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Abstract

Flavins have emerged as central to electron bifurcation, signaling, and count-
less enzymatic reactions. In bifurcation, two electrons acquired as a pair are
separated in coupled transfers wherein the energy of both is concentrated on
one of the two. This enables organisms to drive demanding reactions based on
abundant low-grade chemical fuel. To enable incorporation of this and other
flavin capabilities into designed materials and devices, it is essential to under-
stand fundamental principles of flavin electronic structure that make flavins so
reactive and tunable by interactions with protein. Emerging computational
tools can now replicate spectra of flavins and are gaining capacity to explain
reactivity at atomistic resolution, based on electronic structures. Such funda-
mental understanding can moreover be transferrable to other chemical sys-
tems. A variety of computational innovations have been critical in reproducing
experimental properties of flavins including their electronic spectra, vibra-
tional signatures, and nuclear magnetic resonance (NMR) chemical shifts. A
computational toolbox for understanding flavin reactivity moreover must be
able to treat all five oxidation and protonation states, in addition to excited
states that participate in flavoprotein's light-driven reactions. Therefore, we
compare emerging hybrid strategies and their successes in replicating effects of
hydrogen bonding, the surrounding dielectric, and local electrostatics. These
contribute to the protein's ability to modulate flavin reactivity, so we conclude
with a survey of methods for incorporating the effects of the protein residues
explicitly, as well as local dynamics. Computation is poised to elucidate the
factors that affect a bound flavin's ability to mediate stunningly diverse reac-

tions, and make life possible.
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1 | INTRODUCTION

Flavins, in the common biochemical forms of flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD), are
versatile electron carriers that couple electron transfer to proton transfer. They also enable enzymes to redistribute elec-
trochemical energy among electrons, producing strongly reducing electrons from a more modest source and thereby
enabling demanding reactions. Thus, flavins are central to the activity of hundreds of enzymes, signaling, receptors,
circadian rythm, magneto-navigation, DNA repair, electron transfer, energy transduction, and more.>”” Electron bifur-
cation is a more recent addition to the list of flavin talents and exploits the fact that flavins' extensive « system including
heteroatoms poises their chemistry on the cusp between single electron transfers and pair-wise closed shell hydride
transfers. In bifurcation, a flavin reduced by a pair of electrons dispatches them individually to spatially and energeti-
cally disparate acceptors, such that one electron ends up on a much more reducing electron carrier, in apparent viola-
tion of the laws of thermodynamics, but in fact “paid for” by highly exergonic transfer of the other electron to a more
oxidizing carrier (Figure 1).® Tight coupling between the two electron transfers is critical, and rests on the energy of a
semiquinone state that is too short-lived to characterize by most experiments.”'® This is one example of several critical
knowledge gaps that can be addressed by computations, if they can be sufficiently accurate. To understand the funda-
mental bases for the diverse activities of flavins, we need to obtain accurate descriptions of the electronic structure in
each of the flavin's states and in its biochemical contexts.

Formal structures of the flavin oxidation states encountered in proteins are shown in Figure 2. The conversions
between the oxidized (0X), semiquinone (SQ), and hydroquinone (HQ) states occur by acquisition of electron(s). The
SQ exists in two protonation states, namely anionic SQ radical (ASQ, FAD-") or neutral SQ radical (NSQ, FADH:). Sim-
ilarly, the HQ state exists as anionic (AHQ, FADH™) or neutral forms (NHQ, FADH,, for the example of FAD). The
associated pK, values and sites of protonation vary with the flavin oxidation state, so protonation of the flavin in turn
modulates the E°s, and the sources of the protons are often among the questions to be resolved. Besides exploring the
properties of states that participate in mechanism but are not amenable to experimental study, computation can also
identify protein interactions able to explain observed phenomena at the fundamental level of flavin electronic structure.
Such insights can be transferable to other comparable systems. Two of the flavin oxidation/protonation states have net
charge and all have significant dipoles, so they are affected by local electrostatics.'>'* Similarly, multiple positions capa-
ble of hydrogen bonding (H-bonding) participate in the extended & system,'* providing additional points at which non-
covalent interactions can significantly alter the flavin E°s and electron density distribution.'® Besides their electronic
plasticity, flavins report on their electronic structure via strong distinctive UV/visible spectra that make them attractive
targets for experiments, and indeed were instrumental to their discovery.'®” However, the sensitivity of their electronic
structure to their environment makes quantum chemical calculations a demanding challenge.

Crystallographic structures are available for several bifurcating flavin sites.'® 2" It is noteworthy that in the cases
known, the bifurcating flavin is bound between protein domains, where movement of either one could modulate the
flavin's activity (Figure 3).'*?"*? Conversely, flavin oxidation or protonation state changes could alter the domain
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FIGURE 1 (a) Cartoon of the essence of bifurcation based on reduced nicotinamide adenine dinucleotide (NADH) or the
phosphorylated version NADPH. (b) Energy landscape for steps and electron carriers involved in flavin-based electron bifurcation, wherein
the three reactions of the bifurcating flavin (BfFlavin) are within the green box. The positions of the horizontal lines indicate the reduction
potentials, E°s, of the reactions of each of the carriers (E° = —AG°/nF is the negative change in free energy per electron). The 2e E° of the
BfFlavin is constrained to be the average of the two le E°s. A¢nq and A, indicate electron acceptors whose reduction is endergonic and
exergonic, respectively, Q indicates a generic quinone as an ultimate electron acceptor as in the case of several bifurcating electron transfer
flavoproteins'' and Fd indicates ferredoxin, a common low-E° ultimate electron acceptor
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FIGURE 2 Oxidation and protonation states of the flavin, showing numbering of a few key positions and accepted resonance structures.
The backgrounds depict the observed colors of flavin in its OX, ASQ, and NSQ states, illustrating the diagnostic response to fundamental
chemical events such as acquisition of a single electron or proton. The visible electronic spectra of AHQ and HQ are also responsive, but the
extinction coefficients are much weaker. R = ribityl phosphate for FMN, R = ribityl adenosine diphosphate for FAD, and R = CHj; for
lumiflavin

FIGURE 3 Bifurcating electron flow in NfnI diagramming exergonic flow (up) that pays for
endergonic flow to ferredoxin (down). NfnI stands for NADH-dependent reduced ferredoxin:
NADP oxidoreductase I. The BfFlavin in the large subunit of Nfnl is bound at the interface of
four domains, colored blue, green, yellow, and red (from N to C in the amino acid sequence).
The flavin in the small subunit is also bound between domains (pale blue, gray, pink, in N to C
order). Based on PDB accession code 5JCA, and also see 4YRY'**
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interface and thus trigger conformational change. Computational methods able to extract overall features of the sites
such as charge distribution or polarity, may reveal common themes. In general, important goals are to understand how
the protein context modulates the electronic structure and spectral signatures of bound flavins, to understand their
reactivity.

Herein we review methods for calculating electronic transitions and the corresponding observed spectra of flavins,
because they provide stringent tests of quantum chemical calculations. In particular, methods that have been vetted on
flavin-based photoreceptors are highly relevant. Thus, we provide the following account of such efforts including their
success in describing the photochemistry of flavin-based sensors, as a foundation for new studies of bifurcating flavins,
and flavin-based systems in general.

2 | MODELS OF FLAVIN-BASED SYSTEMS
2.1 | Gas phase

The electronic absorption spectrum provides very stringent validation of the flavin electronic structure because it rests
on descriptions of excited states as well as the ground state. Although the flavin exists as FMN and FAD in biochemis-
try, the substituent (“R”—in Figure 2) does not contribute to the visible absorption because it is not a part of the conju-
gated system. Therefore, truncation of “R” to CHj, serves as a valid starting point. For gas phase calculations we begin
with an isolated flavin to study properties intrinsic to it. The advantage of this simple model is its power to identify the
spectroscopic details such as electronic transitions which are dark in nature. Furthermore, such information serves as a
reference for calculations on embedded flavins and supports experimental assignments. Gas-phase calculations were
used by several groups to benchmark quantum chemical methods for OX flavin®*~>* and to elucidate electronic differ-
ences characterizing other oxidation states of flavin.”>*” However, gas phase approaches cannot describe the response
of the correlated polarizable & system to solvation® and protein environments.*

2.2 | Implicit continuum model

The mismatch with experiment and inability to account for variations in flavin behavior from one protein to another
demonstrate the need to account for the protein. An intermediate approach acknowledges that the flavin is not in vac-
uum by including a continuum dielectric medium to capture zero-order effects of flavin' surroundings. This approach
uses a dielectric constant (¢) and thereby provides a polarizable reaction field.*® This implicit medium can use ¢ = 78.4
to model aqueous solvation® or, for example, ¢ = 9.2*** to model protein environments of flavins. Use of implicit
water decreased by a factor of 2 the offset between the calculated and observed excitation energies for OX FMN.**
Recently, more comprehensive analyses of dielectric effects on electronic structure of OX flavin dimers** and SQ
states” as well as a charge-transfer state® were reported. This method is also advantageous as it helps in understanding
the solvatochromism of flavins.*’

2.3 | Explicit description of the protein environment

It is widely accepted that the protein environment plays a crucial role in tuning the electronic structure of chromo-
phores such as flavins.*®* The correlated and highly delocalized electrons in the isoalloxazine triple ring system of fla-
vins are highly responsive to the amino acids and water molecules present in protein active sites (Figure 2).*° For
instance, the C=0 groups at C2 and C4 have H-bond accepting character and doing so modulates their spectroscopic
signatures.*' Significant discrepancies between experimental frequencies and results of simple calculations were attrib-
uted to the treatment of the solvent.*> H-bond donation by N3H likewise affects flavin stretching vibrational frequen-
cies.”** Conversely, non-bonding lone pairs on N1 and N5 can each accept an H-bond, with strong effects on their
nuclear magnetic resonance (NMR) chemical shifts.**” Additionally, long range electrostatic and van der Waals inter-
actions are critical in determining the flavin's overall properties. Protein-bound flavin thus experiences a highly con-
strained, interactive, and perturbing environment, which is able to bring about a wide range of reactivities, favor
different redox and protonation states,*® and produce different spin configurations.**>' Thus, explicit treatment of the
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immediate environment (amino acid side-chains and solvent molecules) is essential for an accurate description of struc-
tural or electronic properties of flavin cofactors. Several strategies for doing so are implemented in the so-called quan-
tum mechanical approaches, which will be described in detail in following sections.

3 | METHODS
3.1 | Classical force-field (molecular mechanics) methods

Although reactivity is fundamentally an electronic property, it must be developed in the context of the protein struc-
ture. A solved crystal structure is the ideal starting point, but the best approximation of the protein structure is the low-
est energy one. This is obtained using molecular mechanics (MM) energy minimizations, as established 45 years ago
and now accepted as part of the standard modus operandi, thanks to hardware improvements that make this relatively
fast.”* The fundamental objective of MM is to represent the energies associated with the protein's structure as functions
of the individual atoms' coordinates. Dynamics trajectories are then helpful in obtaining populated (ensemble) states in
the low-energy region of the potential energy surface at thermal equilibrium. As a simple example, the intramolecular
conformational dynamics of FAD in presence of urea was studied using time-resolved fluorescence spectroscopy and
correlated with the dominant conformations obtained from molecular dynamics simulations.>® These are considered to
occur on the potential energy surface describing motions corresponding to the ground state.>* Some of the classical
force-fields which are most widely used for investigation of structure, dynamics, enzyme reaction mechanism, denatur-
ation, and protein folding are AMBER,>*>> CHARMM,”®* GROMACS,*” and OPLS-AA.>® While available force-field
parameters provide good descriptions of the standard amino acids, ions, and water models, an additional effort is
required to parameterize crucial non-standard residues such as chromophores. Crude parameters however can be
obtained using the general AMBER force field (GAFF)*® and CHARMM General Force Field (CGenFF).®° A simple but
clever improvement is obtained by combining parameters obtained from generalized force-fields with charges derived
from the restrained electrostatic potential (RESP) method® as shown in Ref. 62.

