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ABSTRACT: Flavoproteins constitute 1−3% of prokaryotic and
eukaryotic proteins, functioning as electron transfer agents,
catalysts, and sensing or regulatory modules. Their versatility as
redox-active proteins stems from the tunability of the flavin
cofactor’s one- and two-electron reduction potentials via
interactions with the protein scaffold. Although several mechanisms
have been proposed to explain how the flavin-binding pocket
modulates redox thermodynamics, a holistic model enabling
interpretation and prediction remains to be established. In this
study, we investigate how the flavin N5 environment influences the
redox properties of the flavin mononucleotide cofactor in the
“improved” light-oxygen-voltage (iLOV) sensing protein using site-
directed mutagenesis, redox titrations, and hybrid quantum mechanical molecular mechanical (QM/MM) methods combined with
classical alchemical free energy simulations. Mutating the residue Q103, which interacts with the flavin N5 and O4 atoms in the X-ray
crystallographic structure, exerts a modest <35 mV effect on the overall two-electron reduction potential, but significantly alters the
potential separation of the two one-electron couples (potential crossing) by up to 168 mV. QM/MM and free energy calculations
reveal that water penetration into the flavin-binding pocket near N5 and O4 largely explains the trend in reduction potentials among
the mutants. The results suggest a molecular mechanism of flavin tuning in which hydrogen bonding to the neutral semiquinone,
either directly by the side-chain or a protein-penetrating water, contributes significantly to the potential crossing. These findings
establish quantitative experimental benchmarks for theoretical models and advance a molecular mechanism for redox tuning in
flavoproteins.

■ INTRODUCTION
Flavins play crucial roles in biology as redox-active enzyme
cofactors and electron transfer agents.1−3 The versatility of the
flavin cofactor arises from its ability to mediate both one- and
two-electron transfer reactions.4,5 The oxidized (OX) cofactor
can be reduced by one electron to generate a radical
semiquinone (SQ) state or accept two electrons to form the
fully reduced hydroquinone (HQ) state (Figure 1). These redox
transformations can be proton-coupled, resulting in either
neutral (N) or anionic (A) forms of the SQ and HQ states. The
reduction potentials of these couples (E°OX/SQ and E°SQ/HQ) are
highly sensitive to the local protein environment, allowing
enzymes to tune flavin redox chemistry for optimal thermody-
namic efficiency and kinetic performance.6

In solution at neutral pH, free flavin mononucleotide (FMN)
exhibits “crossed” potentials: the reduction potential of the OX/
NSQ couple (E°′OX/NSQ = −238 mV vs NHE) is more negative
than the subsequent NSQ/AHQ couple (E°′NSQ/AHQ = −172
mV, Figure 2A).7 As a result, reduction occurs as concerted two-
electron process, and the NSQ is unstable. Flavoproteins can
stabilize or destabilize an SQ intermediate to achieve a wide
range of redox behaviors. For example, consider flavin-based
electron bifurcating enzymes, including the NADPH-dependent
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Figure 1. Redox and protonation states of the flavin isoalloxazine ring.
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ferredoxin: NAD+ oxidoreductases (Nfn), heterodisulfide
reductases (Hdr), and bifurcating electron transfer flavoproteins
(Etf), which couple the oxidation of a moderate two-electron
donor to the one-electron reduction of both an exergonic and
endergonic acceptor.8,9 In these enzymes, electron bifurcation
occurs at a flavin adenine dinucleotide (FAD) cofactor with
significantly crossed one-electron potentials and an unstable
(A)SQ intermediate, a feature proposed to be critical for
electron bifurcation.10,11 In the Pyrococcus furiosus NfnI, which
catalyzes the NADPH-dependent reduction of both NAD+

(exergonic) and ferredoxin (endergonic), the potential splitting
(ΔE = E°OX/SQ − E°SQ/HQ) between the E°OX/ASQ and E°ASQ/AHQ
couples is estimated to be −951 mV.12,13 By contrast, the
Methylophilus methylotrophus nonbifurcating electron transfer
flavoprotein (ETF), which facilitates electron transfer from
trimethylamine dehydrogenase to the electron transport
chain,14 exhibits normally ordered potentials; the E°OX/ASQ
midpoint potential is +196 mV and a much lower −197 mV
for the E°ASQ/AHQ, and a corresponding ΔE of +393 mV. The
higher potential OX/ASQ couple is well matched to the electron
donor, an iron−sulfur cluster of trimethylamine dehydrogenase
with a reduction potential of +79 mV, thus enabling facile one-
electron transfer, and the E°ASQ/AHQ couple is metabolically
irrelevant.15

Comparison of the redox behavior of P. furiosus NfnI and M.
methylotrophus ETF reveals that the flavin environment can tune
the two one-electron potentials by more than 1 V (>100 kJ/
mol), ranging from strongly crossed to normally ordered. Yet a
simple inspection of their respective flavin protein environments
does not immediately reveal the origin(s) of these differences

(Figure 2B,C). Hence, how the flavin environment achieves this
control remains poorly understood. It is likely that the combined
effects of sterics,16,17 hydrogen bonding,18,19 aromaticity,18,20,21

and Coulombic interactions22−24 contribute to this tuning, and
are known to modulate flavin redox properties in flavoproteins.
Yet, there are relatively few definitive experimental or theoretical
studies isolating scaffold contributions to flavin redox tuning,
particularly in flavoproteins with crossed one-electron poten-
tials. Such structure−function relationships have been exper-
imentally challenging to demonstrate due to the weak binding of
flavin cofactors, variations that can be seen by post-translational
modifications or substrate/product/effector binding, and the
difficulty of measuring the effects on crossed potential flavins,
where the SQ intermediate is unstable.

Here, we leverage the “improved” light-oxygen-voltage
sensing (iLOV) protein as a model flavoprotein to dissect the
role of the protein scaffold near the flavin N5 in controlling
redox behavior of a crossed potential flavin (Figure 2D).25,26

iLOV is a fluorescent protein derived from the LOV2 domain of
Arabidopsis thaliana phototropin 2 via truncation of the protein
and mutation of the photoreactive cysteine residue involved in
light-dependent conformational changes, to alanine.25,26 The
simplicity, structural stability, and depth of flavin-protein
interactions in this flavoprotein make iLOV an ideal model to
test theories of reduction potential tuning of the prosthetic
group in flavoproteins more broadly. Using site-directed
mutagenesis, we altered residue Q103 (residue 489 in the original
A. thaliana phototropin 2 numbering scheme), which forms a
hydrogen bond with the flavin N5 and O4 in the oxidized state.26

Potentiometric titrations, spectrophotometric comproportiona-
tion, and electron paramagnetic resonance (EPR) spectroscopy
demonstrate that Q103 variants primarily shift E°OX/NSQ, while
minimally affecting E°NSQ/NHQ, thereby altering ΔE. Hybrid
quantum mechanical molecular mechanical (QM/MM) and
classical alchemical free energy simulations reproduce these
experimental trends and provide a mechanistic basis; hydrogen
bonding to N5 and O4 by penetrating water molecules from the
solvent stabilizes the NSQ state, but not the OX state, increasing
E°OX/NSQ. Taken together, these results establish that the protein
scaffold is capable of independent tuning of flavin one-electron
chemistry by modulating N5 protonation and N5 or O4
hydrogen bonding, offering new strategies for rational design
and mechanistic interpretation of flavoprotein redox behavior.

■ EXPERIMENTAL DETAILS

Materials

The iLOV gene within a pQE80L vector backbone was obtained
from the Mukherjee lab and cloned into a pSUMO vector as
reported previously.27,28 The 6× polyhistidine-tagged ubiquitin-
like protease 1 (ULP1) was expressed and purified as reported
previously.29,30 Primers for PCR were ordered from Integrated
DNA Technologies (IDT). DpnI, Phusion HF polymerase,
chemically competent DH5-α and BL21 (DE3) Escherichia coli,
the Qiagen QIAprep Spin Miniprep and Gel Extraction kits, and
the NEBuilder HiFi DNA Assembly kit were purchased from
New England Biolabs (NEB). IPTG was purchased from Merck.
Sephadex G-25 fine resin, LB Miller broth, NaH2PO4 (Pi),
dithiothreitol (DTT), phenylmethylsulfonyl fluoride (PMSF),
bovine xanthine oxidase (XO), xanthine, 4-hydroxy-(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (4-hydroxy-TEMPO), sodium
hydrosulfite (dithionite, NaDT), and Amicon Ultra centrifugal
filters were purchased from Millipore Sigma. FMN sodium salt,

Figure 2. Flavin redox chemistry and tuning in flavoproteins. (A)
Reduction potentials for the three redox couples of Pyrococcus furiosus
(Pf) NfnI, free FMN, and Methylophilus methylotrophus (Mm) ETF,
demonstrating the span of modulation the protein environment exerts
on flavin redox chemistry. (B) Interactions of the Pf NfnI (PDB ID:
5JFC) FAD cofactor with the protein environment. The N3 of Pf NfnI
is hydrogen bonded to a valine backbone carbonyl and N1 is hydrogen
bonded to the substrate nicotinamide amide oxygen of NADPH (3.2 Å,
not shown). (C) Interactions of the Mm ETF (PDB ID: 1O96) FAD
cofactor with the protein environment. Both proteins have a D/E→R
salt bridge where an R guanidinium nitrogen is within 4.5 Å of the flavin
N5. (D) Hydrogen bonding interactions of iLOV FMN cofactor (PDB
ID: 4EES) with the protein environment.
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HisPur nickel nitrilotriacetic acid (Ni-NTA) resin, bicine,
safranine O, methyl viologen (MV2+), 96-well plates, Pierce
660 nm protein assay kit, amber NMR tubes, and Imperial
protein stain were obtained from Thermo Fisher Scientific.
Bradford reagent was purchased from VWR. Kanamycin sulfate
was obtained from Genesee Scientific. Riboflavin was obtained
from Acros Organics. Microseal “B” 96-well plate seals were
obtained from BioRad. The single-color, cold, mounted, light-
emitting diode (LED) with a wavelength of 450 nm and a
bandwidth of 18 nm, KG-1, and KG-2 glass filters were obtained
from ThorLabs. The pyrolytic graphite edge-plane (PGE)
electrode, platinum wire counter electrode, Ag/AgCl (3M)
reference electrode, and saturated calomel reference electrode
(SCE) were obtained from Bioanalytical Systems (BASi)
research products. The SP-200 single channel potentiostat and
FC-45 Faraday cage were obtained from BioLogic. Alumina
polishing pads and 0.05, 0.3, 1.0 μm sized alumina were obtained
from Buehler. Precision quartz (0.40 mm wall) EPR tubes were
obtained from SP Wilmad. Nanopure water was obtained via a
Barnstead E-Pure ultrapure water system (>17 MΩ/cm) and
was used for all solutions.
Methods
Construction of the pSUMO-iLOV plasmid vector, growth and
aerobic purification of (H)6-SUMO-iLOV and mutants, ULP1
digestion, purification of iLOV, and loading and quantitation of
FMN were conducted as described previously.28 Total protein
yields and associated FMN content is provided in Supporting
Information Table S1 and protein purity gels are shown in
Supporting Information Figure S1.
Site-Directed Mutagenesis of iLOV
Mutagenic primers used for site-directed mutagenesis to
generate Q103X (X = G, A, R, K, E and D) iLOV are reported
in Supporting Information Table S2, and mutagenesis was
carried out via the polymerase chain reaction (PCR) per the
NEB protocol. The PCR products were transformed into E. coli
DH5α and the cells were plated onto LB/agar plates
supplemented with 50 mg/L kanamycin and grown overnight.
The following day, colonies were picked for growth in small 5
mL cultures. Mutant plasmids were purified by DNA miniprep
and sent for nanopore sequencing at UC Berkeley’s DNA
sequencing facility. Upon confirmation of the correct sequences,
mutant plasmids were used to transform E. coli BL21(DE3) cells
for protein expression and growth as described previously.28

Quantum Yields, Excitation, and Emission Spectra
Samples of iLOV were prepared in 50 mM Pi 200 mM NaCl at
pH 7.50 to an absorbance of 0.05 at 450 nm to minimize inner
filter effects, and verified on an Agilent Cary 60 UV−vis
spectrophotometer in triplicate. The emission spectra of each
variant between 470 and 900 nm was collected in a Duetta
Spectrometer (Horiba Scientific) using an excitation wavelength
of 450 nm and samples were thermostated at 25 °C. An
excitation bandpass was set to 5 nm, while the emission
bandpass was set to 1 nm with an emission increment of 0.5 nm.
A total of 50 detector accumulations each with an integration
time of 300 ms were averaged to obtain final emission spectra.
The quantum yield of the sample was calculated using eq 1.

I
I

1 10
1 10

A

AS R
S

R

R

S
= × ×

(1)

Here, ΦS is the quantum yield of the sample unknown (iLOV
and Q103Xmutants), ΦR is the quantum yield of some reference,

(in this case riboflavin with a reported quantum yield of 0.26),31

IS and IR represent the integrated emission intensity of the
sample and reference, respectively, and AS and AR represent the
absorbance of the sample and reference, respectively. The
standard deviations of the ΦS were propagated by both the
standard deviation of the absorbance measurement and the
integrated emission intensity.

