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Photoinduced Multielectron Transfer to a Multicopper Oxidase Resulting in
Dioxygen Reduction into Water

A. Jalila Simaan,**! Yasmina Mekmouche,™ Christian Herrero,™ Pierre Moreno,?!
Ally Aukauloo,™ ! Jacques A. Delaire,'! Marius Réglier,”” and Thierry Tron*!*!

By mimicking the naturally evolved enzymatic and photo-
chemical processes of photosynthesis, solar energy can be
used to drive catalysis and ultimately convert light to stored
chemical energy."! The target is to develop robust systems in
which light absorption triggers electron-transfer events that
subsequently lead to the activation of a catalytic center.
Such a process would not only avoid chemical activation by
harsh oxidants or reductants, one particular focus of green
chemistry, but also diminish the dependence on nonrenewa-
ble energy sources.”’ In addition to these now well-estab-
lished goals of sustainable energy and resource use, the de-
velopment of photodriven catalysts potentially offers new
avenues for the study of catalytic mechanisms. In this field
Gray, Winkler, and co-workers pioneered the coupling of
photoactive units to enzymes to access the buried active site
of different metalloenzymes.!

The well-documented Ru"-polypyridine-type complexes
have been used to initiate electron-transfer reactions in the
presence of either sacrificial electron acceptors or electron
donors for the oxidation or reduction of active sites.”! One
challenging issue when using this strategy to activate metal-
loenzymes, is the efficient accumulation of multicharges or
holes at the catalytic unit. In the majority of cases light-in-
duced transfer processes have been limited to one electron
transfer. Only a few examples of multicharge or hole accu-
mulations have been reported recently.”) Some rare exam-
ples using metalloproteins that could lead to photodriven
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catalytic activities were also reported.’) Herein, we report
the light-driven four-electron reduction of a laccase (our
previously studied LAC3 from Trametes sp. C30), which
ultimately converts dioxygen into water by using rutheniu-
m(II) polypyridine-type chromophores (complexes 1 and 2,
Scheme 1) and ethylenediaminetetraacetic acid (EDTA) as
the sacrificial electron donor.
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Scheme 1. Ruthenium complexes used in this study.

Laccase is a multicopper oxidase that naturally accumu-
lates four electrons (from successive one-electron oxidations
of phenolic substrates) on four copper ions and in turn re-
duces dioxygen to water.®! Laccase contains a surface-locat-
ed type 1 (T1) copper center (substrate oxidation center)
connected to a trinuclear center (TNC, dioxygen reduction
center) structured between a type 3 (T3) pair of antiferro-
magnetically coupled copper ions, and a type 2 (T2) copper
ion. Laccase-catalyzed oxidations of transition-metal com-
plexes that illustrate the ability of the enzyme to interact
with such partners have been reported.”)

Complex 2 is a heteroleptic ruthenium(II) complex with
one of the ligands holding a fused imidazole motif and a
substituted phenyl ring reminiscent of the substrates of lac-
cases.'”! While challenging the oxidation of syringaldazine
(4-hydroxy-3,5-dimethoxybenzaldehyde azine, a commonly
used substrate of laccases) by LAC3 with several concentra-
tions of 2, we found that 2 inhibits LAC3 with an IC50 of
about 200 pm. NaPF, has no noticeable effect on the enzyme
activity up to 200 pum. This indicates that complex 2 can
probably interfere with the binding site of the substrate. In
contrast, in the presence of 300 um of 1, LAC3 displayed ap-
proximately 90 % of the residual activity.