In order to study the biophysical properties of flavoproteins classically, several groups have derived MM parameters
for the flavin, for example Refs. 63-65. Some are compatible with AMBER force field®®®” whereas others work with the
CHARMM force field.**®>%%% As described by Sjulstok et al.,* the key challenge in parameterization of flavin is accu-
rate treatment of the delocalized electron density in the isoalloxazine ring, which cannot be fragmented into smaller
groups to fit charge, angle, and dihedral parameters. In addition, the different oxidation states incorporate different
bonding, and in some cases an unpaired electron, so each state requires different parameterization. The validity of these
model parameters can be assessed on the basis of their ability to reproduce the bond lengths and torsion angles of the
isoalloxazine ring (e.g., butterfly bend’®) as predicted by quantum mechanics (QM) in gas phase.”*

3.2 | Quantum mechanical approaches

While local protein structure is necessary, it is rarely sufficient. MM methods also enable treatment of flavoprotein
motions that may be coupled to cofactor activity or may gate it via access to solvent or substrate or partners in the reac-
tions. Thus, classical simulations are highly informative regarding domain motions and amino acid reorientations that
can affect flavin reactivity through electrostatic, H-bonding and Van der Waals (vdW) interactions.'>* This has been
widely used in flavin-based systems.*° In contrast, the electronic properties of cofactors and their reactivity also reflect
faster electronic motions. Along with spectroscopic properties, they require description at the quantum level, which is
rarely possible to extend to the entire protein. A useful compromise is achieved by integrating MM with the QM, which
is discussed below.

3.2.1 | Hybrid quantum mechanics/molecular mechanics
Figure 4 compares a range of quantum chemical methods, the simplest being the polarizable continuum model. At the

other extreme, Martin Karplus, Michael Levitt, and Arieh Warshel earned a Nobel prize for their introduction of multi-
scale QM/MM models for studying complex chemical systems.”>”* These integrate QM at the site of interest with MM
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FIGURE 4 Illustration of quantum chemical methods that are used to study the photochemistry of flavoproteins. (a) Polarizable
continuum model, where the environment (cyan) can be tuned via the value of the dielectric constant. (b) QM-cluster model showing
lumiflavin and sidechains of amino acids in stick representation. (c) Fragment molecular orbital (FMO) method featuring MOs of fragments
each containing lumiflavin and a different amino acid side chain. (d) Hybrid QM/MM method combining a central QM part containing
lumiflavin, and the remaining system as the MM part. (e) Extrapolative scheme, known as ONIOM where multiple QM layers are treated
with different levels of theory (QM1 and QM2) and the remainder of the system with MM. (f) Scheme of QM/MM calculations where the
MM atoms are replaced with their partial (point) charges

for the rest of the system (hybrid QM/MM). For photoreceptors and other flavoproteins, this method does justice to
both (a) the chemical system that undergoes bonding changes, which must be described using QM because they
amount to redeployment of electrons, and (b) the effect of the environment and coordinated motions of atoms during
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reaction, as described by MM. Relevant application of the method to photoreceptor proteins has been discussed in a
recent review.”* This strategy has become a ubiquitous method with which to study enzymatic reaction mechanisms,
including photocycle intermediates of flavin-centered receptors.®®”>~”” Additional successful applications of this hybrid
method in flavin-based system include the following:

1. Geometry optimization using hybrid QM/MM to impose restraints from the protein environment.”®”’

Energetics from electronic transitions (ground-state S, — excited state S,) that explains UV/Vis absorption (one-
photon and two-photon absorption) and emission properties.>**

Vibrational properties underlying infrared, Raman, and resonance Raman spectra.
Electromagnetic properties such as NMR chemical shifts and EPR hyperfine structure.
Time-dependent propagation of excited states which describes conical intersection and intersystem crossing.
Protonation state changes coupled with electron transfer processes.”>*®

o

81-84
47,85,86

76,87

A

3.2.2 | Comparison of the performance of different quantum chemical methodologies

Due to its success, QM/MM has been elaborated in different flavors to reduce computational cost and increase accu-
racy, with different pros and cons. These variations mainly address the QM component, as it tends to be the bottleneck.
A graphical comparison of approaches that have been applied to flavins in proteins is shown in Figure 4.

The QM cluster model considers the flavin as well as surrounding amino acids as the QM region (Figure 4(b)). The
residues are truncated at the Ca atom and hydrogen atoms are added to complete the valence shell of electrons. Since
the remainder of the protein system is truncated, the Ca atoms are fixed at their initial positions, to prevent unrealistic
atomic movements. A few examples of application of QM cluster at the density functional theory (DFT) level are illus-
trated by Huang and Gauld, who studied enzymatic catalysis mediated by flavins®® and by Dourado et al., in their study
of flavin-mediated electron transport.”® Notably, the size of QM cluster needs to encompass all considered reaction
mechanisms for proton transfer or bond-breaking. However, consideration of long-range interactions is not included in
this method, which often makes it less attractive. An all-inclusive comparison of QM cluster treatment with the full
QM/MM model has been carried out in calculations of vertical excitation energy in blue light photoreceptors (BLUF).”!
The study concluded that local effects of individual amino acids on flavin spectroscopic properties can be accurately
estimated by the QM cluster approach including a sufficiently large cluster; however, the full QM/MM model is always
beneficial to minimize theoretical errors.

QM calculations can also be carried out using a fragment molecular orbital (FMO) scheme (Figure 4(c)). This
method is advantageous as it avoids truncation of any protein region, and allows linear scaling between the computa-
tional cost and the system size.”* FMO can extend a QM calculation to 10 K atoms with retention of accuracy, whereas
the same accuracy is only transferrable from 60 to 1000 atoms by DFT, and a full analytical quantum mechanical solu-
tion is rarely possible for molecules larger than a few atoms.” In principle, the FMO method divides the QM system
into several fragments and performs quantum chemical calculations on each. However, decisions regarding the frag-
mentation require careful consideration, especially to not include any conjugated system in the fragment boundary.
Successful applications of this method to a flavin embedded in protein were reported for cryptochromes (CRYs)®*¢’
where the molecular fragments involved in electron transfer were defined in the QM region and fragment orbitals were
calculated using the density functional based tight binding (DFTB) method. In another study on DNA photolyase, the
fragment orbitals were obtained as DFT Kohn-Sham (KS) orbitals.*

Multiscale hybrid QM/MM modeling using a high-resolution quantum level description for the QM region, and
classical parameters for the description of the remaining MM system is particularly appropriate for photoreceptor pro-
teins (Figure 4(d)).”> Cost-effectiveness in such simulations can be achieved by keeping the backbone atoms fixed to
their initial positions while allowing flexibility to atoms in the QM region and all sidechains that contains at least one
atom within 5 A of the chromophore. This method has been successful for photoreceptors such as retinal,’® and could
also be informative regarding flavoproteins. Another approach is the ONIOM scheme.”” The method was developed
with the objective of enabling multiple QM layers of different levels of theory in a versatile way, for example, ab initio
treatment of the QM1 region and application of semi-empirical methods to the QM2 region with MM treatment of the
rest of the protein, to reduce the cost of computation while nonetheless obtaining reliable structure and energetics
(Figure 4(e)).
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In the electrostatic embedding version of QM/MM, the QM region alone is considered for simulation of the
spectroscopic properties, using point-charge schemes to incorporate the effects of the protein (MM) environment.’®
This involves replacement of individual atoms in the MM region with their partial charges at their positions as opti-
mized by MM using classical force-field parameters (Figure 4(f)).”® Thus, the cutoff used in selecting surrounding
point charges for inclusion must be sufficiently large to fully account for the electrostatic force. Indeed, the polari-
zation produced by the environment, as replicated by a spatial distribution of charge, can prove critical for accurate
modeling and elucidation of spectral features. An example has been reported for CRY with different cut-off
distances.'®

Electrostatic spectral tuning maps are a complementary approach; such maps can elucidate the effect of the aniso-
tropic environment, and thus are useful in designing mutants that may be able to tune the flavin's optical spectrum.*
Schwinn et al. used the electrostatic potential fitting (ESPF) method in calculating the flavin excitation energy, using
B3LYP/TZVP and predicting the lowest lying state at 2.69 eV’° versus the experimental value of 2.79 eV.'*! Likewise, the
ESPF method was recently applied in conjunction with unrestricted wavefunctions, demonstrating potential utility for the
semiquinone states.>””® Thus, there are several demonstrated approaches for considering the environment of flavins, both
in solution and in proteins.'®

3.23 | Conformational sampling methods

A single optimized geometry suffices for calculation of visible and vibrational spectra, yielding a single value for each
vertical excitation energy along with the associated oscillator strength (f). Convolution with a Gaussian line-shape can
be used to model the effects of slight geometric and environmental differences between sites in experimental sam-
ples.'® Such methods are adequate for smaller systems in which the ground-state equilibrium geometry is well defined.
However, in proteins, the enormous number of degrees of freedom and low energy modes complicate the notion of a
unique global minimum. Hybrid QM/MM based sampling of populated conformations has been used to generate spec-
tral predictions for the statistical ensemble, which can significantly improve agreement with experiment both regarding
line shapes and absorption maxima.'®>"'* This strategy has been clearly outlined in Ref. 105 to model the absorption
spectrum of riboflavin in aqueous medium. QM/MM based conformational sampling can be initiated based on an
energy-minimized geometry®*®! or a long-time scale classical dynamics trajectory wherein snapshots are extracted and
optimized using QM/MM.'**'” Different levels of theory have been tested ranging from semi-emperical AM1,'**
ZINDO,'® to Hartree-Fork,'* and self-consistent charge (SCC-DFTB) methods.®>°” Besides reproducing spectral prop-
erties, sampling methods have been valuable in studying the reaction mechanisms''® and reduction potentials'®* in
flavin-based systems.

4 | INSIGHTSINTO ELECTRONIC STRUCTURE CALCULATIONS
4.1 | Butterfly-like bending motion of the chromophore

The chemical virtuosity of the flavin chromophore is primarily attributed to the heterocyclic isoalloxazine ring
(Figure 5). As noted above, it can exist in various oxidation states which participate in electron transfer reactions but
are challenging to model computationally.*® Redox reactivity is concentrated in the N1=C10a-C4a=N5 diazabutadiene
system (OX state is shown in Figure 5(a)).?” The isoalloxazine ring conformation is also involved because the system is
essentially planar in the OX state, whereas it undergoes “butterfly-like” bending that is related to altered frontier orbital
natures, energies, and overall charge distribution, in the radical and reduced states.”>''"''? The dihedrals that describe
these geometrical distortions are shown in Figure 5(b). Ab initio methods have found that the radical state adopts close
to planar structure whereas significant bending tends to occur about the N5 and N10 axis in the 2e reduced HQ
state.'®*'>14 Such a bending motion also distinguishes the geometrical parameters of the ground state (S,) from those
of the excited states (S,,) which in turn, modulates electron transfers to and from the isoalloxazine ring. For example in
protein, structural deformation allows the reactive (N5-C4a) to assume sp’ configuration instead of sp® and thereby
favors formation of reduced states and photoproducts (Figure 5(c)).!*> Studies of the excited state dynamics at femtosec-
ond resolution further reveal that such motion also affects the lifetimes of excited states before they switch between
potential energy surfaces (conical intersection).*®
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C4-N5-N10-C9
N1-N10-N5-C6

FIGURE 5 Geometric perspectives on the chemical structure of OX lumiflavin. (a) Bond order changes upon reduction are concentrated
in the highlighted N1=C10a-C4a=N5 framework. (b) Important dihedrals participating in butterfly-like bending in flavin. (c) Distortions in
different oxidation states can also be described by changes in the angle 0 between the planes of rings I and III

On the other hand, if one compares the bending angles in free flavins to those of flavins in proteins, a wide distribu-
tion can be found, indicating that the environment has a strong effect, and also reflecting variations in flavin oxidation
state in the observed systems.”®''® This argues that the environment could modulate the E°s by imposing a bend on the
chromophore.""” Bhattacharyya et al. used the hybrid QM/MM simulation method to compute the E°, accounting for
the puckering of the iso-alloxazine ring, as shown in Figure 5.'**

Overall, the MM tools established for proteins must be considerably augmented to adequately address flavins at
even the basic level of their geometries. The best solution at present is not to rely on MM for the flavin itself, but to
incorporate quantum mechanical treatment of it.

