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The reorganization free energies for electron
transfer in proteins: Redox properties of
flavin in BLUF and LOV Domains
Flavins play an important role in many oxidation and reduction processes in biological
systems. For example, flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) are common cofactors found in enzymatic proteins that use the special redox
properties of these flavin molecules for their catalytic or photoactive functions. The
redox potential of the flavin is strongly affected by its (protein) environment, however
the underlying molecular interactions of this effect are still unknown. Using Hybrid
Quantum Mechanics / Molecular Mechanics (QM/MM) simulation techniques, we
have studied the redox properties of flavin in the gas phase, aqueous solution and two
different protein environments, in particular a BLUF and a LOV photoreceptor domain. By mapping the changes in electrostatic potential and solvent structure, we gain
insight in how specific polarization of the flavin by its environment tunes the reduction
potential. We find also that the accurate calculation of the reduction potentials of these
systems at using a hybrid QM/MM approach is hampered by a too limited sampling of
the counter ion configurations and by artifacts at the QM/MM boundary. We make
suggestions on how these issues can be overcome.
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Introduction

Biological photoreceptors are essential proteins in living organisms that allows them
to sense and respond to changes in light conditions. Blue-light photoreceptors, such
as BLUF (Blue Light Sensor using Flavin), LOV (Light-Oxygen-Voltage Sensor) and
cryptochromes use a flavin molecule as the light-sensitive cofactor. Flavins (see Figure 6.1) can be electronically photo-excited by blue light, which, in a receptor protein,
starts a cascade of molecular changes known as a photocycle. Many chromophores undergo a cis-trans isomerization reaction upon adsorbing a photon. Flavins however,
have a different, unique, mode of action. They undergo a change in redox potential, which results in an electron transfer from a nearby protein residue to the flavin.
Apart from their role as chromophores, flavins are also key in a wide range of biological
(ground-state) oxidation and reduction reactions.
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Figure 6.1: Molecular structure of flavins. Flavoproteins have been classified based upon
their biological function, stabilization of the flavin semiquinone, and the reactivity of the oxidized and reduced flavins toward sulfite and oxygen, respectively [32–35]. Flavin derivatives
with substituents at the M7 and M8 positions as well as on Lumiflavin (LF: M7 = M8 =
M10 = CH3 ), which shares the reactivity of the biological cofactors Flavin mononucleotide
(FMN: M7 = M8 = CH3 , R = CH2 (CHOH)3 CH2 OH2 PO3 ), and Flavin adenine dinucleotide
(FAD: R7 = R8 = CH3 , R = CH2 (CHOH)3 CH2 OH2 (PO3 )2 -adenosine). Lumiflavin structure is the QM part in all QM/MM simulations in this work.
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Although there is ample experimental [124–137] and computational [80–82, 96–
99, 138, 139] work in the literature on flavins in photoactive proteins, the specific
details of electron transfer in the binding pocket are still poorly understood. Recently,
two outstanding experimental studies came out with interesting results. The first
study showed that the electron transfer rate directly correlates with the quantum yield
of signaling state formation [75] and the second study demonstrated that altering the
structure of the flavin chromophore-binding pocket through site-directed mutagenesis
brings the midpoint potential closer to that of free flavin in aqueous solution [74]. This
means that a different molecular environment of flavin (solvent or protein) leads to
different (modulations of the) first and second reduction potentials of flavin. Indeed,
LOV domains exhibit typically very negative redox-midpoint potentials (e.g. YTVA–
LOV: Em = -307 mV) [140], followed by that of BLUF photoreceptors (e.g. AppA–
BLUF: Em = -257 mV) [74], and FAD in aqueous solution (Em = -220 mV) [141, 142],
whereas cryptochrome proteins show the least negative potentials [143]. The coupling
of the flavin to its environment can lead to an electrostatic potential at the flavin
and, in addition, the polarizability of the environment gives rise to a reorganization
free energy, both interactions affect the flavin reduction potential. The molecular
details involved in this coupling may include the specific hydrogen bonding between
the binding pocket and the flavin, the distribution of charged residues in the protein,
the flexibility of the protein, the exposure of the binding pocket to water solvent, the
ion concentration and so forth. Using molecular simulations techniques, we can give
a detailed insight in how different proteins (or solvents) modulate the flavin redox
potential.
To model the reduction of lumiflavin in different molecular environments, we follow
the approach that was pioneered by Warshel [11] and Warshel and King [12] and more
recently further developed for density functional theory based simulations by Sprik
and coworkers [13, 14, 16–20, 23]. Previously, we have studied the redox properties
of lumiflavin in water using Density Functional Theory based Molecular Dynamics
(DFT–MD) simulations [95]. Subsequently, we focussed on a detailed analysis of
the aqueous solvent response upon flavin reduction using QM/MM simulations in
Chapter–IV [144]. For the current study, we have performed large-scale molecular
dynamics simulations of aqueous FMN, the BLUF domain and the LOV domain, all
in explicit water solvent (see Figure 6.2). Using a hybrid QM/MM approach, the
electron transfer to the flavin molecule is treated with Density Functional Theory
(DFT) and the protein/solvent environment with a classical forcefield (MM).
In this chapter, after a description of the computational methodology, the information obtained from classical and QM/MM simulations are discussed in the results
section. By mapping the changes in electrostatic potential and solvent structure, we
gain insight in how specific polarization of the flavin by its environment tunes the
reduction potential. Finally, the separated electrostatic potential (Velec ) calculations
for water and protein explains the different effect of the water environment in BLUF
and LOV domains.
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Figure 6.2: FMN (A), flavin embedded in BLUF (B) and LOV (C) domains in aqueous solution. The insets shows the structures
in more detail. Bottom insets show (A) FMN, (B) BLUF domain and (C) LOV domain structures. Upper insets illustrate
(A) lumiflavin, (B) and (C) FMN and nearby residues with a different color for each residue in the BLUF and LOV domains. The
QM region contains the LF part of FMN in all simulations (see Figure 6.1). For all three systems, the MM box size and the QM
box size are the same.
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The calculation of a redox potential from diabatic free energy curves has been originally developed by Warshel [11] and Warshel and King [12]. According to this approach, the redox potential can be calculated from the energy gap fluctuations based
on the principles of Marcus Theory [6]. The method aims to estimate the free energy change associated with the transformation between two chemical (redox) states:
-namely- the reduced state, R, and the oxidized state, O. This approach has been
reviewed several times [13, 14, 16–20, 23, 145] and applied to redox half reactions by
Sprik and coworkers of various kinds of systems [13, 14, 16–20, 23]. Recently, we have
also briefly reviewed the method and applied it to the flavin/water system [95, 144].
The free energy profile is calculated by measuring the vertical energy gap, ∆E,
which is the energy needed to add (or remove) an electron from to the system,
∆E = ER (rN ) − EO (rN )

