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ABSTRACT: Proton-coupled electron transfer reactions play
critical roles in many aspects of sensory phototransduction. In
the case of flavoprotein light sensors, reductive quenching of flavin
excited states initiates chemical and conformational changes that
ultimately transmit light signals to downstream targets. These
reactions generally require neighboring aromatic residues and
proton-donating side chains for rapid and coordinated electron and
proton transfer to flavin. Although photoreduction of flavoproteins
can produce either the anionic (ASQ) or neutral semiquinone
(NSQ), the factors that favor one over the other are not well
understood. Here we employ a biologically active variant of the
light-oxygen-voltage (LOV) domain protein VVD devoid of the adduct-forming Cys residue (VVD-III) to probe the mechanism of
flavin photoreduction and protonation. A series of isosteric and conservative residue replacements studied by rate measurements,
fluorescence quantum yields, FTIR difference spectroscopy, and molecular dynamics simulations indicate that tyrosine residues
facilitate charge recombination reactions that limit sustained flavin reduction, whereas methionine residues facilitate radical
propagation and quenching and also gate solvent access for flavin protonation. Replacement of a single surface Met residue with Leu
favors formation of the ASQ over the NSQ and desensitizes photoreduction to oxidants. In contrast, increasing site hydrophilicity by
Gln substitution promotes rapid NSQ formation and weakens the influence of the redox environment. Overall, the photoreactivity of
VVD-III can be understood in terms of redundant electron donors, internal hole quenching, and coupled proton transfer reactions
that all depend upon protein conformation, dynamics, and solvent penetration.
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hotochemical reactions of flavins are of long-standing In LOV domains, signal initiation involves photochemical
interest owing to their prevalence in important biological generation of a flavin-(C4a)-cysteinyl adduct.”®*’ Initial
processes, including plant light responses (phototropism, studies suggested a mechanism of adduct formation involving
stomatal opening, chloroplast movement, and photomorpho- proton transfer (PT) followed by attack on the flavin by the
geneSisl_4), environmental stress signahng,s’é DNA repair,”® resulting thiolate;***” however, subsequent time-resolved
phototaxis,”'’ and circadian clock regulation.'"'* Blue light- infrared (IR) spectroscopy ruled against an ionic intermedi-
sensing photoreceptors [cryptochrome/photolyases, light-oxy- ate.”””! More recently, spectroscopy and computation on
gen-voltage (LOV) domains, and blue light sensor-using FAD various LOV domains indicate that the reaction could involve
(BLUF) domains] couple extrinsic UV/blue light signals to electron transfer (ET) followed by PT, }gdsrg’gen atom
conformational changes and downstream signal transduction transfer, or highly concerted bond formation.” ™ Given the
through the excitation and reduction of flavin cofactors.' ' importance of proton-coupled electron transfer (PCET) in all
Oxidation of redox-active residues allows for the rapid of these mechanisms, LOV domains with the adduct-forming

cysteine replaced by other nonreactive residues have been
extensively studied for their ability to undergo photoinduced
flavin reduction.””**~* In most cases, the neutral semiquinone

reduction of adjacent flavin cofactors.">~"” Such light-induced
transitions among flavin redox states instigate protein
conformational changes through a variety of mechanisms
that can involve altered electrostatic interactions with the
resulting flavin semiquinone (SQ)'®'” or modifications to Received: January 23, 2021 Bighemnist
hydrogen-bonding networks between the isoalloxazine ring and Revised: ~ March 23, 2021 @
adjacent side chains.”*~** Local interactions propagate to distal Published: March 31, 2021 ‘
positions to release flexible regions, change the oligomeric

state, alter protein—protein interactions, and activate effector

domains.”*~*’
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(NSQ) is the kinetically favored product, although there has
been evidence for both stable* and transient’”” anionic
semiquinone (ASQ) radicals. In these processes, the identities
of internal protein-based electron donors to the flavin excited
state have not been well established. Trp residues, when
present, have been suggested as likely candidates,” although
where examined, spectra of transient radical species have been
inconsistent with Trp and challenging to assign.*' In addition
to the semiquinones formed by photoreduction of Cys-less
LOV domains, external reductants also produce the doubly
reduced hydroquinone (HQ) in some LOV proteins.***

Unlike photoinduced formation of the ASQ_ species,
photoreduction to the NSQ and to the HQ requires
coordinated ET and PT. In LOV domains, the proximal
conserved cysteine residue participates in both processes to
generate the cysteinyl—thioether covalent bond.”***~** More
often, PCET in proteins is multisite in that the transferred
proton and electron have different sources.”” High-potential
centers, such as flavin excited states (>2.0 €V),>”"" can oxidize
neighboring tyrosine or tryptophan relay residues (formal
potentials of ~1 eV>>*’) in electron hole hopping
reactions.”* " Glycine, polyproline, phenylalanine, and
methionine residues have additionally been identified as relay
“hopping” centers in small peptide studies.”” ** However, of
these residues, only glycyl radicals are routinely observed to
play key roles in protein ET mechanisms.’>~** Methionine side
chains are readily oxidized, but their radical states are unstable,
leading to further reactions with oxygen; hence, oxidized Met
residues often require methionine sulfoxide reductase for
reduction.””~”" As such, Met residues have been demonstrated
only to act as reversible h00p7ping sites in computational studies
or in model peptides.’”*>”> Rapid proton transfer, on the
contrary, can occur by acidic side chains and even water
molecules but is also highly dependent on the immediate
environment.”” For instance, flavin NS is protonated by a
proximal aspartic acid in plant cryptochrome, whereas the
corresponding aspartate in photolyases acts as only a facilitator
for proton transfer.”>~"° Alternately, water molecules have
been demonstrated to tune the lifetime of photocycles through
NS deprotonation. These water clusters are permitted into the
flavin binding pocket through a gating asparagine residue in
Avena sativa LOV2’°"7’ and a threonine residue in
Trichoderma reesei ENVOY.” Because of the complexity of
electron and proton transfer in proteins, rational design of such
systems is not straightforward. Conversion of the ASQ species
of Escherichia coli DNA photolyase to the NSQ was attempted
by introduction of an aspartate residue analogous to that in
NSQ-forming plant cryptochrome; however, the single-residue
change did not result in appreciable NSQ formation,”" likely
owing to the lack of stabilization of a protonated aspartic acid
as a proton donor. In contrast, a Cys416Asn substitution in
Drosophila cryptochrome does facilitate ASQ protonation,*>*’
but an increased degree of conversion is observed only when
accompanied by an additional Leu405Glu substitution at the
protein surface to facilitate proton transport from the bulk to
the flavin binding pocket.’

Many biological reactions rely on tightly controlled PCET,
and as such, investigating the underlying regulation of these
reactions can prove illustrative for protein engineering. In
previous studies, we manipulated the native PCET reaction of
the canonical LOV domain protein VVD by substituting the
conserved adduct-forming cysteine residue with a redox-
inactive alanine, resulting in NSQ formation upon light
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excitation.””** Such a strategy has also been implemented in
the development of mini singlet oxygen generator proteins
(miniSOG) and other singlet oxygen photosensitizing proteins
(SOPP) to avoid deactivation of the flavin triplet species by
competing electron donation from amino acids® ™ along with
further removal of hydrogen-bonding amino acids to reduce
the electron affinity of flavin.”””"

Unlike SOPPs, the modified VVD variant retained biological
activity because flavin photoreduction occurs in sufficient yield
and produces a change in NS protonation similar to that found
in adduct formation.”””> Nonetheless, biological activity
depends on reductants to donate electrons to the cofactor.
Herein, we seek to identify these moieties and better
characterize the photoreduction process in the model VVD-
III protein by using the spectral sensitivity of the isoalloxazine
ring as a useful handle for tracking both ET and PT. We find
that redox-active aromatic side chains play only a minor role in
sustained flavin photoreduction, and in their absence, Met
residues contribute to the reductive quenching process.
However, even after extensive residue substitution, we fail to
identify an obligatory electron donor to the excited-state flavin,
thereby suggesting that without proximal Trp or Tyr residues,
electron donors to the flavin are redundant. In contrast, surface
Met residues have a strong influence on reduction-coupled
flavin protonation. Molecular dynamics simulations indicate
that solvent access to the flavin pocket is a key parameter in
this process. In all, the data led to the discovery of an
intriguing, nonconventional role for oxidized methionine in
protonation of the reduced flavin.

