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The photophysical properties of anionic semireduced flavin radicals
are largely unknown despite their importance in numerous bio-
chemical reactions. Here, we studied the photoproducts of these
intrinsically unstable species in five different flavoprotein oxidases
where they can be stabilized, including the well-characterized glu-
cose oxidase. Using ultrafast absorption and fluorescence spectros-
copy, we unexpectedly found that photoexcitation systematically
results in the oxidation of protein-bound anionic flavin radicals on
a time scale of less than ~100 fs. The thus generated photoprod-
ucts decay back in the remarkably narrow 10- to 20-ps time range.
Based on molecular dynamics and quantum mechanics computa-
tions, positively charged active-site histidine and arginine residues
are proposed to be the electron acceptor candidates. Altogether,
we established that, in addition to the commonly known and
extensively studied photoreduction of oxidized flavins in flavopro-
teins, the reverse process (i.e., the photooxidation of anionic flavin
radicals) can also occur. We propose that this process may con-
stitute an excited-state deactivation pathway for protein-bound
anionic flavin radicals in general. This hitherto undocumented pho-
tochemical reaction in flavoproteins further extends the family of
flavin photocycles.

electron transfer | flavoproteins | ultrafast spectroscopy | molecular
modeling

hotoinduced processes involving radicals can have deleteri-

ous biological consequences. Yet, radicals play functional
roles in biochemical reactions. One group of photochemically
active biological macromolecules where radical intermediates
can be formed is constituted by flavoproteins. These are ubiqui-
tous components in key biological processes, in particular in
redox reactions critical to the major metabolic energy transfor-
mations and electron transfer (ET) chains (1-3). The flavin
cofactor usually exists as riboflavin (RF), that is, vitamin B,,
derivative flavin mononucleotide (FMN), or, more often, flavin
adenine dinucleotide (FAD). Flavin groups are versatile redox
partners, as they can adopt three different redox states, each
with different possible protonation states, overall including five
physiologically relevant chemical forms (Fig. 14) (4).

Flavins are colored molecules, and photochemical processes
are known to occur in many flavoproteins; in some specific
cases, these processes play a functional role. Photoinduced phe-
nomena of oxidized flavin, the resting state in most flavopro-
teins, have been studied extensively. Oxidized flavin is strongly
fluorescent in solution, but when bound to proteins, its fluores-
cence is often quenched as it may act as an electron acceptor
and participate in photoinduced ET reactions (5-12). Fully
reduced (neutral or anionic) flavins emit virtually no fluores-
cence in solution, but in a confined protein environment, or at
low temperature, their fluorescence is greatly enhanced, a phe-
nomenon ascribed to hindering of deactivation by bending
motions of the isoalloxazine ring (13, 14). Semireduced (neutral
or anionic) flavin radicals are usually short-lived species formed
in the catalytic cycles of flavoproteins and in aqueous solution
cannot be obtained as free radicals in the steady state. In some
flavoproteins where neutral flavin radicals can be stabilized
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(e.g., DNA photolyase and flavodoxin), excitation has been
reported to extract an electron from nearby aromatic residues
(15-17); in DNA photolyase, this process generates the long-
lived and catalytically active, fully reduced flavin cofactor (18).
In contrast, how anionic flavin radicals behave upon excitation
remains unclear despite their relevance as functional intermedi-
ates in many flavoproteins.

In blue light receptor proteins, such as cryptochromes and
blue light using flavin (BLUF) domain proteins, the photore-
duction of oxidized flavin (FMN or FAD,,) to the anionic
radical form (FMN®~ or FAD®*") represents the first essential
step in their response to light (19, 20). In fatty acid photodecar-
boxylase, the photoinduced ET between FAD. and the fatty
acid substrate leads to FAD®™ as an intermediate (21). The cat-
alytic activity of the flavoprotein monooxygenase PqsL can be
triggered by blue light illumination, which was proposed to
occur via photoinduced formation of the NAD(P)H**/FAD®~
radical pair (22). Light-independent processes can also occur
through pathways involving anionic flavin radical formation.
This is, for instance, the case for the oxidative catalysis of
organic molecules by nitronate monooxygenase (NMO) (23)
and by glucose oxidase (GOX), which is widely used in biotech-
nology applications (24, 25). Yet, despite decennia of in-depth
flavoprotein research, so far, only a few flavoproteins have been
reported to be able to stabilize the anionic flavin radical in the
steady state (19, 26-31). As a result, understanding of their
photophysical properties is limited.