4.2 | Quantum-based insights from bond length alternation in flavin

Optimization of the geometrical parameters (bond lengths and angles) is one of the most important steps toward
obtaining the minimum energy configuration of a molecule. Based on quantum chemical methods, optimized geome-
tries have been reported for flavin and its derivatives by several groups, using the TD-DFT methods for excited
states.>»*>*®113 Among geometrical parameters obtained, the bond-length alternation (BLA) change between the S,
and S, geometries''® or between different redox states of flavin'***?° informs on the degree of electron delocalization,
as smaller BLA indicates greater electron delocalization.'*! This has been shown by Bois and Kérzdorfer by correlating
the effect of BLA with the optical excitation energies in n-conjugated polymers.'** The study also highlights the impor-
tance of correct description of ground-state BLA and use of the correct level of theory to reduce the theoretical error in
calculated excitation energies. BLA can thus be linked to the localization of electron density during excited-state transi-
tion which affects the calculated vertical excitation energy. For example, the S, — S; transition of lumiflavin is associ-
ated with a decrease in electron density at N1 and an increase over the N5-C4a atoms, because bonds tend to be longer
in the S; state, especially those of the N5-C4a pair.*'®

5 | ELUCIDATION OF SPECTROSCOPIC PROPERTIES
5.1 | Calculation of electronic spectra of lumiflavin

To assess the success of calculations, researchers have been able to exploit the bounty of spectral data available for fla-
vins. However, these are far from simple to replicate, due to the complexity of flavin electronic structure and the hetero-
geneity of protein environments. The simplest form of flavin, namely lumiflavin (Figure 2) has been extensively studied
using quantum chemistry, both isolated in the gas phase as well as embedded in protein systems using hybrid QM/MM
schemes. While more than one bright state must be considered to describe the flavin UV/Vis spectra, we will concen-
trate on the computed vertical excitation energy corresponding to the Sy — S; transition (Exp. 2.79 eV, obtained for
riboflavin in aqueous solvent'?), in this section. In the gas-phase, TD-DFT obtained lowest vertical excitation energies
of 3.02 eV (B3LYP), 3.31 eV (CAM-B3LYP), and 3.05 eV (PBEO) using double-{ type basis sets, where CAM-B3LYP is a
range separated hybrid functional.*>'** Neiss et al. have compared results obtained using hybrid DFT functionals and
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explained the overestimated vertical excitation energies in terms of the proportion of Hartree-Fock exchange used.*
For example, B3LYP which incorporates 20% HF exchange, overestimates the excitation energy by 0.26 eV, whereas the
deviation is greater than 1 eV using the BHLYP functional which includes 50% HF exchange. Wavefunction-based
methods such as coupled cluster at second order (CC2) and algebraic diagrammatic construction at second order ADC
(2) yield excitation energies of 3.06 and 2.94 eV with triple-{ type basis sets, which are in much better agreement with
the experimental value.>>** Interestingly, application of multireference methods, for example, symmetry-adapted
cluster-configuration interaction (SAC-CI) have led to underestimates of the experimental energy, at 2.46 eV.'** How-
ever another high level of theory, extended multiconfiguration quasi-degenerate perturbation theory at second order
(XMCQDPT?2) was reported to overestimate the excitation energy at 3.09 eV, in-line with the trend produced by other
levels of theory.”’ Note that this latter method uses wavefunction solutions based on complete active space self-
consistent field (CASSCF) methods. Application of these multireference methods requires accurate chemical insight for
selection of active space orbitals, which otherwise is a challenge. To obtain preliminary insight into this, black-box
methods (TD-DFT or coupled cluster) can be used to construct the m-orbitals in the conjugated system employing
Hiickel theory. The frontier molecular orbitals of lumiflavin are shown in Figure 6. These are the starting point for con-
figuration of the active space in multireference methods. Application of second-order perturbation theory (PT2) is then
used to account the dynamic electron correlation, which otherwise is not available with the CASSCF method.'*

5.2 | Absorption spectrum calculations for the flavin oxidized state

Electronic structure calculations in isolated systems are important for understanding the fundamental optical prop-
erties of flavins, as well as to benchmark the method of choice for a given chemical situation. Gas phase calculations
serve as references against which to compare spectroscopic properties predicted for flavins in complex chemical
environments, for example, embedded in proteins. Valuable examples of flavins in proteins include studies of BLUF,
light, oxygen, and voltage sensitive domains (LOV) LOV1 and LOV2, and CRY. Studies of the photochemistry and

%, LUMO m*

(L+1)

FIGURE 6 Frontier molecular orbitals of lumiflavin involved in lowest transitions. The MOs were obtained based on CC2/CC-pVTZ
calculation in gas phase. The figure is adopted with permission from Ref. 25. Copyright 2018 John Wiley & Sons
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photobiology of these flavins have mostly focused on the dark-adapted state “resting” state, containing the OX fla-
vin. The influence of HF exchange in the DFT functionals used has been assessed in BLUF using the hybrid
QM/MM method,'*® which was motivated by a reference study in the gas phase.?’ In the protein context, TD-DFT
was again found to overestimate the excitation energy'?’ by amounts of 0.06 eV (B3LYP) and 0.54 eV (BHLYP).'*°
Application of the CAM-B3LYP functional, which can describe charge transfer (CT) states reasonably well*>'*®
results in excitation energies that are high by 0.03 eV in AppA BLUF protein and 0.25 eV in Slr1694 BLUF protein,
albeit with different basis set sizes.'**"'*° Meanwhile the CC2 method produces an overestimate of 0.24 eV. In
another study, the application of scaled opposite-spin configurational interactions with perturbative doubles (SOS-
CIS(D)), yielded an overestimate of 0.17 eV.">' CASSCF based wavefunction have been applied by Udvarhelyi et al.
employing XMCQDPT2, CASPT2, and multistate CASPT2 methods.”" The choice of active space orbitals has a large
effect on the excitation energy, for example active space (4e, 30) 4 electrons in 3 orbitals yields a value of 3.09 eV,
(8e, 80) gives 2.90 eV, (12e, 120) gives 2.96, and even larger system (14e, 130) gives 2.90 eV, versus the experimental
value of 2.82 eV."*? It is also important to note that in these higher levels of theory, larger active spaces may be
prohibited by the high associated computational costs. In a more recent work, another multireference method
namely N-electron valence state perturbation theory second order (NEVPT2) based on CASSCF wavefunction was
shown to give a better description of the excitation energy.'**'** However, the work by Sayfutyarova et al. consid-
ered lumiflavin as well as counter ion residues’ side chains in the QM region, thereby using a large active space of
(18e, 150). Interestingly the multireference method was also used to calculate absorption spectra including the
effects of vibrational structure. This has been achieved using CASSCF/CASPT2 with an active space of (10e, 80).
Even with this, the calculations overestimated the experimental excitation energy with their value of 3.25 eV.®” The
consistent tendency of theory to overestimate the excitation energy, raises the intriguing possibility that the protein
environment may be soft on a very short timescale, allowing excitation into vibrational excited states lower than
those accessed in theory.

5.3 | Calculations of electronic spectra of other oxidation states

Calculation of excitation energies for the semiquinone and hydroquinone remains a challenge, due to these states’
anionic natures and/or because of their radical characters. Since the semiquinone states possess an unpaired electron,
there is a concern regarding spin contamination, especially in studies using the DFT method with unrestricted HF
wavefunctions.'® Special schemes have been developed that are suitable to these situations and can be expected to pro-
vide accurate descriptions of absorption properties.>’**® Using these, B3LYP/cc-pVTZ predicted the lowest excitation
energy at 2.83 and 2.13 eV, for the anionic and neutral SQ states versus experimental values of 2.55 and 2.17 eV. Simi-
larly, 3.59 and 3.01 eV were obtained for the anionic and neutral HQ states versus experimental values of 3.63 and
3.14 eV.”® Application of the time-dependent path integral method with a larger basis set (def2-TZVPP) slightly overes-
timates the energies at 2.93, 2.31, 3.57, and 3.09 eV, respectively.?’

With a protein-embedded system modeling the BLUF domain, Sadeghian et al. have shown that the unrestricted-
B3LYP (UB3LYP) functional offered reasonable agreement with the experimental geometries and transition energies of
the transient semiquinone states.”” However, the level of theory used fails to provide correct evaluation of the energetics
associated with the electron transfer steps. In particular, the biradical state wavefunction describing flavin and amino
acid radicals requires multireference treatment, which otherwise can be obtained with the CASSCF method or higher
theories based on CASSCF wavefunctions."*> Spin contamination originating from the application of unrestricted HF
wavefunctions has been found to be significant, on the order of 25% or more, in a study of the semiquinone states in
LOV domain.’® Therefore, an alternative recommendation is to consider restricted open-shell-B3LYP (ROB3LYP)
treatment. Open-shell treatment must also be the choice, when triplet states are of interest, as for example can be
learned from a study in LOV domain.'*

The two SQ states of flavin differ only in regards to their protonation state, yet have sufficiently distinct visible spec-
tra to have earned the names “neutral blue” versus “anionic red” SQ (Figure 2)."*® Studies addressing protonation states
of OX flavin used B3LYP calculations in FMN (cationic, neutral, anionic models), mimicking acidic, neutral, and alka-
line condition, and showed that the HOMO and LUMO remain largely unaffected by the changes in protonation
state."”” Instead, the lower lying orbitals change dramatically.
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5.4 | Calculations of excited states involved in photochemistry

Besides different oxidation states, flavin also accesses excited states with different spin multiplicities, and therefore dif-
ferent capacities to engage in chemistry. Computations able to reproduce transition energies can be used as sources of
insight into transition dipole moments and corresponding polarizabilities, which in turn are required to obtain mecha-
nistic insights regarding electron transfer, solvation effects and natures of H-bonding. They also reveal the existence of
dark states (f ~ 0.000), and the extent to which different orbitals contribute to transitions. Mechanistic insights based
on changes in dipole moments between ground state and excited states in conjunction with the intramolecular charge
redistribution have been discussed in several works from the Stanley group's studies using TD-DFT methods."***!