(6.1)

along a simulation trajectory in the oxidized (or reduced) state. The free energy,
Aη (∆E), is computed from the histogram of the gap energy, Pη (∆E):
Aη (∆E) = −kB T ln [Pη (∆E)] ,

(6.2)

with η indicating either the oxidized or the reduced state. In the case of linear response
of the solvent environment, as assumed in Marcus’ theory of electron transfer, the
probability functions Pη (∆E) are Gaussian and the free energy curves are parabolic
with identical curvature. The reaction free energy, ∆A, and the reorganization free
energy, λ, are then given by the following well-known equations,
1
(h∆EiR + h∆EiO ) and
(6.3)
2
1
λ =
(h∆EiO − h∆EiR ),
(6.4)
2
respectively, in which the brackets, h. . . iη , denote the average value in oxidation
state η. The reorganization free energy can in principle also be obtained from the
fluctuations in the vertical energy gap,
∆A =

ση2
,
(6.5)
2kB T
with σ 2 the variation in ∆E, with T the absolute temperature, and with kB the
Boltzmann constant.
Adding the solvent reorganization free energy from Equation 6.5 to the average
energy gap provides an alternative means to Equation 6.3 to obtain the reaction free
energy:
λη =

∆AO = h∆EiO − λO and
∆AR = h∆EiR + λR ,

(6.6)
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although the limited statistics of the QM/MM estimate of λη from the fluctuations
makes these numbers less reliable than when only the first moments of ∆E are used
as in Equation 6.3.
Additionally, we can use molecular simulations also to examine the system at
fractional electron transfer states. This allows us to inspect in more detail how the
solvent responds to a (partial) change of the solute charge. To model a partially
charged system, the simulation is performed using a Hamiltonian that is a linear
superposition of the neutral (oxidized) and anionic (reduced) Hamiltonians:
Hη = ηHR + (1 − η)HO .

(6.7)

With the coupling parameter η equal to zero, the Hamiltonian is that of the flavin
in the neutral oxidized state, whereas with η = 1, the Hamiltonian is that of the
anionic reduced state. An intermediate value allows for simulation on a fictitious
potential that is a superposition of the two redox states, corresponding to a state
with a fractional electron.

