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Zusammenfassung

Wir betrachten das Enzym CYP 3A4, dass fiir den Stoffwechsel vieler Medikamente und
Xenobiotika verantwortlich ist. Es gehort zur Familie der Cytochromen P450, deren Mit-
glieder alle einen dhnlichen Aufbau aufweisen, jedoch auf verschiedene Liganden spezifiziert
sind. Die katalysierte Reaktion ist bekannt, aber der Weg, den die Liganden zum aktiven
Zentrum nehmen, ist noch weitgehend ungeklart. Das aktive Zentrum liegt im Inneren des
Enzyms und ist nur iiber verschiedene Zugangskanile erreichbar, die jedoch meist durch
Residuen des CYPs blockiert sind.

Wir untersuchen mit mathematischen Methoden fiir 7 Liganden den Weg an die Bindestelle
im aktiven Zentrum. Da vollstandige Simulationen zu zeitintensiv sind, verfolgen wir
einen Netzwerkansatz. Die Bewegungen des Liganden konnen als stetige Trajektorie eines
stochastischen Prozesses modelliert werden. Wir betrachten den infinitesimalen Genera-
tor des Prozesses. Dann diskretisieren wir den Zustandsraum gemé&fl einer Voronoi Zer-
legung, die durch um das CYP verteilte Ligandenpositionen definiert ist. Nach Fackeldey,
Lie und Weber [9] berechnen wir Ubergangsraten zwischen einzelnen Ligandenpositionen.
Dafiir miissen wir nur die Interaktionsenergie zwischen CYP und Ligand der jeweiligen Po-
sition ermitteln. Dies kénnen wir mit Simulationen erreichen. Mithilfe der Ubergangsraten

analysieren wir fiir jeden Liganden die ‘besten’ Pfade von auflen zur Bindestelle.

Die resultierenden Pfade fiir die einzelnen Liganden weisen eine grofie Variabilitdt auf. Je

nach Ligand scheinen andere Zugangskanile giinstig zu sein.
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Introduction

In this thesis, we adress a biomolecular problem by mathematical methods. We analyze a
specific enzyme, CYP 3A4, that belongs to a superfamily of enzymes which is responsible
for the metabolization of drugs and xenobiotics. This enzyme metabolizes a high percentage
of all marketed drugs and is therefore especially important to consider in drug design. It
is crucial to understand the mechanisms of drug metabolism in the design of new drugs in

order to avoid toxicity and guarantee effectiveness.

In drug design, it is important to know about drug metabolism, as the effect of the drug
highly depends on the concentration in the body. With a too low concentration, which could
be caused by a low dosage or a high rate of metabolization, the drug might be ineffective.
But on the other hand, a low rate of metabolization would lead to an accumulation of
the drug in the body which could have toxic side effects. It is crucial that drugs do not

accumulate in the body, but get metabolized eventually and cleared out of the body.

The catalyzation and reaction itself is quite well understood [14, 26]. It takes place at the
enzyme’s active site, which is located inside the enzyme. The CYP 3A4 has a complex
three dimensional tertiary structure. The active site is surrounded by secondary structure
elements that obstruct the access from the enzyme’s surface to the active centre. The
substrate specifity due to the access mechanism to the active site is not solved yet. In this

thesis, we analyze the binding pathways for seven different ligands.

We can mathematically model molecular systems by Markov processes. We then discretize
the state space using a Voronoi tessellation with ligand positions as center points and ap-
proximate a transition rate matrix by simulation data. Simulations are carried out by the
Gromacs software package [15]. While using simulation data is usually related to time con-
suming trajectory computation, we choose a novel approach by Weber, Fackeldey and Lie
[9], the Square Root Approximation. It is a network approach, approximating transition
rates between adjacent ligand positions by a formula that only requires the potential en-
ergy values of two adjacent positions. This could be a simple approach to analyze binding
kinetics with less computational cost than other simulation approaches. The transition rate
matrix can be evaluated in regard to the ‘best’ path from outside to inside. We additionally

carry out a refinement procedure following [25].



Approach

We put the ligand in different positions around the CYP molecule. The idea is to cre-
ate a transition network, each node representing a ligand position in a high dimensional
space. With help of the interaction energy between ligand and enzyme for each position, we
compute the transition rates between the ligand positions using the Square Root Approxi-
mation. We then analyze the transition rate matrix to identify the most probable pathway
from the protein’s surface to the active site. One interesting question is if the pathways
differ considerably when using different ligands. And is there an predominant channel for
all ligands?
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Figure 1: Example of a ligand position network. 35 fluoxetine positions and the CYP 3A4
enzyme. Right: A simple network representation of the positions



1 Cytochrome P450 3A4

The molecule we deal with is a protein, more specific, an enzyme. We will shortly introduce
some biological terms which we will use to describe the structural features and mechanisms
of CYP 3AA4.

Proteins are built from amino acids. Amino acids are chemical components, consisting of
an amino group, a carboxyl group and a side chain, which is specific for each amino acid.
Amino acids form covalent bonds, called peptide bonds. The amino group of one amino acid
reacts with the carboxyl group of a second amino acid, resulting in two connected amino
acids. Two amino acids form a bipeptide. If multiple amino acids are involved, this results in
amino acid chains. Short amino acid chains are called peptides, whereas chains of more than
100 amino acids are called proteins. The primary structure of a protein denotes its amino
acid sequence. Hydrogen bonds are formed between the amino acids in the chain, yielding an
energy minimizing fold. Depending on the amino acid sequence, different shapes are formed.
There are a-helices, 3-sheets and random coils. This is the secondary structure. Apart from
that, there are bonds formed between the amino acid side chains. They cause the secondary
structure elements to further fold into a complex three dimensional shape. This is called
the tertiary structure. The function of a protein is highly affected by its fold. Proteins serve
various purposes in organisms including building structures, transport proteins, signalling
and catalyzing chemical reactions. One important feature is the catalyzation of reactions
for other molecules. Proteins with this function are called enzymes. There is usually one
region in the enzyme at which the substrates bind and the reaction takes place, which is
called the active site. In some contexts the enzyme is also called receptor and the smaller
molecule, that reacts catalyzed by the enzyme, is called substrate or ligand. The enzymatic
reaction can involve a cofactor or prosthetic group. In the case of Cytochrome P450 enzymes,

this is the heme group, which consists of a porphyrin ring and an iron ion, see Figure 2.

The substrate binds to the binding site next to the heme group zﬁ\\‘" b’
and the Cytochrome P450 catalyzes an oxidation of the sub-  Ji \)

strate. The product leaves the binding site and eventually //Df\
after further modification it can be excreted from the body. v

In this case, metabolism describes the breakdown of the ligand
Figure 2: The heme group,

molecule resulting in excretion. . e
iron ion in green



1.1 Cytochrome P450 3A4 Structure and Function

The biomolecule, we deal with in this thesis, is Cytochrome P450 3A4, abbreviated CYP
3A4. Tt belongs to a large family of enzymes with similar structural features. Hence, we
shortly describe the structure and function of Cytochrome P450 enzymes in general and
then concentrate on CYP 3A4.

Cytochrome P450s Cytochrome P450 is a superfamily of proteins, more precisely en-
zymes, responsible for the metabolism of drugs and xenobiotics, synthesis of steroids and
fatty acid metabolism [28, 6]. They are found in highest concentration in the liver and gut,
but they exist in almost all tissues [14]. The superfamily of Cytochrome P450 is divided
in around 70 families. Members of the same family share at least 40 % sequence identity.
The members of a family are further separated into subfamilies with at least 55 % sequence
identity [26]. While the sequence differs considerably between different Cytochrome P450
families and subfamilies, the heme cofactor and their overall fold is conserved [29, 6, 11].
They share a similar secondary and tertiary structure, with the heme moiety bound to a

helix in the core of the enzyme.

Drug Metabolism The main function of Cytochrome P450s is the drug and xenobiotic
metabolism. In fact, most drugs are metabolized by a member of the cytochrome P450
family. They catalyze monooxygenation of their substrate molecules. The reaction takes
place at the enzyme’s active site, which is located next to the heme prosthetic group. Hy-
drophobic substrate molecules get oxidated, which eventually allow excretion. As described
in the introduction, knowledge of the mechanism of drug metabolism is extremely important

in drug design.

The chemical reaction that takes place at the active site of cytochrome is fairly well under-
stood, see [14, 26]. However, the access routes the substrates take are less known. How do

substrates enter the active site? Do they prefer different channels?

Cytochrome P450s differ in plasticity and each is specified for its own set of substrates.
Substrate specificity not only depends on the active site interactions, but also on the possi-
bility to reach the active site, which is usually enclosed by the residues lining possible access
channels. It is assumed that channel gating plays a role in this [28, 6]. For more information

on channel gating, see [7].



Figure 3: CYP 3A4 with colored secondary structure elements: B-C loop in pink, F-G loop
in yellow, I helix in green, 81-sheet in purple; the heme group is in licorice representation

CYP 3A4 Structure In this thesis, we analyze Cytochrome P450 3A4 (short: CYP3A4),
which metabolizes about 50 % of all marketed drugs [6]. CYP 3A4 is one of the most
important and one of the most flexible enzymes, considering the broad range of substrates
it metabolizes. Cytochrome P450 3A4 is composed of 468 amino acids and a heme prosthetic
group as cofactor. The amino acid chain of CYP 3A4 arranges in a-helices, 3-sheets and
random coils as secondary structure elements. They form a spherical tertiary structure with
the heme group buried inside the enzyme. The secondary structure elements and the overall
fold are similar for each Cytochrome P450, but the amino acid sequences differ, leading to
different residues lining the access channels. The heme moiety is located deep inside the

enzyme, bound to the L helix and surrounded by two flexible loop regions.

