Tuning the quantum chemical properties of flavins via modification at C8
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ABSTRACT: Flavins are central to countless enzymes, but display different reactivities depending on their environments.
This is understood to reflect modulation of the flavin electronic structure. To understand changes in orbital natures,
energies and correlation over the ring system, we begin by comparing seven flavin variants differing at C8, exploiting their
different electronic spectra to validate quantum chemical calculations. Ground state calculations replicate a Hammett
trend and reveal the significance of the flavin 1t-system. Comparison of higher-level theories establishes CC2 and ACD(2)
as methods of choice for characterization of electronic transitions. Charge transfer character and electron correlation
prove responsive to the identity of the substituent at C8. Indeed, bond length alternation analysis demonstrates extensive
conjugation and delocalization from the C8 position throughout the ring system. Moreover, we succeed in replicating a
particularly challenging UV/Vis spectrum by implementing hybrid QM/MM in explicit solvent. Our calculations reveal that
presence of non-bonding lone pairs correlates with the change in the UV-vis spectrum observed when the 8-methyl is
replaced by NH2, OH or SH. Thus our computations offer routes to understanding the spectra of flavins with different
modifications. This is a first step towards understanding how the same is accomplished by different binding environments.

1. Introduction

Flavins are present in over 100 different enzymes,
usually in the form of either flavin mononucleothide (FMN)
or flavin adenine dinucleotide (FAD), but covalently
modified in some 10% of cases.}? Flavins are at the
catalytic or conformational core of dehydrogenases,3*
oxidases,>*® oxygenases,’ electron carriers,8?°
hydrolases,'®12 light-responsive sensors,'3-15 light-
driven DNA repair,1617 fuel-producing decarboxylases,!®
dehalogenases,*® and even magnetosensory
navigational systems.2° Given the extreme versatility of
flavins, the second marvel is how individual proteins
manage to emphasize a specific activity. Thus, a
pervasive goal in the study of flavoenzymes is to
understand how the protein environment tunes the flavin
electronic structure to favor certain aspects of its
reactivity.?* This is enabled in part by the same virtuosity
as is responsible for the enormous repertoire: the
molecular orbitals of the redox-active isoalloxazine ring
system are extensively delocalized, highly correlated,
include positions that are engaged in hydrogen bond
donation or acceptance, and even outright acid/base
dissociation. Several of the flavin's five physiologically
relevant redox and protonation states also have charge.
These different states are additionally distinguished by
different susceptibilities to geometric distortion.?223
Crucially, all of the above can modulate the electronic
structure of the flavin. This was at the heart of Massey
and Hemmerich's proposal that enzyme sites with
different activities favor different electron delocalization
within the flavin ring system.?!

Over the last several years, computation has yielded
insights into the distinct reactivities of flavins in several
different protein sites, relating their reactivities to their
electronic structures.?42% To elucidate general principles
explaining how the electronic structure of the flavin can be
tuned by the protein environment, it is useful to begin with
the effects of covalent modifications. First, covalent
modification can be expected to produce alterations
analogous to those produced in protein active sites.
However, the greater strength of covalent bonds can
produce larger effects that are easier to detect. Second,
the calculations can employ a single well-defined
structure rather than the Boltzmann-weighted ensembles
that characterize non-covalent interactions. Finally, this
approach builds on experimental information already
present on different derivatives of the biologically
common flavin.

Many flavins have been found covalently attached to
amino acid side chains, as reviewed by Scrutton and
Fraaije.®> Besides these, at the C8 position alone,
replacements of the methyl with CI, Br, F, COH, CN, OH,
SH and more have been reported.?’-3° Some of these
occur in nature .831.82 Many have valuable spectroscopic
properties and therefore have been intentionally
incorporated in enzymes*?1!. The reported chemical
biology uses them as spectroscopic probes to shed light
on the reactivities produced by the protein site.12-15
However, to understand what their shifts in absorption
maxima or reactivities mean, at a fundamental and
unifying level, we need to understand the electronic
structure that underlies them. Conversely, the electronic
spectra employed in experiments also provide invaluable
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Scheme 1: Chemical structures of lumiflavin with
atomic positions numbered in green. ‘R' group
represents the C8 substituents studied in this work.
The uracil ring is shown on the left (ring 1), and the
xylene ring on the right (ring Ill). The central ring is the
diazabenzene ring (ring Il), and the redox-active
diazabutadiene system comprises N1, C10a, C4a and
NA&.

opportunities to test the fidelity of the description
provided by computation. This is critical if the
computations are to be reliable. Moreover, identification of
accurate methods of calculating vertical excitation energy,
and thereby optical spectra, remains one of the more
challenging aspects of computational chemistry, because
the methods need to accurately describe both the ground
state (GS) and low-lying excited states as well. Recent
successes have been comprehensively reviewed.33

The objective of this work is to provide a detailed
analysis of how flavin electronic structure responds to
different substituents at the C8 position. The dataset
comprises seven lumiflavin variants, including the parent
molecule with methyl at that position (LF), and variants
where methyl is replaced by chloro-, cyano-, formyl-,
amino-, mercapto-, or hydroxyl- (Scheme 1). We employ
wavefunction and density functional theory (DFT) based
methods to study the natures of the first ten electronic
transitions. To validate our calculated excitation energies,
we compare them with the experimental UV/Vis
absorption spectra. Thus, we can improve understanding
of how the C8 position tunes the electronic structure and
absorption spectra of flavins. Comparison of these
methods further enabled us to estimate the theoretical
errors in calculated energies and to identify the more
suitable quantum chemical method. For a particularly
challenging case, we demonstrate the significant
improvement obtainable via the use of explicit solvent.