Photoreduction of LAC3 was first followed by UV/Vis
spectroscopy. The spectrum of LAC3 displays the character-
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istic features of T1 copper sites with an intense absorption
band centered at 610 nm (e =5600 mol™'Lcm™") responsible
for the blue color of the oxidized enzyme.®! Under irradia-
tion and in the presence of 2 (or 1) and EDTA, the 610 nm
band was bleached within a few minutes, which indicated a
reduction of the T1 Cu" ion to Cu' (Figure 1). This suggests
that at least one electron was transferred to the enzyme
under illumination. Irradiation experiments performed in
the absence of EDTA and/or the Ru" complex did not lead
to significant reduction of the T1 Cu" in the same timescale
(Figure S1 in the Supporting Information). On the other
hand, although known as a metal chelator, we verified that
EDTA does not affect LAC3 activity (see Figure S2 in the
Supporting Information).
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Figure 1. Evolution of the spectroscopic features of LAC3 in the presence
of complex 2 (1 equiv) and EDTA (50 equiv), under white light irradia-
tion, at pH 5.5 under an inert atmosphere. Top: UV/Vis spectra with
LAC3 (30 um). Bottom: X-band ESR spectra recorded using 490 pm of
laccase; before irradiation (—) and after irradiation (-----). Tempera-
ture 115 K, microwave power 20 mW, modulation 3G, gain 10°.
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To get quantitative data on electron-transfer rates from
the photosensitizer to the T1 copper site, the luminescence
lifetime of the light-excited complexes 1 and 2 (1* and 2%)
were measured following a previously described proce-
dure. After irradiation at 355 nm, the luminescence at
605 nm follows a single exponential decay. In the absence of
dioxygen, the ruthenium(II) complexes display excited-state
lifetimes of 625 and 900 ns for 1* and 2*, respectively, which
are in agreement with the previously reported values.[*'? Tn
the presence of dioxygen, these lifetimes drop to 401 and
505 ns, respectively. The luminescence was quenched by
adding increasing amounts of laccase, and bimolecular
quenching rate constants were determined from Stern—
Volmer plots. The excited state of Ru" complexes may be
quenched by an energy transfer and/or an electron transfer
from the Ru"™ to the T1 Cu" of LAC3 (oxidative quench-
ing). Quenching of 1* or 2* by nonradiative energy transfer
was evaluated to contribute by less than 5% (Figure S3 in
the Supporting Information). Therefore, the quenching rate
constants are taken as the electron-transfer rate constant
from the Ru™ complexes to the Cu" T1. The Stern—Volmer
plots for complex 1 are linear up to 150 um (Figure S4 in the
Supporting Information). A slight deviation from linearity is
detectable for complex 2 at concentrations of 130-150 pum of
LAC3 and could indicate an association of the complex to
the protein as supported by the kinetic data (Figure 2). Fur-
ther studies are under way to characterize a possible associ-
ation of complex 2 to the enzyme. When experiments are
handled at pH 5.5 in aerobic conditions, kgr are 0.81x10°
and 0.65x 10° mol~'Ls™! for complexes 1 and 2, respectively.
However, in the absence of dioxygen, for a not yet under-
stood reason, the rate constants are approximately three
times larger (Table 1). The values reported here are consis-
tent with the rate constants reported for the quenching of
Ru(bpy),>™* by the oxidized T1 copper ions of several blue
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Figure 2. Stern—Volmer plots for the quenching of the luminescence of 2*
by LAC3 at 20°C: A =pH 6 under nitrogen, m=pH 3 under nitrogen, o =
pH 5.5 under nitrogen and @ =pH 5.5 in air. 7,: excited-state lifetime in
the absence of laccase, and 7 : excited-state lifetime in the presence of
laccase. (Ao =355 nm and A, =605 nm).
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Table 1. Electron-transfer rate constants from Ru'* complexes to the T1
Cu" under nitrogen unless specified, and dioxygen consumption rates.

pH kerx 107 [mol'Ls™] Vo x 10° [mol L' min~"]

+LACM —LACH
1 3.0 1.88+0.06 8.1 32
55 2.4840.05/0.81 +£0.011 nd nd
6.0 2.5540.03 6.6 5.4
9.0 nd 6.4 13.3
2 3.0 1.14+0.04 7.8 2.7
55 1.8140.02/0.65+0.011! nd nd
6.0 2.0640.05 8.1 5.8
9.0 nd 8.8 15.0

[a] Under O,. [b] EDTA + Ru" complex+LAC3. [c] No LAC3.

copper proteins,'?! as well as with that reported for the pho-
toreduction of ascorbate oxidase by photolytically generated
5-deazariboflavin semiquinone.™ In any case, electron-
transfer rates appear to be fast approaching the limit of dif-
fusion-controlled processes. The high reducing power of the
excited state of the Ru" complexes, inducing a large driving
force (E°(Ru**/Ru***)=—0.84 and —0.46 V versus NHE for
1 and 2, respectively, E°(Cu**/Cu*)=0.68 V for the T1 cop-
per),“**12l may partially account for this phenomenon.

The photoreduction process was further monitored by
ESR spectroscopy. The sample (LAC3+ruthenium com-
plex+EDTA) was placed in an ESR quartz tube. Prior to ir-
radiation, the 115 K spectrum of LAC3 (Figure 1) was com-
posed of signals arising from the T1 and T2 ions with pa-
rameters for the T1 (g, =2.19; A, =87 G; g, =2.04) and for
the T2 (g,=2.25; A =162 G), similar to those for LAC3
and other laccases reported previously.”® After approxi-
mately 25 min of irradiation the sample was ESR-silent,
which indicated that both the T1 and T2 coppers were re-
duced. This formally indicates that at least two electrons
were transferred to the enzyme. Upon reoxygenation, both
the T1 and T2 coppers were reoxidized as assessed by the
reappearance of the UV/Vis and ESR features. Direct oxi-
dation of the T1 copper by dioxygen does not occur in mul-
ticopper oxidases, and O, interacts instead on the reduced
T3 pair.'>!¥ The reoxidation of both T1 and T2 copper cen-
ters, thus, supports the fact that the T3 copper atoms were
also reduced after irradiation. Cycles of anoxic photoreduc-
tion followed by reoxidation of the copper centers did not
alter the enzyme activity.