Calculations of triplet states of flavin are relevant for understanding flavin photochemistry, which is required to fol-
low intersystem (singlet-triplet) crossing.'*>'** This has been studied using B3LYP with double and triple-( type basis
sets, obtaining that the lowest-lying triplet excited state of flavin is 1.82 eV (42 kcal/mol), higher in energy than the gro-
und state.'** Calculations are also useful in accounting for the spin orbit coupling between singlet and triplet states that
must be invoked to explain the ISC observed for FMN in LOV domain.'*> A notable issue in these studies is to include
Tamm-Dancoff approximation (TDA) in TD-DFT calculations,'*® which has produced dramatic improvement in the
singlet-triplet energy gaps.”'** However, such singlet-triplet splitting in flavin can also be studied with more accurate
methods as reported by Climent et al. with the CASPT2//CASSCF method.'*’

In the case of LOVs, accurate computation of the photochemistry has been challenging. In these systems, a full
description requires consideration of ISC between singlet and triplet excited states of the flavin, before modeling of the
formation of a neutral biradical state.’**> The experimental absorption maximum of this photoreceptor in its dark-
adapted state occurs at a range of experimental values, 2.75-2.82 eV depending on which LOV domain is observed, as
documented by Wingen et al."*®* Computationally, the B3LYP functional has provided good agreement with the excita-
tion energy, with overestimates ranging from 0.11 to 0.27 eV, when simulated with different starting structures.'*

The steps of nonradiative decay from the excited singlet state to the triplet state were explored by Nakagawa et al.,
using DFT/MRCI methods in LOV domain'*® and compared with the results of Salzmann et al.*® in a gas phase model.
In conjunction with the use of multireference methods, the effect of dynamic electron correlation was clearly noted in
the work by Domratcheva et al. in the context of a protein environment.">' This was demonstrated by comparing the
calculated vertical excitation energies based on CASSCF and MCQDPT2 methods using active spaces of (2e, 20) and
(4e, 40), in the context of a LOV domain. Improvements based on the CASPT2 method and its multistate variant
(MS-CASPT?2) were also demonstrated using the CASSCF-based wavefunctions. However, this instance included calcu-
lations on a larger active space of (10e, 80) and (12e, 90).">*> The work sheds light on the virtue of using larger active
spaces and bigger basis sets to simulate complex photochemical reaction pathways. CRYs are another class of flavopro-
tein in which photochemical events lead to conformational changes. Although this photoreceptor is present in most liv-
ing systems, systematic investigation of the photochemistry underlying function is still at early stages. Biradical states
of this protein may even serve as magnetosensors that enable avian navigation,"***** demanding computations able to
elucidate factors mediating ISC. The first computational characterization of oxidized and reduced FMN in a CRY pro-
tein was reported by Cannuccia et al. with the help of hybrid QM/MM simulations, employing TD-DFT methodology.
The authors replicated the observed red-shift in their calculated absorption spectrum.'® They also found that geometri-
cal fluctuations induced in the chromophore by the protein environment affected the vertical excitation energy, espe-
cially for the AHQ state of the flavin, and to a lesser degree for the OX flavin. A more comprehensive analysis of FAD
absorption spectra in six different CRYs was provided based on advanced QM/MM methods including the polarizable
embedding (PE) technique.' This specialized scheme not only accounts for the electrostatic effect of the protein envi-
ronment, but also the responsive potential (localized multipole and dipole-dipole polarizabilities). The reported work
was based on the PE/CAM-B3LYP method."®

5.4.1 | Interplay between electronic and vibronic states

Addressing the vibronic structure and its contribution in computed spectra was not an object of reports listed above.
Nevertheless, vibrational effects contribute to the absorption spectra of all flavin oxidation states. Accounting for vibra-
tional energies can also improve the agreement with experiment, because calculated vertical transitions describe excita-
tion into higher vibrational sub-states of the excited electronic state. Vibrational effects have been discussed with
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application of Franck-Condon (FC) analysis using vertical and adiabatic approaches in combination with time-
independent and time-dependent formalizations.'®®

The experimental spectra of flavins manifest vibrational structure as well as broadening,'>” which are challenging
to describe informatively using standard methods.?” Broadening of electronic transitions for flavins reflects contribu-
tions of higher vibronic states that can be populated by vertical transitions, and calculated with the FC princi-
ples.’®*'%® They are also attributed to changes in chromophore conformation, that is, the butterfly like bending. The
effect of isoalloxazine ring bending or puckering coupled to the Sy, — S, transition has been explicitly dis-
cussed.*#°%1% This is more relevant to the SQ and HQ states, as the effect of geometric changes on the spectral
properties is significant.**'*® For flavin embedded in protein, electrostatic interactions or vdW forces are also capa-
ble of inducing geometrical changes, which then give rise to complications in calculating the FC overlaps.”® How-
ever, recent reports have shown that computation of a Hessian based on normal mode analysis of the QM/MM
system is effective in reproducing the vibrationally resolved absorption spectra. This has been tested on all the oxida-
tion states of flavin in plant CRY.”>'®! This method requires calculation of Huang-Rhys vibronic (electron-nuclear)
coupling to construct the spectral densities and obtaining the vibrationally resolved spectrum. An overview of vari-
ous methods used for calculation of UV/Vis spectra of flavin-based systems, using quantum chemical methods, is
presented in Table 1.

5.5 | Calculations of vibrational spectra

Infrared (IR) and Raman vibrational spectroscopies have been very informative as to the environments of protein-
bound flavins because many of the assigned bands are highly sensitive to electronic structure and interactions with
protein groups and solvent molecules.'® The intense diagnostic peaks of the C2=0 and C4=0 carbonyl groups are sig-
nificantly affected by the H-bonding environment. Other important vibrational modes arise from the redox active
N5=C4a-C10a=N1 unit (Figure 5(a)) which is active in both IR and Raman spectra.'®> Because the observed vibra-
tional bands reflect principally the ground state, established QM methods are fully competent and a methodological
consensus has emerged. In brief, DFT methods (using B3LYP) have been found to be the most suitable for predicting
vibrational spectra of flavins, and we refer interested readers to some excellent examples show-casing flavin systems
(Table 2). Such studies have compared various approaches including explicit water molecules,'®* accounting for excited
states using TD-DFT, and evaluating band shifts due to hydrogen/deuterium (H/D) exchange.'®*'°

5.6 | Calculations of nuclear magnetic resonance chemical shifts

Quantum chemical methods are also useful in assignment and understanding of NMR chemical shifts of flavins, both
in simple as well as complex environments.'”* The established method for predicting the magnetic properties is the
Gauge-Independent Atomic Orbital (GIAO) approach.'”® Nevertheless, the multiscale simulations established to date
for such application are based on DFT and MP2 levels of theory. In the context of DFT, the B3PW91 functional showed
better agreement with experiment than B3LYP for chemical shielding values for both OX and HQ states of flavin.*® Fur-
thermore, the method was also reported to be effective in reproducing striking changes in the chemical shift of N5 in
response to H-bonding interactions.*”!’® In a comparison of the accuracy of DFT (B3LYP) versus MP2 for flavin
in BLUF domain, the former method gave good agreement.'”” It should be noted that the choice of basis set has a sig-
nificant effect on the obtained values, as reported in.?® In-line with recent advances, the use of a segmented contracted
basis set, also known as a Jensen basis set,'”® could be a better alternative for calculation of NMR properties for flavin
systems.'”” Last but not the least, GIAO methods were shown to replicate hyperfine coupling constants for
flavin semiquinone states in isolated systems,*> COSMO solvent models'® or a protein-embedded system.'®!

6 | CONCLUDING REMARKS: EMBRACING RECEPTORS, SIGNALING,
AND ENERGY TRANSDUCTION

The diagnostic electronic spectra of flavin in its various oxidation states has enabled researchers to use it as an inter-
nal probe of enzyme mechanism, protein biophysics and redox status. The very molecular properties enabling the
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TABLE 1
Flavin-based system
studied

Lumiflavin (gas phase)

Lumiflavin (gas phase)

Lumiflavin (gas phase)

Lumiflavin (gas phase)

Lumiflavin (gas phase)

Lumiflavin (PCM)

Lumiflavin
(microsolvation)

FMN (COSMO)

FMN

FMN

FMN (microsolvation)

Riboflavin

Riboflavin
(microsolvation)

FMN LOV1
photoreceptor

Flavin (FMN) in
Nitronate
monooxygenase

FAD BLUF

Slr1694 BLUF
photoreceptor

SIr1694 BLUF
photoreceptor

FAD BLUF
photoreceptor

FAD cryptochrome

FAD BLUF
photoreceptor

FMN phototropin 2

FMN BLUF
photoreceptor

FMN iLOV
photoreceptor

FMN iLOV
photoreceptor

FAD Bifurcating ETF

FAD Bifurcating ETF

WIREs

Level of theory for
geometry optimization

B3LYP/6-31G*

B3LYP/6-311G(d,p)
B3LYP/6-31G*

B3LYP/TZVP
B3LYP/6-31G*
B3LYP/cc-pVTZ
CAM-B3LYP/cc-pVDZ

B3LYP/TZVP
B3LYP/(G-31G*, 6-31G**)

B3LYP/6-311++G(2d,2p)//
AMBER

B3LYP/Def2-TZVP//PCM
B3LYP/6-31G(d)
B3LYP/TZVP

B3LYP/6-31G(d)//PCM

B3LYP/cc-pVTZ

B3LYP/TZVP//CHARMM

®PBEh/6-31G*//CHARMM

ABPO/CHARMM

B3LYP/6-31G(d)

B3LYP/TZVP/TZVPFit//
AMBER

B3LYP/DZV(P), CASSCF/
DZV(P)

B3LYP/6-31G*

CASSCF/(cc-pvDZ,
DZV(P))

BLYP/TZV2P(GPW)//
AMBER

B3LYP/6-31G(d)//AMBER

B3LYP/(6-31G(d), 6-31+
+G(d,p))

CAM-B3LYP/cc-pVDZ,
®B97X-D/6-31G(d,p)

Theoretical studies reporting calculated excitation energies of flavin-based systems

KAR ET AL.
Level of theory for excitation energy Oxidation
calculation state studied References
CIS/6-31G*, B3LYP/(6-31G*, SV(P)]), (0):¢ 23
BHLYP/SV(P) DFT/MRCI/SV(P)
B3LYP/(cc-pVDZ, d-aug-cc-pVDZ) (0):¢ 24
B3LYP, CAM-B3LYP, RI-CC2, RI-ADC 0X 25
(2)/cc-pVTZ
DFT/MRCI/TZVP (0):¢ 28
B3LYP/6-31G* (0);¢ 29
B3LYP/cc-pVTZ 0X, SQ, HQ 26
RI-ADC(2)/cc-pVDZ, aug-cc-pVDZ (0);¢ 34
B3LYP/TZVP 0oX 137
B3LYP/(G-31G*, 6-31G**) HQ 141
B3LYP/6-311++G(2d,2p)//(AMBER, 0X, SQ, HQ 162
PCM)
B3LYP/Def2-TZVP//PCM 0X 145
B3LYP/aug-cc-pVDZ (0):¢ 105
B3LYP/TZVP, B3LYP/TZVP//PCM 00X 163
B3LYP/6-31G(d)//PCM, MCQDPT2/6-31G ~ OX 149
(d)//PCM
B3LYP/cc-pVTZ/PCM 0X, SQ, HQ 35
BP, B3LP, BHLYP, RI-CC2/def-TZVP// OX 126
CHARMM
LRC-0wPBEh/6-314+G** OX, HQ 77
CAM-B3LYP/6-31G* (0);¢ 130
MCQDPT2/CASSCF (0):¢ 78
B3LYP/TZVP/TZVPFit//AMBER 0X, SQ, HQ 79
XMCQDPT2, RI-CC2, MRCI, SOS-CIS/ (0):¢ 135
DZV(P), TZVP, cc-pVDZ
PE-CAM-B3LYP/cc-pVDZ, PERI-CC2//cc- OX 80
pVDZ
XMCQDPT2/DZV(P)//AMBER 0X 91
XMCQDPT2/cc-pVDZ//AMBER (0)¢ 118
B3LYP/6-31G(d)//AMBER (0):¢ 158
B3LYP/(6-31G(d), 6-31++G(d,p))// (0)/¢ 33
CHARMM
CAM-B3LYP/cc-pVDZ//PCMwB97X- OX, HQ 36

D/6-31G(d,p)//PCM
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TABLE 2 Theoretical studies reporting calculated vibrational frequencies of flavin-based system

Oxidation state

Flavin-based system studied Level of theory studied Reference
Lumiflavin (gas phase) B3LYP/6-31++G, B3LYP/6-31G* 0X, SQ 165144
Lumiflavin (gas phase) B3LYP/6-31G** HQ 167, 168
FAD (microsolvation H,0/D,0) B3LYP/TZVP 00X 163
FMN in LOV domain and AppA B3LYP/6-31G** OX 169
BLUF domain
FMN BLUF domain B3LYP/6-31G(d,p)//PCM, B3LYP/6-31+G(d,p)//AMBER, (0);¢ 44,170,126
B3LYP/def-TZVP//CHARMM
FAD AppA BLUF domain B3LYP/6-31G** OX 171
FAD flavodoxin B3LYP/6-31++G(d,p) SQ 172
FMN flavodoxin B3LYP/6-311++G(2d,2p)//AMBER 0X, SQ, HQ 162
FMN-containing flavoenzyme (U)B3LYP/6-31+G(d,p)//AMBER 0X, SQ 84
NrdI
FMN SIr1694 BLUF LRC-oPBEh/6-31++G**//CHARMM SQ 77
photoreceptor
FAD DNA photolyase (U)B3LYP/6-31G* 0X, SQ, HQ 173
FAD cryptochrome B3LYP/6-31G*//AMBER 0X, SQ, HQ 81

strong and responsive electronic spectroscopy make computational elucidation of the spectra an unusually subtle
and theoretically demanding task. Moreover, upon reproduction of electronic excitation, the job has only just begun,
because this event precipitates a cascade of transitions involving ISC, redistribution of electron density and even
macromolecular conformational changes that can occur on very long time scales. Thus, this field can look forward to
replication of transient absorption studies elucidating the basis for CRY, LOV, BLUF signaling, and the light-driven
chemistry of photolyase'®* and fatty acid photodecarboxylase, that can produce biofuel.'®* While the flavins partici-
pating in bifurcation may not be as showy, their ability to separate coupled electrons and redistribute energy among
them represents chemical and energetic control at the most fundamental level. Thus, via its modulation of the elec-
tronic structure of protein-bound flavins, life achieves enviable control using only mild and benign materials. Our
intent in this review is to provide a springboard to calculations in these systems and we note that it is precisely the
fact that the photochemistry is less dramatic that makes them more demanding, computationally, because smaller-
energy and more subtle distinctions must be replicated. A very recent study on a bifurcating electron transfer flavo-
protein demonstrates successful application of TD-DFT to distinguish flavins present in separate domains, based on
their spectroscopic properties.*> We anticipate that future studies will be able to inform not only on bifurcation, but
also on the design of novel photonic molecules and even materials. Like flavins, these could leverage highly corre-
lated extended m-conjugated systems including heteroatoms and H-bonding interactions that are exploited with such
virtuosity, in proteins.