Significance

Flavoproteins are colored proteins involved in a large variety
of biochemical reactions. They can perform photochemical
reactions, which are increasingly exploited for bioengineer-
ing new protein-derived photocatalysts. In particular, light-
induced reduction of the resting oxidized state of the flavin
by close-lying amino acids or substrates is extensively stud-
ied. Here, we demonstrate that the reverse and previously
unknown reaction photooxidation of the anionic semire-
duced flavin radical, a short-lived reaction intermediate in
many biochemical reactions, efficiently occurs in flavoprotein
oxidases. We anticipate that this finding will allow photore-
duction of external reactants and lead to exploration of
novel photocatalytic pathways.
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Fig. 1. Steady-state properties of protein-bound flavin species. (A) Five redox and protonation states of flavins occurring as physiological reaction inter-
mediates. Flavin is represented by the isoalloxazine moiety. (B) Active sites in the crystal structures of GOX from Aspergillus niger (PDB entry 1CF3), COX
from Arthrobacter globiformis (S101A variant; PDB entry 3NNE), MSOX from Bacillus sp. (PDB entry 2GB0), DAAO from porcine kidney (PDB entry 1VE9;
in complex with benzoate [not shown]), and NMO from P. aeruginosa PAO1 (PDB entry 4Q4K). The carbon atoms of the flavin cofactors are shown in yel-
low, whereas those of selected active-site residues are displayed in cyan; nitrogen, oxygen, and sulfur atoms are colored in blue, red, and orange, respec-
tively. The closest distances between flavin rings and nonhydrogen atoms of side chains are shown in angstroms. (C) Steady-state absorption spectra of
flavin species in different systems. FAD*~ in GOX was generated by photoreduction in the presence of ethylenediaminetetraacetic acid at pH 10.1, and
the spectrum of FAD,, in GOX was measured at pH 10.1. Spectra of FAD*~ in DAAO and RF*~ in solution were reproduced from published data (26, 42).
The other spectra were measured, as described in the SI Appendix, Methods. For all the spectra, the reported values of extinction coefficients were used
(26, 27, 30, 31). Dashed lines indicate the maxima of excitation pulses in the time-resolved spectroscopic measurements. (D) HOMO and LUMO energy lev-
els of FAD*~ calculated in vacuum and in GOX at the ®B97X-D3/ma-def2-TZVP level.

In vacuum

In general, radical ions in open-shell configurations have dis-
tinct photophysical properties from those of their closed-shell
parent molecules. Their excited states usually decay in a com-
plex manner, involving efficient internal conversion, or conical
intersections between excited state and ground state (32, 33).
With electron donors or acceptors close by, ultrafast ET can
also take place (34); chemical systems that make use of such an
ETreaction from the doublet excited state have been developed
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as superreductants/superoxidants for solar energy and photoca-
talytic applications (35-37). The present work provides an
ultrafast spectroscopic investigation with full spectral resolution
to elucidate the actual deactivation pathway of protein-bound
anionic flavin radicals. In particular, we studied a set of differ-
ent flavoprotein oxidases, where the anionic flavin radicals can
be stabilized and of which well-characterized crystal structures
are available (i.e., FAD®™ in GOX, choline oxidase [COX],
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monomeric sarcosine oxidase [MSOX], and p-amino acid oxi-
dase [DAAO] as well as FMN®™ in NMO. In all these enzymes,
the active site contains positively charged residues that are
thought to be required for stabilizing the superoxide O, func-
tional reaction intermediate (“oxygen activation”) (38, 39). In
all systems, these include residues that are close to van der
Waals contact with the isoalloxazine ring system (Fig. 1B).

In photoinduced ET processes, flavin species almost always
act as electron acceptors and are photoreduced, as is the case
with protein-bound oxidized flavins and neutral flavin radicals
(5-12, 15-17). The only known exception in nature thus far is
DNA photolyase. In the photorepair process of both cyclobu-
tane pyrimidine dimer (CPD) and (6, 4)-photolyases, where the
flavin cofactors function in the fully reduced, anionic form
FADH", the repair of ultraviolet (UV)-induced DNA lesions is
initiated by photoinduced ET from FADH™ to the DNA sub-
strate, yielding the neutral flavin radical (FADH®) (18, 40).
Recently, a similar photoreaction in flavin-dependent “ene”-
reductases has been exploited as a tool to initialize stereoselec-
tive radical cyclization reactions in organic synthesis (41). Our
present findings reveal yet another reaction pathway in the pho-
tochemistry of flavoproteins, namely, the ultrafast photooxida-
tion of anionic flavin radicals. We establish that excitation of
these species results in their photooxidation on a time scale of
less than ~100 fs, generating oxidized flavins in the transient
product state that decay in 10 to 20 ps back to the anionic radi-
cal forms. As similar phenomena were observed for all five fla-
voprotein oxidases in our study, such a photooxidation reaction
might constitute an intrinsic characteristic of protein-bound
anionic flavin radicals in general. We further discuss the iden-
tity of potential electron acceptors based on density-functional
theory (DFT) calculations and molecular dynamics (MD) simu-
lations as well as hybrid quantum mechanics/molecular
mechanics (QM/MM) methods.