B MATERIALS AND METHODS

Site-Directed Mutagenesis. Tyr-less VVD-III in vector
pET-28a was prepared by replacing all nine Tyr residues with
Phe (Tyr:40,45,50,87,94,98,126,175,177:Phe*’) in the context
of VVD-III (Cys108Ala:Met1351le:Met1651le™) via cassette
mutagenesis. Tyr-less Met-less VVD-III was generated by the
Met95Leu, Metl17Leu, and Met179]le substitutions. Tyr-less
Met-less VVD-II was produced by reintroducing Cys108 into
the Tyr-less Met-less VVD-III construct.

Variants of LOV-HK from Brucella abortus in vector pET-
24d (a generous gift from Drs. Rinaldi and Goldbaum) were
modified by the following substitutions: Cys69Ala, Tyr59Phe,
Tyr102Phe, Trp110Phe, and Ser130Gly.

Protein Expression and Purification. Tyr-less VVD-III
plasmids were used to transform a CmpX13 strain modified
from E. coli C41(DE3) with mannose permease gene manX
exchanged for flavin transporter gene ribM”” to improve flavin
incorporation and protein yield. The SeMet variant was
prepared by transforming auxotrophic B834 cells instead. For
the Met-less and Met-less VVD-II variant, cells were also co-
transformed with GROEL/ES to improve native folding and
yield. Cells were grown with kanamycin and 100 mg of
riboflavin per 2 L of medium in either LeMaster medium with
SeMet or Miller’s LB broth at 37 °C until the ODg, reached
~0.8. The temperature was decreased to 17 °C, and protein
expression was induced with 100 yuM IPTG. After expression
under constant white light illumination for 18 h, cells were
pelleted at 5000g. Pelleted cells were either stored temporarily
at —20 °C or immediately resuspended in a buffer [SO mM
Hepes, 150 mM NaCl, and 10% glycerol (pH 8)] and lysed.
Resuspended cells were sonicated for three cycles of 2 min (2 s
on, 2 s off) until they were homogeneous, followed by
centrifugation at 20000 rpm for 1 h at 4 °C. The supernatant
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was loaded onto a Ni-NTA resin column, and nontagged
protein contaminants were removed by washing with buffer
and 20 mM imidazole. Bound protein was eluted with buffer
and 200 mM imidazole, concentrated with a 10 kDa centrifugal
cutoff filter, and loaded onto an equilibrated preparatory
column (HiLoad 26/600 Superdex 75). Colored fractions
corresponding to ~17 kDa were collected, concentrated,
aliquoted, and stored at —80 °C.

LOV-HK variants were expressed in C41(DE3) manX::ribM
cells with kanamycin and 100 mg of riboflavin per 2 L of
medium. Cells were grown in Miller’s LB broth at 37 °C until
the ODg, reached ~0.8. Cultures were cooled to 25—28 °C,
and protein expression was induced with 100 M IPTG for 18
h. Cells were pelleted at 5000g, and proteins isolated in a
manner similar to that previously described.”* Cells were
resuspended in 20 mM Tris, 0.1% Triton, 500 mM NaCl (pH
8), and S mM DTT and sonicated for three cycles of 2 min (2
s on, 2 s off) until homogeneous. Lysed cells were centrifuged
at 20000 rpm for 1 h at 4 °C, after which, the supernatant was
incubated on a Ni-NTA resin column, which was subsequently
washed with DTT-free buffer and 20 mM imidazole and eluted
with DTT-free buffer and 200 mM imidazole. Protein was
concentrated and stored at —80 °C.

Photoreduction Rate Measurements. VVD and LOV-
HK proteins were buffer-exchanged into S0 mM Hepes (pH
8), 150 mM NaCl, and 10% glycerol at least three times and
adjusted to an A,y of 0.1—0.3 (path length of 0.2 cm, Hellma
microcuvette, quartz). SEC-purified proteins that are under
these conditions were used without exchanging. For GSH and
H,0, conditions, buffers were made fresh each time by
addition of newly prepared stock reagents, and protein samples
were exchanged into these buffers three times. For deuterated
conditions, H,O was substituted with D,O and all other
reagents were left unchanged. Samples were kept on ice for
several hours after buffer exchanging twice or thrice to allow
for enough time for deuteron exchange. Thereafter, samples
were buffer exchanged once or twice more just before
measurements. In a 0.2 cm quartz microcuvette, 10 uL of
protein was illuminated with a 448 nm laser (30 mW, World
Star; measured at 24.0 mW using a Coherent FieldMate power
meter) orthogonal to the path of data collection. For lower-
light intensity measurements, a ND1 filter was used to reduce
the power to 2.15 mW. Kinetic traces were acquired every 0.5 s
at 20 °C. Dark-state spectra were acquired for ~S s before laser
excitation. All spectra were recorded on an Agilent 8453 diode-
array spectrophotometer.

Data were processed by global analysis using Glotaran.
Spectra below 300 nm were removed owing to the poor signal-
to-noise ratio, and data above 700 nm were discarded due to a
lack of spectral features. Difference spectra were calculated by
subtracting the average of the first five spectra before laser
irradiation. The zero time point was defined by a fluorescence
bleach at 500 nm and growth of positive spectral features.
Spectra were further baseline corrected at 700 nm, and the
laser line between 445 and 450 nm was set to zero to eliminate
inconsistent data points.

Recovery of the Oxidized State. Samples were set up
like photoreduction assays, except irradiation was halted before
samples began to aggregate, as monitored at isosbestic points
at 345 and 497 nm. Thereafter, samples were allowed to slowly
reoxidize at 20 °C in the dark. To avoid constant irradiation
from the spectrophotometer probe light, cycle times were
increased to 1—10 s, depending on how rapidly recovery
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occurred. To confirm the probe light did not re-reduce the
protein, data sets were collected at longer cycle times and
compared. Traces at 455 nm were fit to a monoexponential
fanction {y = a[1 — exp(—kt)] + y,} using the curve-fitting
tool in MATLAB (The MathWorks, Inc, Natick, MA) to
determine the rate constants. For base-catalyzed recovery
experiments, a 1 M stock of imidazole was prepared in buffer
and diluted into the samples to the desired final concentration
before irradiation.

Fourier Transform Infrared Difference Spectroscopy.
The sample was transferred into S0 mM phosphate buffer (pH
8) and 100 mM NaCl by repeated ultrafiltration (Vivaspin 500,
Sartorius, S kDa cutoff) at 15000g and 4 °C and was
concentrated to an OD,,g of ~70. One to three microliters of
the sample was placed on a BaF, window (Korth Kristalle) and
sealed without any drying by a second window and grease.
FTIR difference spectra were recorded on a Bruker IFS 66/S
spectrometer equipped with a mercury cadmium telluride
detector at a resolution of 2 cm™ and at 20 °C. An optical
filter (Spectrogon) after the sample restricted the recording
range to <2000 cm ™! and prevented stray light on the detector;
1024 scans were recorded before and after illumination of the
sample with 20 mW cm™ of a 455 nm light-emitting diode
(Philipps Lumileds, full width at half-maximum of 20 nm).
Several experiments on independent preparations were
averaged to a representative difference spectrum with a total
of 3072 scans for VVD-37, 4096 scans for Tyr-less VVD-III,
and 5120 scans for SeMet Tyr-less VVD-IIL.