We label the secondary structure elements according to [14] to adress certain regions of the
CYP. Helices are labeled by letters A to L, while beta-sheets are labeled by numbers 1 to
5. Shorter helix elements are assigned to the next large helix element, labeled as ‘prime’.
Labels start at the N-terminus. A good schematic structure with labels can be found in [14].
Figure 3 shows two views of CYP 3A4 with some important secondary structure elements
colored, including the I helix, the 51 sheet, as well as the flexible B-C and F-G loops. Two

additional views with labeled structure elements are shown in the appendix.

Between helices and beta-sheets, there are random-coil-structures. These structures don’t
show an identifiable secondary structure. But therefore, these regions are more flexible and
play an important role in substrate channel opening. The often mentioned B-C and F-G
loops have a high proportion of random-coil-structures and are located close to the active
site. Most of the identified pathways for substrate access or egress involve the B-C or F-G

loop.



Possible substrates are only able to get from the protein surface to the active site if the cy-
tochrome secondary structure shows a corresponding open conformation, where open means
that the enzyme’s residues allow for passing through to the active site by appropriate side
chain and structural movements. It is suggested that ligand interactions induce the opening
of channels. Certain residues of the CYP molecule act as gating residues, moving upon

ligand interactions [6].

Possible Substrate Access Channels Although the process of metabolism itself is well
understood, the access route that ligands take to the active site is generally unknown.
Especially the range of different size substrates suggests a strong flexibility of secondary
structure elements. To accomodate substrates like cyclosporine, wide channels have to open
up. Possible substrate access and egress channels for Cytochrome P450s have been found
and analyzed with different methods [6, 3, 28]. The results differ especially with the chosen
ligand. In different studies, 7 to 11 channels for ligand access have been found in P450s
[3, 6]. While some researchers put emphasis on the access channels or gating mechanisms,
others were interested in the possible product egress routes or in the channel variance for
different CYP family members. Methods included MD simulations, TMP, comparison of

open and closed structures and Steered Molecular Dynamics.

Many channels were found by investigating open and closed crystal structures of CYP P450s.
In [29], Zawaira et al. used crystal structures from the protein data bank, one complexed
with a ligand and one structure in absence of a ligand. Usually, the complexed structure
shows open tunnels for ligand access or egress. They analyzed differences in open and closed
structures, with a special emphasis on the channel lining gating residues. They furthermore
studied the side chain movement of certain residues lining the channels. These were identified
as gating residues. In [6], pulling simulations were performed. The ligand of interest was
put in the binding position and then pulled in the direction of already visible tunnel exits
in the pdb structure (1TQN) and 18 different directions. The SMD simulations revealed
channels 1, 2a, 2b, 2c, 2e, 3 and S. The tunnel lengths and radii were analyzed. From a
wider opening they concluded a higher probability for ligand access or egress. Additionally
the forces needed to pull the ligand were taken into account.

Cojocaru et al. suggest the additional channels 4,5,2f and 2ac [3], which were found by

analyzing newly available crystal structures.

The channels are labelled 1,2,3,4,5 with channel 2 subdivided into pathway (pw) 2a to 2f as
in [3]. We try to use many of the already revealed channels for the network construction.
However, the exact channel position might slightly vary with the chosen CYP crystal struc-
ture. That is why we give the name of the channel and the channel entrance location as used

in the simulations. We will use the names according to Figure 4 and 5 and their location



Figure 4: Frontview of CYP 3A4 with channels 1, 2b, 2¢ and 2e

should in general coincide with the ones found in literature. We describe the location of the
channels as used in the result section to avoid confusion. The location can also be seen in

Figure 4 (frontview) and 5 (backview). Two views are included to include all channels.

1 Between the C,H and I helix,

2a between the F-G loop, the B-C loop and the 1 sheet

2b Between the 1 sheet and the B-C loop

2c¢ next to the B-C loop and the G-helix

2d next to the A helix

2e through the B-C loop

2f between the F-G loop and the $4 sheet / C-terminus loop

3 through the F-G loop, also includes channel 4 from [3], which is located closer to the F’
and G’ helices

S between the F-G loop, the 54 sheet and the I helix, was suggested to be the solvent
channel [3]

5 close to channel 2a, next to the C-terminus loop



Figure 5: Backview of CYP 3A4 with channels 2a, 2d, 3 and S

1.2 Ligands

We study the molecular binding kinetics of CYP 3A4 on the basis of seven different sub-
strates. The substrates differ by size and flexibility. We analyze their differences in the
transition network and we try to find out which is their preferred pathway into the binding

pocket.

The substrates are pharmaceuticals used for varying therapeutic purposes. The size ranges

from 26 to 76 atoms. See more details about the ligands in the Results Section 3.3.

Ligand
Nicotine
Bromperidol
Fluoxetine
Nifedipine
Sufentanil
Terfenadine

Voriconazole



2 Molecular Modeling

In this section, we deal with the mathematical modeling of a molecular system. We consider
a molecule consisting of IV atoms. The N atoms are held together by covalent or ionic bonds.
However, the molecule is flexible, bonds can rotate and stretch, which results in different
three-dimensional structures. Especially for large proteins, the conformation is a crucial
factor for their biological functionality. A conformation of a molecule can be described by a
vector which contains the three dimensional coordinates for each atom, which is a vector in
R3N . Additionally we can consider the momentum of each atom. That yields the state space
RN = Q) x ¥, where Q = R3¥ is the position space and ¥ = R3" is the momentum space.
Typically, one is mainly interested in the position coordinates. Most physical properties
arise from the conformation only [21]. Consequently, we represent a molecules state by a
vector in Q = R3Y and the molecular dynamics by a trajectory in the 3N-dimensional state

space.

In the full state space 2 x 3, the evolution of a system can be modeled by the Hamiltonian

H(q,p), defined by Hamilton’s Equations

o on o _on "
ot Oq ot dp’

where ¢ denotes the position vector and p the momentum vector. We remark that the
Hamiltonian gives a deterministic evolution of the system. Given an initial state (qo,po),
the trajectory is determined by (1). H(g,p) denotes the energy of the system at position
(¢,p) in phase space.

H(q,p) = U(q) + K(p), (2)

where U(q) denotes the potential energy and K (p) the kinetic energy. This modeling cor-
responds to an energy conserving trajectory. While this is true for isolated systems, when
modeling real world systems, we usually have systems that allow energy exchange with its

surroundings.

In statistical physics, three different types of systems are considered. There are isolated,

closed and open systems.

e In isolated systems, neither an exchange of matter nor energy with the surroundings

is allowed.

e In a closed system, there is no transfer of matter (i.e. no chemical reactions or particle

exchange ) but a transfer of energy, usually in form of heat with the surroundings.

e In an open system, there is transfer of matter and energy.



The systems we are interested in are closed systems. There is no exchange of matter, but
a transfer of energy. Imagine a closed system in contact with a heat bath. The heat bath
has an infinitely large heat capacity (which in reality is usually justified by the heat bath
being much larger than the system). That means it can exchange heat with the system,

while keeping its temperature constant.

As a consequence, our system in contact with the heat bath can have different energy
levels, because it exchanges energy in form of heat with the surroundings. To model this,
a canonical ensemble (or NVT ensemble) is used. We imagine copies of the system with
different initial conditions, each evolving independently from the others. They each have a
constant number of particles N, a constant volume V and a constant temperature 7', but
they may differ in their total energy levels. When the system is in thermal equilibrium with
the heat bath, the probability to find the system in a certain state is proportional to the
state’s energy. The system’s states are distributed according to the Boltzmann distribution

which is dependent on the temperature

1
— ~ o BV()
m(xr) = e , 3
(0) =5 Q
where 8 is 717, with the boltzmann constant kp and the absolute temperature T. V() is
the energy of state x and Z is the normalization constant, i.e. Z = [, m(z)dz. We see that
it is more likely to find states with a low energy than with a high energy. However, with

increasing temperature, the states become more equally distributed.

To get a more realistic model of a biomolecule, it has to be taken into account that a
molecule in the body can exchange energy with its surroundings. It is usually surrounded
by an aqueous solution in the body cells at a certain temperature around 310 K. It is
in contact with the solvent and can exchange heat while the body temperature remains

constant.

Arriving at the notion of a canonical ensemble, we assume the process can be modeled by

a stochastic process.

2.1 Markov Processes

We concentrate on Markov Processes for Molecular Modeling. It is a special class of stochas-
tic processes, which we want to use to model the canonical ensemble of the CYP-ligand
complexes. Markov Processes can be applied to many real-world problems. They are sim-
pler to analyze because ot their defining Markov property. This Markov property says that
the transition probability from the present state to the next state depends on the present

10



state but not on the history of the process, i.e. the states before the present state. The
markov property is a reasonable assumption for a process modeling ensemble kinetics, as
explained in [24]. Since we look at the process from a statistical point of view and we are not
interested in one single realization but in the ensemble kinetics of the canonical ensemble,

the Markov property can be assumed.

We define a transfer operator that propagates densities or membership functions on a con-
tinuous state space, which can be identified with the position space R3" of a system with N
atoms. The usual approach is then to project the transfer operator on a lower dimensional
space, using the Galerkin discretization and an appropriate discretization of the state space.
Subsequently, the projected transfer operator is approximated by simulation data. We will
use a slightly different approach by making use of the infinitesimal generator of the process.

We can discretize the generator und approximate it by the Square Root Approximation [9].

We start to define Markov Processes on finite state spaces and a discrete index set in order to
introduce important properties of Markov Processes and the transition probability matrix.
After that, we can easily extend the Markov process to a continuous index set, introducing
the transition rate matrix. Then, we define Markov Processes on a continuous state space
and in continuous time with the respective notion of the transfer operator. First, we start

with some basic definitions concerning stochastic processes.