This work is organized as follows: The methodological
considerations for geometry optimization, excitation
energy calculation with CC2, ADC(2), and wavefunction
analysis are explained in section 2, Computational
methods. A correlation with Hammett constants,
comparison of simulated absorbance spectra with
experiments, tabulation of solvatochromic shift, and
analyses of charge transfer (CT) are presented in section
3, Results. Finally, we compare the performance of
wavefunction-based method with TD-DFT and present an
improved method of simulating the absorbance spectra by
combining QM/MM sampling and ADC(2). The Discussion
closes with emergent insights into flavin reactivity (section
4) and the concluding remarks also note the relevance of
this work for deployment of flavins in devices and

materials, in section 5.

2. Computational Methods

2.1 Quantum Chemical Calculations

To focus on the flavin itself, the biological ribityl
phosphate of FMN and analogous chain of FAD are
replaced in our calculations by a methyl group, and the
flavin is thus lumiflavin (LF, Scheme 1). Geometry
optimization was performed for the ground (So) and first
excited state (Si) of LF and the analogs bearing
substituents (R) at the C8 position. The optimizations
were carried out using B3LYP/6-311++G(d,p), in the gas
phase as well as implicit solvent via the conductor-like
polarizable continuum (CPCM) model.3* Bond lengths
and dipole moments were extracted from the resulting
structures, and atomic charges were calculated using
natural bond orbital (NBO) analysis. These calculations
were performed using Gaussian v76.%5 Values used for
Figure 1 were obtained from gas phase calculations and
standard deviations were calculated in Excel using
STDEV.P. Changes in bond lengths were calculated as
GS minus ES (So - Si) and compared with the
corresponding values for the reference LF.

Excitation energies were also calculated for ten low-
lying excited states using two popular wavefunction-
based methods, correlated second order perturbative
method, Coupled Cluster (CC2)%¢ and Algebraic
Diagrammatic Construction (ADC(2))%¢ for comparison
with the industry-standard TD-DFT3” with hybrid
functional B3LYP32 or its range-separated variant CAM-
B3LYP2. The resolution of identity approximation*°® (RI-
CC2 and RI-ADC(2)) was used. Calculations were
performed both in gas phase and implicit water (COSMO
model)3* to test for a trend in solvatochromic shifts. CC2
was used to obtain the frontier molecular orbitals involved
in electronic transitions (counter value +0.025).
Furthermore, the same method was used to identify the
charge-transfer (CT) states based on computed electron
density difference plots. The COSMO-RI-CC2 and
COSMO-RI-ADC(2) used for calculation of excitation
energies is a post-SCF reaction field scheme that is used
for coupling between the effect of environment and QM
region. The scheme is computationally efficient to that of
gas-phase RI-CC2 and RI-ADC(2) calculation, while
being able to capture the solvent effect on the excitation
energies at linear response level of correlated
wavefunction.#! Representation of molecular orbitals and
electron density differences are rendered using Chimera
program, using isovalue of £0.025 42

Quantitatve analysis of CT including electron-hole
correlation analysis was performed using the
plot_ OmFrag.py script of TheoDORE program.*3
Wavefunction based methods were performed using the
def2-TZVP basis set and their auxiliary basis set using
Turbomole v7.3.44 Additionally, the CT analysis for spatial
extent associated with electronic transitions — Dcr, was
also performed for TD-DFT approaches.*® The calculated
vertical excitation energies were convoluted with a
Gaussian function to simulate the absorbance spectra,
incorporating a broadening of 0.15 eV (full width at half
maximum). Experimental spectra are extracted from
literature using Webplotdigitizer server.4®

2.2. Hybrid QM/MM sampling



QM/MM sampling was performed for the amino variant
(R=NH,) using an aqueous solvent box with edges set 9 A
beyond the atoms of the flavin variant. The QM region
consisted of the subject molecule comprised of 30 atoms,
whereas the solvent molecules (TIP3P water model) were
described using MM.#” Correction for dispersion was
included using the D3 variant.*® The QM region was
described with TD-DFT-B3LYP/6-311++G(d,p). Amber
parameters (ffl4SB force-field) were used to describe the
MM environment. The sampling dynamics was performed
for a total time of 10 ps using an integration time-step of 1
fs. For calculating the excitation energies, snapshots were
taken at 200 fs intervals. Sampling dynamics was
executed using Terachem v1.94V*° interfaced with the
sander module of Amber program. Excitation energies for
ten low-lying states were calculated using ADC(2) with the
def2-TZVP basis set using Turbomole.** The effect of the
MM environment was included as point-charges in these
calculations. The final absorption spectrum was based on
the distribution of the excitation energies from 50
snapshots. Absorbance spectra was convoluted based on
vertical excitation, using same approach as discussed
above.

