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Intrinsic Property of Flavin Mononucleotide Controls its Optical Spectra in

Three Redox States

Yue-jie Ai,”) Guangjun Tian,”) Rong-zhen Liao," Qiong Zhang,” Wei-hai Fang,*® and Yi Luo*® %

Optical spectroscopic techniques have been the primary tools
in detecting peptide conformation dynamics,”"”’ protein fold-
ing,” local solvation dynamics,” electron transfer processes,™
and photochemical reactions.” The spectra reflect molecular
properties in both internal (e.g. molecular structure and charge
distribution) and external (environmental) aspects. In particular,
the environmental influence can be classified into implicit and
specific interactions between the system and the surrounding
protein or solvents. These long-range and short-range interac-
tions play an important role in biological molecules, also regu-
lating their biological functions and activities. Revealing the
connection of internal and external properties and their roles
in the biological reactions has become the most challenging
task for spectroscopic experimentalists because of the com-
plexity and the dynamics of the
external environment. There is
an obvious gap between actual
spectral information and possi-
ble interpretations, which could
only be filled by theoretical
modeling, which is capable of
providing fine structures of spec- g,z'
tral profiles, such as vibrational )
progressions.

Herein, we use flavin mononu-
cleotide (FMN) as a model
system to demonstrate the im-
portance of theoretical modeling
and its power to reveal details
that cannot be accessed directly
by measurements.

Flavodoxin as a flavoprotein is much involved in a variety of
biochemical and physiological functions, such as interchange-

three redox states.
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ability with ferredoxins, carbon dioxide and nitrogen fixation,
oxygen activation, and so forth. Its practical applications in
the design of protein/metal nanostructures or drugs have
drawn much attention recently.® Flavodoxin contains FMN as
a cofactor, which is non-covalently bonded to flavodoxin, ex-
pressing its redox activity through electron transport between
different oxidation states. This intrinsic property was suggested
to be tailored by the host apoprotein.®® Due to its important
role in biological functions and its unique redox properties,
FMN has been extensively studied by experimentalists and the-
oreticians.®® Recently, Chang et al. characterized the different
ultrafast solvation dynamics of the three redox states (the oxi-
dized form FMN, semiquinone FMNH' and hydroquinone
FMNH™, Figure 1a) by ultrafast femtosecond measurements,
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Figure 1. a) The three redox states of the FMN cofactor and their connections. b) Optimized structures of the

which are suggested to arise from the local protein plasticity
and water network flexibility.”) We calculated vibrationally-re-
solved absorption spectra of the three redox states of FMN
and obtained excellent agreement with the experimental spec-
tra. However, our results indicate that specific short-range in-
teractions play a negligible role in the determination of the op-
tical spectra of FMN in its three different redox states, while
the intrinsic properties play an important role.

The initial geometries were extracted from X-ray crystal
structures of Desulfovibrio vulgaris flavodoxins in the three dif-
ferent redox states”’ (PDB codes:2FX3, 2FX4, 2FX5), with man-
ually added hydrogens. The models with intramolecular hydro-
gen bonds, including the isoalloxazine ring, are shown in Fig-
ure 1a. The ground-state structures were optimized using den-
sity functional theory with the hybrid functional B3LYP. The ex-
citation energy and oscillator strength of the excited states
were calculated with time-dependent density functional theory
(TDDFT) based on the optimized geometries of the ground
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states. A standard 6-311+ + al)
G(2d,2p) basis set was used for
all the calculations. The polariza-
tion effects of the enzyme envi-
ronment were considered by the
polarizable continuum model

a2)

(PCM).B In the PCM model, the

protein environment is repre-
sented by a homogeneous die-
lectric medium surrounding the
reaction cavity. Herein a dielec-
tric constant of 4 was typically

Intensity/arb. units

Intensity/arb. units

chosen, as it has for modeling

enzymes elsewhere.” The quan-
tum mechanics/molecular me-
chanics (QM/MM) approach was
used to explore the specific ef-
fects from the external protein
environment by applying the