Fluorescence Spectroscopy. Samples were diluted to an
Ao of ~0.1, as measured on an Agilent model 8453
spectrophotometer (path length of 1 cm; Hellma, micro-
cuvette, quartz). Quantum yields were then measured in
triplicate (path length of S mm; Hellma, microcell, quartz)
using a Varian Cary Eclipse instrument coupled to a Quantum
Northwest temperature controller at 20 °C. Excitation was set
at 450 nm (bandwidth of 10 nm), and emission collected at
500 nm (bandwidth of S nm). Fluorescence quenching kinetic
data were similarly acquired with 0—0.5 s averaging and
constant stirring (path length of 1 cm; Hellma, semimicro,
quartz). Rate constants were determined by a single-
exponential fit using MATLAB (The MathWorks, Inc.). The
quantum yield was calculated by the following:™
2

n;

2
nR

1 — 1074
X

.
1— 1074

1

d)PiX
RFR

where ®; and @y, are the sample and reference quantum yields,
respectively, F; and Fy are the integrated fluorescence emission
intensities of the sample and the reference, respectively, A; and
Ay are the integrated excitation intensities of the sample and
reference (i.e., 4., + half-bandwidth), respectively, and n; and
ng are the sample and reference solution indices of refraction,
respectively. As buffer conditions are identical, n; and ny are
approximated to be the same.

Circular Dichroism. SEC-purified protein samples were
buffer-exchanged into S0 mM sodium phosphate (pH 8), 100
mM NaCl, and 10% glycerol. Stock concentrations were
determined by a Bradford assay and subsequently diluted to
~30 pM. Wavelength scans were collected from 200 to 260 nm
at 25 °C, with 1 nm increments. Thermal melts were acquired
at 220 nm from 25 to 95 °C in 2 °C increments with a 1 min
equilibration time. All circular dichroism measurements were
acquired using an Aviv model 202-01 CD spectrometer.
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Melting temperatures were determined by fitting thermal
melt traces with a logistic function using MATLAB:

a
f(x) - 1+ eh(—x+c) —d

Molar ellipticity was calculated from millidegrees as m° X M/
(10dC), where C is the concentration in milligrams per
milliliter, M is the average molecular weight (grams per mole),
and d is the path length of the cell (centimeters).

Electron—Nuclear Double-Resonance Spectroscopy
(ENDOR) Measurements. Q-Band (~34 GHz) measure-
ments were carried out on a Bruker ES80 spectrometer
equipped with a 150 W radiofrequency (RF) amplifier at 150
K. For pulse ENDOR, a Davies sequence (7—7,—RF—1,—x/
2—t—n—7—echo) with a 16-step phase cycling was utilized
with the 7 and RF pulses at 140 ns and 20 ps length,
respectively. The 'H Larmor frequency is ~51 MHz, and the
largest hyperfine coupling for semiquinone radicals is ~30
MHz; therefore, ENDOR was measured in the range of 25—75
MHez.

Molecular Dynamics. MD simulations performed in this
work were based on homology models of VVD-III obtained
with Swiss Model,”” using Protein Data Bank (PDB)
entry31S2”° as the template, and placement of FAD afterward
with SwissDock.”” Simulations were performed in truncated
octahedral boxes containing TIP4P-Ew water molecules,"*
having a buffer distance of 12 A with the solute. Monovalent
ions (Na" and Cl”) were added to neutralize the boxes and
provide them with ionic strengths of 150 mM. Simulations
were run with a time step of 1 fs with full periodic boundary
conditions. The smooth particle mesh Ewald (PME)
method'®" with a 12 A cutoff was used to calculate Iong—
range electrostatic interactions, and the SHAKE algorithm "
was used to constrain all bonds involving hydrogen. For
constant-pressure and -temperature simulations, the Berendsen
barostat'”® with a pressure relaxation time of 1 ps and isotropic
pressure scaling was used along with Langevin dynamics (y =
5.0). Before production trajectories were initiated, the MD
boxes were subjected to a series of rigorous equilibration steps
that are detailed elsewhere.'”* All simulations were performed
with the AMBERI18 software package,'* using the pmemd.cu-
da program'® and employing the Amber parm99 force
field.'”” The radial distribution functions (RDFs) were
calculated from the MD trajectories using the program
cpptraj.'®® The RDFs were obtained considering the Cy
atom of Asnl61 as the origin, using a bin size of 0.05 A.

3D-RISM Calculations. The three-dimensional reference
interaction site model (3D-RISM'”™''") is a molecular
solvation theory-based approach that has been shown to be
extremely useful in predicting the solvation structure and
thermodynamics of biomolecules. Here, 3D-RISM calculations
were performed for all VVD variants, on randomly chosen,
equally spaced MD configurations, as well as on average
configurations obtained from MD simulations. Specific details
underlying these calculations were chosen to be analogous to
those used in an earlier work. Briefly, configurations obtained
from MD simulations were stripped of all solvent molecules
and ions. The one-dimensional (1D) solvent susceptibility
value was separately calculated for SPC/E water''* (55.5 M)
containing 150 mM NaCl and 100 mM MgCl,. The 3D-RISM
calculations were then performed on the configurations using a
0.5 A spaced 3D grid and the calculated 1D solvent
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susceptibility. All 1D- and 3D-RISM calculations were
performed using the AMBER18 software package.'”

B RESULTS

Residues Involved in ET and PT to the VVD-III Flavin.
VVD-III, which lacks the 36 N-terminal residues, adduct-
forming cysteine, and the two most flavin-proximal Met
residues, undergoes efficient flavin photoreduction to the
neutral semiquinone.”> To probe which residues participate in
the photoreduction of VVD-III, we systematically replaced
those with the least negative formal oxidation potentials,
namely, Tyr, Cys, and Met [VVD-III contains no Trp or His
residues (Figure 1)]. We studied the effects of these

Figure 1. Homology model of VVD-III with Tyr and Met residues
displayed.”” Structure generated from PDB entry 31S2°° using Swiss
Model”” and FAD placed by SwissDock.”

substitutions on relative fluorescence quantum yields (FQYs)
and redox-state conversion rates during constant illumination.
FQYs report on the kinetics of primary ET to the excited flavin
singlet S; state. Both flavin S; and triplet T, excited states are
effective oxidants of aromatic compounds, in free solution and
within proteins, with the singlet states producing faster
quenching rates owing to their higher potentials and more
favorable electronic coupling.”’ However, the S, states are
much shorter lived than the T, states,”®*”*"*>''3 and hence,
singlet-state ET quenching of flavin will be limited to proximal
Trp and Tyr residues, as observed with cryptochromes and
flavodoxins.'>''* Assuming largely invariant nonradiative
quenching, removal of closely localized electron donors to
the flavin may be reflected by increased FQYs. In contrast,
rates of ASQ and NSQ accumulation under constant
illumination reflect factors that influence sustained cofactor
reduction, which include recombination reactions involving
multiple centers and chemical quenching of electron holes
generated by electron transfer to the excited-state flavin.
Variants Generated. Initially, all nine Tyr residues were
replaced with Phe to form the “Tyr-less” VVD-III variant.
Cys76Val VVD-III was produced to test whether the most
flavin-proximal Cys participates in photoinduced ET. In the
context of both VVD-III and Tyr-less VVD-III, all Met residues
were isosterically replaced with selenomethionine to create
SeMet VVD-III and SeMet Tyr-less VVD-III proteins,
respectively. Photoreduction kinetics were recorded in the
presence of varying concentrations of oxidants (H,0,),
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reductants [glutathione (GSH) or ascorbate], and D,0. Note
that the formal potential of SeMet (E,, = 0.84 V vs NHE) is
lower than that of Met (E,, = 1.21 V vs NHE'"®) and SeMet is
readily oxidized to the selenoxide form by peroxide
(H,0,).""7""? Selenoxide can in turn be reduced back to
SeMet by glutathione (GSH).'*°~'** Met residues are oxidized
to the sulfoxide by H,0,,°'** but GSH cannot reduce
methionine sulfoxide (MetSO)."”>'** In the parent Tyr-less
VVD-III construct, the remaining flavin-proximal Met residues
(Met9S, Metl17, and Met179) were substituted individually
with hydrophobic (Leu or Ile) or hydrophilic (GIn) residues.
Met95 and Met179 are conserved as Leu and Ile, respectively,
in all phototropin LOV2 domains.”” All three Met residues
were replaced concomitantly to form the “Met-less” variant.
The two remaining Met residues (48 and SS) are located on
the A'a helix >20 A from the flavin and were considered
unlikely to participate in photoreduction (Supplemental Table
1). In the case of Tyr-less Met-less VVD-III, 15 of 148 VVD
residues were exchanged.