2.3 Methodological Considerations

TD-DFT methods are ubiquitous in studies of electronic
structure, however they come with theoretical errors
associated with energies and equilibrium geometries,
which are particularly suspect in cases involving charge
The B3LYP functional has been routinely
state (GS)

transfer.37

employed for the ground geometry
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Figure 1: Bond lengths (A) and NBO atomic
charges (B) most affected by substitutions at the C8
position. For each bond we calculated the standard
deviation associated with the bond's length over the
set of all flavin variants. Bonds that vary widely
depending on R have larger standard deviations. The
same procedure was applied to NBO charges to
identify the atoms most responsive to the identity of R.

optimization in flavin systems owing to its accuracy.3®
Several studies have quantified the theoretical errors in
GS bond lengths.59-55 Furche and Ahlrichs®° showed that
DFT methods in conjunction with B3LYP are able to
reproduce experimental bond-lengths with a maximum
deviation of 0.02 A, whereas Liu et al.5! reported DFT
(B3LYP) to have mean absolute errors of 0.014 A. In
another study, Tuna et al.>® have compared TD-DFT
(B3LYP) with CC2 and found that mean absolute
discrepancies for C-C, C-N, and C-O bond lengths are
0.01, 0.02, and 0.038 A, respectively.
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Figure 2: (A) Calculated dipole moments, y, represented in their molecular contexts, and organized from large to
small magnitudes of p on the central scale. (B) Correlations of the dipole moments calculated in gas phase and (C)
implicit solvent, with experimental Hammett constants®® of the C8-substitutents. Plots vs. Hammett para or meta
constants (op and om) are compared (black and magenta, respectively), to assess the significance of resonance
effects that manifest in the nara constant but much less in the meta constant.69.70



In a recent study, Wang and Durbeej*® compared TD-
DFT methods with th% hiaher-level wavefunction method
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Figure 3: Correlation between experimental excitation maxima (Exp = 1240eVenm~*/Amax) and calculated vertical
excitation energies from wavefunction based methods (A) CC2 and (B) ADC(2)) in continuum ag. solvent model
(COSMO). The transition energies corresponding to the lowest-energy bright band (band 1) appear between 2.5
and 3.2 eV (triangles) whereas the energies corresponding to the second lowest-energy bright band (band II)
appear between 3.0 and 4.3 eV (squares). The best fitting linear correlations are y=1.13x-0.20 and y=1.16x-33 for
CC2 vs. Exp and ADC(2) vs. Exp, respectively. The standard error of regression (S) is 0.390 for A and 0.399 for B.
Experimental spectra reported by Yorita et al., were used as the sources of many of the absorbance spectra® but

those of 8-SH and 8-OH flavin were obtained from Ortiz-maldonado et al. who reported the low-pH spectra in which

compare GS and ES (excited state) bond lengths for a
benchmark set containing 20 heterocyclic and substituted
aromatic compounds. B3LYP has been benchmarked to
calculate ES as well as GS geometries, yielding root
mean squared deviations of 0.008 and 0.004 A,
respectively, relative to a higher-level method, namely
CC2. Indeed, this study concluded that B3LYP is suitable
for calculation of ES geometries among other DFT
functionals.>®> However the fact that flavins are highly
polarized raises concerns with the use of TD-DFT to
describe ES energies, due to TD-DFT's documented
overestimation of energies in the presence of significant
net charge density.3” To compensate, basis sets that
improve the description of electron delocalization, and
range-separated functionals such as CAM-B3LYP, are
useful.37.57  Alternatively, recent improvements in
hardware diminish the time costs of switching to
wavefunction methods. These developments are
particularly important for the ESs, which are more difficult
to optimize due to the gentler curvature of the potential
energy surface, especially in the context of the higher
energy in the excited system.

Singlet excitation energy calculations were used to
benchmark ab initio methods including the CC2 and
ADC(2), comparing their efficiency. The reported
accuracies of CC2 and ADC(2) were 0.29 and 0.22 eV,
respectively, for a set of organic molecules.5859
Furthermore, a benchmarking study on flavin in the gas-
phase® showed that both CC2 and ADC(2) yield same
order of singlet excited states, which was comparable to
that obtained in earlier DFT/MRCI®, SAC-CI®? as well as
TD-DFT studies.®3-%5 Among the TD-DFT methods, the
CAM-B3LYP functional reproduced the same state
ordering as CC2 and ADC(2), whereas this remains an
open question for the popular hybrid functional B3LYP,
raising doubts as to its suitability for photochemical
studies involving more than one bright state. Finally, gas-
phase calculations of lumiflavin were reported to be blue
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shifted relative to the experimental values and values
calculated using implicit solvent.61-64 This conclusion
further motivates us to include the dielectric continuum
model to improve the calculated absorption spectrum via
solvent shifts.

3. Results

3.1. Long-range effects of perturbation at C8

The GS geometries of all the variants yielded bond
lengths closely reproducing experimental values for LF
(RMSE from experiment bond lengths was found to be
0.012 A).%6 However, to understand how the flavin ring
system can vary, differences between the different flavin
variants are of interest. Comparing the standard deviation
over variants for each the bonds in the flavin ring system
indicates that bonds in the xylene ring are most affected
(Figure 1A). This is consistent with the fact that this is the
ring to which the R group is attached. Interestingly, the
bond between N5 and C5a is also highly responsive. This
is significant to reactivity because it is connected to the
redox-active N5, and insightful regarding the electronic
structure of the flavin because it is para to the R group.
Moreover, two bonds involved in the redox-reactive
diazabutadiene motif (N5-C4a-C10a-N1) are almost as
responsive. These strongly affected bonds are separated
by several others from the site of substitution, indicating
hybridization of orbitals over considerable distances in the
flavin ring system.

The changes in bond lengths in response to substitution
indicate considerable redistribution of electron density. To
address this directly, we compared the NBO atomic
charges of heavy atoms, and these too were affected by
the identity of R. Figure 1B corroborates 1A in that the
atoms with the most variable NBO charges are
concentrated in the xylene ring bearing R. However as
with bond lengths, the remote position most affected by R
but outside the xylene is an atom in the diazabutadiene
motif, which is C4a. Not only does C4a participate in the
flavin's redox activity, but it is the site at which O attacks
flavin hydroquinone and also a site of adduct formation,
for example in LOV domains (light oxygen voltage
domains).%” Thus, our calculations identify the reactive
regions of the flavin as those that are also particularly
responsive to substitutions at position C8, despite being
remote.

