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1

Introduction

In this chapter, we give an overview about the main points of this thesis. First, we
introduce the role of electron transfer reactions in chemistry based on Marcus’ Theory.
Then we give a short description of proton transfer mechanism and the background of
molecular simulations. The chapter is followed by the explanation and advantages of
the methods that were chosen for molecular simulations of the entire study. Finally, we
give an overview of the method of electron and proton transfer we employed, explaining
why it enables us to simulate flavins and the outline of thesis is defined.
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Introduction

1-1

Electron transfer in chemistry

G!

As a multidisciplinary field, electron transfer is essential in chemistry, biology and
physics [1–10]. Being the process by which electrons are transferred between or within
molecules, it underlies many important chemical, physical, and biological phenomena
including enzymatic reactions, semiconductor activity, photosynthesis and many others.
During electron transfer reactions in a chemical context, typically no chemical
bond is broken or formed. Instead, only readjustments of bond geometry (distances
and sometimes angles) in each reactant, and rearrangements of the configurations of
the environment, such as solvent molecules around the reactants, are occurring. The
fundamental notions of electron transfer have been elegantly captured in a simple
analytical theory by Marcus. This theory has been crucial in interpreting experiments,
as well as providing novel understanding and implications.
Many chemical reactions involve transfer of electrons from one molecule to another
or from one molecule to the solvent. The key questions are as follows: What are
molecular details of this commonly occurring reaction? How does it depend on the
nature of the donor and acceptor molecule and what is the role of the environment.
With his own theory, Rudolph A. Marcus† explained the details of electron transfer
coupling to physical idea to simple equations [1, 4–6]. This was the basis of a significant development in the field of theory and modeling of electron transfer. This theory
has been applied to many kinds of different systems. The important enhancements
have been pioneered by Warshel [11], Warshel and King [12] and more recently further
developed using Density Functional Theory (DFT) based simulations by Sprik [13–24].

ΔE!
D-+A!

λ!
D+A-!

Reaction Coordinate!
Figure 1.1: The potential energy surface of electron transfer according to Marcus’ theory
depicting the reorganization energy λ and the vertical excitation energy ∆E.
†

The Nobel Prize in Chemistry 1992 was awarded to Rudolph A. Marcus
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1-2 Proton transfer in chemistry

The Marcus theory makes a connection between the vertical excitation energy
fluctuations and the solvent reorganization. This consulate is illustrated in the picture
of intersecting parabolas (in Figure 1.1) in which the electron transfer activated state
is reached at the intersection point. As a consequence of the Gaussian statistics of
the energy fluctuations, the curvatures of the two parabolas are equal [25–27]. Still,
the versatile role of solvent in electron transfer reactions is poorly understood on a
microscopic level, which complicates the understanding of biological processes. In
this thesis, we have investigated the role of solvent reorganization during electron
transfer reaction used by Marcus’ theory and molecular simulation techniques such as
DFT based Molecular Dynamics (DFT–MD) and hybrid DFT/force field based MD
simulations (QM/MM).

1-2

Proton transfer in chemistry

Proton transfer reactions are a ubiquitous example of charge-transfer processes, and
they represent a classic example of the relevance of solvation dynamics to reactivity.
Proton transfer reactions are strongly affected by the surrounding solvent. Protons, as
positively charged hydrogen ions, move very quickly in water from one water molecule
to another as shown in Figure 1.2. The principle of proton transfer in water has been
known for 200 years and is named the Grotthuss mechanism. It was proposed by
Theodor Grotthuss in 1806† . The mechanism is based on the assumption that there
is not a single specific proton moving from one molecule to another; instead, there is
a cleavage of bonds. One proton docks onto a molecule, which causes another proton
to leave that molecule and bind to another neighboring molecule [28–31].
H5O2+!

H5O2H+! O +!
9

4

H9O4+!
H5O2+!

Figure 1.2: Grotthuss mechanism of proton conduction in liquid water. Note that in order
to move the proton charge, only permutations of covalent and hydrogen bonds are required.

Computational studies have the advantage that the electron and proton transfer
processes can be decoupled by computing the reaction free energy of the proton (or
electron) transfer reaction at a fixed oxidation (or protonation) state.
†

Theory of de-composition of liquids by electrical currents, T. Grotthuss, 1806 [28]
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Flavins in chemistry

Flavins (7,8-dimethyl-10-alkylisoalloxazines, Figure 1.3) catalyze a wide variety of reactions, due to tuning of their reduction potentials by the flavoenzymes that bind
them. Flavins 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.
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]. These classifications based on reactivity also correlate to some degree with structural motifs, such as the flavin butterfly
bend angle [32, 33]. Additionally, some enzymes possess covalently bound flavins,
and these linkages represent substitutions on the flavin ring that can have substantial
affects on reactivity.
HO

OH
P

O

O

R-group
OH

HO
OH

FMN
H9
M8

C9A

C7
M7

N10

C9
C8

LF

M10

C5A
C6
H6

N1
C0A

N3

C4A
N5

O2
C2

C4

H3

O4

Figure 1.3: Molecular structure of flavins. 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).
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Molecular simulation

Studying molecular system by simulation is important to understand many key concepts in the physics, chemistry and biology. A fundamental goal of scientific research
is to learn how things work, which at the microscopic level primarily means how
atoms, molecules and electrons are involved in processes such as electron transfer,
proton transfer, photosynthesis, and enzymatic reactions.
Molecular simulation started as a tool to exploit the electronic computing machines
that had been developed during and after the Second World War. After a while,
molecular simulation techniques, the level of theory, and computational resources
have increased exponentially, and today we can simulate complicated systems with
many sophisticated theories.
In this context, molecular simulation techniques are used at an increasing pace
to study chemical and physical phenomena as a complement to the experiment. It
can simulate states that are very difficult to be reached or be used to probe and
measure properties that are difficult to obtain experimentally. Molecular simulation
techniques can give insight in the mechanisms of chemical reactions at microscopic
level. However, as an important restriction, molecular simulation techniques can only
be as good as the underlying theory and is validated if there is no programming error
affecting the results. Other restrictions can be given as the finite system size and the
length of simulation time.

1-5

Model and methods

The method of choice for this thesis are the DFT–MD and QM/MM simulation techniques. We have used the CP2K package [36] in order to perform these two simulation
techniques because it has many sophisticated tools with extremely fast algorithms [37].
In DFT–MD, the atomic interactions are obtained from electronic structure calculations using DFT and –simultaneously– classical Newtonian equation of motion is
employed to generate molecular dynamics trajectories a method also referred to as ab
initio Molecular Dynamics (AIMD). The main advantages of DFT–MD for electron
and proton application are as follows:
1) DFT–MD can produce a molecular force field from electronic structure calculations
without experimental data.
2) We can obtain statistical analytical details of electron and proton transfer processes
by accessing the electronic structure in a certain time period.
3) In our simulations, we have used explicit solvent (water and protein environment),
so we can get details about solvent behavior during electron and proton processes.
However, the method is not perfect and there are many restrictions for this method.
First of all, the accuracy of molecular interactions in DFT–MD is controlled by DFT.
The main problem of DFT comes from the current exchange and correlation functionals that are still under development. Computational demands of DFT–MD are

6
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very high as a second restriction. At the time of this research, the limit for length
and time scales is around 1000 atoms and the trajectory lengths 20–100 picoseconds.
However, in our case, DFT–MD method has been sufficiently fast to work for the
smaller systems that we studied.
To understand microscopic picture of protein systems, we use the QM/MM
method. QM/MM combines the strength of both QM and MM calculations, thus
allowing for the study of chemical processes in relatively large systems. An important
advantage of QM/MM methods is the efficiency. To overcome the limitation, on the
other hand, a small part of the system that is of major interest is treated quantummechanically (in this thesis; flavin) and the remaining system is treated classically.

1-6

This thesis

The aim of this thesis is to address specific questions about the role of solvent reorganization on electron transfer in different environments and about the calculation
of acidity constant, as well. Particularly, we focus on molecular simulation of flavin
in water and different protein (BLUF and LOV) environments using DFT–MD and
QM/MM techniques following Marcus’ theory. On the proton transfer part of the
research, we employed two different reaction coordinates in the constrained simulations to compute the deprotonation free energy profiles and to calculate the acidity
constant using DFT–MD.
In Chapter–I & Chapter–II, we give an overview of the theoretical background of
electron and proton transfer reactions. In this context, the applied techniques and
detailed explanations of molecular simulations are also described.
In Chapter–III, we discuss the relationship of the chemical structure of lumiflavin
and its redox properties, which plays an important role in biochemical oxidationreduction reactions. The reduction potential of the flavin is largely modulated by its
molecular environment. Although the redox potential of flavins in various media has
been experimentally studied, a detailed molecular picture of the environment effect
on the flavins’ redox properties and the reorganization of the environment upon flavin
reduction is still missing. The chapter describes the calculations of lumiflavin in the
gas phase, then the characterization of the water solvent structure around lumiflavin
is articulated and finally, the first and second reduction processes of lumiflavin in
water are calculated by using DFT–MD.
In Chapter–IV, we focus our attention on a detailed analysis of the aqueous solvent
response upon flavin reduction. In addition to our previous DFT–MD simulations of
lumiflavin in the oxidized, singly reduced and fully reduced states, we perform simulations at intermediate, fractionally charged states to assess the solvent reorganization
in smaller steps. Moreover, QM/MM simulations, which allows for larger systems and
thus for analysis of the longer-range solvent response, are compared to DFT–MD.
By comparing the QM/MM results to those from the DFT model, we can assess the
electronic solvent response, which is only present in the latter.

1-6 This thesis
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Apart from the active role of flavins in electron transfer reactions, they can also
act as proton donors or acceptors. The electron and proton transfer reactions are
coupled: the acidity constants depend on the redox state of the flavin and, vice versa,
the reduction potentials are a function of the pH. In Chapter–V, we compute the
free energy profiles of the deprotonation reactions of lumiflavin in the semiquinone
and fully reduced oxidation states using constrained DFT–MD. The pKa of the protonation sites depends strongly on the oxidation state of the flavin, and further, the
semiquinone radical state is rather unstable in water solution, which makes a direct
measurement of the pKa in this singly reduced state very difficult. Using DFT–MD
simulations, we can study the proton transfer reactions of lumiflavin in each oxidation
state separately. We briefly review the calculation of pKa and constrained DFT–MD
with the dynamics and solvation structure of lumiflavin in the aqueous phase and
their interaction with the solvent.
Finally in Chapter–VI, by using QM/MM simulation techniques, we study the redox properties of flavin in different protein environments (BLUF and LOV proteins).
By mapping the changes in electrostatic potential and solvent structure, we understand how specific polarization of the flavin by its environment tunes the reduction
potential. Additionally, the separated electrostatic potential calculations are performed for water and protein to explain the different effect of the water environment
in BLUF and LOV proteins.

2

Techniques

In this chapter we give a short overview of the techniques which have been used for
this thesis. We briefly review key concepts of statistical mechanics, and describe the
computational techniques that we used to simulate flavin in gas, in aqueous and in
protein environments.

10

Techniques

To understand solvent reorganization during electron transfer and calculate acidity
constant, some background information on statistical thermodynamics and electronic
structure calculations is essential. We will start with summary of Marcus Theory (Section 2.1), the calculation of pKa (Section 2.2), elementary statistical thermodynamics
(Section 2.3); then move on to introduce the basic electronic structure calculations
and the combination of these two fields by the method of DFT–MD in Section 2.5
and QM/MM in Section 2.6.

2-1

Marcus theory

Rudolph Marcus published a mathematical model for redox reaction, based on classic
theories of physical chemistry in 1956. In his theory, the size of the energy barrier
could be calculated by simple quantities such as ionic radii and ionic charges. After
extending his theory to electron transfer between different kinds of molecules, he
formulated such mathematical expressions as ‘the quadratic equation’ and ‘the crossequation’.
His theory was tested empirically and was challenged by experimental programs in
whole field of chemistry. The Marcus Theory helps us to understand many phenomena,
some of which include the capture of light energy in green plants, redox reactions in
biological systems, oxidation/reduction processes, and photochemical electron transfer. Basically, Marcus Theory explains the rate of electron transfer reaction as a result
of an electron moving from an electron donor to an electron acceptor in a polarizable
medium [1–4, 6]. This theory has two assumptions: first, environment polarization
has a linear response; and second, the amount of polarization is described by the
vertical energy gap, ∆E.
At this point, the vertical energy gap is the energy required to move an electron
from donor to acceptor at fixed geometry without relaxing up the environment. Since
the transfer of the electron –from the donor to acceptor– is much faster than solvent
environment reorganization, the environment polarization slowly occurs after electron
transfer process. Using the vertical excitation energy ∆E as the reaction coordinate,
Marcus theory models the electron transfer process with two parabolic curves that
describe the donor/ acceptor states with the crossing point being the transition state.
In this illustration, the reaction free energy, which is called redox potential, can be
taken as the sum of the vertical energy gap and the reorganization free energy of the
environment, λ. It should be kept in mind that since ∆E is for fixed geometry, an
entropic contribution is not included there.
There is a difficulty to the model of electron transfer process using a self consistent
field electronic structure method such as density functional theory because imposing
the electron transfer of an electron is far from trivial. The use of ∆E as a reaction
coordinate is not convenient. Recently, Sprik and coworkers addressed his problem

11

2-1 Marcus theory
by focusing on a redox half reaction,
O + e− → R,

(2.1)

With this simplification, total DFT energies of donor (O, oxidant) and acceptor (R,
reduce) can be computed individually in the ground state and the electron energy is
taken as the chemical potential of an electron in a bath of electrons. In principle, the
redox potential for reaction can be calculated using Reaction 2.1, but there are possible
complications. First of all, there is the dependence on some of simulation parameters
such as periodic boundary conditions, box–size dependency, self interaction energies,
all of which cause an energy offset [22, 38]. Secondly, the free energy computation
by molecular simulation doesn’t take into account the electrode, which requires a
reference potential for direct comparison with the experimental data. Therefore, the
approach is limited to compute relative redox potentials between redox couple with
the same box size and the same chemical environment.
Although there are this kind of restrictions, Sprik and coworkers [13, 14, 16–
18, 20, 23, 39] demonstrated that the approach of half reactions is a very powerful
tool to be employed in DFT–based molecular dynamics (DFT–MD). Marcus Theory
can be applied for a half reaction 2.1. Besides, the free energy curves can be acquired
from the distribution of the vertical gap energies. These distributions of vertical gap
energies can be obtained from DFT–MD simulation of the system, which is either in
an oxidized or reduced phase by computing the energy for certain geometries. With a
sufficiently long simulation time, the histogram of ∆E = ER (rN )−EO (rN ) approaches
the ensemble average of the probability density.

0

Pη (∆E ) = Z

−1

Z

N −βEη

dr e

1
δ(∆E − ∆E ) = lim
τ →∞ τ
0

Z

τ

∆E(rN (t)) dt,

(2.2)

0

in which Pη (∆E 0 ) is the probability to find ∆E 0 in state η = O (oxidized) or η = R
(reduced). Here, β = 1/kB T , with kB Boltzmann’s constant and T the temperature.
Z is the partition function and rN are the atom coordinates. The Landau free energy
of the system as a function of the ∆E coordinate is then
Aη (∆E) = kB T ln [Pη (∆E)]

(2.3)

Since the probability distribution (Pη (∆E)) is Gaussian, the free energy curves are
parabolic. One of the main assumptions of Marcus Theory about electron transfer stipulates ∆E fluctuations producing interesting results of which we give a brief
summary here.
Let’s consider that the averaged energy gap of oxidized state, h∆EiO , at the center
of the parabolic energy curve,
AO = a(∆E − h∆EiO )2 ,

(2.4)
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in which we choose the curve minimum as the zero of our free energy scale, and a sets
the curvature of the parabola and is related to the reorganization free energy, λ. Since
the variable on the x-axis is the vertical energy gap, it should be the subtraction of
AO from AR ,
AR = AO − ∆E.
To find the position of minimum of the second curve, solving
Equation 2.4, we can conclude that

(2.5)
dAR
d∆E

= 0 and using

1
.
(2.6)
2a
the expression of the second curve can be a combination of Equation 2.4, Equation 2.6 and Equation 2.5
h∆EiR = h∆EiO +

1
.
(2.7)
4a
Thus the free energy profile of the reduced state is also a parabola with the same
curvature parameter a as the curve of the oxidized state, but vertically shifted by
1
−h∆EiR + 4a
.
Therefore, the free energy parabola of the reduced state is also the same as the oxidized
1
as the difference between two
state, which was shifted in y axis by −h∆EiR + 4a
curvatures. This shift is called redox potential or reaction free energy and using
Equation 2.6, it can be written as
AR = a(∆E − h∆EiR )2 − h∆EiR +

1
(2.8)
∆A = − (h∆EiR + h∆EiO )
2
The reorganization free energy, λ, can now be defined as λ = ∆E − ∆A, which can
be combined with Equation 2.8 to give:
1
λ = (h∆EiR − h∆EiO ).
(2.9)
2
By combining Equation 2.9 with Equation 2.6, we see that the parameter a is connected to the reorganization free energy by a = (4λ)−1 .
Finally, we can write for the probability to measure a certain ∆E:

Pη (∆E) = Z

−1




Aη (∆E)
(∆E − h∆Eiη )2
−1
exp −
= Z exp −
,
kB T
4λkB T


(2.10)

which is a Gaussian centered at h∆Eiη with variance ση2 = 2λkB T , or
λη =

ση2
,
2kB T

(2.11)
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which again relates the reorganization free energy to the fluctuations in ∆E. Equation 2.11 enables to us to compute lambda from a single simulation in the oxidized or
reduced state and a value of the fluctuations σ 2 in ∆E.
After comparing each of these numbers using Equation 2.9, the validity of the linear
response assumption underlying Marcus’ theory and the accuracy of our simulations
can be tested. Thus, the calculation of ∆Aη is

∆AO→R = −h∆EiO − λO
∆AR→O = h∆EiR − λR ,

and
(2.12)

which is required for each sampling of a single oxidation state and it can be compared
for other samplings via getting ∆A obtained with Equation 2.8.
To sum up, two parabolic curves that make up the well-known free energy landscape from the definition for electron transfer of Marcus’ theory are illustrated by their
minima at h∆EiO and h∆EiR and curvature parameter a. To draw the free energy
diagram, only two parameters are required when using Equation 2.7 (or Equation 2.9
as a = (4λ)−1 ).
As a result, the redox potential and the reorganization free energy can be calculated
by Equation 2.12 and Equation 2.11 using the vertical energy gap from the single
state or it can be calculated by Equation 2.8 and Equation 2.9 using the average
vertical energy gaps of both states. The free energy curves can also be obtained as
the logarithm of a histogram of the vertical energy gap (Equation 2.3). In this way,
we don’t need the assumption of linear response theory and Gaussian fluctuations of
∆E.

2-2

Calculation of pKa using molecular simulation

The acidity constant can be obtained as the difference in the Helmholtz free energy,
∆A, the protonated and deprotonated states of the molecule as:
pKa =

∆A
kB T ln(10)

(2.13)

with kB the Boltzmann constant and T the absolute temperature. We calculate free
energy difference by a constrained DFT–MD. The reaction coordinate, is a geometric
function of atomic positions, q(rN ), that characterizes the progress of the protonation
reaction from the reactant state to the product state. For each simulation, the sampling of the molecular coordinate is constrained to a certain fixed reaction coordinate
value. Integration of the mean force of constraint, i.e, the average force needed to
maintain the reaction coordinate constraint during the simulation, results in a free
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energy profile as a function of the reaction coordinate:
0

Z

q0

∆A(q ) = −

dqf (q)

(2.14)

q0

Here, we choose A(q0 ) = 0 and q0 to be at the free energy minimum of the reactant
state. Using the method of Lagrange multipliers for each MD step, we enforce the
reaction coordinate constraint. For more general coordinate types, the constraint force
contains additional terms that unbias the measured force to that of the unconstrained
ensemble [40].
The efficiency of the reaction free energy profile depends on the description of reaction. The choice of reaction coordinate is entangled for protonation reaction. Typically, a proton transfer process is a non-local process, and involves various molecules:
when the proton moves to a neighboring water molecule, another hydrogen of target water molecule jump to another water molecule which nearby the target water
molecule and so on. The indication of previous works on this topic in the literature
shows that the contribution of subsequent proton transfers to the acidity constant is
quite small and it can be easily ignored.
In this thesis, in order to calculate acidity constant, we use two types of reaction
coordinates:
1- A function that quantifies the coordination number (nc )
2- The difference between the distance of the proton to the donating flavin nitrogen
and the distance of the proton to the accepting water oxygen (∆d)
The number of hydrogens within a distance of the donor atom (d0 )

nc =

i) n
X 1 − ( d(X−H
)
do

i

i) m
1 − ( d(X−H
)
do

.

