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Abstrakt

Cytochromy P450 (CYP) jsou enzymy podilejici se na metabolismu vétSiny cizorodych latek v lidském
téle, at’ uz se jednd napf. o léCiva, ¢i polutanty vyskytujici se v zivotnim prostfedi. Savéi CYP
metabolizujici cizorodé latky jsou membranové kotveny v endoplasmatickém retikulu. Transport latek
Z hydrofobniho prostiedi membrany do hluboce zanorené kavity aktivniho mista je zprostiedkovan siti
kanal, které zajistuji jak piijem substrati, tak vystup metaboliti. VSechny tyto procesy je mozno
sledovat pomoci nastrojic vypocetni chemie napt. metodami molekularni dynamiky (MD) ¢i
specializovanymi bioinformatickymi nastroji pro identifikaci a analyzu kanala (napt. MOLE). Oba tyto
pristupy lze navic vzajemné propojit, ¢imz lze ziskat nastroj umoziujici popis energetiky celého procesu
prichodu molekuly z membrany do aktivniho mista CYP a také vystup jejich metabolitd kanaly, a navic
identifikovat kanal, ktery je pro prichod dané latky nejvhodné&jsi. Pristupy pouzité v ramci této
disertacni prace mohou pomoci pii objasnéni struktury a dynamiky membréanové kotvenych cytochromt
P450 a kombinaci MD a nastroje MOLE lze také ziskat dalSi informace potifebné k vysvétleni
potencialniho mechanismu vazby ligandu do aktivniho mista CYP a urfeni vhodné vystupni cesty
metabolitid. Takto ziskané informace a vypocetni postupy lze pouzit napt. pii ndvrhu novych Iéciv s
ohledem na jejich metabolismus, popfipadé pii raciondlnim navrhu novych enzymd s nami

pozadovanymi vlastnostmi ptistupovych ¢i vystupnich kanalt.
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Abstract

The cytochromes P450 (CYP) are enzymes involved in the metabolism of most xenobiotics in the
human body such as drugs or some environmental pollutants. Mammalian CYPs metabolizing
xenobiotics are membrane-attached to the endoplasmic reticulum. The transport of molecules from the
membrane hydrophobic core towards CYP’s deeply buried active site cavity is provided by the network
of transportation channels managing substrate ingress and metabolite egress. These processes can be
studied by the computational chemistry methods such as molecular dynamics (MD) or specialized
bioinformatics tools which allow identification and characterization of channels leading to the active site
(e.g. MOLE). Both approaches can be combined and together allow the detailed description of the
substrate uptake from the membrane to the CYP active site and metabolite egress to cytosol. Moreover,
combination of software tools also allows to obtain the energetics of the whole process of compound
permeation through the network of channels to identify the most favorable path. In this thesis, these
approaches were successfully used for elucidation of the structure and dynamics of the membrane-
attached cytochromes P450 and the combination of the MD and MOLE helped us to explain the
potential binding mechanism of the ligands to the CYP active site and to evaluate metabolite’s egress
paths. The data and processes presented in this thesis may be therefore used e.g. in the in silico drug
design including drug metabolism and for rational design of new enzymes with desirable properties of

their access/egress channels.
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ot everything that can be counted counts, and not everything that counts can be counted.”

., Ne vse, co se da spocitat, se pocitd, ne vse, co se pocita, se da spocitat.
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Abstract

The cytochromes P450 (CYP) are enzymes involved in the metabolism of most xenobiotics in the
human body such as drugs or some environmental pollutants. Mammalian CYPs metabolizing
xenobiotics are membrane-attached to the endoplasmic reticulum. The transport of molecules from the
membrane hydrophobic core towards CYP’s deeply buried active site cavity is provided by the
network of transportation channels managing substrate ingress and metabolite egress. These processes
can be studied by the computational chemistry methods such as molecular dynamics (MD) or
specialized bioinformatics tools which allow identification and characterization of channels leading to
the active site (e.g. MOLE). Both approaches can be combined and together allow the detailed
description of the substrate uptake from the membrane to the CYP active site and metabolite egress to
cytosol. Moreover, combination of software tools also allows to obtain the energetics of the whole
process of compound permeation through the network of channels to identify the most favorable path.
In this thesis, these approaches were successfully used for elucidation of the structure and dynamics of
the membrane-attached cytochromes P450 and the combination of the MD and MOLE helped us to
explain the potential binding mechanism of the ligands to the CYP active site and to evaluate
metabolite’s egress paths. The data and processes presented in this thesis may be therefore used e.g. in
the in silico drug design including drug metabolism and for rational design of new enzymes with

desirable properties of their access/egress channels.