Let (2*,F,P) be a probability space; that consists of the sample space Q*, the o-field
F, containing all possible events and the probability measure P on F, which assigns a

probability to each event. Let (F,E) be a measurable space.

Definition 1 (Random Variable) A (F,&)-measurable function X : Q* — E is called a

random variable.

The measurability assures that each element from £ has a probability assigned that X takes
that value, i.e. the preimage of A lies in F and then P(X € A) = P(X"1(A)) for A € € is
well-defined.

Instead of single random variables, we consider a stochastic process evolving in time. It is

a random variable for each element from the index set (usually N or R).

Definition 2 (stochastic Process) A stochastic process (Xi)iezr with index set T and

state space E is a collection of random variables
X : Q"> F, Vtel

11



For a fixed w € Q*, X;(w) : Z — E is a trajectory or a realization of the process.

To define the Markov property, we need to define the conditional propbability first.

Definition 3 Given A, B € F events in F, with P(B) > 0, then the probability of A

conditioned on B is defined as

P(ANB)
We note, that he conditional probability P(- | A) for A € F with P(4) > 0 is again a
probability measure on (Q*, F, P).

Discrete Case: Markov Chain The simplest class of Markov Processes to analyze are
those which are discrete in time and space. We consider the index set I = Ny and a finite
set of states E, i.e. |E| =n € N. They are called Markov Chains.

Definition 4 A stochastic process (Xn)nen, on a finite state space E is called a Markov
process, if for all Tpy1,Tn,...,x0 € E with P(X,, = xp,...,Xo = x0) > 0, it holds

P(Xn+1 = Tn+t1 | Xn = T, .- -7XO = CE[)) = P(Xn+1 = Tn+t1 | Xn = xn)

This property is called the Markov property. It denotes a “memorylessness” of the process.
Conditional on the present state x,, the propagation is independent of the visited states
before n. The probability for the transition to the next state is only dependent on the

present state.

Furthermore, if the probability for a transition from state i to state j does not depend on n,
ie.
P(Xn-i-l =J |Xn:7') :P(Xl :j|X0:7;) = Dij»

then the process is called time homogeneous. It means, being in a state ¢, the one step tran-
sition probability to a state j is the same, no matter at what point of time. We concentrate

on time homogeneous processes throughout this thesis.

We can define the transition probability matrix P.
P(i,j) =P Xpy1 =7 | Xn =1) foralli,j=1,...,n 4)

12



The entry P(i,j) of P contains the transition probability to get from state i to state j in

one timestep. This is well defined because of the assumed time homogeneity.

Definition 5 A square matriz P is called (row-)stochastic, if
P(i,j)>0 Vi,jeE

Y Pli,j)=1 VieE

JEE

The transition matrix P is a stochastic matrix, what becomes clear when we recall that

P(:|A) is a probability measure.

An initial distribution is given by the probability vector v(®), with vi(o) = P(Xo =1).

Definition 6 A probability vector is a row vector v € R™ with

v; >0, i=1,...,n
n
Su=t
i=1

An entry v; can be interpreted as the probability to be in state . The transition matrix P
propagates a probability distribution. If v denotes the initial probability distribution for
Xo, then v! = P is the probability distribution after one timestep.

v? = Pyl = PPy0 = P%0°

Vice versa, a stochastic matrix P € R™*™ and an initial distribution v° € R™ define a time
homogeneous Markov chain on a state space with n. A Markov Chain on a finite state
space can be represented by a graph, where the nodes represent the possible states and the

directed edges represent the transition probability.

We have Pe = e with e = (1,1,...,1)7, hence, e is an eigenvector of P corresponding to
the eigenvalue 1. Since P is a stochastic matrix, it follows that |A| < 1 for all eigenvalues A
of P.

A time-continuous Markov Process or Markovian Jump Process In the last para-
graph we had a discrete time Markov Process on a finite state space. Now, we will keep

the finite state space, but extend the index set of the process to T' = R>g. That means the

13



process jumps between the states, but the jump could happen at any time. That is why it
is also called a Markovian Jump process. Since the process is memoryless, the wait time for

the next jump is exponentially distributed.

The Markov property follows straightforward from the discrete-time case.

Definition 7 (X;)ier is called a Markov Process, if for ig,...,int1 € E and ty < t1 <
o <tpyr € T with P(th = Z‘n7th_1 =lp_1,-.- 7Xt0 = ZQ) > 0 it holds

P(th+1 = in+1 | th = inath—l = in—la ‘e aXto = ZQ) = P(th_;'_l = in+1 ‘ th = Zn)

Assuming time-homogenity, it holds for s,t € T
P(Xiys =ins1 | Xs = in) = P(Xit0 = int1 | Xo =in) = Piiny (B)-

It denotes the probability to be in state i,,41 after a time lag of ¢, when being in state i,,.
Hence, the transition probability does not depend on the point in time. But it depends on
the time lag t. (The probability that the process (X;):er goes from state i to j in a second
might be different from that in a minute or two seconds). When we fix the time lag, we have
a transition probability matrix as in the discrete time case. But each time lag corresponds
to a different one. Instead for one probability transition matrix P, we arrive at a family

(P(t))e>0 to characterize the Markov Process.

(P(t))t>0, given by a time homogeneous Markov Process, satisfies the Chapman-Kolmogorov
equation for all s,t > 0.
P(t+s) = P(t)P(s) (5)

Due to (5), (P(t))¢>0 defines a semigroup of transition matrices. A semigroup of transition

0

matrices (P(t)):>o and an initial distribution v € R™ define a continuous time Markov

Process.

Instead for the full semigroup (P(t))¢>0, there is a another notion to analyze continuous
time Markov Processes. Assume that the limit

(6)

DY T
q(i,§) = lim ——
exists for ¢ # j. Then, (4, j) denotes the rate for a transition from 4 to j. Furthermore, we

assume

Z q(i,j) < o0 for each i € F (7)
JEE,i#]

14



Then, we set

q(i,i) == Y qli,j). 8)

JEEi#]

We usually require two further properties of (P(t));>0 in order to define the transition rate

matrix Q.
(1) PO)=1I (9)
)l P0G, ) = 6 (10)

These requirements seem quite natural. They assure that there are no jumps in zero time
and that the probability to jump in a small time interval is also small. The second property
is called standard. We can define the transition rate matrix under the aforementioned

conditions. The standard assumption assures differentiability.

Definition 8 (transition rate matrix) The semigroup (P(t))i>0, satisfying the standard

assumptions, defines the matriz Q by

(11)

t—0+

We interpret Q(i,7) as the instantaneous rate from state i to state j (i # j). The diagonal
element Q(7,%) can be interpreted as the exponential distribution parameter for the holding

time in state i.

Under further conditions on the matrix () which are fulfilled due to the finite state space,
we can generate the semigroup of transition matrices from it. @ is called the infinitesimal

Generator of the semigroup (P(t)):>0 and it holds
exp(Qt) = P(t).

We can calculate P(t) for every ¢ by @ and @ is not dependent on the time-step anymore.

Therefore, it is often more convenient to study @ instead of P. The row sum of @ is 0 and

QUi)=— Y QG.j),

J#ij=1

which follows from (11), the finite state space and P(t)(i,7) =1 — 3., P(t)(4, ).

15



A Markov Process on a Continuous State Space Now, we define a Markov process
on a continuous state space, i.e. £ = = R3" in continuous time. We can’t define it via a
semigroup of transition probability matrices, since the state space is not countable anymore.
The index set is T = R>g.

The natural filtration (F;)er of the process (Xi)ier on the state space (€,E), is the col-
lection of o-algebras defined by

Fe=0{X;'(A), s<tAec&} forteT.

The o-algebra F contains all the information up to time s. It holds Fy C F; for all s,t € T
with s <, thus (F;)ier is a filtration.

Definition 9 (Markov property) A stochastic process (Xi)ier adapted to the filtration
(Fi)ter 15 called Markov Process, if

P(Xt€A|]:s):P(Xt€A|XS)

for all s,t € T with s <t and for all A € A.

To define a transfer operator, which replaces the transition probability matrix in the con-

tinuous case, we introduce the notion of a transition function.

Definition 10 Let (2, A) and (R, B(R)) two measurable spaces. A transition function is a
function from T x Q x A to [0, 1], which satisfies

(1) p(t,zx,-): A—[0,1] is a probability measure for every x € Q andt € T
(2) p(t,-, A) is a measurable function for every A € A andt €T
(3) p(0,z, X \{z})=0 for everyx €

4) pt+s,z,A) = / p(t,z,dy)p(s,y, A) forallz e Q,s,teT, Ac A
Q

It assigns a probability to each starting point z, that the process is in set A € A after a

time lag ¢. (X¢)ier is a Markov Process, if
p(t,z, A) = P(X; € A| Xo =1z)
for every t € T and every A € A.
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u is an invariant measure for the process (Xy)ier, if

w(A) = /p(t,x, A)p(dx) foral Ac Aand t € T.

The natural extension of the transition matrix for finite state space Markov processes is the
transfer operator. Instead of acting on probability vectors, it acts on density functions or

membership functions in the appropriate L,>>(Q) space [19].

We can define the transfer operator (here: forward transfer operator) via the stochastic

transition function.

Definition 11 The forward transfer operator Tt for a fized timelag t is defined by

[ Tutwtan) = [ otz Aol
A Q

where p(t, z, A) is a transition function.

Remark: the defined transfer operator corresponds to a forward transfer operator. There is
also the notion of the backward transfer operator P!, which is also called transfer operator

and is the adjoint operator of 7.