3.2. Molecular Dipole as an indicator of electron
delocalization in the ground state

To study redistribution of electron density overall, and
make additional comparisons against experimental
trends, we calculated the molecular dipoles for the flavin
variants. The molecular dipole moment can be thought of
as charge redistribution among atoms in the GS.%8 It also
demonstrates the extent to which a local entity (the R-
group) alters remote functionalities of the molecule via
inductive effects and orbital hybridization including
mesomeric effects (resonance) in the conjugated T1-
system. Although some of the flavin variants are able to
adopt a different tautomeric state, we studied only the
tautomer with a single bond to C8, as shown in Figure 2A.
The dipole moments calculated in the gas phase (Figure
2B) demonstrated the same trends as those obtained with
use of implicit solvent (Figure 2C). However, the latter
provide a better basis for comparison with Hammett
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Figure 4: Calculated spectra of C8-substituted flavins
with implicit solvent (COSMO) using RI-CC2 (blue) and RI-
ADC(2) (red) methods. The wavelengths corresponding to
vertical excitation energies are shown as sticks with
heights corresponding to their oscillatory strengths.
Broadening with a FWHM of 0.15 eV was used to simulate
the absorbance spectra. The experimental spectra shown
in grey were derived from literature reports of the flavin
variants in aqueous media. Most of them were collected at
neutral pH but spectra collected at low pH are shown for
variants prone to deprotonation: R=SH and OH. The
sources are (A) lumiflavin®’, (B) 8-Cl-flavin (Massey &
colleagues 2%98.99), (C) 8-CN-flavin (Murthy and Massey*°
), (D) 8-CHO-flavin32101  (E) 8-NHa-flavin where the
spectrum shown corresponds to that of 8-amino FMN.28:102
(F) 8-SH-flavin where the experimental data were collected
at pH 3.8 to ensure that the SH remained protonated!©®
and also to suppress formation of the other tautomer of this
variant.*¢ | (G) 8-OH-flavin is also subject to
tautomerization?1:°6.195 thus we show experimental data

rnllartad at lnww nH whara tha affart ic ciinnraccad

constants because the Hammett constants are derived
from experiments conducted in aqueous media.®® For LF
in water (R=CHs), the dipole moment was calculated to be
14.6 D.

The vector representations of the dipole moments
indicate charge displacement from the xylene ring
including the C8 position towards the uracil ring, in all
cases. This is consistent with the constellation of
electronegative groups in the uracil ring (left-hand side in
Figure 2A). The calculations indicate relatively small
variations in the dipole orientation over the series of
variants. In contrast, the magnitudes of the calculated
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sigma framework, we compared plots vs. the para and
meta Hammett constants o, and om, respectively,
because resonance effects are much more important in
the former.%%70 The adequate adherence to linearity of
both the fits confirms the value of the calculations.
Meanwhile, the higher quality of the linear fit to op
provides qualitative evidence that resonance in the 1
system is important in propagating electron density
between C8 and the rest of the flavin. Thus, our seven C8-
variants provide a challenging test of the abilities of
different computational schemes to replicate delocalized
flavin electronic properties.

3.3. Electronic transitions, band | (So —S1), band
Il (So — Sa/Ss)

Reactivity involves not only the ground state, but low-
lying excited states as well. In this section, we present
CC2 and ADC(2) as the methods of choice for calculating
excitation energies of flavins by comparing the latter with
the experimental data. For the seven variants, the
calculated excitation energies for the two lowest-energy
bright transitions are compared to the measured
excitation energies based on absorbance maxima, in
Figure 3. Ideal agreement between calculation and
experiment would yield

a slope of 1.0 and R? approaching 1. While R? provides
a relative measure of dependent variable variance, the
standard error of regression (S) explains how far the data
points are from the regression line. The units of S are
those of the dependent variable, which in this case is eV.
All methods produced an intercept lower than zero,
indicating a constant theoretical offset that enters into
calculations of individual values, but does not affect
trends among the variants. Based on its slope of 1.13 and
R2? of 0.870 and S of 0.39 eV, CC2 with COSMO provides
a better correlation with experimental trends than either of
the gas phase approaches, where the slopes were = 1.3.
With implicit solvent modeled, the CC2 method yielded a
slope slightly larger than the slope of 1.16 produced by
the ADC(2) method, and the R? values were comparable.

The uniformly low R? values were substantially
attributable to the data points representing the 8-NH
variant, as analysis of data sets from whence those points
were removed yielded R? values above 0.97 for the
calculations using COSMO, with the calculation vs.
experiment slope being closest to 1.0 for CC2, which was
accompanied by a value of S of only 0.18 eV. (Supporting
Information, Figure S1). Similarly, the 8-amino variant of
ethyl flavinium cation was found to display electronic
properties distinct from those of variants with other
substitutions at position 8, or substitutions including the
amine at position 7.’ Thus both methods are good, in
combination with COSMO, and CC2 may be slightly
better.