Abstrakt

Cytochromy P450 (CYP) jsou enzymy podilejici se na metabolismu vétSiny cizorodych latek
v lidském téle, at’ uz se jedna napt. o 1éCiva, ¢i polutanty vyskytujici se v Zivotnim prostredi. Savci
CYP metabolizujici cizorodé latky jsou membranové kotveny v endoplasmatickém retikulu. Transport
latek z hydrofobniho prostfedi membrany do hluboce zanofené kavity aktivniho mista je
zprostiedkovan siti kanalt, které zajistuji jak pfijem substratd, tak vystup metaboliti. VSechny tyto
procesy je mozno sledovat pomoci nastrojii vypocetni chemie napf. metodami molekularni dynamiky
(MD) ¢i specializovanymi bioinformatickymi nastroji pro identifikaci a analyzu kanalii (napt. MOLE).
Oba tyto pristupy lze navic vzajemné propojit, ¢imz lze ziskat nastroj umoziujici popis energetiky
celého procesu pruchodu molekuly z membrany do aktivniho mista CYP a také vystup jejich
metabolitd kanaly, a navic identifikovat kanal, ktery je pro prichod dané latky nejvhodnéjsi. Pristupy
pouzité v ramei této disertani prace mohou pomoci pii objasnéni struktury a dynamiky membranoveé
kotvenych cytochromii P450 a kombinaci MD a nastroje MOLE Ize také ziskat dalSi informace
pottebné k vysvétleni potencialniho mechanismu vazby ligandu do aktivniho mista CYP a uréeni
vhodné vystupni cesty metaboliti. Takto ziskané informace a vypocetni postupy lze pouzit napt. pri
navrhu novych 1é¢iv s ohledem na jejich metabolismus, popfipadé pfi racionalnim navrhu novych

enzymu s nami pozadovanymi vlastnostmi ptistupovych ¢i vystupnich kanald.






1. INTRODUCTION

Cytochromes P450 (CYP) are heme-thiolate enzymes involved in metabolism of more than 75% of
drugs [1]. The “cytochrome P450” name originates in their unique spectral properties observed in the
microsomal fraction of the rabbit liver [2]. The P in cytochrome P450 means “Pigment” and numeral
“450” represents the absorption peak maximum at 450 nm for the reduced form of carbon monoxide
bound CYP so called Soret’s band [3] because CYP was firstly observed as an unknown pigment in
the microsomal fraction and after that was identified as P450 hemoprotein [4]. CYP have been called
ubiquitous because they were observed in almost all living organisms from the prokaryotic single-
celled Archea up to bacteria, plants and animals [4]. Thus, CYP are versatile biocatalysts involved in

majority of metabolic processes.

The function of the CYP can be also called detoxification due to its ability to metabolize the
xenobiotics. The origin of the word “xenobiotics” is based on two Greek words févog (xenos)
“foreigner” and pio¢ (bios) “life” as these compounds are generally new to the organism. CYP
catalyze wide range of biochemical reactions [3,5] in the most of living organisms and belong to the
group of oxidoreductases — EC1 at enzyme classification system [6]. The ability to metabolize such a
large set of the various compounds is given by the specific characteristics of CYP such as their
promiscuity and regioselectivity. These properties relate to CYP conformational changes of the amino
acid residues, especially near the active site cavity, which are either inherent to the CYP structure or it

may be altered by interaction with: i) substrate, ii) inhibitor, iii) redox partner or iv) membrane.

CYP do not only metabolize xenobiotics, but also many endobiotic compounds produced within the
body, are also catalyzed by CYP during their metabolic cycle. CYP typically change more
hydrophobic substrates to their more hydrophilic metabolites which can be easily eliminated from the
organism [7]. This mechanism is nicely connected with the pathways which the substrates or
metabolites are transported into/from CYP active site. These pathways are called channels and form a
network of mutually connected routes [8,9]. The proper mechanism of the transportation by channels

is not trivial and is still the object of many studies.

This study is focused on elucidating of the processes connected with metabolism of the CYP. There
are many factors affecting the CYP catalytic activity, starting from the role of the secondary structure
and the flexibility, conformational changes caused by interaction with membrane, substrate or the
redox partner. All these factors should be counted in exploration of the CYP properties and may play
significant role in the CYP activity. Description of as much interactions between CYP and the
membrane or ligands as possible may shed light on the mechanism of function of these important

enzymes.



