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ABSTRACT: Formation of the neutral flavin radical in the light-
oxygen-voltage-sensing (LOV-sensing) domain of photozipper
(PZ), based on VIAUREOQO1, was investigated by electron para-
magnetic resonance (EPR) spectroscopy. The flavin radical was
observed in the presence of DTT by illumination of a LOV-
domain mutant (C254S), in which a photoactive cysteine residue
in close proximity to flavin was replaced with a serine. The radi-
cal did not form under low initial protein-concentration conditions
(less than 20 puM). The flavin radicals accumulated with logistic
time-dependent kinetics when the protein concentrations were
higher than 30 uM. These results indicate that the radical is pro-
duced by concerted reactions involving protein interactions, and
that the radical is formed from the LOV dimer but not the LOV
monomer. In contrast, logistic time-dependencies were not ob-
served for the sample adapted to the dark following radical for-
mation by illumination, indicating that initialization of the proton
pathway is essential for this fast sensing reaction.

1.Introduction

Light-oxygen-voltage-sensing (LOV) domains are widely
found in the blue-light (BL) sensor proteins of plants. The LOV
domain consists of about 100 amino acids and accommodates a
flavin mononucleotide (FMN) as the chromophore. BL induces a
conformational change in the LOV domain, which subsequently
influences the effector domains, or interactions of other molecules,
to induce biological activities. Aureochrome-1 (VFAUREO1) has
been proposed to be responsible for the branching response of a
stramenopile alga, Vaucheria frigida® 2. VFAUREO1 contains an
LOV domain and a basic-leucine-zipper (bZIP) domain®. The
bZIP domain is an o-helical DNA-binding motif found in a family
of eukaryotic transcription factors that selectively recognizes se-
quences in the target DNA*8, AUREO1 was therefore speculated
to be a light-regulated transcription factor that binds the target
TGACGT DNA sequence?. Photozipper (PZ) is an N-terminally
truncated AUREOL consisting of bZIP and LOV domains, and
was optimized for cultivation and genetic manipulation® °. Studies
of PZ have clarified that BL induces its dimerization and enhanc-
es its affinity for the target DNA sequence® %15 Dimerization is
a key aureochrome reaction® 1912, however, the molecular mecha-
nisms that induce the conformational changes of the LOV do-
mains in aureochromes have been poorly clarified to date.

In the first step of the photoreaction of the LOV domain, FMN
is excited by BL, which induces the formation of a triplet state.
The FMN triplet subsequently induces adduct formation with a

highly conserved nearby cysteine residue, which results in a con-
formational change of the LOV domain. Adduct formation simul-
taneously transfers a proton from the cysteine to FMN¢-18, |t has
been reported that adduct formation is not always required for
conversion to the light structure® 2°. BL-induced conformational
changes were detected even in site-directed mutants whose cyste-
ine residues were substituted with other residues that are unable to
form adducts?*24, Proton transfer has therefore been speculated to
trigger the structural change, namely the conversion of the “dark
form” to the “light form” of the LOV domain. Of the photochemi-
cal reactions in the blue-light protein, the properties of the flavin
radicals have been well characterized by electron paramagnetic
resonance (EPR) spectroscopy?>-%’.

The crystal structures of LOV domains in aureochromes have
been reported*® 2829, put large differences were observed, espe-
cially among structures in their light states. Recently, we meas-
ured the distance between flavin-radical pairs in the LOV domain
of PZ by pulsed electron-electron double resonance (PELDOR)™?;
the measured distance coincides with the FMN-FMN distance in
the crystal structure of the LOV dimer in Phaeodactylum tricor-
nutum PtAUREO1a grown under light, suggesting that a similar
LOV dimer was formed in solution'®. Dynamic structural changes
in PZ have been observed by time-resolved spectroscopy°, which
revealed that photochemical reactions with timescales of the or-
ders of us, ms, and sec, are responsible for the formation of di-
mers composed of light and dark forms.

Herein, we report radical formation in the LOV domain of the
cysteine-to-serine mutant (C254S), and propose that initialization
of the proton pathway is essential for this fast sensing reaction.