Excitation spectra were collected on the same instrument
scanning excitation wavelengths from 300 to 500 nm with an
excitation step of 1 nm. The emission wavelength was fixed at
520 nm. Both the excitation and emission bandpass were set to 5
nm with an integration time of 50 ms. A total of 10 detector
accumulations were used for each data point.
Photoluminescence Lifetimes

Samples of iLOV and Q103X mutants were diluted to an
absorbance of 0.05 at 400 nm to minimize inner filter effects.
Fluorescence lifetime measurements were performed using
time-correlated single photon counting (TCSPC). An approx-
imately 100 fs excitation pulse with wavelength of 400 nm was
generated by doubling the fundamental frequency of Ti:
sapphire laser (Spectraphysics Tsunami) pulses in a commercial
optical harmonics generator (Inrad/Coherent). The laser
repetition rate was reduced by a homemade acousto-optical
pulse picker in order to avoid saturation of the chromophore.
The TCSPC detection system was equipped with a single-
photon counting avalanche photodiode module (Photon Micro
Devices) and electronics board (PicoQuant PicoHarp 300) with
an instrument response time <50 ps. A triggering signal for the
TCSPC board was generated by sending a small fraction of the
excitation beam onto a fast (400 MHz bandwidth) Si
photodiode (Thorlabs Inc.). The fluorescence signal was
collected in a 90° geometry and dispersed in Acton Research
SPC-500 monochromator after passing through a pump
blocking, long wavelength-pass, autofluorescence-free, interfer-
ence filter (Omega Filters, ALP series). The monochromator
was equipped with a CCD camera (Roper Scientific PIXIS-400)
allowing for monitoring of the fluorescence spectrum.
Fluorescence transients were not deconvolved with the
instrument response function since their fluorescent decay
lifetimes were much longer than the system response to the
excitation pulse. The resulting fluorescent lifetime traces were fit
to a single exponential (eq 2)

I t I e C( ) t
0

/= × + (2)

where I(t) is the time-dependent intensity, I0 is the initial
emission intensity, t is time, τ is the emission lifetime, and C is a
constant baseline offset, using MATLAB’s “fittype” function.
Standard deviations in τ were extracted from the fit using the
68% confidence interval as reported by MATLAB’s “confint”
command.
Preparation of Anaerobic iLOV HQ and OX States

Preparation of anaerobic iLOV samples in both OX and HQ
flavin redox states is described in detail in the Supporting
Information Supplemental Methods. Briefly, to prepare
anaerobic samples of iLOV or Q103X mutants in the flavin HQ
state, a degassed sample of protein in the flavin OX state was
mixed with NaDT and MV2+ at 100-fold and 10-fold molar
excess over iLOV respectively in an anaerobic atmosphere. The
sample was then desalted into anaerobic buffer on a G25
desalting column before use. Samples of OX were also desalted
on the same column for consistency.
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Anaerobic UV−vis Measurements

Anaerobic UV−vis measurements were carried out as previously
described,32 with minor modifications described in the
Supporting Information Supplementary Methods.
Measurement of the NSQ Molar Absorptivity

The photochemical production of the Q103D NSQ and
measurement of its molar absorptivity at 616 nm is described
in the Supporting Information Supplementary Methods and the
spectroscopic results are shown in the Supporting Information
Figure S2.
Measurement of iLOV E°OX/HQ
To measure the equilibrium two-electron E°OX/HQ potential, we
developed a method, based on previous work,33−35 to perform
redox titrations using a 96-well plate format and a BMG
VANTAstar microplate reader housed inside a Coy anaerobic
chamber (<20 ppm of O2). The purification of the safranine
reference dye isomers, equilibrium redox titration of iLOV and
Q103X mutants, and analysis of the titration data is described in
the Supporting Information Supplementary Methods, and the
characterization of purified safranine are shown in the
Supporting Information Figure S3, Table S3, and Figure S4.
Comproportionation of iLOV HQ and OX

To measure ΔE, pure samples of iLOV or Q103X mutants were
mixed in equimolar concentrations inside a VAC Atmospheres
glovebox (<0.2 ppm) and monitored spectroscopically over
several hours for the formation of NSQ, which has a
characteristic absorption band at 616 nm. Equilibrium
concentrations of each species were extracted from the data
using the extinction coefficient of NSQ, measured as described
earlier, and used to estimate ΔE via the Nernst equation. A full
description of the experimental details and the subsequent
analysis for this measurement is provided in the Supporting
Information Supplementary Methods.
Electron Paramagnetic Resonance (EPR)

As the value of ΔE was being measured optically for each
mutant, an EPR sample was produced simultaneously with
equimolar quantities of OX and HQ between 200 and 400 μM
total protein and a final volume of 300 μL with 10% glycerol and
was kept in the dark. When the low concentration samples
monitored by UV−vis spectroscopy reached equilibrium, the
EPR sample was placed into a high-precision quartz EPR tube
and flash frozen in liquid N2-cooled isopentane (<−130 °C)
cold well within the glovebox. The sample was then removed
from the glovebox and placed into a storage dewar in liquid N2
before analysis by X-band EPR spectroscopy on a Bruker
EMXplus EPR spectrometer. Because the Q103D iLOV variant
has the least crossed potentials the radical concentrations were
large enough to be quantified and measured in triplicate. X-band
EPR and radical quantitation was performed as described
previously.32 The spectra were simulated using EasySpin 6.0 in
MATLAB, and spin quantitation was performed by double
integration of the EPR signal, divided by the Q-value, and
comparison to three 4-hydroxy-TEMPO standards. The
concentration of the 4-hydroxy-TEMPO standards were
determined by the absorbance of a stock solution using the
reported extinction coefficient at 428 nm of 12.4 M−1 cm−1.36

Molecular Dynamics, Hybrid Quantum
Mechanical/Molecular Mechanical (QM/MM), and
Alchemical Free Energy Calculations

We conducted molecular dynamics (MD) simulations of iLOV
and Q103Xmutants in the OX and NSQ states. Details about the
force field parameters and solvated protein model setup are
included in the Supporting Information Supplemental Methods.
Na+ ions were added to neutralize the system. Additional Na+

and Cl− ions were added to mimic the experimental salt
concentration (0.2 M). MD simulations were performed using
GROMACS 2024.4 software package along with amber99sb
force field.37 The system was minimized and equilibrated
following steps described in the Supporting Information
Supplementary Methods, followed by MD simulations in the
NPT ensemble for 500 ns for both OX and NSQ states for
subsequent analysis. A similar procedure was followed to
simulate 500 ns trajectories for each of iLOV’s Q103 mutations�
arginine (R(+)), aspartic acid (D(0)), aspartate (D(−)), glutamic
acid (E(0)), glutamate (E(−)), glycine (G), alanine (A), and
lysine (K(+)). The mutations were introduced to the model using
SCWRL4.0.38

Using the 500 ns MD simulations described above, we further
conducted statistical clustering analysis following the approach
described in the Supporting Information Supplementary
Methods. Root mean square fluctuation (RMSF) values were
computed for the Cα atoms of the wild-type protein in both the
oxidized (OX) and neutral semiquinone (NSQ) states as well as
for selected mutants using MDAnalysis.39 The results were
visualized as a residue-by-state heatmap.

Water dynamics around the N5 atom of the flavin cofactor
were analyzed using a custom MDAnalysis-based script. The
protein backbone was aligned to remove global translation and
rotation. For each frame, the closest water oxygen distances to
N5 and O4 were identified, and the following two metrics were
recorded: hydrogen-bond formation (distance ≤ 3.5 Å, angle ≥
150°) and whether the water occupied a defined pocket (within
4 Å of N5 or O4; this parameter indicates presence of water
nearby but one that is not necessarily in the right orientation to
form a hydrogen bond).

The gmx hbond tool was used to determine the total number
of hydrogen bonds formed by each of the N1, O2, N3, O4, and
N5 heteroatoms of flavin with the surrounding water and protein
environments in the parental iLOV and its mutants in each of the
OX and NSQ states.

To simulate the effect of a mutation on the reduction potential
of iLOV, a thermodynamic cycle with alchemical transformation
of Q103 to various mutants was used (Figure 3).40,41 The term
“alchemical transformation” is used here consistent with its
usage in several related free energy protocols where part of the
system is gradually mutated in incremental steps.42−45 The free
energy associated with alchemical mutagenesis of iLOV’s Q103
residue to the mutant for each of the OX and NSQ states
provided two legs of the thermodynamic cycle, while the third
leg, corresponding to the free energy of reduction of flavin in the
wild-type system, is obtained from the experimental data (vida
infra, −458 mV or 44.19 kJ/mol). Using those three quantities,
the fourth leg of the thermodynamic cycle was computed to
provide the free energy of reducing flavin in the mutated iLOV.
This free energy is then converted to a reduction potential using
eq 3

E G nF/comp comp=°
(3)
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The Bennett Acceptance Ratio (BAR) approach was used to
compute the free energy of the alchemical transformation
steps.46−48 For this purpose, we adopted a protocol that builds
on the recently automated Average Protein Electrostatic
Configuration QM/MM approach for flavoproteins (APEC-F
2.0).49 A similar idea, albeit with several modifications in the
details of the protocol, has been used to simulate spectroscopic
properties,50−53 as well as relative free energies and isomer-
ization barriers for retinal binding proteins and molecular
switches in solution.54−56 Briefly, with APEC-F 2.0, QM/MM
models of iLOV in its oxidized (OX) and neutral semiquinone
(NSQ) states were constructed starting from the X-ray
crystallographic structure (PDB ID 4EES).26 We focus on the
OX/NSQ simulations because these are the ones displaying the
strongest variations with mutations experimentally. Using
APEC-F 2.0, the charges and geometry of the flavin optimized
quantum mechanically were computed at the B3LYP/ANO-L-
VDZP level of theory in a superposition of 100 solvated protein
configurations extracted from molecular dynamics (MD). As
done for the 500 ns MD simulations, the system was neutralized
using a 0.2 M salt concentration. Details of the QM/MM model
construction and methodology were reported recently.49

Software employed in the construction of the APEC-F 2.0
models include GROMACS, OpenMolcas, Tinker, and
Dowser.47,57−59

The APEC-F 2.0 QM/MM structure provides a starting point
for further free energy simulations computed with BAR as
implemented in the GROMACS 2024.4 gmx bar tool. Since the
redox site on flavin is localized on the rigid isoalloxazine moiety,
the cofactor was kept frozen in its QM/MM-optimized
geometry throughout the entire BAR protocol, while relaxing
the protein, TIP3P water molecules, and solution ions during
the MD. Keeping the frozen chromophore approximation
adopted in APEC, the initial zeroth λ window is the only one
starting from 0 K with a 300 ps heating to 298 K, whereas all the
following begin from the last configuration sampled in the
previous 3 ns equilibration. The protocol was run in the NVT
ensemble using the equilibrated volume that was originally
determined at the level of APEC using NPT dynamics.
Additional details of those NVT simulations are reported in
the Supporting Information Supplemental Methods. The
mutations were introduced using the pmx library adopting the

amber99sbmut force field,60 which includes dummy atoms in a
dual topology fashion. The alchemical transformation was
carried out in a series of 40 discrete λ windows connecting the
two physical end points: the parental iLOV protein (λ = 0) and
mutated amino acid (λ = 1), as shown in Figure 3. We adopted a
serial equilibration approach where the last frame of
equilibration at a specific λ step is the starting frame for the
next one. Specifically, for each λ window, we equilibrated the
system (protein + cofactor) for 3 ns in NVT followed by 12 ns
production runs, giving a total simulation time of 600 ns for each
replica. For each mutant and each of the OX and NSQ states, we
ran multiple (≥3) replicas. A few replicas were also carried out
using longer initial equilibration (50 or 100 ns) at the λ = 0 step
to serve as an additional reference and reduce uncertainty in the
results when needed.

Redox potential shifts were computed in this way for mutating
Q103 in iLOV. For mutations involving the introduction of a
charge (Q103D(−), Q103E(−), Q103K(+), and Q103R(+)), we adopt
the coalchemical ion approach where an ion is coperturbed into
existence along with the mutant at each λ to keep the net charge
of the system constant.61 Specifically, for Q103D(−), a growing
negative charge, arising in the simulation as the glutamine is
annihilated and aspartate forms, was neutralized with the gradual
morphing of a water molecule into a sodium ion. Similarly, for
Q103K(+) and Q103R(+), the introduced positive charge was
neutralized by morphing a water into a chloride ion.

To monitor water leakage into the flavin binding site along the
BAR perturbation steps, the gmx rdf tool was used to determine
the radial distribution function (RDF) of water relative to
flavin’s N5 along each λ trajectory,62 as well as the cumulative
number (CN) obtained by integrating the RDF. The CN value
represents the average number of particles within a given
distance.

■ RESULTS
During flavin reduction, N5 becomes protonated during the
OX→NSQ transition while N1 becomes protonated during the
NSQ→NHQ transition, depending on pH and the flavin
environment, which modulates the N5 and N1 pKas.7,63 We
hypothesized that hydrogen bonding interactions at the N5 and
N1 sites could confer independent mechanisms of control of the
two one-electron couples in flavoproteins via thermodynamic
control of proton-coupled electron transfer (PCET). In this
work, we focused on N5 using the small flavoprotein, iLOV, as a
model system.