3.4. Assessment of calculated electronic
spectra
The calculated absorption spectra and their

experimental counterparts are shown in Figure 4 for all
flavin variants. The simulated absorbance spectra are
based on ten low-lying excited states which are
convoluted using Gaussian functions (FWHM 0.15 eV).
The lowest-energy 'band I' excitation is a bright state
involving the transition between the HOMO and LUMO,
whereas the electronic states involved in band Il are
HOMO-1 and LUMO. Overall, the calculated vertical
excitation energies were in good agreement with
observed absorption maxima, for band I. However, the
agreement was relatively poor for band II, in all cases.
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Nevertheless, as indicated in Figure 3, the calculations
did a good job of reproducing trends between variants
with respect to energies. Some of the earlier spectral
calculations have been restricted to the gas phase
60.63,72-74 for technical reasons. However, our findings that
implicit solvent significantly improves agreement with
experiment, which is in agreement with previous studies
that include solvent effect either with PCM®62.64 or COSMO
6165 models. The energetic comparison in Figure 3 is
underscored by the simulated spectra in Figure 4.

For the variants with R=CHs, CIl, CN and CHO, the
intensity of band Il was as high or higher than that of band
I, both in experimental and calculated spectra, whereas
for R=NH2, OH and SH, band | was considerably more
intense than band Il in both the calculated and
experimental spectra, causing them the appear quite
different from those of the first set. While the calculations
replicated this distinction qualitatively, they did not
reproduce the full magnitude of the effect as band Il was
calculated to be at least one-third as strong as band I for
both R=SH and R=0OH whereas in the experiments it
appeared to be relatively weaker and indeed was
relegated to a shoulder on band | in the extreme cases of
R=OH and NH:> due also to a diminished energy
separation between bands | and Il. R=SH, OH and NH;
were identified has having very different Hammett o,
constants in water than their constants in benzene,
especially NH».%° Thus, our calculations reproduce a
known behavior anomaly which complicates direct

comparison of these substituents with others. We
wondered whether the criicial distinction hetween R= SH

reactivity. The CC2 results are used as a reference and
the significant electronic transitions are ordered
accordingly.

The calculated gas phase energies of the lowest 10
singlet excitations for all the C8-substited flavins are in the
Supporting Information (Table S2-S7), and analogous
values obtained using the continuum dielectric medium
(COSMO) are in supporting Tables 9-14. Among the first
ten excited states, CC2 gives six A' (Tt 11*) and four A”
(n - 1*) transitions for LF, in the order listed in Figure 6A
(top entry corresponds to lowest energy allowed
transition, within each type). The corresponding MOs
involved in the transitions are provided in Supporting
Figures S2-S8. An exception to the ordering of transition
types is seen for the C8-CHO analogue, which possesses
an additional ‘n’ type orbital, called n(C8) (Sl Figure S5),
due to the lone pairs of electrons on the aldehyde O of the
R-group. This results in an equal number of A’ (1T - 11*)
and A” (n-T*) transitions among the low-lying excited
states for the R=CHO variant. Notably, LF has two dark A"
transitions between (bright) bands | and Il. However, in
the R=-CHO variant, this energy gap accommodates the
additional n-tt* type transition, resulting in three A"
transitions between the two prominent A' bands.
Calculations employing ADC(2) produced the same
rankings as those using CC2, confirming that the results
are not dependent on the method. However the numerical
energies varied slightly by method, as expected.
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Figure 6: Calculated solvatochromic shifts for A’ and A” transitions. The color code (blue and red) denotes the size
and direction of shifts for (A) lumiflavin, (B) 8-Cl-flavin, (C) 8-CN-flavin, (D) 8-CHO-flavin, (E) 8-NHx-flavin, (F) 8-SH-
flavin, and (G) 8-OH-flavin. All values are in eV units. The excited states ordering that remain consistent in gas phase
and solvent are indicated with *. The boxes in red and blue highlight the transitions which show strong solvatochromic7
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Interestingly, the solvent environment re-orders some
of the transitions with respect to energy. The S; state
resulting from the first electronic excitation remains an A’
(Tt - 1*) type transition. However, some others exchange
places in the energy ranking (see Supplemental Tables
S9-S14). The magnitudes of energy changes upon
inclusion of implicit solvent, i.e. the solvatochromic shifts,
are color-coded in Figure 6, which also provides the
numerical magnitudes (ag. solvent energy minus gas-
phase energy), for the first ten transitions (A’ and A”). The
heat map uses blue to indicate transition energies that
grow (positive change) and red for transition energies that
shrink (negative change) upon inclusion of a dielectric.
Both directions of change were observed, with
magnitudes ranging from -0.75 eV to 0.46 eV.
Interestingly, the first two bright transitions in all C8-
substituents show red-shifts, with the second bright state
being more sensitive than the first. For the first bright state
(S1), the maximum shift was found for the C8-NH: flavin,
of 0.24 eV, followed by the C8-CHjs variant with a shift of
0.18 eV. The large change applicable to C8-NH- flavin is
consistent with the exceptional sensitivity of this
substituent's Hammett constants to solvent identity.5°
Among the other 1t - 1T* transitions, the S5 state (S7 state
in C8-CHO) shows a significant blue shift. Interestingly, all
the A” (n-Tt*) type transitions show consistent blue-
shifts. We speculate that the n state is stabilized by higher
dielectric that would make the N atoms more tolerant of
the electron density from the lone pairs. Strong
solvatochromic shifts are present for the second and third
dark states (=0.5 eV).

