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We investigate the optical properties of flavin mononucleotide (FMN) as chromophore of a bacterial pro-
tein. FMN is studied both in the oxidized and anionic state, by combining hybrid quantum mechanics/
molecular mechanics (QM/MM) dynamics with time-dependent density functional theory (TDDFT).
Our first-principles calculations show that the inclusion of the protein biological environment is crucial
to reproduce the experimental optical spectra.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The recent development of ultrafast spectroscopy techniques
has allowed to experimentally characterize the dynamics of chem-
ical reactions in real time [1]. These methodologies have been of
valuable significance not only to study simple systems in con-
trolled environment, but also to address investigation of complex
systems as, for example, liquid embedded proteins [2].

In this context, the photoactive groups hosted in biological mac-
romolecules, play a crucial role. They work, in fact, as probes and
are used to investigate local surroundings and monitor the systems
dynamic. These optical probes can span from covalent moieties,
within the same protein structure, to non-covalently bound cofac-
tors, like transition metals or small aromatic molecules. The local
environment significantly influences the optical response of such
probes, thus, making them extremely useful to depict the dynamic
changes occurring in their surroundings.

For a correct interpretation of the experimental data, reliable
theoretical models, able to reconstruct the origin of any modula-
tion of the experimental signal, are required. In particular, struc-
tural and dynamical properties of complex biomolecules can be
addressed with sufficiently high level of accuracy by a hybrid
combination of quantum mechanical and classical-molecular
mechanics methods (QM/MM) [3].
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Similarly the excited state properties can be successfully de-
scribed through the promising framework represented by time-
dependent density functional theory (TDDFT) [4]. Despite the use
of more sophisticated methods may be sometimes advisable
[5,6], TDDFT represents the best compromise between the wished
accuracy and the intrinsic complexity of systems of interest.
TDDFT, in fact, allows to study systems involving chromophores
as large as several tens of atoms, sampled over multiple configura-
tions at finite temperature.

Within such framework, it has been recently possible to charac-
terize the influence of the local environment over the redox proper-
ties of azurin from Pseudomonas aeruginosa [7], as well as its optical
features [8]. Similar approaches have successfully determined the
optical response of the chromophore in bacterial blue-protein [9]
and in the green-fluorescent protein [10,11]. As a consequence,
the theoretical investigation of optical probes is becoming a very
active research field.

In this work, we present a characterization of the electronic
structure and the optical spectra of oxidized and fully reduced
FMN, bound to the flavodoxin from Clostridium beijerinckii bacte-
rium (see Fig. 1) [12].

FMN and its derivatives are ubiquitous molecules which take
part in biological reactions as coenzymes and photoreceptors of
several proteins [13,14] conferring them the role of tagging tools
in bio-science.

The protein–cofactor interactions modulate the oxidation–
reduction potentials of FMN. As a result, FMN has a higher redox
potential in the protein than in water. Moreover, when bound to
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Fig. 1. Cartoon representation of the secondary structure of the flavodoxin. The
FMN active site is zoomed and represented in balls and sticks. The QM/MM
boundary, which crosses a covalent bond, is indicated by the dashed line.
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the protein, FMN can be isolated in its radical semiquinone inter-
mediate oxidation state, and its reduced state is anionic, unlike
the neutral form present in solution. It is evident that the environ-
ment exerts a direct effect on the cofactor and also dictates the role
played by flavins as electron-transfer in many physiological reac-
tions. Moreover the environment influences the optical properties,
which differ from those of FMN in solutions and/or in vacuum
through the long range electrostatic potential and the structural
modulation due to mechanical constraints.

Recently the time resolved electron transfer reaction in flavins
was investigated by femtosecond spectroscopy [15]. For a full inter-
pretation of experimental data, a thorough characterization of the
absorption spectra of flavins in their different oxidation states is
crucial. In fact, the sizable spectral differences between the various
flavins redox states allow to monitor the events occurring in catal-
ysis using the flavin optical response as a reporter [16]. This fact
motivated our study of the different oxidation states in flavins
and flavoproteins, that are at the origin of their different colors.