Results

Steady-State Absorption Spectra of Anionic Flavin Radicals. Anionic
flavin radicals are usually short-lived reaction intermediates,
and in solution, their formation and detection require pulse
radiolysis methods (42). In some flavoproteins, anionic flavin
radicals can be produced and stabilized under anaerobic condi-
tions by blue light illumination in the presence of a hole scaven-
ger or through chemical reduction (26-28, 30, 31). Fig. 1C
shows the absorption spectra of protein-bound anionic flavin
radicals produced and stabilized in GOX, COX, MSOX,
DAAO, and NMO. In the visible range, anionic flavin radicals
exhibit two distinct transition bands (assigned to Dy—D,4 and
Dy—Dg transitions) (11). Those obtained in proteins differ sig-
nificantly from those produced in solution by pulse radiolysis
and from each other. This can be explained by the interactions
between the anionic flavin radicals and the local protein envi-
ronments and might be an indication of positive charges close
by, as has been demonstrated in our previous work (11). A
QM/MM calculation (Fig. 1D) shows that the protein environ-
ment of GOX significantly lowers the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of FAD®™ compared with those in vac-
uum, indicating the effects of the protein environment on the
electronic properties of FAD®™. Furthermore, we note that the
presence of small amounts of oxidized or fully reduced flavin in
the equilibrated samples cannot be fully excluded (see SI
Appendix, Note 1).

Emission from Excited Anionic Flavin Radicals. First, we investi-
gated the excited state dynamics of FAD®™ using time-resolved
fluorescence measurements. As shown in Fig. 24 and S/
Appendix, Fig. S5, upon excitation at 390 nm, we did not detect
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Fig. 2. Time-resolved fluorescence measurements. (A) Fluorescence decays
of FAD*™, FAD,,, and FADH™ in GOX monitored at 537 nm under the same
excitation conditions with CS, as the Kerr medium. Intensities were nor-
malized based on the absorption of the samples at the excitation wave-
length (390 nm). (B) Fluorescence decays of the as-prepared aerobic
(FAD,,) and reduced (FAD*") samples of COX monitored at 532 nm, with
benzene or Suprasil (inset) as Kerr medium. Measurements were con-
ducted with the same sample before and after the chemical reduction.
Exponential fits are shown as smooth curves; a.u., arbitrary units.

any perceptible emission signal for FAD®*™ in GOX with our
setup that has femtosecond time resolution (for samples
obtained either by photo or chemical reduction). The fluores-
cence decays of FAD,, and FADH™ in GOX measured under
the same experimental conditions are presented in the same fig-
ure for comparison. The fluorescence of FAD,, in GOX mainly
decays with time constants of 1.1 ps and 4.3 ps (6, 12). The time-
resolved fluorescence of FADH ™ in GOX exhibits monophasic
decay with a time constant of 800 ps (SI Appendix, Fig. S6B and
Table S2). The absence of an emission signal for FAD®*™ in GOX
indicates that there are nonradiative processes taking place much
faster than the instrument response (~200 fs with Suprasil as
Kerr medium).