3.5. Insights from electron density differences

In an effort to understand the directions of the
solvatochromic shifts, we characterized the redistribution
of electron density associated with the two lowest-energy
bright transitions. The electron density difference (EDD)

S1'So

S,/S-S,

-CHO

Figure 7: Plot of Electron density difference (EDD)
for bands | (left) and 1l (right). The counter
representation with blue (positive) and red (negative),
denotes the excess of excited state and ground state
densities, respectively. Band I's EDD is calculated as
S1-So, Whereas band II's is calculated as Sa-So except
for R=CN and =CHO, where it is Ss-So. The dashed
line separates variants with a strong band Il from
variants with weaker band II.

maps in Figure 7 depict the redistribution of electron
density associated with individual electronic transitions (S
n-So).”> Our results are in agreement with a previous
analysis on lumiflavin.80:62 The variants display
qualitatively similar EDD for band I, with transfer of ED
from N1, N10, and C5a to N5 and C4a, although variants
in the lower row show slightly less loss of ED at N10,
especially for the R=NH, variant. Additionally, a small
portion of electron density from C7 transfers to the C8.
Meanwhile the R=CHO variant is distinguished by a small
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gain of ED by the functional group.

Band Il EDD maps are distinct for the variants
presented above the dashed line vs. those below it, in that
the variants in the lower group all display transition-
associated loss of ED by the R-group that is much larger
than in the upper group variants, accompanied by
relatively little EDD at C6 compared with the upper group.
The lower group comprises the same variants that
displayed the larger solvatochromic shifts for band I, in
Figure 6. All variants display ED movement from the
xylene ring to portions of the diazabutadiene system: N5,
C4a, C9a, as well as C4, in conjunction with loss of double
bond character between N5 and C4a (as when the flavin
becomes reduced). However, the lower group of variants
supply less of the mobile ED from the xylene ring,
consistent with more ED donation from the R-group.
Alone among our variants, the R=NH, variant displayed
ED depletion from N10 in conjunction with band I, in a
reversal of N10's moderate depletion in conjunction with
band I, for this variant.

3.6. Fragment based excited-state analysis

The EDDs suggest that band Il should have
considerable R-to-tt charge-transfer (CT) character for
the lower group of variants, stronger than that in the upper
group and stronger than that of band I. Since the nature
and amplitude of CT informs on the ease with which ED
moves in/out of the flavin ring system, it informs on the
reactivity of the isoalloxazine ring, and how it may be
altered by modification at the C8 position. To obtain
insights for spatial extent associated with CT, we have
evaluated the unrelaxed electronic density difference (Dcr
) based on TD-DFT approaches. Interestingly, we found
that the Dcrvalues are higher for band 1l among all the C8
-flavin variants (Supporting Information Table S15).
Additionally, to assess the magnitude of CT based on the
wavefunction-based methods, we adopted a fragment-
type approach, wherein the spatial character we tested
was CT to/from R, to/from the xylene ring that subtends it
(local CT) and to/from the rest of the flavin system (long-
range CT). For lumiflavin, a similar analysis found that
bands | and Il both show significant CT character, as
defined as transfer to/from the methyl on C8.
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Figure 9: Comparison of ten lowest excitation energies obtained for all seven variants, distinguishing A’ (Tt - TT*)
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whereas 0.7 represents maximum electron-hole correlation.

Figure 8 provides a graphic comparison of fragment-
based excited state CT analysis*® for the different flavin
variants. This method gives a picture of the distribution
of electron and hole density among molecular fragments

as a result of an electronic transition, revealing the

dynamic correlation between individual fragments.”®

Cases when the hole and electron are in the same
fragment (local excitation) manifest as intense color in a
diagonal cell. CT manifests as intense coloration in off-

diagonal cells positioned with one coordinate
representing the location of the hole (horizontal offset)
and one representing the electron (vertical offset). We
defined fragments as shown in Figure 8 as the basis of
our electron and hole analysis. For each flavin variant,
we analyzed the excited states corresponding to band |
and Il.

In lumiflavin for band I, the dominant electron transfer is
from fragment 21, with less 1-2 transfer. All seven
variants display the same CT pattern, but only in LF is
band | CT as strong as 1-1 local excitation under our
fragmentation scheme. For band II, intense CT from
fragment 21 is stronger than local excitation in all
cases, consistent with the xylene to diazabutadiene
transfer noted in connection with Figure 7. A hole
contribution from the R group (fragment 3) is visible in the
case of band Il for C8=SH, and very weakly for C8-NH>
and C8-OH. Overall, these results highlight CT from
fragment 2 to fragment 1 specifically in connection with
band Il Figure 7.

The fragment analysis facilitates quantification of CT
character, so a scheme identifying the R-group alone as
one fragment and the rest of the flavin as the other, was

also used to calculate R-to-flavin CT (Table 1). Consistent
with the qualitative analyses above, band Il shows greater
CT character than band | for all variants. Particularly for
the cases of R=Cl and R=SH, the CT value of band Il is >
3 times that of band I. We note that atoms S and Cl are
both electron-rich third-row elements whereas all the
other substituents place second-row elements in contact
with the flavin 11 system. Thus, it seems possible that
more extended 3s and p orbitals may mediate CT via the
sigma framework in conjunction with band Il. The strong
band Il CT character for all variants (relative to band I)
argues in favor of mediation via features shared by all. On
the other hand, the R=CHO variant alone shows strong
CT character for band 1, consistent with the EDD map in
Figure 7 and the fact that this substituent extends the 1
system (CN does too, and has the second highest band |
CT). For both bands, CT character varies over a factor of
4 within our set of only seven flavin variants, identifying
CT character as extremely responsive to the substituents
at position C8.