Definition 12 The backward transfer operator Pt for a fived timelag t is defined by
Pula) = B@(X) X0 = 2) = [ uly)p(t,o,dy),

where p(t,z, A) is a transition function.

The forward transfer operator propagates a density u € L}L by time ¢, hence Ttu(x) is the
density that results by applying the dynamics of the process X; on the density u(z). The

backward transfer operator acts on membership functions v € L7?.

The transfer operator defined by the stochastic transition function in (10) has certain prop-
erties. For both defined transfer operators 1 is an eigenfunction. While P*1 = 1 follows
directly from the definition of P?, we need that y is an invariant measure for 71 = 1. The
Chapman-Kolmogorov equation holds for the transfer operator as defined before, due to (4)
in definition 10.
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The transfer operator (P?)icr defines the operator Q by

(12)

where Z denotes the identity operator. Since the realizations of the molecular process
(X¢)ter are continuous trajectories, the limit in (12) exists. And furthermore, since (P*);cr
fulfills the Chapman-Kolmogorov equation, it is the infinitesimal generator of (P?)scr [24].
We will use an infinitesimal generator approximation to characterize the dynamics of our
molecular system. First, we have to discretize the state space. We will discuss that in the

next section.

2.2 Discretization

Molecular ensemble dynamics can be represented by a Markov Process on the continuous
state space 2. The operators P* and Q, that govern the dynamics, act on the infinite
dimensional function spaces. The operators are usually unknown for real processes. There-
fore, we aim at finding a discretization of the continuous state space into a finite number
of states. The resulting projected transfer operator on the finite dimensional space can be

approximated by simulation data.

Ansatz Space Instead of a infinite-dimensional function space, we consider the finite
subspace D = span{¢i,..., ¢, with appropriate functions {¢1,...,¢,}. The simplest
approach is to consider characteristic functions on sets that decompose the state space into

n non-overlapping sets. But there are advantages of other methods [22].

In general, the functions ¢1, ..., ¢, should be non-negative and fulfill the partition of unity

condition.

¢i(x) >0, foralli=1,...,n
quz(x) =1, for all z € Q.

For characteristic functions of a full state space decompostion, this is obviously fulfilled. In

the set-based approach, we partition the state space §2 into n distinct sets.
Q:UC1‘, iil,...,n
Oiij:@, fOTi;éj
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Figure 6: Left: Set based basis function. Right: Fuzzy set basis function in form of (13)

Then, the characteristic functions {¢1,...,¢,} = {1¢,,...,1¢, } form the basis of D. The
sets could be mesh-based, for example. The problem is then the growing number of sets for
high-dimensional state spaces. In [22, 21, 16], it is explained why it can be advantageous
to move away from the set-based approach to a fuzzy-set approach using overlapping basis
functions.

Let ¢1,..., ¢, be radial monotonic decreasing functions centered at base points qi,...,qn
in the state space. Assume they fulfill the conditions of positivity and the partition of
unity. There are several favorable properties these functions should have to assure good
discretization, i.e. the discretization error should be small. This is explained in detail in
[21]. The basis functions used are usually radial basis functions, centered at base points
¢; € Q and monotonic decreasing with the distance to ¢;. A good choice of functions would

be for example
e—aid(%qt‘)z

di(q) = Z?:l e—aid(q,q;)?’

(13)

with a shape parameter «; and the distance function d. The parameters «; determine the
steepness of the function. A large «; yields a quickly decreasing function ¢;. Ideally, «;
should be chosen to guarantee an appropriate amount of overlap between the different basis
functions. That is why we choose a; to be proportional to 1/dmin(q;)?, where dynin(q;) is
the minimal distance from ¢; to the next base point g;. It can be seen as a kind of set-based
discretization but with overlapping sets and we can only assign a grade of membership to a
certain set. In contrast to classic sets, the fuzzy sets are not strictly separated. A position
can belong to more than one fuzzy-set, especially in the transition regions. This is more
realistic, since positions in a transition region between molecular conformations can not be
clearly associated with one of them. The degree of overlapping in the case of functions as

defined in (13) is determined by the choice of the shape parameter a.
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With either of these approaches, we can define the Galerkin projection. Therefore, we

introduce the Boltzman weighted scalar product for L' or L? functions.

(1, 0}y = / u(a)o(@)p(dz),

with the Boltmann function pu.

Definition 13 Let v € L?(u). The Galerkin projection of v is defined as

n

v) = <¢i7v>ﬂ .
)= 2 761,

We can also project the transfer operator P! to act on the subspace D = span{¢y,..., ¢, }

Definition 14 The Galerkin projection of the transfer operator Pt is given by

P, = Ko L 14
<¢)ia]1>p, <¢l7]l>u, ( )

This gives us a matrix representation P on the finite subspace D. P is a stochastic matrix.
It holds P;; > 0 since ¢; > 0 and P'¢; > 0 and the row sum of P is 1

ZP _ <¢¢,Zj Pt¢j>ﬂ _ <¢i7pt]l>u _ <¢“]1>
j i (¢i, 1), (¢i,1),, (6i.1),,

In case of a set-based approach, P(i,j) from (14) can be interpreted as the conditional

probability for the dynamics starting in set C; to reach set C; after time t.

<Ttllcmﬂcj>u

P =
! <]]'Ci’]]'>p,

= p(t7 Ci7 C])
To approximate the projected transfer operator in practice, one can simply count transitions
from trajectories starting in set C; to set C;. We apply the same Galerkin discretization to
the infinitesimal Generator Q of (P!);er
o, _ (61093,
Y b dy),
The discretized version of P! or Q can then be approximated by simulation data or other

methods. We cannot directly compute it, since the transfer operator or the infinitesimal
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generator are usually not explicitly known (and even if so, the integrals were hard to com-
pute). In [25], it is shown how to approximate P;; or @;; by simulation data. Sampling
positions and many trajectories of length ¢ are required. Since the system we want to ap-
proximate is high-dimensional, the calculation of as many trajectories would come with high

computational costs.

Instead we approximate () by a novel approach by Fackeldey, Weber and Lie, called the
Square Root Approximation [9]. This is based on using a state’s energy to estimate tran-
sition rates between ligand states. The advantage of this novel approach is the reduced
computational cost. It does not rely on short- or long-term trajectory calculations, but

requires simple energy calculations instead!

2.3 Square Root Approximation

To approximate the Galerkin Discretization as in [25], we would need a lot of simulation
data, which is not feasible. Instead we use another discretization of Q based on a Voronoi
tessellation for which we don’t need to simulate trajectories. We start with a certain number
of base points, i.e. ligand positions around the CYP 3A4 molecule, defining Voronoi regions
and then we compute potential energy values for each ligand’s position. For that purpose,
only energy minimization is required instead of molecular dynamics simulations. We use
Theorem 4 from [24] or Theorem 1 from [9].

As a discretization basis we use a Voronoi tessellation of the position space Q = U} €,
with Voronoi regions €2;. We start with n base points ¢, ..., ¢, in the position space ().

The Voronoi regions 2; are defined by

Qi :={qeQ|d(¢q)<d(g.q), Vi#j},
with a distance function d. The positions that belong to the Voronoi region 2; are those

that have a shorter (or equal) distance to ¢; than to any other base point g;.

Theorem 1 (Square Root Approximation, Theorem 1 from [9]) Given a Voronoi
tessellation of the position space (2 = UT_,Q;) and the transfer operator Pt, such that its
infintesimal Generator Q exists. P(T) is the discretization of PT based on the Voronoi

tessellation, then Q = %P(T)(i,j) is given by
Q)= [ Hom(ds (15)
Q;N0;

21



Figure 7: Voronoi tesselation example in 2 dimensions

for i # j, where z(q) is the flux through q, 7; is the restricted Boltzman density to Q; and

dS is the surface measure on Q; N Q;.

A proof can be found in Weber|[24]. If we interpret Q(4, j) as the transition rate from Voronoi
region 2; to €25, it is given by the flux from Q; to ; through the surface €2; N Q; weighted
with the restricted Boltzman measure on §2;. We see that Q(i,j) = 0, if the Voronoi regions
Q; and ; are not adjacent, since then ©; N Q; = (). Now, we find an approximation of the
transition rate matrix (15), since we can’t calculate it directly. The following derivation of

an approximation for Q(i, j) is based on [9] and [24]. It is an approximation in two steps.

First, we rewrite (15) to Q(i,7) = s45(2)i;/w;

Q)= [ sam(@asi) (16)
[0 mads) a7)
QN9 ij
= [ 0T s (18)
QN0 Sij Wi
= 545(2)ij/wi (19)

where s;; is Boltzman weight of the surface Q; N {2;, w; is the Boltzman weight of €2; and
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Figure 8: Voronoi tessellation, the Boltzmann weight of every g on the surface 25 N 3 is
approximated by V(q) = 5(V(g2) + V(g3))

(z)ij is the flux per unit area from 2; to Q; across ; N ;.

si= [ m(@dsta) (20)
Q:NQ;

wi:/ 1o, (q)mq(q)dgq (21)
Q

o 5 mq(q)
<Z>U /Qimﬂj (q) fﬂiﬁﬂj Tq (Cj)ds(qA) dS(Q) (22)

If we now assume a constant flux 2 instead of (z);;, we can simply approximate (15) by
Q'(i,5) = Zsij/w;. (23)

The transition rate from set ¢ to set j is given by the flux per unit area times the Boltzman
weight of the surface between the Voronoi regions ¢ and j, divided by the Boltzman weight

of Voronoi region i.