FAD®™ in COX is stable even in the presence of O, (31),
allowing long-duration signal accumulation for detecting small
signals. As a reference, the time-resolved fluorescence of non-
reduced, FAD,,-containing (SI Appendix, Fig. S1) COX was
measured (Fig. 2B). Upon excitation at 390 nm, it exhibits a
biphasic decay with a dominant ~300-fs ultrafast phase and a
long-lived phase (SI Appendix, Fig. S74). The 300-fs phase was
assigned to FAD,, fluorescence that was quenched by flavin
photoreduction processes, with Tyr465 and Tip61 being the
potential quenchers (SI Appendix, Fig. S10). The sample was then
incubated with Na,S,0,4 until the reaction reached maximal
FAD*®™ formation (corresponding to the absorption spectrum
shown in Fig. 1C), and further time-resolved fluorescence meas-
urements were performed. With benzene as Kerr medium
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(relatively high sensitivity but low time resolution), a small signal
less than 10% of that of FAD, was detected. It has similar kinetic
and spectral (maximum at ~520 nm) features (Fig. 2B and S/
Appendix, Fig. S7) to those of FAD,,, and was therefore assigned
to a remaining fraction of FAD,,. However, when Suprasil was
used as Kerr medium (low sensitivity but high time resolution),
no perceptible emission signal was detected for the reduced sam-
ple, whereas the ~300-fs phase of FAD, is clearly resolved in the
nonreduced sample (Fig. 2B, Inset). From the comparison of the
signals of the reduced and nonreduced samples, we estimate that
any FAD®™ fluorescence decays in <30 fs. Altogether, we conclude
that as in GOX, in COX, ultrafast nonradiative deactivation of
excited-state FAD®™ occurs.

Transient Formation of Oxidized Flavins upon the Excitation of
Anionic Flavin Radicals. The lack of emission in radical ions is
usually explained by efficient internal conversion between D
and Dy states, involvement of D,/D; and D,/Dy conical inter-
sections, or photoinduced ET when there is an electron donor
or acceptor close by (32-36). To investigate the actual excited-
state deactivation pathways of protein-bound anionic flavin rad-
icals, we performed transient absorption measurements. Pump
pulses centered at 390 and 520 nm were used to excite the two
distinct transition bands.

The transient absorption kinetics of FAD®*™ in GOX are
shown in Fig. 34 and SI Appendix, Fig. S13, and the decay asso-
ciated spectra (DAS) extracted from the global analysis are
given in Fig. 3B and SI Appendix, Fig. S15. Here, the DAS were
used to avoid the influence of potential parallel photochemical
schemes arising from other excitable flavin forms that may be
present in the samples (SI Appendix, Note 1). Upon excitation,
we observed a marked induced absorption band formed within
an instrument-limited time of ~100 fs (Fig. 34, Inset). This
band is very similar to the Sy—$; transition band of ground-
state FAD,,. Under 520-nm excitation, the decay of this band
(time constant of 19 ps) constitutes the only spectral evolution.
Under 390-nm excitation, this band has a virtually identical
shape (Fig. 3B) and decays with a very similar time constant.
Along with the fact that we did not observe any emission with a
similar lifetime in the time-resolved fluorescence measurements
(vide supra), we conclude that this ~20-ps phase must arise
from a nonemissive product state.

The 390-nm excitation data require two additional small
kinetic phases with time constants of 1.8 and 900 ps to obtain a
satisfactory global fit (Fig. 34 and SI Appendix, Figs. S13 and
S15). These time constants are similar to those of the excited-
state lifetime of FAD, and FADH™ (1.1/4.3 ps and 800 ps,
respectively, vide supra) in GOX; the corresponding DAS,
although too small to be reliably analyzed, also show resem-
blance to those obtained for FAD. (12) and FADH (SI
Appendix, Figs. S11 and S12) (14). Indeed, as illustrated in
Fig. 1C, the 390-nm pump will also excite trace amounts of oxi-
dized and fully reduced flavins, whereas the 520-nm pump can
only excite anionic flavin radicals.

We observed similar transient absorption spectra for the
anionic flavin radicals in the other flavoprotein oxidases. Upon
excitation of FAD®*~ or FMN*~ in COX, MSOX, DAAO, and
NMO, strong induced absorption bands centered at ~450 nm
appeared in less than ~100 fs. They highly resemble the So—S;
transition bands of ground-state FAD,, or FMN,, (Fig. 3 C
and D and SI Appendix, Figs. S16 and S17) and upon 520-nm
excitation decay in a single-exponential manner in 10 to 20 ps
(Fig. 3C and SI Appendix, Table S3). Similar to GOX, experi-
ments with 390-nm excitation on COX and MSOX also yielded
minor additional phases assignable to trace amounts of FAD
and FADH ™ (SI Appendix, Note 3).

In Fig. 3 B and D, spectral analysis is performed by compar-
ing the DAS of the product states with steady-state difference
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spectra of the oxidized flavin and the anionic flavin radical. The
overall features of the DAS, including the ground state bleach-
ing and induced absorption, correspond well with the model
spectra. Furthermore, taking into account the excitation density
using [Ru(bpy);]Cl, as a reference, the amplitude of the signals
indicates near-unity oxidized flavin formation per absorbed
photon (SI Appendix, Note 4).