Table 1: R-to-flavin Charge Transfer (CT) for band |
and band 11.2

R group CT Band CT Band Il
' (So— S4/Ss)
(So-S1)
CHs 0.031 0.057
Cl 0.029 0.089
CN 0.086 0.123
CHO 0.113 0.132
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energy calculations.”® In what follows, we assess the

extent to which less demanding computational
approaches can achieve the same results. We chose DFT
due to its widespread use and compared its performance
in conjunction with the popular hybrid functional B3LYP,
or the range-separated version: CAM-B3LYP. To avoid
additional complexity, gas-phase calculations were
compared, with reference to the excitation energies for
the ten lowest-lying excited states. Error analysis of
excitation energies calculated in the gas phase using TD-

DFT methods w.r.t. to the experimental data are shown in

the Supporting Information Figure S9.

Figure 9 shows that the CAM-B3LYP excitation
energies are generally higher than their CC2
counterparts. The same is true vs. a reference of ADC(2)
(Figures 9A, C). When simple B3LYP was used we found
the opposite: the TD-DFT energies were generally lower
than those obtained by the wavefunction methods, with
the significant exception that the first bright transition was
slightly high in energy. More importantly, B3LYP was
problematic in that its energetic ordering of the excited
states, differed from that produced by the higher-order
method CC2, as well as the range-separated DFT
functional. Thus, the number of A’ vs. A” transitions was
not same among the first ten excited states calculated
using B3LYP, as when CC2 was used, or even with CAM-
B3LYP. Finally, CAM-B3LYP yielded a tighter correlation
with wavefunction methods than does B3LYP, for A’
transitions. However, the opposite is observed for A"
transitions (Fig 9 A and B). Overall, either the B3LYP or
CAM-B3LYP functional could be used for the lowest
energy excitation, but if TD-DFT is to be used in more
comprehensive studies then the CAM-B3LYP functional
should be used.

4.2. Improved spectral calculation with QM/MM
sampling

Interestingly, the above indicates no different
outcomes for R=NH> than for the other variants, so it
does not shed light on the anomalous behavior of the
R=NH variant in our regression of calculated excitation
energies vs. experiment. In Figure 3, the correlation was
not improved by the use of implicit solvent, whereas the
Hammett constants of the amine group are known to vary
more with solvent identity than those of other
substituents.®® However the three variants with the
largest solvatochromism for band Il are also those with
the most CT associated with band Il, and band Il is less
well replicated by the conventional approaches in Figure
4, suggesting possible significance of molecular
interactions between the R-group and the solvent.
Therefore, we explored the effect of explicit treatment of
solvent. Prior work used a limited number of water
molecules at key positions, but the geometry of the
compound and the waters' positions relative to it were not
allowed to evolve.”” Thus, the obtained spectra could be
biased due to the starting structures used. In contrast,
we provided full hydration of our 8-NH> flavin in a water
box and allowed the solvent as well as the flavin to
equilibrate before capturing snapshots reflecting the
fluctuations among accessible Wigner conformations
(See Supporting Information Figure S10). Although CC2
was shown to be the best method overall for treating the
flavins (Figure 3), ACD(2) is more economical and Figure
4E shows that it does slightly better than CC2 for the
particular case of R=NH.. Therefore each of the
shapshots was used as the basis for ADC(2) calculation
of an electronic spectrum and the results were summed to
produce a conformationally averaged spectrum for
comparison with experimental data, in Figure 10.

Figure 10 demonstrates a good agreement with
experiment, and a significant improvement over the
implicit solvent results shown in Figure 4E. The QM/MM
sampling allows us to explain the experimental absence
of vibrational structure (shoulders or gaussian
broadening) on band I for this variant, although structure
is discernable as shoulders for the R=CHs, CI, CN and
CHO variants. Figure 10 also shows that the energy of
the S; transition varies over a large range in the different
snhapshots indicating enormous sensitivity to details of the
molecular interactions with water. The energy range of the
S transition thus exceeds the magnitude of vibrational
splitting and prevents resolution of the latter. The
conformational broadening we observe requires that
QM/MM sampling be undertaken, to correctly replicate the
breadth of this electronic absorption. Nevertheless, the
asymmetry of the Si peak might also reflect vibronic
effects. Specific treatment of these would require
additional theoretical efforts, to obtain vibrationally
resolved spectra (e.g. consideration of Huang-Rhys
vibronic coupling.”> However, our QM/MM sampling
method provides a simple unbiased means of sampling
geometries accessed by the vibrations and accurately
reproduces the structure observed at shorter
wavelengths, which was not reproduced by ADC(2) or
CC2 calculations, using a single lowest energy
conformation

4.3. Success in reproducing chemical trends
Our study exploits an empirical predictor that has
proven to correlate with a remarkable variety of
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phenomena: the Hammett constant.’® Within series of
similar aromatic compounds, properties ranging from
proton dissociation energy, to susceptibility to hydrolysis,
and absorption maxima trend with the Hammett constant
of a substituent that is varied while the rest of the
molecule is held constant. The set flavins compared
herein correspond to such a series, so our finding that
calculated dipole moments trend with the Hammett
constant corresponds to a replication of experimental
behaviour. Hammett constants reflect three dominant
contributions”: -1- electron density redistribution via the
sigma  framework due to the  substituent's
electronegativity (inductive effects), -2- electron density
redistribution via 1 bonding resonance effects
(mesomeric effects), and -3- Coulomb effects. When the
varied substituent is para to the position whose reactivity
is being measured, the Hammett para constant 'op'
applies and reflects all 3 contributions, but when the same
substituent is meta to the reactive position onm is in effect,
reflecting primarily contributions 1 and 3. Our finding that
computed molecular dipoles trend better with o, than om
indicates that mesomeric effects of the 1 system are
involved in propagating the R-group's influence through
the flavin system as a whole.