The second approximation we make is the approximation of the w; and s;;. The real
Boltzman weights are unknown, but we can obtain the potential energy values of single
points by simulation and then approximate the Boltzman weights for Voronoi regions. By
construction of the Voronoi regions, we have one base point in the center of each region. We
use this base point as an approximation for the Boltzman weight. For the Boltzman weight
of the surface, we use a simple linear approximation. By construction, ¢ € £; N §2; has the

same distance to base point ¢; than to g;.
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We approximate the potential energy function by

1
Via) = 5(V(g;) + V(i) (24)
That yields
L —svi

sij(q) = Ze (25)
~ le—ﬂé(v(qﬂ-&-V(fh)) (26)

Z
_ %(e—ﬁV(qi)e—ﬁV(qj))% (27)
= %\/e—ﬁvmi)efﬁvm_ (28)

The Boltzmann weight w; of region §2; with center point ¢; is simply approximated by
Wi~ le_BV(Qi). (29)
‘Tz

Combining (23), (25) and (29), we arrive at

oo - e_ﬁV(Qj) L
Q"(i,j) =2 WG(Z’])’ (30)

for i # j, where G is the adjacency matrix with G(i,7) = 1, if Q; NQ; # 0. For a transition
rate matrix on a finite state space, it holds Q(i,i) = — Zj"j# Q(i,7), see section 2.1, thus
we set

Q"(i,i) ==Y Qi,]).

JJFi

2.4 Refinement

How do we know if we haven chosen enough ligand positions, i.e. base points ¢;, to suf-
ficiently approximate the dynamics of the ligand? The processes dynamics are governed
by the transfer operator P! or Q, respectively. There are fast and slow dynamics. We
are interested in the path the ligand takes from the surface to the binding site buried in-
side the Cytochrome P450 3A4 and the corresponding conformational changes. On a short
timescale, the bondlengths and angles between the atoms of a molecule will oscillate around
some value. The conformational changes and movement into the binding pocket will happen

at a larger timescale.

These slow processes can be associated with the dominant eigenvalues of P! or @ and

24



their eigenfunctions [25, 18]. Therefore, we consider the eigenvalue problem Pfu = Au or
Qu = v respectively. The discretization error is closely related to the discretization error

of the dominant eigenfunctions [25, 17].

We can see that by considering metastable conformations. A conformation is an almost
invariant subset of the state space. We can characterize that by P!y ~ y. It shows that this
concept is related to the eigenvectors close to 1. We say x is metastable. It means the process
stays a long time in this conformation and transitions between different conformations are
only rare events. Thus, the dynamics between metastable sets are slow processes. For more
details about clustering the state space into metastable subsets, see [17, 24]. We will use the
fact that the discretization can be considered good if the discretized eigenvectors are good

approximations of the eigenfunctions corresponding to the dominant eigenvalues [17, 18].

The largest eigenvalue (in modulus) of P* is 1 [25]. If the associated process is reversible,
ie.

w(x)p(t,z,y) = p(y)p(t,y,x)  forall z,y e Q

where 1 denotes the invariant measure, then P? is self-adjoint and all its eigenvalues are
real-valued, such that the eigenvalues can be ordered 1 = Ay > Xy > ... > A, [25]. The
dominant eigenvalues are those that are close to 1. Assume, n. denotes the number of
dominant eigenvalues. P! and Q have the same eigenfunctions and their eigenvalues are
related through

)\Pt = eitAQ .

Thus, we can solve either of the eigenvalue problems. We just have to keep in mind that
dominant eigenvalues of P? are close to 1, while those of Q are close to 0. Since we will work
with the infinitesimal generator approximation (), we will concentrate on the respective

eigenvalue problem

Qv = A,

with eigenfunctions v. Because the dynamics Q are unknown, following [25], we project it

on the basis function space

D=span{dr,.... ¢}, V= aidi.

The eigenvalue problem for the basis function space then rewrites

Z(Qai¢i — Aa;¢;) = 0.

Multiplying by ¢r/(¢x, 1), using the scalar product (-, -),, this yields the generalized eigen-
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value problem
Qu = AMv (31)

or in matrix notation

QV = MVA. (32)

With the matrices @ and M with entries

N <¢j, Q¢k>u
Q(k,j) = o), (33)
wd (61, 95)
) — Pk Piip

If eigenvectors of @) are also eigenvectors of M, then they solve the generalized eigenvalue
problem. Assume V is the matrix containing the dominant eigenvectors of @) in its columns.
Then, it holds

QV =VAg,

with Ag = diag(A1, ..., Ay ) is the diagonal matrix of dominant eigenvalues of Q. If it holds
MV =VAuy,

i.e. the dominant eigenvectors of () form an M-invariant subspace, then V also solves the

generalized eigenvalue problem (32)
QV =VAg = VAgAuAy = MVAQA,} = MVA,
with A = AQA]T/}. The A; commute, because A; are diagonal matrices.

If Ay exists, such that MV = V Ay, we can solve the generalized eigenvalue problem. It
is the best possible approximation of the eigenvalue problem Qu = Au on the subspace D
[25]. In practice, we evaluate the angle between the subspaces spanned by the columns of
MV and V, which should be small. Thereby, we see whether the dominant eigenvectors of

@ are close to being eigenvectors of M.

Hence, the value of the angle can serve as an indicator for the quality of the discretization.

We can furthermore identify the basis functions that need refinement by

re= 301 (Mor = T OMw) | (35)

where v; are the eigenvectors, i.e. the i-th. column of V, and II? is the orthogonal projection
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on v;. A large rp indicates that we need refinement in region 2 with center position gy.
Positions that have only a small overlap in M, i.e. that are relatively far away (in comparison
to other positions), but have a high energy difference, resulting in a high transition rate
from the high energy position to the low energy position, are identified to need refinement.
Why we need more base points in transition regions, becomes clear, if we think about

approximation quality of eigenvectors.

2.5 Gromacs Molecular Dynamics

We use Gromacs 5.1.4 for all simulations in this thesis. It is a software for molecular
dynamics simulation. It has to be provided with an input coordinates file, which specifies
the x, y and z coordinates of each atom. Furthermore a topology has to be supplied. Then
the program computes the forces that arise due to the current positions of different atom
types. Integrating Newtons Equations of motion, new positions and velocities for all atoms
are computed.

F=ma
The chosen timestep highly affects the precision of the resulting trajectory.

In order to calculate the forces, certain parameters have to be determined. There are
non-bonded interactions and bonded interactions. For example, the atoms of a molecule
are connected by chemical bonds. These bonds can differ in length. Due to attracting
and repulsive forces the bond length will oscillate around a certain value. That value
is different depending on the atoms involved. Analoguously, the angles fluctuate, where
angles are formed by three or four bonded atoms. These dynamics are modeled as an
oscillation, thus a spring equation, with the parameters ’spring constant’ and ’equilibrium
value’. The parameters differ with the involved atom types and are specified in the force
field. They are indentified by experiments. We use the AMBER 99sb force field in our
simulations. The non-bonded interactions (which is the largest part of the computational
cost) are theoretically calculated for every pair of atoms. To reduce computational cost,
there are different methods invoked as a cut-off distance, neighbor lists or PME. The non-
bonded interactions include the Coulomb potential, that arises due to varying charges, and
the Lennard-Jones potential, modeling the repulsive and attractive forces between atoms
(without charges). All bonded (bond lengths, bond angles, dihedral angles) and non-bonded
(Coulomb- and Lennard-Jones-Potential) interactions sum up to a potential. The resulting

force can be computed from the potential function.

To produce a canonical ensemble, a thermostat can be included during the simulation.

These thermostats assure the correct average temperature and ideally a correct distribution
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of states.

As a first step in a simulation, an energy minimization is performed. It finds the next energy
minimum (using the gradient of the potential function). This is done to avoid large forces
in the simulation, which will result in a system blow up. For the energy minimization,
the steepest gradients or conjugate gradient algorithms are used. At least a combination
of both work fine in most cases. When the system is energy minimized, the next step is
equilibration. That means, the correct average temperature and pressure are set. After

careful preparation, the actual MD simulation can take place.

Furthermore, non-equilibrium dynamics can be performed with Gromacs. During pulling
simulations, a virtual particle is attached to a chosen pull group. A spring connects pull
group and particle. Then the particle moves with a user-defined rate and force, pulling
the pull group across the simulation box. We use pulling simulations to open ligand access
channels of the Cytochrome P450 3A4. While pulling the ligand away from the binding
pocket in different directions, the CYP atoms adjust and rearrange due to the forces that
arise. The forces during this simulation are biased since we apply an external force. That
is why it is important that we perform an energy minimization before we compute the

potential of the pulling positions.

3 Simulation

For the Square Root Approximation (30) of the discretized generator, we need to know
the potential energy of different ligand positions. We use Gromacs’ energy minimization to

obtain the required values.

All simulations were carried out using the MD simulation software package Gromacs 5.1.4
[15, 1, 12]. The molecular images are created with VMD [8] [20]. Crystal structures are from
the PDB databank (www.rcsb.org) [2] and the DrugBank database (www.drugbank.ca) [27].
Throughout simulations, we use a tipdp water model, the AMBER99sb force field [13] and

the v-rescale thermostat.

3.1 Simulation and Methods

Idea The idea is to put the ligand molecule in different ‘valid’ positions around the CYP
3A4 and calculate the approximated transition rates between the positions. First, we per-
form a MD simulation of CYP 3A4 without a ligand. The aim is to obtain the CYP in
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different conformations. As described in section 1.1, there are many possible access chan-
nels for the ligands. But they are not already ‘open’ in the crystal structure of CYP 3A4.
We hope the ligand access channels reveal during the simulation. The structures with open
channels are then used for the LES (Ligand Excluded Surface) computation. For each ligand
and different conformations and orientations of this ligand, we compute the valid positions
on the surface of the CYP molecule!. We pick a number of ligand positions, set up simu-
lation systems for them and perform an energy minimization. We will see that additional
pulling simulations are required to obtain valid positions in the ligand access channels. The
ligand’s dynamics can be modeled by a Markov Process. We approximate the discretized
@ according to section 2.3, inserting the interaction energy between ligand and CYP for
every position.We interpret the Q(i,j) as transition rate from ligand position i to ligand
position j. Additionally, we compute the matrix M from (34) to identify positions which

need refinement.