2.Materials and methods

Wild-type expression vectors of PZ and LOV (without the
bZIP domain, Fig. S1) were mutated with a PrimeSTAR muta-
genesis kit (Takara Bio), using PZ-C254S_F
(CGTAACTCCCGCTTCCTGCAAGGTCC) and PZ-C254S R
(GAAGCGGGAGTTACGGCCCAGGATCT) primers, and intro-
duced into BL21(DE3) cells (Invitrogen)3. Recombinant PZ and
LOV mutants, in which Cys254 was replaced with Ser (C254S),
were prepared as described previously'® 11'1° Samples were sus-
pended in buffer containing 400 mM NaCl and 20 mM Tris/HCI
(pH 7.0). Dithiothreitol (DTT) was added for radical formation
such that the final concentration was 1 mM.

X-band (9.64 GHz) Continuous-wave (CW)-EPR experiments
were carried using a Bruker ESP-300E EPR spectrometer (Bruker
DE) with a dielectric resonator (ER4117DHQH, Bruker DE).
Each sample was inserted into a flat quartz cell and illuminated
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with a 408 nm diode laser (NDHV220APA, NICHIA,; ITC 510,
THORLABS) through a 10-mm-diameter glass fiber.

3.Results and Discussion
3.1.Time course for radical formation in the LOV domain
Figure 1A shows the time courses of the EPR signals observed
at 20-70 UM LOV-C254S concentrations, acquired at the peak
maximum of the flavin radical upon illumination. The trace ac-
quired at 10 uM was used for subtracting unwanted light-induced
signals (Figs. S2 and S3). The observed signal was assigned to
the flavin neutral radical *°. The corresponding absorption spectra
were shown in Fig. S4. The signal intensities of the flavin neutral
radical increased with increasing concentration. It is notable that
the flavin signals were induced with a short delay following
commencement of illumination. The shapes of these traces are
known as “logistic functions”. The dotted lines are those fitted
according to equation (1):

Ymax
Y« 1+(Ymax/Yo —1 )e_kt (1)'

where t, y, and k are time, radical concentration, and rate constant,
respectively, while yo and ymax are initial and maximum radical
concentrations, respectively. Rate constants k (min) were esti-
mated to be 0.9-1.0 in the 20-70 uM concentration range, with an
average value of 0.98 £ 0.04.

Figure 1B shows the concentration dependence of the EPR
signal intensity (ymax). It should be noted that radicals did not
form at low concentrations, while the signal intensity is linearly
proportional to concentration above 30-40 puM. The dotted line is
the line of best fit above 40 uM. Using the linear fit, a threshold
of about 20 uM was determined for radical formation.

Figure 2 displays time courses of the radical-signal intensities
for LOV-C254S (a) in the dark following illumination and (b) re-
illuminated following adaptation to the dark. The radical decayed
with a time constant of 13 min (trace a). Trace b shows that radi-
cals appeared without any lag time when re-illuminated. No lag
time was observed even after long periods in the dark.
Photoexcited flavin molecules form triplet states in reactions of
wild-type LOV domains. Both an electron and a proton are subse-
quently transferred from the nearby cysteine residue (C254), re-
sulting in the formation of an FMN-cysteine adduct. For the
C254S mutant, the reaction did not progress after the formation of
the triplet state. DTT has two roles: as an electron donor and a
proton donor?®. The flavin radical is produced in the LOV-C254S
in the presence of DTT. O2 molecules in solution have been re-
ported to affect the decay of some mutants in the absence of
DTT?. However, we confirmed that O degassing in the pres-
ence of DTT has no effect in our conditions (Fig. S5). In addition,
no concentration dependence of the rate constant k (fig. 1) shows
that the observed delay time is not caused by parallel reaction
with another reactant such as oxygen molecule.

It is remarkable that the time course for radical formation fol-
lows a logistic function after initial illumination. Logistic behav-
ior was also observed for the C254A mutant in the presence of
DTT (data not shown), and no lag time was observed during the
second illumination following adaptation to the dark. Therefore,
the C254 mutant appears to initially be in a “resting state” that
requires initialization by illumination to become “active”.