ACKNOWLEDGMENTS

R.K.KX. and A.-F. M. thank the Einstein Foundation of Berlin for support. This work is based upon work supported by
the National Science Foundation, Chemistry of Life Processes CHE-1808433, the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences under Award Number DE-SC0021283, as well as EPSCoR PON2
6,352,000,003,148. M.A.M. thanks the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under
Germany's Excellence Strategy—EXC 2008-390540038-UniSysCat for funding. The authors acknowledge Prof. Dr. P.
Hildebrandt for ground-breaking applications of spectroscopy to bio-catalytic systems and recognition of the power of
computational chemistry in this connection.

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.



16 of 22 WI L EY— WIREs KAR ET AL.

AUTHOR CONTRIBUTIONS
Rajiv Kar: Investigation; methodology; writing-original draft. Anne-Frances Miller: Writing-original draft; writing-
review & editing. Maria-Andrea Mroginski: Methodology; writing-review & editing.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

ORCID

Rajiv K. Kar ‘© https://orcid.org/0000-0003-4629-5863
Anne-Frances Miller ‘® https://orcid.org/0000-0003-4973-2061
Maria-Andrea Mroginski ‘© https://orcid.org/0000-0002-7497-5631

RELATED WIREs ARTICLES
Challenges in large scale quantum mechanical calculations

REFERENCES

1.
2.

Nitschke W, Russell MJ. Redox bifurcations: mechanisms and importance to life now, and at its origin. Bioessays. 2012;34(2):106-9.
Baymann F, Schoepp-Cothenet B, Duval S, Guiral M, Brugna M, Baffert C, et al. On the natural history of flavin-based electron bifurca-
tion. Front Microbiol. 2018;9(1537):1-16.

Buckel W, Thauer RK. Flavin-based electron bifurcation, a new mechanism of biological energy coupling. Chem Rev. 2018;118(7):
3862-86.

4. Joosten V, van Berkel WJ. Flavoenzymes. Curr Opin Chem Biol. 2007;11(2):195-202.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

Fraaije MW, Mattevi A. Flavoenzymes: diverse catalysts with recurrent features. Trends Biochem Sci. 2000;25(3):126-32.

Lin C, Top D, Manahan CC, Young MW, Crane BR. Circadian clock activity of cryptochrome relies on tryptophan-mediated photore-
duction. Proc Natl Acad Sci U S A. 2018;115(15):3822-7.

Fagan RL, Palfey BA. Flavin-dependent enzymes. Comprehensive natural products II: chemistry and biology. Oxford, UK: Elsevier; 2010.
p. 37-114.

Peters JW, Miller AF, Jones AK, King PW, Adams MWW. Electron bifurcation. Curr Opin Chem Biol. 2016;31:146-52. https://doi.org/
10.1016/j.cbpa.2016.03.007.

Duan HD, Khan SA, Miller A. Photogeneration and reactivity of flavin anionic semiquinone in a bifurcating electron transfer flavopro-
tein. Biochim Biophys Acta-Bioenerg. 2021;1862(7):148415. https://doi.org/10.1016/j.bbabio.2021.148415.

Vigil W, Niks D, Franz-badur S, Chowdhury N, Buckel W, Hille R. Spectral deconvolution of redox species in the crotonyl-CoA-
dependent NADH:ferredoxin oxidoreductase from Megasphaera elsdenii. A flavin-dependent bifurcating enzyme. Arch Biochem
Biophys. 2021;701:108793. https://doi.org/10.1016/j.abb.2021.108793.

Ledbetter RN, Costas AMG, Lubner CE, Mulder DW, Tokmina-lukaszewska M, Artz JH, et al. The electron bifurcating FixABCX pro-
tein complex from Azotobacter vinelandii: generation of low-potential reducing equivalents for nitrogenase catalysis. Biochemistry.
2017;56(1):4177-90.

Zhou Z, Swenson RP. The cumulative electrostatic effect of aromatic stacking interactions and the negative electrostatic environment
of the flavin mononucleotide binding site is a major determinant of the reduction potential for the flavodoxin from Desulfovibrio
vulgaris. Biochemistry. 1996;35(50):15980-8.

Lans I, Frago S, Medina M. Understanding the FMN cofactor chemistry within the anabaena flavodoxin environment. Biochim Biophys
Acta - Bioenerg. 2012;1817(12):2118-27. https://doi.org/10.1016/j.bbabio.2012.08.008.

Gatti DL, Palfey BA, Lah MS, Entsch B, Massey V, Ballou DP, et al. The mobile flavin of 4-OH benzoate hydroxylase. Science. 1994;266
(5182):110-4.

Ludwig ML, Pattridge KA, Metzger AL, Dixon MM, Eren M, Feng Y, et al. Control of oxidation-reduction potentials in flavodoxin from
Clostridium beijerinckii: the role of conformation changes. Biochemistry. 1997;36(6):1259-80.

Blyth AW. The composition of cow's milk in health and disease. J Chem Soc. 1879;530:530-9.

Kuhn R, Gyorgy P, Wagner-Jauregg T. Uber eine neue klasse von naturfarbstoffen (vorlidufige mitteilung). Ber Dtsch Chem Ges. 1933;66
(2):317-20.

Demmer JK, Chowdhury NP, Selmer T, Ermler U, Buckel W. The semiquinone swing in the bifurcating electron transferring fla-
voprotein/butyryl-CoA dehydrogenase complex from Clostridium difficile. Nat Commun. 2017;8:1-10. https://doi.org/10.1038/s41467-
017-01746-3.

Lubner CE, Jennings DP, Mulder DW, Schut GJ, Zadvornyy OA, Hoben JP, et al. Mechanistic insights into energy conservation by
flavin-based electron bifurcation. Nat Chem Biol. 2017;13(6):655-9. https://doi.org/10.1038/nchembio.2348.

Chowdhury NP, Mowafy AM, Demmer JK, Upadhyay V, Koelzer S, Jayamani E, et al. Studies on the mechanism of electron bifurcation
catalyzed by electron transferring flavoprotein (Etf) and butyryl-CoA dehydrogenase (Bcd) of acidaminococcus fermentans. J Biol
Chem. 2014;289(8):5145-57.


https://orcid.org/0000-0003-4629-5863
https://orcid.org/0000-0003-4629-5863
https://orcid.org/0000-0003-4973-2061
https://orcid.org/0000-0003-4973-2061
https://orcid.org/0000-0002-7497-5631
https://orcid.org/0000-0002-7497-5631
https://doi.org/10.1002/wcms.1290
https://doi.org/10.1016/j.cbpa.2016.03.007
https://doi.org/10.1016/j.cbpa.2016.03.007
https://doi.org/10.1016/j.bbabio.2021.148415
https://doi.org/10.1016/j.abb.2021.108793
https://doi.org/10.1016/j.bbabio.2012.08.008
https://doi.org/10.1038/s41467-017-01746-3
https://doi.org/10.1038/s41467-017-01746-3
https://doi.org/10.1038/nchembio.2348

KAR ET AL. WIREs —WI LEY 17 of 22

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

Demmer JK, Huang H, Wang S, Demmer U, Thauer RK, Ermler U. Insights into flavin-based electron bifurcation via the NADH-
dependent reduced ferredoxin:NADP oxidoreductase structure. J Biol Chem. 2015;290(36):21985-95.

Demmer JK, Bertsch J, Oppinger C, Wohlers H, Kayastha K, Demmer U, et al. Molecular basis of the flavin-based electron-bifurcating
caffeyl-CoA reductase reaction. FEBS Lett. 2018;592(3):332-42.

Neiss C, Saalfrank P, Parac M, Grimme S. Quantum chemical calculation of excited states of flavin-related molecules. J Phys Chem A.
2003;107(1):140-7.

Choe Y-K, Nagase S, Nishimoto K. Theoretical study of the electronic spectra of oxidized and reduced states of lumiflavin and its deriv-
ative. J Comput Chem. 2007;28:727-39.

Kar RK, Borin VA, Ding Y, Matysik J, Schapiro I. Spectroscopic properties of Lumiflavin: a quantum chemical study. Photochem Photo-
biol. 2019;95(2):662-74.

Kabir MP, Orozco-Gonzalez Y, Gozem S. Electronic spectra of flavin in different redox and protonation states: a computational perspec-
tive on the effect of the electrostatic environment. Phys Chem Chem Phys. 2019;21(30):16526-37.

Mondal P, Schwinn K, Huix-Rotllant M. Impact of the redox state of flavin chromophores on the UV-vis spectra, redox and acidity con-
stants and electron affinities. J Photochem Photobiol A Chem. 2020;387:112164. https://doi.org/10.1016/j.jphotochem.2019.112164.
Salzmann S, Tatchen J, Marian CM. The photophysics of flavins: what makes the difference between gas phase and aqueous solution?
J Photochem Photobiol A Chem. 2008;198:221-31.

Orozco-Gonzalez Y, Kabir MP, Gozem S. Electrostatic spectral tuning maps for biological chromophores. J Phys Chem B. 2019;123(23):
4813-24.

Tomasi J, Mennucci B, Cammi R. Quantum mechanical continuum solvation models. Chem Rev. 2005;105(8):2999-3093.

Nunthaboot N, Nueangaudom A, Lugsanangarm K, Pianwanit S, Kokpol S, Tanaka F. Physical quantity of residue electrostatic energy
in flavin mononucleotide binding protein dimer. Comput Biol Chem. 2018;72:96-104.

Bonanata J, Coitifio EL. Understanding the mechanism of H2S oxidation by flavin-dependent sulfide oxidases: a DFT/IEF-PCM study.
J Mol Model. 2019;25(10):1-8.

Mohamed-Raseek N, Duan HD, Hildebrandt P, Mroginski MA, Miller AF. Spectroscopic, thermodynamic and computational evidence
of the locations of the FADs in the nitrogen fixation-associated electron transfer flavoprotein. Chem Sci. 2019;10(33):7762-72.
Brisker-Klaiman D, Dreuw A. On the influence of dimerisation of lumiflavin in aqueous solution on its optical spectra-a quantum
chemical study. Mol Phys. 2019;117(15-16):2167-78. https://doi.org/10.1080/00268976.2019.1616843.

Su D, Kabir MP, Orozco-Gonzalez Y, Gozem S, Gadda G. Fluorescence properties of Flavin Semiquinone radicals in Nitronate mono-
oxygenase. Chembiochem. 2019;20(13):1646-52.

Duan HD, Mohamed-Raseek N, Miller AF. Spectroscopic evidence for direct flavin-flavin contact in a bifurcating electron transfer fla-
voprotein. J Biol Chem. 2020;295(36):12618-34.