Yet, the DAS are not strictly identical to the model spectra.
For instance, the bleaching feature at ~500 to 550 nm in the
steady-state model spectrum of GOX (Fig. 3B) is less pro-
nounced and nonnegative in the transient spectrum. The dis-
crepancy between the steady-state model and transient spectra
may be due to two reasons. First, given the ultrafast time scale,
the transiently formed oxidized flavins are presumably in an
unrelaxed protein environment, resulting in a shifted absorp-
tion spectrum and altered vibrational progression. Second, dur-
ing the photooxidation process, a radical intermediate formed
from a yet unknown electron acceptor may also absorb in the
visible region and contribute to the observed DAS. The second
assumption (further addressed theoretically in the next section)
is supported by the analysis of the transient anisotropy absorp-
tion spectra (SI Appendix, Fig. S21), which provides detailed
insight in the orientation of the involved transition dipole
moments (43) (details for calculating anisotropy r and the angle
¢ between the pumped and probed transition are given in S/
Appendix, Note 5). In the 440- to 470-nm spectral range where
the transient absorption is maximal, the anisotropies are almost
constant and very similar for 390-nm (r = 0.18 to 0.19) and 520-
nm (r = 0.20 to 0.22) excitation. As in both cases, mainly the
So—S; transition band of FAD. was probed, this result indi-
cates that the Dy—D,4 and Dy—Dy transition dipole moments
of FAD®™ in GOX are near parallel, which is in general agree-
ment with the theoretical prediction that these two transition
dipole moments form a small angle (SI Appendix, Fig. S22).
However, previous work has shown that the Sy—S; transition
dipole moment of FAD, should also be near parallel to the
Dy—D, transition of FAD®*", which corresponds to an r value
close to 0.4 (10), whereas smaller values were observed in the
present case. This may be explained by broad contributions
from transition dipole moments of a third species in the probed
region. The identity of this third species is examined in the next
section.

Additionally, we investigated whether the photoinduced fla-
vin oxidation in GOX depends on the preparation method of
FAD®™ or on the pH. No such dependence was observed (S
Appendix, Fig. S19), and this robustness, along with our obser-
vations in a multitude of protein systems, strongly suggests that
photooxidation of the anionic flavin radical occurs ubiquitously
in flavoenzymes where this species can be formed.

Identity of the Electron Acceptor. With regard to the possible
identity of the corresponding electron acceptors, we rule out the
involvement of byproducts produced upon preparing the anionic
flavin radicals in the steady state, as similar results were obtained
with different reduction methods, including photoreduction. The
ultrafast formation of the transient oxidized flavins and the mono-
phasic decays suggested a close interaction and a well-defined
conformation between the electron donor and acceptor, which
makes active-site residues appropriate candidates.

In DFT, the ionization potential (IP) and the electron affinity
(EA) of a molecule can be approximated by the negative of the
HOMO energy, which, to be more precise, refers to the highest
occupied Kohn-Sham (KS) levels here of the N and N + 1 elec-
tron systems, respectively (44). For selected active-site residues
in the investigated flavoprotein oxidases, DFT calculations were
thus carried out to evaluate their EA by optimizing their geom-
etries in the one-electron-reduced forms (N + 1). The result
shows that in vacuum, only the neutral radicals of fully
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steady-state difference spectra.

protonated histidine (HisH,") and arginine (ArgH") have rea-
sonable negative HOMO energies (—5.24 and —5.92 eV,
respectively), indicating the relatively high (and close) EA,
whereas for the other residues, including the singly protonated
forms of histidine, the acceptance of an additional electron
leads to relatively unstable species (SI Appendix, Table S4).
Indeed, among the one-electron-reduced forms of common
amino acids, so far, only the neutral radicals of isolated proton-
ated histidine and arginine (or analogs) have been experimen-
tally produced and spectrally characterized (45, 46), suggesting
that their reductions are energetically more accessible. Addi-
tionally, several studies have demonstrated that HisH," is an
effective electron acceptor for quenching excited tryptophan
(*Trp) (47, 48). Together, this suggests that HisH,* and ArgH*
are the most likely candidates for the electron acceptors among
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those residues. Notably, the neutral lysine radical appears to
have a moderately negative HOMO energy (—3.77 eV); the
backbone amide group, which has been reported to quench
*Trp fluorescence (49) and is present in proximity of the flavins,
is determined to have a HOMO energy of —0.60 eV. Therefore,
protonated lysine and backbone amide are energetically less
favorable to act as an electron acceptor than HisH," and
ArgH™.