A fully reduced laccase converts O, into water. Using a
Clark electrode, we measured the consumption of dioxygen
at 25°C in an air-saturated buffered sample set at pH 3.0,
6.0, or 9.0. In the dark, in the absence of photosensitizer, or
when complexes 1 or 2 were used alone, no significant di-
oxygen consumption was measured. Upon irradiation of sol-
utions containing 30 um of 1 or 2 and 50 equivalents of
EDTA with or without LAC3, the dioxygen concentration
decreased. Light-induced dioxygen consumption rates, in the
presence or the absence of LAC3, range from about 3 to
15x107°* mol L™'min~" and are very similar for the two com-
plexes (Table 1).
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The Ru" excited state can be quenched by O, to form
1) singlet oxygen O,('A,) in an energy-transfer process and
2) O,” in an oxidative process, although this is probably
compensated by fast back electron transfer and does not ac-
count for a significant O, consumption.!'”? When 1 or 2 were
irradiated in the presence of EDTA, dioxygen was con-
sumed in a pH-dependent process probably as the result of
a complex mechanism. The reaction of EDTA with Ru™ to
generate radical species is faster at basic pH values.'¥
Therefore, highly reducing radicals derived from EDTA
could be directly involved in the observed consumption of
0,. Although not favorable in the case of 1, a reductive
quenching of Ru™ by EDTA and an involvement of a Ru'
species in the dioxygen consumption cannot be excluded in
the case of 2. In the presence of LAC3, in addition to the
above-mentioned possibilities, Ru"" excited states can be
quenched by the enzyme as shown by luminescence lifetime
experiments. At pH 3.0, O, consumption rates are 2.5 to 3
times higher in the presence than in the absence of laccase
and appear to be dominated by an enzyme-dependent mech-
anism. Indeed, this extra consumption was completely re-
moved by addition of NaN; (10 mm; Figure S3 A in the Sup-
porting Information), a strong inhibitor interacting with the
TNC of laccase.' At the same time, the presence of azide
had no measurable effect on the dioxygen consumption
rates in the absence of enzyme (Ru"/EDTA systems, Fig-
ure S3B in the Supporting Information). At pH 9.0 O, con-
sumption rates, measured with 1 or 2 in the presence of
LAC3, did not increase with pH, in contrast to the stimulat-
ing effect of pH observed in the absence of enzyme. Laccase
is known to be rapidly inhibited by hydroxyl ions®” and,
indeed, the enzyme is not able to reduce dioxygen at this
pH. A strong inhibition of dioxygen consumption by azide
and a dioxygen consumption faster at acidic than at alkaline
pH, support the fact that, under irradiation, the photore-
duced enzyme can accomplish full catalytic cycles during
which four electrons per cycle are stored on the copper ions.

In conclusion, we have described for the first time the
photoinjection of four electrons into a multicopper oxidase.
In the presence of an exogenous electron donor and a pho-
tosensitizer, the enzyme can be fully reduced and is in turn
able to reduce dioxygen. Although the turnover of this bi-
molecular system remains modest (0.3 min~'), it constitutes
a first step towards promising hybrid materials. Indeed, one
way to improve the system is to link the photosensitizer to
the enzyme covalently. To this end, construction of site-di-
rected mutants with a unique anchor point near the T1
copper site is in progress in our laboratory. Moreover, given
the availability of various photosensitizers and sacrificial
electron donors/acceptors, as well as the plasticity of laccas-
es, it is likely that a great diversity of hybrid materials with
applications in the fields of photocatalysis, photonics, and
energy can be created.
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Experimental Section

Complex 1 was purchased from Aldrich, and complex 2 was prepared by
modification of previously described procedures (see the Supporting In-
formation for details).”! The photoinduced electron-transfer steps were
performed in sealed vessels containing argon- or nitrogen-flushed Brit-
ton-Robinson (B&R) buffer at the appropriate pH using LAC3 with
1 equivalent of ruthenium complex and 50 equivalents of EDTA. Irradia-
tions were performed with a 150W Xenon bulb (Dolan-Jenner MI-150
fiber-optic illuminator). These reaction conditions were not deleterious
to the enzyme, as assessed by gel electrophoresis and enzyme activity
measurements.
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