In addition to VVD-III, we also investigated residue
substitutions in a well-studied bacterial LOV domain from
the B. abortus histidine kinase (LOV-HK). LOV-HK does not
contain a flavin-proximal Gly residue on If that is highly
conserved in other LOV domains. As noted above, Gly
residues can also act as electron donors to high-potential
acceptors. Substitution of the analogous conserved Gly in
VVD-III does not produce stable protein, whereas reintro-
duction of Gly into LOV-HK yields a soluble flavin-bound
variant.

Fluorescence Quantum Yield Measurements. Com-
pared to the parent VVD-III protein, replacement of all of the
Tyr residues with Phe resulted in only a small FQY increase
(Table 1), which indicates that nearby Tyr residues do not

Table 1. Fluorescence Quantum Yield Ratios of VVD-III
Variants“

Variant Quantum yield ratio

VVD-III =1

VVD-III M95Q 0.94 £+ 0.03
SeMet VVD-III 0.93 + 0.03
Tyr-less VVD-III 1.06 + 0.03
SeMet Tyr-less VVD-III 1.02 + 0.03
Tyr-less Met-less VVD-III 1.06 + 0.08
VVD WT 0.16 + 0.05
VVD M9SL 0.22 + 0.03
LOV-HK C69A 1.04 + 0.02
LOV-HK C69A:YS9F:W110F 0.94 + 0.02
iLOV WT 0.96 + 0.07
iLOV Q489D 0.97 + 0.03
dCRY WT 0.00 £ 0.10
dCRY W420F 0.67 £+ 0.04

“FQYs are calculated relative to VVD-IIL. The FQY of dCRY W420F

reported elsewhere differs slightly owing to variabilities in protein

preparation and data collection.>

appreciably contribute to reductive quenching of the flavin S,
state.””*™"* Similarly, Met and Cys substitutions have only
weak effects on FQY, and thus, these residues (which have
been reported to quench flavin fluorescence in aqueous
solutions'**) also are not essential for reductive quenching of
the flavin S, state. Comparatively, analogous fluorescent LOV
domain proteins (adduct Cys-less LOV-HK proteins and iLOV
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variants) exhibit FQYs (absolute FQY of iLOV ~ 0.32—
0.34”") similar to those of VVD-III and are approximately four
times more fluorescent than WT adduct-forming VVD. In
contrast, the Drosophila cryptochrome, which is functionally
optimized for rapid photoreduction from a conserved Trp
tetrad,®® shows nearly no fluorescence (a very small FQY)
compared to all of the LOV domain variants unless the most
flavin-proximal Trp residue is substituted with a Phe residue
[W420F (Table 1)]. Notably, the FQY of WT VVD is much
lower than those of the Cys108Ala-derived variants (i.e., VVD-
III), which implies that Cys108 promotes intersystem crossing
to the T, state by a heavy atom effect or Cys108 can react
directly with the S, state in VVD.

Photoreduction Kinetics. Kinetic experiments to assess
the depletion of oxidized flavin and steady-state accumulation
of stable reduced states were carried out under constant
illumination at 448 nm. Rates of flavin species evolution were
obtained by global analysis of ultraviolet—visible (UV—vis)
absorbance difference spectra and fitting all data to either two-
or three-component sequential models (Figure 2). With a

R R R
N_N_O k N__N_O Kk N__N_O
JEPEED SN ST S P
NP NH 8 NH e NH
o) o) H o

Figure 2. Sequential model for flavin photoreduction. Rate constant
k, is attributed to the conversion of the oxidized flavin to the
intermediate ASQ_(gray; if observed) or directly to the NSQ_species.
Protonation rate constants of ASQ to NSQ_are represented by k,.

sequential model of increasing species lifetimes, the so-called
evolution-associated spectra (EAS) represent the difference
spectra relative to the ground-state oxidized flavin of the
evolving species,129 namely, fluorescence emission, ASQ, and
NSQ_ formation (Figure 2). The variants and conditions
produced three types of behavior, which are summarized in
Table 2. The first case, exhibited by the VVD-III parent, VVD-
III Met95Gln, and oxidized Tyr-less/SeMet proteins, displays
direct NSQ_ formation from the fluorescent flavin, and the
kinetics are well fit by a two-component sequential model with
similar rate constants for these variants (Figure 3A and Table
2). Most other variants and conditions led to some
accumulation of the ASQ intermediate, and their data were
thus fitted with a three-component sequential model. However,
these instances can be separated into two behaviors. In case 2,
the EAS of the intermediate appears as a combination of the
ASQ and NSQ states (Supplemental Figure 1), whereas in case
3, global analysis produces a pure difference spectrum for the
ASQ_ (Figure 3B). Thus, in case 1, protonation rates are
relatively fast compared to reduction rates and very little ASQ
accumulates, whereas in case 3, protonation is slow compared
to flavin reduction and an ASQ intermediate is clearly resolved.
In case 2, the behavior is intermediate and a pure ASQ species
is not observed under these conditions. Treating VVD-III/Tyr-
less with reductant/hypoxia or substituting Cys76V/Met117/
Met179 revealed some ASQ intermediate with admixtures and
had similar rate constants [case 2 (Table 2 and Supplemental
Figure 1C—H)]. In contrast, SeMet variants with a reducing
agent, Tyr-less Met-less variants, and Tyr-less Met9SLeu
variants gave well-defined ASQ_intermediates (Figure 3B).
Generally, variants treated with oxidants have increased
protonation rate constants and shift toward case 1, compared
to those treated with reductants or with substituted Met
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Table 2. Rate Constants of VVD-III Variants Obtained from Global Analysis”

R B R R B P R R B R P R
N._N_O N._N_O N _N_O N_N_O N N._O N N_O N__N_O
pscetbsnciipeets DT OGS A G - O
N N N NG N N N7
o Ao ) ) o ) "o
Variant ky [s1] Variant ky [s1] k, [s1] Variant ky [s1] k; [s1]
VVD-lIl 0.048 +£0.013 VVD-IIl anaerobic 0.22+0.03 0.025 +0.002
VVD-IIl + 5 mM GSH 0.28 £ 0.06 0.040 £+ 0.007
VVD-IIl M95Q 0.062 +0.007
VVD-III M95Q + 5 mM GSH 0.087 +£0.012
VVD-1Il M95Q + 5 mM H,0, 0.0609 +0.0017
SeMet VVD-lIl + 5 mM H,0, 0.040 +0.002 SeMet VVD-IIl + 5 mM GSH 0.181+0.012  0.0226 + 0.0008
SeMet Tyr-less VVD-IIl + 5 mM H,0,  0.059 + 0.006 SeMet Tyr-less VVD-III + 5 mM GSH 0.5+0.2 0.034 +0.005
Tyr-less VVD-III 0.086 +0.013 Tyr-less VVD-IIl anaerobic 0.407 £0.012 0.059 + 0.006
Tyr-less VVD-lIl + 5 mM H,0, 0.075 £ 0.006 Tyr-less VVD-IIl + 5 mM GSH 0.50 £0.07 0.074 £ 0.007
Tyr-less VVD-IIl in D,O 0.402 £0.010 0.0524 +0.0019
Tyr-less C76V VVD-IIl + 5 mM H,0, 0.080 +0.003 Tyr-less C76V VVD-III 0.568 +0.018 0.055 +0.005
Tyr-less MO5L VVD-IIl + 5 mM H,0, 0.23 £0.06 0.031+0.007 Tyr-less MO5L VVD-II 0.290+0.016  0.0215 +0.007
Tyr-less M117L VVD-III 0.39£0.02 0.035 +0.002
Tyr-less M117L VVD-IIl + 5 mM H,0, 0.37+£0.04 0.047 £ 0.004
Tyr-less M1791 VVD-IIl 0.29£0.04 0.039 £+ 0.005
Tyr-less M1791 VVD-lIl + 5 mM H,0, 0.33 +0.06 0.040 + 0.006
Tyr-less Met-less VVD-III (20% gly) 0.24 +0.05 0.018 + 0.003
Tyr-less Met-less VVD-IIl + D,0 (20% gly) ~ 0.207 £0.013  0.0173 + 0.0010