The X-ray crystal structure of iLOV reveals a glutamine
residue (Q103, Figure 2D),26 positioned near both N5 (3.4 Å)
and O4 (3.1 Å) of the bound FMN cofactor. To investigate how
residues near N5 and O4 of a flavin cofactor affect the flavin
reduction potentials, we generated Q103X mutations (X =
alanine, A; glycine, G; arginine, R; lysine, K; glutamic acid, E;
and aspartic acid, D) by site-directed mutagenesis. All purified
proteins quantitatively bound FMN at a 1:1 ratio during the
reconstitution (Supporting Information Tables S1 and S2 and
Figure S1).

The absorption spectrum of the OX state of the cofactor was
modestly perturbed by the Q103X substitutions; the parent iLOV
exhibited a λmax of the S0 → S1 transition at 448 nm, whereas the
Q103D λmax was blue-shifted to 444 nm, and Q103E, Q103A,
Q103G, Q103K, and Q103R were further blue-shifted to 440 nm
(Figure 4). Emission and excitation spectra, emission λmax,
quantum yields (Φ), and associated emission lifetimes (τ) were
also modestly changed by the Q103X mutations (Supporting

Figure 3. Thermodynamic cycle used to calculate ΔG°OX/NSQ, and
hence E°, for Q103X mutants via alchemical transformations.
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Information Figure S6, Figure S7, and Table S4). For iLOV, the
emission λmax is at 492 nm with a Φ of 0.37 ± 0.01. All of the
Q103X mutants had blue-shifted λmax between 2 to 6 nm,
generally consistent with their blue-shifted absorption λmax, with
the exception of Q103D, which was red-shifted to 498 nm and
Q103E which was further red-shifted to 510 nm. The Q103X
mutants exhibited similar Φ, ranging from 0.37 ± 0.01 in Q103A
to 0.33 ± 0.01 in Q103D. The fluorescence emission lifetime for
iLOV was 4.37 ± 0.01 ns, while mutations to Q103 resulted in a
span from 4.01 ± 0.01 for Q103A to 3.52 ± 0.01 for Q103E.
Interestingly, τ did not correlate with measured Φ, a
phenomenon that has been observed when placing certain
fluorophores in solvents of varying polarity.64 This is thought to
result from simultaneous changes to both the radiative and
nonradiative relaxation rates, which we expect are sensitive to
the N5 environment in iLOV and the associated Q103X
mutants.65

We next examined how Q103 mutation affected the redox
behavior of the flavin cofactor, given its proximity to N5, its
hydrogen bonding character, and the change in hydrogen
bonding character of N5 during redox cycling. Our initial
attempts using protein film voltammetry (PFV) and the
xanthine/xanthine oxidase (XXO) method were inconclusive.
Although iLOV was capable of adsorbing to a pyrolytic graphite
edge plane electrode, the electrochemical responses were
variable, with unexpected peak current separation and
amplitudes, and showed no differences between the parent
iLOV and Q103X mutants (Supporting Information Figure S8).
The XXO assay was also unsuitable due to slow electron transfer
kinetics (Supporting Information Figure S9). We, therefore,
turned to redox titrations, using safranine as a dye redox
standard reporter and NaDT as a reductant at pH 7.9 and 8.9
(Figure 5). In this classical approach the ratio of the reduced
fraction of dye to reduced fraction of analyte at each solution

potential is used to extract the reduction potential of the
analyte.33−35 Upon addition of the reductant, we observed a loss
of the characteristic visible absorbance bands of the OX FMN
(448 nm) and the oxidized safranine dye (520 nm, Figure 5A),
that disproportionately reduces safranine before equilibrium is
reached between safranine and iLOV based on their relative
reduction potentials (Figure 5A inset, Supporting Information
Figure S10). After two equivalents of NaDT, iLOV and safranine
were completely reduced, and no clear accumulation of an NSQ
or ASQ intermediate was observed at the titration midpoint at
either pH. This is consistent with significantly crossed potentials
and an unstable SQ, as reported previously.66

Assuming an equilibrium dominated by OX and HQ forms of
the flavin, the fractional reduction of both iLOV Q103X and the
safranine reporter dye standard were determined and their
natural logarithms were plotted against one another, yielding a
linear relationship, where the slope indicates the ratio of the
stoichiometric coefficients for the number of electrons trans-
ferred between the protein and the indicator dye, the y-intercept
reflects the E°OX/HQ determined relative to the standard, and the
pH dependence reflects the number of protons involved in the
redox process (Figure 5B, Supporting Information Supplemen-
tal Methods, and Figure S11). As the apparent solution potential
from the dye indicator (Edye

app) decreases, so too does the

Figure 4. Effect of Q103X mutations on optical properties of iLOV.
Normalized UV−vis absorption and emission spectra (λex = 450 nm) of
iLOV and Q103X mutants.

Figure 5. Spectrophotometric redox titrations of iLOV. (A)
Equilibrium iLOV absorbance spectra after adding NaDT reductant
from 0 eq (orange) to 3.3 eq (blue). Inset shows the approach to
equilibrium at one point in the titration (arrow) via monitoring the
absorption at 420 nm (FMNOX), 520 nm (safranine), and 616 nm
(FMNNSQ), and is reproduced in the Supporting Information Figure
S10 for closer inspection. Safranine is initially reduced faster than iLOV,
then reoxidized by reducing iLOV. (B) Eapp (determined from
safranine) vs Erel (determined from iLOV) plots for pH 7.9 (open
circles) and pH 8.9 (open diamonds) and associated linear fits. The
gray dashed line shows the Eapp at which the iLOV FMN has an [OX]/
[HQ] ratio of 1 (i.e., E°OX/NHQ).
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relative potential of iLOV, (EiLOV
rel), and at the point at which

the concentration of the OX and HQ states are equal we
determine the E°OX/HQ (Figure 5B dashed lines). The resulting
extracted values for E°OX/HQ for iLOV and the Q103Xmutants, as
well as the reference values for free FMN are summarized in
Table 1.

From the redox titrations, the parent iLOV had the lowest
E°OX/HQ of −353.9 ± 0.8 mV at pH 7.9 and a pH dependence
between pH 7.9 and 8.9 of −47 mV/pH, lower than the
theoretical value for a 2 e−/2 H+ couple of −59 mV/pH, but
substantially higher than the expected −29 mV/pH for a 2 e−/1
H+ couple.67 These data are most consistent with iLOV
reduction proceeding via concerted OX→NSQ and NSQ→
NHQ transitions. The reaction was fully reversible; an oxidative
titration of reduced iLOV and safranine resulted in an E°OX/NHQ
potential only 2.5 mV different, with slightly larger differences at
pH 8.9 (9 mV), but significantly more scatter in the data
(Supporting Information Figure S12). Extrapolation to pH 7.0
yields an E°′OX/NHQ of −312 mV, approximately 30 mV lower
than that measured for the Chlamydomonas reinhardtii LOV1
C57G protein,68 and 41 mV lower than the homologous Avena
sativa LOV2.69

The mutants Q103A, Q103G, and Q103R also showed no
significant SQ accumulation during the redox titrations. The
E°OX/NHQ followed the trend iLOV < Q103A < Q103G < Q103R
and an average ΔE°OX/NHQ/pH of −56 mV/pH, with the highest
E°OX/NHQ shifted +33 mV relative to the parent iLOV. During
the titrations of Q103K, Q103E, and Q103D, we did observe some
amount of NSQ, based on its characteristic absorbance at 616
nm, with NSQ accumulation followed the trend Q103K < Q103E
< Q103D. The NSQ accumulation was not quantitative,
suggesting E°OX/NSQ and E°NSQ/NHQ were only moderately
separated in these mutants. Because the SQ contribution
complicated two-state analysis of E°OX/NHQ, we quantified NSQ
directly and accounted for it in the calculation of E°OX/NHQ.
Taking advantage of the unique photosensitivity of the Q103D,70

we quantitatively photoreduced the OX FMN to the NSQ state
anaerobically via 450 nm illumination to determine the molar
absorptivity at 616 nm (ε616) (Supporting Information Figure
S2). This reaction requires no external reductant; presumably
the electron is donated by a protein tyrosine or tryptophan. For
further validation and to capture any contributions of an ASQ,
we also quantitated the total SQ population by EPR, against a 4-
hydroxy-TEMPO standard (Supporting Information Figure
S13). The ε616 determined from these EPR measurements is
12,400 ± 400 M−1 cm−1, compared to our estimated value of

8,200 ± 100 M−1 cm−1 by UV−vis. Due to the challenges of EPR
quantitation by double integration, we use the UV−vis-derived
ε616 below. The discrepancy between UV−vis and EPR
estimates of ε616 systematically affects the magnitude of our
estimated ΔE by 25 mV, but preserves the relative trend (EPR-
based ΔE is reported in the Supporting Information Table S5).
Incorporating NSQ quantitation, the E°OX/NHQ values were
determined as −318 mV for Q103K, −327 mV for Q103E, and
−323 mV for Q103D at pH 7.9, shifts of +34 mV relative to the
parental iLOV.

The difference in iLOV Q103X variants’ semiquinone
accumulation indicates a change in the separation of E°OX/NSQ
and E°NSQ/NHQ (ΔE). To determine the NSQ stability for iLOV
and Q103X mutants, and hence ΔE, we performed compro-
portionation reactions, in which we mix equal concentrations
OX- and NHQ-prepared iLOV and monitor the accumulation of
NSQ via reaction 1 by UV−vis and EPR spectroscopy (Figure 6
and Supporting Information Figure S14). As described in the
Methods, the reaction between OX and NHQ is treated as any
other oxidation−reduction reaction that is split into two “half-
cell” reactions. The final equilibrium concentrations can be used
in the Nernst equation to obtain a “full-cell” potential which is
equivalent to ΔE (see eqs S6−S9). The comproportionation
reactions were slow, reaching equilibrium in 10−20 h. Over the
course of the reaction, we see a slight decrease in the OX state
absorbance at 448 nm for iLOV, with a concomitantly small rise
in the characteristic NSQ visible absorption feature at 616 nm
(Figure 6A). The EPR spectrum of the iLOV OX/NHQ
comproportionation equilibrium mixture showed an isotropic S
= 1/2 singlet with a giso of 2.004 and a line width of 1.92 mT
(Figure 6B). In general, ASQ radicals have a smaller line width of
around 1.5 mT, while NSQ radicals have line widths between 1.8
and 2.0 mT.69 Thus, the EPR and UV−vis spectra, and the pH
dependence of the redox titrations, support an NSQ assignment.
Compared to the Q103X mutants, the parental iLOV formed the
least NSQ at equilibrium, suggesting that E°OX/NSQ and
E°NSQ/NHQ are more crossed. Comproportionation reactions of
Q103D produced the most NSQ (Figure 6C), with identical
spectroscopic characteristics of the NSQ by EPR, giso of 2.004
and a line width of 1.94 mT (Figure 6D). To determine any
contribution of ASQ to the comproportionation experiments,
we measured the EPR spectrum of a Q103D comproportionation
reaction at an even higher pH of 9.25, but observed no
differences in either the EPR or UV−vis spectra (Supporting
Information Figure S15). These data imply significant differ-
ences in ΔE between iLOV and Q103D. The EPR spectra and

Table 1. Reduction Potentials, pHDependence, and Electron Equivalents with theMediator (Slope) of iLOV andQ103XMutants
Determined from Reductive and Oxidative (iLOV) Redox Titrationsa

E°OX/NHQ (mV) Slope

iLOV Variant pH 7.9 pH 8.9 ΔE°OX/NHQ/pH (mV) pH 7.9 pH 8.9

iLOV −353.9 (8) −401.1 (3) −47 1.13 (4) 1.13 (4)
iLOVb −351.5 (2) −392 (2) −41 1.01 (1) 1.7 (1)
Q103A −337.0 (5) −393.9 (4) −57 1.35 (4) 1.11 (3)
Q103G −327.5 (3) −382.7 (6) −55 0.93 (3) 0.94 (4)
Q103R −321.0 (5) −377.9 (1) −57 1.15 (5) 1.05 (1)
Q103K −318 (1) −366.6 (3) −49 1.22 (5) 1.21 (2)
Q103E −327 (2) −365.6 (4) −39 1.0 (1) 1.15 (3)
Q103D −323.2 (6) −365.5 (2) −42 0.86 (4) 1.21 (1)
FMN −242c −272d −29 n.d.e n.d.e

aUncertainties in the last significant digit shown in parentheses. bValues obtained from oxidative (reverse) titrations. cValue taken from ref 7 at pH
8.00. dValue taken from ref 7 at pH 9.04. en.d. not determined.
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simulation parameters for all comproportionation reactions are
reported in the Supporting Information Figure S16 and Table
S6.