The overall reaction involves multiple intermediates: the excit-
ed state (FMN*) after photon absorption, the triplet state (TFMN)

following intersystem crossing, the anion radical (FMN®~) after

electron transfer; and the neutral radical (FMNH®) after proton
transfer. During illumination, the FMN molecules become photo-
excited with a specific quantum efficiency. FMN* decays so rap-
idly that the sequence of reactions effectively begins from the
TEMN state.
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Figure 1. (A) Intensities of the CW-EPR signal of the LOV-
C254S as functions of time in the presence of DTT. Illumination
commenced at 0 min. The laser power was 30 mW, while the
sample concentrations were: (a) 70, (b) 60, (c) 50, (d) 40, (e) 30,
and (f) 20 uM. Experimental conditions: microwave frequency,
9.64 GHz; modulation frequency, 100 kHz; modulation amplitude,
15 G; time constant, 655 ms. (B) Maximum signal intensities as a
function of sample concentration. The red line was fitted using eq.
3 (Ktotal =370 }J,M).

FMNH? is generally electrostatically stable because of its lack

of charge, but FMN®*~ is relatively unstable. FMN®- is expected to
decay on the order of us®, which is significantly faster than sub-
sequent N5 protonation and the conformational change that in-
duces dimerization of the LOV domain. Therefore, the rate-
limiting process under illumination is the proton-transfer step
leading to FMNH®.

3.2.The dependence of radical formation on concentration



The relationship for the formation of the neutral radical in a
time-dependent logistic manner, eq. (1), is a solution of the fol-
lowing equation:

=k(1-—)y 2),

Ymax

The initial radical concentration yo, is stochastically formed
during the initial short time period 8t. Duringy is small, the rate
is proportional to the radical concentration'y. The rate constant k
is the function of the laser intensity. Fig. S6 shows the laser pow-
er dependence of the time traces.
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Figure 2: Time courses for (a) radical decay following cessation
of illumination and (b) radical formation upon re-illumination.
Illumination was terminated at 0 min in (a) and commenced at 0
min in (b). The sample concentration was 70 uM. Experimental
conditions are as the same as those reported in Fig 1.

Fig.1 shows that the number of the flavin radicals is approxi-
mately proportional to the sample concentration above 40 uM.
Such concentration dependence indicates that the radical is pro-
duced through a cooperative process with an equilibrium constant
of approximately 20—40 pM. The monomers and dimers of wild-
type LOV domains have been reported to equilibrate with dissoci-
ation constants (Ka) of 30 and 0.6 pM in the dark and light states,
respectively®. With a Kq value of about 30 uM in the non-radical
state, the C254S mutant is assumed to exist in a monomer-dimer

equilibrium. Since the decay of FMN*~ is faster in the monomeric
conformation of the LOV domain than N5 protonation, only a
small fraction of the dark form of the LOV domain converted into
the light form in the monomeric state. The concentration depend-
ence of radical formation (Fig. 1B) can be explained by the coop-
erative formation of the neutral radical FMNH® and conversion to
the light form as follows. In the dimer state, a dark form of LOV
domain paired with the converted light form effectively induces
the neutral radical and converts into the light form. The overall
reaction is explained by the following model:

Kq Kinter  intermediate rate-limiting
2 [LOV-LOV] 2 [LOV-LOV]inter — [LOV*-LOV®]
photon

2[LOV]

in which [LOV] and [LOV-LOV] represent the molar concentra-
tions of the LOV-domain monomer and dimer in the dark state,

respectively. For simplification, the relatively fast decay compo-
nents, such as [TLOV-LOV], [LOV-TLOV], [TLOV-TLOV],
[LOV*-LOV], [LOV-LOV*], and [LOV*-LOV*], are included
in [LOV-LOV]inter. The total equilibrium equation becomes:

Kiotal = Ka*Kinter = [LOV]% [LOV*-LOV*],

where the equilibrium constant Kinter includes all of the intermedi-
ate states. Based upon a previous calculation®, the concentration
of the neutral radical LOV* can be expressed by the injected sam-
ple concentration of the LOV monomer, [LOV]in;, as follows:

o7 _ 1 KmterKd _ KmterKd ZKmterKd -
LoV = 4{2 + 2[LOV]in; \/ (Z[LOV]m LOV]in }} X [LOV]in
@)

Using eg. (3), the equilibrium constant, Ktotai, which describes the
concentration dependence of the radical-signal intensity, was
determined to be 370 uM. The concentration dependence of PZ-
C254S is almost the same as that of LOV (Fig. S7), although the
dissociation Kqg of PZ was determined to be 130 uM in the dark®.
PZ-C254S PZ has two components, the LOV domain and the
bZIP domain; consequently, the Ka of PZ does not directly reflect
the monomer-dimer equilibrium of its LOV domain at low con-
centration.