ONIOM™™
method. Starting from the pro-
tein crystallographic coordinates
(PDB code 2FX5), the FMNH™
molecule was treated as the
quantum mechanical (QM) part
and was optimized at the B3LYP
level. The remaining protein en-
vironment was treated as the molecular mechanical (MM) part
utilizing the Amber force field. The MM part was fixed at the
crystal coordinates during the geometry optimizations. All the
geometry optimizations and excited-state calculations were
performed using the Gaussian 09 software package."” The vi-
brationally-resolved absorption spectra were calculated using
the linear coupling model (LCM)."™# Herein, the contributions
of the first ten excited states were included in the simulated
spectra. The line-shape broadening of the computed spectra
were described by Lorentzian functions with half width at half
maximum (HWHM) is equal to 0.05 eV for vibrationally-resolved
spectra and 0.1 eV for pure electronic spectra.

The redox center of the FMN molecule is the aromatic triple
ring isoalloxazine. In an earlier study on the anionic hydroqui-
none (FADH™), we found that the intramolecular hydrogen
bonding between the linking ribityl chain and the isoalloxazine
plays an important role in its photochemical properties."™ As
shown in Figure 1b, the intramolecular hydrogen bonds be-
tween N1 and 2-OH are 2.19A, 2.13 A and 1.84 A for FMN,
FMNH, and FMNH™, respectively. With the injection of two
electrons, N1 becomes negatively charged and thus a stronger
hydrogen bond is formed. Another distinct difference in the
geometric structures of the three redox states is the planarity
of the isoalloxazine ring. The neutral and radical species pos-
sess a relative planar isoalloxazine ring, with a dihedral angle
Cy0aNsN,oCo, of 176" and 174, respectively. The anionic FMNH™
molecule has a butterfly bending angle of 149. The folded
butterfly conformation has been commonly found in reduced
species of flavins.'"
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Figure 2. Calculated vibrationally-resolved absorption spectra for a) FMN, b) FMNH’, and c) FMNH™ in the gas
phase (left) and including PCM (right), indicated by the solid line in both cases. The corresponding experimental
spectra (----- ) are shown for comparison. The dotted lines represent the contributions of some individual excited
states. The calculated spectra are shifted by —0.47, —0.20, and —0.47 eV for FMN, FMNH’, and FMNH™, respective-
ly. The experimental spectra are taken from ref. [3].

The calculated absorption spectra for the three redox states
in gas-phase and the PCM model are shown in Figure 2. For
better comparison they were calibrated with respect to the
corresponding experimental spectra (-----). The uniform energy
shifts for FMN, FMNH' and FMNH~ are —0.47, —0.20, and
—0.47 eV, respectively. We also plotted the spectra for several
individual excited states (sse«s) that contribute to the vibronic
fine structures.

There are two main absorption peaks for the neutral oxi-
dized FMN (around 380 nm and 450 nm). The calculated spec-
trum in the gas phase resembles the experimental one well,
except for a blue-shift of the high-energy peak, while the inclu-
sion of the PCM calculations effectively reduces this deviation.
Similarly for the half-reduced semiquinone FMNH® the spec-
trum calculated by including PCM matches the experimental
data much better than that of the gas phase, exhibiting a
main peak at 350 nm and a broad peak around 575 nm. How-
ever, for the reduced FMNH™, an obvious difference between
the spectra in the gas phase and the PCM environment can be
found. In the former case, the calculated spectrum exhibits a
strong absorption in the low-energy region (named as P1 here-
after) and a relative weak peak at the high-energy region (P2),
while the situation is reversed in the PCM case. Figure 3 pres-
ents the selected molecular orbitals (MOs) involved in the
main transitions leading to those two peaks. P1 in the gas
phase is mainly due to a m-to-m« transition (HOMO —HOMO +
4) delocalized on the three aromatic rings, with an intensity
(0.0442) much stronger than for P2 (0.0184), which has consid-
erable electronic distribution to the Rydberg orbital. On the
other hand, the two main peaks in the PCM calculations are all
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Figure 3. Selected MOs involved in excitations in the gas phase and includ-
ing PCM for FMNH".