With the measurement of iLOV and Q103X mutants’
E°OX/NHQ in hand, and the relative Keq of comproportionation,
we calculated E°OX/NSQ and E°NSQ/NHQ across the series (Table
2). As described in the Methods, these values were calculated by
assuming our E°OX/NHQ derived from the redox titrations lay at
the exact midpoint of ΔE as derived by the comproportionation
experiment. For iLOV, ΔE was −212 mV, corresponding to an
E°OX/NSQ of −458 mV and an E°NSQ/NHQ of −246 mV. By
comparison, Q103D exhibited a ΔE of −44 mV, corresponding to
an E°OX/NSQ of −342 mV and an E°NSQ/NHQ of −298 mV. Thus,
the Q103D mutation diminishes potential crossing relative to
iLOV by increasing the E°OX/NSQ by +116 mV, while also
decreasing the E°NSQ/NHQ by −52 mV. Across the mutants
targeting N5, the E°OX/NSQ was increased and the E°NSQ/NHQ was
decreased relative to iLOV, resulting in smaller ΔE. The shift in
E°OX/NSQ relative to iLOV contributed ≥70% to the overall

change in ΔE, and the remaining 30% stemming from shifts to
E°NSQ/NHQ.

To provide insight into the molecular mechanism of flavin
redox tuning by mutations proximal to the flavin N5, we
performed classical MD simulations in both the OX and NSQ
states. For the parental iLOV in the OX state, we ran multiple
replicas of 500 ns trajectories. In most of those trajectories, the
glutamine side-chain maintains a hydrogen bonding interaction
with the flavin O4, with a representative replica (where
hydrogen bonding is maintained throughout most of the
trajectory) giving a mean Nε•••O4 distance of 3.2 Å and
RMSF of 0.6 Å and mean Nε•••N5 distance of 4.0 Å and RMSF
of 0.8 Å (see Figure 7A,B).

In some replicas of the iLOV OX state, we found that the
glutamine side chain loses its hydrogen bonding contact with the
flavin O4. This result is somewhat unsurprising in the context of
the very hydrophobic environment of the Q103 side-chain in the
X-ray structure, and the relative flexibility of this residue, as
evidenced by the backbone Cα RMSD at this site near the C-
terminus (Figure 7C).26 We note that in the full A. thaliana
LOV2 domain of phototropin 2, from which iLOV is derived,
Q103 is C-terminally flanked by the Jα helix, which may stabilize
the hydrogen-bonded state to N5/O4 in the OX dark state, and
the flipped out conformation resembles that which allosterically
controls Jα helix unfolding in the light-activated state.71,72 We
focus our analysis throughout the remainder of the manuscript
on a replica where the hydrogen bonding is maintained
throughout the full 500 ns trajectory, consistent with the crystal
structure (Figure 2D).26

The reduction of iLOV to the NSQ state appears to result in
less conformational flexibility of Q103, as indicated by the RMSF
analysis in the C-terminal region (Figure 7C). Nevertheless, the
conformation of Q103 does change in the NSQ state, rotating the
side-chain such that its amide carbonyl oxygen, rather than the
amide nitrogen, is pointed toward N5 (Figure 7D). This
observation is consistent with what happens in native LOV
domains in either the light-activated or reduced NSQ states.72,73

The flip comes at the expense of potential hydrogen bonding
interactions. The lowest average distance for that of O4•••O
Q103 carbonyl is 4.3 Å with an RMSF of 0.5 Å and that for
N5•••O is 5.6 Å with an RMSF of 0.5 Å (Figure 7E). In place of
Q103 (strained) hydrogen bonds to the flavin N5/O4, the
calculations show that water enters the binding pocket in the
NSQ state and mediates the hydrogen bonding interactions
between the flavin and Q103. Hydrogen bonding between N5
and a water molecule occurs with significantly higher probability
(51.8%) in NSQ than the OX state (0.0%). The water

Figure 6. Comproportionation and characterization of the NSQ. (A)
UV−vis time course of iLOV OX and NHQ comproportionation over
24 h. Arrows indicate the time-dependent direction of change in
absorption from beginning (blue) to end (orange) of the reaction. (B)
Normalized EPR spectrum (black) and simulation (orange) of the
iLOV NSQ. (C) UV−vis time course of Q103D OX and NHQ
comproportionation over 24 h. (D) Normalized EPR spectrum (black)
and simulation (orange) of the Q103D NSQ.

Table 2. ΔE, E°OX/NSQ, and E°NSQ/NHQ Values for iLOV and Q103X Mutants from Spectrophotometric FMNOX and FMNNHQ
Comproportionation at pH 7.9a

iLOV Variant E°OX/NHQ (mV) ΔE (mV) E°OX/NSQ (mV) % of ΔEshift E°NSQ/NHQ (mV) % of ΔEshift

iLOV −354 −212 (4) −458 (2) ref −246 (2) ref
Q103A −337 −176 (3) −427 (2) 86 −251 (2) 14
Q103G −328 −112 (1) −381 (1) 85 −259 (1) 15
Q103R −321 −127 (1) −386 (1) 77 −269 (1) 23
Q103K −318 −104 (1) −372 (1) 79 −269 (1) 21
Q103E −327 −89 (4) −371 (3) 71 −282 (3) 29
Q103D −323 −44 (1) −342 (1) 69 −298 (1) 31
FMN −242b −54 −269b N.A.c −216b N.A.c

aPropagated uncertainties in the last significant digit are reported in parentheses. bValues from ref 7. cN.A. not applicable.
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occupancy within 4 Å from the flavin N5 in NSQ is significantly
higher (94.4%) than the native OX state of iLOV (6.0%).

We next simulated the E°OX/NSQ for the various Q103X
mutants using relative free energy simulations, benchmarked
against the parental iLOV. In previous work, a thermodynamic

Figure 7. MD simulations of iLOV in the OX and NSQ state. (A) Representative structure of iLOV in the OX state from clustering analysis of a 500 ns
MD trajectory. (B) Time-dependent distance analysis for Q103 amide N to the flavin N5 (blue) and O4 (orange) from a 500 ns MD trajectory of iLOV
in the OX state. The solid gray line indicates the mean distance and the dashed line is the mean plus one RMSF. (C) Heat map showing the root-mean-
square fluctuation (RMSF) of each residue in the OX and NSQ states of iLOV, with position 103 highlighted in a white box. A power law-
transformation to color scaling is applied instead of mapping values linearly with γ = 0.5 to stretch low values and to enhance the contrast among small
RMSF regions. (D) Representative structure of iLOV in the NSQ state from clustering analysis of a 500 ns MD trajectory. (E) Time-dependent
distance analysis for Q103 amide carbonyl oxygen to the flavin N5 (blue) and O4 (orange) from a 500 ns MD trajectory of iLOV in the NSQ state.

Figure 8. (A) Radial distribution of water cumulative number (CN) to N5 in the NSQ state during alchemical Q103 (λ = 0) to K103
(+) (λ = 1)

transformation at each λ step with a 3 ns pre-equilibration time. (B) Comparison of CN at 4 Å during the Q103 to K103
(+) transformation for 3 ns (blue)

and 50 ns (orange) pre-equilibration. (C) Representative structure of Q103K with water in the flavin pocket. (D) Radial distribution of water
cumulative number (CN) to N5 during alchemical Q103 (λ = 0) to D103

(0) (λ = 1) transformation at each λ step with a 50 ns pre-equilibration time. (E)
Comparison of CN at 4 Å during the Q103 to D103

(0) transformation for two different replicas with 50 ns pre-equilibration. (F) Representative structure
of Q103D with water in the flavin pocket.
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integration (TI) approach to simulating flavoprotein redox
potentials yielded reduction potential errors on the order of <1
kcal/mol (<43 mV) for solvent-exposed residues in flavodox-
in.74,75 While this approach is promising, the simulations here
present added challenges that can contribute additional errors:
(1) Q103 is directly hydrogen-bonded to the flavin and those
hydrogen bonding interactions are expected to change upon N5
protonation, (2) some mutations involve large changes in the
size and charge of the amino acid (e.g., protonated Q103R(+)),
(3) Q103 is buried in a relatively hydrophobic environment, and
(4) Q103 is near the flexible C-terminus. Such large perturbations
at buried but dynamic residues present challenges to the
requirement of BAR protocols where each λ step should weakly
perturb the system.42 For these reasons, we opted to use longer
MD simulations and 40 λ steps instead of the 8−14 λ steps used
for flavodoxin.41,45,74

Our analysis of the mutagenic trajectories and the resultant
computed E°OX/NSQ indicate that, even with a relatively long MD
period and higher-density λ steps, errors between replicas were
>1 kcal/mol (Supporting Information Table S7 and S8). In the
OX state, the free energy associated with introducing Q103X
mutations yielded standard deviations (σ) between replicas on
the order of 0.7−3.7 kcal/mol, with the greatest variations
among replicas for the charged mutants Q103K(+) (σ = 3.7 kcal/
mol), Q103R(+) (σ = 2.3 kcal/mol), and the deprotonated
Q103D(−) (σ = 2.9 kcal/mol). Q103G also gave a larger error (σ =
2.1 kcal/mol) due to the large change in size of the amino acid.
The Q103A, Q103E(0), and Q103D(0) mutations gave more
reasonable errors (σ = 0.5 to 0.7 kcal/mol). In comparison to
the OX state, σ between replicas of Q103X transformations in the
NSQ state are generally smaller. For all NSQ mutations, σ
ranged from 0.5 to 1.8 kcal/mol, with the exception of Q103K(+),
where σ was 3.5 kcal/mol. Nevertheless, since errors for the OX
and NSQ states are additive when computing E°OX/NSQ (giving σ
of 1.9 to 7.2 kcal/mol, or 82 mV to 312 mV), these uncertainties
are too large to reliably capture differences between the iLOV
mutants.

Based on our observation with the parental iLOV, we
suspected that solvent penetration dynamics may significantly
contribute to the deviations among replicates. In all OX and
NSQ simulations, the native iLOV binding pocket starts out
anhydrous, but the gradual introduction of a mutation at Q103
causes water to enter the binding pocket near the flavin’s N5
region. Figure 8A shows the water cumulative number (CN), the
number of waters within a variable radius shell centered at N5 at
each λ step for one replica of Q103K(+) NSQ state with a pre-
equilibration time of 3 ns. Water penetration into the flavin

binding site is indicated by an increase in CN at ≤4 Å. For
Q103K(+) specifically, we find different behavior between two
replicas depending in the pre-equilibration time provided in the
simulation (Figure 8B). In replica 1, which had a short pre-
equilibration of only 3 ns at the λ = 0 step, water does not enter
the binding pocket until later in the Q103→K transformation. As
a result, water entering the binding pocket introduces a large
perturbation and, after that point, the trajectories also show
larger variations in the CN profile from one λ step to the other.
These variations lead to large fluctuations in free energy not
consistent with a gradually perturbative regime. By extending
the pre-equilibration to 50 ns at the λ = 0 step this issue is
mitigated; all λ trajectories behave more consistently after water
enters the flavin binding pocket. A representative structure of the
water-penetrated Q103K(+) is shown in Figure 8C. After
discarding the 3 ns trajectories for Q103K(+), σ between replicas
improved from 3.7 to 2.1 kcal/mol in the OX state, and from 3.5
to 1.0 kcal/mol in the NSQ state of Q103K(+). We observed
similar pre-equilibration time-dependent behavior for Q103R(+)

and consider only the longer pre-equilibration replicates further
here for Q103R(+) as well.

We also examined the solvent penetration behavior of the OX
state of the protonated Q103D(0) (Figure 8D−F). Again, we
consistently see water entering the binding pocket at some λ
steps between 0→1. Both replicas display variations in the CN
over the course of the transformation. In replica 1, water enters
the binding pocket at an early λ step and remains inside the
pocket until λ = 1. On the other hand, replica 2 displays
intermittent entry of water into the flavin site, which leads to
large fluctuations in free energy.

The examples of Q103K(+) and Q103D(0) are indicative of a
larger theme, that a major source of error between different
replicas of the same system is that not all replicas behave in the
same way with regards to water entering the flavin binding
pocket. However, we can qualitatively categorize the MD
behavior into three empirical bins: (1) water enters the flavin
binding pocket and remains there until the end in both the OX
and NSQ state, (2) water initially enters the binding site at some
intermediate λ step but is then ultimately expelled from the
binding pocket at the end of the BAR protocol (at the final λ=1
step) in both the OX and NSQ states, and (3) water is expelled
from the binding pocket in the OX state at the end of the BAR
protocol but stays in the binding pocket in the case of NSQ.
Categorizing replicas in this way, we notice that the comparison
of computed E°OX/NSQ from replicas belonging to each of those
categories gives more internally consistent results. Specifically,
using replicas that exclusively belong to category 3 gave

Table 3. A Comparison of Simulated and Experimental Redox Potentialsa

E°OX/NSQ (mV)

Variant λ Category Computed Experimental Difference (mV) H2O Occupancy (N5, %) H2O Occupancy (O4, %)

iLOV N.A.b refc −458 N.A.b 6.0 7.5
Q103A 3 −433 (31) −427 −6 1.4 9.3
Q103G 3 −410 (63) −381 −29 3.4 36.4
Q103R 1, 3 −391 (56) −386 −5 6.2 53.0
Q103K 3 −444 (42) −372 −72 6.2 26.9
Q103E(0) 3 −397 (94) −371 −26 1.6 4.7
Q103D(0) 1 −364 (59) −342 −22 32.0 93.7
Q103D(−) 3 −442 (23) −342 −100 10.8 81.0

aThe simulated potentials are obtained using a thermodynamic cycle from shifts in redox potentials relative to iLOV by introducing mutations at
the Q103 Site. Standard deviations, reported in parentheses, are the sum of σ from the OX and NSQ states. H2O Occupancies reported for the OX
state. bN.A. not applicable. cReference value for integrated thermodynamic calculations.
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considerably lower σ for almost all mutations. The only
exceptions were Q103D(0), where category 1 gave slightly lower
error than category 3, and Q103R(+), where not enough category
3 trajectories were obtained and both categories 1 and 3 are
included.