(2.15)

In Equation 2.15, the sum runs over all solvent hydrogen atoms in the system. The
value of nc is (close to) one in the protonated state and switches smoothly to zero as
the distance d(X − H) increases. The smoothing parameters “n” and “m” were chosen
to be proper number according to cut off radius of d0 . The coordination number
coordinate is a commonly used reaction coordinate for this type of pKa calculations.
The advantage of this coordinate is that it leaves the choice of the solvent molecule that
accepts the proton free. A disadvantage is that it is difficult with this coordinate to
simulate the reverse proton transfer from the solvent to the molecule, because at very
small values of nc , the proton can escape into the bulk after which the coordinate does
not anymore control the proton position. The series of constrained MD simulations
is therefore setup by starting from the protonated state and stepwise decreasing nc to
generate initial conditions for the other simulations.
The second reaction coordinate types include also the distance of the proton to

2-3 Statistical thermodynamics
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the accepting water molecule oxygen:
∆d = d(X − H) − d(Ow − H).

(2.16)

Here, ∆d is the difference between the distance of the proton to the donating flavin
nitrogen and the distance of the proton to the accepting water oxygen. This value
is negative in the protonated state, positive in the deprotonated state and zero when
the proton is exactly equidistant from the donor and acceptor atoms. Using this reaction coordinate, a series of simulations starting from the deprotonated state can
be generated. This deprotonated state can be constructed from a simulation of deprotonated state by adding a proton to a water molecule. Thus, this system can be
equilibrated while maintaining the hydrogen bond using the ∆d constraint and an
addition coordination number restraint on the hydronium ion oxygen.
This constrained worked as a repulsive harmonic wall to neglect that either of the
other two hydronium hydrogens would escape to a nearby water molecule. The wall
potential on this coordination number was zero as long as its value was larger than
1.6.

2-3

Statistical thermodynamics

Statistical thermodynamics makes a connection between macroscopic and atomistic
levels of description. It basically specifies to calculate macroscopic quantities from
averages over microscopic ones. In the canonical ensemble (i.e. at fixed N ,V , and T ),
the probability P to find the system in some configuration ( rN , pN ) depends on the
total energy of the configuration given by the Hamiltonian H(rN , pN ) according to
the Boltzmann distribution:
P (rN , pN ) = Q−1 (h3N N !)−1 exp[−βH(rN , pN )]

(2.17)

Here, rN is the number of different configurations of positions and momenta pN of
N particles in a volume V at an absolute temperature T . β = kB1T is the inverse
temperature and kB = 1.38066 · 10−23 J/K is the Boltzmann constant and Plank’s
constant is h = 6.62618 · 10−34 J·s. Here, is the partition function given by
ZZ
3N
−1
Q = (h N !)
drNdpN exp[−βH(rN , pN )]
(2.18)
and the parenthesized reciprocal term on the right-hand-side of these two equations
(2.17 and 2.18) connects the classical distribution to the quantum mechanical distribution. The macroscopic observable A is obtained by taking the ensemble average of
the microscopic property a:
RR N N N N
dr dp a(r , p ) exp[−βH(rN , pN )]
RR
(2.19)
A = hai =
drN dpN exp[−βH(rN , pN )]
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This expression can numerically be evaluated by sampling the configurations either
stochastically, using the Monte Carlo method, or deterministically using Molecular
Dynamics. In MD a representative part of all possible configurations should be sampled, so that the time average of property equals the naturally weighted ensemble
average hai:
Z
1
hai = lim
dt0 a(rN , pN )
(2.20)
t→∞ t
An advantage of MD over Monte Carlo is that also dynamical properties can be
evaluated.

2-4

Molecular dynamics

Computational studies play an crucial role in many fields of chemistry. Computational
chemistry is not restricted to small organic molecules in the gas phase. Nowadays large
and complex systems, like solutions, proteins, or solids, can be modeled by computational chemistry with many sophisticated methods. These complex systems require
methods that thoroughly sample configuration space, such as molecular dynamics
(MD) [41].
Newton’s law of motion is used for all molecular dynamics simulations in this
thesis.
F = m.a

a=

(2.21)

dv
dt

(2.22)

dr
(2.23)
dt
Here, F is the force on a particle, a its acceleration, v is velocity, r is position, m is
the mass of a particle and t is for time. A different formulation of the equations of
motion, which is widely used in DFT–based MD, is based on the Lagrangian function.
For a system of N particles of mass mi with kinetic energy Ukin and potential energy
V , the Lagrangian L is
v=

N

N

N

N

L(r , ṙ ) = Ukin (ṙ ) − V (r ) =

N
X
1
i=1

2

mi ṙ2i − V (rN )

(2.24)

giving the equations of motion by applying the Euler-Lagrange equation
d ∂L
∂L
=
dt ∂ ṙi
∂ri

(2.25)
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This leads to
∂L
= mi ṙi
∂ ṙi

(2.26)

d ∂L
= mi r̈i
dt ∂ ṙi

(2.27)

∂L
∂V
= −
∂ri
∂ri

(2.28)

therefore
Fi =

∂V
= mi r̈i
∂ri

(2.29)

which for each particle i corresponds to Equation 2.21. The force on a particle is equal
to minus the derivative of the potential energy. The potential energy can be computed
using the presence of other particles and/or the presence of an external field. The
force changes the velocities v of the particles, and after that, their positions r. In
a new position, they get new forces and the whole cycle starts again. Integrating
the equations of motion gives the new positions. This is done for each time step in
the MD simulation. Here the assumption is that the force does not change when the
system evolves from t to t+∆t. A simple (though not numerically stable) way is
v(t + ∆t) = v(t) + a∆t

(2.30)

r(t + ∆t) = r(t) + v∆t

(2.31)

To start the simulation, the data for positions are often taken from a structural
database (pdb). The general approach for initializing velocities is drawing them from
a Maxwell–Boltzmann distribution.

2-5

DFT–based molecular dynamics

Force field Molecular Dynamics can not describe systems that involve excited states,
some dipole-dipole interactions or chemical reactions. The forces between atoms depend on many parameters such as positions of atoms, polarization of chemical groups,
electric field etc. So, using fixed charges on atoms (or residues) can not give proper
answers for the specific questions; in those cases the electrons that surround the nuclei,
need to be taken into account. In DFT–based Molecular Dynamics molecular dynamics (also known as ab initio molecular dynamics), the forces are calculated ab initio† ,
†

ab initio is a Latin term meaning “from the beginning" and is derived from the Latin ab (“from")
+ initio, ablative singular of initium ("beginning").
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which means that without any force field parameters. The theoretical calculations of
quantum chemistry describes how the electron density is influenced by the nuclei in
the system. In this technique, apart from the starting positions of the atomic cores
and the laws of quantum mechanics, nothing else is needed to perform the simulation.
A system of nuclei and electrons is described by the Schrödinger Equation Solving
this equation for each snapshot is computationally very demanding, as solving the
quantum mechanical equations is intrinsically difficult and computationally demanding. The calculation has to be done for degrees of freedom for every atom and every
electron.
The starting point is the time-independent Schrödinger equation:
Ĥψ(ri , Rj ) = Eψ(ri , Rj )

(2.32)

In the right part of the equation, the wavefunction ψ(ri , Rj ) describes the whole system via spatial coordinates of ions (Rj ) and electrons (ri ). The Hamiltonian operator
on ψ gives the eigenvalue E, which is total energy of the complete system.
The Hamiltonian can be written,

Ĥ = −

1X
e2
ZI e2
~2 X 2 X
+
∇i −
2me i
4π0 |ri − RI | 2 i6=j 4π0 |ri − rj |
i,I
X ~2
1X
ZI ZJ e2
−
∇2I +
2MI
2 I6=J 4π0 |RI − RJ |
I

(2.33)

with h=2π~ Planck’s constant, me and MI the masses of an electron and ion I respectively and ZI the atomic number. The first term is the kinetic energy of the electrons,
the second term is the electron-ion Coulomb interaction, the third one is the electronelectron Coulomb energy, the fourth term is the ionic kinetic energy and finally the
fifth term is the potential energy due to ion-ion Coulomb interaction. Equation 2.32
can be solved analytically up to the system of two protons with one electron. We need
to use approximations and numerical methods for larger systems. There are many
approximations to address this problem. The reader interested in the technical details
of these approximations might wish to read references [42–46].
A good approximation in almost every ground state system is the Born–
Oppenheimer (which is also called adiabatic approximation). It is meaningful to
assume that the positions of the nuclei are fixed in order to calculate the energy of
electrons in the ground state, and so, the kinetic energy of the nuclei can be eliminated
from the Hamiltonian. The basic idea of the approximation is that ions are so heavy
with respect to electrons, so you can decouple their motion. This leaves us with the
Hamiltonian for the electronic structure,
Ĥ = T̂ + V̂ext + V̂int + EII

(2.34)
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T̂ is the operator giving the kinetic energy of the electrons, V̂ext gives their potential
energy due to the external field of the ions, V̂int the electron-electron interaction and
the constant term EII is the classical Coulomb interaction of the nuclei.
In DFT–MD, the method of choice to calculate the electronic structure is DFT
which is explained in the next section.

2-5.1

Density Functional Theory

Density functional theory (DFT) was proven in 1964 by Hohenberg and Kohn [47]
using the variational principle for systems with a non-degenerate ground-state. DFT
is based on the notion that for a many-electron system there is a one-to-one mapping
between the external potential and the electron density: v(r) ↔ ρ(r). All properties
are a functional of the electron density, because the electron density determines the
potential, which determines the Hamiltonian, which determines the energy (E[ρ]) and
the wave function (ψ[ρ]), from which all physical properties can be determined.
Hohenberg and Kohn formulated DFT, using the following theorems.
1. In a system of interacting electrons there is an external potential Vext which is
determined uniquely, by the ground state electron density ρ0 ;
2. There is a universal energy functional E[ρ], which depends on electron density.
Applying the variational principle, the ground state energy can be calculated. The
Hohenberg–Kohn energy functional has the following form;
Z
EHK [ρ] = T [ρ] + Eint [ρ] +

drVext (r)ρ(r)
(2.35)

Z
= FHK [ρ] +

drVext (r)ρ(r)

The electron density is a function of r, with ρ(r) ≥ 0. Integrated over the entire
space, it must be equal to the total number of electrons. FHK [ρ] is universal which
means the position of the nuclei is not important. The interaction of electrons with
the external potential of the nuclei is shown by the integral term in Equation 2.35.
According to second theorem, the ground state energy E0 is
E0 = E[ρ0 (r)] ≤ E[ρ(r)]

(2.36)

Here, ρ0 is the ground state density. Since the total number of electron is constant,
using variational principle, we can get the minimum energy. The result is given by
Euler–Lagrange equation, with Lagrange multiplier µ being the chemical potential of
the electrons
∂FHK [ρ(r)]
∂E[ρ(r)]
= Vext (r) +
(2.37)
∂ρ(r)
∂ρ(r)
The Hohenberg–Kohn equation, which is given in Equation 2.35, is exact. However
in practice it is not useful because the precise energy functional is not known. This
µ=
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is addressed by the Kohn–Sham method [48] that provides an alternative description
of the functional. It, basically, introduces a reference system, within an exchange
correlation functional that combines the differences between the real and the reference
system [48].
The density of the auxiliary system is built up by the squares of the so called
Kohn- Sham orbitals φi . Although these orbitals are not the ‘real’ orbitals, they are
often used as a good representation and add up to the real density
ρ(r) =

N
X

|φi (r)|2

(2.38)

i=1

where 2N is the number of electrons in the system (2N electrons fill N orbitals). In a
simulation, the orbitals will be built up from a suitable basis set. The kinetic energy
of these these non-interacting electrons is
TS = −

N
~2 X
hφi |∇2i |φi i
2me i=1

(2.39)

The Coulomb interaction between the electrons is calculated as the Hartree energy
Z
ρ(r)ρ(r0 )
e2
d3 rd3 r0
(2.40)
EHartree [ρ] =
2
4π0 |r − r0 |
Note that this is not exactly the same as the Vint term in Equation 2.34, as Equation 2.40 includes an extra self–interaction term. Because the integration runs over
the complete density twice, all electrons necessarily interact with themselves. The
potential field from the nuclei now interacts with the electron density instead of the
separate electrons. For any point in an external field of N ions, Vext is
Vext (r) = −

N
X
I=1

ZI e
4π0 |r − R| |

Hence, the energy functional is
Z
EKS = TS + d3 rVext (r)ρ(r) + EHartree [ρ] + EXC [ρ]

(2.41)

(2.42)

The exchange correlation functional energy EXC is the difference between all other
terms and the universal Hohenberg–Kohn functional (Equation 2.35), so
EXC = FHK [ρ] − (TS + EHartree [ρ])

(2.43)

EXC includes the difference in the kinetic energy of the real and the auxiliary system
and the difference between the Hartree energy and the real electron-electron interaction. If EXC is known exactly, then EKS is exact. However, in practice it must be
estimated. When this estimation is sufficiently good, then the Kohn-Sham approach
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provides reasonable results. Easy and widely-used is the Local Density Approximation
(LDA),
Z
LDA
EXC = drρ(r)XC ([ρ(r)], r)
(2.44)
with XC the exchange-correlation energy for each electron in a homogeneous electron
gas at constant density. This XC is calculated for many densities with very accurate quantum Monte Carlo simulations. The simple LDA calculations works for solid
state applications. On the other hand, a quantitative study of chemical reactions is
problematic, as a high accuracy of a few kcal/mol is needed. To get better results, a
generalized gradient approximation (GGA) improves the LDA. A commonly used and
reasonably accurate example of this is the BLYP functional which combines the exchange energy approximation of Becke [49] with the correlation energy approximation
of Lee, Yang and Parr [50]. Another important example is Perdew-Burke-Ernzerhof
(PBE) [51] functional which we used for this thesis.

2-5.2

Born–Oppenheimer molecular dynamics

The potential energy is the Kohn–Sham energy, leading to the Lagrangian for the
dynamics of the atomic nuclei.
LBO (RN , ṘN ) =

N
X
1
I=1

2

MI Ṙ2I − min E KS ({φi }; RN )
{φi }

(2.45)

Under the condition that the minimization of E KS leads to orthogonal wavefunctions
ρi , the Euler–Lagrange equation gives
MI R̈I = −∇i (min E KS ({φi }; RN )
{φi }

(2.46)

This result is same as Hellmann-Feynman theory [52] that gives the force on ion
I for a system a known wavefunction ψ
∂ Ĥ
∂E
= −hψ|
|ψi
(2.47)
∂RI
∂RI
As orthogonality constraints (Λij ) are used for the orbitals, this leads to an extended
energy functional to be minimized (only required if ψ is a dynamical degree of freedom,
e.g. in Car Parrinello dynamics)
X
KS = E KS +
Λij (hφi |φj i − δij )
(2.48)
FI = −

ij

After minimization, the forces on the ions can be calculated by combining Equation 2.48 and Equation 2.46. Here, the new ionic velocities, new ion positions, new
ground state energy, new force are calculated from the force.
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Hybrid quantum mechanics / molecular mechanics

In this thesis, hybrid Quantum Mechanics / Molecular Mechanics (QM/MM) method,
which is the combination of quantum mechanics and molecular mechanics, also referred to as refer to force fields, is also applied. Although the convenience of Force
Field Molecular Dynamics methods for much larger system with longer simulation
times is evident, it can be difficult to design accurate force fields, in particular for
chemically reactive systems. The general idea of the QM/MM approach is large
chemical systems may be partitioned into an chemically active region which requires
a quantum mechanical treatment (QM level) and a remaining part which can be
modeled by a force field (MM level).
QM/MM, which was introduced by Warshel and Levitt [53], enables to perform
virtual experiments for realistic large systems, like reactive biomolecular structures
at a reasonable computational effort while providing sufficient accuracy. The method
induced the development of new research areas [54–62, 62–67], open up new branch
of biological chemistry and even gave rise to define new terminology ‘in silico’.
One of the main goals of QM/MM is to make able to select a specific, small QM
region, that is handled at the QM level, in a large biomolecular system that are set up
using experimental data, e.g. from the Protein Data Bank [68]. The selection of the
partitioning requires care and is dependent on the nature of system, e.g. the extend
of the region that is involved in charge transfer or in a rearrangement of chemical
bonding. The accessible time scale in QM/MM simulations is set by that of the QM
part and is of the order of 10-100 ps. To address processes that occur on a longer time
scale one can employ biased simulation methods such as metadynamics [69, 70], blue
moon [71, 72]. These methods enable the enhancement of the sampling of rare events
thereby expanding the simulations not only with respect to the size of the system but
also with respect to the timescale.

3

First and second one-electron reduction of
lumiflavin in water – a first principles
molecular dynamics study
Flavins are ubiquitously found in nature as cofactors in proteins that regulate electron
and proton transfer reactions. The electron and proton affinities of flavins are modulated by their molecular environment. Using density functional theory based molecular
dynamics simulations, we have studied first and second reduction of the prototypical
flavin named lumiflavin in aqueous solution. We find that the reduction potential, calculated using free energy perturbation simulations, has the typical parabolic shape as
predicted by Marcus’ theory of electron transfer. The water solvent structure undergoes
significant changes within the first coordination shell upon lumiflavin reduction. These
structural changes account largely for the reorganization free energy term in the measured redox potential. However, in the second reduction reaction, from semiquinone to
fully reduced lumiflavin, also the inner-sphere reorganization contributes significantly
via the increased “butterfly” bending of the flavin. This butterfly bending causes a deviation from the linear response approximation that underlies Marcus’ theory of electron
transfer.†

†

This chapter has been published as:
M. Kılıç and B. Ensing. J. Chem. Theory Comput. 9, 3889–3899, 2013.
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First and second one-electron reduction of LF in water

Introduction

Flavins are a group of chemical compounds that are biochemically derived from riboflavin, also known as vitamin B2 . They can accept up to two electrons and two
protons and therefore play an important role in biochemical oxidation-reduction reactions. Enzymes that bind as a cofactor a flavin, such as flavin adenine dinucleotide
(FAD) or flavin mononucleotide (FMN), are called flavoproteins and include hydroxylases, dehydrogenases, and oxidases. Apart from this already versatile ground-state
redox biochemistry, flavins can also be photo-reduced by absorption of blue light and
are therefore found as the chromophore in several photoreceptor families.
H9
H3C8M
M8

M7
H3C7M

C1MH3
M10
N10
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Figure 3.1: Structural motif and labeling of lumiflavin. In the biochemically important
flavins, riboflavin, flavin mononucleotide, and flavin adenine dinucleotide, the M10 methyl
group is replaced by different groups. The N1 and N5 nitrogen atoms are easily protonated
in the reduced form of flavin.

The reduction potential of the flavin is largely modulated by its molecular environment and different flavoproteins can display therefore rather different redox and
midpoint potentials [33]. For example, the one- and two-electron reduction potentials
of several flavins were found to correlate with the “butterfly” bending of the flavin
(isoalloxazine) ring system [73], which could be induced by the enzyme’s binding
pocket as a mode of modulation. But also covalent bonding, hydrogen bonding and
electrostatic interactions between the flavin and the apoprotein can tune the redox
properties [74, 75]. The redox potential of flavins in various media has already been
estimated in several experimental [76–79] and numerical [80–82] studies. However, a
detailed molecular picture of the effect of the environment on the redox properties of
flavins and the reorganization of the environment upon flavin reduction is still unclear.
Neutral flavin can undergo four sequential reduction and protonation steps,
LF + e− → LF − ,

(3.1)

LF − + H + → LF H,

(3.2)
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LF H + e− → LF H − ,

(3.3)

LF H − + H + → LF H2 .