strong 'mm- transitions and P2 is twice as strong as P1. There-
fore, we conclude that it is the different intrinsic electronic ex-
citations that induce the changes in the spectra. The spectrum
calculated by including PCM corresponds better to experiment.
It should be noted that some discrepancy may originate from
the limitation of LCM, which assumes the same potential
energy surface curvatures between the ground state and the
excited state.

From the discussions above, one can conclude that while
the external implicit-solvent environment has little influence
on the spectra of oxidized and half-reduced species, it does
affect the spectra of fully reduced species. This influence arises
mainly from the intrinsic structural change and charge redis-
tribution during the redox cycle process. It is the innate char-
acter of FMN that initiates the adaptation of the surrounding
implicit solvent and ultimately dictates its spectral characteris-
tics. Our recent work on the other flavin molecule FADH ™
showed that the internal intramolecular hydrogen bonding
likewise induces significant changes in the emission spectra.

The specific environment (such as hydrogen bonds and pro-
tein environment) is thought to have a strong influence on the
spectra of flavins.®™® From the oxidized FMN to the half-re-
duced FMNH’, N5 becomes protonated and forms a hydrogen
bond to the carbonyl group of Glycine 61 (G61), as indicated
by structural analysis.®@ The stabilization by this external hy-
drogen bond is believed to account for the observed change
in redox potential®®*" Would it really be possible to reveal
these important microscopic details from the optical spectra?
To examine this, we enlarged our model by including the hy-
drogen bond of G61 to FMNH" shown in Figure 4a. In the opti-
mized geometric structure of FMNH/G61, the hydrogen bond
between the oxygen atom of glycine and N5 is 2.06 A. As
shown in Figure 4a, compared to the FMNH" model, the calcu-
lated spectrum with the G61 (—) is almost identical to that
without the G61 (-----). There is only a small blue-shift in the
low-energy region. This implies that the external hydrogen
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Figure 4. Calculated oscillator strengths. The inset in (b) shows the structure
of the ONIOM model used for the calculation.

bond has little influence on the absorption spectrum of
FMNH".

Chang etal.proposed that from FMNH' to fully reduced
FMNH™ the repulsion between FMNH~ and the negatively
charged surrounding residues induces local structure that is
more flexible and solvated faster®) To explore the effects of
protein structural constraints on the optical spectrum of the
FMNH~ we employed the ONIOM method"” (B3LYP:Amber).
Due to computational difficulties and in order to make direct
comparisons, the model system in the QM part was extracted
for the calculations of excitation energy and oscillator strength
at TDDFT level. The calculated electronic absorption spectra by
the ONIOM method are compared with the PCM results in Fig-
ure 4b. The good correspondence between these two calculat-
ed spectra indicates again that the underlying reason for such
local structure flexibility arises mainly from the butterfly bend-
ing motion which is an intrinsic property of the molecule itself.
It is worth to stress that although we cannot give the detailed
dynamic picture of specific environmental structures from
static spectral calculations, our present work confirms the im-
portance of the intrinsic properties of FMN molecules on their
optical spectra. It is quite interesting to see that the biomole-
cule can “feel” the change of the specific environment and re-
spond to it by modifying its own internal properties.

To summarize, the calculated absorption spectra successfully
clarified the spectral differences between the three redox
states of FMN as the result of the changes in their intrinsic
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properties and highlighted the self-regulation ability of those
biomolecules. Our work stresses the decisive role of the inter-
nal property of FMN in the determination of the spectral char-
acteristics and maybe even of other biological functions.
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