6-2.1

Computational setup

Classical MD simulations are carried out for solvated BLUF and LOV domains and
for FMN in aqueous solution (see snapshots in Figure 6.2). The initial coordinates
of BLUF and LOV domains are taken from the X-ray structures and pdb codes [68]
2IYG [146] (2.3 Å resolution) and 2PR5 [147] (1.45 Å resolution). Hydrogen atoms
have been added using the tleap facility of the AMBER 11 package [148, 149]. The
total charge of the systems are neutralized by adding 1 Na+ , 2 Na+ and 9 Na+ ions
for the FMN(aq), BLUF and LOV systems respectively.
The systems contain 10468, 9970, 9998 and water molecules for FMN(aq), BLUF
and LOV in water respectively. The simulations of the FMN(aq), BLUF and LOV
systems have been performed in a cubic unit cell with an edge of 68.57 Å3 and subject
to periodic boundary conditions. The size of the simulation boxes is chosen to be the
same in all simulations in order to avoid different box size effects on the reduction free
energy and the reorganization energy. The Amber ff99SB [100] force field was used for
the MM presentation of the system and prior to the QM/MM simulations, the system
was equilibrated at the MM level in the NPT (2 ns) and NVT (5 ns) ensembles using
the GROMACS [101] software. After equilibration, the counter ions are relatively far
away from the binding pocket. Hence, any influence of the counter ions on the redox
potential of flavin is expected to be negligible.
The equilibrated structures of the classical MD simulations were used as input
for subsequent QM/MM calculations, using the CP2K program (v.2.1) [36, 85]. The
partitioning of the entire molecular system in two regions, treated at the QM and
MM level, is illustrated in Figure 6.2. The size of the QM and MM boxes are 18 Å
and 68.57 Å for all simulations. Included in the QM region are the lumiflavin part of
FMN and all water molecules are in the MM region. A link atom approach was used
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to connect the QM part of the flavin to the adenine dinucleotide tail (see Figure 6.1).
The excess electron is localized on the lumiflavin in the QM region in all QM/MM
simulations.
Using CP2K, QM/MM simulations are performed of the neutral, intermediate
(fractionally charged) and anionic states of flavin within its solvated protein environment. The Perdew-Burke-Ernzerhof (PBE) [51] exchange-correlation functional
is used, together with pseudopotentials of the Goedecker-Teter-Hutter (GTH) type,
based on the parametrization of Hartwigsen-Goedecker-Hutter [87, 88] and adapted
for the density functional, for all atoms. A split valence Gaussian basis set designed
specifically for these pseudopotentials [85], of double-ζ quality with polarization functions (DZVP), is employed for all atoms. The size of the auxiliary plane wave basis set
was cut off at 300 Ry. The QM/MM simulations used a time step of 0.5 fs and were
evolved in the canonical (NVT) ensemble. The CSVR (Canonical Sampling through
Velocity Rescaling) [91] thermostat was used with a period of 1000 fs to maintain
a constant temperature of 300 K. During the MD simulations, an initial guess for
the wave functions is generated using a density matrix extrapolation scheme (ASPC
extrapolation) [150]. Wave functions are optimized with the orbital transformation
(OT) method [151] which provides an efficient and robust way to deal with radicals,
systems that can be more difficult to converge otherwise. The convergence criterium
for the SCF (Self Consistent Field) is 1·10−6 for all systems.

6-3
6-3.1

Results
Reduction of flavin in different environments

Figure 6.3 shows the results for the first reduction reaction of FMN in aqueous solution, in the BLUF protein and in the LOV protein. Here, our previous results of
lumiflavin in vacuum and lumiflavin in aqueous solution [144] are included for comparison. The lumiflavin in vacuum was simulated in full QM whereas all other systems
were simulated using the hybrid QM/MM, in which the environment (including the
FMN side group) were treated at the MM level. The top panel in Figure 6.3 shows
the normalized P(∆E) distributions that we have computed at the neutral and anionic states of the flavin. Since there are no environment fluctuations in the vacuum
simulations, the probability distribution of ∆E is very peaked and narrow in the case
of lumiflavin in vacuum. Comparing the protein and water environment results, we
note a significant broadening and large shifts of the distributions along the x-axis.
The fluctuations in ∆E, as represented by the widths of the distributions, are seen to
be significantly different in different environments. Not surprisingly, the LF(aq) and
FMN(aq) distributions are quite similar because the tail unit of the FMN structure is
expected to have only a minor influence. Due to the negative charge on the phosphate
group, adding an electron to FMN(aq) is somewhat less favorable, which causes the
shift along the x-axes in the right direction (as follows from Equation 6.1).
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Figure 6.3: Vertical energy gap distributions (top panel) and free energy curves (bottom
panel) of the first reduction of flavin in gas, aqueous solution and protein systems in the
oxidized (η=0) and reduced (η=1) states. The data are obtained from QM/MM simulations
at T = 300 K.
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h∆EiO
h∆EiR
σO
σR
λO
λR
λ
∆AO
∆AR
∆A

LF
-1.62 (00)
-1.95 (00)
0.09 (00)
0.09 (00)
0.16
0.16
0.17
-1.78
-1.79
-1.79

LF (aq)
-1.34 (02)
-4.28 (02)
0.26 (00)
0.26 (00)
1.28
1.27
1.47
-2.62
-3.01
-2.81

FMN (aq)
-1.06 (02)
-4.07 (09)
0.26 (00)
0.28 (02)
1.34
1.50
1.51
-2.40
-2.57
-2.57

BLUF
-0.65 (00)
-3.27 (04)
0.24 (00)
0.24 (01)
1.07
1.15
1.31
-1.72
-2.12
-1.96

LOV
-2.66 (02)
-4.58 (03)
0.21 (00)
0.20 (01)
0.87
0.77
0.96
-3.53
-3.81
-3.62

eqn.

6.5
6.5
6.4
6.6
6.6
6.3

Table 6.1: First four rows: first and second moments of the vertical energy gap distributions
obtained from Gaussian fit functions, with in parentheses an error estimate in the last two
digits. Below: redox properties derived from the ∆E distributions using the equations listed
in the last column.