(3.4)

Here we study the one-electron reduction processes, steps (Reaction 3.1) and (Reaction 3.3), of lumiflavin in aqueous solution by ab initio (density functional theory)
molecular dynamics simulations. Lumiflavin is the smallest member of the flavin family in which the side-chain of the isoalloxazine ring system is a methyl group (see
Figure 3.1). Water is the typical solvent for electrochemical experiments. Due to the
relatively high dipole moment and high mobility of the water molecules, the solvent
environment has a considerable effect on the redox potential of lumiflavin. Although
water provides an isotropic environment on the longer length scale, at the molecular
scale the solvent structure and the solvent reorganization may be highly anisotropic
due to the amphiphilic nature of the lumiflavin molecule.
To model the reduction of lumiflavin in water, 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]. The latter authors have studied the redox properties of various aqueous
transition metal ions such as the Ag2+ /Ag+ ions [13, 14, 16] and the Ru3+ /Ru2+
ions [17, 18], as well as some small organic compounds such as quinones [19], tetrathiafulvalene and thianthrene [20]. One striking observation of their work is that the
water solvent does not always responds in a linear fashion to a change in the solute
charge, for example when the coordination number changes upon electron transfer as
is the case for the Ag2+ /Ag+ and Cu2+ /Cu+ reduction reactions [13, 14, 16, 83, 84].
This implies that Marcus classical theory of electron transfer, which assumes linear
response, does not hold in these cases. Anticipating our results on the lumiflavin
reduction, here we find that the second reduction displays a significant non–linearity.
In the following, we first briefly describe the background of Marcus’ theory of
electron transfer that underlies our calculations in the methods section, followed by
the computational details of our ab initio molecular dynamics simulations. The results section describes first our calculations of lumiflavin in the gas phase, then we
characterize the structure of the water solvent around lumiflavin in the different oxidation states, and finally we present our calculations of the first and second reduction
processes of lumiflavin in water.

3-2

Methods

Marcus theory of electron transfer explains the rate at with an electron can move
from an electron donor to an electron acceptor in a polarizable medium [1, 6]. Marcus
theory assumes linear response of the environment polarization and, secondly, that the
amount of polarization is described by the vertical energy gap, ∆E. Here the vertical
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energy gap refers to the energy required to move the electron from donor to acceptor
at fixed nuclear coordinates, that is, without relaxing the environment. As the actual
jump of the electron is much faster than the reorganization of the environment nuclear
coordinates, the environment polarization is the slow variable that governs the electron
transfer process. Using ∆E as the reaction coordinate, Marcus’ famous picture of the
free energy landscape consists simply out of two parabolic curves that describe the
reactant and product states and that cross at the transition state. In this picture,
the reaction free energy can be seen as the sum of the vertical energy gap and the
reorganization free energy of the environment, λ. Note that the first step, ∆E, occurs
at fixed geometry and thus does not contain an entropic contribution.
Modeling electron transfer using a self consistent field electronic structure method
such as density functional theory (DFT) is fraught with difficulty, because imposing
the transfer of an electron is far from trivial and also the use of ∆E as a reaction
coordinate is impractical. Sprik and coworkers circumvent the direct transfer by
focusing on a redox half reaction, conventionally written in reduction form as
O + e− → R,

(3.5)

in which case the total DFT energies of the oxidant O and the reductant R can
be computed separately in the electronic ground state and the energy of e− is taken
as the chemical potential of an electron in a bath of electrons. Although in principle
this allows for the calculation of the redox potential for Reaction 3.5, also here arise
a number of complications. In the first place, components O and R have a different
charge and charge distribution that, in a setup with periodic boundary conditions,
give different self-interaction energies, leading to a systematic, box-size dependent,
offset in the energy difference [22, 38]. Secondly, the calculation does not account
for the effects due to having an electrode in the solvent, which affects the reference
potential and thus makes direct comparison to experimental redox potentials difficult.
The approach is thus limited to computing relative redox potentials between similar
redox reagents with the same solvent and the same box size.
Within this limitation however, Sprik and coworkers [13, 14, 16–18, 20, 23] showed
that the approach of considering the half reactions is a very powerful means to compute
redox potentials with ab initio DFT molecular dynamics (MD). Marcus theory also
applies for half reaction 3.5, and moreover, the free energy curves can be obtained
from the distribution of the vertical gap energies. Conform with Equation 3.5, the
energy gap is defined as the energy needed to add an electron to the system:
∆E = ER (rN ) − EO (rN ).

(3.6)

The energy gap distributions in the oxidized and reduced states can be obtained by
sampling over many configurations of the atomic positions with a DFT–MD simulation
of the system in each state and computing the energy difference of the configurations
with either an added or removed electron. For long enough sampling times, the
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histogram of ∆E approaches the ensemble average of the probability density
0

Pη (∆E ) = Z

−1

Z

N −βEη

dr e

1
δ(∆E −∆E ) = lim
τ →∞ τ
0

Z

τ

δ(∆E(rN (t))−∆E 0 ) dt, (3.7)

0

in which Pη (∆E 0 ) is the probability to find ∆E 0 in state η = O (oxidized) or η = R
(reduced). Here, β = 1/kB T , with kB Boltzmann’s constant and T the temperature.
Z is the partition function and rN are the atom coordinates. The Landau free energy
of the system as a function of the ∆E coordinate is then
Aη (∆E) = −kB T ln [Pη (∆E)]

(3.8)

In the case that the Pη (∆E) distributions are Gaussian, it follows that the free
energy curves are parabolic. That the fluctuations in ∆E are Gaussian is one of
the main assumptions in Marcus’ theory of electron transfer, which has a number of
interesting consequences that we briefly summarize next.
Let’s consider a parabolic free energy curve for the oxidized state centered at the
average energy gap, h∆EiO :
AO = a(∆E − h∆EiO )2 ,

(3.9)

in which we choose the curve minimum as the zero of our free energy scale, and a
sets the curvature of the parabola and is related to the reorganization free energy, λ, as
we will see shortly. Since the variable on the x-axis is the vertical energy gap between
the free energy curves AO and AR (and we have adopted the reduction potential
convention in Equation 3.6), the free energy curve for the reduced state must equal
AR (∆E) = AO (∆E) + ∆E.
To find the minimum of the second curve, we insert Equation 3.9 and solve
0, which gives:

(3.10)
dAR
d∆E

=

1
.
(3.11)
2a
Inserting Equation 3.9 and Equation 3.11 into Equation 3.10 leads then to the
expression of the second curve:
h∆EiR = h∆EiO −

1
.
(3.12)
4a
Thus the free energy profile of the reduced state is also a parabola with the same
curvature parameter a as the curve of the oxidized state, but vertically shifted by
1
h∆EiR + 4a
. This shift is the reaction free energy, or redox potential, which can be
rewritten using Equation 3.11 in the well-known form of:
AR = a(∆E − h∆EiR )2 + h∆EiR +

1
∆A = (h∆EiR + h∆EiO )
2

(3.13)
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The reorganization free energy, λ, can now be defined as λ = ∆A − h∆EiR , which
can be combined with Equation 3.13 to give:
1
λ = (h∆EiO − h∆EiR ).
2

(3.14)

By combining Equation 3.14 with Equation 3.11, we see that the parameter a is
connected to the reorganization free energy by a = (4λ)−1 .
Finally, we can write for the probability to measure a certain ∆E:

Pη (∆E) = Z

−1




Aη (∆E)
(∆E − h∆Eiη )2
−1
exp −
= Z exp
,
kB T
4λkB T


(3.15)

which is a Gaussian centered at h∆Eiη with variance ση2 = 2λkB T , or
λη =

ση2
,
2kB T

(3.16)

which again relates the reorganization free energy to the fluctuations in ∆E.
Equation 3.16 allows us to obtain an estimate of the reorganization free energy
from a single simulation in the oxidized or reduced state and a measurement of the
fluctuations σ 2 in ∆E. Comparing each of these numbers with that obtained using
Equation 3.14, allows us to assess the accuracy of our simulations or to test the validity
of the linear response assumption underlying Marcus’ theory. The same holds for a
calculation of ∆Aη as

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

(3.17)

which for each also requires only sampling of a single oxidation state and can be
compared to each other and to ∆A obtained with Equation 3.13.
Summarizing, we see that the two parabolic curves that make up the well-known
free energy landscape from Marcus’ theory of electron transfer are defined by their
minima at h∆EiO and h∆EiR and a curvature parameter a. The parameters are
related by Equation 3.12 (or Equation 3.14 as a = (4λ)−1 ) so that only two parameters
have to be known to draw the free energy diagram. Consequently, the redox potential
and the reorganization free energy can be obtained from the first and second moments
of the vertical energy gap sampled in a single state (Equation 3.16 and Equation 3.17),
or from the average energy gaps of both states (Equation 3.13 and Equation 3.14).
The free energy curves can also be obtained as the logarithm of a histogram of the
vertical energy gap (Equation 3.8), which does not require the assumption of linear
response theory and Gaussian fluctuations of ∆E.
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Figure 3.2: Vertical energy gap of lumiflavin in the gas phase as a function of the length
of the cubic box edge.

3-2.1

Computational setup

All electronic structure calculations and ab initio molecular dynamics simulations
were performed using DFT with the Perdew-Burke-Ernzerhof (PBE) [51] exchangecorrelation functionals as implemented in Quickstep [85], which is part of the CP2K
program package (version 2.1.347) [36]. The CP2K program is based on a hybrid
Gaussian and plane wave scheme in which the wave functions are expanded using a
Gaussian basis set, and an auxiliary basis of plane waves is employed to expand the
density [86]. We used pseudopotentials of the Goedecker-Teter-Hutter (GTH) type,
based on the parametrization of Hartwigsen-Goedecker-Hutter [87, 88] and adapted
for the density functional. A split valence Gaussian basis set designed specifically
for these pseudopotentials of double-ζ quality and with polarization functions (DZVP
[89]), was employed for all atoms including hydrogen. Tests with the larger TZVP
basis set available in CP2K gave no significantly different results. The auxiliary plane
wave basis expansion was cutoff at 280 Ry.
The calculations of the lumiflavin in the gas phase were performed in a cubic unit
cell with an edge of 20 Å and subject to periodic boundary conditions. To isolate the
unit cell from electrostatic interactions with periodic neighbors, we used the scheme
of Martyna and Tuckerman [90]. Figure 3.2 shows the box size dependence of the
vertical energy gap of lumiflavin in the gas phase, which shows convergence to within
1 kcal·mol−1 beyond a length of 18 Å.
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The model of aqueous lumiflavin contained one lumiflavin molecule and 102 water
molecules in a periodic cubic unit cell with an edge of 15.148 Å. The size of the cell
was determined from a classical NPT simulation of the flavin in cubic, 53 Å large
box of water using the Gromos94 forcefield. The ab initio molecular dynamics simulations used the Born–Oppenheimer method with a time step of 0.5 fs in the canonical
(NVT) ensemble. The CSVR (Canonical Sampling through Velocity Rescaling) [91]
thermostat was used to maintain a constant temperature. We performed AIMD simulations of neutral lumiflavin (LF), the singly reduced, anionic, lumiflavin (LF− ), the
neutral semiquinone state (LFH), and the doubly reduced lumiflavin (LFH− ). The
simulations were performed at T = 300 K and at T = 350 K. It is known that AIMD
simulations using current GGA functionals somewhat over-structure water solvent
and underestimate the self-diffusion at T = 300 K. The simulation at T = 350 K
is expected to give a closer representation of the behavior of the aqueous system at
room temperature [92]. The systems were equilibrated for at least 25 ps, after which
between 20 and 45 ps of simulation was performed for analysis. At each time step, we
computed, in addition to the total energy of the system, also the total Kohn-Sham energy of the system with an extra electron (for the neutral systems) or with an electron
less (for the anionic systems), to obtain the vertical energy gap ∆E. In CP2K, this
can be done, for each state, with a single, so-called, mixed Hamiltonian simulation,
using:
Hη = ηHR + (1 − η)HO .

(3.18)

With the coupling parameter η equal to zero, the Hamiltonian is that of the
lumiflavin 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, which corresponds to a state
with a fractional electron. The ∆E is obtained from the HR and HO energies, which
are printed to output in addition to the Hη energy.

3-3
3-3.1

Results
Lumiflavin in the gas phase

We start our investigation of lumiflavin with the molecule in the gas phase, that is
without any molecular environment, by computing the T = 0 K minimum energy
structure at the DFT–PBE level of theory using the DZVP basis set. The neutral
lumiflavin molecule has a planar three-ring isoalloxazine structure, which is shown
in ball-stick representation in Figure 3.3. Adding an electron to the neutral flavin
without relaxing the structure lowers the total energy with ∆EO = −1.60 eV. This is
the zero-Kelvin vertical energy gap of the electron transfer for the half reaction
LF + e− → LF − .

(3.19)

31

3-3 Results

1)
2)

reduction reaction
LF + e− → LF−
LFH + e− → LFH−

∆EO
-1.60
-1.72

PBE
∆ER
-1.92
-2.00

∆U
-1.77
-1.83

M06–L[80]
∆U
-1.78
-1.95

B3LYP[80]
∆U
-1.91
-2.12

Table 3.1: Zero Kelvin gas-phase energies (eV) of the vertical energy gap in the neutral
oxidized state (∆EO ) and in the anionic reduced state (∆ER ). ∆U is the energy difference
between the geometry optimized states. The last two columns shows the ∆U results from
Ref. [80] using the M06–L and B3LYP density functionals.

Relaxation of the structure after adding the electron, gives a further lowering of
the total energy of −0.17 eV. This is the zero-Kelvin inner-sphere reorganization energy, which gives together with the vertical energy gap a total electron affinity for
lumiflavin of ∆U = −1.77 eV. Similar values are found for the second reduction of the
(hydrated) semiquinone molecule, as compiled in Table 3.1. The last columns show
the results of Bhattacharyya et al. computed with the M06–L and B3LYP density
functionals [80]. Especially for the second reduction reaction, the ∆U value found
with PBE is somewhat less negative than that obtained with the M06–L and B3LYP
functionals. The difference between the electron affinities of LF and LFH of 0.06 eV
using the PBE functional is therefore smaller than that using M06–L (0.17 eV) or
B3LYP (0.22 eV). An underestimation of this electron affinity difference using PBE
will lead to an overestimation of the semiquinone (LF− /LFH) formation constant, as
we will see later on. The bond distances of the neutral and anionic lumiflavin are
indicated in Figure 3.3. The red-to-blue color coding in the figure (middle panel) underlines the changes in bond lengths upon electron addition, with bright red indicating
the most shortened bonds and bright blue indicating the most elongated bonds.
Qualitatively, these small changes in the structure (or “inner sphere reorganization”) can be understood from the change in the electronic structure of the molecule.
In particular, it is interesting to compare the structure of the lowest unoccupied molecular orbital (LUMO) of the neutral lumiflavin, which becomes occupied with the extra
electron in the anionic state, with the changes in the bond lengths. The LUMO of the
neutral lumiflavin, shown in the bottom left panel of Figure 3.3, shows that the extra
electron is delocalized over the entire molecule. It has an anti–bonding character at
bonds where the LUMO changes color (i.e. sign) and a bonding character at other
bonds that are spanned by a high amplitude region of the one-electron wave function.
Comparing the middle and bottom panels, we see that there is a strong correlation between the location of a node (zero–amplitude) or high–amplitude region of the LUMO
and a shortening or elongation of the bond at that location. The exceptions to this
“rule” are indicated by a red arrow in the middle panels of Figure 3.3, which indicate
that it is somewhat to simple to regard only the shape of the LUMO.
An important ingredient in Marcus’ theory of electron transfer is the assumption
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Figure 3.3: Top panels: bond lengths (Å) of the neutral (top number) and anionic (bottom
italic number) lumiflavin at zero Kelvin in vacuum using DFT–PBE/DZVP. Middle panels:
change in the molecular geometry upon addition of the electron to the neutral lumiflavin.
The red to blue color coding highlights the shortening and elongation of bonds respectively.
Bottom panel: LUMO of the neutral LF (left) and LFH (right). LUMO non-bonding (node)
and bonding positions correlate with shortening and elongation of bonds. Exceptions to this
correlations are denoted by a red arrow in the middle panels.

that the response of a polar environment behaves in a linear fashion to a transfer of
charge. We can test this hypothesis also for the inner sphere reorganization. We perform this test in two ways. In the first manner, we compute the vertical energy gap,
∆E, for a series of 10 lumiflavin structures that we construct by taking a linear interpolation of the neutral and anionic geometries. Secondly, we optimize the lumiflavin
geometry using a coupled mixture of the Hamiltonians of the neutral and charged
lumiflavin as described in the method section (see Equation 3.18), also for a series
of 10 different coupling parameters. Comparing the results, we find that the latter
optimizations with the mixed Hamiltonians result in the same geometries as the ones
constructed by hand in the first series. Moreover, ∆E indeed appears in both cases as
a linear function of the geometry, as shown by the lower line in Figure 3.4. Given the
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Figure 3.4: The vertical energy gap, ∆E, of the half reaction LF + e− → LF− in vacuum
as a function of the coupling parameter, η at T = 0 K. Taking a linear interpolation of the
neutral (η = 0) and anionic (η = 1) lumiflavin geometries (× symbols) gives the same result
as using a linear mixture of the Hamiltonians (◦ symbols). The inset shows the remarkable
linear behavior for an extended (unphysical) η-range.

relatively small changes of the bond lengths, which are well within the amplitudes of
the harmonic fluctuations at room temperature, the linear response may not come as
a surprise for the shown regime of the coupling parameters from zero (neutral flavin)
to one (fully charged anionic flavin). Note however, that the inset in Figure 3.4 shows
our calculations of ∆E in which the coupling parameter was varied from –2 to 3. It
is surprising that even at these non-physical extremes of the coupling parameter the
response is still linear to a very high degree.

3-3.2

Lumiflavin in water, the solvent structure

We performed AIMD simulations of the following four systems of aqueous lumiflavin:
(1) oxidized lumiflavin (LF), (2) the reduced, anionic radical state of lumiflavin (LF− ),
(3) the protonated semiquinone lumiflavin (LFH), and (4) the fully reduced lumiflavin
(LFH− ). The simulations were done at T = 300 K and T = 350 K. Figure 3.5 shows
a snapshot from the simulation of LF at T = 300 K containing the flavin molecule
and the 102 water molecules in the unit cell. The figure also shows the LUMO of
LF, which resembles, as expected, to a very high degree the LUMO of LF in the gas
phase.
The lumiflavin molecule is an amphiphilic molecule. On one side it contains a
hydrophobic carbon–ring with methyl side groups whereas at the other end it is hete-
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Figure 3.5: Snapshot of the cubic super-cell containing the neutral lumiflavin in water
solvent. Also shown is the lowest unoccupied molecular orbital, which is, as expected, almost
identical to that in the gas phase.

rocyclic with nitrogen atoms and carbonyl groups that can form hydrogen bonds with
water solvent molecules. The hydrophobic and hydrophilic parts of the molecule affect
the solvent structure in different manners, which is clearly visible in snapshots taken
from the AIMD simulations and can be quantified by computing the pair-correlation
between lumiflavin atoms and solvent atoms. Figure 3.6 shows representative snapshots of the first coordination shell of lumiflavin in each of the four simulated neutral
and anionic states. We have computed the radial distribution functions for each of the
lumiflavin atoms with respect to the solvent oxygens and hydrogens. The distribution
functions that show the largest changes upon changing the flavin oxidation state are
shown in Figure 3.7.
We will first consider the radial distribution around the neutral LF and compare
it with that of the reduced LF− species, both shown in the left panels of Figure 3.7.
Starting at the top panel, we see that the distribution function of the N1 atom with
respect to the water hydrogens, Hw , shows a peak at about 1.8 Å, for both the neutral
flavin (black line) and the anionic flavin (red line). Similar peaks are seen in the graphs
for the O2, H3, and O4 atoms, which indicate that these atoms interact strongly with
the water molecules in the first coordination shell by either donating a hydrogen bond
to a water oxygen (H3 atom) or accepting a hydrogen bond from water (N1, O2, O4
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Figure 3.6: Representative snapshots of the first coordination shells of neutral lumiflavin
(top left), anionic lumiflavin (top right), neutral semiquinone (bottom left), and doubly
reduced flavin (bottom right) at T = 350 K. Water O and H atoms are colored red, pink,
white, or green when within a distance to lumiflavin of respectively 2.5, 3.0, 3.5, or 4.0 Å.
Thin green lines between water O and H atoms that are within 2.5 Å of each other are
drawn to emphasize the water network structure. Blue lines indicate the H–bonds between
lumiflavin and water molecules.

atoms). The graph of the N5 atom in the bottom panel only shows a peak in the
anionic case. For the N10 nitrogen and all other carbon and hydrogen atoms not
much structure is seen in the radial distribution (data available in the supplementary
information), which confirms that these atoms are not involved in hydrogen bond
interactions with the solvent.
The dashed lines show the normalized integrals of the distribution functions from
which a quantitative estimate of the coordination can be obtained. The coordination
number of each lumiflavin atom with respect to the water atoms is obtained by taking
the integral over the first peak up to a limit in the next minimum, which here we set
to rmax = 2.4 Å. The coordination numbers are compiled in Table 3.2. The integral
over the first peak in the N1–Hw graph reveals that N1 accepts one H–bond from a
nearby water molecule. The O2 oxygen accepts on average 1.7 hydrogen bonds, H3 is
donated to form an H–bond with a water oxygen, and the O4 atom accepts on average
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Figure 3.7: Radial distribution of solvent water around selected atoms of lumiflavin at
T = 350 K. Left panels: neutral lumiflavin (black lines) and reduced anionic lumiflavin
(red). Right panels: neutral semiquinone state, LFH (black) and doubly reduced anionic
flavin, LFH− (red). The dotted lines show the integrals from which the coordination numbers
can be read.