2. CYTOCHROMES P450

There are 57 human CYP enzymes. CYP represent major drug metabolizing enzymes which are
involved in biotransformation of the most of drugs in the human body [10,11]. CYP metabolize wide
range of the compounds from the small ones (e.g. ethanol) up to the larger molecules (e.g. macrolide
antibiotics) [12]. Moreover, CYPs are involved in biosynthesis of endobiotic compounds which are
produced directly in the human body e.g. cholesterol, vitamin D3, retinoic acid etc. [13]. CYP are
typically involved in monooxygenation reactions during the catalytic cycle but they are involved in
variety of chemical reactions: oxidation, epoxidation, sulfoxidation, dealkylation, dehydrogenation but
mostly hydroxylation [3,14]. The metabolism is mediated by the heme cofactor with the iron atom in
the center of its porphyrin ring which is positioned in the deeply buried active site cavity [15]. The
catalytic reaction also needs the addition of the electrons and this function is ensured by CYP electron
transfer partners. The catalytic activity of CYP is guided by their specific structure which significantly

affects their properties.

2.1 Structure of CYP

Despite of their small sequential similarity the main structural fold of CYPs still remains conserved
[3]. CYP represent group of proteins with typical secondary structure which is called CYP common
fold [15]. CYP enzymes are mainly a-helical proteins with small portion of B-sheets. Generally, CYP
are considered as a orthogonal bundle according to the specific CATH classification number
1.10.630.10 [16]. We recognize several secondary structural features which are named in alphabetical
order from the N-terminal towards to the C-terminal of the protein - helices A-L and B-sheets 1-5
(Figure 1).

The general nomenclature of secondary structural features of CYP was assumed from the terminology
used by Poulos et al. for the prototypic CYP — bacterial P450cam [17]. The longest a-helix is the
I-helix interacting with its typically threonine residue with the heme cofactor during catalytic cycle.
Another important structural motif is the so-called F/G loop in the tip located between helices F and G
perpendicular to the highly conserved I-helix. The second important loop — B/C loop is closing the
active site cavity and together with the F/G loop may considerably affect the access of the substrates
towards the heme cofactor. The other helices form the CYP common fold in order from the N-terminal
A-helix up to the C-terminal to the last L-helix. The last part called meander is actually misnomer

because in real it is only about 20 amino acids in surrounding of the K’ helix [18] (Figure 1).
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Figure 1. Left panel: Main structural features of cytochrome P450. There are the letter names for
each helix from the N-terminus (A-helix) to C-terminus (L-helix). The heme cofactor lying deep inside
of the structure (green sticks with blue nitrogen atoms and red Fe iron as central atom). The orange
region near the K-helix is called meander. Right panel: The proximal and distal sides of the CYP
catalytic domain. Figures were prepared in Pymol 1.7 software [19].

The overall CYP structure can be divided to the N-terminal transmembrane helix and the catalytic
domain. The N-terminal transmembrane a-helix serves as the anchor holding CYP structure in the
membrane and may be also involved in the formations of CYP’s heteromers [20]. Catalytic domain
has a proximal and a distal side defined in orientation against heme cofactor (Figure 1). The distal side
represents the center of overall metabolic action because it nestles the active site cavity and is oriented
towards the membrane environment. The proximal side is necessary for the interaction with the CYP’s
redox partners (cytochrome P450 reductase (CPR), cytochrome b5) [21].

For the reaction, CYP needs to consume two consecutive electrons during the catalytic cycle. The
electrons are provided by CYP’s redox partners such as cytochrome P450 reductase (CPR) and
cytochrome b5. Whilst the CPR is large flavoprotein using FAD and FMN cofactors, the cytochrome
b5 is rather smaller protein with heme cofactor [22]. Both cytochrome b5 and CPR interact with CYP
by his proximal side (see Figure 2), while the substrates and products enter the active site from the

distal side.
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Figure 2. CYP and cytochrome P450 reductase complex. CPR is represented as green cartoon and
blue transparent surface and CYP as cartoon (rainbow coloring) and red surface, membrane
phosphates are showed as orange spheres. The black arrow showed the direction of electron transfer
from the redox partner CPR to CYP. Figures were prepared in Pymol 1.7 software [19].

2.2 CYP Active Site Cavity

The active site cavity is typically buried deeply in the structure of the CYP (Figure 3). In the center of
the active site cavity is placed the heme cofactor with the iron atom surrounded by nitrogen atoms of
the porphyrin skeleton. The most often CYP’s cofactor is protoporphyrin 1X (heme b). The heme is
connected to the CYP catalytic domain by S-Fe bond of thiolate group of the nearest cysteine of the
protein backbone. The cysteine thiolate group plays a role also as an axial ligand on proximal side
[11]. This region is known as highly conserved and called “cys-pocket” [23]. The microsomal CYPs
share the same pattern of structural flexibility. The most rigid part is obviously heme cofactor in the
active site center. The distal side is considered as a malleable and finally the proximal side is

intermediately flexible [21].



product
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Figure 3. Active site cavity is deeply buried in the CYP structure (highlighted by purple ellipse) and it
is connected to the membrane or the cytosol by the network of the access/egress channels transporting
the substrates or metabolites. Figures were prepared in Pymol 1.7 software [19].