The typical single-well free energy landscape that we already saw in the previous
work [144] is known as “Marcus inverted region”. Note also that for each system, the
widths of the distributions, in the oxidized and reduced states are very similar (see
also σO and σR in Table 6.1), which indicates the linearity of the environment (protein
and/or solvent) response during the first reduction reaction. This is illustrated more
clearly in Figure 6.4, in which we plot the average, h∆Ei, as a function of the coupling
parameter η (in which η represents the amount of partial charge added to the flavin
as explained by Equation 6.7). Adding a partial charge to the system results in an
almost perfectly linear environment response for each system.
Comparing the reduction free energies of LF in vacuum (∆A= -1.79 eV) and in
water (∆A = -2.81 eV) in Table 6.1, we can rationalize the solvent effect by decomposing the numbers in the h∆EiO and h∆EiR contributions using Equations 6.3 and 6.1.
In the reduced state, the anionic flavin is more stabilized by water than the neutral
species by −4.28 + 1.95 = −2.33 eV, whereas in the oxidized state, the anionic flavin
is energetically less favorable by −1.34 + 1.62 = +0.28 eV. As the first stabilization
is much larger than the second, the reduction free energy is more negative in water
solvent than in vacuum. In Chapter–IV, we rationalized the asymmetric stabilization
by showing that the electrostatic potential at the flavin due to the solvent environment is on average close to zero in the neutral oxidized state but strongly positive in
the anionic semiquinone state (see Figure 4.8 in Chapter–IV [144]). The reorganization free energy associated with this difference is about 1.5 eV for LF and FMN in
water. The reorganization free energy in BLUF (λ = 1.31 eV) is almost as large as
that of FMN in water, but the reduction free energy (∆A = −1.96 eV) is shifted up
and similar to that of LF in vacuum. This suggests that the solvated BLUF protein

102

The reorganization free energies for electron transfer in proteins

∆E / [eV]

-1

-2

-3
LF
LF (aq)
FMN (aq)
BLUF
LOV

-4

0

0.25

0.5
η

0.75

1

Figure 6.4: The vertical energy gap, h∆Eiη , of the half reaction LF + e− → LF− at
T = 300 K in vacuum, aqueous solution, FMN(aq), BLUF domain and LOV domain as a
function of the amount of “lumiflavin reduction”, η. The curves are almost perfectly linear
as expected for systems that follow Marcus behavior.

environment undergoes changes in the polarization that are almost as large as those
in water, but it also contains a permanent negative electrostatic potential that shifts
the P (∆E) distributions to the right and thus ∆A up. For LOV, we see the opposite
trend. The reorganization free energy is significantly smaller (λ = 0.96 eV) than that
in water, suggesting smaller changes in the solvated protein polarization, whereas the
reduction free energy is very negative (∆A = −3.62 eV), which indicates a permanent
positive electrostatic potential.
We note that our results show much larger differences between the reduction free
energies of FMN (aq), BLUF, and LOV (-2.57, -1.96, -3.62 eV) than should be expected based on the experimental midpoint potentials (-0.220, -0.257, -0.307 eV respectively) and even fail to reproduce the trend. The differences between the experimental
reduction potentials is rather small (0.037 eV equals 0.85 kcal/mol or 1.4 kB T) and
perhaps even below the limit of what we can expect to accurately compute using DFT
electronic structure calculations and molecular dynamics sampling. But, despite the
different reference potential (i.e. the zero of the reduction potential scale) between the
computed and experimental numbers, which causes a systematic shift in our results,
we would expect our calculations to perform much better in predicting the differences
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in reduction potentials of the different flavin systems. In the following, in which we
focus our attention on unraveling which specific molecular interactions modulate the
flavin reduction potential in the different protein and/or solvent environments, we
will discover two factors that (partly) cause the remarkable discrepancies between
the computed and experimental reduction potentials, in particular (1) a too limited
sampling, and (2) specific flavin-binding site interactions that may be very sensitive
to the treatment of the QM/MM interface. We will also make suggestions on how to
resolve these issues.

6-3.2

Characterization of protein and solvent coupling with
flavin redox properties

To analyze how the BLUF and LOV proteins and the water solvent modulate the
redox potential of the flavin cofactor in a molecular detail, we will first look at the
spatial (radial) distribution of charged amino-acids and solvent water around the flavin
molecule. Next, we compute and compare the electrostatic interactions between flavin
and the different parts of the molecular environment. And finally, we compare the
flavin binding sites of BLUF and LOV and discuss the effects of the different H-bond
patterns on the redox properties.
Part A

Radial distribution of charged residues and solvent

Figure 6.5 shows the radial distribution functions of water atoms and protein atoms
around the flavin for the BLUF and LOV domains. For the flavin position we take
the center of mass of the isoalloxazine ring heteroatoms. Comparing the BLUF and
LOV domain radial distribution functions, we see that there is somewhat more water
close to the flavin in the BLUF system. As indicated in Figure 6.6 by the arrow, in
BLUF, the FMN binding pocket is located close to the protein surface and is even
partly water solvent exposed, whereas in LOV, the flavin is buried more central inside
the protein.
Figure 6.6 shows the spatial distribution of the positively and negatively charged
residues around flavin in both systems. Here the positively charged Lysine and Arginine amino acids are colored blue and cyan respectively, whereas the negative Aspartate and Glutamate residues are colored red and orange. The majority of the
hydrophilic charged residues are located at the protein exterior surface, as expected.
However, a few are located relatively close to the flavin binding pocket. A more quantitative analysis of the spatial positioning of the charge residues nearby the flavins is
again made by examining the radial distribution functions, shown in Figure 6.7 of the
negatively charged residues (left panels) and positively charged residues (right panel)
around the flavin center of mass. Interestingly, we see from the integrated distribution
functions (bottom panels) that in the BLUF domain, which has a total charge of -2,
there are 4 negatively charged residues close to flavin (within 10 Å of the flavin) and
only one positive residue. Instead, in the LOV domain, which has a total charge of
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Figure 6.5: Radial distribution of solvent water and protein residues around the center of
mass of FMN (taken as the heavy atoms of three aromatic rings of the flavin) at T = 300 K
for the BLUF and LOV domains. The inset shows in detail the first 4 Å. No significant
differences are seen between the neutral flavin simulations, η = 0, and the anionic flavin
simulations, η = 1. The g(r) functions of the proteins are scaled down by a factor of 10.