1.6 H–bonds. This pattern of hydrogen bonds between the hydrophilic part of the
neutral lumiflavin and the closest water molecules is illustrated in the top-left panel
in Figure 3.6 by the blue lines. Although also at the hydrophobic side of LF several
close water molecules (colored red) are seen, these solvent molecules are much more
mobile than the molecules that form H–bonds with LF and therefore do not appear
as peaks in the radial distribution functions of the nearby LF atoms.
Comparing the neutral LF radial distribution with that of the anionic LF− , an
increase of the peak (and the coordination) of the O2–Hw curve in the second panel
on the left is observed, which indicates a somewhat stronger attraction toward water
molecules of this oxygen in the anionic case. In the panel below, we see the opposite
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N1
O2
H3
O4
N5

- Hw
- Hw
- Ow
- Hw
- Hw

LF LF−
1.1 1.3
1.7 2.0
1.0 0.9
1.6 1.7
0.6 1.9

LFH
0.0
2.9
0.9
2.0
0.0

LFH−
0.4
2.9
0.6
2.0
0.6

Table 3.2: Coordination numbers of selected lumiflavin atoms by water atoms, obtained by
taking the integral of the radial distribution function over the first peak up to rmax = 2.4 Å.

effect for the H3 atom. However, the main change upon addition of an electron
to neutral LF occurs at the N5 nitrogen atom. In the neutral state only a very
small and broad peak is seen in the radial distribution function that integrates to
an average 0.6 H–bond. In the anionic state, the N5–H graph shows a distinct peak
indicating that N5 accepts two H–bonds. Clearly, the N5 atom behaves rather different
toward the solvent than the N1 nitrogen. Note also that the minima at r ≈ 2.4 Å
in the distribution curves of O4 and N5 are rather shallow and not approaching zero,
especially in the neutral case. This indicates that the H–bonds are not very strong
and that the coordinating water molecules at these sites are easily replaced by other
water molecules.
It may be surprising at first that the N5 nitrogen of the neutral flavin is a much
weaker acceptor of H–bonds than the N1 site, however, this behavior is in agreement
with the recent DFT calculations by North et al., who found that the N5 atom of
lumiflavin (in gas-phase) is much more electrophilic than the N1 atom [81]. Also
the significant increase of the coordination of the N5 after adding an electron is in
agreement with the known increase in pKa of the flavin upon reduction, which is
indeed expected to become easily protonated at the N5 position to form the neutral
semiquinone state.
Next we examine the solvent structures in the neutral semiquinone state and in
the fully reduced anionic state of lumiflavin, both shown in the bottom panels of
Figure 3.6 and represented by the radial distribution functions in the right hand side
panels of Figure 3.7. First we note that the coordination shell of the LFH state shows
a number of differences with respect to that of the unprotonated LF− state as seen
from the radial distribution functions. In particular, the absence of the peak in the
N1–Hw radial distribution function shows that the N1 nitrogen atom is no longer an
acceptor for H–bonds after protonation at the N5 atom. Secondly, the O2–Hw peak
is more pronounced and the average coordination number has increased from 2 to 3.
Similarly, the O4–Hw peak in the distribution function shows an increase. Finally, we
see that the N5 nitrogen is no longer an acceptor for H–bonds after it is protonated.
Upon further reduction of the semiquinone LFH, the changes in the solvent coordination shell are smaller than those seen in the first one-electron reduction step of
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Figure 3.8: Bending (top panel) and torsion (bottom panel) angles of aqueous lumiflavin
in different oxidation states at T = 350 K. The lines are curve fits to the histogram data
shown as crosses and circles. The fully reduced flavin shows significant bending, while at
higher oxidation states the ring structure remains planar.

LF. We only note a decrease in the H3–Ow peak upon reduction, similar to, but somewhat more pronounced than in, the LF/LF− case. At the N5 position a very small
and broad peak appears in the anionic LFH− state, indicating that this nitrogen not
only donates an H–bond but is also a weak H–bond acceptor. The snapshot shown in
the bottom-right panel of Figure 3.6 shows two nearby solvent molecules interacting
with N5, however visual inspection of the trajectory reveals that these nearby water
molecules are very mobile and continuously switch these H–bonds between different
water molecules, the N5 nitrogen atom, or point with a hydrogen toward the center of
one of the flavin rings. A striking difference of the solvation shell of the anionic LFH−
with that of LF− is, that in LF− we saw that the N5 nitrogen is a strong H–bond
acceptor, which reflects its increased proton affinity in the semiquinone state, while
instead in LFH− , the N1 site does not accept H–bonds, even though it is expected to
have a high proton affinity in the fully reduced state.
In the simulation of the fully reduced LFH− state, the three-ring structure is seen
to bend more than in the oxidized and semiquinone states (see e.g. the snapshots in
Figure 3.6). In Figure 3.8, we show the so-called butterfly bending of the isoalloxazine
ring system (top panel), which is defined here as the average of the angles between
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atoms C9–N10–N1 and of C6–N5–C4. We also measured the torsion of the ring
system, defined through the torsion angle spanned by atoms C6–C9–N1–C4, which is
plotted in the bottom panel. The LFH− system shows indeed much larger bending
angles than the other states. The torsion angle distributions show fluctuations around
average values that are somewhat shifted between the different states. Only in LF−
the average torsion is zero degrees, which is the value for the planar ring system. The
butterfly bending of the ring system is known to correlate with the electron affinity of
the flavin, and hereafter we will see what the role of the bending is on redox properties
of lumiflavin in water.

3-3.3

Lumiflavin in water, redox properties

Next, we examine the redox properties of lumiflavin in water by computing the free
energy curves for the first and second one-electron reduction reactions. In practice,
these reduction reactions (see Equation 3.1 and Equation 3.3) are coupled and, secondly, the intermediate semiquinone radical species is known to be rather unstable.
The measured reduction potentials vary strongly with the pH as the one-electron redox reactions are also coupled to the protonation reactions. The pKa ’s of the oxidized,
semiquinone, and fully reduced redox states of the flavin have been estimated to be
10.3, 8.5, and 6.72, respectively [77]. However, in our computer simulations, we can
study the reduction reactions independent from each other and at a fixed protonation
state of the flavin. We compute the free energy curves for the two reduction reactions by making a histogram of the vertical energy gap, ∆E, during an DFT–MD
simulation as explained in the computational setup section.
The top panels in Figure 3.9 show the normalized histograms of ∆E obtained from
simulations in the neutral state and in the reduced anionic state for the first reduction
reaction (left panels) and the second reduction (right panel). The simulations were
done at T = 300 K (black dots in Figure 3.9) and T = 350 K (red dots). ∆E is in all
cases found to be normal distributed, in agreement with Marcus’ theory, and shows a
good fit with Gaussian functions (solid lines in 3.9). From the Gaussian fit functions
we obtain the values for h∆Eiη and ση (see also Equation 3.15), which are compiled
in the first four rows of Table 3.3. The free energy curves shown in the bottom panels
are obtained from the ∆E distributions in the top panels using Equation 3.8. For the
solid curves the Gaussian fits of P (∆E) were used, while the spheres and crosses are
obtained from the dots in the top panels (only shown for T = 350 K). For the latter,
we constructed the AO curve (crosses) from the PO (∆E) and PR (∆E) distributions
using the weighted histogram analysis method [93] and obtain the AR curve (circles)
by applying Equation 3.10.
In vitro, the first and second reduction reactions are coupled, and the semiquinone
states, LF− and LFH, are rather unstable intermediates in the total reduction process.
By considering the following combination of the two half-reactions:
LF + LFH−

LF− + LFH,

(3.20)
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Figure 3.9: Top panels: distributions of the vertical energy gaps at T = 300 K (black) and
T = 350 K (red) for the first flavin reduction (left panel) and second reduction (right). The
solid lines are Gaussian fits of the P (∆E) histogram from the simulation data, shown by
dots. Bottom panels: free energy curves obtained from the Gaussian fits (solid lines) and
the raw data (circles and crosses) using Equation 3.8.

we can estimate the semiquinone formation constant:

K=

[LF− ][LFH]
−
LF/LF−
− ∆ALFH/LFH )].
− = exp[−β(∆A
[LF][LFH ]

−

(3.21)

Filling out our ∆A0 estimates at T = 350 K, ∆ALF/LF = −0.14 eV and
−
∆ALFH/LFH = −0.17 eV, gives a too large value of K = 0.37. Experimental estimates [79] of the semiquinone formation constant vary between 7.3·10−2 and 2.2·10−4 .
We think that this is difference may be due the PBE density functional, for which
we have indications that it underestimates the electron affinity of LFH by 0.11 eV
−
(see also Table 3.1). Correcting ALFH/LFH gives a semiquinone formation constant of
K = 3 · 10−3 .
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T/K
h∆EiO
h∆EiR
σO
σR
λO
λR
λ
∆AO
∆AR
∆A
∆A0

LF → LF−
300
350
0.69 (01) 0.47 (02)
-0.78 (02) -0.87 (03)
0.15 (00) 0.19 (00)
0.16 (00) 0.18 (01)
0.43
0.59
0.52
0.55
0.73
0.67
0.26
-0.12
-0.26
-0.31
-0.05
-0.20
0.00
-0.14

LFH → LFH−
300
350
0.56 (02) 0.42 (02)
-0.77 (05) -0.89 (04)
0.15 (00) 0.17 (01)
0.24 (02) 0.24 (01)
0.46
0.49
1.08
0.95
0.67
0.65
-0.10
0.07
0.31
0.06
-0.11
-0.24
0.01
-0.17

eqn.
3.15
3.15
3.15
3.15
3.16
3.16
3.14
3.17
3.17
3.13
3.8 3.10

Table 3.3: First four rows: first and second moment of the vertical energy gap distributions
obtained from the Gaussian fit functions (see Figure 3.9), with in parentheses an error
estimate in the last two digits (see text). Below: redox properties derived from the ∆E
distributions using the equations listed in the last column.

3-3.4

Non–linearity, inner sphere fluctuations, temperature
and finite size effects

In the case that the system (solute plus solvent) response is linear with respect to a
change in charge, we can apply Marcus theory of electron transfer, which implies the
well-known relations for the total reaction free energy, ∆A, and the reorganization
free energy, λ, that we derived in the method section. These relations use either the
first and second moments of the ∆E distribution in the oxidized state (giving ∆AO
and λO ) and in the reduced state (∆AR and λR ) or they combine the first moments of
both oxidized and reduced distributions (∆A and λ without subscript). However, the
results compiled in Table 3.3 show discrepancies between λR , λO , and λ and between
∆AR , ∆AO , and ∆A that could be an indication of non–linear effects.
Taking a closer look at the results for the first reduction reaction, we note that
the PO (∆E) and PR (∆E) distributions are well-fitted by Gaussian functions (see
Figure 3.9) with rather similar second moments, σO and σR , as expected from Marcus’
linear response theory. As a result, the values of λO and λR , which are computed from
these measures of the fluctuations using Equation 3.16, are in reasonable agreement.
However both λO and λR are smaller than λ. The latter is computed from the first
moments using Equation 3.14 and is expected to converge faster with simulation length
than λO and λR . The discrepancy is therefore more likely due to statistical errors that
lead to an underestimation of the fluctuations than due to non–linear effects. The
underestimation of the fluctuations is also the main cause of the discrepancy between
∆AO and ∆AR , as they depend on λO and λR with opposite sign (see Equation 3.17).
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The value for ∆A computed from only the first moments (Equation 3.13) is in fair
agreement with ∆A0 , which is the reaction free energy obtained from our graphs using
Equation 3.8 and without implying Gaussian statistics and linear response.
For the second reduction reaction the situation is different. The ∆E fluctuations in
the oxidized state and the corresponding value for λO are very similar to the numbers
found for the first reduction reaction. However, in the LFH− state, the fluctuations
are significantly larger, resulting in a twice as large estimate for λR . In a previous
section, we already noted the larger fluctuations in the butterfly bending of the flavin
ring system in the fully reduced LFH− state compared to that in the other states (see
Figure 3.8). In Figure 3.10, we compare the LFH− bending with the fluctuations in
∆E by plotting a running average with a window size of 0.5 ps. The fluctuations in
∆E are naturally due to the sum of the finite temperature motions of the vibrating
lumiflavin atoms (inner shell) and that of the atoms of the polar solvent molecules
(outer shell). Nevertheless, the butterfly bending shows a noticeably correlation with
the fluctuations in ∆E that is prominent despite the noise due to the motions of all
other collective variables. The ∆E fluctuations in the neutral LFH, which structure
remains largely flat throughout the simulation, are indeed significantly smaller as illustrated by the red line in Figure 3.10. Clearly, the increased butterfly motion in
the fully reduced state induces a remarkable non–linear contribution to the free energy landscape. We note that a similar effect has been observed for the thianthrene
molecule, which is a sulfur containing three-ring system that shows a significant butterfly bending in the neutral reduced state, but becomes planar upon oxidation to a
dicationic aromatic state [20]. Also in that case, the reduced thianthrene displays significantly larger energy gap fluctuations, which suggests that the observed deviation
from linear response could be a generic feature for the redox properties of polycyclic
molecules that switch between aromatic and non-aromatic states.
From Figure 3.9 we see that the effect of increasing the temperature from T =
300 K to 350 K is that the P (∆E) distributions shift to the left, that is toward more
negative ∆E values. Moreover, the PO (∆E) of the neutral state shifts somewhat more
than PR (∆E) of the anionic state. This trend can be understood by realizing that the
lumiflavin will have a somewhat stronger interaction with the solvent in the anionic
state compared to that in the neutral state (note for example the increased structure
in the radial distribution functions for most flavin atoms). Increasing the temperature
is therefore expected to induce larger fluctuations, away from the energetically most
favorable solvent structure, in the neutral state than in the anionic state. As a result,
EO increases on average more than ER , which results in a shift to more negative ∆E.
From Equation 3.13 it is clear that this shift with increasing temperature leads to
a more negative reaction free energy, whereas Equation 3.14 predicts that the larger
effect on EO compared to that on ER will make the reorganization free energy less
negative with increasing temperature. These trends are confirmed by the numbers in
Table 3.3, except for λO and λR . The increase of the latter with temperature confirms
once more that the fluctuations are underestimated due to the limited statistical
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Figure 3.10: Comparison of the ∆E fluctuations from the simulation of the semiquinone
LFH state (red line) and the reduced LFH− state (green) at T = 300 K. A running average
over 1000 MD steps (black line) is compared with the butterfly bending angle in LFH− (blue
line, RHS axis).

sampling, which we indeed expect to improve with increasing temperature.
To estimate the statistical error in our measurements of the first and second moment of the energy gap distribution, i.e. in h∆Ei and σ, we performed a block averaging analysis in which the trajectory is divided in M equal–sized blocks
√ and for each
block h∆Ei and σ are computed. The error is taken from a plot of σM / M versus the
block size, with σM the standard deviation in h∆Ei or σ over the M block estimates.
These plots are found in the supplementary information and the error estimates are
given in parenthesis in 3.3. The statistical error analysis of h∆Ei shows that even
with a block length of 4 ps the error estimate is not converged, indicating long time
correlations in ∆E. Taking the maximum value of all plots we estimate the statistical
error in h∆Ei to be 0.05 eV. Surprisingly, the same analysis on our estimate of the
fluctuations gives statistical errors that are in most cases 4 or 5 times smaller. As we
would expect the error in σ to be equal or larger than the error in the first moment,
this leads us to conclude that even on our 20 to 40 ps long DFT–MD simulations only
the relatively fast de-correlating fluctuations are captured rather well, whereas the
contributions from slower variations would require much longer sampling times.
Other, systematic, errors that affect our calculations are the quality of the electronic structure calculation using the DFT PBE/DZVP level of theory already discussed in the previous section and the finite size of the molecular system subject to
periodic boundary conditions. In a recent work by Adriaanse et al., it was found
that non–linearities can arise for solutes with very negative or very positive reduction
potentials with respect to the standard hydrogen electrode (SHE) [24]. Apparently,
the conduction band minimum of liquid water limits the vertical attachment level of
poorly oxidizing species such as CO2 , whereas at the other end of the spectrum, the
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valence band maximum of the solvent limits the ionization potential of very strong
oxidants such as the OH∗ and Cl∗ radicals. Moreover, the latter effect was found to
be spuriously exaggerated by pure DFT GGA functionals. The found deviation from
linearity, quantified by the asymmetry in the reorganization free energies (its ratio,
λR /λO , equal to one meaning perfectly linear), is approximately proportional to the
redox potential and close to absent at slightly negative potentials, such as that of
O2 . The experimental first and second reduction potentials of flavin are -0.101 and
-0.313 V (values for FMN taken from Ref. [79]), which is in the regime where these
non–linearity effects due to the electronic band structure of water are expected to be
minimal.
For our comparison of the first and second reduction reactions of lumiflavin we
expect that the finite size errors largely cancel, due to the similar solvent reorganization and same box size. However, for an absolute estimate of the redox potential
and the reorganization free energy a correction with respect to the infinite box size
limit should be computed. Although in principle such a correction can be estimated
using continuum theory or classical molecular dynamics simulations [21, 22, 38, 94],
this goes beyond the scope of the current work. Alternatively, the offset due to the
periodicity of the unit cell can in principle be eliminated by computing the SHE under
the same periodic boundary conditions, in order to compare with experimental redox
potentials [23, 24].

3-4

Conclusions

We have studied the first and second reduction reactions of lumiflavin in water solution at T = 300 K and T = 350 K, using Born–Oppenheimer molecular dynamics
simulations at the DFT–PBE level of theory. Upon reduction of the oxidized flavin to
the anionic semiquinone, the solvent structure undergoes a number of changes, in particular at the hydrophilic side of the isoalloxazine ring system. The computed radial
distribution functions show that the hydrogen bonding between the lumiflavin and the
coordinating water molecules becomes stronger in the anionic state, and especially the
N5 nitrogen changes from a weak H–bond acceptor to a strong acceptor of two water
molecules. The solvent reorganization in the second reduction reaction from the hydrated semiquinone to the fully reduced anionic lumiflavin are smaller. The carbonyl
oxygens become very strong H–bond acceptors for up to 3 water molecules, while the
N1 nitrogen remains rather inert to H–bonds, unlike the N5 during the first reduction,
even though it is expected to become easily protonated in the reduced state. In the
fully reduced state the lumiflavin shows an increased butterfly bending, whereas in the
oxidized and semiquinone states it remains largely planar. We computed the redox
properties using the free energy perturbation approach for half reactions pioneered by
Warshel and more recently for DFT–based molecular dynamics by Sprik et al. From
the reaction free energies of the first and second reduction reactions, we can estimate
the formation constant of the intermediate semiquinone radical state. The value of
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K = 3 · 10−3 , after correcting for the underestimation of the electron affinity of the
singly reduced flavin by the PBE density functional, is in fair agreement with experimental estimates. Comparing the reduction free energies with the values obtained
using the well-known relations obtained from Marcus theory reveals discrepancies that
could indicate that non–linear effects in the solvent response play a role. Indeed, for
the second reduction reaction a significant increase in the energy gap fluctuations in
the fully reduced state shows that in that case Marcus’ linear response approximation
does not hold. A prominent correlation between the energy gap fluctuations and the
butterfly bend angle indicates that this inner sphere reorganization and its coupling
to the solvent is the cause of the non–linearity. A second source of discrepancy is
the systematic underestimation of the energy gap fluctuations. The spurious increase
of the reorganization free energy with temperature when computed from the energy
gap fluctuations as well as our analysis of the statistical errors using block averages
indicate that much longer sampling times are needed to converge an estimate of the
energy gap fluctuations.
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Supporting information

A graph showing the basis set dependence of the lumiflavin electron affinity, additional
radial distribution functions of solvent water around lumiflavin, the raw gap energy
data, and block averaging based error analysis.
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Figure 3.11: Basis set dependence of the lumiflavin electron affinity. The quality of the
DVZP basis used for the present work is in between that of the TZV2P basis set and the
6-311G** basis set.
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Figure 3.12: Radial distribution of solvent water around selected atoms at the hydrophobic
side of lumiflavin. The M label refers to the carbon atom in the methyl group. See Figure 3.1
for the atom labeling.
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Figure 3.13: Gap energy (grey lines) and its cumulative average (black or red) of the
lumiflavin in water in different redox and protonation states at T = 300 K (top panels) and
T = 350 K (bottom panels).
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Figure 3.14: Error analysis of the gap energy (h∆Ei) and the fluctuations (σ) using block
averaging. Plotted is the standard deviation of h∆Ei or σ over the blocks divided by the
square root of the number of blocks versus the block size. The panels on the right-handside show the same data as the ones on the left-hand-side, but on the left the x–axis has a
logarithmic scale. The top four panels show the data for the oxidized and anionic lumiflavin
(LF); the bottom four panels shows the data for the second reduction reaction pair (LFH).