“Sequential kinetics model depicted in Figure 2. Unless otherwise specified, data sets were collected in 10% (w/v) glycerol buffer for 60 s. The
glycerol content was increased to 20% (w/v) for some proteins to improve stability. The left column of the table lists data sets that have no ASQ
features in the EAS spectra. Data sets in the middle column exhibit ASQ intermediary species that are not fully resolved. Note that addition of 5
mM H,0, to the Tyr-less single-Met variants led to a decrease in amplitude of ASQ species but did not completely eliminate the intermediate
(Supplemental Figure 1). The right column contains all data sets with three well-resolved flavin EAS spectra indicative of a fully resolved ASQ

intermediate.

A) 12 VVD-II

308
s

o 0.4

o
_§ 0 N ]
5.04300 \ 400 00 700
3
S-o0s8

-1.2

Wavelength (nm)

B) 12 Tyr-less Met95Leu VVD-Ill
£ 04 -

600 700

'

=

()
|

Wavelength (nm)

806
g04
202
S A e s e
0 5 10 15 20 25 30 35 40 45
Time (s)
1
208
7]
a ]
206
2 ]
0.4 T
S
0.2
2 1\
0 +— - —

T T T T EERR R R ERE]
0 5 10 15 20 25 30 35 40 45
Time (s)

Figure 3. Representative evolution-associated spectra (EAS) and concentration profiles from global analysis of difference spectra obtained during
photoreduction of VVD-III variants: (A) VVD-III and (B) Tyr-less M9SL VVD-IIL EAS and corresponding concentration traces are displayed in
identical colors (black for ground and/or fluorescent species, blue for the ASQ_intermediate, and green for the NSQ state).

residues, which generally shift toward case 3. For example, Tyr-
less C76V moves from case 2 to case 1 and Tyr-less Met9SLeu
moves from case 3 to case 2 upon treatment with H,0,. In
contrast, under reducing conditions, VVD-III moves from case
1 to case 2 and the SeMet variants move from case 1 to case 3.
Interestingly, for those species that develop ASQ intermedi-
ates, k; (flavin reduction) and k, (flavin protonation) show a
correlation that indicates similar factors affect both flavin
reduction and protonation (Figure 4). This finding is a strong
indication of coupling between the electron and proton
transfer processes.

In terms of specific variants, Tyr-less VVD-III had a
moderately increased photoreduction rate compared to that
of the parent VVD-III (k, is ~1.8 times greater for both
untreated and reducing conditions), but at a 10-fold lower light
intensity, this ratio increased [k, is ~7 times greater

1153

(Supplemental Figure 2)]. These increases in photoreduction
rate with the Tyr replacement may indicate that the Tyr
residues facilitate charge recombination with the ASQ and
thereby limit sustained photoreduction. A weaker dependence
on light intensity for the faster reducing Tyr-less variants
suggests that rates of sustained photoreduction begin to
saturate as the radical quenching reactions become rate-
limiting. VVD-III likely has a higher tolerance for increased
light intensity due to internal quenching between flavin excited
states and the Tyr residues. The increased accessibility of the
flavin to oxygen in Tyr-less VVD-III was indicated by a faster
reoxidation rate of photoreduced protein, which is 5-fold
greater than that of VVD-III (Tyr—less VVD-III, 0.24 + 0.024
min~!, vs VVD-III, 0.048 + 0.018 min™!). Additional
replacement of the flavin-proximal Cys76 residue [6.0 A
from flavin NS (PDB entry 3HJI)] in conjunction with the
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Figure 4. Correlation plot of rate constants k; and k,. Data collected under oxidizing conditions are represented in darker shades. Data collected
from the same variants share similar colors. The entire data set is fitted by the black linear trend line (k, = 0.11k; + 0.002; R* = 0.6).

removal of the native adduct-forming Cys108 (3.7 A from
flavin NS) produced a modest increase in photoreduction rate
with some accumulation of ASQ. However, H,0, treatment of
Tyr-less C76V VVD-III, which likely affects the remaining Cys
and Met residues, vanquished the ASQ intermediate. The
disappearance of the ASQ implies a substantially increased
protonation rate relative to the reduction rate (on the order of
at least 20-fold).

To probe the role of Met residues in the photoreduction
process, variants were generated either by replacement of the
three most proximal Met residues (95, 117, and 179) with
hydrophobic residues [Leu or Ile (Figure 1)] or by conversion
of all Met residues to SeMet. Photoreduction rates were largely
unaffected by SeMet substitution relative to the parent VVD-
II and Tyr-less VVD-III, although the SeMet variants were
especially sensitive to the reducing environment. Similar to the
case for GSH-treated SeMet variants, a significant amount of
ASQ species accumulated in Tyr-less Met-less VVD-III during
illumination, which was further verified by Davies ENDOR
(Supplemental Figure 3). The ability of remote Met residues
to accelerate flavin protonation was surprising and prompted
suspicions that Met substitution or modification may be
altering the access of the solvent to the flavin. Solvent channel
calculations using the CAVER'*’ plugin in PyMOL'*'
suggested that Met95 may be the primary solvent accessibility
gate to the isoalloxazine binding pocket. Indeed, Tyr-less
Met95Leu VVD-III exhibited the same reactivity as the Met-
less variant, confirming that Met replacement at site 95 alone is
sufficient to slow protonation of the ASQ. Interestingly,
Met95Leu in the context of WT adduct-forming VVD has no
effect on photoreduction or dark-state recovery times, even
under base catalysis (Supplemental Figure 4). Other single-
Met variants (Tyr-less Metl17Leu VVD-III and Tyr-less
Met179Ile VVD-III) behaved like the parent Tyr-less VVD-III,
albeit a small amount of ASQ_formed with irradiation and was
not significantly decreased by peroxide treatment (Supple-
mental Figure 1E—H). Thus, replacement of Met with Leu or
Ile stabilizes the ASQ and makes photoreduction behavior less
sensitive to oxidation (with the Met9S position having the
strongest effect), whereas Met replacement with SeMet
sensitizes photoreduction behavior to reducing and/or
oxidizing environments.
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Addition of GSH to Tyr-less VVD-III and the SeMet
proteins (prepared and maintained under reducing conditions
with DTT) altered photoreduction rates and increased the
level of accumulation of the ASQ. The differences between
photoreduction rates for SeMet Tyr-less VVD-III and the Tyr-
less parent treated with GSH and those for the same proteins
treated with H,O, were large but difficult to directly compare;
in both proteins, a stable ASQ_intermediate was produced with
a reductant present, yet none formed under oxidizing
conditions (Table 2). Hence, when Met (or SeMet) residues
are the most readily oxidizable residues, a reducing environ-
ment substantially increases the rate of photoreduction, but
slows flavin protonation, presumably by preventing Met
oxidation. The Tyr-less Met-less and Met95Leu variants
behaved like GSH-treated SeMet VVD-III samples, although
their photoconversion rates were approximately half of those of
the GSH-treated Tyr-less samples [both parent and SeMet
variants (Table 2)]. Thus, replacement of Met9S with
hydrophobic Leu removes the need for a reducing environ-
ment to slow flavin protonation. We conclude that in the
absence of the Tyr residues, Met oxidation, particularly at
position 95, encourages NSQ formation.