Using the categorized replicas of each Q103X mutant and the
thermodynamic cycle shown in Figure 3 allowed us to calculate
E°OX/NSQ from 3 to 4 replicas (Table 3). The data from all
replicas, including those not considered further herein, are
reported in the Supporting Information Tables S7 and S8. The
calculated σ (sum of both OX and NSQ simulations) after
binning are all ≤2.2 kcal/mol, instead of the 1.9 to 7.2 kcal/mol
obtained using all replicas. Overall, the computed potentials are
within one σ of the experimental values, the only exception being
Q103K(+), which is one of the two residues that introduces both a
change in the charge state of the amino acid as well as a
substantial increase in the side chain length. The general
agreement of categories 1 and 3 with the experimental data and
their internal consistency suggest that the flavin N5/O4 in the
NSQ state interacts with protein-penetrating water in all iLOV
mutants, but to varying degrees. Indeed, there is good
correlation between the positive potential shift of the E°OX/NSQ
couple and the water occupancy near N5/O4 (Table 3).
Furthermore, the protonated Q103D(0) model does substantially
better than the corresponding Q103D(−), with replicas yielding an
E°OX/NSQ closer to the experiment. These results indicate, in
agreement with previous experimental and computational
evidence,70 that the Q103D side-chain is protonated. Following
the same logic, the Q103E side-chain is also expected to be
protonated. Overall, the results suggest that the stability and
frequency of hydrogen bonding to the NSQ state largely dictate
the observed potential tuning of E°OX/NSQ.

Representative structures of the mutated iLOV in the OX
state, based on clustering analysis of the classical 500 ns
trajectories, are shown in Supporting Information Figure S17.
The same figure also includes a heat map for the RMSF of
individual amino acids. In addition to residue 103, we highlight
two asparagine residues (N72 and N82) as well as one glutamine
(Q44) that are involved in a hydrogen-bond network with the

flavin and each other. In general, this hydrogen bond network is
robust in most mutants, with Q44 and N72 in particular
maintaining their conformational states across all mutants and
clusters. However, N82, due to its proximity to residue 103, is
more strongly affected by the mutations and can have different
conformations. This is observed most notably in Q103R(+) which,
although is conformationally rigid, displays a different hydrogen
bonding pattern around N82 compared to other mutants.

The structures in the Supporting Information Figure S17
indicate that mutations at position 103 can introduce conforma-
tional changes distal to the N5 environment, either by allowing
water into the binding pocket or by influencing flavin’s
interactions with other neighboring amino acids. Such subtle
(or in the case of N82, not so subtle) changes can propagate
through the hydrogen bond network and affect hydrogen
bonding at other heteroatom positions on the flavin. Thus, the
mutation of Q103 and N82 play the major role in forming the
hydrogen bonding network near O4 and N5. Any mutation of
Q103 perturbs the hydrogen bonding network such that either
water or Q103X mutant has to form hydrogen bonding
interactions with N82, otherwise N82 gets closer to the flavin
and forms a hydrogen bond with O4.

The heat map in the Supporting Information Figure S17 also
shows that the mutants with the highest flexibility at the C-
terminus are Q103D(0) and Q103K(+). Clustering analysis shows
two major conformations of Q103D(0). Representative structures
from both conformations have a water molecule inside the active
site, consistent with our earlier results indicating high water
occupancy. On the other hand, for Q103K(+), the two largest
clusters are significantly different; one cluster has the lysine
directly hydrogen bonded with flavin’s O4, and the other cluster
has the lysine side-chain pointing out away from the flavin and
with a water molecule entering the binding pocket. The
significant difference between those clusters can help explain
why the redox potentials obtained from free energy simulations
had larger standard deviations than for all other mutants.

Scheme 1. Proposed Role of Hydrogen Bonding to the Isoalloxazine Ring Affecting the FMN E°OX/NSQ and E°NSQ/NHQ for Free
FMN, Q103A, and Q103D

i

iAverage hydrogen bonds to the flavin heteroatoms from extended MD trajectories are shown in parentheses. Hydrogen bonding that increases (left
to right) is indicated in orange and those that decrease in blue, with bold indicating a change >0.5. Net change in hydrogen bonding (ΔHB)
indicated for each transition.
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■ DISCUSSION
The ability of flavoproteins to tune the reduction potentials of
their flavin cofactors to match those of their substrates or
electron transfer partners underlies their remarkable catalytic
versatility. Although flavin potentials are highly sensitive to the
protein environment, the precise mechanisms by which
flavoproteins modulate one- and two-electron couples remain
unclear. Systematic investigations have been particularly
challenging for crossed-potential flavins, where the inherent
instability of the NSQ intermediate complicates measurement of
individual one-electron potentials.

By targeting Q103 in iLOV, which resides near the flavin N5
and O4 atoms, we demonstrated that single site mutations can
significantly alter the degree of potential crossing (ΔE),
spanning 164 mV across the Q103X series, while shifting the
overall two-electron potential (E°OX/NHQ) by only ∼30 mV. The
dominant contributor to these changes were positive shifts in the
E°OX/NSQ of up to +116 mV. This is somewhat unsurprising,
given the proximity of the Q103X residue to the flavin N5, which
becomes protonated upon reduction in the NSQ state. The
trend implies that mutations to Q103 destabilize the OX state or
stabilize the NSQ state, thereby raising E°OX/NSQ. Surprisingly,
however, the effect of the Q103X mutations did not follow an
immediately intuitive trend associated with the side-chain
functional groups. Both acidic and basic residues showed similar
E°OX/NSQ (e.g., Q103K and Q103D), and elimination of hydrogen
bonding entirely (e.g., Q103A and Q103G) had only modest
effects on E°OX/NSQ relative to the parental iLOV.

The E°NSQ/NHQ couple was also affected by Q103X mutations,
but to a lesser degree, with the most shifted couple in the Q103D
mutant by −52 mV relative to the parent iLOV. In this, and all
other Q103X cases, the E°NSQ/NHQ couple becomes more
negative, implying a stabilization of the NSQ and/or a
destabilization of the NHQ state. Yet again, no clear correlation
emerged with side-chain functional groups, underscoring the
complexity of interpreting these changes without structural
information across all redox states and detailed insights into
conformational dynamics.

Our QM/MM and MD simulations help provide molecular
context into the structural and dynamic differences between
iLOV mutants, which is summarized in Scheme 1. For the freely
solvated FMN analog lumiflavin, hydrogen bonding to the flavin
isoalloxazine ring heteroatoms is relatively unrestrained, and all
atoms display some degree of hydrogen bonding in both the OX
and NSQ state. Our numbers are similar to previous calculations
with lumiflavin, with the exception of N1 in the OX state, which
formed a hydrogen bond in previous studies,76 but in our
simulations with the complete ribityl tail of FMN largely does
not. In the X-ray crystallographic structure of iLOV with the
FMN cofactor in the OX state, the hydrogen bonding
interactions are significantly diminished in the hydrophobic
flavin pocket.26 In particular, no hydrogen bond <3.0 Å is
observed for either N1 or N5, destabilizing the cofactor. These
interactions are largely reproduced in our extended MD
simulations for Q103A, with the exception of hydrogen bonding
interactions observed for N1, and the loss of the hydrogen bond
to O4 via loss of the Q103 side-chain. Overall, in the OX state, the
isoalloxazine ring loses an average −1.0 (ΔHB) stabilizing
hydrogen bond in moving into the iLOV binding pocket. The
differences in hydrogen bonding between free and iLOV-bound
FMN in the NSQ state are more pronounced. The hydrogen
bonding to N5 and O4 is substantially weakened, resulting in a

net ΔHB of −1.5. This greater destabilization of the NSQ
partially explains the relatively low E°OX/NSQ couple in iLOV
relative to free FMN.

Not all hydrogen bonds will contribute equally to the
(de)stabilization of the FMN cofactor in iLOV. We expect the
extent of stabilization of either OX or NSQ state through
hydrogen bonding is dependent on the ΔpKa between donor
and acceptor and steric constraints imposed by the protein
scaffold.77 The pKa of the FMN N5 in the OX state has been
computationally estimated to be −10.78 When free in solution,
hydrogen bonding between water and N5 is not particularly
favored, with a ΔpKa ≥ 24,79 which is reflected in the low
average hydrogen bond count of 0.4, but there are effectively no
steric constraints. Conversely, the pKa of the FMN NSQ is 8.6
and the associated ΔpKa for hydrogen bonds with a water
acceptor is 8.6,7,70 indicating that hydrogen bonding to or from
N5 in aqueous solution preferentially stabilizes the NSQ state
over the OX state. We assume the pKa of N5 in the OX state is
not significantly perturbed within the flavin binding pocket
(−10), while the pKa of the NSQ is clearly elevated to >9, based
on our EPR measurements of the Q103D SQ at high pH. As such,
when comparing the change in hydrogen bonding between the
free and iLOV-bound FMN, the loss of a hydrogen bond
acceptor to N5−H in the NSQ state in iLOV is more
destabilizing than the loss of a hydrogen bond donor to N5 in
the OX state. The opposite argument has been made for the
stabilizing effect of the NSQ state in flavodoxins, where a
relatively strong hydrogen bond is formed between N5 and a
glycine backbone amide carbonyl, increasing hydrogen bonding
relative to free FMN.80,81

The FMN C�O4 carbonyl bond is also weakened upon
reduction to the NSQ state, making O4 a better hydrogen bond
acceptor.82−86 Even though hydrogen bonding interactions to
O4 are diminished in parental iLOV relative to free FMN in both
the OX and NSQ state, we expect the destabilization effect to be
greater for the NSQ state. Upon reduction, the aromaticity in the
central pyrazine ring loses some degree of delocalization,
partially splitting along the N5−N10 axis. We expect that the
localization of greater aromaticity to the uracil ring, which
contains the heteroatoms O2, O4, N3, and N1, will increase the
impact of aromaticity-modulated hydrogen bonding at O4,
further destabilizing the NSQ relative to the OX state upon loss
of hydrogen bonding.18

On comprehensive comparison of the change in total
hydrogen bonds (ΔHB, Scheme 1), the NSQ state is destabilized
relative to the OX state by an average additional 0.5 hydrogen
bonding interactions, notably at N5 and O4, where relatively
strong hydrogen bonds should form. The E°OX/NSQ of iLOV is
shifted −190 mV (18 kJ/mol) in iLOV relative to free FMN,
which is consistent with a net loss of a hydrogen bond to the
NSQ state. Additional effects of the protein binding pocket likely
contribute to the E°OX/NSQ shift as well, but those that affect both
OX and NSQ states similarly will not result in shifts to
E°OX/NSQ.87−89

Changes in hydrogen bonding character near the flavin N5
and O4 across the Q103X mutations correlate with the E°OX/NSQ
shifts. For the Q103D mutation, which raise the E°OX/NSQ,
hydrogen bonding increases at O4, and to a lesser degree at N5,
in the OX state, whereas hydrogen bonding increases
significantly for both N5 and O4 in the NSQ state. In both
OX and NSQ, the effect of the Q103D mutation is to stabilize the
FMN cofactor, but the NSQ is more stabilized by a ΔΔHB of 0.3.
The shifts are relatively modest and due to the increased
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penetration of water into the flavin binding pocket proximal to
N5/O4. Water inside protein cavities is known to behave
differently than that of the bulk, including its hydrogen bonding
dynamics, pKa, and corresponding hydrogen bond energetics,
and thus may not be directly comparable to solvation of N5 in
free FMN.86,90,91 Nevertheless, by affecting both OX and NSQ
oxidation states, their effect on the overall tuning of the E°OX/NSQ
couple (+116 mV, 11 kJ/mol) is more conservative than the net
effect of moving FMN from bulk solvent to the iLOV pocket.

For the cationic mutants Q103R(+) and Q103K(+) we observe
that the side-chain tends to flip out toward the solvent, which
creates water penetration pathways in the NSQ state. The
greater occupancy of water near N5 over the course of the
simulations relative to Q103G correlate with the increase in
E°OX/NSQ. While electrostatics can tune flavin redox potentials,
these effects disproportionately affect proton-uncoupled redox
transformations in which an ASQ or AHQ is formed.22,92 Our
data here are consistent with this, in that, the introduction of an
expectedly charged residue does little to change the reduction
potential of a charge-neutral OX→NSQ or NSQ→NHQ
transition. Across the series of Q103R(+), Q103K(+), and
Q103D(0), the MD simulations indicate water occupancy and
hydrogen bonding correlate well with the computed E°OX/NSQ,
providing a rationale and experimentally testable model for
flavin redox tuning via hydrogen bonding interactions to N5 and
O4.