4

A microscopic picture of the solvent
reorganization during electron transfer to
flavin in water
The redox potential of molecular species is largely modulated by its molecular environment so that a change of the environment will lead to a different redox potential.
However, a detailed molecular picture of reorganization of the environment upon reduction is still unclear. To unravel the details of the solvent reorganization during electron
transfer, we have performed DFT–MD and QM/MM simulations of the reduction of
LF. Previously, we have calculated the reduction free energy curves of the redox half
reactions of LF in water as a function of the instantaneous gap energy (∆E). In
this work, we focus on finding the changes in the solvent environment that correlate
with this ∆E reaction coordinate. Comparing the QM/MM simulations, in which the
solvent is modeled with an empirical forcefield, with the (full) DFT–MD simulations,
we find that the response through electronic polarization plays a significant role in the
latter case. Also a small charge transfer between flavin and solvent is observed in
the full DFT treatment. As a result, we find only in the case of the QM/MM model
a strong correlation between ∆E and the (pair-wise computed) electrostatic potential
(ESP) at the flavin due to the solvent. By analyzing the contribution of the ESP at the
flavin per solvent molecule, we can not only distinguish between the different modes
of hydration by solvent molecules that coordinate at the hydrophilic and hydrophobic
sides of the flavin molecule, but also quantify their contribution to the reorganization
free energy by measuring the ESP fluctuations per solvent molecule.
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Introduction

Electron transfer (ET) is a fundamental phenomenon in chemistry, physics, and biology [5–9]. ET is ubiquitously found in nature, for example in the photosynthetic
reaction centers of plants and bacteria, while in redox chemistry, ET takes place between reacting species, for example molecular oxygen and a metal surface undergoing
corrosion. Also solid state electronics and novel molecular electronics depend on the
control of ET in semiconductors and between conductive molecules.
The redox potential is the degree to which a molecular species in the condensed
phase can accept or donate electrons. The redox potential is modulated by the molecular environment, which is often a solvent. The environment is polarized by the initial
charge distribution of the reacting species and responds to the ET by a reorganization,
which in turn affects the ET between the species. The environment reorganization
involves both changes in the electronic polarization and changes in the positions and
orientations of atoms and molecules. In water solvent, this may lead to changes in
the coordination of the electron donor and acceptor species, as well as more subtle
rearrangements in the hydrogen bond network around the solutes. Understanding
how different molecular environments affect the redox potential of a molecule requires
a detailed picture of these complex rearrangements that make up the environment
response. However, the microscopic details of the environment reorganization are still
poorly understood.
In Marcus theory of electron transfer, the complex role of the environment in
the ET process is described by a single well–chosen parameter: the vertical energy
gap, ∆E [1, 4]. The vertical energy gap is the energetic cost to transfer the electron
at fixed nuclear positions, which largely depends on the environment polarization
(the instantaneous geometry of the solutes themselves may also have an influence).
By using the energy gap as the reaction coordinate, the free energy profiles of the
two reactant and product states can be represented by a pair of crossing parabolas
with identical curvature. Marcus theory assumes that the molecules undergoing ET
are surrounded by an environment that responds in a linear manner to the amount
of charge transferred. Previously, we have computed the free energy profiles as a
function of ∆E for the first and second reduction reactions of Lumiflavin in water using
Density Functional Theory based Molecular Dynamics (DFT–MD) simulations [95].
Lumiflavin is one of the smallest members of the class of flavin derivatives that all
contain an aromatic heteronuclear three–ring (isoalloxazine) motif, as illustrated in
Figure 4.1. Flavins can accept up to two electrons and two protons and play as such
an important role in a wide range of biological redox processes. Their redox properties
and protonation states have been the topic of several experimental [33, 76–79] and
numerical [80–82, 96–99] studies. Our DFT–MD simulations differ from previous
calculations in that we sample explicit solvent configurations. This way we discovered
that for the second flavin reduction, the solvent responds in a non–linear fashion
through a coupling with the so–called butterfly bending of the flavin molecule [95].
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Figure 4.1: Structural motif and labeling of lumiflavin. In the biochemically important
flavins, riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD), the
M10 methyl group is replaced by longer tail units. The N1 and N5 nitrogen atoms are readily
protonated in the reduced states of flavin.

In the current work, we focus our attention on a detailed analysis of the aqueous
solvent response upon flavin reduction. In addition to our previous DFT–MD simulations of lumiflavin in the oxidized, singly reduced (semiquinone), and fully reduced
states, we perform simulations at intermediate, fractionally charged, states to assess
the solvent reorganization in smaller steps. We also perform hybrid QM/MM simulations, in which the solvent is modeled using a (MM) forcefield of pairwise potentials
that couples to the DFT (QM) treated flavin. By comparing the QM/MM results to
those from the (full) DFT model, we can assess the electronic solvent response, which
is only present in the latter. The hybrid QM/MM approach also allows for larger
systems and thus for analysis of the longer–range solvent response. Hereafter, we first
briefly describe the background of Marcus’ theory of electron transfer that underlies
our calculations and the computational details of the QM and QM/MM simulations.
The results section describes first our calculations of lumiflavin in the gas phase, then
we characterize the structure of the water solvent around lumiflavin in the different
oxidation states with QM/MM and QM, and finally we present the role of electrostatic
potential of the first and second reduction processes of lumiflavin in water.

4-2
4-2.1

Methods
Calculation of redox potential

Redox potentials are directly proportional to the free energy difference between the
oxidized and the reduced state. [12, 15] This free energy difference can be calculated
using a free energy perturbation approach that was pioneered by Warshell et al. [11],
and in recent years further developed in the context of DFT–MD simulation by Sprik
and co–workers [13, 14, 16–20, 23]. Here, the free energy profile is calculated by
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measuring the vertical energy gap, ∆E, which is the energy needed to add an electron
to the system,
∆E = ER (rN ) − EO (rN )

(4.1)

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)] ,

(4.2)

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
2
1
λ =
(h∆EiO − h∆EiR ),
2

∆A =

(4.3)
(4.4)

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,
λη =

ση2
,
2kB T

(4.5)

with σ 2 the variation in ∆E, with T the absolute temperature, and with kB the
Boltzmann constant. Although we previously established that the amplitude of the
fluctuations is systematically underestimated by our relatively short DFT–MD simulations [95], we can nevertheless use this quantity to compare QM versus MM solvent,
as well as to assess the contributions from different solvent molecules.
Adding the solvent reorganization free energy from Equation 4.5 to the average
energy gap provides an alternative means to Equation 4.3 to obtain the reaction free
energy:
∆AO = h∆EiO − λO and
∆AR = h∆EiR + λR ,

(4.6)

although the limited statistics of the DFT–MD estimate of λη from the fluctuations
makes these numbers less reliable than when only the first moments of ∆E are used
as in Equation 4.3.
Apart from studying Lumiflavin in the oxidized and reduced states, we can use
computer simulations also to examine the system at (fictitious) fractional electron
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transfer states. This allows us to scrutinize 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 .

(4.7)

With the coupling parameter η equal to zero, the Hamiltonian is that of the
lumiflavin 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, which corresponding to a
state with a fractional electron. The ∆E is obtained from the HR and HO energies,
which are printed to output in addition to the Hη energy. The Pη (∆E) distribution
obtained at a fictitious fractional charged state can be unbiased and used to improve
the computed free energy landscape in the otherwise poorly sampled transition state
region where the parabolas cross. To unbias a probability distribution, Pη2 (∆E),
measured at a fractional value η2 , to obtain the probability distribution, Pη1 (∆E), at
the fully oxidized or fully reduced state η1 , requires a reweighting using:
P (∆E)η1 = e−β(η2 −η1 )∆E hP (∆E)iη2

Zη2
Zη1

(4.8)

Z

in which the ratio of the partition functions, Zηη2 , can simply be obtained by normal1
ization of Pη1 (∆E). Similarly, the free energy profile at η2 is unbiased using,
A(∆E)η1 = (η2 − η1 )∆E − kB T ln[hP (∆E)iη2 ] + c

(4.9)

A derivation of the above two reweighting formulas is given in the appendix. The
piecewise free energy profiles obtained at different values of η are combined to the
profiles of the oxidized and reduced states using the weighted histogram analysis
method [93].

4-2.2

Computational setup

We have performed classical forcefield (MM) simulations, DFT–based (QM) molecular dynamics simulations, and hybrid QM/MM simulations of lumiflavin in water.
The classical MD and QM/MM models contained a single lumiflavin (LF) or protonated lumiflavin (LFH) molecule and about 10465 solvent water molecules in a cubic,
periodically replicated, box of length 68.57 Å. The (full) QM representation of these
systems contained the flavin with 102 water molecules in a cubic box of length 15.148
Å.
The Amber ff99SB force field [100] with the flexible SPC water model was used
for the MM representation of the system. The MM system was equilibrated using
the GROMACS [101] classical MD program. The final configurations were used as
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input for subsequent QM/MM calculations, in which the flavin was treated at the QM
level of theory and the water solvent MM. The QM/MM simulations were performed
with the CP2K program (v.2.2) [36, 85]. The cubic QM box size was 18.0 Å in the
QM/MM representation.
The QM representation employed DFT with the Perdew-Burke-Ernzerhof
(PBE) [51] exchange-correlation functional and pseudopotentials of the GoedeckerTeter-Hutter (GTH) type, based on the parametrization of Hartwigsen-GoedeckerHutter [87, 88]. We used a Gaussian basis set designed specifically for these pseudopotentials, of double–ζ quality with polarization functions (DZVP [89]). An auxiliary
planewave basis was used to expand the electron density with a cutoff of 280 Ry.
The DFT–MD simulations used the Born-Oppenheimer method with a time step
of 0.5 fs in the canonical (NVT) ensemble. The temperature was controlled with
a CSVR (Canonical Sampling through Velocity Rescaling) [91] thermostat with a
characteristic frequency of 100 cm−1 .

4-3
4-3.1

Results
Reduction of lumiflavin in vacuum

We performed 30 ps long DFT–MD simulations of lumiflavin in vacuum at two different temperatures T = 300 and 350 K and six different values of the coupling parameter
η = (0, 0.2, 0.4, 0.6, 0.8, 1.0), in which η = 0 represents the neutral oxidized species
and η = 1 the anionic reduced species (see also Equation 4.7). Figure 4.2 shows in the
top panels the probability functions of the vertical energy gap, P (∆E), which show
the expected Gaussian shape, although at T = 350 K some variation in the width
of the distributions is seen, mostly likely due to the reduced ergodicity of this lowdimensional system. The solid lines are obtained by fitting the data (shown in circles)
with a Gaussian curve. We can compute the free energy curves from the energy gap
distributions at three different levels of approximation. In the first manner, we only
use the values obtained for the average energy gap for the neutral lumiflavin, h∆EiO ,
and the anionic molecule, h∆EiR . Using Marcus’ assumption that the two curves
should be parabolic with the same curvature and vertically shifted by ∆E, the curves
can be written as:
(∆E − h∆EiR )2
− ∆E
2(h∆EiO − h∆EiR )
(∆E − h∆EiR )2
=
.
2(h∆EiO − h∆EiR )

∆AO =
∆AR

and

(4.10)
(4.11)

Secondly, we can obtain the two free energy curves from the Gaussian fits to
the distribution functions, P0 (∆E) and P1 (∆E), using Equation 4.2. In the third
manner, we do not assume that the distribution should be Gaussian and thus that
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Figure 4.2: Top panels: distributions of the vertical energy gap from MD simulations of lumiflavin in the vacuum at six values of
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the “transition state” at ∆E = 0.
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Figure 4.3: Vertical energy gap distributions (top panels) and free energy curves (bottom
panels) of the first reduction of Lumiflavin in water computed in full QM (left-hand-side) and
using the hybrid QM/MM model (right-hand-side). The blue and red free energy curves are
obtained from the corresponding fully oxidized (η = 0) and reduced (η = 1) Gaussian fits of
P (∆E) using Equation 4.2. The black dots show the result combining all five distributions
using Equation 4.9 and the weighted histogram analysis method.

the curves should be parabolic. Instead, we reweight the measured histograms of ∆E
to correct for the bias induced by the mixed Hamiltonian approach to recover the free
energy curves using Equation 4.9 and the weighted histogram analysis method [93] to
combine the six curves to either the η = 0 curve or the η = 1 curve. The bottom right
panel in Figure 4.2 shows that the three levels of approximation result in very similar
free energy curves for the reduction of lumiflavin in the gas phase. The bottom left
panel shows that the free energy curves at T = 300 and T = 350 K do not differ
from the zero Kelvin potential energy curves obtained from geometry optimizations.
These results will serve as a reference in the discussion of the results for the reduction
reactions of lumiflavin in water solvent presented next.

4-3.2

Reduction of lumiflavin in water solvent

Figure 4.3 shows the results for the (first) reduction reaction of lumiflavin in aqueous
solution, with on the left-hand-side the results from the full QM simulations and on
the right-hand-side the result from the hybrid QM/MM model. Here, we compare
the results from the QM/MM simulations performed at T = 300 K with QM simulations done at a somewhat elevated temperature of T = 350 K to compensate for the
previously observed over-structuring in DFT–PBE water (see also Ref. [95]). The top
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panels in Figure 4.3 show the normalized P (∆E) distributions that we computed at
five values of the coupling parameter η = (0.00, 0.25, 0.50, 0.75, 1.00). The histograms
(shown by dots) are well fitted by Gaussian functions (solid lines). The fluctuations
in ∆E, as represented by the widths of the distributions, are seen to be very similar
for each of the five (fractional) oxidation states of lumiflavin. However, comparing
the QM with the QM/MM results, we note a large shift of the distributions along the
x-axis as well as broader P (∆E) distributions in the QM/MM case (note the different
scales on the x–axis). As a result, also the free energy profiles shown in the bottom
panels are significantly different, with a double-well shaped profile for the QM case
on the left, while on the right-hand-side the QM/MM result showing the oxidized
state curve (blue) always above the reduced state curve (red). The latter shape of
the free energy landscape, which we already saw in the gas-phase (see the inset in the
bottom-left panel of Figure 4.2) is known as “Marcus inverted region”.
Apart from the different representation of the solvent in the QM and QM/MM
simulations, an important difference between the two models is the size of the periodic
box and the number of solvent water molecules in it. The QM box has an edge of
about 15 Å which is very small so that the electron added to the system feels a strong
interaction with its infinite array of periodic images. Also the polarized solvent is
more affected by the finite size effects in the QM case. The periodic QM/MM box
is much larger, with an edge of almost 70 Å and as a first approximation we could
consider to neglect the finite size effects on the QM/MM results. The QM/MM free
energy landscape can then be seen as resulting from the gas phase profiles but with a
significant lowering of the relative free energy of the aqueous reduced state. That is,
in the reduced state, the polarized solvent interacts strongly with the anionic flavin,
making removal of the electron energetically costly, and resulting in an average ∆E
of –4.28 eV. Indeed, without solvent the average ∆E is –1.95 eV (these numbers are
also found in the second row in Table 4.1). In the neutral oxidized state, the solvent
is (on average) not polarized and should therefore ideally not affect the cost to add an
electron with respect to the gas phase. In practice, we find that ∆E = −1.34 eV in
the QM/MM solvent, somewhat less negative than in the gas phase (–1.62 eV). This
difference is most likely an indication that the approximation that the interaction of
the electron with its periodic images in the QM/MM case does not hold, which shifts
∆E somewhat up (of course also in reduced state).
The finite size effects on solvation free energy, electron transfer free energy, and
reorganization free energy have been investigated using continuum theory and simulations with explicit solvent molecules in several studies [21, 38, 94]. The reorganization
free energy was found to effectively scale inversely proportional with the box size,
λ ∝ L−1 (although Seidel et al. [94] also found a good fit taking λ ∝ L−1/2 ), while
∆A effectively scales inversely proportional with the box volume, λ ∝ L−3 . Alaya
and Sprik [21] use the following dependence of ∆A and λ on the box size based on
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Method
T/K
h∆EiO
h∆EiR
σO
σR
λO
λR
λ
∆AO
∆AR
∆A
∆A0

QM/MM
300
-1.34 (02)
-4.28 (02)
0.26 (00)
0.26 (00)
1.28
1.27
1.47
-2.62
-3.01
-2.81
-2.81

Frozen solute
300
-1.07 (05)
-4.25 (01)
0.31 (01)
0.25 (01)
1.80
1.21
1.59
-2.87
-3.04
-2.66
-

LF → LF−
Solute only
300
-1.62 (01)
-1.97 (00)
0.14 (01)
0.10 (00)
0.38
0.19
0.18
-1.52
-1.87
-1.80
-

QM
350
0.47 (02)
-0.87 (03)
0.19 (00)
0.18 (01)
0.59
0.55
0.67
-0.12
-0.31
-0.20
-0.20

Vacuum
300
-1.62 (00)
-1.95 (00)
0.09 (00)
0.09 (00)
0.16
0.16
0.17
-1.78
-1.79
-1.79
-1.80

LFH → LFH−
QM/MM
QM
300
350
-1.12 (06) 0.42 (05)
-4.06 (06) -0.89 (05)
0.28 (02) 0.17 (01)
0.28 (02) 0.24 (01)
1.55
0.49
1.50
0.95
1.47
0.65
-2.67
0.07
-2.56
0.06
-2.59
-0.24
-2.59
-0.24

eqn.

4.5
4.5
4.4
4.6
4.6
4.3
4.2

Table 4.1: First four rows: first and second moment of the vertical energy gap distributions obtained from the Gaussian fit
functions, with in parentheses an error estimate in the last two digits (see text). Below: redox properties derived from the ∆E
distributions using the equations listed in the last column.
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Figure 4.4: The vertical energy gap, h∆Eiη , of the half reaction LF + e− → LF− in vacuum
(T = 0 and T = 300 K) and in water (T = 300 K and T = 350 K) as a function of the
amount of “lumiflavin reduction”, η. The curves are almost perfectly linear as expected for
systems that follow Marcus behavior. The slopes equal twice the reorganization free energy.

the continuum Born model:
2πR2
2
∆A(L) = ∆A∞ − (qO
− qR2 )
= ∆A∞ − γ3 L−3
3
3L 


1
1
1
ξEW
1
2
−
λ(L) =
(qO − qR )
+
= c1 + γ1 L−1 ,
2
opt stat
R
L

(4.12)
(4.13)

in which R is the effective spherical radius of the solute, q is its charge, and opt and
stat the optical and static dielectric constants respectively. At the right-hand-side, we
have simplified these expressions, using the proportionality constants γ3 and γ1 and
the constant c1 . Ayala and Sprik find for γ3 a value of –439 for a M1+ /M2+ metal ion
oxidation and a value of –1080 for a M2+ /M3+ oxidation. For γ1 , which should not be
dependent on the value of the initial charge as seen in Equation 4.13, they find –13.3
and –14.3 respectively.
When we now turn to the QM case with the much smaller box size, we find
h∆EiR = −0.87 and h∆EiO = 0.47 eV, resulting in a much less negative ∆A =
−0.20 eV compared to the QM/MM result of ∆A = −2.81 eV. If we were to assume
that this difference were solely due to the difference in box size, this would give us
a proportionality constant of γ3 = −1303. The QM/MM and QM values for the
reorganization free energy of 1.47 and 0.67 respectively would give γ1 = −9.9. Not
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surprisingly, these numbers are rather different from the numbers found by Ayala and
Sprik, because also the difference in the models has a significant effect on ∆A and λ.
The main difference is of course the electronic polarization of the solvent that is only
taken into account in the QM case. Neglecting the electronic polarization is expected
to lead to a too high reorganization free energy, as opt = 1 for the static MM charges,
rather than opt ≈ 2. There may also be differences in the first coordination shell
structure and hydration between the two models.
A final remark to make about the QM and QM/MM free energy landscapes shown
in Figure 4.3 is that the results from the simulations at intermediate (fractional) oxidation states, η, confirm the linearity of the solvent response during the first reduction
reaction. This is shown by the very similar widths of the distributions, Pη (∆E), and
also by the averages, h∆Eiη , which we have plotted as a function of η in Figure 4.4.
Indeed the response of the environment, represented by ∆E as the reaction coordinate, is almost perfectly linear with the amount of added charge. But what are the
specific changes in the solvent structure that make up the response of the system?
In the rest of this chapter, we will answer this question by analyzing (1) the inner
sphere reorganization of the lumiflavin molecule itself, (2) the reorganization of the
first coordination shell structure, (3) the electronic polarization of the solvent, and
(4) the changes of the electrostatic potential at the flavin due to the solvent.