Ligand Excluded Surface The ligand excluded surface (LES) is a function defining the
ligand accessible positions at the surface of a receptor molecule [10]. It is individual to each
ligand. We use it to generate a picking set of ‘valid’ ligand positions, where ‘valid’ means,
that they don’t intersect (the atoms, molecules). Around each ligand and receptor atom,
we can put a sphere representing its van der waals radius. The van der waals radius marks
the distance of closest apporach of another atom. Usually the solvent excluded surface is
computed, where the solvent is represented by a sphere of radius 1.4 A. In the case of larger,
flexible ligand molecules, a more exact approach has to be considered, since there might be
ligand conformations fitting in cavities of the receptor molecule, while a bounding sphere

might not fit. A sphere might not be a good representation of the ligands shape.

The algorithm works grid-based. It places the ligand in different conformations and rotations
at each gridpoint and decides if this is a valid position. Hence, it takes a number of ligand
conformations, a number of orientations and a grid spacing as input. If a state is valid can

be expressed by the function

1, ipr;—(Rpé-k—l—T)HZrir—&—ré- Vi=1,....n7=1,....m

I(k,T,R) = (36)

0, else

p; are the atom positions of the receptor molecule, pé are those of the ligand molecule. r]
and ré» are the atomic radii, k is the conformation of the ligand molecule, T' the translation
and R the rotation of the ligand molecule. A ligand’s state can be described by k,T and R
and is valid if I(k, T, R) = 1.

Ithanks to Norbert for computing the ligand valid positions
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To reduce computational costs, the algorithm works in two phases. In the first phase, the
ligand is represented by a sphere containing all ligand atoms (the largest of all conforma-
tions). Where this sphere can be placed without intersecting with the receptors atoms, the
ligand can be positioned in all orientations and conformations. These are ligand accessible
positions. Then, another sphere is tested, which is inscribed in the ligand. Where this
sphere can’t be positioned, the ligand can’t be placed in any conformation or orientation.
These positions are not accessible by the ligand. In phase two, the remaining grid positions
are tested for validity, trying each conformation and orientation, according to (36). We use

these ligand positions with in the respective conformation and orientation as picking set.

Ligand Simulation To provide different input conformations of the ligand molecule for
the LES algorithm in order to compute the valid positions, we perform ligand simulations.
We obtain a structure file of each ligand from www.drugbank.ca [27]. The topologies are
created by acpype [4]. For each of the seven ligands, we perform a 1.2 ns MD simulation. The
preparation includes solvation, energy minimization, NVT and NPT equilibration. Then
the simulation takes place at 500 K to sufficiently sample the state space. Recalling the
Boltzmann density (3), we note that the states are more equally distributed on the state
space, if the chosen temperature is high. The resulting trajectory is fitted and we pick 10
to 15 different conformations, invoking the picking algorithm described in 3.1. We use the
euclidian distance in R3*M | where N; is the number of ligand atoms of the coresponding
ligand, as distance function. The chosen conformations are written to pdb files and are used

for the ’'valid’ ligand position calculation as described in the previous paragraph.

CYP Simulation We try to obtain different CYP conformations with channels opened
up, in order to put the ligands in consecutive positions from surface to binding pocket
and finally analyze the network for the path the ligand takes to the binding position. To
obtain a large conformational variety, similarly to the ligand simulations, we perform the
simulation of Cytochrome P450 3A4 at a high temperature. The CYP 3A4 coordinates file
is ITQN from the PDB databank (www.rcsb.org). Missing residues were added? as well as
the topology which uses the AMBER99sb force field. In absence of a ligand, we prepare the
system for CYP 3A4. We use a dodecahedral box shape, solvate, neutralize with CL ions,
energy minimize and equilibrate the system with a temperature of 500 K. Thereafter, we
carry out a 1.5 ns MD simulation. From the resulting trajectory we choose a few promising
timeframes to be analyzed by the LES algorithm. Since nicotine is the smallest ligand
molecule in the selection, the valid ligand positions are at first computed for this molecule.

It turns out that the conformational variety of CYP 3A4 during the simulation is not as

2thanks to Vedat for providing the CYP 3A4 pdb file and topology.
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large as hoped. There is no consecutive pathway from surface to binding pocket of even the
smallest of our ligand molecules possible. The valid ligand position computation shows that
only one of the channels, namely pw 2e, nearly connects outside and inside. Additionally
pw 2a, pw 2b and pw 2f partly open up during simulation, but ligand positioning in these
channels is still not possible. Since we know from literature that more channels exist [3], we
decide to perform additional pulling simulations to obtain valid ligand positions in the still
closed channels. Neverthelsess, we choose a CYP conformation from simulation to compute
the ligand positions at the surface and the inside of the CYP molecule.

Picking Algorithm To pick different ligand conformations and pick the ligand positions
for the transition network a picking algorithm is used. We try to obtain a large variety of
positions or conformations respectively. Therefore, we consider the distances of points in
the picking set to the already picked points. We choose the next point with the maximal
distance to the closest point from the chosen points. The algorithm is from [25]. The set of

all possible positions is denoted as S and the set of already picked points as Q.

1. Choose a random r (or r = 1, when used to create the network, in order to include

the binding position as first position)
2. Compute distances d(s,q) for all s € S and ¢ € Qx
3. Pick the next point from S with the maximal minimum distance maxses mingeg« d(s, q)

4. Stop, when the number m of required positions is reached.

The results differ depending on the chosen distance function.

Pulling Simulations To open up more access channels to the active centre, we perform
pulling simulations. We put the ligand in the suggested binding position in the binding
pocket. Then we apply external forces in the simulation to pull the ligand slowly across
the CYP molecule towards the CYPs surface. We are interested in the other way round,
i.e. the path from the surface towards the binding site, but nevertheless, the simulation will
induce conformational changes upon the CYP molecule, opening up the access channels.
Since we want to start pulling with the ligand in its binding mode, we first have to identify

the ligands binding position and orientation.

Identifying the Binding Mode The binding site is already identified. It is located next

to the heme group. However, the orientation of each is ligand is individual. For each of
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the seven ligands, we prepare 60 systems. We take for each ligand one input structure and
compute 60 orientations of the ligand. We use the CYP 3A4 pdb file (1TQN) with known
binding site coordinates. Then, we complex each of the ligands with this CYP structure. We
set up the systems, prepare and simulate. Then, for each complex, we observe the potential
energy throughout simulation. Taking into account the non-bonded potential energy terms,
i.e. the sum of the Coulomb and the Lennard-Jones potential, between ligand and CYP and
ligand and solvent, we compute the average value over simulation time. The system that

results in the minimal average energy is the suggested binding mode.

Pulling Proceeding from the binding mode of each ligand, we choose directions towards
the tunnel entrances according to Figure 4 and 5. We use the identified channels [3, 6] that
are visible in the respective receptor-ligand-complex. Although there are a few residues
blocking the access, we can still see the location of the tunnel entrances. With the Gromacs
pull code, a rate of 0.03nmps~! and a force of 1000 kJmol~' nm~2, we perform 9 pulling
simulations for each ligand. In general, the Cytochrome channels open up during pulling
the ligand out. While in some directions pulling is fast and easy, in other directions the
Cytochrome molecule needs more time to adjust and change its conformation to allow the
ligand to pass through. Some pulling simulations are repeated with slightly different direc-
tions, since the ligand did not take the requested channel in the first simulation. Figure 9

shows five positions of sufentanil being pulled out via channel 2c.

Picking and Energy Minimization - Network We collect all valid ligand positions
computed by the LES algorithm and the positions from the pulling simulations. We con-
sider the ligand position of each timeframe from the pulling simulation as one position. It
is important to keep it complexed with the respective CYP structure, since it undergoes
conformational changes and the ligand position is only a valid position with this CYP struc-
ture. The positions are represented by the 3/N; position coordinates, 3 coordinates for each
atom, where N; is the number of ligand atoms. Additionally we can compute the three

dimensional center of each position, if we are only interested in spatial movement.

Let the N atom position vectors be denoted by (x,y, z); for i = 1,..., N. Then the center

of the molecule is defined as

1 N
(376, Ye, Zc) = N Zzzl(xa Y, Z)i~

From the set of all positions (picking set) we want to choose evenly spaced positions around

the CYP molecule. We therefore calculate the three dimensional centers and use the picking
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Note the conformational

Figure 9: Series of pulling snapshots: Sufentanil in channel 2c.

changes in the B-C and F-G loop
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algorithm to pick 100 to 150 positions. Since we want to inlcude the binding positions in our
network, we set r = 1, which corresponds to the binding mode in our picking set, instead
of a random number. Each picked position is a state (or node) in the network. Now, we
need the interaction energy between receptor and ligand to compute the transition rates
between the positions. For each picked ligand position, we complex it with the CYP 3A4
structure that was used to calculate the valid positions or leave it complexed with CYP in
case of the pulling positions. Then, we perform an energy minimization. For the positions
obtained from the pulling simulation, we perform an energy minimization in vacuum first.
Otherwise, the system tends to blow up due to the large forces. Often, we use a combination
of the steepest descent and the conjugate gradient algorithm. After the minimization, the
complexes are fitted with the heme group as reference. The energy is extracted from each

postition.