-9, the two nearby charged residues have a positive charge. It is tempting to attribute
the observed very negative ∆A of LOV and much less negative ∆A of BLUF to these
nearby positive and negative residues respectively, as they cause permanent positive
and negative electrostatic potentials at the flavin. Mind however, that these ∆A values did not match the experimental numbers and are thus most likely an artifact.
Moreover, the electrostatic potential due to the nearby residues may be compensated
by the (many more) charged residues further away. To test this, we can compute the
total electrostatic potential by integrating the electrostatic potential as a function of
the distance from flavin, weighted by the radial distribution function of the charged
residues, as follows:
Z r0
X
0 elec
V (r )
=
4πr2
gi (r)vi (r) with
0

1 qi
v(r) =
,
4π0 r

i

(6.8)

in which we sum the positive and negative contributions of the charged residues, which
have a charge qi . This cumulative electrostatic potential is plotted in Figure 6.8. Note

w

protein

LOV%

Figure 6.6: Representative illustration of the charge distributions around the flavin in BLUF and LOV domains. The charged
residues (LYS (+) blue, ARG (+) cyan, ASP (-) red, and GLU (-) orange) have been colored. This is represented as a sphere
centered close to the position of the charged atom (LYS: NZ atom, ARG: CZ atom, ASP: CG atom, and GLU: CD atom). A
transparent surface with the same colors for each charged residue has been added, while the other residues have been illustrated
with a light color. FMN is shown in stick representation. A black ribbon has been added to indicate the secondary protein structure.

BLUF%

H2O%
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Figure 6.7: The radial distribution functions (top panels) and coordination numbers (bottom panels) of positive and negative
charge residues around the center of mass of FMN (taken as the heavy atoms of three aromatic rings of the flavin). BLUF has
11 positively and 13 negatively charged residues and LOV domain has 9 positively and 18 negatively residues. Systems have been
neutralized by sodium ions. The neutral charge simulations, η =0, and the negative charge simulations, η =1, have been shown for
27 Å from flavin.
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that indeed the nearby charged residues contribute a negative electrostatic potential
in BLUF and a positive electrostatic potential in LOV, but that especially in LOV
the negative residues further away dominate, which results in a total electrostatic
potential (from charged amino acids) that is even more negative than that of BLUF.
With this importance of the long-range nature of the electrostatic interactions in
mind, we realize that we should also consider the interaction of the, even further
away, counter ions. The BLUF, LOV and aqueous FMN systems contain respectively
2, 9, and 1 sodium ions to counterbalance the negative charge of the flavin and the
proteins. During the relatively short QM/MM simulations, the Na+ ion positions are
of course not well sampled. This is also clear from the radial distribution functions
of the ions with respect to the flavin center of mass, as shown by the dashed lines
in Figure 6.9 (top panel). For comparison, we also plot the distribution functions
obtained from the 10 ns classical MD simulations (solid lines), which show a much
more even sampling. Note that in aqueous solution and in BLUF, the ions come
as close as about 8 Å to the FMN and even find a favorable interaction, possibly
with the negatively charged phosphate group, as indicated by the peak in the g(r).
The bottom panel in Figure 6.9 shows the cumulative electrostatic potential, which we
compute again using Equation 6.8. This plot shows significant differences between the
electrostatic potentials due to the ions based on the MD and QM/MM simulations,
which means that the limited sampling of the ion positions during the QM/MM
calculation of the redox properties is a non-negligible source of error. The good news
is that we may be able to correct for it using the classical MD result. However, the
distance between the Na+ ions and the flavin can be larger than half the box size
(indicated by a vertical dotted line in Figure 6.9), which makes proper normalization
of the cumulative electrostatic potential difficult. Instead, we have computed the
average electrostatic potential at the flavin due to sodium ions directly from the
classical and QM/MM MD trajectories using,
V elec =

1 X qe q i
4π i |rc − ri |

(6.9)

in which the sum runs over all protein and solvent atoms, with qi the MM charge of
atom i and ri its position. The flavin center position, rc , is taken as the center of
mass of the three ring heteroatoms. We find for the QM/MM electrostatic potentials
1.06 eV (BLUF), 3.90 eV (LOV), and 0.36 eV (FMN(aq)) and from the classical
MD simulations 1.24±0.42 eV, 4.14±0.49 eV, and 0.48±0.26 eV. The large standard
deviations in the latter indicate that even 10 ns simulation may not be adequate
to properly sample the Na+ positions. Comparing these numbers, we see that this
sampling issue causes errors in the order of tenths of eV. Note also that the electrostatic
potential at the flavin, and thus the redox properties, can be expected to be sensitive
to the ion concentration and thus to the box size. For example, increasing the box
size is likely to reduce the electrostatic potential due to the 9 Na+ ions in LOV much
more than that due to the 2 ions in BLUF.
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Figure 6.8: Cumulative electrostatic potential at the flavin center of mass due to the
charged residues in the BLUF domain (black lines) and LOV domain (red lines) computed
using Equation 6.8. The total electrostatic potential is given by the value at the maximum
distance, which is here 27.5 Å.