Harbury HA, LaNoue KF, Loach PA, Amick RM. Molecular interaction of isoalloxazine derivatives. II. Proc Natl Acad Sci U S A. 1959;
45(12):1708-17. https://doi.org/10.1073/pnas.45.12.1708.

Mattevi A. To be or not to be an oxidase: challenging the oxygen reactivity of flavoenzymes. Trends Biochem Sci. 2006;31(5):276-83.
Mewies M, Packman LC, Mathews FS, Scrutton NS. Flavinylation in wild-type trimethylamine dehydrogenase and differentially
charged mutant enzymes: a study of the protein environment around the N1 of the flavin isoalloxazine. Biochem J. 1996;272:267-72.
Sjulstok E, Solov'yov IA, Freddolino PL. Applications of molecular modeling to flavoproteins: insights and challenges. Methods
Engymol. 2019;620:277-314. https://doi.org/10.1016/bs.mie.2019.03.014.

Immeln D, Pokorny R, Herman E, Moldt J, Batschauer A, Kottke T. Photoreaction of plant and DASH cryptochromes probed by infra-
red spectroscopy: the neutral radical state of flavoproteins. J Phys Chem B. 2010;114(51):17155-61.

Wolf MMN, Schumann C, Gross R, Domratcheva T, Diller R. Ultrafast infrared spectroscopy of riboflavin: dynamics, electronic struc-
ture, and vibrational mode analysis. J Phys Chem B. 2008;112(42):13424-32.

Alexandre MTA, Domratcheva T, Bonetti C, Van Wilderen LIGW, Van Grondelle R, Groot ML, et al. Primary reactions of the LOV2
domain of phototropin studied with ultrafast mid-infrared spectroscopy and quantum chemistry. Biophys J. 2009;97(1):227-37. https://
doi.org/10.1016/j.bp;j.2009.01.066.

Domratcheva T, Hartmann E, Schlichting I, Kottke T. Evidence for tautomerisation of glutamine in BLUF blue light receptors by vibra-
tional spectroscopy and computational chemistry. Sci Rep. 2016;6:1-14.

Iwata T, Nozaki D, Yamamoto A, Koyama T, Nishina Y, Shiga K, et al. Hydrogen bonding environment of the N3—H group of flavin
mononucleotide in the light oxygen voltage domains of Phototropins. Biochemistry. 2017;56:3099-108.

Walsh JD, Miller A-F. NMR shieldings and electron correlation reveal remarkable behavior on the part of the part of the flavin N5 reac-
tive center. J Phys Chem B. 2003;107(3):854-63.

Cui D, Koder RL, Dutton PL, Miller A-F. 15N solid-state NMR as a probe of flavin H-bonding. J Phys Chem B. 2011;115(24):7788-98.
Kao YT, Saxena C, He TF, Guo L, Wang L, Sancar A, et al. Ultrafast dynamics of flavins in five redox states. J Am Chem Soc. 2008;130
(39):13132-9.

Nohr D, Weber S, Schleicher E. EPR spectroscopy on flavin radicals in flavoproteins. Methods Enzymol. 2019;620:251-75. https://doi.
0rg/10.1016/bs.mie.2019.03.013.

Nohr D, Rodriguez R, Weber S, Schleicher E. How can EPR spectroscopy help to unravel molecular mechanisms of flavin-dependent
photoreceptors ? Front Mol Biosci. 2015;2:1-16.


https://doi.org/10.1016/j.jphotochem.2019.112164
https://doi.org/10.1080/00268976.2019.1616843
https://doi.org/10.1073/pnas.45.12.1708
https://doi.org/10.1016/bs.mie.2019.03.014
https://doi.org/10.1016/j.bpj.2009.01.066
https://doi.org/10.1016/j.bpj.2009.01.066
https://doi.org/10.1016/bs.mie.2019.03.013
https://doi.org/10.1016/bs.mie.2019.03.013

18 of 22 WI L EY— WIREs KAR ET AL.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Gindt YM, Vollenbroek E, Westphal K, Sackett H, Sancar A, Babcock GT. Origin of the transient electron paramagnetic resonance sig-
nals in DNA photolyase. Biochemistry. 1999;38:3857-66.

Hollingsworth SA, Dror RO. Molecular dynamics simulation for all. Neuron. 2018;99(6):1129-43. https://doi.org/10.1016/j.neuron.2018.
08.011.

Sengupta A, Singh RK, Gavvala K, Koninti RK, Mukherjee A, Hazra P. Urea induced unfolding dynamics of flavin adenine dinucleo-
tide (FAD): spectroscopic and molecular dynamics simulation studies from femto-second to nanosecond regime. J Phys Chem B. 2014;
118(7):1881-90.

Ponder BIAYW, Case DA. Force fields for protein simulations. Adv Protein Chem. 2003;66:27-85.

Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C. ff14SB: improving the accuracy of protein side chain
and backbone parameters from ff99SB. J Chem Theory Comput. 2015;11(8):3696-713.

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, De Groot BL, et al. CHARMM36m: an improved force field for folded and intrinsi-
cally disordered proteins. Nat Methods. 2016;14(1):71-3.

Oostenbrink C, Villa A, Mark AE, Van Gunsteren WF. A biomolecular force field based on the free enthalpy of hydration and solva-
tion: the GROMOS force-field parameter sets 53A5 and 53A6. J Comput Chem. 2004;25(13):1656-76.

Robertson MJ, Tirado-Rives J, Jorgensen WL. Improved peptide and protein torsional energetics with the OPLS-AA force field. J Chem
Theory Comput. 2015;11(7):3499-509.

Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general Amber force field. J Comput Chem. 2004;
25(9):1157-74.

Vanommeslaeghe K, Hatcher E, Acharya C, Kundu S, Zhong S, Shim J, et al. CHARMM general force field: a force field for drug-like
molecules compatible with the CHARMM all-atom additive biological force fields. J Comput Chem. 2009;31:671-90.

Wang J, Cieplak P, Kollman PA. How well does a restrained electrostatic potential (RESP) model perform in calculating conforma-
tional energies of organic and biological molecules? J Comput Chem. 2000;21(12):1049-74.

Robertson MJ, Tirado-Rives J, Jorgensen WL. Performance of protein-ligand force fields for the flavodoxin-flavin mononucleotide sys-
tem. J Phys Chem Lett. 2016;7(15):3032—6.

Luo G, Andricioaei I, Xie XS, Karplus M. Dynamic distance disorder in proteins is caused by trapping. J Phys Chem B. 2006;110(19):
9363-7.

Solov'Yov IA, Domratcheva T, Moughal Shahi AR, Schulten K. Decrypting cryptochrome: revealing the molecular identity of the photo-
activation reaction. J Am Chem Soc. 2012;134(43):18046-52.

Freddolino PL, Gardner KH, Schulten K. Signaling mechanisms of LOV domains: new insights from molecular dynamics studies. Pho-
tochem Photobiol Sci. 2013;12(7):1158-70.

Liidemann G, Solov'yov IA, Kubai T, Elstner M. Solvent driving force ensures fast formation of a persistent and well-separated radical
pair in plant cryptochrome. J Am Chem Soc. 2015;137(3):1147-56.

Sjulstok E, Liidemann G, Kubaf T, Elstner M, Solov'yov IA. Molecular insights into variable electron transfer in amphibian
Cryptochrome. Biophys J. 2018;114(11):2563-72.

Solov'yov IA, Domratcheva T, Schulten K. Separation of photo-induced radical pair in cryptochrome to a functionally critical distance.
Sci Rep. 2014;4:3845.

Freddolino PL, Dittrich M, Schulten K. Dynamic switching mechanisms in LOV1 and LOV2 domains of plant phototropins. Biophys J.
2006;91(10):3630-9.

Ghisla S, Massey V, Lhoste J, Mayhew;j SG. Fluorescence and optical characteristics of reduced flavines and flavoproteins. Biochemistry.
1974;13(3):589-97.

Aleksandrov A. A molecular mechanics model for Flavins. J Comput Chem. 2019;40(32):2834-42.

Karplus M, Levitt M, Warshel A, Angeles L. Methods for computational chemistry. Nature. 2013;304:96-7.

Fersht AR. Profile of Martin Karplus, Michael Levitt, and Arieh Warshel, 2013 nobel laureates in chemistry. Proc Natl Acad Sci U S A.
2013;110(49):19656-7.

Mroginski M, Adam S, Amoyal GS, Barnoy A, Bondar A, Borin V, et al. Frontiers in multiscale modelling of photoreceptor proteins.
Photochem Photobiol. 2021;97:243-69. https://doi.org/10.1111/php.13372.

Sadeghian K, Bocola M, Schiitz M. A QM/MM study on the fast photocycle of blue light using flavin photoreceptors in their light-
adapted/active form. Phys Chem Chem Phys. 2010;12(31):8840-6.

Goings JJ, Hammes-Schiffer S. Early photocycle of Slr1694 blue-light using flavin photoreceptor unraveled through adiabatic excited-
state quantum mechanical/molecular mechanical dynamics. J Am Chem Soc. 2019;141(51):20470-9.

Goings JJ, Li P, Zhu Q, Hammes-Schiffer S. Formation of an unusual glutamine tautomer in a blue light using flavin photocycle charac-
terizes the light-adapted state. Proc Natl Acad Sci. 2020;117:26626.

Domratcheva T, Grigorenko BL, Schlichting I, Nemukhin AV. Molecular models predict light-induced glutamine tautomerization in
BLUF photoreceptors. Biophys J. 2008;94(10):3872-9. https://doi.org/10.1529/biophysj.107.124172.

Schwinn K, Ferré N, Huix-Rotllant M. UV-visible absorption spectrum of FAD and its reduced forms embedded in cryptochrome pro-
tein. Phys Chem Chem Phys. 2020;22:12447-55.

List NH, Pimenta FM, Holmegaard L, Jensen RL, Etzerodt M, Schwabe T, et al. Effect of chromophore encapsulation on linear and
nonlinear optical properties: the case of “miniSOG”, a protein-encased flavin. Phys Chem Chem Phys. 2014;16(21):9950-9.


https://doi.org/10.1016/j.neuron.2018.08.011
https://doi.org/10.1016/j.neuron.2018.08.011
https://doi.org/10.1111/php.13372
https://doi.org/10.1529/biophysj.107.124172

KAR ET AL. WIREs —WI LEY 19 of 22

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

Huix-Rotllant M, Schwinna K, Ferréa N. Infrared spectroscopy from electrostatic embedding QM/MM: local normal mode analysis of
blue-lightinduced infrared spectra of Arabidopsis thaliana plant cryptochrome. Phys Chem Chem Phys. 2021;23:1666-74.

Rieff B, Bauer S, Mathias G, Tavan P. DFT/MM description of flavin IR spectra in BLUF domains. J Phys Chem B. 2011;115(38):
11239-53.

Bowman WD, Spiro TG. Normal mode analysis of lumiflavin and interpretation of resonance Raman spectra of flavoproteins. Biochem-
istry. 1981;20(11):3313-8.

Rohr AK, Hersleth HP, Kristoffer AK. Tracking flavin conformations in protein crystal structures with raman spectroscopy and
QM/MM calculations. Angew Chem - Int Ed Engl. 2010;49(13):2324-7.

Ding Y, Kiryutin AS, Yurkovskaya AV, Sosnovsky DV, Sagdeev RZ, Bannister S, et al. Nuclear spin-hyperpolarization generated in a
flavoprotein under illumination: experimental field-dependence and theoretical level crossing analysis. Sci Rep. 2019;9(1):1-11.
Schleicher E, Weber S. Radicals in flavoproteins. Top Curr Chem. 2012;321:41-65.

AiY, Zhao C, Xing J, Liu Y, Wang Z, Jin J, et al. Excited-state decay pathways of flavin molecules in five redox forms: the role of coni-
cal intersections. J Phys Chem A. 2018;122(40):7954-61.

Willistein M, Bechtel DF, Miiller CS, Demmer U, Heimann L, Kayastha K, et al. Low potential enzymatic hydride transfer via highly
cooperative and inversely functionalized flavin cofactors. Nat Commun. 2019;10(1):1-10.