Computation of Q and M With the coordinates and energies of the positions, we
build the network. The transition rates between positions can be computed. We recall the

approximation formula for Q(ij) from section 2.3 for ¢ # j

Qi,§) = \Jexp(=BV (4)))/ exp(=BV (4:))2N i, ). (37)

Hence, the transition rate depends on the potential energy values and the adjacency relation.
The rate is only positive, if two positions are adjacent. We use a delaunay triangulation or
equivalently a Voronoi tessellation to define adjacency. The three dimensional centers of the
ligand positions define the base points for the Voronoi tessellation. A Voronoi region €; for

base point ¢; is defined as
Q ={xeQ:d(z,q) <d(z,q;) for all j # i}, (38)

with the euclidian distance in R® as distance function. An example for 2 dimensions is

shown in Figure 7.

Two base points ¢; and g; are adjacent, if their Voronoi regions §2; and ; are adjacent,
which is the case, if they share a boundary, i.e. ; NQ; % (. We have the adjacency matrix
N with entries

1, if ¢; and ¢, are adjacent
N(i,j) = .
0, else

V(q) denotes the potential energy function of g. We only take the interaction energy between

receptor and ligand into account. It consists of the Lennard-Jones potential and the Coulomb
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potential.
V(q) = LJ(q,cyp) + Coulomb(q, cyp)

Gromacs energies are in kJmol™! The parameter 3 denotes 1/(kgT), but since V(q) is in
kJmol™!, we use 3 = 1/(RT) with the gas constant R in kJ K~ ! mol~! and the absolute
temperature T'. The temperature is 310 K, body temperature. This yields a value of 8 =
0.388 We calculate the off-diagonal entries of @) according to (37) and set

Qi) =~ Y Q(i.j) foralli=1,...,m.

j=1,j#i

We interpret as Q(i,j) for i # j as transition rate between adjacent positions. (It is 0 for

non-adjacent positions).

Aditionally, we compute the 'overlapping’ matrix M to evaluate where we may need more
ligand positions to appropriately represent the ligands dynamics. We follow section 2.4 and
[25] and compare the dominant eigenraum of @ with that of M. Evaluating (35), identifies
the positions ¢; that need refinement. More positions are required in energy transition
regions, see section 2.4. The basis functions are radial monotonic decreasing functions, as
suggested in [21].

¢i(z) = exp(—aid(z,q;)*)y(z) ", (39)

where y(z)~! is the normalization constant, i.e. y(z) = Y1, ¢;(z). The a; parameter
for basis function ¢; centered at g; should be proportional to 1/dp(i)?, where dyin (i) is
the minimal distance from g; to any other base point ¢;. The matrix M contains values,
representing the overlap of fuzzy sets. M(¢,j) is the overlap of ¢; and ¢; with radial basis

functions ¢ as in (39).

Fackeldey and Weber describe in [25] how integrals of the form (¢;, u),, can be approximated.
With the Boltzmann measure i, we see that

d(2.0.)2—BV (x L
Bula)p(a) = et VD @)1 7,

This yields a new measure p; with energy function V(z) + «;/Bd(x,q;)>. We can then
approximate the integral as a sum using evaluation points that are sampled according to

wi.- We take only ¢; as sampling point and approximate M from (39) as follows
. . —Q . . 2 p—
M (i, j) = ¢j(q;) = e~ M%) 5(q;) Y, (40)

with aj = 1/dmin(4)?, d the euclidian distance in R3™, where N; is the number of ligand

atoms and v = >_." | ¢;(¢;). Hence, M is a stochastic matrix.
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Figure 10: Fluoxetine positions with the starting positions colored in yellow and the binding
position colored in green. Each position is represented by its three dimensional center.

Analysis of Q and Refinement We can add positions according to the refinement
requirements. Finally, we interprete Q and try to find the ‘best’ path to the binding pocket
of CYP 3A4. There are different algorithms to analyze Q, for example the PCCA+ [5] or the
Dijkstra algorithm. The question is, which path, i.e. sequence of positions, will the ligand
take to get from the surface of the CYP 3A4 to the binding pocket. We will use a simple
greedy algorithm, which picks the next position according to the highest rate. That results
in a sequence of positions. Due to the fact, that we don’t allow to go back to an already
visited position, the binding position is reached after a finite number of steps. The starting
positions we are interested in are those located at the surface of the Cytochrome molecule.
We take those points that form the convex hull of the position point set. In Figure 10, we

see the ligand positions of fluoxetine with the starting positions colored in yellow.

For each surface position, we look at the path returned by the greedy algorithm. The last few
positions before reaching the binding position are those that indicate which channel refers
to the path. In most cases, we can assign one access channel to the given position sequence.
Sometimes, there are jumps from one channel to another, or even jumps from the surface
of the Cytochrome molecule directly to the binding position. This can happen due to the
fact that we defined adjacency through Voronoi regions and the limitations of CYP residues
inbetween adjacent positions are not included in the adjacency calculation. To solve that
problem, the Voronoi regions could be calculated not with the euclidian distance function in
R3 but with a surface distance function, measuring the distance to the next position along
the Ligand Excluded surface. One problem arising with this function is that different CYP
conformations are used with the positions. The pulling and to a small amount also the
energy minimization induce conformational changes on the CYP molecule. For simplicity,
we used the euclidian distance function for the adjacency calculation. Detailed results for

each ligand can be found in the results section.
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Figure 11: The 10 largest eigenvalues (in modulus) of the () matrix for nifedipine

3.2 Refinement - Example

We look at the network for the ligand nifedipine and evaluate it according to section 2.4. Do
we need more positions in certain regions to appropriately model the ligand dynamics? We
picked 150 positions from our picking set. As described in the last section, we carried out
the energy minimization and computation of @ and M. Then, we calculate the dominant
eigenvectors of ). Therefore, we need to identify the corresponding dominant eigenvalues.
We notice 5 eigenvalues close to zero and a gap between the 5th and 6th eigenvalue, see
Figure 11. According to section 2.4, we take the corresponding 5 largest eigenvectors, see
also [18, 16]. Define V' as the matrix containing the eigenvectors corresponding to the largest
5 eigenvalues as columns. Next, we calculate the angle between the subspaces spanned by
MV and V. If it is 0, it means the dominant eigenvectors of () are eigenvectors of M as well
and we are finished. The angle is 0.39739 in radians, which corresponds to 22, 77°. The value
has only limited significance, since it scales with the chosen «; values in the computation
of M. However, we will see if we can improve the value by adding new positions to the

network.

We identify energy transition regions by (35). The positions with the highest values are
identified to be refined. In this example, the first position to refine is position 150. The
reason becomes clear if we look at the () matrix. Row 150 of @ shows a maximum in column
38. There is a high energy difference and thus a high rate from position 150 to 38, while
being not close and having only a small overlap in M. The two positions represented by
their three dimensional centers are shown in Figure 12. We try to refine and add another
position close to position 150 (ideally between position 150 and position 38). But the picking
set does not include any position in-between, see Figure 13. There are cyp residues and no
valid positions. Hence, it is not possible to refine that energy transition region. Another

approach for this problem is to define another adjacency relation, since the two positions are
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Figure 12: Positions represented by their three-dimensional centers and the position to refine
in yellow. The position with a low energy, i.e. the position to which the yellow position has
a high transition rate, is colored green in the right picture.

relatively far away and essentially separated by the CYP molecule. But due to the Voronoi
definition with the euclidian distance, they are adjacent. It would be good to define a new
adjacency relation based on the CYP’s surface which excludes positions seperated by the

molecule from being adjacent.

Figure 13: CYP 3A4 with the two adjacent ligand positions shown. They have a high
energy difference and therefore refinement is required in the transition region. However,

in-between the two positions, there is no valid ligand positioning possible due to the CYP’s
helix element.

38




3.3 Results

For each ligand, we computed a matrix ). We interpret its entries as transition rates in a
network, where the ligand positions are represented by nodes. We analyze it by a simple
greedy algorithm. The starting positions are those that form the convex hull of all positions.
The end position is the suggested binding position. The algorithm returns a path, i.e. a

sequence of positions, from each starting position to the binding position.

We analyze these sequences by having a closer look at the positions preceding the binding
position. Those are the positions that determine which pathway the ligand takes into the
binding pocket. We can associate the sequence of positions with a ligand access channel.
In most cases, the positions determine the channel quite clearly. However, in some of the
sequences, there are jumps between channels. Then we can’t associate a single channel
with it. There are also cases where direct jumps from the CYP’s surface to the binding
pocket happen. Having identified the channels, we compare the number of starting positions
that pass through the respective channel. If the sequence jumps between two channels,
we indicate that by giving both channels, first the one that seems more probable due to
the position sequence, and mark it with an asterisk. Channel 2f/S are not considered
separately. We collect the ligand specific data in a table. Additionally, there are images
included showing the prevailing pathways. They depict the sequence of the ligand positions
close to the binding position corresponding to the dominant channels. The Cytochrome is
in New Cartoon representation and the Heme group and ligand molecules are in Licorice
representation. The ligand molecules in these images are colored in different shades to better
distinguish the individual ligand positions. We included different views for better visibility
of the channel entrances. Furthermore, we give the length of the position sequence. A long
sequence could indicate that the transition to the binding position might not be energetically

favorable.

Remark: Sometimes, there seem to be steric clashes between the CYP molecule and the
ligand molecules. This is due to the fact that the CYP conformation changes during the
pulling simulation (and to a small extent also in the energy minimization), hence, the ligand
molecules are positioned relative to slightly different CYP conformations. In order to make
the picture better recognizable, we show only one of the CYP conformations in the picture.
So, some ligand molecules overlap with CYP atoms, but this is presumably not the CYP
conformation belonging to that ligand molecule.