Part B

Correlating the electrostatic potential with the gap energy

Within Marcus’ theory of electron transfer, the vertical gap energy, ∆E, is used to
quantify the polarization of the environment. From our QM/MM simulations, we can
also compute the total change in environment polarization directly by computing the
electrostatic potential at the flavin due to the environment in the same way as we
have already done in the previous section for the sodium counter ions using Equation 6.9. In Figure 6.10, we plot the total electrostatic potential, V elec at the flavin
center due the the environment (magenta lines) for the aqueous FMN (left panels),
the BLUF domain (center), and the LOV domain (at the right). By comparing V elec
in the neutral oxidized flavin state (η = 0), shown in the top panels, with that in the
anionic semiquinone state (η = 1, bottom panels), we can quantify the electrostatic
response of the environment. The advantage of monitoring the environment response
through V elec rather than ∆E is that V elec can easily be decomposed in contributions
from different parts of the system, by summing over specific groups of atoms in Equation 6.9, such as the water solvent (black lines), the sodium ions (blue), the FMN
side chain (green), and the protein atoms (red lines). This way, we learn for example
that the solvent response in the BLUF system is almost as large as that for the pure
aqueous solution and significantly larger than that around the LOV domain. Instead
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Figure 6.9: Top panel: Radial distribution functions of the sodium ions around the FMN
center of mass, computed from the QM/MM simulations (dashed lines) and the 10 ns classical
MD simulations (solid lines). Middle panel: Coordination numbers obtained by integrating
the distribution functions. Bottom panel: Cumulative electrostatic potential at the flavin
due to the sodium ions computed using Equation 6.8. The vertical dotted line indicates
the length of half the system cell, beyond which the coordination number and V elec are not
properly normalized.
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Figure 6.10: Electrostatic potential at the flavin due to the water atoms (black lines), sodium ions (blue), protein atoms (red),
and FMN side chain atoms (green), in aqueous FMN (left panels), BLUF (middle), and LOV (right). The top panels show V elec in
the neutral flavin state, whereas the bottom panels show V elec in the anionic flavin state.
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Figure 6.11: The electrostatic potential at the flavin due to the water solvent (top graphs),
due to the protein (bottom graphs), and the total environment (middle) versus ∆E for
the BLUF (black) and LOV (red) systems. The “protein” contribution also contains the
contributions from the FMN side-group and the sodium ions.

for LOV, we see that the electrostatic response of the protein is larger than that in
BLUF. Also interesting to note is that the negatively charged FMN side group undergoes some conformational rearrangement in aqueous solution upon flavin reduction,
and also shows some response in the BLUF protein, whereas in LOV the side group is
apparently too rigidly docked within the protein to show any response. The sodium
ions apparently do not exhibit any rearrangement, but this is likely to be an artifact
due to too limited sampling, as we already argued in the previous section.
By correlating the electrostatic potential from each simulation time frame with
the ∆E measured for that frame, we can assess whether the electrostatic potential
gives the complete picture for the response of the environment. This is shown in
Figure 6.11 for the BLUF system (black graphs) and the LOV system (red graphs).
Here, the top graphs show V elec due to the solvent water, the center graphs show the
total electrostatic potential, and the bottom graphs show the protein contributions. In
the latter, we included the (practically constant) sodium ion contributions to account
for the shift due to the different total protein charges. Indeed, we see that the total
electrostatic potential at the flavin center correlates very well with ∆E. That all
points of the total V elec do not lie perfectly on a line may be due to several reasons,
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Figure 6.12: Electrostatic potential versus ∆E for 12 selected BLUF (circles) and LOV (squares) structures, using the full MM
electrostatics of the environment (black), or only part if the environment by zeroing the other atomic charges. Black diagonal grid
lines indicate the expected dependency if ∆E for a given structure only depends on V elec .
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Figure 6.13: Histograms of the electrostatic potential at the flavin due to the environment
(circles) fitted by Gaussian functions (solid lines).