For Q103D, only the neutral state was found to agree with
experiment, but with one methylene carbon fewer than the Q
side-chain, no hydrogen bond can be formed with N5. Instead,
water overwhelmingly penetrates into the flavin binding pocket,
where it can hydrogen bond with N5 and O4, and is additionally
stabilized by hydrogen bonding interactions with the carboxylic
acid side-chain carbonyl of Q103D(0). This hydrogen bonding
interaction likely polarizes the water molecule, making it a better
hydrogen bond acceptor within the hydrogen bonding network.

The iLOV scaffold and Q103X mutations also change the
bound FMN E°NSQ/NHQ, relative to the free cofactor. In the
parental iLOV, E°NSQ/NHQ is only 30 mV below that of free
FMN. The pKa of the free riboflavin N1 in the NSQ state is 2.3,93

and shifts to 6.7 in the NHQ state, corresponding to a ΔpKa in
H2O•••H−N1 hydrogen bonds of 11.7 and 6.7, respectively.
This ΔpKa difference between the two oxidation states is more
modest than for N5 between OX and NSQ states, indicating that
hydrogen bonding contributes to stabilization of both NSQ and
NHQ states, but more so in the NHQ. The X-ray structure of
iLOV (in the OX state) contains a strained hydrogen bond
between the amide -NH2 of Q44 and N1 (N•••N distance of 3.4
Å) and a shorter hydrogen bond with O2 (N•••O distance of
2.9 Å), analogous to the Q103 interactions with N5 and O4,
whereas our MD simulations show the Q44 amide −NH2 forms
hydrogen bonds to N1 in about 60−80% of frames, depending
on oxidation state. This is in contrast to the situation in water,
where only 20% of frames form hydrogen bonds at N1.
Assuming Q44 can act as both a hydrogen bond donor and
acceptor during the NSQ→NHQ transition, hydrogen bonding
capacity to N1 is maintained in both NSQ (acceptor) and NHQ
(donor) states. Here, we predict that hydrogen bonding will
stabilize both NSQ or NHQ similarly, explaining the small
change in E°NSQ/NHQ relative to free FMN. Nevertheless, there
are other factors the protein environment likely imposes on the
NSQ→NHQ transition that are distinct from those experienced
in bulk water, such as the flavin “butterfly” bend in the NHQ
state,1 which could partially explain the slightly more negative

E°NSQ/NHQ, but is not addressed in the experiments or
simulations presented herein.

Q103E, just like Q103D, is also expected to be protonated based
on our MD simulations. As shown in the clustering analysis in
the Supporting Information Figure S17, the E103 residue is firmly
hydrogen bonded to the flavin O4 atom. The protonated
Q103E(0), therefore, participates in a stabilizing hydrogen
bonding network involving both the N82 and flavin. Instead,
MD simulations on the deprotonated Q103E(−) result in a less
stable and therefore more dynamic environment near the E103
position (see heat map in the Supporting Information Figure
S17).

It is also useful to compare the E°OX/NSQ potential in native
iLOV and Q103E(0). Both systems have a side chain at position
103 that is at a suitable length to form a direct hydrogen bond to
the flavin O4. However, the Q103E(0) side chain increases
E°OX/NSQ relative to Q103 in iLOV. This can be attributed to the
difference in the pKa of the two side chains; E103 is more acidic
and is therefore a better hydrogen bond donor than Q103. This
difference in hydrogen bonding ability results in a larger
stabilizing effect on the OX state in Q103E(0), without the need
for water penetrating the binding pocket, while in other mutants
the E°OX/NSQ trend is related to degree of water solvation.

The trend in E°OX/NSQ across the Q103X mutants was also
reflected in the E°NSQ/NHQ, but instead decreases the reduction
potential from iLOV to Q103D, indicating that the mutations
either stabilize the NSQ or destabilize the NHQ. The distal
nature of the Q103X mutations relative to N1 makes changes in
hydrogen bonding to N1 across the series unlikely. We hesitate
to speculate on the molecular origin of this trend, but note that
the pKa of N5 in the NHQ state has never been measured to our
knowledge, but is likely extremely high (>14), making any N5
hydrogen bonds minimal in the overall NHQ stabilization. In
this scenario, systematic increases in stability of the NSQ due to
hydrogen bonding to water, as we argue for the tuning of
E°OX/NSQ, should decrease E°NSQ/NHQ, assuming little change in
the stability of the NHQ state across the series. This hypothesis
will be tested in future studies.

It is worthwhile to discuss the methodological approach to the
alchemical free energy calculations more thoroughly, as these
methods may be useful in other redox calculations in complex
and dynamic redox proteins and enzymes. First, we notice that
the computed reduction potentials reported for all mutants in
Table 3 are systematically more negative than the experimentally
measured potentials. One possible explanation for such a
systematic error is the different force fields for the OX and NSQ
flavin states, even though the charges and geometries were
obtained from QM/MM calculations. Another source of error
may be introduced by the difference in solvation of those two
states, since in most simulations (e.g., belonging to category 3)
the OX of the final mutated protein at λ = 1 is dry while for NSQ
it is solvated. As more information is collected on flavin redox
tuning, these types of experiments can serve as an experimental
benchmark from which to compare computational predictions
of the reduction potentials of flavoproteins. While several free
energy studies have been reported for computing redox
potentials or effects of mutations on protein interface (in
flavoproteins and other related biological systems), these
protocols have often relied on shorter dynamics and fewer λ
steps.8,41,75 Such protocols can be suitable for systems like
flavodoxin, where flavin is already solvent-exposed. Here, even
with 40 λ steps (inclusion of more intermediate states
connecting the end points) and longer dynamics (600 ns per
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replica) than is typically used, we find larger errors in the
calculations. This is because free energy protocols are suitable
when a change is introduced smoothly and gradually. When
flavin is engulfed by a protein environment, the mutational
transformation is more easily disrupted by random and
intermittent entering/exiting of water near the flavin. Even
with these errors, it is possible to obtain redox potentials in
biomolecules with errors on the order of 1−2 kcal/mol, but this
requires extensive sampling, multiple replicas to identify outliers,
and careful analysis of the trajectories to monitor issues like
water access and other indicators of large perturbations
occurring along the λ steps. Often, computing redox potentials
in solution can be done with reasonably high accuracy using
implicit solvation,94 but here we instead highlight both the
challenges, as well as the capability to compute redox potential in
a complex and heterogeneous environment such as iLOV. The
experiments reported here, which studies the effect of a series of
single-point mutations on the reduction potential of iLOV, can
serve as a benchmark set for computational methods being
developed such as QM/MM MD simulations,95,96 polarizable
force fields,14 and machine learning approaches.97,98

The scientific application of iLOV, as a small engineered
fluorescent protein, has been limited to its utility as a genetically
encoded alternative to O2-dependent fluorescent proteins such
as GFP. However, its small size, strong binding of FMN, and lack
of any other cofactors or subunits make it a perfect model to test
theories about potential tuning of crossed flavoproteins. With
this model protein, very low concentrations of NSQ can be
detected by traditional UV−vis spectroscopy without the
convolution of interfering cofactors or substrates. In this work,
this has enabled us to estimate the potentials related to one-
electron transfer in flavins that preferentially undergo two-
electron transfer. Our finding, that hydrogen bonding and
solvation preferentially stabilize the NSQ state, lowering the
apparent one-electron reduction potential, should be broadly
applicable. Interestingly, in the electron bifurcating enzymes,
which are estimated to have the lowest E°OX/SQ couples known,
an ASQ is proposed.12,13 Further study is necessary to
understand how hydrogen bonding and electrostatics will affect
OX→ASQ couples.

■ CONCLUSION
In this study, we tuned the reduction potential of a flavin
cofactor embedded within the small fluorescent flavoprotein
iLOV by changing the identity of a side chain residue nearby the
N5 and O4 atoms of the isoalloxazine ring. We showed that the
identity of this side chain and the corresponding increase in
solvent penetration to the N5 pocket reduced the extent of
potential crossing of iLOV, while only modestly affecting the
overall two-electron potential of the cofactor. This can help
serve as a reference from which to gauge the accuracy of
quantum mechanical predictions of flavoprotein reduction
potentials and can better inform future engineering of artificial
flavoproteins via the thermodynamics of proton-coupled
electron transfer.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5c16043.

Supplemental Methods: initial and postreconstitution
FMN/protein content, protein purification and purity

gels, iLOV Q103Xmutagenic primers, photoreduction and
ε616 determination for the Q103D NSQ, statistical
clustering analysis of MD trajectory, 1H NMR spectra
and assignment of safranine isomers, cyclic voltammo-
grams and Pourbaix diagram of safranine isomer 3,
excitation spectra of iLOV and Q103X mutants, emission
lifetimes for iLOV and Q103X mutants, emission lifetime
fit constants and quantum yields, protein film voltamme-
try of iLOV and Q103X mutants, xanthine/xanthine
oxidase redox titrations of iLOV and Q103X mutants,
equilibrium redox titrations of all Q103X mutants, X-band
EPR quantitation of Q103D NSQ, comproportionation
approach to equilibrium for iLOV and Q103Xmutants, X-
band EPR spectra of iLOV and Q103X mutant NSQs, X-
band EPR spectrum of Q103D NSQ at pH 9.25, EPR
simulation parameters for iLOV and Q103Xmutant NSQs,
and comparison of ΔE estimates using UV−vis vs EPR
NSQ quantitation, free energies of mutation for OX and
NSQ states of iLOV and Q103X, computed reduction
potentials for Q103X mutations, and statistical clustering
analysis and representative structures of Q103X (PDF)

■ AUTHOR INFORMATION

Corresponding Authors

Samer Gozem − Department of Chemistry, Georgia State
University, Atlanta, Georgia 30302, United States;

orcid.org/0000-0002-6429-2853; Email: sgozem@
gsu.edu

Brandon L. Greene − Department of Chemistry and
Biochemistry, University of California Santa Barbara, Santa
Barbara, California 93106, United States; Interdisciplinary
Program in Quantitative Biosciences, University of California
Santa Barbara, Santa Barbara, California 93106, United
States; orcid.org/0000-0001-6981-5900;
Email: greene@chem.ucsb.edu

Authors

Benjamin J. Jones − Department of Chemistry and
Biochemistry, University of California Santa Barbara, Santa
Barbara, California 93106, United States

Sarah Elhajj − Department of Chemistry, Georgia State
University, Atlanta, Georgia 30302, United States;

orcid.org/0000-0002-7553-5662
Brett Haynes − Department of Chemistry and Biochemistry,
University of California Santa Barbara, Santa Barbara,
California 93106, United States

Sichu Wang − Interdisciplinary Program in Quantitative
Biosciences, University of California Santa Barbara, Santa
Barbara, California 93106, United States

Ian O’Connor − Department of Chemistry and Biochemistry,
University of California Santa Barbara, Santa Barbara,
California 93106, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.5c16043

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript. B.J.J. and S.E. contributed equally to this work.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c16043
J. Am. Chem. Soc. 2026, 148, 5057−5073

5070

https://pubs.acs.org/doi/10.1021/jacs.5c16043?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c16043/suppl_file/ja5c16043_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samer+Gozem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6429-2853
https://orcid.org/0000-0002-6429-2853
mailto:sgozem@gsu.edu
mailto:sgozem@gsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+L.+Greene"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6981-5900
mailto:greene@chem.ucsb.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+J.+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Elhajj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7553-5662
https://orcid.org/0000-0002-7553-5662
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brett+Haynes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sichu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+O%E2%80%99Connor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c16043?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Funding

This work was supported by start-up funds and an Academic
Senate grant from the University of California, Santa Barbara
(B.L.G.), and by the National Science Foundation (NSF) under
Grant CHE-2047667 (S.G.).
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge Mary Lerner for her early
involvement and contributions that helped inform the direction
of this work, Collin Origer for help in preparing iLOV proteins,
and Alexander Mikhailovsky for emission lifetime measure-
ments. We are also grateful to Jacopo D’Ascenzi for aid in
developing and early testing of the free energy protocol used in
this work. We also thank Prof. Massimo Olivucci for useful
discussions on the computational methodology. This material is
based upon work supported by the National Science Foundation
(NSF) under Grant CHE-2047667 (S.G.). S.E. and S.G.
acknowledge the use of Advanced Research Computing
Technology and Innovation Core (ARCTIC) resources at
Georgia State University’s Research Solutions, made available by
the NSF Major Research Instrumentation (MRI) grant number
CNS-1920024.

■ REFERENCES
(1) Hemmerich, P.; Nagelschneider, G. Chemistry and Molecular

Biology of Flavins and Flavoproteins. FEBS Lett. 1970, 8 (2), 69−83.
(2) Singer, T. P.; Edmondson, D. E. Flavoproteins (Overview). In
Methods Enzymol.; Academic Press, 1978, Vol. 53, pp. 397−418. .

(3) Fagan, R. L.; Palfey, B. A. Flavin-Dependent Enzymes. In
Comprehensive Natural Products II; Elsevier, 2010, Vol. 7, pp. 37−113. .

(4) Massey, V. The Chemical and Biological Versatility of Riboflavin.
Biochem. Soc. Trans. 2000, 28 (4), 283−296.

(5) Walsh, C. Flavin Coenzymes: At the Crossroads of Biological
Redox Chemistry. Acc. Chem. Res. 1980, 13 (5), 148−155.