4-3.3

Inner sphere and solvent reorganization, solvation shell
structure rearrangement

The response of the lumiflavin molecule ( i. e. the inner sphere reorganization) upon
adding an electron was already discussed previously for the flavin in vacuum, where
we showed that the structural changes largely match the structure of the lowest unoccupied molecular orbital (LUMO) that becomes filled [95]. This leads to a small
reorganization (free) energy of λ = 0.17 eV. Is the inner sphere response the same in
aqueous solution? To answer this question, we examined the structures of the lumiflavin molecule taken from the QM/MM aqueous solution trajectories and recomputed
Pη (∆E) after stripping the flavin from its solvent environment, i. e. in vacuum and
without periodic boundaries. The results are compiled in Table 4.1 in the column
labeled “Solute only”. The close match of h∆Eiη , ∆A, and λ with those for the lumiflavin in vacuum, indicates that the distribution of lumiflavin geometries is very
similar in vacuum and in solution.
To test whether the inner sphere and outer sphere reorganization free energies are
additive, we performed additional QM/MM simulations of the lumiflavin in water, in
which the lumiflavin structure was kept frozen, so that only the solvent is allowed
to move and reorganize. These results are labeled “Frozen solute” in Table 4.1. Surprisingly, the reorganization free energy λ is larger in this case compared to the fully
flexible flavin in water. This result is not fully understood, and may be due to limited
statistics or by freezing a non-representative lumiflavin geometry.
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The reorganization of the solvation shell structure can be analyzed by comparing
the radial distribution functions of water atoms around the lumiflavin in the oxidized
and reduced states. This detailed analysis was done for the QM model in Ref. [95]),
in which we reported a number of changes that take place in the hydrogen bonded
network at the hydrophilic side of the lumiflavin. For the QM/MM model the hydration, and in particular the changes in hydration upon flavin reduction, of the QM
lumiflavin by the MM water depends critically upon the parameterization of the coupling between the two representations. An initial QM/MM simulation of lumiflavin
in water, using the default parameterization of the CP2K program did not show the
expected hydrogen bonding of the solvent toward the O2, O4 and N5 atoms. Optimization of the radial cutoff parameter for hydrogen to a value of 0.25 Å and for
oxygen to a value of 0.78 Å resulted in the expected solvation shell structure, using
the QM result as a reference. A comparison of the radial distribution functions is
shown in Figure 4.5. The QM/MM recovers qualitatively the same first solvation
shell structure in the neutral and anionic states. There is a somewhat more structure at the carboxylic oxygens (O2 and O4) in the both reduction reactions and the
N5 in the LF/LF− state. Also plotted are the radial distribution functions obtained
from the intermediate η value simulations. It would be interesting to see whether the
changes in the first solvation shell also take place in a linear degree, as the linearity
of ∆E ∝ η suggests. Unfortunately, this first shell reorganization is rather subtle and
secondly our simulations may be too short to distill accurate distributions. However,
a significant change takes place at the N5 atom (its coordination number increases
from 0.6 to 1.9 during the first reduction reaction [95]) and a gradual increase of the
first peak is indeed seen from the intermediate distribution functions.

4-3.4

Solvent reorganization, electronic effects

Part of the solvent response to addition of an electron to the solute is through electronic polarization. To examine the extend of this electronic polarization, and how it
is distributed around the lumiflavin, we have computed the Mulliken charges of the
QM system (lumiflavin and 102 water molecules) for each time frame, before and after
adding (or subtracting) the electron. This was done for the simulation in the oxidized
(LF) and first reduced (LF− ) states, as well as for the second reduction, LFH and
LFH− , states.
Figure 4.6 shows snapshots from simulations of the aqueous lumiflavin in the different states, in which the solvent atoms are color coded to represent the time averaged
change in the Mulliken charges upon the vertical excitation (i. e. adding or subtracting the electron). Note that this representation is only possible because the molecules
do not significantly diffuse during the short time span of 2.5 ps over which the average
is taken. The main polarization is seen to take place at the hydrogen bonded solvent
atoms, which we therefore show in ball-stick representation. The dark blue to dark
red color code represents a change in Mulliken charge ranging from –0.009 to 0.068
electron. In each of the four states, a similar pattern is seen: a strong electronic polar-
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Figure 4.5: Radial distribution of solvent water around selected atoms of lumiflavin at T = 350 K for QM(QM) and at T =
300 K for QM/MM. Left panels: neutral lumiflavin (black lines) and reduced anionic lumiflavin (magenta). Right panels: neutral
semiquinone state, LFH (black) and doubly reduced anionic flavin, LFH− (magenta).
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Figure 4.6: The average change of the atomic (Mulliken) charges upon adding an electron to the neutral flavin (left panels) and
upon removing an electron from the anionic species (right panels), shown using snapshots from the full QM simulations of the first
reduction reaction of flavin (top) and the second reduction (bottom) at T = 350 K. The color coding ranges from –0.009 (dark
blue) to 0.068 electron (dark red). The images are generated with VMD [102].
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Figure 4.7: The charge of lumiflavin computed as the sum of the mulliken charges of the
lumiflavin atoms during 2.5 ps of the QM simulations of LF (black) and LF- (red) in water,
before and after adding or subtracting the electron. Note the systematic deviation from zero
charge at the neutral LF due to a small charge transfer from the solvent.

ization takes place at almost all first coordination shell water molecules, especially at
the H–bonded molecules at the hydrophilic side of the flavin but also at several first
shell molecules that flank the ring-system at the side. The charge shift is away from
the flavin upon adding an electron, making the H–bonded atom more positive and the
other atoms more negative. Note that some of the polarized solvent molecules show
significantly more negative charge (blue) than positive charge (red), which indicates
an additional change in the net charge of the molecule due to intermolecular charge
transfer.
Most likely, this charge transfer takes place between H–bonded solvent molecule
and the lumiflavin, which could spill out some electron charge, after adding the electron, to nearby water molecules. Note that the surplus blue coloring could also be
explained by a charge transfer from solvent molecules to lumiflavin before adding the
electron, as this state is the reference state to compute the difference in the Mulliken
charges. Indeed, the latter is the case, as is seen from the total Mulliken charge on the
Lumiflavin atoms shown in Figure 4.7. Irrespective of the oxidized (η = 0) or reduced
(η = 1) state of the system, the total charge on the flavin is fluctuating around –1
when the electron is added, but somewhat negative by –0.2 electron for the neutral
flavin. Clearly, both the electronic polarization of solvent molecules and the charge

67

4-3 Results

transfer between solute and solvent are not taken into account in the QM/MM model,
so that a difference in the results for the redox properties should be expected between
the QM and QM/MM models.

4-3.5

Solvent reorganization, electrostatic potential and fluctuations

The solvent response through a change in the static polarization (here “static” means
“not electronic”) is due to a reorientation of the solvent molecules, which carry a non–
uniform electronic charge distribution. This in turn changes the electrostatic potential
experienced by the solute, which couples directly to ∆E. In the case of the QM/MM
model, we can compute the electrostatic potential, V elec , at the lumiflavin due to the
solvent using
V elec =

1 X qe qi
,
4π i |rc − ri |

(4.14)

in which the sum runs over all solvent atoms, with qi the MM charge of the oxygen
or hydrogen atom i and ri its position. For simplicity, we compute V elec at the center
of mass of the lumiflavin, rc , and, since we are interested in the potential felt by
the added electron, qe equals –1. Long range contributions are included using Ewald
summation.
The left panel in Figure 4.8 shows de electrostatic potential at the flavin center
versus ∆E in the QM/MM case. The plots combine the data taken from all five simulations at different fractional oxidation states, for both the first and second reduction
reactions. The correlation between V elec and ∆E is very high, with a correlation
coefficient of 0.99. Such a strong correlation is even somewhat surprising, because we
only consider V elec at the lumiflavin center, whereas we know that the electron added
to the flavin is rather delocalized over the three–ring system [95].
For the QM solvent, it is less trivial how to compute the electrostatic potential at
the flavin due to the solvent. We have approximated V elec in this case in two manners,
which give qualitatively the same result. We first computed V elec using Equation 4.14
and taking for the qi the MM charges for the solvent oxygen and hydrogen atoms. In
the second manner, we use instead the Mulliken charges (before adding or removing
the electron) for qi . The latter V elec is shown versus ∆E with black dots in the righthand-side panel of Figure 4.8. Clearly, the correlation, indicated with the straight line
fitted through the data points, is much weaker compared to that of the QM/MM case.
Apparently, the electrostatic potential computed by summing over MM or Mulliken
charges does not capture well the static solvent polarization in the QM case.
For the QM/MM case, the electrostatic potential captures the solvent reorganization rather well. Since V elec is computed by simply adding the contributions from each
of the solvent molecules, we can examine the contributions from the separate water
molecules. Figure 4.9 shows the time average contribution of each water molecule
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Figure 4.8: The electrostatic potential, Velec , at the center of mass of lumiflavin due to the water solvent versus ∆E in the
QM/MM simulations (left panel) and the QM simulations (right panel). Velec was computed with Equation 4.14 and summing over
all SPC water model charges in the QM/MM model, whereas in the full QM case the oxygen and hydrogen Mulliken charges were
used.
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to the electrostatic potential experienced by the lumiflavin in the different oxidation
states. Here the color-coding of bright red to bright blue runs from –0.08 to 0.04 eV.
Perhaps, not surprisingly, the water molecules in the first coordination shell display
the strongest contribution to V elec , with molecules that donate a hydrogen bond giving
a positive contribution (blue) and molecules that are more oriented with the oxygen
toward the flavin contributing negatively to V elec . Of course, this does not imply that
V elec is short-ranged as beyond the first shell the contribution is distributed over larger
and larger shells of water molecules. Comparing the oxidized state (left-hand-side)
to the reduced state (right-hand-side), we also observe the (average) reorientation of
water molecules upon reduction as a color shift from predominantly red to more blue.
Note that solvent molecules that contribute strongly to the electrostatic potential at
the flavin directly affect ∆E and therefore ∆A and the redox potential. Moreover,
solvent molecules that display a change in electrostatic potential upon flavin reduction
contribute to the reorganization free energy.
The contribution to the reorganization free energy per solvent molecule can also
be visualized by computing the second moment of the V elec per molecule. This is
shown in Figure 4.10, in which the color coding from white to bright blue refers
to average fluctuations (here taken as the standard deviation, σ) in V elec that run
from 0 to 0.136 meV respectively. Again, the major distribution arrises from solvent
molecules in the first coordination shell. Interestingly however, the molecules that
are H–bonded to the hydrophilic side of the flavin are seen to contribute much less
to the solvent reorganization than the molecules flanking the three-ring system from
the side. Apparently, the hydrophilic side of the solute, which takes part of the
hydrogen bond network of the solvent, is hydrated by solvent molecules that then
contribute to the average electrostatic potential but hardly to the reorganization free
energy as they cannot reorient. Instead the under-coordinated solvent molecules at
the hydrophobic sides of the lumiflavin are much more flexible to reorient their dipole
and thus contribute much more to the solvent reorganization.

4-4

Conclusions

We argued at the beginning of this article that a detailed molecular picture of the
environment reorganization during a reduction reactions was still unclear. In order
to unravel the environment responds to an electron transfer reaction, we have studied
the first and second reduction reactions of lumiflavin in gas phase and water solution
at T = 300 K and T = 350 K, using DFT–based molecular dynamics simulations
at the DFT–PBE level of theory and hybrid quantum mechanics / molecular mechanics (QM/MM). Comparing these two methods, we have found that the response
through electronic polarization plays a significant role in the simulations. Moreover,
the QM/MM model allows for larger systems and thus for analysis of the longer-range
solvent response. We find that the curvature of the parabolic free energy profiles does
not depend on the (fractional) charge of the flavin, which is in perfect agreement
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Figure 4.9: Snapshots of aqueous lumiflavin in which each solvent molecule is color coded to illustrate its contribution to the
average electrostatic potential at the Lumiflavin center. The color range runs from –0.08 eV (dark red) to 0.04 eV (dark blue). The
averages are taken over the last 2.5 ps of the QM simulation. The images are generated with VMD [102].
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Figure 4.10: The average fluctuations (σ) of the electrostatic potential that each water molecule induces at the Lumiflavin center
illustrated by coloring the solvent molecules of a representative snapshot. The color range runs from 0 (white) to 0.136 meV (dark
blue).
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with the linear response assumption that underlies Marcus0 theory of electron transfer. However, the classical treatment of the solvent in the QM/MM model leads to
an almost twice as large reorganization free energy compared to that in the fully QM
case. Although this can be largely explained by the difference in system size, we suspect that also the lack of the electronic polarization (which provides an instantaneous
relaxation of the electrostatic interaction upon a change in the flavin charge) in the
MM solvent can result in an increased solvent reorganization.
Lumiflavin is an amphiphilic molecule with on one side a hydrophobic methyl substituted carbon ring and at the other end a heteroatomic ring with nitrogen atoms
and carbonyl groups that form hydrogen bonds with the water solvent. Radial distribution functions of the flavin atoms with respect to the solvent atoms reveal a
pronounced solvent structure at the hydrophilic part of the flavin, which shows small
differences between the neutral and anionic states of the molecule. In the reduced
state a small increase of the first RDF peaks indicate a strengthening of the hydrogen
bonds with respect to that in the oxidized state. At the N5 position in the middle
ring a more significant reorganization takes place: this nitrogen atom is not involved
in hydrogen bonding in the oxidized state, but can accept up to two hydrogen bonds
after reduction. Simulations of partially charged lumiflavin show that this H–bond
affinity increases gradually upon charging. The radial distribution functions of the
full DFT and the hybrid QM/MM models show a similar picture, although the RDFs
of the carbonyl groups is somewhat more structured in the QM/MM model.
Apart from the changes in the solvent coordination and the hydrogen-bonding
with the flavin, the solvent reorganization occurs mainly through changes in the electronic and static polarization of the solvent. By computing the average difference in
the Mulliken charges of the solvent atoms before and after adding (or subtracting)
an electron to (or from) the flavin, we show that the electronic polarization is indeed
significant, especially at the first coordination shell solvent molecules that form hydrogen bonds to the flavin, but in a lesser extend also at the water molecules further
away. The Mulliken charges also reveal a small but significant charge transfer that
takes place from the solvent to the flavin in the oxidized state.
For the QM model, we have computed the electrostatic potential at the lumiflavin
due to the solvent atoms using either the Mulliken charges or taking fixed MM charges
at the solvent atom positions. In both cases, the electrostatic potential correlates
poorly with the vertical gap energy, ∆E. Instead, in the QM/MM case, the correlation
between ∆E and the electrostatic potential at the flavin computed by summing over
the solvent MM charges is very strong. This shows that the solvent reorganization is
captured very well by regarding only the change in the electrostatic potential in the
QM/MM case, whereas in the QM case this relation is less clear, most likely due to
additional relaxation due to the electronic polarization and charge transfer.
By further partitioning the average electrostatic potential at lumiflavin in its
contributions per solvent molecule, we find that the first coordination shell water
molecules that donate a hydrogen bond to the flavin induce a positive potential,
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whereas the water molecules that accept a H–bond and also the non-hydrogen bonded
solvent molecules that flank the aromatic ring system mainly contribute a negative
potential. As the average electrostatic potential directly affects the average ∆E, and
thus the redox potential, we predict that there is a relation between the number of
H–bond accepting or donating substituents of a compound and its redox potential.
Finally, by mapping the standard deviation in the electrostatic potential contribution
per solvent molecule, we find that the fluctuations are small for the hydrogen bonded
water molecules. This confirms that these molecules contribute little to the reorganization free energy, in agreement in the small changes seen in the RDFs. Instead
the water molecules that flank the lumiflavin on the side are seen to show the largest
contribution to the fluctuations, together with the water molecules that form H–bonds
at the N5 upon flavin reduction.
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Appendix

Unbiasing the fractional electron transfer state simulations
The probability to measure a certain vertical energy gap, ∆E 0 = ER (rN ) − EO (rN ),
of the neutral (η = 0) system in the canonical ensemble is:
Z
1
0
Pη=0 (∆E ) =
(4.15)
drN e−βHη=0 δ(∆E − ∆E 0 ),
Zη=0
R
with Zη=0 = drN e−βHη=0 , the partition function of the neutral system. The probability in the reduced system, Pη=1 (∆E 0 ) has the analogous expression, but will in
practice be numerically different from Pη=0 (∆E 0 ) because the anionic system samples
different configurations under Hη=1 . In fact, there may even be little overlap between
the two probability functions in the case of a large reorganization of the environment
upon changing the charge.
To enhance the sampling of configurations in rarely visited regions of the reaction
coordinate ∆E, the system can be biased by sampling configurations under a mixed
Hamiltonian, Hη = ηHR + (1 − η)HO , with η ∈ [0, 1] and with HO and HR the
Hamiltonians of the neutral and anionic systems respectively. The probability function
measured at some fractional value η1 is again analogous to Equation 4.15, but it should
be reweighted to correct for the applied bias. To reweight a probability function
Pη1 (∆E 0 ) as if it was measured at a different η2 , we start from the formula for Pη2 (∆E 0 )
(see Equation 4.15) and multiply the Boltzmann factor by the identity e−βHη1 e+βHη1
and rearrange to:
Z
1
0
drN e−βHη1 e−β(Hη2 −Hη1 ) δ(∆E − ∆E 0 ).
(4.16)
Pη2 (∆E ) =
Zη2
By multiplying by a second identity, Zη2 /Zη2 , this can be further rewritten to:
Z
Zη1 1
0
Pη2 (∆E ) =
drN e−βHη1 e−β(η2 −η1 )∆E δ(∆E − ∆E 0 ).
(4.17)
Zη2 Zη1
in which we also made use of Hη2 (rN ) − Hη1 (rN ) = (η2 − η1 )∆E. As the delta function
leaves only the contributions for which ∆E = ∆E 0 , we can place the second exponent
in front of the integral, so that only the Boltzmann weight of Hη2 remains inside,
which is simply Pη1 (∆E 0 ) when normalized by Zη1 :
Pη2 (∆E 0 ) =

Zη1 −β(η2 −η1 )∆E
e
Pη1 (∆E 0 ).
Zη2

(4.18)

5

Acidity constants of lumiflavin from first
principles molecular dynamics simulations
We have computed the free energy profiles of the deprotonation reactions of lumiflavin
in the semiquinone and fully reduced oxidation states using constrained DFT–based
molecular dynamics simulations. In the semiquinone state, the N5 nitrogen atom and
the N1 nitrogen atom can become protonated. We find, in agreement with experiment,
that the N5 site is the predominant proton acceptor, although the computed pKa value
is somewhat smaller than the experimental number. The computed pKa for the N1 protonation in the fully reduced state is in good agreement with the experimental number.
We employ two different, commonly used, reaction coordinates based on the distances
between the proton and the donor and acceptor atoms. Further improvement of the
accuracy of this type of pKa calculations may require development of more advanced
reaction coordinates that go beyond the description of only the first proton transfer
step from a donor atom to a first solvation shell water molecule.†

†

This chapter has been published as:
M. Kılıç and B. Ensing. Phys. Chem. Chem. Phys. 16, 18993–19000, 2014.
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Introduction

Flavins such as flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN)
are common cofactors that play a key role in a wide variety of enzyme catalysed
oxidation and reduction reactions. They can accept up to two electrons in either a
single step or in two distinct one-electron transfer reactions. Flavins can also act as
proton donors or acceptors. The electron and proton transfer reactions are coupled—
the acidity constants depend on the redox state of the flavin and, vice versa, the
reduction potentials are a function of the pH. Moreover, both the electron and proton
affinities of the flavin are modulated by their protein or solvent environment, which
underlies the versatile flavochemistry observed in nature.

CH3

CH3

H9

H3C

HB

C9

N10

N1

O2

C8

C9A

C10A

C2

C7

C5A

C4A

N3

C6

N5

C4

H6

HA

O4

H3

Figure 5.1: Structural motif of Lumiflavin. In the flavins most commonly found in nature,
such as riboflavin (vitamine B2), FMN, and FAD, the methyl group attached to N10 is
replaced by a longer side-chain. Depending on the oxidation state, the N1 and N5 nitrogen
atoms can be protonated. The protons are labeled HA and HB .