We attempted to analyze Met oxidation by bottom-up mass
spectrometry; however, unfortunately the preparation of
peptides caused variable extents of oxidation, and consistent
results could not be obtained. The effect of oxidized Met95
(MetSO) was mimicked by substituting residue 95 with Gln,
which yielded no ASQ_intermediate and rate constants similar
to those of VVD-III (Table 2). Furthermore, GSH had little
effect on Met95GIn, thereby indicating that GSH itself does
not directly provide electrons to the flavin. In contrast,
ascorbate treatment increased photoreduction rates in a
concentration-dependent manner indicative of collisional
quenching (Supplemental Table 2). At >S5 mM ascorbate,
ASQ development could be detected in Met95GIn. Under
these conditions, reduction rates were beginning to surpass
proton transfer rates owing to direct quenching of the flavin by
ascorbate. Nevertheless, even with high levels of ascorbate, the
ASQ_did not accumulate to the same levels as it did in
Met9SLeu.

Attempts to assess the role of proximal Gly180 in the flavin
binding pocket by residue replacement led to insoluble protein.
We instead turned to B. abortus LOV-HK, which is one of the
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few LOV domains without the conserved Gly residue on 15,
yet replacement of aromatic residues and introduction of a Gly
residue into LOV-HK at the corresponding site of VVD
Gly180 led to only small changes in photoreduction behavior
(Supplemental Table 3). Thus, it is not likely that the
conserved Gly residue participates in redox chemistry with the
flavin.

Effects of Solvent Isotope Exchange and Viscosity on
NSQ Formation Rates. Photoreduction of Tyr-less Met-less
VVD-III in D,O vyielded a ky/kp of ~1.2 + 0.3 for the
photoreduction rate constant (k;) and a ky/kp of ~1.04 + 0.18
for the protonation rate constant (k,). Solvent isotope effects
for the case 1 Tyr-less variant are more difficult to assess
because D,0O produces case 2 behavior. Hence, instead of
comparing the globally determined rate constants, we
monitored the wavelength most sensitive to ASQ_formation
(AAbs,;/Abs,g,) and found that deuterated buffer resulted in
approximately four times more ASQ at early times than
protonated buffer (Supplemental Figure S and Supplemental
Table 4). To probe whether the modest isotope effects seen in
the presence of the Met residues derived from changes in
protein conformation and solvation, the effect of glycerol was
investigated. Reactions run in either 10% or 20% glycerol
showed nearly no difference at early time points [20—30 s
(Supplemental Table S)]. Thus, increased viscosity or
stabilization effects of glycerol on NSQ_conversion appear to
be minimal.

Fluorescence Steady-State Quenching Measure-
ments. The quenching of flavin fluorescence under constant
illumination also monitors conversion of the oxidized flavin to
a stable reduced semiquinone, albeit under different illumina-
tion conditions and lower light intensity compared to those
used for absorption spectroscopy. Consistent with the
absorption data at lower light intensities (Supplemental Figure
2), fluorescence quenching of Tyr-less VVD-III increases 7-
fold compared to that of the parent VVD-III (Figure S and
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Figure S. Steady-state fluorescence quenching of VVD-III variants
with excitation at 450 nm. Each sample was acquired in pH 8 buffer
without additional reductants or oxidants and using similar flavin
cofactor concentrations, as measured by the integration of excitation
band intensities at 450 + 5 nm. Emission intensities were collected at
500 + 2.5 nm. Photobleaching is largely reversible following flavin
reoxidation in all variants.

Table 3). Replacement of the Met residues decreases the
quenching rate by more than half relative to that of Tyr-less
VVD-III, with SeMet substitution giving a more modest
decrease (Figure S and Table 3). A possible explanation for
this behavior is that radicals formed on protein side chains are
more effectively trapped at Met residues than at Tyr residues;
thus, when Met residues harbor radicals in the absence of Tyr
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Table 3. Steady-State Fluorescence Quenching Rate
Constants”

Variant Rate constant (X10° s™")
VVD-III 2.61 + 0.08
Tyr-less VVD-III 18.95 = 0.10
SeMet Tyr-less VVD-IIL 12.44 £ 0.10
Tyr-less Met-less VVD-III 8.35 £ 0.06

“Rate constants and 95% confidence intervals obtained by fitting to a
monoexponential function.

residues, radical recombination with the flavin slows and
sustained reduction rates increase.

Reintroduction of the Adduct-Forming Cys Residue.
Given that the residue replacements of VVD-III likely affect
protein conformation, dynamics, and solvent accessibility, we
evaluated whether the highly modified Tyr-less Met-less
variant retains native WT functionality when the adduct-
forming Cys residue’’ is returned to position 108.
Reintroduction of Cys108 indeed allows for conversion to
the C4a adduct species; however, the spectral properties of the
variant Tyr-less Met-less VVD-II are perturbed from those of
WT. Specifically, the UV—vis band is broader and blue-shifted
(Amax = 380 nm) (Figure 6, red trace) and, unlike that of the
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Figure 6. UV—vis spectra of Tyr-less Met-less VVD-II and WT VVD.
Reintroduction of conserved Cysl08 into the Tyr-less Met-less
protein allows for photoreduction to the fully reduced adduct species
(red) from the dark state (black). The adduct species thermally
recovers (gray) to the oxidized flavin albeit with signs of aggregation.
The reduced species has a 4, of 380 nm, which is 10 nm blue-shifted
relative to the adduct spectrum of WT VVD (blue; 4., = 390 nm).
VVD and the variant adduct species have three similar isosbestic
points at 330, 385, and 413 nm, as previously reported for other LOV
domains."'3¥13*

WT, lacks the ability to dimerize owing to the loss of Tyr40,
which is an important contact in the dimer interface.”* The
broad UV—vis band resembles that of EL222 LOV'** and
implies that small structural changes in the Tyr-less Met-less
VVD-II flavin binding pocket likely prevent complete photo-
conversion to the adduct. Nevertheless, circular dichroism
measurements indicate few differences in molar ellipticity
between VVD and the highly modified variant. The helical
contents of Tyr-less, SeMet Tyr-less, Tyr-less Met-less, and
VVD-III are similar (Supplemental Figure 6), and thermal
melting occurs uniformly, with relatively small T, differences
among the variants (Supplemental Table 6).

Photoinduced Methionine Residue Conversion. Four-
ier transform infrared (FTIR) difference spectroscopy was
utilized to probe changes to the VVD chemical structure after
photoreduction. IR difference spectra were recorded for a
given VVD protein between post- and preillumination states.
To assign vibrational bands, these difference spectra were
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compared first to those of a well-characterized reference
protein, the aureochrome la LOV domain from Phaeodactylum
tricornutum that lacked the C-terminal Ja helix (A’a-
LOV)."*!13¢ A’q-LOV behaves like a canonical LOV domain
and generates a flavin-C4a-cysteinyl adduct under blue light
irradiation but lacks any structural responses from A’a or Ja.
For WT VVD in the photoactivated adduct state, the flavin
C,O band shows the characteristic upshift from 1711(—) to
1725(+) ecm™' and the main flavin CN band shifts from
1551(—) to 1530(+) cm™" (Supplemental Figure 7A). Specific
to VVD, secondary structural changes at 1648(+) cm™" are
observed that reflect the reorganization and dimerization of «
helices in the Ncap®* accompanied by changes in turn
elements at 1682(+) cm™". The deprotonation of Cys108 by
adduct formation is detected at a typical frequency for a thiol
vibration at 2561(—) cm™ (Supplemental Figure 7B)."7

Mumination of Tyr-less VVD-III generates a typical pattern
for an NSQ with signals at 1666(+) and 1532(—) cm™' from
flavin CO and CN stretches (Supplemental Figure 7C)."**
Importantly, there is no signal in the thiol band region of Tyr-
less VVD-III, signifying that Cys residues do not oxidize in the
photoreduction of FAD to the NSQ state (Supplemental
Figure 7B).