Remark 2: In the licorice representation of the ligand molecules, the colors represent
the atom types as follows (cyan: carbon; red: oxygen; pink: fluorine; yellow: sulfur; blue:

nitrogen; purple: bromine; white: hydrogen).
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Nicotine

Nicotine is a toxic alkaloid known from tobacco products. With only 26 atoms, it is the
smallest ligand that is analyzed in this thesis. The structure with two carbon-rings restrains
its flexibility. Therefore, we only consider one conformation to compute the valid ligand

positions.

Figure 14: Nicotine : 3D structure and skeletal formula. Skeletal formula image from the
Drugbank database (www.drugbank.ca)

We picked 100 Points by invoking the picking algorithm from section 3.1. We apply the
greedy algorithm to 21 starting positions. The end node is the binding position. 6 starting
positions result in in a sequence corresponding to pathway 2e, which accesses through the
B-C loop. The positions are shown in Figure 15. It is a channel which is already partly open
in the Cytochrome P450 3A4 crystal structure. 14 times they take a path where the last
jump happens from under the molecule to the binding position. The positions before could
indicate a preference for channel S/2f, but it can’t be determined clearly, see Figure 16. We
observe one time channel 3. The sequences leading to the binding position for nicotine are

rather long, hence, the access seems unfavorable.

Channel number
pw 2e 6
pw 3 1

not defined/ jump 14
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Figure 16: Nicotine: ligand positions that do not clearly indicate one channel

Bromperidol

Bromperidol is an antipsychotic. Applying the greedy algorithm, 2 dominant pathways are
identified. 33 of the chosen 63 starting positions have their best pathway passing through
position 124 before reaching the binding site. We relate this position to pathway S or 2f
(between the 4 sheet and the F-G loop). 14 of the starting points take their way into
the binding pocket through pathway 2b, which exits between the B-C loop and the 51
sheet. There are other channels identified, but each representing only a few (1-3) starting
positions. Other starting positions include jumps from the surface to the inside in their

position sequences, which is not realistic.
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Br

Figure 17: Bromperidol : 3D structure and skeletal formula. Skeletal formula image from
the Drugbank database (www.drugbank.ca)

Hence, the two dominant pathways are 2f/S and 2b. The ligand positions corresponding to
these channels are shown in Figure 18. The number of positions before reaching the binding

position is between 2 and 5.

Channel number
pw S/2f 33

pw 2b 14

pw 1 3

pw 2a 2

pw 3 3

not defined/ jump 8

Figure 18: Two views of bromperidol’s preferred channels. Channel S in dark red and
channel 2b in light red. The blue ligand molecule indicates channel 2a.
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Figure 19: Nifedipine : : 3D structure and skeletal formula. Skeletal formula image from
the Drugbank database (www.drugbank.ca)

Nifedipine

Nifedipine is a calcium channel blocker. It shows two prevailing pathways into the binding
pocket. One can be identified with channel 1 and one corresponds to channel 5 or possibly
channel 2a, see Figure 20. Nifedipine was one of the few ligands with successful pulling for
channel 5 . This channel accesses next to the 54 sheet, close to channel 2a. The number of

positions is between 5 and 11.

Channel number
pw 5/ 2a*: 14
pw 1: 17

not defined/ jump: 3

Figure 20: Nifedipine channels. Left: Channel 1. Right: Channel 5
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Fluoxetine

ZT
o

HC

Figure 21: Fluoxetine : 3D structure and skeletal formula. Skeletal formula image from the
Drugbank database (www.drugbank.ca)

Fluoxetine is an antidepressant. There are two paths mainly used by fluoxetine. One
corresponds presumably to pathway 2d, entering next to the A helix. The other path could
correspond to either pathway 1 or pathway S, due to jumps between channels. Figure 22
shows the ligand positions indicating pathway 1 and pathway 2d, while Figure 23 shows the
positions in pathway S. The path length ranges from 4 to 9.

Channel number
pwl/S*: 20
pw 2d / 2b* : 19

not defined/ jump: 4

Figure 22: Fluoxetine channels. Left: Channel 1. Right: Channel 2d
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Figure 23: Fluoxetine positions in channel S

Terfenadine

Terfenadine is an antihistamine, but has been withdrawn from the market due to the risk
of causing cardiac arrhythmia. It consists of 76 atoms and is the largest ligand used in this

analysis.

F3
3

Figure 24: Terfenadine : 3D structure and skeletal formula. Skeletal formula image from
the Drugbank database (www.drugbank.ca)

The greedy algorithm reveals one dominant path to the active site. It corresponds to either
pathway 3 or pathway S. Due to jumps between channel 3 and the solvent channel S, we
can’t isolate the corresponding channel. Additionally, there is a small number of starting
positions pointing to channel 2b, which can be clearly seen in Figure 25. The path length
with 2 to 7 is quite short.
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Figure 25: Terfenadine channels. Left: the 2b channel next to the B-C loop. Right: channel
3 right through the F-G loop

Channel number

3/S*: 24
pw 3/ *due to jumps between pw S and pw 3
pw 2b:

not defined/ jump: 4
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Sufentanil

HsC

Figure 26: Sufentanil : 3D structure and skeletal formula. Skeletal formula image from the
Drugbank database (www.drugbank.ca)

Sufentanil is an analgesic (painkiller). There are three channels showing a similar frequency
of occurence. The first is channel 2a, with its entrance between the 51 sheet, the B-C loop
and the F-G loop. Moreover, the ligand shows a preference for channel S and for channel
2¢, next to the B-C loop. Figure 27 shows the corresponding ligand positions. The length
is3to 7.

Channel number
pw 2a 11

pw 2c: 11

pw S/2f 11

pw 2b

not defined/ jump: 9

Figure 27: Pathways into the binding pocket for Sufentanil. Left: 2a (blue) and S (red);
Right: 2¢
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Voriconazole

Voriconazole is an antifungal. The transition network reveals one dominant channel to
access the active site, which is pathway 3. Ligands enter this channel through the F-G loop.
Almost all voriconazole starting positions take this pathway, which can be seen in Figure
29. The path length is between 8 and 18.

Figure 28: Voriconazole : 3D structure and skeletal formula. Skeletal formula image from
the Drugbank database (www.drugbank.ca)

Channel number
pw 3 38
not defined/ jump: 2

Figure 29: Voriconazole positions along pw 3 through the F-G loop
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Comparison of all Ligands and Channels

There is a high variance in the preferred access channels to the active site. Table 1 lists all
observed channels and the corresponding ligands. We only listed a channel for a ligand if
there are 5 or more starting positions taking the sequence across the channel. We see that
there is no dominant access route taken by all ligands, but instead every channel appears
to be taken by at least one ligand. The preferred access channel seem to be heavily ligand
specific. Surprisingly, channel 2e is only the suggested access channel of one ligand, namely

nicotine, although it is already partly open in the CYP 3A4 crystal structure we start with.

Table 1: Channels and ligands with 5 or more starting positions yielding a sequence of
positions that points to this channel

pw nicotine bromperidol nifedipine fluoxetine terfenadine sufentanil voriconazole

2a X

2b X X

2c X

2d X

2e X

2f/8 X b'e
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Conclusion

We modeled the molecular binding kinetics of seven different ligands with Cytochrome P450
3A4 using a network approach. Assuming a Markov Process , we computed the transition
rate matrix @) by the Square Root Approximation. We performed approximately 1000 energy
minimizations. The good thing is that energy minimization is fast compared to trajectory
computing. Since there were only a few valid positions in the access channels, we performed
additional pulling simulations. The pulling simulations and preparations were rather time
consuming. However, the results are a lot more meaningful with the additional positions,

obtained by the pulling simulations.

There were two problems occuring due to the chosen Voronoi adjacency relation. We used
the euclidian distance in R? to define the adjacency of nodes. That caused problems for the
refinement procedure, since there were adjacent positions with a high energy difference, that
were in reality separated by the CYP structure. Hence, we could not choose valid positions
in-between to refine. In reality, the direct path between the positions is obstructed, such
that they should not be adjacent in the first place. Secondly, this adjacency relation was
problematic for some of the resulting ‘best’ paths. We cannot be sure that unfavorable
positions weren’t skipped in the ‘best’ path, which might bias our results. Moreover, it
allowed direct jumps from the CYP’s surface to the binding position or between channels,
as long as the positions were adjacent according to the Voronoi tessellation. That yielded
some useless results. Nevertheless, this did not happen for the majority of the resulting
paths. Both mentioned problems could probably be solved by using a different distance
function. One could for example define a distance function along the Cytochrome’s surface.
This would change the Voronoi regions. The Ligand Excluded Surface [10] could be invoked
to define the new distance function. Yet, one has to think about the CYP conformation to
use for that, since we used different conformations corresponding to each ligand due to the

conformational change during pulling simulations.

Despite these problems, the results seem reasonable. We have identified one or more domi-
nant channels for each ligand and we have seen that different ligands prefer different chan-
nels, which might explain the broad range of ligands metabolized by CYP 3A4. The distance
function for the adjacency relation and the algorithmic evaluation of the transition rate ma-
trix could be adjusted for further improvement and individual requirements. We conclude
that the infinitesimal generator approach by Weber, Fackeldey and Lie [9] yielded useful
results. Furthermore, it assured a feasible computation time, since only energy minimiza-
tion was required for the network positions. It is simple and fast if the desired positions are

accessible by the ligand, what makes it a valuable approach for high dimensional systems!
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A Appendix

Figure 30: CYP 3A4 with labeled secondary structure elements, view 1
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Figure 31: CYP 3A4 with labeled secondary structure elements, view 2
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