including the internal motions of the flavin itself, the fact that we only consider V elec
at the flavin center, thereby ignoring that the electrostatic potential is not uniform
over the flavin ring system, and QM/MM interface effects (or flavin-environment
charge transfer if the environment had also been treated QM). Mind also that the
flavin itself undergoes a small but significant structural change that is linear with the
flavin charge (see also Chapter-III). This structural change is the main reason that the
absolute value of the slope of the linear fit through the “total” graphs in Figure 6.11
is somewhat smaller than one; for a fixed flavin geometry in a uniform electrostatic
potential, we found the slope to be exactly minus one.
We also fitted the water and protein contributions by linear functions, as indicated
in Figure 6.11. As the slopes are additive, we can conclude that for the BLUF system,
72/95 = 76 % of the environment response takes place in the water solvent versus
24 % in the protein, while for the LOV system only 52/93 = 56 % of the response
is due to water and 44 % takes place in the protein. Note that 24 % of the total
BLUF reorganization (λ = 1.31 eV) is 0.31 eV, which is not that much less than the
LOV protein reorganization (λ = 0.96 eV) of 0.42 eV. The main difference is thus the
solvent response, which is almost twice as large around BLUF (1.00 eV) compared to
LOV (0.54 eV).
The reader may wonder why the “total” lines for the BLUF and LOV systems
in Figure 6.11 do not coincide. Indeed, this should be the case if the electrostatic
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potential gives the complete picture of the environment response. Obviously, in the
quantum mechanical model employed in this work the energy is also determined by
other factors, that are apparently different for BLUF and LOV. To find this hidden
interaction, we performed a more detailed analysis of the V elec versus ∆E correlation,
by focussing on 6 different configurations taken from the neutral QM/MM trajectories
and 6 configurations from the anionic QM/MM trajectores. For these sets of 12 BLUF
and 12 LOV structures, we computed first again the total V elec versus ∆E, which are
shown in Figure 6.12 by the black circles for BLUF and the black squares for LOV.
The diagonal grid lines have a slope of -1 and illustrate how the ∆E of a given
structure would change by V elec , if V elec were the only factor. Next, we recompute
for all structures V elec and ∆E after setting the MM charges of specific groups of
environment atoms to zero. Firstly, setting the charges of all protein, solvent, sodium
and FMN side-group atoms to zero results in the green points at V elec = 0. Note that
these points are grouped close together for both BLUF and LOV and moreover fall
more or less on the same dashed diagonal line as the “full” LOV points. This suggests
that “switching on” the charges of the environment in the LOV system results in
what seems a purely electrostatic effect as the points move along the same dashed
diagonal line, whereas doing the same for the BLUF system results an (additional)
different behavior in which the points move to a different diagonal line. Proceeding
by switching different groups of MM charges on or off, we see that switching off the
solvent electrostatics results in the red points, which for LOV and BLUF lie again
on the same diagonal (although somewhat shifted down with respect to the original
dashed line). Switching on only the solvent electrostatics results again in a separation
of the (blue) points for LOV and BLUF. This suggests that the culprit should be
looked for in the BLUF water solvent. We noted before that in BLUF the flavin ring
system is partly solvent exposed, and even forms a hydrogen bond between the O2
oxygen and the closed water molecule. Setting only the MM charges of this nearby
water molecule in BLUF to zero shows a remarkable shift of about -1.2 eV from the
orginal black circles back to just below the dashed diagonal line (purple points). The 6
anionic points for the BLUF system without this water molecule almost coincide with
the 6 points of the reduced LOV system. For the neutral points, the modified BLUF
system has a more negative V elec than the LOV system. Our conclusion is that the
MM charges of the water molecule have a strong influence on the electronic structure
of (the QM part of) the flavin, which is different from what we would expect from
just the electrostatic potential at the flavin due to the three atomic point charges.
From the above analysis, we have established that a nearby water molecule that
forms a hydrogen bond to the O2 oxygen of FMN in BLUF causes an electronic
perturbation in the FMN molecule and, with that, a shift in ∆E of about 1.2 eV.
It is however not clear if this perturbation on the QM flavin ring system due to
the MM water molecule is a real physical phenomenon or a spurious artifact of the
QM/MM model. In principle, a strong hydrogen bond interaction with the flavin
can modulate the ∆E and thus the reduction potential. In fact, also other hydrogen
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elec

hV iO
hV elec iR
σO
σR
∆AV
λV

FMN(aq)
0.053
2.778
0.393
0.483
1.415
1.363

BLUF
-0.319
2.138
0.372
0.393
0.909
1.229

LOV
0.454
2.323
0.312
0.281
1.389
0.934

Table 6.2: Average electrostatic potential, hV i, and standard deviation, σ, taken from
the Gaussian fit functions shown in Figure 6.13. The V elec -based free energy, ∆AV , and
reorganization free energy, λV , are taken as half of the sum and of the difference of the
average electrostatic potentials in the reduced (R) and oxidized (O) states, respectively.

bond interactions (or hydrophobic interactions for that matter) in the binding site
may play a role in the modulation of the reduction potential of FMN by the protein
bind site. An indication for these not purely electrostatic effects is seen in Figure 6.12
by the partial environment calculations, in particular the “only solvent” results (blue
points) and “without solvent” results (red points), which for both LOV and BLUF are
shifted up and down respectively with respect to the dashed reference line that runs
through the points of the structures with zero V elec (green points). On the other hand,
the induced shift of 1.2 eV seems very large and could be one of the causes for the
large discrepancy that we found for the reduction free energy difference between the
BLUF, LOV and aqueous systems. The straightforward way to determine whether
the effect of the nearby water on the FMN reduction potential is real or an artifact
would require redoing our QM/MM calculations with an extended QM region that
includes this nearby water molecule. This is something that we will consider as a
follow-up investigation.
Given the very strong correlation between the electrostatic potential at the flavin
and ∆E, as seen from Figure 6.11, we can recompute the reduction and reorganization
free energies using V elec as the reaction coordinate, instead of ∆E. Moreover, if the
shift in ∆E between BLUF and LOV is indeed due to an artefact of the QM/MM
boundary, we may expect better results using V elec . Figure 6.13 shows the histograms,
P (V elec ), taken from the last 10 ps of the QM/MM simulations, for the neutral states
(left) and anionic states (right) of the BLUF, LOV, and aqueous FMN systems. The
solid lines show Gaussian fit functions, from which we derive the first and second
moments of V elec (see also Table 6.2). The electrostatic potential based reorganization
free energy is computed as λV = 12 (hV elec iO − hV elec iR ), and the reduction free energy
as, ∆AV = 12 (hV elec iO + hV elec iR ), analogous to Equations 6.3 and 6.4. The absolute
values for ∆AV are meaningless, as we did not determine a (zero) reference for our
V elec reaction coordinate. However, the difference between, for example, the BLUF
and LOV ∆AV values of 0.29 eV can be compared to that of the computed ∆A values,
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bond
bond
bond
bond
bond