Difference spectra of Tyr-less VVD-III and SeMet Tyr-less
VVD-III were compared to probe changes in Met residues
during flavin photoreduction. Both difference spectra are
almost identical with the prominent flavin CN bands present at
1547(=) and 1532(+) cm™ in both variants upon photo-
conversion (Figure 7). For Tyr-less VVD-III though, there is a
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Figure 7. FTIR difference spectra of Tyr-less and SeMet Tyr-less
VVD-III after illumination. Identical bands at 1547(—) and 1532(+)
cm™' substantiate neutral radical formation. The presence of a
negative band at 1279(—) cm™" only in the Tyr-less variant implicates

methionine radical conversion by light.

band at 1279(—) cm™" that is not observed in the SeMet Tyr-
less variant. This signal has been unambiguously identified as a
Met signal for bacteriorhodopsin photoconversion at 1284(—)
ecm™.,""” and tentatively assigned to the S—C—H bending
mode of Met."** Hence, Met clearly participates in sustained
flavin reduction in Tyr-less VVD-III and Met conversion may
be related to oxidation reactions associated with radical
quenching at the Met residues.

Computational Studies of Solvent Accessibility. The
kinetic data suggested that flavin protonation rates were
sensitive to a range of modifications at peripheral Met residues
that affected their hydrophilic nature and, presumably, their
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conformational dynamics. Hence, the role of Met residues,
particularly Met9S, in controlling the access of the solvent to
the flavin binding pocket was further explored by molecular
dynamics (MD) simulations. MD simulations were performed
for each of the variants: VVD-III, Tyr-less, Tyr-less Met-less,
Tyr-less Met9SLeu, Tyr-less Met95Gln, and Met95SO (VVD-
III in which Met95 was replaced with a methionine sulfoxide).
Simulations were each carried out to 500 ns, and radial
distribution functions (RDFs) of water molecules with the Cy
atom of Asnl61 as the origin were calculated (Figure 8D).
Asnl61 was selected as an origin to report on the diffusion of
water molecules into a polar pocket lined by Asn161, GIn182,
and the flavin itself. The RDFs indicated that the Met95GIn
variant allowed substantial penetration of water into this
pocket owing to its increased conformational dynamics. To
identify sgeciﬁc regions of interaction, 3D-RISM calcula-
L% were performed to determine favorable water
positions within the protein. Notably, regardless of the variant,
3D-RISM indicated that water molecules reside in the cavity
vacated by the Cys108Ala substitution, albeit not to a high
occupancy. However, the Met95GIn replacement increased
water occupancy within the region containing GIn182 and
Asnl61 and, to a lesser extent, in a region near Phel59 (Figure
8A—C). Oxidation of Met95 to a sulfoxide (Met95SO) also
extended the RDFs toward Asnl161 (Figure 8B) but caused
only minor conformational changes to residue 95, which
continued to block the entryway and prevent water molecules
from permeating as far into the flavin pocket as did Met95GIn
(red trace in Figure 8D). Overall, the MD simulations support
the assertion that increase in hydrophilicity at residue 95,
through substitution or oxidation, causes heightened side-chain
dynamics and increased access of water to the flavin.

B DISCUSSION

Understanding the basis of VVD-III photoreduction is
important for appreciating the range of mechanisms available
to photoactive proteins. Moreover, VVD-III provides an
opportunity to study the coupling of proton and electron
transfer to the isoalloxazine ring, a process widely relevant to
redox biology. In a more practical sense, such understanding is
also desirable to generate photoinactive variants for circadian
clock loss-of-function studies and for augmenting the
fluorescence lifetimes of LOV domain reporter mole-
cules."****> VVD lacking the adduct-forming Cys residue
still generates the active signaling state by conversion of the
oxidized flavin cofactor to the neutral semiquinone.*>”> The
NSQ, like the cysteinyl adduct, has NS protonated, which is
critical for tri%%ering the conformational changes needed for
dimerization.””” Usually, photoinduced ET to flavin involves
redox-active relay residues, such as Trp and Tyr, as direct
electron donors to the cofactor excited state.””'*>'*>'** n
VVD-III, however, no Trp or Tyr residues reside within ~10 A
of the isoalloxazine ring (Supplemental Table 1). Through
residue replacement, we find that the Tyr residues play only
minor roles in photoreduction, whereas Met residues may be
sites of radical quenching and surprisingly affect the conversion
of the anionic to the neutral semiquinone species.

The Tyr-less VVD-III variant has all Tyr residues replaced
with Phe in the context of an N-terminal truncation that also
removed the only native Trp residue.”* Unlike other
flavoproteins that rely on Tyr or Trp for ET,”'* 7' the
protein not only retains its photoactivity but also exhibits an
increased photoreduction rate and no increase in fluorescence
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quantum yields (Tables 1 and 2). It follows that direct ET
from Tyr to the flavin excited singlet state is not a dominant
mechanism for excited-state quenching in VVD. Instead, the
heightened photoreduction rates upon Tyr removal may
indicate the Tyr residues facilitate hole recombination with
the photoreduced semiquinone and thereby slow sustained
flavin reduction, which requires chemical quenching of the
protein radical. Alternatively, Tyr removal could alter hydro-
gen-bonding networks, protein stability,'*” or the flavin
environment in ways that perturb the positioning or reactivity
of other electron donors to flavin. Additional substitutions of
flavin-proximal Cys76 did not increase photoreduction rates
over those of the Tyr-less variant, implying Cys76 is unable to
sustain a thiyl radical critical for the photoreduction process.
The possibility of Gly stabilizing a radical on the peptide
backbone®~®” was also ruled out by introduction of Gly at an
analogous position into Brucella LOV-HK and the lack of an
effect on photoreduction rates (Supplemental Table 3).

Global replacement of methionine residues with SeMet
decreased the rate of steady-state fluorescence quenching
relative to the parent Tyr-less VVD-III (Table 3), although this
difference was less prominent in the parallel experiments that
monitored photoreduction by UV—vis absorption spectrosco-
py. The discrepancy likely derives from a difference in
illumination conditions, as observed in the higher relative
reduction rates of Tyr-less VVD-III under lower-light intensity
irradiation (Supplemental Figure 2). Thus, the Met residues
may also have a role in either radical recombination or radical
trapping. Free methionine is known to be a potent flavin
reductant under anaerobic conditions and is capable of
increasin§ the photoreduction rate of riboflavin in solu-
tion."** ™% If Met residues were the primary reductive
quencher of flavin in Tyr-less VVD-III, replacement with
SeMet should vyield faster photoreduction rates, as the
oxidation potential of SeMet is considerably higher than that
of Met, yet little effect was seen. Minimal effects on the FQYs
upon removal of redox-active residues have implications for the
involvement of the triplet state, which is the dominant reaction
pathway for adduct-forming LOV domains. Intersystem
crossing to T, precedes photoreduction despite the higher
reactivity of the S state, suggesting that primary donors must
be a considerable distance from the flavin; this mechanism is
likely similar for VVD-III variants. The inability of Met (or
Tyr) substitutions to slow photoreduction also indicates that if
Met (or Tyr) residues donate electrons to the flavin T; state,
they are not the only moieties capable of doing so.