Huang W, Gauld JW. Tautomerization in the UDP-galactopyranose mutase mechanism: a DFT-cluster and QM/MM investigation.
J Phys Chem B. 2012;116(48):14040-50.

Dourado DFAR, Swart M, Carvalho ATP. Why the flavin adenine dinucleotide (FAD) cofactor needs to be covalently linked to complex
II of the electron-transport chain for the conversion of FADH2 into FAD. Chemistry. 2018;24(20):5246-52.

Udvarhelyi A, Olivucci M, Domratcheva T. Role of the molecular environment in flavoprotein color and redox tuning: QM cluster ver-
sus QM/MM modeling. J Chem Theory Comput. 2015;11(8):3878-94. https://doi.org/10.1021/acs.jctc.5b00197.

Okiyama Y, Fukuzawa K, Komeiji Y, Tanaka S. Taking water into account with the fragment molecular orbital method. Methods Mol
Biol. 2020;2114:105-22.

Ratcliff LE, Mohr S, Huhs G, Deutsch T, Masella M, Genovese L. Challenges in large scale quantum mechanical calculations. Wiley
Interdiscip Rev Comput Mol Sci. 2017;7(1):1-24.

Woiczikowski PB, Steinbrecher T, Kubat T, Elstner M. Nonadiabatic QM/MM simulations of fast charge transfer in Escherichia coli
DNA photolyase. J Phys Chem B. 2011;115(32):9846-63.

Brunk E, Rothlisberger U. Mixed quantum mechanical/molecular mechanical molecular dynamics simulations of biological systems in
ground and electronically excited states. Chem Rev. 2015;115(12):6217-63.

Skopintsev P, Ehrenberg D, Weinert T, James D, Kar RK, Johnson PJM, et al. Femtosecond-to-millisecond structural changes in a
light-driven sodium pump. Nature. 2020;583(7815):314-8. https://doi.org/10.1038/s41586-020-2307-8.

Chung LW, Sameera WMC, Ramozzi R, Page AJ, Hatanaka M, Petrova GP, et al. The ONIOM method and its applications. Chem Rev.
2015;115(12):5678-796.

Cisneros GA, Tholander SN-I, Parisel O, Darden TA, Elking D, Perera L, et al. Simple formulas for improved point-charge electrostatics
in classical force fields and hybrid quantum mechanical/molecular mechanical embedding. Int J Quant Chem. 2008;108:1905-12.

Dohn AO. Multiscale electrostatic embedding simulations for modeling structure and dynamics of molecules in solution: a tutorial
review. Int J Quant Chem. 2020;120(21):1-22.

Sjulstok E, Olsen JMH, Solov'Yov IA. Quantifying electron transfer reactions in biological systems: what interactions play the major
role? Sci Rep. 2015;5:1-11.

Zirak P, Penzkofer A, Mathes T, Hegemann P. Photo-dynamics of roseoflavin and riboflavin in aqueous and organic solvents. Chem
Phys. 2009;358:111-22. https://doi.org/10.1016/j.chemphys.2008.12.026.

Senn HM, Thiel W. QM/MM methods for biomolecular systems. Angew Chem - Int Ed Engl. 2009;48(7):1198-229.

Karasulu B, Gotze JP, Thiel W. Assessment of Franck-Condon methods for computing vibrationally broadened UV-vis absorption spec-
tra of flavin derivatives: riboflavin, roseoflavin, and 5-thioflavin. J Chem Theory Comput. 2014;10(12):5549-66.

Bhattacharyya S, Stankovich MT, Truhlar DG, Gao J. Combined quantum mechanical and molecular mechanical simulations of one-
and two-electron reduction potentials of flavin cofactor in water, medium-chain acyl-CoA dehydrogenase, and cholesterol oxidase.
J Phys Chem A. 2007;111(26):5729-42.

Zanetti-Polzi L, Aschi M, Daidone I, Amadei A. Theoretical modeling of the absorption spectrum of aqueous riboflavin. Chem Phys Lett.
2017;669:19-28. https://doi.org/10.1016/j.cplett.2016.12.022.

Cannuccia E, Pulci O, del Sole R, Cascella M. Optical properties of flavin mononucleotide: a QM/MM study of protein environment
effects. Chem Phys. 2011;389:35-8. https://doi.org/10.1016/j.chemphys.2011.07.020.

Yu L-J, Golden E, Chen N, Zhao Y, Vrielink A, Karton A. Computational insights for the hydride transfer and distinctive roles of key
residues in cholesterol oxidase. Sci Rep. 2017;7(1):1-13. https://doi.org/10.1038/s41598-017-17503-X.

Callis PR, Liu T. Short range photoinduced electron transfer in proteins: QM-MM simulations of tryptophan and flavin fluorescence
quenching in proteins. Chem Phys. 2006;326(1):230-9.

Dittrich M, Freddolino PL, Schulten K. When light falls in LOV: a quantum mechanical/molecular mechanical study of photoexcitation
in phot-LOV1 of Chlamydomonas reinhardtii. J] Phys Chem B. 2005;109(26):13006-13.

Kistner J, Senn HM, Thiel S, Otte N, Thiel W. QM/MM free-energy perturbation compared to thermodynamic integration and
umbrella sampling: application to an enzymatic reaction. J Chem Theory Comput. 2006;2(2):452-61.


https://doi.org/10.1021/acs.jctc.5b00197
https://doi.org/10.1038/s41586-020-2307-8
https://doi.org/10.1016/j.chemphys.2008.12.026
https://doi.org/10.1016/j.cplett.2016.12.022
https://doi.org/10.1016/j.chemphys.2011.07.020
https://doi.org/10.1038/s41598-017-17503-x

20 of 22 WI L EY— WIREs KAR ET AL.

111.
112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

Nakai S, Yoneda F, Yamabe T. Theoretical study on the lowest-frequency mode of the flavin ring. Theor Chem Acc. 1999;103(2):109-16.
Kierkegaard P, Norrestam R, Werner P, Csoeregh I, Glehn M, Karlsson R, et al. In: Kamin H, editor. Flavins and flavoproteins. Balti-
more, MD: University Park Press; 1971. p. 1-22.

Zheng YJ, Ornstein RL. A theoretical study of the structures of flavin in different oxidation and protonation states. J Am Chem Soc.
1996;118(39):9402-8.

Walsh JD, Miller A. Flavin reduction potential tuning by substitution and bending. J Mol Struct Theochem. 2003;623:185-95.
Edmondson DE, Binda C, Mattevi A. The FAD binding sites of human monoamine oxidases A and B. Neurotoxicology. 2004;25(1-2):
63-72.

Gudim I, Lofstad M, van Beek W, Hersleth H-P. High-resolution crystal structures reveal a mixture of conformers of the Gly61-Asp62
peptide bond in an oxidized flavodoxin from Bacillus cereus. Protein Sci. 2018;27(8):1439-49.

Kilic M, Ensing B. Microscopic picture of the solvent reorganization during electron transfer to flavin in water. J Phys Chem B. 2019;
123(46):9751-61.

Khrenova MG, Nemukhin AV, Domratcheva T. Theoretical characterization of the flavin-based fluorescent protein iLOV and its
Q489K mutant. J Phys Chem B. 2015;119(16):5176-83.

Wouters J, Durant F, Champagne B, André JM. Electronic properties of flavins: implications on the reactivity and absorption properties
of flavoproteins. Int J Quant Chem. 1997;64(6):721-33.

Lee M, Hong J, Seo DH, Nam DH, Nam KT, Kang K, et al. Redox cofactor from biological energy transduction as molecularly tunable
energy-storage compound. Angew Chem - Int Ed Engl. 2013;52(32):8322-8.

Langer J, Giinther A, Seidenbecher S, Berden G, Oomens J, Dopfer O. Probing protonation sites of isolated flavins using IR spectros-
copy: from lumichrome to the cofactor flavin mononucleotide. ChemPhysChem. 2014;15(12):2550-62.

Bois J, Korzdorfer T. How bond length alternation and thermal disorder affect the optical excitation energies of n-conjugated chains: a
combined density functional theory and molecular dynamics study. J Chem Theory Comput. 2016;12(4):1872-82.

Falklof O, Durbeej B, Norman P. Inter-excited-state phosphorescence in the four-component relativistic Kohn-sham approximation: a
case study on lumiflavin. J Phys Chem A. 2015;119(49):11911-21.

Hasegawa J, Bureekaew S, Nakatsuji H. SAC-CI theoretical study on the excited states of lumiflavin: structure, excitation spectrum,
and solvation effect. J Photochem Photobiol A Chem. 2007;189(2-3):205-10.

Stein CJ, Von Burg V, Reiher M. The delicate balance of static and dynamic Electron correlation. J Chem Theory Comput. 2016;12(8):
3764-73.

Sadeghian K, Bocola M, Schiitz M. A conclusive mechanism of the photoinduced reaction cascade in blue light using flavin photorecep-
tors. J Am Chem Soc. 2008;130(37):12501-13.

Drosslera P, Holzera W, Penzkofera A, Hegemann P. pH dependence of the absorption and emission behaviour of riboflavin in aqueous
solution. Chem Phys. 2002;282(1):429-39.

Karasulu B, Thiel W. Photoinduced intramolecular charge transfer in an electronically modified flavin derivative: Roseoflavin. J Phys
Chem B. 2015;119(3):928-43.

Goyal P, Hammes-Schiffer S. Role of active site conformational changes in photocycle activation of the AppA BLUF photoreceptor.
Proc Natl Acad Sci U S A. 2017;114(7):1480-5.

Goings JJ, Reinhardt CR, Hammes-Schiffer S. Propensity for proton relay and electrostatic impact of protein reorganization in Slr1694
BLUF photoreceptor. J Am Chem Soc. 2018;140(45):15241-51.

Khrenova MG, Domratcheva T, Schlichting I, Grigorenko BL, Nemukhin AV. Computational characterization of reaction intermedi-
ates in the photocycle of the sensory domain of the appa blue light photoreceptor. Photochem Photobiol. 2011;87(3):564-73.

Gauden M, van Stokkum IHM, Key JM, Liihrs DC, van Grondelle R, Hegemann P, et al. Hydrogen-bond switching through a radical
pair mechanism in a flavin-binding photoreceptor. Proc Natl Acad Sci U S A. 2006;103(29):10895-900.

Sayfutyarova ER, Goings JJ, Hammes-Schiffer S. Electron-coupled double proton transfer in the Slr1694 BLUF photoreceptor: a
multireference electronic structure study. J Phys Chem B. 2019;123(2):439-47.

Lee W, Kodali G, Stanley RJ, Matsika S. Coexistence of different electron-transfer mechanisms in the DNA repair process by photo-
lyase. Chemistry. 2016;22:11371-81.

Udvarhelyi A, Domratcheva T. Photoreaction in BLUF receptors: proton-coupled electron transfer in the flavin-GIn-Tyr system. Pho-
tochem Photobiol. 2011;87(3):554-63.

Massey V, Palmer G. On the existence of spectrally distinct classes of flavoprotein semiquinones. A new method for the quantitative
production of flavoprotein semiquinones. Biochemistry. 1966;5(10):3181-9.

Kammler L, van Gastel M. Electronic structure of the lowest triplet state of flavin mononucleotide. J Phys Chem B. 2012;116:10090-8.
Pauszek RF, Kodali G, Siddiqui MSU, Stanley RJ. Overlapping electronic states with nearly parallel transition dipole moments in
reduced anionic flavin can distort photobiological dynamics. J Am Chem Soc. 2016;138(45):14880-9.

Stanley RJ, Salim SM. A stark spectroscopic study of N(3)-methyl, N(10)-isobutyl-7,8-dimethylisoalloxazine in nonpolar low-
temperature glasses: experiment and comparison with calculations. J Phys Chem A. 2001;105(49):11001-8.

Kodali G, Siddiqui SU, Stanley RJ. Charge redistribution in oxidized and semiquinone E. coli DNA photolyase upon photoexcitation:
stark spectroscopy reveals a rationale for the position of Trp382. J Am Chem Soc. 2009;131(13):4795-807.

