), OV (red). 50 mM HEPE$ .2, 60°C, Hatm.

Kinetics of reactivation

35 The kinetics to reach the maximum value of the pbwtrent during an illumination step can be relatedhe rate of reactivation. As
seen in Fig. 4, it is potential and light intengigpendent. Again, a marked divergence is pointedbthe midpoint potential between
active Ni-Sla and inactive Ni-B states. For potdattzelow -0.3V, the gain in catalytic activity rdfyj reaches a plateau in a mean time
of 30 s with no net dependence on the light intgngis potentials increase above -0.3V, two majaseyvations can be done. Firstly,
the duration to reach the maximum value of the @twotrent considerably increases. Again, this catesl with the enzyme becoming

w0 harder to reactivate due to the displacement ofaitteve/inactive form equilibrium toward the inaetiform2* . Secondly, lower
durations of reactivation are induced by increadilugnination intensities. This latter result sugtgekinetics of enzyme reactivation
dependant on the light intensity, and support$tpothesis of a light-induced reactivation of tlyelftogenase active site.
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Fig. 4 Time dependence on illumination intensity to redhmaximum value of the photocurrent fardxidation by MbH1 adsorbed on a PG electrode
followed by CA, -0.5V (light green), -0.4V (green(.3V (grey), -0.2V (blue), -0.1V (black), OV (fedb0 mM HEPES, pH 7.2, 60°C,ldtm.

75 Proposed mechanism

Gathering these experimental results allows usasanably postulate the following hypothesis. jrsénsitive hydrogenases, Ni-B was
shown by FTIR to exhibit only a weak photosensgiviiowever transition from the active Ni-Sla to thactive Ni-B state is reached
trough an inactive intermediate Ni-Sir known to fifeotosensitivé. In contrast, this transient Ni-Sir state was observed in @
tolerant hydrogenases using FTIR approaches, althnagruled out, most probably because much fastestivation from the Ni-B to

s the Ni-Sla state occufs?% We propose that irradiation of MbH1 under turmosenditions promotes the loss of the hydroxo ldyam
the putative photo-induced Ni-SL state (Schemd&kis is the first electrochemical evidence of sagfhotoreactivation occurring under
turnover conditions.
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Scheme 1Proposed mechanism for the light-induced readtimgirocess of MbH1 trough the putative Ni-SL redtate (between black brackets).

Conclusions

25 Based on electrochemical experiments under illun@natve have shown that: (i) illumination inducesdative catalytic photocurrents,

(ii)

magnitude of photocurrents depends on apptietential, (iii) magnitude of photocurrents dependgslight intensity, (iv) rate of

photooxidation depends on potential, (v) rate obtpbxidation depends on light intensity above -U.3Evidence of a potential
dependence of light-induced reactivation of MbH1hiss demonstrated.
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