The SeMet and Tyr-less variants are, however, sensitive to
the reducing environment, which in turn has a negligible effect
on Met variants (Met95, Met117, and Met179 replaced by Ile
or Leu in Tyr-less VVD-III). Assuming that sustained chemical
quenching of proximal amino acid radical sites limits
photoreduction, these ET reactions may be occurring, at
least in part, at the Met residues. Consistent with this
hypothesis, the FTIR data show changes in the vibrational
features of Met residues after photoreduction (Figure 7).
However, the photoreduction rates decrease by only
approximately half when the proximal Met residues are
substituted in the Tyr-less variant, which again underscores
the redundancy of redox-active sites in the protein. Overall, the
radical quenching mechanisms are much less efficient than
initial photoinduced charge separation. Hence, the long
lifetime of the high-potential flavin T, state allows even
unfavorable and distal electron donors to act as initial electron
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sources without perturbing the overall rates of ASQ
accumulation.

Interestingly, oxidation of the Met and SeMet residues
affects the rate of ASQ_ protonation. Removal of the oxide
groups, which was achieved either with GSH for the SeMet
variants or by substituting Met residues in the parent proteins
with hydrophobic residues, greatly attenuated conversion from
the ASQ to the NSQ. Therefore, in the Tyr-less VVD-III
system, the Met oxidation state likely impacts the rate of flavin
protonation. MD simulations indicate that the flavin
protonation reactions may be related to solvent accessibility
(Figure 8). Substitution of Met95 with Gln, which shows no
ASQ intermediate, dramatically increases the access of the
solvent to the flavin pocket by MD. Oxidation of Met95 to a
sulfoxide also increases solvent penetration, but to a lesser
extent, whereas the Met95Leu variant blocks solvent access.
Remarkably, the single Gln substitution makes both photo-
reduction and NSQ_ formation insensitive to oxidants and
reductants (Table 2 and Supplemental Table 2). The peroxide
effects may also be interpreted in terms of solvent accessibility
in that oxidation of the protein, which generally increases
hydrophilicity, encourages greater side-chain dynamics and
favors interaction with solvent. The correlation between the
rate constants for flavin reduction and protonation in case 2
and case 3 variants may have a similar origin (Table 2 and
Figure 4). Changes that increase solvent accessibility reveal
radical sites for chemical quenching by solvent or oxygen, while
also providing more facile conduits for flavin protonation.

The oxidation state of Met95, positioned at the aperture of a
solvent channel that leads into the flavin binding pocket,
appears to influence ASQ—NSQ conversion in VVD-IIL
However, Met95 is not conserved in LOV domains. The
structures of homologous LOV domains commonly contain an
Asn®"*""5% in lieu of Met in the same location, which may gate
water accessibility. Indeed, amide-containing side chains are
known to facilitate proton movement via solvent in other LOV
proteins. In the well-studied LOV2 of Avena sativa, Asn414
along with GInS13 coordinates water molecules to flavin for
deprotonation of NS during dark-state recovery.”’”'>'>*
Methionine sulfoxide may play a similar role in directing water
molecules into the flavin pocket. The stabilization of ASQ by
Met95Leu emphasizes the influence of a surface redox-inactive
hydrophobic residue on solvent penetration. Other single-Met
variants such as Tyr-less Metl117Leu and Tyr-less Met1791le
also facilitate buildup of the ASQ and are largely insensitive to
oxidants, suggesting smaller but significant roles for oxidized
Metl117 and Metl79 in flavin protonation (Supplemental
Figure S and Supplemental Table 4). To further probe the role
of solvation in photoreduction, solvent isotope effects on
VVD-III photoreduction and flavin protonation were probed
by solvent exchange into D,0. The Tyr-less Met-less variant
gave nearly no isotope effect (ky/kp) for both k; and k,,
whereas Tyr-less alone produced significantly more ASQ in
D,O. These changes are likely partly the result of perturbed
solvation on protein conformation and dynamics but could
also reflect the role Met residues play in both sustained
reduction and facilitating flavin protonation.

The overall integrity of the Tyr-less Met-less VVD-III
construct and its flavin binding pocket was substantiated via
the reintroduction of conserved Cys108, which resulted in the
fully reduced adduct state upon irradiation with blue light
(Figure 6). Thus, large scale changes to redox-active residues
in VVD do not appreciably alter the ability to form the adduct
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state or recover to the dark state. This strictly conserved Cys in
LOV domain systems has been identified as the primary
proton donor to NS of the isoalloxazine ring”**>*’” and
forms a neutral radical pair intermediate with flavin (NSQ—
Cys®) before radical recombination to generate the adduct
species, although the specifics are still debated.””*>'** Cys108
clearly increases the NS protonation rate by providing a
neighboring proton source and facilitating concerted direct
electron donation.””*® The increase in the FQY upon the
Cys108Ala substitution suggests that the S, state may
participate directly in adduct formation. Whereas LOV
proteins are known to primarily form cysteinyl adducts from
the T, state,”>*”*”*>'"3 substantial S, reactivity has been
observed in some cases'*° and predicted computationally in
others.”® Alternatively, spin—orbit coupling between the flavin
and the cysteine sulfur could increase the intersystem crossing
rate 157158

Met residues exhibit various structural and electronic
functions in proteins, and oxidation of internal Met residues
often leads to thermal destabilization, misfolding, and
degradation.*”'" In amyloid § peptides, Met oxidation can
disrupt the local internal environment, causing expanded
conformations, aggregation, and ultimately disease states in
Alzheimer’s and Parkinson’s disease.">”"'®" Additionally, photo-
oxidation of ribonuclease A causes a 67% loss of native activity,
which has been attributed to conformational changes by the
oxidized Met residues.'®® Surface Met residues, on the
contrary, exhibit protective roles as ROS sinks,'™*~'*° and
Met oxidation can serve to buffer against oxidative damage to
proteins, as in the case of bovine growth hormone'®”'** and
glutamine synthetase.”' Met residues in VVD do not have an
obvious structural role, although flavin-proximal Met residues
have been demonstrated to tune dark-state recovery rates,
likely owing to an effect on flavin electronics.”® Interactions
between reduced Met and aromatic residues are widely found
as structural stabilizing motifs,"*~"”" yet Met oxidation in
VVD does not cause structural instability. Our studies of Tyr-
less VVD-III instead reveal a substantial impact of Met on
light-driven redox reactions.

B CONCLUSION

VVD-III and its variants readily form the signal-competent
NSQ species under blue light irradiation regardless of the
availability of typical redox-active residues, specifically Tyr,
Cys, and Met. That said, VVD-III photoreduction is not nearly
as efficient as that of cryptochrome proteins. Unlike the
dedicated Trp tetrad in cryptochromes, electron sources for
the excited-state VVD-III flavin are redundant, with large scale
substitutions of Tyr, Met, Gly, and Cys residues having only
modest effects on sustained photoreduction rates. Tyr residues
likely do play a role as intermediate reductive quenchers but
also facilitate recombination of the charge-separated species to
limit hole propagation and sustained photoreduction. Stable
reduction of the protein under constant illumination requires
the system to escape these recombination reactions. Met
residues contribute to reductive quenching but also serve as
secondary relay residues and sites of radical quenching. The
redox environment affects Met oxidation states, which in turn
influence radical quenching, access of the solvent to the flavin
pocket, and flavin PCET. Peripheral Met residues, primarily
Met95, facilitate proton transfer to the ASQ in their oxidized
states, much like conserved polar residues found at these
locations in other LOV proteins. Small alterations in peripheral
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residues gate NSQ_conversion by altering the access of the
solvent to the flavin pocket. Overall, these findings emphasize
the utility of the flavin cofactor as a photosensitizer for the
evolution of photosensory proteins. The high potential of the
flavin excited states (>2.0 eV) allows for a considerable degree
of tolerance for effective electron-donating groups, and thus,
the reactivity of excited-state flavins has great potential for
driving chemistry yet also presents challenges for precise
control.
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