The paper is organized as follows: in Section 2 we summarize
the details about the QM/MM computational setup and the TDDFT
response calculations. The results concerning the optical properties
of oxidized and fully reduced FMN as cofactors of flavodoxin are
presented in Section 3. Conclusions and opened issues are summa-
rized in Section 4.
Fig. 2. TDDFT optical absorption spectra of oxidized FMN in flavodoxin. The (blue)
solid line is the average computed spectrum. The (red) dotted line is the
experimental curve, taken from Ref. [22]. In the inset the optical absorption spectra
calculated on configurations sampled from a QM/MM simulation at 300 K. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
2. Computational details

We considered the protein solvated by 8013 water molecules in
a 67 � 65 � 61 Å3 orthorhombic cell with periodic boundary condi-
tions. Given the size of the simulation cell two periodically re-
peated proteins are never closer than 25 Å. As the isoalloxazine
triple ring (see Fig. 1) is the active part in the light absorption, it
has been treated at the DFT level [17]. The rest of the FMN, the pro-
tein and the solvent, were classically treated with the Amber force
field (parm98) [18,19]. The QM/MM boundary, which crosses a
covalent bond, has been treated using the well-known Hydrogen-
capping procedure [20]. The interaction between the classical
and the quantum parts was described via a fully-Hamiltonian
hierarchical coupling scheme [21].

The simulation was divided in three steps. First, the system was
relaxed starting from the crystal structure [22]. Second, the
classical Hamiltonian was substituted by the QM/MM one and
the energy of the system was minimized. Third the system was
thermalized at 300 K, and different snapshots were sampled from
its dynamics (details of the calculations in Ref. [23]). Such configu-
rations were used to average the optical absorption spectra, calcu-
lated by TDDFT [17]. The effect of the protein environment has
been taken into account by the QM/MM scheme.

3. Results

3.1. Oxidized FMN

As described in the previous section we performed a QM/MM
dynamics simulation at 300 K. For each configuration vertical tran-
sitions from the electronic ground state have been calculated.

The FMN isoalloxazine ring is an aromatic moiety characterized
by strong covalent bonds, therefore, atoms do not undergo large
fluctuations from their average positions within the sampled con-
figurations. The position of the bands, at about 2.7 and 3.3 eV, is
only slightly affected by the thermal fluctuations of the structure,
while the intensity of the peak at 3.3 eV can be modulated to
50%, as the inset of Fig. 2 reports.

The conformation-averaged absorption spectrum is reported in
Fig. 2, which is in very good qualitative agreement with the exper-
iment [22]. A relative red shift of about 0.1 eV is the major devia-
tion from the experimental data plus a different relative intensity
between the first and the second absorption peak. The spectrum
shows two intense absorption regions with main transitions lo-
cated in the blue–violet region, while the absorption in the red re-
gion is negligible. This explains the typical blue color which FMN
confers to its solutions.

The two absorption bands have been characterized via an anal-
ysis of the Kohn–Sham orbitals involved in the optical transitions.
The lowest energy absorption band is built up by transitions occur-
ring from the highest occupied molecular p orbital (HOMO), to the
lowest unoccupied molecular p⁄ (LUMO) orbital. The highest en-
ergy absorption band instead is originated by transitions from
HOMO-2 to LUMO orbital. The above cited Kohn–Sham wavefunc-
tions are shown in Fig. 3 together with the main transitions. The
Kohn–Sham analysis reveals that the optical excitations involved
have a reduced charge transfer character. This represents a basic
condition to guarantee the good performance of the local ex-
change–correlation functionals used in the TDDFT simulations.



Fig. 4. Optical absorption spectra of oxidized FMN in flavodoxin. The TDDFT
spectrum with [(blue) solid line] and without [(green) dashed line] the effect of the
electrostatic potential is shown (upper panel) together with the experiment [22]
[(red) dotted line]. In the lower panel the optical absorption spectra of oxidized
FMN in flavodoxin obtained with [(green) dashed line] and without [(black) solid
line] the mechanical constraint of the protein environment. The second case
corresponds to consider FMN in vacuum and to use a real space–real time [25]
approach to calculate the optical absorption spectrum. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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In order to shed more light on the coupling mechanism between
the protein electrostatic environment and the electronic structure
of the oxidized FMN, we repeated the spectra calculation nullifying
the electrostatic field of the protein. The nearest environment of
FMN, in fact, is characterized by negatively charged amino acids
chains which generate a non homogeneous electrostatic field that
can affect the electronic structure of FMN. The upper panel of Fig. 4
reports the computed absorption spectrum in the absence of the
protein electrostatic potential. In these conditions, the bands ap-
pear to be shifted towards higher energies: 0.1 eV for the first
absorption band and about 0.2 eV for the second one which is, at
the same time, reduced in intensity.

The Kohn–Sham analysis reveals that the character of the en-
ergy transitions is also affected. Transitions from HOMO-1 to LUMO
build up the first absorption band, while the second one is given by
transitions from HOMO-4 to LUMO Kohn–Sham wavefunctions.
They involve, in general, deeper states with respect to the electro-
static potential switched-on case.