The structural motif of flavins is a three-ring isoalloxazine moiety with a side group
attached to the nitrogen (N10) atom in the middle ring (see Figure 5.1). Three other
nitrogen atoms can accept or donate a proton depending on the oxidation state of
the flavin. The acidity and redox properties of flavins have been subject of study
since the 1930s [103] using potentiometric methods [77], pulse radiolysis [78, 104],
NMR [105], and UV/Vis spectroscopy [104, 105]. The acidity constants (pKa ’s) and
reduction potentials are therefore experimentally well-established, despite the complexity due to the intrinsic coupling of the redox and protonation reactions and the
fact that the intermediate semiquinone radical is rather unstable with a formation
constant of K = [FMNsq ]2 /([FMNox ][FMNred )] ≈ 10−3 . [79] Figure 5.2 illustrates
schematically the different redox and protonation states of flavins. In the oxidised
state, only the N3 atom is protonated with an associated pKa of about 10.3. Oneelectron reduction of the neutral flavin leads to the anionic radical semiquinone state,
or to the neutral semiquinone when simultaneously a proton is accepted at the N5
position. For riboflavin and FMN, the pKa of the semiquinone is estimated to be
about 8.3-8.55 [77, 79, 104]. The second one-electron reduction leads to the anionic
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hydroquinone state, or again a neutral state when accompanied with a second protonation, this time at the N1 atom. The pKa of the riboflavin and FMN hydroquinone
are estimated to be 6.25 and 6.72 respectively [77].
Computational studies have the advantage that the electron and proton transfer
processes can be decoupled by computing the reaction free energy of the proton (or
electron) transfer reaction at a fixed oxidation (or protonation) state. Truhlar and
coworkers have computed the redox and acidity properties of several flavins using
density functional theory (DFT) and a continuum description of the aqueous solvent [80, 81]. For a series of lumiflavin compounds with different substituent at the
C7 and C8 positions, they found reduction potentials and pKa values in good agreement with experiment, with the exception of the pKa of 1.5 for the dimethyl species
in the fully reduced state, which is much smaller than the experimental value of 6.5.
DFT–based molecular dynamics (DFT–MD) simulations using explicit solvent require
fewer empirical parameters such as the cavity radii and the dielectric constant, and
more importantly, they allow for study of the role of the molecular environment in the
charge transfer process. However, sampling of the solvent configurations is computationally demanding at the DFT–MD level of theory. And secondly, the calculation of
the transfer free energy requires an advanced sampling method, such as free energy
perturbation [106, 107] or constrained molecular dynamics [108–110].
We have recently studied [95] the two one-electron reduction reactions of lumiflavin (LF) in aqueous solution using DFT–MD simulations. Lumiflavin is one of the
smallest flavin members, in which the N10 side-chain is a methyl group as depicted in
Figure 5.1. We used a free energy perturbation approach [11, 13] that relates the redox
potential to the average energy required to add (or subtract) an electron to the system, i.e. the vertical gap energy. Computation of the pKa is somewhat more involved
because the proton, treated as a classical particle, has a position that should be chosen
in an efficient way such that the configurations are physically relevant [22, 107, 111].
We therefore use constrained molecular dynamics [40, 108], to calculate the potential of mean force of the protonation reaction as function of a well-chosen reaction
coordinate, from which the pKa is obtained [112].
In this work, we study the proton transfer (PT) reactions at the N1 and N5
lumiflavin nitrogen atoms in the semiquinone and fully reduced oxidation states. In
the semiquinone state, the protonation takes place at the N5 nitrogen, which we label
PT1A as indicated in Figure 5.2. However, we can also measure the pKa of the N1
site in the semiquinone state (labeled PT1B). The third reaction is the protonation of
the N1 site in the fully reduced state (PT2), in which case the N5 site is considered
already protonated.
In the following, we first briefly review the method to calculate the pKa using
constrained DFT–MD simulation and provide the details of our model. Next, the
computed free energy profiles for the proton transfer reactions and the resulting pKa
values for the different flavin protonation sites are discussed. We have computed the
free energy profiles twice using the two most commonly used reaction coordinates for
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Figure 5.2: Lumiflavin (LF) can exist in several oxidation and protonation states. Electron and proton transfer reactions are
indicated by arrows.

79

5-2 Methods

proton transfer reactions. A suggestion is made on how these reaction coordinates
can be further improved.

5-2
5-2.1

Methods
Calculation of pKa from constrained dynamics

The acidity constant is related to the difference in the Helmholtz free energy, ∆A,
between the protonated and deprotonated states of the molecule as:
pKa =

∆A
kB T ln(10)

(5.1)

with kB the Boltzmann constant and T the absolute temperature. We compute this
free energy difference by performing a series of constrained molecular dynamics simulations, in which for each simulation the sampling of the molecular configurations is
constrained to a certain fixed reaction coordinate value. The reaction coordinate is a
geometric function of the atomic positions, q(rN ), that describes the progress of the
protonation reaction from the reactant state to the product state. Integration of the
mean force of constraint, i.e. the average force needed to maintain the reaction coordinate constraint during the simulation, results in a free energy profile as a function
of the reaction coordinate:
0

Z

q0

∆A(q ) = −

hf iq dq

(5.2)

q0

in which we choose A(q0 ) = 0 and q0 to be at the free energy minimum of the reactant
state. The brackets denote that the force is an ensemble average and the subscript q
indicates that the ensemble was constrained at the value q of the reaction coordinate,
which is enforced every MD step using the method of Lagrange multipliers. For a
distance constraint, the mean force of constraint is equal to the Lagrange multiplier.
For more general coordinate types, the constraint force contains additional terms that
unbias the measured force to that of the unconstrained ensemble [40].
The accuracy of the resulting free energy profile of the reaction depends crucially
on how well the chosen reaction coordinate describes the reaction mechanism. For
a proton transfer reaction, this choice of a reaction coordinate is complicated by the
fact that after the proton has made its initial jump from the donor molecule to a
nearby solvent water molecule to form a hydronium ion, another proton of this ion
may make the next jump to a water molecule in the second coordination shell, and so
forth. Previous work has therefore focussed mainly on the first step, the breaking of
the initial donor-proton bond, thereby neglecting the changes in free energy that may
occur when the charge-separation proceeds beyond the contact-ion pair distance. The
good agreement of previous results with experiment so far indicates that the missing
contributions are small.
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Here, we use two different types of reaction coordinates. The first coordinate is
a function that estimates the coordination number, nc , of the number of hydrogens
within a distance d0 of the donor nitrogen atom:
nc =

i) n
X 1 − ( d(N−H
)
do

i

i) m
)
1 − ( d(N−H
do

(5.3)

Here, the sum runs over all solvent hydrogen atoms in the system. The value of
nc is (close to) one in the protonated state and switches smoothly to zero as the
distance d(N − H) increases. The smoothing parameters n and m were chosen to be
respectively 8 and 16 and the cutoff radius d0 was set to 1.3 Å. The coordination
number coordinate is probably the most used reaction coordinate for this type of pKa
calculations. One advantage of this coordinate is that it leaves the choice of the solvent
molecule that accepts the proton free. A disadvantage of this coordinate is that it is
difficult to simulate the reverse proton transfer from the solvent to the flavin molecule,
because at very small values of nc , the proton can escape into the bulk after which
the coordinate looses its control on the proton position. The series of constrained
MD simulations is therefore setup by starting from the protonated flavin state and
stepwise decreasing nc to generate initial conditions for the other simulations.
The second reaction coordinate type that we use includes also the distance of the
proton to the accepting water molecule oxygen:
∆d = d(N − H) − d(Ow − H)

(5.4)

That is, ∆d is the difference between the distance of the proton to the donating
flavin nitrogen and the distance of the proton to the accepting water oxygen. Its
value is negative in the protonated state, zero when the proton is exactly equidistant
from the donor and acceptor atoms, and positive in the deprotonated state. The
advantage of using this coordinate is that we can also generate a series of simulations
starting from the deprotonated state. This deprotonated state was constructed from
a simulation of (deprotonated) lumiflavin in water by adding a proton to a water
molecule that was hydrogen bonded to the flavin nitrogen atom. Subsequently, this
system was equilibrated while maintaining the hydrogen bond using the ∆d constraint
and an additional coordination number restraint on the hydronium ion oxygen. This
restraint worked as a repulsive harmonic wall to avoid that either of the other two
hydronium hydrogens would escape to a nearby water molecule. The wall potential
on this coordination number was zero as long as its value was larger than 1.6. After
equilibration with this additional restraint, we performed the production simulations
both without and with the restraint. The former results are the most interesting and
are discussed hereafter, whereas the results obtained with the additional restraint on
the proton accepting water molecule are provided in the supplementary information.
By performing a constrained MD series starting from the equilibrated protonated state
(forward series) as well as from the equilibrated deprotonated state (reverse series), we
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can assess whether omitted (solvent) degrees of freedom from the reaction coordinate
cause hysteresis effects (see for an discussion of such hysteresis e.g. Ref. [113]).

5-2.2

Computational details

All electronic structure calculations and ab initio molecular dynamics simulations
were performed using DFT with the Perdew-Burke-Ernzerhof (PBE) [51] exchangecorrelation functionals and Grimme’s D3 Van der Waals correction [114] as implemented in the CP2K program (version 2.4) [36, 85]. The CP2K program is based
on a hybrid Gaussian and plane wave scheme, in which the wave functions are expanded using a Gaussian basis set, and an auxiliary basis of plane waves is employed
to expand the density [86]. We used pseudopotentials of the Goedecker-Teter-Hutter
(GTH) type, based on the parametrization of Hartwigsen-Goedecker-Hutter [87, 88]
and adapted for the DFT. A split valence Gaussian basis set designed specifically for
these pseudopotentials, [85] of double-ζ quality and one set of polarisation functions
(DZVP), was employed for all atoms including hydrogen. The auxiliary plane wave
basis expansion was cutoff at 300 Ry.
The system of aqueous LF contained one LF molecule and 102 water molecules
in a periodic cubic unit cell with an edge of 15.148 Å. The DFT–based molecular
dynamics simulations used the Born-Oppenheimer method with a time step of 0.5 fs
in the canonical (NVT) ensemble. The CSVR (Canonical Sampling through Velocity
Rescaling) [91] thermostat was used to maintain a constant temperature of T = 300 K.
The systems were equilibrated for at least 5 ps, after which at least 5 ps of constraint
simulation was performed at each reaction coordinate value parameter for analysis.
To assess the quality of the PBE functional, we performed a series of benchmark
calculations of the proton transfer reactions in the gas-phase using the Gaussian-09
program [115]. The molecular geometries were computed at the PBE/6-31g(d,p) level,
which were subsequently used to compare the deprotonation energies between different functionals using a 6-311G(2d,p) basis set. The results are compiled in Table 5.1,
together with the B3LYP [49, 50, 116] and M06-L [117] results of Bhattacharyya et
al. [80]. Comparing the results using the PBE functional, which is a first generation
GGA functional, with the hybrid-GGA B3LYP, the meta-GGA M06-L, and the metahybrid-GGA M06-2X, we note small differences of 1-2 kcal/mol. Note in particular
that the PBE difference between the PT1A and PT2 reactions is somewhat larger
(2.6 kcal/mol) than that for the other functionals, B3LYP (1.2), M06-2X (0.0), and
M06-L (1.4). Instead, the difference between PT1B and PT2 is very similar for all
functionals, PBE (7.6), B3LYP (7.9), M06-2X (8.6), M06-L (7.9). The latter leads us
to conclude that there is no indication that the PBE GGA functional shows a systematic deviation for the deprotonation reactions in the semiquinone radical state (PT1A
and PT1B) compared to the closed shell state (PT2). For our flavin simulations in
aqueous solution, we augment the PBE functional with the a posteriori Van der Waals
correction by Grimme.
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PT1A:
PT1B:
PT2:
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transfer
LFH → LF− + H+
LFH → LF− + H+
LFH2 → LFH− + H+

PBE
338.0
327.8
335.4

B3LYP
339.4
330.3
338.2

M06–2X
336.0
327.4
336.0

M06–L
339.0
329.7
337.6

B3LYP†
334
332

M06–L†
335
333

Table 5.1: Zero Kelvin gas-phase energies (kcal/mol) of the three deprotonation reactions.
last two columns shows the results from Ref. [80] using the B3LYP and M06–L density
functionals.
† The
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Figure 5.3 summarises the main results from the constrained DFT–MD simulations
that we performed to compute the pKa values of lumiflavin. The different colours
represent the three proton transfer reactions that we focussed on: the (de-) protonation in the semiquinone state at the N5 atom (black lines labeled PT1A) and at
the N1 atom (red lines, PT1B), and the (de-) protonation in the fully reduced state
at the N1 atom (green lines; PT2). The top panels show the free energy profiles as
a function of the coordination number reaction coordinate (Equation 5.3) at the left
side, and using the distance-difference coordinate (Equation 5.4) in the right panels.
These profiles where obtained by integration of the measured mean force of constraint
(see Equation 5.2), which are shown in the middle panels.
In the top-left panel, the free energy profiles show a minimum in the protonated
state at a reaction coordinate value of nc = 0.9 and increase when the proton is moved
away from the flavin by decreasing nc . The bottom panel shows the average d(N − H)
and d(H − Ow ) bond distances, which are close to respectively 1.1 Å and 1.8 Å in
the protonated state as the proton forms a hydrogen bond with the nearby water
molecule. For each of the three proton transfer reactions, a snapshot of this initial
protonated state is shown in Figure 5.4 at the left.
Decreasing the nc reaction coordinate carries the proton from the flavin toward
the nearest water molecule as seen from the increasing d(N − H) distance and the
decreasing d(H − Ow ) distance. This happens in a similar manner for all three proton
transfer reactions, crossing the equidistant state at nc = 0.6. The three free energy
profiles show also a similar increase, but reach different final maxima. The last data
point is drawn with an open circle to indicate that in that simulation a spontaneous
second proton transfer was observed that carried the hydronium ion into the second
coordination shell, after which we stopped the simulation. The free energy profiles
should thus be interpreted as the work required to carry the proton from the flavin
up to the reaction coordinate value at which the proton escapes barrierless into the
solvent. This escape occurs earliest for PT1B at a free energy barrier of 6.2 kcal/mol
and at the latest for PT1A at 9.1 kcal/mol. These free energies, together with the
pKa values computed using Equation 5.1, are compiled in Table 5.2.
The free energy profiles as a function of the distance–difference reaction coordinate,
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Figure 5.3: Top panels: free energy profiles for the three protonation reactions computed
using the nc reaction coordinate (left) and the ∆d coordinate (right panels). The dashed lines
in the right panels results from the backward reactions and allow for assessment of hysteresis
effects. Middle panels: average force of constraint. Open circles connected by dashed lines
denote the runs in which the proton escapes the control of the reaction coordinate. Bottom
panels: distance between the proton and the lumiflavin N1 or N5 nitrogen atom and distance
between the proton and the accepting water molecule oxygen atom.
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Reaction States
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Figure 5.4: Representative snapshots from the constrained simulations of the PT1A, PT1B
and PT2 reactions, at the protonated reactant state (left panels), the intermediate equidistant state (middle column), and the state just before the proton escapes to the second
solvation shell.

Proton transfer
PT1A:
PT1B:
PT2:

LFH → LF− + H+
LFH → LF− + H+
LFH2 → LFH− + H+

∆A
nc ∆d
9.1 9.4
6.2 5.6
7.8 8.5

pKa
nc ∆d exp.
6.7 6.9 8.5
4.5 4.1
5.7 6.2 6.5

Table 5.2: Deprotonation free energies, ∆A, (kcal/mol) and pKa values computed for
the N5 nitrogen (PT1A) and N1 nitrogen (PT1B) sites in the semiquinone state and the
N1 nitrogen (PT2) site in the fully reduced state, computed using two different reaction
coordinates (nc and ∆d). Experimental pKa values were taken from Ref. [118].
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shown at the right in Figure 5.3, show the same trend for the escape barriers of the
three proton transfer reactions. As explained in the method section, with this reaction
coordinate, we are also able to perform the series of constraint simulations starting
from the deprotonated state, which results in the profiles shown by the dotted lines.
The hysteresis between the forward and reverse reaction profiles is most likely due to
small differences in the solvent reorganisation that is not controlled by these simple
reaction coordinates. The effect is the largest for the PT1A reaction, resulting in
an overestimated deprotonation free energy of 10.0 kcal/mol for the forward reaction
compared to an underestimated protonation free energy of 8.8 kcal/mol in the reverse
direction.
Although we cannot estimate the amount of hysteresis in the case of the coordination number reaction coordinate, we should of course expect a similar overestimate for
the deprotonation free energy, due to the solvent reorganisation lagging behind. Nevertheless, these free energies are smaller (in the cases of PT1A and PT2) than those
computed using the ∆d coordinate, even though we could correct the latter numbers
for the hysteresis effect by taking the average of the forward and reverse estimates (see
Table 5.2). The main difference between the nc and ∆d reaction coordinates is that
nc is effectively only a function of the distance between the proton and the donating
nitrogen atom, whereas ∆d incorporates also the distance between the proton and
the accepting water oxygen. Not controlling the d(H − Ow ) with nc leads to larger
variation in the average distance of the accepting water to the leaving proton as is
seen in the bottom-left panel of Figure 5.3 by comparing the three d(H − Ow ) curves
at the early stage of the deprotonation reaction (i.e. at nc ≈ 0.9 − 0.7). Note how a
further away water oxygen (e.g. the red dot at nc = 0.9, or the black and green dots
at nc = 0.8, or the green dot at nc = 0.7) corresponds to a larger average force of
constraint shown in the middle-left panel. Note also that in the nc case the largest absolute force is measured at the early stages of the deprotonation, so that the steepest
part of the free energy curve is around nc = 0.8, whereas for the ∆d coordinate the
largest constraint force is seen near the equidistant state, so that the ∆A curve is the
steepest around ∆d = 0. A third difference seen in the behaviour of the nc and ∆d
reaction coordinates is seen in the last stage of the deprotonation reaction. Using the
nc coordinate, the average constraint force remains positive, i.e. pushing the system
back toward the protonated state, until the proton escapes into the solution. Instead,
when using the ∆d coordinate, the constraint force tends back to zero, which results
in a free energy curve that shows a maximum, as expected when reaching a transition
state barrier. This indicates that in the latter case, the proton escape occurs close
to the actual free energy barrier, whereas in the case of the nc coordinate the proton
may escape prematurely depending on a random fluctuation of the distance between
the proton and the accepting water molecule.
The final state of the system is different for each of the three proton transfer
reactions, irrespective of the reaction coordinate used in the constraint simulations.
For PT1A, the hydronium ion remains close to the N5 site, simply hopping back and
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forth between first and second shell water molecules through an Eigen-Zundel-Eigen
mechanism. In one simulation, using the nc coordinate constraint at 0.1, the proton
was seen to be accepted by the lumiflavin O4 atom for most of the simulation. For
PT1B, in all simulations in which the proton escapes (i.e. at nc ≤ 0.4 or ∆d ≥
0.6 Å) the hydronium ion did not remain close to the N1 donor atom for more than a
picosecond, but moved via several Grotthus-like hops along a wire of hydrogen bonds
in the water solvent to terminate at the lumiflavin N5 atom (or that of a periodic
copy of the lumiflavin molecule). And finally, for PT2 the hydronium ion would also
travel away from the N1 atom but in this case remain far away from the lumiflavin
molecule, at a distance apparently only limited by the size of the system box.
The pKa values computed from the deprotonation free energy barriers using the
two different reaction coordinates are in fair agreement with each other (see Table 5.2).
Compared to the experimental numbers, we see good agreement for the PT2 case, but
a significant underestimation for the PT1A pKa . Similar to previous pKa calculations
using the same approach [110, 119–121], we estimate the accuracy of the employed
methodology to be within 1 pKa unit. The discrepancy for the PT1A pKa between
our computed value and the experimental number is most likely due to a systematic
underestimation of the free energy barrier due to the limited range of the employed reaction coordinates. As described above, in the PT1A case the hydronium ion remains
near the N5 protonation site when the maximum range of either the nc or ∆d reaction
coordinate is reached. This indicates that the actual free energy barrier to separate
the hydronium ion from the semiquinone anion is larger than we can compute with
these types of reaction coordinates.
An interesting approach to compensate for the missing part of the free energy
profile beyond the transition state is based on the reversible work theorem [122],
which relates the proton–conjugate base radial distribution function, g(d), to a free
energy profile as
g(d) = exp[−∆A(d)/kB T ],
(5.5)
in which ∆A(d) is the free energy (or average work) to bring the proton from infinity to
a distance d from the conjugate base. The dissociation constant can then be expressed
as
Z
Dc