Among the five flavoprotein oxidases, the structural proper-
ties of GOX are the most extensively studied and relatively well
understood, making it an appropriate system for further theo-
retical investigation of the electron acceptor. In GOX, there
are two histidine residues located very close to the flavin in the
active site (Fig. 1B), that is, His516 and His559 (3.83-A and
3.76-A ring—to-ring distance to FAD in the crystal structure,
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respectively). In accord with the DFT calculations above, a dou-
bly protonated form of histidine is more likely to act as electron
acceptor; therefore, we examined the protonation state of these
two histidines. His559 forms strong hydrogen bonds to Glu412
and is expected to be doubly protonated over a wide pH range
(50, 51). However, the protonation state of His516 in the pres-
ence of FAD®™ is less clear, which was examined by MD free
energy (MDFE) simulations. The result (SI Appendix, Table S5)
shows that, in the presence of FAD*", in the doubly protonated
form, His516 also has a very high pK, of 13.5 (SD: 0.7) due to
interactions with the negatively charged FAD®™ and nearby
Asp328. Therefore, in GOX, both histidine residues, His516
and His559, are likely to be doubly protonated in the presence
of FAD®™. The active site of GOX appears to be arranged in a
way that in the reduced form, the pK, of the flavin cofactor is
downshifted (52), while the pK, values of the two histidines are
upshifted.

MD simulations were then performed for GOX with the fla-
vin in the anionic radical state and both His516 and His559
doubly protonated. As shown in Fig. 44, throughout the 150-ns
MD simulation, His559 remains very close to FAD®*™ with an
average minimal ring-to-ring distance of 3.81 A. However,
His516 rotates around y2 to a noncatalytic conformation, as it
was shown previously (53), and stays relatively far away from
FAD®*™ (~5.5 A) and only transiently approaches the cofactor.
The shorter distance of 3.83 A between flavin and His516
observed in the crystal structure is explained by the fact that
His516 is singly protonated with FAD,y in the crystal structure
(50, 53). The finding of His516 conformational changes is in
agreement with a previous study showing that His516 is a

flexible, functionally important residue that can flip between
catalytic and noncatalytic conformations (53). Given the closer
interactions of His559 with FAD*™, His559 appears to be a suit-
able candidate for accepting an electron from excited FAD*".
These results were also reproduced well by the simulations
based on a different high-resolution crystal structure (S
Appendix, Fig. $23; Protein Data Bank (PDB) entry 3QVP, res-
olution of 1.2 A).

Assuming His559 as the electron acceptor, we used a QM/
MM protocol to calculate the transient absorption spectra of
FAD®™ photooxidation in GOX, including the induced absorp-
tion of FAD,, and HisH,* as well as the ground-state bleaching
of FAD*™ (~500 to 550 nm; HisH," only absorbs in the UV
range). As shown in Fig. 4 B and C, despite some overestima-
tions of the transition energies, the calculated spectra of FAD
and FAD®™ agree well with the experimental spectra (Fig. 1C).
In the near UV range, the calculated spectrum of HisH,® in
aqueous solution agrees well with the experimental spectrum
obtained by pulse radiolysis (45, 54). Notably, in GOX, HisH,*
formed from His559 displays more intense absorption in the
visible/near-infrared range than its state in solution (Fig. 4B,
Inset) presumably due to effects of the complex protein envi-
ronment around His559, in particular the hydrogen-bonded
Glu412. This partially compensates the bleaching of FAD®™
and leads to a red-extending tail in the overall difference spec-
trum, which reproduces the experimental DAS reasonably well
(Fig. 4D).

The free energy change associated with the FAD*/HisH,* —
FAD,/HisH,*® ET reaction in GOX was estimated using the fol-
lowing method. In a protein system, the free energy change of
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Fig. 4. MD simulations and QM/MM spectral calculations. (A) The minimal ring-to-ring distance between FAD*~ and His516 or His559 in the MD simula-
tion of GOX. (B) Calculated absorption spectra of individual species involved in the photooxidation process of FAD*™ in GOX. (C) Calculated transient spec-
trum of FAD®~ photooxidation in GOX by superimposing individual spectra of corresponding components in B. (D) Experimental DAS (10- to 20-ps phases)
of FAD®*™ in GOX, COX, and MSOX obtained by combining normalized DAS from two excitation conditions (375-420 nm: 520-nm pump, 420 to 695 nm:
390-nm pump; see Fig. 3B). Wavelength ranges of calculated and experimental spectra are different to account for a rigid shift arising from the limitation

of calculations (11, 78).
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the investigated ET process (AGgrpro) can be calculated by
evaluating the electrostatic free energy difference of the two
states relative to a reference system in the aqueous solvent:

AGETPfOt = AGET,solV + AAGEs,

where AGgrsow is the free energy change of the investigated
ET process in the aqueous solution obtained by high-level QM
calculations (55, 56), and AAGgs is the double difference of
electrostatic energies of the systems before (FAD* /HisH,")
and after (FAD,/HisH,*) the ET reaction, respectively, evalu-
ated using MD simulations and the Poisson-Boltzmann (PB)
method (57) (SI Appendix, Note 7) in the protein relative to the
aqueous solvent. Based on this approach, we obtained a
AGETpro Value of 2.19 eV (SD: 0.05), which is less than the
energy of a 520-nm photon (2.38 eV, corresponding to the red
edge of the FAD®™ absorption), confirming that such a photoin-
duced ET reaction is energetically feasible. It is also worth
noting that the protein environment is found to energetically
disfavor the formation of the FAD,/HisH,* pair with AAGgs =
+0.23 eV (SD: 0.05), hinting at the stabilization of the charges of
FAD®~ and His559" by surrounding residues in the active site of
GOX.

Discussion

Taken together, our time-resolved fluorescence and transient
absorption measurements provide a consistent, yet unexpected,
picture that ultrafast photooxidation of anionic flavin radicals
occurs in GOX, COX, MSOX, DAAO, and NMO. In all sys-
tems this process is followed by back transfer of the ejected
electron on the picosecond timescale, as evidenced from the
monophasic decay of the induced absorption band (Fig. 3C)
and the absence of bleaching signals of the anionic flavin radi-
cal on longer timescales (Fig. 34). The very similar observa-
tions among the five different oxidases indicate that the ET
reactions involve similar distances and electronic properties. As
illustrated in Fig. 1B and summarized in ST Appendix, Table S3,
in the five flavoprotein oxidases investigated in this study (and
possibly for all other functional flavoprotein oxidases), there is
always a positively charged residue, including either histidine or
arginine, present in the active site (23, 38, 58, 59). Our present
results suggest that these residues not only play an important
role in the thermodynamic stabilization of anionic flavin radi-
cals (39) but also contribute to the deactivation of the excited-
state anionic flavin radicals via a charge-transfer (CT) state. As
the presence of close-lying positively charged residues can be
considered a prerequisite for the formation and stabilization of
anionic flavin radicals in proteins, the photooxidation process
may constitute an excited-state deactivation pathway for
protein-bound anionic flavin radicals in general. Qualitatively,
such properties may also be related to the common require-
ments of these oxidases to stabilize the electron-rich intermedi-
ates in their catalytic cycles (38), including the highly reactive
reaction intermediate O,° in the active site, by a positive
charge in close proximity to the flavin (39, 51).

In none of the investigated systems have we been able to
detect fluorescence assignable to the anionic flavin radicals, in
agreement with the extremely rapid appearance of the oxidized
flavin photoproduct. For COX, our assessment of lack of time-
resolved FAD®™ fluorescence contrasts with the report of
FAD® -assigned steady-state fluorescence peaking around 450
nm (at the blue of the 500-nm FAD®™ absorption maximum,
that is, violating the Kasha—Vavilov rule) in the enzyme from
Arthrobacter globiformis (31). We note that, unfortunately, a
fluorescence excitation spectrum was not provided in ref. 31,
and C4a-flavin adducts, which can form in COX (60), strongly
fluoresce in this region (61, 62). The only time-resolved fluores-
cence assigned to the anionic flavin radical remains that from
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insect cryptochrome (28). Yet, the spectral characteristics are
very close to those of oxidized flavin, as discussed in ref. 27.
Indeed, the reported absorption spectrum of FAD®™ in this
protein (28) is significantly different from another report of
FAD®™ in Drosophila cryptochrome (19) in that it shows an
unusual plateau at ~450 nm, near the absorption maximum of
FAD, (ST Appendix, Fig. S4).