Siddiqui MSU, Kodali G, Stanley RJ. Electronic transition dipole moment directions of reduced anionic flavin in stretched polyvinyl
alcohol films. J Phys Chem B. 2008;112(1):119-26.



KAR ET AL. WIREs —WI LEY 21 of 22

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

172.

Kowalczyk RM, Schleicher E, Bittl R, Weber S. The photoinduced triplet of flavins and its protonation states. J Am Chem Soc. 2004;126
(36):11393-9.

Zhu J, Mathes T, Hontani Y, Alexandre MTA, Toh KC, Hegemann P, et al. Photoadduct formation from the FMN singlet excited state
in the LOV2 domain of Chlamydomonas reinhardtii phototropin. J Phys Chem Lett. 2016;7(21):4380-4.

Martin CB, Tsao ML, Hadad CM, Platz MS. The reaction of triplet flavin with indole. A study of the cascade of reactive intermediates
using density functional theory and time resolved infrared spectroscopy. J Am Chem Soc. 2002;124(24):7226-34.

Andrikopoulos PC, Liu Y, Picchiotti A, Lenngren N, Kloz M, Chaudhari AS, et al. Femtosecond-to-nanosecond dynamics of flavin
mononucleotide monitored by stimulated Raman spectroscopy and simulations. Phys Chem Chem Phys. 2020;22(12):6538-52.

Peach MJG, Williamson MJ, Tozer DJ. Influence of triplet instabilities in TDDFT. J Chem Theory Comput. 2011;7(11):3578-85.

Climent T, Gonzalez-Luque R, Merchdn M, Serrano-Andrés L. Theoretical insight into the spectroscopy and photochemistry of isoallox-
azine, the flavin core ring. J Phys Chem A. 2006;110(50):13584-90.

Wingen M, Potzkei J, Endres S, Casini G, Rupprecht C, Fahlke C, et al. The photophysics of LOV-based fluorescent proteins-new tools
for cell biology. Photochem Photobiol Sci. 2014;13(6):875-83.

Zenichowski K, Gothe M, Saalfrank P. Exciting flavins: absorption spectra and spin-orbit coupling in light-oxygen-voltage (LOV)
domains. J Photochem Photobiol A Chem. 2007;190(2-3):290-300.

Nakagawa S, Weingart O, Marian CM. Dual photochemical reaction pathway in Flavin-based photoreceptor LOV domain: a combined
quantum-mechanics/molecular-mechanics investigation. J Phys Chem B. 2017;121(41):9583-96.

Domratcheva T, Fedorov R, Schlichting I. Analysis of the primary photocycle reactions occurring in the light, oxygen, and voltage blue-
light receptor by multiconfigurational quantum-chemical methods. J Chem Theory Comput. 2006;2(6):1565-74.

Chang XP, Gao YJ, Fang WH, Cui G, Thiel W. Quantum mechanics/molecular mechanics study on the photoreactions of dark- and
light-adapted states of a blue-light YtvA LOV photoreceptor. Angew Chem - Int Ed. 2017;56(32):9341-5.

Wiltschko R, Ahmad M, Nief3ner C, Gehring D, Wiltschko W. Light-dependent magnetoreception in birds: the crucial step occurs in
the dark. J R Soc Interface. 2016;13(118):20151010.

Conrad KS, Manahan CC, Crane BR. Photochemistry of flavoprotein light sensors. Nat Chem Biol. 2014;10(10):801-9.

List NH, Olsen JMH, Kongsted J. Excited states in large molecular systems through polarizable embedding. Phys Chem Chem Phys.
2016;18(30):20234-50.

Nielsen C, Norby MS, Kongsted J, Solov'Yov IA. Absorption spectra of FAD embedded in cryptochromes. J Phys Chem Lett. 2018;9(13):
3618-23.

Liu B, Liu H, Zhong D, Lin C. Searching for a photocycle of the cryptochrome photoreceptors. Curr Opin Plant Biol. 2010;13(5):578-86.
https://doi.org/10.1016/j.pbi.2010.09.005.

Davari MD, Kopka B, Wingen M, Bocola M, Drepper T, Jaeger KE, et al. Photophysics of the LOV-based fluorescent protein variant
iLOV-Q489K determined by simulation and experiment. J Phys Chem B. 2016;120(13):3344-52.

Medvedev D, Stuchebrukhov AA. DNA repair mechanism by photolyase: electron transfer path from the photolyase catalytic cofactor
FADH- to DNA thymine dimer. J Theor Biol. 2001;210(2):237-48.

Zheng X, Garcia J, Stuchebrukhov AA. Theoretical study of excitation energy transfer in DNA photolyase. J Phys Chem B. 2008;112
(29):8724-9.

Schwinn K, Ferré N, Huix-Rotllant M. Efficient analytic second derivative of electrostatic embedding QM/MM energy: normal mode
analysis of plant cryptochrome. J Chem Theory Comput. 2020;16(6):3816-24.

Ai YJ, Tian G, Liao RZ, Zhang Q, Fang WH, Luo Y. Intrinsic property of flavin mononucleotide controls its optical spectra in three
redox states. ChemPhysChem. 2011;12(16):2899-902.

Weigel A, Dobryakov A, Klaumiinzer B, Sajadi M, Saalfrank P, Ernsting NP. Femtosecond stimulated Raman spectroscopy of flavin
after optical excitation. J Phys Chem B. 2011;115(13):3656-80.

Tuliano JN, French JB, Tonge PJ. Vibrational spectroscopy of flavoproteins. Methods Engymol. 2019;620:189-214. https://doi.org/10.
1016/bs.mie.2019.03.011.

Kondo M, Nappa J, Ronayne KL, Stelling AL, Tonge PJ, Meech SR. Ultrafast vibrational spectroscopy of the flavin chromophore.
J Phys Chem B. 2006;110(41):20107-10.

Haigney A, Lukacs A, Zhao RK, Stelling AL, Brust R, Kim RR, et al. Ultrafast infrared spectroscopy of an isotope-labeled photo-
activatable flavoprotein. Biochemistry. 2011;50(8):1321-8.

Zheng Y, Carey PR, Balfey BA. Raman spectrum of fully reduced flavin. J Raman Spectrosc. 2004;35:521-4.

Zhao RK, Lukacs A, Haigney A, Brust R, Greetham GM, Towrie M, et al. Ultrafast transient mid IR to visible spectroscopy of fully
reduced flavins. Phys Chem Chem Phys. 2011;13(39):17642-8.

Kikuchi S, Unno M, Zikihara K, Tokutomi S, Yamauchi S. Vibrational assignment of the flavin-cysteinyl adduct in a signaling state of
the LOV domain in FKF1. J Phys Chem B. 2009;113(9):2913-21.

Iwata T, Nagai T, Ito S, Osoegawa S, Iseki M, Watanabe M, et al. Hydrogen bonding environments in the photocycle process around
the flavin chromophore of the AppA-BLUF domain. J Am Chem Soc. 2018;140(38):11982-91.

Unno M, Sano R, Masuda S, Ono TA, Yamauchi S. Light-induced structural changes in the active site of the BLUF domain in AppA by
Raman spectroscopy. J Phys Chem B. 2005;109(25):12620-6.

Lukacs A, Zhao RK, Haigney A, Brust R, Greetham GM, Towrie M, et al. Excited state structure and dynamics of the neutral and
anionic flavin radical revealed by ultrafast transient mid-IR to visible spectroscopy. J Phys Chem B. 2012;116(20):5810-8.


https://doi.org/10.1016/j.pbi.2010.09.005
https://doi.org/10.1016/bs.mie.2019.03.011
https://doi.org/10.1016/bs.mie.2019.03.011

22 of 22 WI L EY— WIREs KAR ET AL.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Wijaya IMM, Domratcheva T, Iwata T, Getzoff ED, Kandori H. Single hydrogen bond donation from flavin N5 to proximal asparagine
ensures FAD reduction in DNA photolyase. J Am Chem Soc. 2016;138(13):4368-76.

Miller A-F. Solid-state NMR of flavins and flavoproteins. Methods Mol Biol. 2014;(1146):307-40. https://doi.org/10.1007/978-1-4939-
0452-5_12.

Wolinski K, Hinton JF, Pulay P. Efficient implementation of the gauge-independent atomic orbital method for NMR chemical shift cal-
culations. J Am Chem Soc. 1990;112(23):8251-60.

Koder RL, Walsh JD, Pometun MS, Dutton PL, Wittebort RJ, Miller A-F. 15N solid-state NMR provides a sensitive probe of oxidized fla-
vin reactive sites. J Am Chem Soc. 2006;128(47):15200-8.

Hashem S, Cupellini L, Lipparini F, Mennucci B. A polarisable QM/MM description of NMR chemical shifts of a photoreceptor protein.
Mol Phys. 2020;118:1-10. https://doi.org/10.1080/00268976.2020.1771449.

Jensen F. Atomic orbital basis sets. Wiley Interdiscip Rev Comput Mol Sci. 2013;3(3):273-95.

Jensen F. Segmented contracted basis sets optimized for nuclear magnetic shielding. J Chem Theory Comput. 2015;11(1):132-8.

Pompe N, Chen J, Illarionov B, Panter S, Fischer M, Bacher A, et al. Methyl groups matter: photo-CIDNP characterizations of the
semiquinone radicals of FMN and demethylated FMN analogs. J Chem Phys. 2019;151(23):235103. https://doi.org/10.1063/1.5130557.
Pauwels E, Declerck R, Verstraelen T, De Sterck B, Kay CWM, Van Speybroeck V, et al. Influence of protein environment on the elec-
tron paramagnetic resonance properties of flavoprotein radicals: a QM/MM study. J Phys Chem B. 2010;114(49):16655-65.

Essen L-O. Photolyases and cryptochromes: common mechanisms of DNA repair and light-driven signaling? Curr Opin Struct Biol.
2006;16(1):51-9.

Heyes DJ, Lakavath B, Hardman SJO, Sakuma M, Hedison TM, Scrutton NS. Photochemical mechanism of light-driven fatty acid
photodecarboxylase. ACS Catal. 2020;10(12):6691-6.

How to cite this article: Kar RK, Miller A-F, Mroginski M-A. Understanding flavin electronic structure and
spectra. WIREs Comput Mol Sci. 2022;12:e1541. https://doi.org/10.1002/wcms.1541



https://doi.org/10.1007/978-1-4939-0452-5_12
https://doi.org/10.1007/978-1-4939-0452-5_12
https://doi.org/10.1080/00268976.2020.1771449
https://doi.org/10.1063/1.5130557
https://doi.org/10.1002/wcms.1541

	Understanding flavin electronic structure and spectra
	1  INTRODUCTION
	2  MODELS OF FLAVIN-BASED SYSTEMS
	2.1  Gas phase
	2.2  Implicit continuum model
	2.3  Explicit description of the protein environment

	3  METHODS
	3.1  Classical force-field (molecular mechanics) methods
	3.2  Quantum mechanical approaches
	3.2.1  Hybrid quantum mechanics/molecular mechanics
	3.2.2  Comparison of the performance of different quantum chemical methodologies
	3.2.3  Conformational sampling methods


	4  INSIGHTS INTO ELECTRONIC STRUCTURE CALCULATIONS
	4.1  Butterfly-like bending motion of the chromophore
	4.2  Quantum-based insights from bond length alternation in flavin

	5  ELUCIDATION OF SPECTROSCOPIC PROPERTIES
	5.1  Calculation of electronic spectra of lumiflavin
	5.2  Absorption spectrum calculations for the flavin oxidized state
	5.3  Calculations of electronic spectra of other oxidation states
	5.4  Calculations of excited states involved in photochemistry
	5.4.1  Interplay between electronic and vibronic states

	5.5  Calculations of vibrational spectra
	5.6  Calculations of nuclear magnetic resonance chemical shifts

	6  CONCLUDING REMARKS: EMBRACING RECEPTORS, SIGNALING, AND ENERGY TRANSDUCTION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