In the wild-type LOV domain, the adduct between flavin and
the cysteine residue is immediately formed upon radical formation.
The cysteine residue has the dual roles of electron and proton
donor. On the other hand, conversion to a light form is not always
required to form the adduct® 2°. Proton transfer triggers the struc-
tural change and possibly involves a GIn (corresponding to Q317
of VFAUREOL). DTT is an electron donor in the C254S mutant.
The electron-transfer pathway is determined by the chemical
bonds in the protein32. The flavin ring is separated by 6-10 A
from the protein surface and the flavin tail is accessible from solu-
tion. Therefore, the rate-limiting reaction is not electron transfer,
but proton transfer. The electron- and proton-transfer steps are
essential for the conversion of the dark form into the light form.
As for the recovery reaction, deprotonation of the N5 of flavin in
the LOV domain is rate-limiting®? 34, and adduct formation stabi-
lizes the protonated N5 in the wild type. On the other hand, the
radical state is not stabilized prior to N5 protonation in the C254S
mutant, where the anion radical probably decays more rapidly
than the conformational change of the LOV domain.

3.3.Radical initiation

A lag phase was not detected during radical formation in the
sample that had previously produced the radical and was subse-
quently dark-adapted, indicating that the proton-transfer pathway
forms after the formation of the initial neutral radical. Although
this process was not detected because of its faster kinetics, a simi-
lar proton-transfer mechanism accompanying structural rear-
rangement would be preserved in the native system.

The main difference between the dark and light structures is
the location of the mobile a-helix at the N-terminal of the crystal
structure (PDB:5DKK and 5DKL) (Fig. S8). The a-helix in the
dark structure might block access from the solvent. Zoltowski et
al. classified two sites that regulate the kinetics in the LOV do-
main: site 1 (FAD, lle74, Cys76, Thr83, in VVD) and site 2
(Met135, Leu163, Met165 in VVVD)** 3. The ability to recruit
solvent near N5 was suggested by molecular dynamics simula-
tions®8. The triangular pocket involving GIn204, Thr101, and N5
(FAD) in ENVOY was similar to that involving GIn350, Val235,
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and N5 (FAD) in PtAUREO1a. A tunnel connects Val235 to the
surface Thr255-Asn344 residues in PtAUREO1a. If the surface
region is covered with the mobile a-helix in the dark structure, the
pocket would be inaccessible to water molecules, resulting in a
time delay. The interaction with a light form opens the path in the
dark form and helps the conversion of the dark form to the light
form

3.4. Reaction model under continuous exposure to light

Figure 3 summarizes the overall reaction model. It includes
the equilibrium between the monomer and dimer with a dissocia-
tion constant, Kd, of 30 uM in the dark state (Fig. 3a). BL-
illumination triggers the formation of intermediates without any
major structural change between the dark and light forms (from
Fig. 3a to 3b). A fraction of the intermediates undergo structural
change to the light state (from Fig. 3b to 3c). During association
under BL illumination dynamically, fractions of the light form
accumulate, where the conversion between the dark and light
forms is supported by the dimerization of the light form (Fig. 3c).
Finally, the equilibrium of the light form, with a Kq of 0.6 puM,
completes the process (Fig. 3d). Continuous exposure to light
facilitates the dimerization of the light forms of all molecules. On
the other hand, pulse excitation facilitates the dimerization of the
light/dark forms of their final products®.
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Figure 3. Schematic model for initialization. (a) initial dark state,
(b) during initial short illumination, (c) during long illumination
and (d) after long illumination. The upper and lower shapes rep-
resent monomer and dimer states, respectively. The dark and
light forms were represented as folding and stretching shapes.
The number of light form is acceleratedly accumulated during the
period (c) as chain propagation. See text for details.

In the absence of an external electron and proton donor, such
as DTT, no redox event occurs in the LOV-254S domain, even
under light. Therefore, the sample conditions around the flavin are
preserved immediately after protein purification. The proton-
pathway is not constructed in the absence of initialization through
pre-illumination. This situation generally occurs in the LOV do-

main following the usual preparation process under dark condition.

The lack of proton-pathway initialization might result in an inac-
tive and/or inhomogeneous structure in the crystal.
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