Kc−1

dd 4πd2 exp[−∆A(d)/kB T ],

= c0

(5.6)

0

with c0 the standard concentration and Dc a suitable cut-off distance to distinguish
between the covalently bonded state and the dissociated state. However, due to
the limited box size, L, that can be used in DFT–MD simulations, the free energy
profile from infinity until the maximum dissociation distance, L/2, remains unknown.
Moreover, in practice, we only have a free energy profile of the bonded state up to
the point that the proton escapes the control of the reaction coordinate. Davies
et al. circumvent these issues by deriving an expression for Ka in terms of an Dc
dependent dissociation fraction, α(Dc ). By fitting the pKa for water dissociation to
the experimental value, they find a cut-off Dc = 1.22 Å to be optimal [119]. Ivanov
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et al. also use the water dissociation as a reference, but simply take the ratio of the
dissociation constants,
R Dc
dd d2 exp[−∆Aacid (d)/kB T ]
Kd (acid)
0
= R Dc
Kd (H2 O)
dd d2 exp[−∆AH2 O (d)/kB T ]

(5.7)

0

which is supposedly less sensitive to the cut-off radius; they use Dc = 1.35 Å [123]. We
cannot straightforwardly employ this equation for our flavin case, because we have
not computed the Kd (H2 O) at the same DFT level of theory. However, the same
approach can be used to compare different deprotonation reactions, for example the
PT1A reaction versus the PT2 reaction as reference. We therefore remap our ∆A(∆d)
profiles to ∆A(d) functions using the bottom-right panel of Figure 5.3 and employ
Equation 5.7. However, the result for the PT1A pKa is that it is almost equal or even
less than the (reference) PT2 value, depending on the Dc value used, which is much
worse than our results based on the dissociation barriers. This can be rationalised by
noting that the PT2 ∆A curve is largely equal or somewhat higher than the PT1A
curve until very close to the dissociation barrier at d = 1.4 Å (see top panels in
Figure 5.3). In other words, this approach is based on the assumption that the shape
of the free energy profile between d = 0 and Dc is always and in the same manner
representative for the overall free energy difference between bonded and dissociated
states. Clearly, this assumption does not hold in our case.
For the PT1B, we find a value of 4.1 using the ∆d coordinate. To our knowledge,
the experimental pKa of the N1 site in the semiquinone state is unknown (Land
and Swallow measured 2.3 and 8.3 for the semiquinone pKa ’s using pulse radiolysis,
however here the first number refers most likely to the N1 pKa while the N5 site
is protonated [104]). Similar to the PT2 case, our simulations captured the PT1B
deprotonated including the escape of the proton into the solvent, so that we expect
a similarly good accuracy. This allows us to estimate the relative propensity, K, for
the protonation of the N1 site versus the N5 site in the semiquinone state,
HN5 + N1− ↔ N5− + HN1,

(5.8)

[H+ ][N5− ]
[HN1]
[N5− ][HN1]
−8.5
=
· +
/10−4.1 = 6.3 · 10−5 ,
−
− = 10
[HN5]
[HN5][N1 ]
[H ][N1 ]

(5.9)

as
K=

in which we use the experimental number of the pKa of PT1A.

5-4

Conclusions

Using the method of constrained DFT–based molecular dynamics simulation, we have
studied the (de-) protonation of the prototypical flavin named lumiflavin in aqueous
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solution. In the semiquinone state, the N1 and the N5 nitrogen atoms can act as
proton acceptors, whereas in the fully reduced oxidation state, only the N1 site is
available for protonation.
We employed two different reaction coordinates in the constrained simulations to
compute the deprotonation free energy profiles, from which the pKa values were obtained. The first reaction coordinate was functionalised as the coordination number
of the number of hydrogens around the nitrogen atom, and thus effectively only considered the distance between the proton and the donor atom. The second reaction
coordinate included also the distance from the proton to the accepting water oxygen atom, by taking the difference between the two distances. The latter reaction
coordinate allowed us to estimate systematic errors due to omitted solvent degrees
of freedom in these simple reaction coordinates, by measuring the hysteresis in the
free energy profiles between the forward deprotonation and the backward protonation
reactions. This hysteresis effect was found to be relatively small. Secondly, we noted
that omission of the distance of the proton to the accepting water molecule in the first
reaction coordinate leads to larger fluctuations in the measured force of constraint and
free energy profile.
In the semiquinone state, the N5 nitrogen is the predominant protonation site as
expected, however the computed pKa of 6.9 (using the distance difference reaction
coordinate) was smaller than the experimental number of 8.5. We attribute this
to the fact that the current reaction coordinates do not control the deprotonation
reaction beyond the second coordination shell of the donor molecule. This problem
did not play a role in the deprotonation of the N1 site in the semiquinone and fully
reduced oxidation states. In the first case the proton spontaneously diffused through
the solvent toward the N5 site, whereas in the fully reduced case the hydronium
ion remained as far from the lumiflavin as possible in the limited simulation system.
The pKa of the reduced lumiflavin was found to be 6.2 in good agreement with the
experimental number of 6.5.

Supporting Information
The Supporting Information contains a comparison of the free energy profiles of the
three proton transfer reactions using the ∆d coordinate with and without an additional
restraint on the proton accepting water molecule and radial distribution functions of
the solvent environment around the donating lumiflavin site and the accepting water
molecule.
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Supplementary information
Radial distribution functions

To quantify the solvent structure around the proton donating nitrogen atom of lumiflavin and the accepting first solvation shell water oxygen, we have computed the
radial distribution functions (RDF) of the hydrogens around these nitrogen atoms (labeled N1 and N5) and oxygen atom (Ow ), see also Figure 5.4 in the paper. The graphs
are shown in Figure 5.5 for the deprotonation of the N5 site in the semiquinone state
(labeled PT1A, top panels), the N1 deprotonation in the semiquinone state (PT1B,
middle panels), and the N1 deprotonation in the fully reduced state (PT2, bottom
panels). The different colours show the RDFs at different stages of the proton transfer
reactions, with in black the initial flavin protonated state, in red an intermediate state
in which the proton is (almost) equidistant from the donor and the acceptor atoms,
and in green the final stage at which the second proton transfer, from first to second
coordination shell, takes place.
The first steep peaks in the left-hand-side panels are due to the position of the
transferring proton, which moves to the right (i.e. larger N-H distance) as the reaction
proceeds. The smaller second peak is mainly due to the two hydrogens of the accepting
water molecule, but overlaps with contributions due to other nearby hydrogens, in
particular from a hydrogen that is donated to the accepting Ow by another first shell
water molecule (see also Figure 5.4 in the paper) and from one or two water molecules
that flank the flavin near the donating N atom. As a result from this overlap, the
integrals of the RDFs shown by dashed lines do not show a clear step for the number
of hydrogens contributing to the second peak. For all three proton transfer reactions,
the peak moves to the left and becomes somewhat more pronounced as the transfer
proceeds, which is due to the shortening of the N-Ow distance.
At the accepting water oxygen (right panels), the first peaks are due to the two
water hydrogens and the proton. The peak due to the latter moves to the left (i.e.
shorter Ow -H distance) as the proton transfer occurs. The integral indicates a fourth
hydrogen (note the right-hand-axis), which is due to a second shell water molecule that
donates an H-bond to the Ow , except in the later stages of the PT2 reaction (bottom
right panel). Comparing the solvent structure of the accepting water molecule between
the three proton transfer reactions, we find that in the PT2 case the water molecule
is always somewhat under-coordinated as also illustrated in Figure 5.4 in the paper.
Why this under-coordination only occurs in the fully reduced state is not clear.
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Figure 5.5: Radial distribution functions of the number of water solvent hydrogen atoms around the proton donating flavin nitrogen
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Free energy profiles using the addition H3 O+ restraint

As described in the paper, we equilibrated the systems also in the product state,
in which the flavin has donated its proton to the nearest water molecule, by using,
in addition to the ∆d constraint, a restraint that avoids that the two hydrogens,
other than the transferred proton, leave the H3 O+ ion. For this restraint, we used
a coordination number variable of the number of hydrogens (other than the proton)
within a cutoff distance to the oxygen, subject to a steep wall potential that would
become effective if the coordination number would drop below 1.6 when one of the
hydrogens would attempt to leave.
We have considered whether it would be a good idea to also perform the productions runs with this restraint applied, in an attempt to overcome the problem that the
free energy profiles can only be computed up to the point that the proton jumps away
into the bulk water. Unfortunately, this approach does not work. The main reason is
that the transport of the proton, after it reached the first solvent water and formed a
hydronium ion, does not proceed as an intact H3 O+ ion, but rather hops from the first
water to next via an intermediate H5 O+
2 complex (aka the Grotthus mechanisms), so
that the first water maintains its H-bond with the flavin donor atom. As the restraint
enforces the hydronium ion to remain as an intact H3 O+ ion, the H-bond with the
flavin is stretched when the ∆d reaction coordinate is further increased. This results
in a negative force (see the middle right panel in Figure 5.6, and therefore a too high
free energy profile (see the top panel).
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Figure 5.6: Top panels: free energy profiles for the three protonation reactions computed
using the ∆d coordinate and an additional H3 O+ restraint (right panels) and without this
restraint (left panels). Note that the latter is thus the same as shown in Figure 5.4 in the
paper. Middle panels: average force of constraint. Bottom panels: distance between the
proton and the lumiflavin N1 or N5 nitrogen atom and distance between the proton and the
accepting water molecule oxygen atom.
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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.
HO

OH
P

O

O

R-group
OH

HO
OH

FMN
H9
M8

C9A

C7
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N10

C9
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M10
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C0A
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C4A
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O2
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C4
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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
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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,

6-4 Conclusions
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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.

Summary
Molecular simulations are essential tools in order to understand such fundamental
electrochemistry phenomena as electron and proton transfer mechanisms. In this
context, there are many practical examples about these particular chemical processes
in daily life. Electrons and protons can be transferred within a very short time from
one molecule to another or from the molecule to the solute. They can be easily transferred thanks to their small masses whenever a suitable condition is set. Although
these mechanisms can take place quite fast, the reaction proceeds experimental techniques taken from the state of the art theories. But there are still missing gaps when
it comes to fully understand the detailed mechanisms of experimental observations.
One of these issues is the exact role of solvent structure in electron and proton transfer
reactions. The related question in this context is how solvent reorganization tunes
the redox potential.
Either as a experimentalist or as a computational scientist, before going to laboratory or starting computational analysis, it can be argued that the solvent environments
affect these light particles very strongly. In other words, the solvent controls the conductivity by surrounding the solute. The molecular environment structure fluctuates
around the target molecule during the electron and proton transfer reactions.
In this thesis, we have studied electron and proton transfer mechanisms of flavins in
the gas phase, aqueous solution, BLUF domain and LOV domain environments using
contemporary molecular simulation techniques and Marcus Theory. Flavin has been
chosen for a sample chemical structure for this thesis because of their ubiquitous redox
properties in nature. These molecules can be found in many oxidation and reduction
processes in biological systems. Its molecular environment largely modulates the redox
potential of flavin molecules so that a change of the environment will lead to a different
redox potential. However, a detailed molecular picture for reorganization of flavins’
environment upon reduction is still unclear.
For this aim, we have calculated the reduction free energy curves of the redox half
reactions of flavin in different environments as a function of the instantaneous gap
energy (∆E) using density functional theory based molecular dynamics simulations
(DFT–MD) and hybrid quantum mechanics / molecular mechanics (QM/MM) simulations. Furthermore, we have compared DFT–MD and QM/MM results for the same
system in order to understand the long range effect on redox properties.
Additionally, we have computed the free energy profiles of the de-protonation reactions of flavin in the semiquinone and fully reduced oxidation states using constrained
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DFT–MD simulations. We have found, in agreement with the experiment, that the
N5 site is the predominant proton acceptor, although the computed pKa value is
somewhat smaller than the experimental number. The computed pKa for the N1
protonation in the fully reduced state is in agreement with the experimental number. We have employed two different, commonly used; reaction coordinates based on
the distances between the proton and the donor and acceptor atoms. Further improvement of the accuracy of this type of pKa calculations may require development
of more advanced reaction coordinates that go beyond the description of only the
proton transfer from a donor atom a first solvation shell water molecule.
As a conclusion of electron transfer parts of the thesis, we have found that the
reduction potential of flavin in aqueous phase, which is calculated using free energy
perturbation simulations, has the typical parabolic shape as predicted by Marcus’
theory of electron transfer. The water solvent structure undergoes significant changes
within the first coordination shell upon flavin reduction. These structural changes
account largely for the reorganization free energy term in the measured redox potential. However, in the second reduction reaction, from semiquinone to fully reduced
lumiflavin, the inner-sphere reorganization contributes significantly via the increased
‘butterfly’ bending of the flavin. This butterfly bending causes a deviation from the
linear response approximation that underlies Marcus’ theory of electron transfer.
Comparing the QM/MM simulations, in which the solvent is modeled with an
empirical forcefield, with the (full) DFT–MD simulations, we have found that the
response through electronic polarization plays a significant role in the latter case.
Also, a small charge transfer between flavin and solvent is observed in the full
DFT treatment. As a result, we find only in the case of the QM/MM model a strong
correlation between ∆E and the (pair-wise computed) electrostatic potential (ESP)
at the flavin due to the solvent. By analyzing the contribution of the ESP at the
flavin per solvent molecule, we can not only distinguish between the different modes
of hydration by solvent molecules that coordinate at the hydrophilic and hydrophobic
sides of the flavin molecule, but also quantify their contribution to the reorganization
free energy by measuring the ESP fluctuations per solvent molecule.
As a conclusion of electron transfer in proteins part, 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. Our molecular
pictures of the reorganization of the protein environment upon flavin reduction allow
us to understand the different redox potentials of flavoproteins found in nature.
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Samenvatting
Moleculaire simulaties zijn essentieel om fundamentele elektrochemische processen,
zoals elektron en proton overdrachtsmechanismes te begrijpen. Er zijn vele praktische
voorbeelden in het dagelijks leven van deze specifieke chemische processen. Elektronen
en protonen kunnen in een zeer korte tijdspanne overgedragen worden van het ene
molecuul naar het andere of van een molecuul naar de oplossing. Zij kunnen door hun
kleine massa, indien de omstandigheden juist zijn, makkelijk overgedragen worden.
Hoewel deze mechanismes zeer snel plaats vinden, kunnen de reacties bestudeerd
worden met geavanceerde experimentele technieken die ontstaan zijn uit de nieuwste
theorieën. Er zijn in het ophelderen van het gedetailleerde mechanisme echter nog
steeds ontbrekende gedeeltes die op dit moment niet onderzocht kunnen worden met
experimentele observaties. Een kwestie betreft de precieze rol van de configuratie van
het oplosmiddel in elektron en proton overdrachtsreacties. Een gerelateerde vraag is
hoe het oplosmiddel de redox potentiaal beïnvloed.
Zowel vanuit experimentele als vanuit een simulatie oogpunt kan het beargumenteerd worden dat de omgeving die het oplosmiddel creëert deze lichte deeltjes sterk
zal beïnvloeden. Met andere woorden, het oplosmiddel controleert de geleidbaarheid
door het molecuul te omringen. De omgeving gecreëerd door het oplosmiddel fluctueert rond het molecuul ten tijde van de elektron en proton overdrachtsreacties.
In dit proefschrift hebben we de elektron en proton overdracht mechanismes bestudeerd, met moderne moleculaire simulatie technieken en Marcus Theorie, van flavines
in de gas fase en waterachtige oplossingen en de BLUF en LOV domeinen.
Voor dit proefschrift zijn flavines gekozen als een chemische model structuur vanwege hun natuurlijke redox eigenschappen. Deze moleculen worden aangetroffen in
vele oxidatie en reductie processen in biologische systemen. Hun moleculaire eigenschappen regelen voornamelijk de redox potentialen, zodat een verandering van de
omgeving leidt tot een andere redox potentiaal. Een meer gedetailleerde moleculair
plaatje van de reorganisatie van de omgeving van flavines is nog onduidelijk.
Voor dit doel hebben we de vrije reductie energie krommes van de redox half
reacties van flavines in verschillende omgevingen berekend als functie van de instantane gap energieën (∆E). Dit is gedaan gebruik makend van op dichtheidsfunctionaal
theorie gebaseerde moleculaire dynamica simulaties (DFT–MD) en met behulp van
hybride quantum mechanische / moleculaire mechanica simulaties (QM/MM). Verder
hebben we de DFT–MD en QM/MM resultaten van hetzelfde systeem met elkaar
vergelijken om de langeafstandseffecten op de redox eigenschappen te begrijpen.
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Bovendien hebben we gebruik makend van de constrained DFT-MD simulaties de
vrije energie profielen berekend van deprotonerings reacties van flavine in de neutrale
(semiquinone) vorm en de volledige gereduceerde oxidatie toestanden. Uit de berekening van de zuurconstante vanuit basis principes volgt dat de semiquinone toestand,
het N5 stikstof atoom en het N1 stikstof atoom geprotoneerd kunnen raken. In overeenstemming met experimenten hebben we gevonden dat de N5 de dominante proton
acceptor is, al hoewel de berekende pKa iets kleiner dan de experimentele waarde
is. De berekende pKa waarde voor de N1 protonering in de volledig gereduceerde
toestand komt overeen met de experimentele waarde. We hebben twee verschillende
en veel gebruikte reactie coördinaten opgenomen in de berekening. Zij zijn gebaseerd
op de afstand tussen het proton en de donor en acceptor atomen. Het is mogelijk dat
voor de verder verbetering van de nauwkeurigheid van dit type pKa berekeningen het
nodig is om geavanceerdere reactie coördinaten te ontwikkelen die verder gaan dan de
beschrijving van puur de proton overdracht van een donor atoom, maar die de eerste
solvatieschil meenemen.
Een conclusie die we konden trekken uit het elektron overdracht gedeelte van dit
proefschrift is dat de reductie potentiaal van flavine in waterachtige oplossing de typische parabolische vorm heeft die voorspeld wordt door Marcus’ Theorie. Dit volgde
uit simulaties die gebruik maken van perturbaties van de vrije energie. De structuur
van de het oplosmiddel ondergaat significante veranderingen in de eerste solvatieschil
tijdens de flavine reductie. Deze structurele veranderingen verklaren grotendeels de
reorganisatie vrije energie term in de redox potentiaal. In de tweede reductie reactie,
van de semiquinone toestand naar de volledig gereduceerde lumiflavine, echter draagt
de reorganisatie van de eerste solvatieschil significant bij via ’butterfly’ verbuiging
van de flavine. Deze buiging zorgt voor een afwijking van de lineaire response theorie
aanname die ten grondslag licht aan de Marcus’ Theorie voor elektronen overdracht.
Wanneer we de QM/MM simulaties, waarin het oplosmiddel gemodelleerd is met
een empirische krachtveld vergelijken met de (volledige) DFT-MD simulaties vinden
we in de laatste dat de elektronische polarisatie respons een significante rol speelt.
Bovendien zien we in de volledige DFT berekening een kleine ladingsoverdracht tussen de flavine en het oplosmiddel. Als gevolg hiervan vinden we in het geval van de
QM/MM simulatie van de flavine een sterke correlatie tussen ∆E en de (paars gewijs
berekende) elektrostatische potentiaal (ESP) dit als gevolg van het oplosmiddel. Door
de bijdrage per molecuul van het oplosmiddel aan het ESP op de plaats van het flavine
te analyseren kunnen we niet alleen een onderscheidt maken tussen de verschillende
manieren van hydratatie van het hydrofiele en hydrofobe zijdes van de flavine door
de moleculen van het oplosmiddel, maar ook hun bijdrage kwantificeren aan de reorganisatie vrije energie door de ESP fluctuaties per molecule van het oplosmiddel te
meten.
Uit het hoofdstuk over elektronoverdracht in eiwitten kunnen we de conclusie
trekken dat door de veranderingen in de ESP en de structuur van het oplosmiddel in
kaart te brengen we inzicht krijgen in hoe specifieke polarisatie van de flavine en zijn
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omgeving de reductie potentiaal sturen. Ons moleculair beeld van de reorganisatie
van de omgeving van het eiwit tijdens de reductie van de flavine stelt ons in staat om
de verschillende redox potentialen die in de natuur worden aangetroffen voor flavoeiwitten te begrijpen.
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