The lifetimes of the formed photoproducts in the flavopro-
tein oxidases studied span a remarkably narrow range of ~10 to
20 ps, with three of the lifetimes being at 20 ps within experi-
mental error. This finding may be linked to the very similar and
close distances between the flavins and nearby histidine or
arginine residues in the five flavoprotein oxidases (Fig. 1B) as
well as the similar EA of histidine and arginine residues
(SI Appendix, Table S4). In this context, we note that in COX,
the covalently linked and functionally relevant histidine His99
(63) is most probably neutral, since in the crystal structure, its
Ns atom does not appear to have any hydrogen bond partners,
and the pK, of 8a-N-imidazole—substituted flavins is deter-
mined to be ~6 (N of the imidazole moiety) in solution (64).
Therefore, it is not a likely electron acceptor, making His466 a
more probable candidate.

HisH," can quench Trp fluorescence by accepting an elec-
tron from *Tirp (47). In the villin headpiece, this reaction occurs
between close-lying solvent-exposed residues on a much slower
(~500-ps) timescale (48) than the intraprotein *FAD®™ quench-
ing reaction characterized here. The energetics involved are dif-
ficult to compare directly (we note that in the gas phase,
*FAD*®" should be a much stronger reductant than *Trp; the IP
of indole is 7.76 eV (65), while the EA of oxidized flavin is 1.86
eV (66), not compensating for the lower energy difference
between the excited-state levels [1.75 eV]; these potentials are
very different and environment sensitive in solution and pro-
tein). Additionally, and importantly, one may expect that
compared with the fluctuating Trp/HisH,* system in the villin
headpiece, the FAD® /HisH," system has a much stronger
electronic coupling due to a much more confined environment.

Finally, we emphasize that we did not directly observe the for-
mation of the excited state of anionic flavin radicals (Fig. 3), leav-
ing room for the discussion of the involved ET mechanism.
Although our present simulations demonstrate that such a reac-
tion should be energetically feasible, given the estimated weak
driving force (~0.2 eV), it would be incompatible with a standard
Marcus theory description using a reorganization energy in the
0.7- to 1-eV range (67, 68). However, on this timescale and with
strong ionic interactions between the reactants, the underlying
assumptions of thermalized reaction-coordinate motions and
weak coupling are likely not fulfilled. Furthermore, we cannot
completely rule out a CT excitation that leads to direct formation
of a FAD,/HisH,* CT state nor nonadiabatic transition from the
locally excited state to a CT state. Nevertheless, a direct CT transi-
tion, which may overlap with the local excitation transition (com-
pare with ref. 69), in principle requires very strong interactions
between the donor—acceptor pair in the ground state to provide
reasonable oscillator strength, which is difficult to evaluate using
the present level of simulations. It is of note that the crystal struc-
tures of the proteins studied a priori correspond to those with oxi-
dized flavins and additionally for COX to a protein variant and
for DAAO to a protein—inhibitor complex. When the flavins are
reduced, the active-site conformations are likely to contain rear-
rangements. This makes quantitative evaluation of ET dynamics
and a definitive determination of the electron acceptor(s) chal-
lenging at this point. Moreover, variants of the close-lying posi-
tively charged residues are likely to influence the formation and
stabilization of anionic flavin radicals as well as affect the binding
affinity for flavins (51, 59, 70). Future studies combining more
extensive theoretical investigations and spectroscopic experiments
on genetically modified proteins will allow determining the exact
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nature of the electron acceptors and ultimately establish the pre-
cise molecular origin of the common dynamic features of ET in
flavoprotein oxidases.

In summary, in this work, we have demonstrated a photo-
chemical reaction occurring in the anionic radical state of flavo-
protein oxidases, further extending the variety of light-induced
processes in this important class of enzymes (Fig. 5). In view of
the ephemeral nature of anionic flavin radicals in most biochem-
ical and photobiochemical reactions where it could act as an
intermediate, whether the here-characterized photoreaction
could play a physiological or photoprotective role in native pro-
teins remains to be established. Yet, it is plausible that anionic
flavin radicals can be accumulated under reducing and low-
oxygen physiological conditions. By genetic engineering
approaches, we envisage to explore the possibilities of creating
pathways that allow further electron hopping, thus stabilizing the
primary photoproduct. These approaches ultimately will allow
photoreduction of external reactants and pave the way toward
the development of a novel class of flavoprotein photocatalysts.

Materials and Methods

GOX from Aspergillus niger, COX from Arthrobacter sp., MSOX from Bacillus
sp., and DAAO from porcine kidney were purchased from Sigma-Aldrich.
NMO from Pseudomonas aeruginosa was expressed using a codon-optimized
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