The position that is para to C8 is C5a and indeed Cb5a's
bond length to the next ring in the flavin changes much
more than the analogous meta bond, from C9a (Figure
1A). Bond lengths reflect bond order, which in this case
corresponds to extent of 1t character present in addition to
the struc
responsi
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not appear to mediate much variable coupling between
the two rings (all three graphs employ the same vertical
scale). We propose that electron donating substituents
produce the most extensive correlation because they are
best able to satisfy or compensate for the inherent
electronegativity of the uracil ring, creating a push-pull
system of sorts. More generally, we see how modification
at a single position can tune the electronic nature of the
system.

4.5 Significance of the 8-position

Given the leverage of the 8-position substituent on the
redox active diazabutadiene, via the flavin 1t system, it is
no coincidence that life has repeatedly modified the 8
position of naturally occurring flavins.®> Moreover, two
better-known flavin analogs retained through evolution
are modified at the 8 position: roseoflavin bears N(CHs).
while F420 has OH (and C5). We note that the reciprocal
nature of the electronic coupling we document between
the 8 position and the rest of the flavin explains why
perturbation elsewhere in the flavin affects the reactivity of
the C8.! Furthermore our calculations show that the
nature of the 8-position substituent qualitatively affects
the nature of the response produced in the flavin
electronic structure. The substituents with non-bonding
lone pairs: NH2, OH and SH were found to resemble one
another in producing band Il amplitude lower than the
amplitude of band I, in agreement with experimental
spectra (Fig. 4). We can correlate this with shared
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underlying CT character. The electron density difference
maps show migration of electron density from the 8
substituents with non-bonded lone pair to the rest of the
molecule in conjunction with band Il absorption (Fig. 8).

Additional studies are needed to determine whether
other positions at which modifications are common are
also strongly correlated to the body of the ring, for
example the C6. Moreover, once a modification is
installed, our work demonstrates that the host protein will
have altered the reactivity of its flavin. The electron rich
Cys, Tyr and His residues that commonly attack at
position 8 can be likened to our substituents with negative
Op values, and so we predict their flavins will be more
correlated. Covalent modifications at the 8 position
produced shifts in the flavin reduction midpoint potential
that trended with the substituent Hammett constants.8
Moreover, the modulation of these ground state
properties is complemented by the important trends
revealed in the energies and CT natures of excitations, in
Figures 7 and 8, and Table 1.

5 Concluding Remarks and Implications for
applications

The countless biochemical roles played by flavins are a
testimony to its chemical virtuosity and versatility. Here
we begin to understand this in terms of interplays between
the different positions on the flavin ring and over the
system. However, flavin's utility has already been
appreciated based on empirical efforts, and elegant
studies have employed flavins immobilized on electrodes
or carbon nanotubes® as well as in a mobile phase of
batteries.®¢6 Moreover, the electronic transitions we
calculated are also being exploited in cases where flavins
are in use as sensitizers for photochemical cell,8587:88 or
sensors.8 While proteins tune flavin reactivity via multiple
non-covalent interactions, we have demonstrated that
even modification at a single position can change the way
electron density is redistributed within the molecule as
well as the associated energies. This covalent tunability is
more portable than that produced by proteins and is also
more permanent.8”°° Thus, current computational
insights into the reactivities of different flavin variants, in
conjunction with established synthetic routes offers to
device and materials engineers a broad and nuanced
flavin palette applicable to electrochemical and
photochemical applications.®t

We have rationalized the effects of covalent
modifications of flavin at the C8 position by applying a
combination of quantum chemical methods. The
substitution at C8 shows the potential to affect
geometrical parameters and NBO charges locally on the
xylene ring, and also displays a long-range effect on flavin
reactivity via the diazabutadiene motif (N5-C4a-Cl0a-
N1). Furthermore, the calculated dipole moments show a
good correlation with experimental para-Hammett
constants (0gp). Such findings not only validate our
calculations but also explain the long range effects of
substitution at C8 in terms of the conjugated Tt system.

Our calculations also account for the C8 substituent's
effects on absorbance spectra of modified flavins. We
have shown that the electronic spectra calculated with
higher-order methods such as RI-CC2 and RI-ADC(2)
more accurately capture the spectral shifts. Although

B3LYP and CAM-B3LYP perform well for the lowest-
energy transition, the excited state ordering and the
corresponding shift in state energetics do not reproduce
the results of wave function methods, so the latter should
be used to simulate complete spectra and to study
photochemical reactions. Three of the variants displayed
stronger band Il solvatochromism and CT, raising the
possibility that they are affected by discrete interactions
with water molecules. Indeed conformational sampling in
an explicit water box with a QM/MM approach reproduced
the experimental spectrum of the most challenging
variant: 8-amino flavin. The requirement for explicit
solvent and the distribution of energies obtained from
different snapshots can explain the sensitivity of the
electronic transitions to the flavin environment, including
extreme peak broadening and related low maximal peak
amplitudes, in the variants with R=NH_, OH, or SH.

The greater responsiveness of band Il (Sp = S4/Ss) than
band | (So = S1) can be understood in terms of the greater
of loss of ED from the R group associated with the former
transition (So = Sa). Indeed, multiple different
assessments of CT character concur that band Il in more
active in this regard than band I, consistent with Stark
spectroscopy.®? Nevertheless, the R group has a strong
influence on determining the fate electron transfer from
the local xylene ring to the uracil ring and diazabutadiene
motif. This information is transferable to the protein
environment for understanding the differential reactivity of
chemically modified flavins. Furthermore, the detailed
analysis presented on the electronic structure can guide
development of novel flavin-based light-utilizing materials
with desired spectral properties.89.93.94
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Supporting Information.
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