The protein scaffold influences the optical properties of FMN
also by restraining its geometry in a distorted conformation. When
bound to the protein, the isoalloxazine ring geometry results to be
bent both in the X-ray structure [22] and in our QM/MM geome-
tries, with the central aromatic ring being not perfectly planar. On
the contrary, unconstrained geometry optimization in vacuum pre-
dicts a perfectly planar structure. Deformation of the perfectly pla-
nar structure of the flavin aromatic moiety affects the energies of
the p and p⁄ orbitals, which are delocalized over the whole struc-
ture, and therefore, strongly influences the optical response of the
system. The lower panel of Fig. 4 reports a comparison of the in vac-
uum optical spectra of FMN in both the protein-restrained and
unrestrained optimized geometries [24]. In the unrestrained geom-
etry both the absorption bands are strongly shifted towards the red
by 0.25–0.3 eV. We verified that the Tamm–Dancoff approximation
(TDA) does not affect the blue shift of the spectrum. We attributed
therefore it to the mechanical effects of the protein rather than an
artifact of the TDA.

3.2. Reduced anionic FMN

The reduced form of FMN in water is neutral, while it is anionic
when bound a protein. The anionic form is stabilized by a strong
hydrogen-bond between the N1 atom (see Fig. 1) and the backbone
of the protein.
Fig. 3. The Kohn–Sham wavefunctions which dominate the optical excitations. The
(red) solid arrow highlights the transitions building up the lower energy absorption
peak, while the higher one is shown by the (green) dashed arrow. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
The optical absorption spectrum of the reduced form of FMN
was analyzed by following a similar procedure as for the oxidized
form. Particular care was put in the equilibration of the system, as
the excess of charge in the QM region could produce electron-spill
out artifacts that would affect the quality of the dynamics. Fig. 5
reports the result from our calculations, in comparison with the
experiment and the in vacuum optical spectrum. We find a quali-
tative agreement in the position of the first band, despite this time
the shape of the line seems less good. The Kohn–Sham analysis
reveals that the absorption band is dominated by p–p⁄ transitions
from HOMO and HOMO-1 to LUMO orbitals.

Contrary to the oxidized neutral form, the reduced anionic FMN
results to be rather sensitive to the local geometrical fluctuations
of the environment (see inset of Fig. 5). Given the presence of
strongly H-bonded moieties, as well as p-stacked aromatic groups
Fig. 5. Optical absorption spectra of reduced anionic FMN in flavodoxin. The
averaged TDDFT spectrum over seven snapshots and the experiment are shown in
(blue) solid line and (red) dots respectively. The in vacuum spectrum is shown in
(black) dashed line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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like Trp90, the discrepancy between our calculation and the exper-
imental absorption line may be due to the presence of charge
transfer states involving FMN to the protein surrounding [15].
We stress here that our QM/MM protocol excludes the possibility
of determining such states, because the protein environment is
strictly treated at the classical level of theory, and that anyway
intermolecular charge-transfer states would be poorly described
by TDDFT with local functionals.

Moreover in our simulation the charge is delocalized over the
chromophore because the QM/MM setup confines the additional
charge of FMN in the simulation box. In natural condition, indeed,
the charge would diffuse through the surrounding protein affecting
the dynamics of the whole system and causing therefore a possible
discrepancy in the spectrum.

4. Conclusions

QM/MM simulations coupled to TDDFT calculations were used
to describe the optical properties of FMN bound to a complex envi-
ronment such as flavodoxin from C. beijerinckii.

The protein acts on the optical properties of oxidized FMN both
through its electrostatic field and by inducing structural deforma-
tions on the ligand. The electrostatic field of the protein produces a
slight shift of the absorption bands toward the red; on the contrary,
the disruption of coplanarity of the aromatic moiety induces a
strong blue shift of the bands. Reasonable agreement with the
experiment was found also for the reduced anionic form of FMN.
In this case, the optical response of the system is more sensitive
to local geometrical fluctuations. Discrepancies with the experi-
ment may be due to the presence of charge-transfer states, which
cannot be reliably described within the level of approximation cho-
sen in our study, and the confinement of the additional charge due
to the computational setup.

In conclusion our study underlines the importance of the envi-
ronment effects on the optical properties of FMN. Using QM/MM
combined with TDDFT we were able to shed light on different opti-
cal spectra of FMN in the two redox states, that are at the base of its
use as optical marker.
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