(6) Stankovich, M. T. Redox Properties of Flavins and Flavopro-
teins1stChemistry and Biochemistry of FlavoenzymesCRC Press1991

(7) Draper, R. D.; Ingraham, L. L. A Potentiometric Study of the
Flavin Semiquinone Equilibrium. Arch. Biochem. Biophys. 1968, 125
(3), 802−808.

(8) Buckel, W.; Thauer, R. K. Flavin-Based Electron Bifurcation, A
New Mechanism of Biological Energy Coupling. Chem. Rev. 2018, 118
(7), 3862−3886.

(9) Peters, J. W.; Miller, A.-F.; Jones, A. K.; King, P. W.; Adams, M. W.
Electron Bifurcation. Curr. Opin. Chem. Biol. 2016, 31, 146−152.

(10) Yuly, J. L.; Zhang, P.; Lubner, C. E.; Peters, J. W.; Beratan, D. N.
Universal Free-Energy Landscape Produces Efficient and Reversible
Electron Bifurcation. Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (35),
21045−21051.

(11) Yuly, J. L.; Zhang, P.; Ru, X.; Terai, K.; Singh, N.; Beratan, D. N.
Efficient and Reversible Electron Bifurcation with Either Normal or
Inverted Potentials at the Bifurcating Cofactor. Chem 2021, 7 (7),
1870−1886.

(12) Lubner, C. E.; Jennings, D. P.; Mulder, D. W.; Schut, G. J.;
Zadvornyy, O. A.; Hoben, J. P.; Tokmina-Lukaszewska, M.; Berry, L.;
Nguyen, D. M.; Lipscomb, G. L.; Bothner, B.; Jones, A. K.; Miller, A.-F.;
King, P. W.; Adams, M. W. W.; Peters, J. W. Mechanistic Insights into
Energy Conservation by Flavin-Based Electron Bifurcation. Nat. Chem.
Biol. 2017, 13 (6), 655−659.

(13) Wise, C. E.; Ledinina, A. E.; Mulder, D. W.; Chou, K. J.; Peters, J.
W.; King, P. W.; Lubner, C. E. An uncharacteristically low-potential
flavin governs the energy landscape of electron bifurcation. Proc. Natl.
Acad. Sci. U. S. A. 2022, 119 (12), No. e2117882119.

(14) Byron, C. M.; Stankovich, M. T.; Husain, M.; Davidson, V. L.
Unusual Redox Properties of Electron-Transfer Flavoprotein from
Methylophilus Methylotrophus. Biochemistry 1989, 28 (21), 8582−
8587.

(15) Davidson, V. L.; Husain, M.; Neher, J. W. Electron Transfer
Flavoprotein from Methylophilus Methylotrophus: Properties, Compar-
ison with Other Electron Transfer Flavoproteins, and Regulation of
Expression by Carbon Source. J. Bacteriol. 1986, 166 (3), 812−817.

(16) Umhau, S.; Pollegioni, L.; Molla, G.; Diederichs, K.; Welte, W.;
Pilone, M. S.; Ghisla, S. The X-Ray Structure of d-Amino Acid Oxidase
at Very High Resolution Identifies the Chemical Mechanism of Flavin-
Dependent Substrate Dehydrogenation. Proc. Natl. Acad. Sci. U. S. A.
2000, 97 (23), 12463−12468.

(17) Wessiak, A.; Schopfer, L. M.; Yuan, L. C.; Bruice, T. C.; Massey,
V. Use of Riboflavin-Binding Protein to Investigate Steric and
Electronic Relationships in Flavin Analogs and Models. Proc. Natl.
Acad. Sci. U. S. A. 1984, 81 (14), 4246−4249.

(18) Kakeshpour, T.; Van Wiemeersch, A.; Jackson, J. E. Redox
Potential Tuning in Bio-Relevant Heterocycles via (Anti)Aromaticity
Modulated H-Bonding (AMHB).Can. J. Chem. 2020, 98 (7), 337−346.

(19) Das, D.; Miller, A.-F. A Single Hydrogen Bond That Tunes Flavin
Redox Reactivity and Activates It for Modification. Chem. Sci. 2024, 15
(20), 7610−7622.

(20) Swenson, R. P.; Krey, G. D. Site-Directed Mutagenesis of
Tyrosine-98 in the Flavodoxin from Desulfovibrio Vulgaris (Hilden-
borough): Regulation of Oxidation-Reduction Properties of the Bound
FMN Cofactor by Aromatic, Solvent, and Electrostatic Interactions.
Biochemistry 1994, 33 (28), 8505−8514.

(21) Lostao, A.; Gómez-Moreno, C.; Mayhew, S. G.; Sancho, J.
Differential Stabilization of the Three FMN Redox Forms by Tyrosine
94 and Tryptophan 57 in Flavodoxin from Anabaena and Its Influence
on the Redox Potentials. Biochemistry 1997, 36 (47), 14334−14344.

(22) Zhou, Z.; Swenson, R. P. Electrostatic Effects of Surface Acidic
Amino Acid Residues on the Oxidation-Reduction Potentials of the
Flavodoxin from Desulfovibrio Vulgaris (Hildenborough). Biochemistry
1995, 34 (10), 3183−3192.

(23) Massey, V.; Schopfer, L. M.; Nishino, T.; Nishino, T. Differences
in Protein Structure of Xanthine Dehydrogenase and Xanthine Oxidase
Revealed by Reconstitution with Flavin Active Site Probes. J. Biol.
Chem. 1989, 264 (18), 10567−10573.

(24) Enroth, C.; Eger, B. T.; Okamoto, K.; Nishino, T.; Nishino, T.;
Pai, E. F. Crystal Structures of Bovine Milk Xanthine Dehydrogenase
and Xanthine Oxidase: Structure-Based Mechanism of Conversion.
Proc. Natl. Acad. Sci. U. S. A. 2000, 97 (20), 10723−10728.

(25) Chapman, S.; Faulkner, C.; Kaiserli, E.; Garcia-Mata, C.;
Savenkov, E. I.; Roberts, A. G.; Oparka, K. J.; Christie, J. M. The
Photoreversible Fluorescent Protein iLOV Outperforms GFP as a
Reporter of Plant Virus Infection. Proc. Natl. Acad. Sci. U. S. A. 2008,
105 (50), 20038−20043.

(26) Christie, J. M.; Hitomi, K.; Arvai, A. S.; Hartfield, K. A.; Mettlen,
M.; Pratt, A. J.; Tainer, J. A.; Getzoff, E. D. Structural Tuning of the
Fluorescent Protein iLOV for Improved Photostability. J. Biol. Chem.
2012, 287 (26), 22295−22304.

(27) Anderson, N. T.; Weyant, K. B.; Mukherjee, A. Characterization
of Flavin Binding in Oxygen-Independent Fluorescent Reporters.
AIChE J. 2020, 66 (12), No. e17083.

(28) Jones, B. J.; Greene, B. L. Singlet Oxygen-Mediated Photo-
chemical Cross-Linking of an Engineered Fluorescent Flavoprotein
iLOV. J. Biol. Chem. 2024, 300 (11), 107845.

(29) Guerrero, F.; Ciragan, A.; Iwaï, H. Tandem SUMO Fusion
Vectors for Improving Soluble Protein Expression and Purification.
Protein Expr. Purif. 2015, 116, 42−49.

(30) Cáceres, J. C.; Bailey, C. A.; Yokoyama, K.; Greene, B. L.
Selenocysteine Substitutions in Thiyl Radical Enzymes. In Methods
Enzymol.; Academic Press, 2022, Vol. 662, pp. 119−141. .

(31) Drössler, P.; Holzer, W.; Penzkofer, A.; Hegemann, P. pH
Dependence of the Absorption and Emission Behaviour of Riboflavin in
Aqueous Solution. Chem. Phys. 2002, 282 (3), 429−439.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c16043
J. Am. Chem. Soc. 2026, 148, 5057−5073

5071

https://doi.org/10.1016/0014-5793(70)80229-0
https://doi.org/10.1016/0014-5793(70)80229-0
https://doi.org/10.1016/S0076-6879(78)53045-0
https://doi.org/10.1016/B978-008045382-8.00135-0
https://doi.org/10.1042/bst0280283
https://doi.org/10.1021/ar50149a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50149a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0003-9861(68)90517-1
https://doi.org/10.1016/0003-9861(68)90517-1
https://doi.org/10.1021/acs.chemrev.7b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cbpa.2016.03.007
https://doi.org/10.1073/pnas.2010815117
https://doi.org/10.1073/pnas.2010815117
https://doi.org/10.1016/j.chempr.2021.03.016
https://doi.org/10.1016/j.chempr.2021.03.016
https://doi.org/10.1038/nchembio.2348
https://doi.org/10.1038/nchembio.2348
https://doi.org/10.1073/pnas.2117882119
https://doi.org/10.1073/pnas.2117882119
https://doi.org/10.1021/bi00447a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00447a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/jb.166.3.812-817.1986
https://doi.org/10.1128/jb.166.3.812-817.1986
https://doi.org/10.1128/jb.166.3.812-817.1986
https://doi.org/10.1128/jb.166.3.812-817.1986
https://doi.org/10.1073/pnas.97.23.12463
https://doi.org/10.1073/pnas.97.23.12463
https://doi.org/10.1073/pnas.97.23.12463
https://doi.org/10.1073/pnas.81.14.4246
https://doi.org/10.1073/pnas.81.14.4246
https://doi.org/10.1139/cjc-2019-0410
https://doi.org/10.1139/cjc-2019-0410
https://doi.org/10.1139/cjc-2019-0410
https://doi.org/10.1039/D4SC01642D
https://doi.org/10.1039/D4SC01642D
https://doi.org/10.1021/bi00194a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00194a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00194a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00194a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi971384h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi971384h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi971384h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00010a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00010a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00010a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9258(18)81658-1
https://doi.org/10.1016/S0021-9258(18)81658-1
https://doi.org/10.1016/S0021-9258(18)81658-1
https://doi.org/10.1073/pnas.97.20.10723
https://doi.org/10.1073/pnas.97.20.10723
https://doi.org/10.1073/pnas.0807551105
https://doi.org/10.1073/pnas.0807551105
https://doi.org/10.1073/pnas.0807551105
https://doi.org/10.1074/jbc.M111.318881
https://doi.org/10.1074/jbc.M111.318881
https://doi.org/10.1002/aic.17083
https://doi.org/10.1002/aic.17083
https://doi.org/10.1016/j.jbc.2024.107845
https://doi.org/10.1016/j.jbc.2024.107845
https://doi.org/10.1016/j.jbc.2024.107845
https://doi.org/10.1016/j.pep.2015.08.019
https://doi.org/10.1016/j.pep.2015.08.019
https://doi.org/10.1016/bs.mie.2021.10.014
https://doi.org/10.1016/S0301-0104(02)00731-0
https://doi.org/10.1016/S0301-0104(02)00731-0
https://doi.org/10.1016/S0301-0104(02)00731-0
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Cáceres, J. C.; Dolmatch, A.; Greene, B. L. The Mechanism of
Inhibition of Pyruvate Formate Lyase by Methacrylate. J. Am. Chem.
Soc. 2023, 145 (41), 22504−22515.

(33) Minnaert, K. Measurement of the Equilibrium Constant of the
Reaction between Cytochrome c and Cytochrome a. Biochim. Biophys.
Acta, Enzymol. Biol. Oxid. 1965, 110 (1), 42−56.

(34) Massey, V. A SIMPLE METHOD FOR THE DETERMI-
NATION OF REDOX POTENTIALS. Flavins and Flavoproteins
19901990Proceedings of the Tenth International SymposiumComo,
Italypp. 59−66

(35) Miller, A.-F.; Duan, H. D.; Varner, T. A.; Mohamed Raseek, N.
Reduction Midpoint Potentials of Bifurcating Electron Transfer
Flavoproteins. In Methods Enzymol.; Academic Press, 2019, Vol. 620,
pp. 365−398. .

(36) Ma, J. W.; Cunningham, M. F.; McAuley, K. B.; Keoshkerian, B.;
Georges, M. K. Nitroxide Partitioning between Styrene and Water. J.
Polym. Sci. A Polym. Chem. 2001, 39 (7), 1081−1089.

(37) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.;
Simmerling, C. Comparison of Multiple Amber Force Fields and
Development of Improved Protein Backbone Parameters. Proteins:
Struct., Funct., Bioinf. 2006, 65 (3), 712−725.

(38) Krivov, G. G.; Shapovalov, M. V.; Dunbrack, R. L., Jr. Improved
prediction of protein side-chain conformations with SCWRL4. Proteins:
Struct., Funct., Bioinf. 2009, 77 (4), 778−795.

(39) Michaud-Agrawal, N.; Denning, E. J.; Woolf, T. B.; Beckstein, O.
MDAnalysis: A Toolkit for the Analysis of Molecular Dynamics
Simulations. J. Comput. Chem. 2011, 32 (10), 2319−2327.

(40) Zwanzig, R. W. High-Temperature Equation of State by a
Perturbation Method. I. Nonpolar Gases. J. Chem. Phys. 1954, 22 (8),
1420−1426.