1
2
3
4
5

BLUF
neutral anionic
1.85
1.79
2.68
2.52
3.15
3.07
2.42
2.32
1.83
1.95

LOV
neutral anionic
3.35
2.91
3.24
2.80
2.02
2.24
2.64
2.46
3.04
2.80

Table 6.3: Averaged hydrogen bond distances for neutral and anionic states for BLUF and
LOV domains.

which is 1.66 eV, and that of the experimental values, which is 0.05 eV. Finding this
remarkable improvement by using V elec as the reaction coordinate instead of ∆E is
another indication that the observed ∆E shift due to the nearby water molecule in
BLUF is spureous and that there is a problem with the QM/MM boundary.

Part C

Hydrogen bond network

The hydrogen bond network in the flavin binding pockets of the BLUF and LOV
domains are different and they can thus be expected to respond differently upon
flavin reduction. The H-bond network and the active sites around flavin in BLUF
and LOV domains are shown in Figure 6.14.
The average H-bond distances are given in Table 6.3. The distances between GLN
and FMN (bond 2) are getting shorter upon adding an extra electron. The hydrogen
bond between TYR and GLN is getting shorter in the anionic state of the BLUF
domain. Both structures are getting more compact in the anionic states of LOV and
BLUF. The exceptions are bond 5 for BLUF and bond 3 for the LOV domain.
Figure 6.15 shows the histograms of the bond distances for the BLUF and LOV
domains. The distribution of the H-bond distances in the LOV domain are rather
broad (in the right panel) whereas the H-bond distance distributions for BLUF are
more narrow.
There is no strong correlation between hydrogen bond network and the redox
potential. However, of course, hydrogen bond network has a strong role location of
residues. In this context, hydrogen bond network has an indirect correlation that is
hard to show by graphs.
Additionally, a covalent bond formed with CYS62 can not be observe in the LOV
simulations. Probably, this can be seen only with photoactivation and not with normal
ground state reduction to the anionic state in LOV protein.
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Figure 6.14: Hydrogen bonding network and active side of FMN in BLUF and LOV domains. Hydrogen bonds are indicated by
dotted lines, and distances are given in Å in Table 6.3.
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Figure 6.15: Histogram analysis of the Hydrogen bond network between the apoprotein
and flavin in the BLUF and LOV domains.

6-4

Conclusions

In this work, we set out to understand how different solvent and protein environments modulate the reduction potential of a flavin cofactor. We have performed
hybrid QM/MM simulations of the AppA BLUF photoreceptor domain, the YtvA
LOV photoreceptor domain, and the flavin in aqueous solution. A flavin mononucleotide (FMN) was taken as the redox active flavin molecule, of which we treated the
aromatic ring systems at the QM (DFT) level of theory, whereas the FMN side-chain,
the protein, and the water solvent with sodium counter ions were modeled using a
classical (MM) forcefield.
By performing free energy perturbation simulations using the vertical energy gap,
∆E, as the reaction coordinate, we computed the free energy profiles for the FMN
redox half reactions. We found that the (protein plus solvent) environment reorganization is in good agreement with Marcus linear response theory of electron transfer.
However, the differences between the computed reduction free energies do not agree
with the experimentally known midpoint potentials for the BLUF, LOV and aqueous
solution systems. Careful analysis of the different contributions to the measured ∆E,
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lead us to conclude that two of the error sources are related to (1) the too limited sampling of the sodium counterion configurations and (2) a problem with the QM/MM
boundary which leads to a too strong influence on ∆E by a water molecule that is
hydrogen bonded to FMN in BLUF.
We find a strong correlation between ∆E and the electrostatic potential, V elec ,
at the flavin center due to the protein and solvent environment. This allows us to
recompute the free energies using the V elec as the reaction coordinate, which leads to
significant improvements.
Another advantage of using V elec rather than ∆E is that the former can easily be
decomposed in contributions coming from different parts of the protein and solvent.
Using this decomposition, we discovered the importance of the electrostatic contribution of the counter ions, and the issue of its sampling. We also found that the
reorganization free energy of the LOV protein is only marginally larger than that of
the BLUF protein, despite the much larger charge of -9 of the LOV domain compared
to the -2 charge of BLUF. However, the total reorganization free energy is larger in
BLUF, which is due to a twice as large response of the water solvent around BLUF
compared to that of LOV. This can be attributed to the more central embedding of
FMN in LOV, whereas in BLUF the flavin binding site is closer to the protein surface
and even partly solvent exposed.