(41) Clark, A. J.; Negron, C.; Hauser, K.; Sun, M.; Wang, L.; Abel, R.;
Friesner, R. A. Relative Binding Affinity Prediction of Charge-Changing
Sequence Mutations with FEP in Protein−Protein Interfaces. J. Mol.
Biol. 2019, 431 (7), 1481−1493.

(42) Seeliger, D.; de Groot, B. L. Protein Thermostability Calculations
Using Alchemical Free Energy Simulations. Biophys. J. 2010, 98 (10),
2309−2316.

(43) Gapsys, V.; Michielssens, S.; Seeliger, D.; de Groot, B. L. pmx:
Automated protein structure and topology generation for alchemical
perturbations. J. Comput. Chem. 2015, 36 (5), 348−354.

(44) Wade, A. D.; Bhati, A. P.; Wan, S.; Coveney, P. V. Alchemical
Free Energy Estimators and Molecular Dynamics Engines: Accuracy,
Precision, and Reproducibility. J. Chem. Theory Comput. 2022, 18 (6),
3972−3987.

(45) La Serra, M. A.; Vidossich, P.; Acquistapace, I.; Ganesan, A. K.;
De Vivo, M. Alchemical Free Energy Calculations to Investigate
Protein−Protein Interactions: The Case of the CDC42/PAK1
Complex. J. Chem. Inf. Model. 2022, 62 (12), 3023−3033.

(46) Bennett, C. H. Efficient Estimation of Free Energy Differences
from Monte Carlo Data. J. Comput. Phys. 1976, 22 (2), 245−268.

(47) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. C. GROMACS: Fast, Flexible, and Free. J. Comput.
Chem. 2005, 26 (16), 1701−1718.

(48) Shirts, M. R.; Pande, V. S. Comparison of Efficiency and Bias of
Free Energies Computed by Exponential Averaging, the Bennett
Acceptance Ratio, and Thermodynamic Integration. J. Chem. Phys.
2005, 122 (14), 144107.

(49) Elhajj, S.; D’Ascenzi, J.; Ajagbe, S. O.; Orozco-Gonzalez, Y.;
Olivucci, M.; Gozem, S. An automated QM/MM average protein
electrostatic configuration approach for flavoproteins: APEC-F 2.0. J.
Chem. Phys. 2025, 163, 112501.

(50) Dratch, B. D.; Orozco-Gonzalez, Y.; Gadda, G.; Gozem, S. Ionic
Atmosphere Effect on the Absorption Spectrum of a Flavoprotein: A
Reminder to Consider Solution Ions. J. Phys. Chem. Lett. 2021, 12 (34),
8384−8396.

(51) Iyer, A.; Reis, R. A. G.; Gannavaram, S.; Momin, M.; Spring-
Connell, A. M.; Orozco-Gonzalez, Y.; Agniswamy, J.; Hamelberg, D.;
Weber, I. T.; Gozem, S.; Wang, S.; Germann, M. W.; Gadda, G. A
Single-Point Mutation in d-Arginine Dehydrogenase Unlocks a

Transient Conformational State Resulting in Altered Cofactor
Reactivity. Biochemistry 2021, 60 (9), 711−724.

(52) Kabir, M. P.; Ouedraogo, D.; Orozco-Gonzalez, Y.; Gadda, G.;
Gozem, S. Alternative Strategy for Spectral Tuning of Flavin-Binding
Fluorescent Proteins. J. Phys. Chem. B 2023, 127 (6), 1301−1311.

(53) Barreiro-Lage, D.; Ledentu, V.; D’Ascenzi, J.; Huix-Rotllant, M.;
Ferré, N. Investigating the Origin of Automatic Rhodopsin Modeling
Outliers Using the MicrobialGloeobacterRhodopsin as Testbed. J. Phys.
Chem. B 2024, 128 (50), 12368−12378.

(54) Pedraza-González, L.; De Vico, L.; Marin, M. D. C.; Fanelli, F.;
Olivucci, M. a-ARM: Automatic Rhodopsin Modeling with Chromo-
phore Cavity Generation, Ionization State Selection, and External
Counterion Placement. J. Chem. Theory Comput. 2019, 15 (5), 3134−
3152.

(55) Pedraza-González, L.; Marin, M. D. C.; Jorge, A. N.; Ruck, T. D.;
Yang, X.; Valentini, A.; Olivucci, M.; De Vico, L. Web-ARM: A Web-
Based Interface for the Automatic Construction of QM/MM Models of
Rhodopsins. J. Chem. Inf. Model. 2020, 60 (3), 1481−1493.

(56) Nikolaev, D. M.; Manathunga, M.; Orozco-Gonzalez, Y.;
Shtyrov, A. A.; Martínez, Y. O. G.; Gozem, S.; Ryazantsev, M. N.;
Coutinho, K.; Canuto, S.; Olivucci, M. Free Energy Computation for an
Isomerizing Chromophore in a Molecular Cavity via the Average
Solvent Electrostatic Configuration Model: Applications in Rhodopsin
and Rhodopsin-Mimicking Systems. J. Chem. Theory Comput. 2021, 17
(9), 5885−5895.

(57) Fdez Galván, I.; Vacher, M.; Alavi, A.; Angeli, C.; Aquilante, F.;
Autschbach, J.; Bao, J. J.; Bokarev, S. I.; Bogdanov, N. A.; Carlson, R. K.;
et al. OpenMolcas: From Source Code to Insight. J. Chem. Theory
Comput. 2019, 15 (11), 5925−5964.

(58) Rackers, J. A.; Wang, Z.; Lu, C.; Laury, M. L.; Lagarder̀e, L.;
Schnieders, M. J.; Piquemal, J.-P.; Ren, P.; Ponder, J. W. Tinker 8:
Software Tools for Molecular Design. J. Chem. Theory Comput. 2018, 14
(10), 5273−5289.

(59) Morozenko, A.; Stuchebrukhov, A. A. Dowser++, a New Method
of Hydrating Protein Structures. Proteins: Struct., Funct., Bioinf. 2016, 84
(10), 1347−1357.

(60) Gapsys, V.; Michielssens, S.; Seeliger, D.; De Groot, B. L. Pmx:
Automated Protein Structure and Topology Generation for Alchemical
Perturbations. J. Comput. Chem. 2015, 36 (5), 348−354.

(61) Hub, J. S.; De Groot, B. L.; Grubmüller, H.; Groenhof, G.
Quantifying Artifacts in Ewald Simulations of Inhomogeneous Systems
with a Net Charge. J. Chem. Theory Comput. 2014, 10 (1), 381−390.

(62) Bonfrate, S.; Ferré, N.; Huix-Rotllant, M. Efficient Free Energies
from a Simplified Electrostatic Embedding QM/MM Approach Based
on Electrostatic Potential Fitted Operators. J. Chem. Inf. Model. 2025,
65 (17), 9196−9207.

(63) Mayhew, S. G. The Effects of pH and Semiquinone Formation on
the Oxidation−Reduction Potentials of Flavin Mononucleotide. Eur. J.
Biochem. 1999, 265 (2), 698−702.

(64) Magde, D.; Wong, R.; Seybold, P. G. Fluorescence Quantum
Yields and Their Relation to Lifetimes of Rhodamine 6G and
Fluorescein in Nine Solvents: Improved Absolute Standards for
Quantum Yields. Photochem. Photobiol. 2002, 75 (4), 327−334.

(65) Ghosh, P.; Ajagbe, S. O.; Gozem, S. The Photophysical Path to
the Triplet State in Light-Oxygen-Voltage (LOV) Domains. Chem. -
Eur. J. 2025, 31 (22), No. e202500117.

(66) Nöll, G.; Hauska, G.; Hegemann, P.; Lanzl, K.; Nöll, T.; von
Sanden-Flohe, M.; Dick, B. Redox Properties of LOV Domains:
Chemical versus Photochemical Reduction, and Influence on the
Photocycle. ChemBiochem 2007, 8 (18), 2256−2264.

(67) Pourbaix, M. Atlas of electrochemical equilibria in aqueous
solutions.; National Association of Corrosion Engineers, 1974.

(68) García de Fuentes, A.; Möglich, A. Reduction Midpoint Potential
of a Paradigm Light−Oxygen−Voltage Receptor and Its Modulation by
Methionine Residues. RSC Chem Biol. 2024, 5 (6), 530−543.

(69) Nohr, D.; Weber, S.; Schleicher, E. EPR Spectroscopy on Flavin
Radicals in Flavoproteins. In Methods Enzymol; Academic Press, 2019,
Vol. 620, pp. 251−275. .

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c16043
J. Am. Chem. Soc. 2026, 148, 5057−5073

5072

https://doi.org/10.1021/jacs.3c07256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c07256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0926-6593(65)80093-5
https://doi.org/10.1016/s0926-6593(65)80093-5
https://doi.org/10.1016/bs.mie.2019.03.017
https://doi.org/10.1016/bs.mie.2019.03.017
https://doi.org/10.1002/1099-0518(20010401)39:7<1081::AID-POLA1085>3.0.CO;2-4
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.22488
https://doi.org/10.1002/prot.22488
https://doi.org/10.1002/jcc.21787
https://doi.org/10.1002/jcc.21787
https://doi.org/10.1063/1.1740409
https://doi.org/10.1063/1.1740409
https://doi.org/10.1016/j.jmb.2019.02.003
https://doi.org/10.1016/j.jmb.2019.02.003
https://doi.org/10.1016/j.bpj.2010.01.051
https://doi.org/10.1016/j.bpj.2010.01.051
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1021/acs.jctc.2c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.2c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9991(76)90078-4
https://doi.org/10.1016/0021-9991(76)90078-4
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1063/1.1873592
https://doi.org/10.1063/1.1873592
https://doi.org/10.1063/1.1873592
https://doi.org/10.1063/5.0287415
https://doi.org/10.1063/5.0287415
https://doi.org/10.1021/acs.jpclett.1c02173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c06475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c06475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c05962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c05962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.25081
https://doi.org/10.1002/prot.25081
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1002/jcc.23804
https://doi.org/10.1021/ct400626b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400626b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5c01563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5c01563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5c01563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1046/j.1432-1327.1999.00767.x
https://doi.org/10.1046/j.1432-1327.1999.00767.x
https://doi.org/10.1562/0031-8655(2002)0750327FQYATR2.0.CO2
https://doi.org/10.1562/0031-8655(2002)0750327FQYATR2.0.CO2
https://doi.org/10.1562/0031-8655(2002)0750327FQYATR2.0.CO2
https://doi.org/10.1562/0031-8655(2002)0750327FQYATR2.0.CO2
https://doi.org/10.1002/chem.202500117
https://doi.org/10.1002/chem.202500117
https://doi.org/10.1002/cbic.200700304
https://doi.org/10.1002/cbic.200700304
https://doi.org/10.1002/cbic.200700304
https://doi.org/10.1039/d4cb00056k
https://doi.org/10.1039/d4cb00056k
https://doi.org/10.1039/d4cb00056k
https://doi.org/10.1016/bs.mie.2019.03.013
https://doi.org/10.1016/bs.mie.2019.03.013
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c16043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(70) Kopka, B.; Magerl, K.; Savitsky, A.; Davari, M. D.; Röllen, K.;
Bocola, M.; Dick, B.; Schwaneberg, U.; Jaeger, K.-E.; Krauss, U.
Electron Transfer Pathways in a Light, Oxygen, Voltage (LOV) Protein
Devoid of the Photoactive Cysteine. Sci. Rep. 2017, 7 (1), 13346.

(71) Nash, A. I.; Ko, W.-H.; Harper, S. M.; Gardner, K. H. A
Conserved Glutamine Plays a Central Role in LOV Domain Signal
Transmission and Its Duration. Biochemistry 2008, 47 (52), 13842−
13849.

(72) Iuliano, J. N.; Collado, J. T.; Gil, A. A.; Ravindran, P. T.; Lukacs,
A.; Shin, S.; Woroniecka, H. A.; Adamczyk, K.; Aramini, J. M.;
Edupuganti, U. R.; Hall, C. R.; Greetham, G. M.; Sazanovich, I. V.;
Clark, I. P.; Daryaee, T.; Toettcher, J. E.; French, J. B.; Gardner, K. H.;
Simmerling, C. L.; Meech, S. R.; Tonge, P. J. Unraveling the Mechanism
of a LOV Domain Optogenetic Sensor: A Glutamine Lever Induces
Unfolding of the Jα Helix. ACS Chem. Biol. 2020, 15 (10), 2752−2765.

(73) Ganguly, A.; Thiel, W.; Crane, B. R. Glutamine Amide Flip Elicits
Long Distance Allosteric Responses in the LOV Protein Vivid. J. Am.
Chem. Soc. 2017, 139 (8), 2972−2980.

(74) Sattelle, B. M.; Sutcliffe, M. J. Calculating Chemically Accurate
Redox Potentials for Engineered Flavoproteins from Classical
Molecular Dynamics Free Energy Simulations. J. Phys. Chem. A 2008,
112 (50), 13053−13057.

(75) Silvestri, G.; Arrigoni, F.; Persico, F.; Bertini, L.; Zampella, G.; De
Gioia, L.; Vertemara, J. Assessing the Performance of Non-Equilibrium
Thermodynamic Integration in Flavodoxin Redox Potential Estima-
tion. Molecules 2023, 28 (16), 6016.
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