The active site of many CYP is often called malleable [24] or promiscuous [3,12,25]. These terms
originate from the CYP’s ability to metabolize more than one type of the substrates of various shapes
and sizes. For example, human CYP3A4 is extremely promiscuous and may consume more than 600
compounds® ranging from small ones such as acetaminophen [26] to huge ones as erythromycin [12].
Structurally, CYP3A4 has large and highly flexible active site cavity. On the other hand, the CYP1A2
has its active site small, narrow and quite rigid [27], thus CYP1AZ2 is able to metabolize only small
planar molecules. The promiscuity of the enzyme may be characterized by the substrate promiscuity
index established by Atkins et al. [28]. The malleability and flexibility of the active site therefore
represent an important characteristic. The flexibility of the CYP can be specifically localized using so
called flexible regions (FR) which are related to the range of flexibility of this position. We recognize
ten flexible regions in the structure of CYP labeled as FR1 - FR10 (Figure 4) [15,27].

Moreover, the substrate access relates to certain amino acids sites allowing the suitable interaction
with molecule of drug or another substrate. These places are called substrate recognition sites (SRS)
[29,30] and were firstly established by Gotoh [29]. The most SRS are placed in the proximity of the I-
helix where also the highly conserved threonine is localized and can play important roles in CYPs
catalytic activity (Figure 4) [31].

! data taken from: http://www.uniprot.org/uniprot/P08684
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Figure 4. Left: Flexible regions (FRs) — FR1 — FR10 according to Hendrychova et al. [27]; Right:
Substrate recognition sites (SRS) - SRS1 - SRS6 according to Gotoh [29].

The catalytic function of CYP is also connected to the movement of water molecules towards and
from the active site cavity. In the unbound state, CYP active site is occupied by water molecules. After
the binding of the substrate molecule, the water molecules start to move from the cavity to the outside
of the CYP by specific water and solvent channels as they make more space for the binding of the
substrate and allow the catalytic reaction on the heme cofactor [32-34]. It was also suggested that the
opening of the water channel could be affected by the interactions with the CYP redox partners. All in
all, CYP active site is interconnected with surface by the network of access/egress channels. The
properties of the channels may significantly affect the input of the potential substrates or egress of the

products. We will focus on the detailed description of the channels in the next section.

2.3 CYP Channels

The buried active site of the CYP is connected to surrounding environment by the network of
access/egress channels (Figure 5). The channels are divided to the families and subfamilies according
to the nomenclature established by Wade at co-workers [8]. The channel nomenclature is based on
Arabic numerals which describe the main channel families: 1, 2, 3, 4, 5 and also specific channel

names according to their function such as solvent channel and water channel.
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Figure 5. The schematic overview of the CYP channels. Left panel shows the view from the B/C loop
side where the black circles show the channels: channel 1 and water channel both below the B/C loop,
2e, 2b, 2ac, 2c around the B/C loop and 2e go through B/C loop. Right panel: channels 3 and 4 go
through the F/G loop, channel 2a and 2f are positioned near the tip of the F/G loop, solvent channel
(S) lies between I-helix, F-helix and f5-sheet, channel 5 is in proximity of the meander and K-helix.

Most channels can be found on distal side, where they can serve as substrate access or metabolite
egress routes. The channels of family 2 are localized in the proximity of the F/G loop and F, G helices,
while their relative position against other secondary structure elements allows their subdivision into
subfamilies such as 2a, 2b, 2c, 2ac, 2d, 2e and 2f. F/G loop also represents the part of catalytic domain
which is in interaction with membrane. For this reason, most of the family 2 channels can be involved
in the substrate access from the membrane environment. Channels 3 and 4 are passing through the F
and G helices and channel 4 especially go through the F/G loop. These channels are usually oriented
towards the membrane and thus may play some roles in the substrate intake. The solvent channel is
proposed as an access/egress channel for the water solvating the active site. As such it is positioned
towards cytosol and can serve as the channel for the egress of the products of metabolism which was

observed in several works including ours [7,35] (Appendix C).

In contrast, Channels 1, 5 and water channel can be found on the proximal side of CYP. The water
channel may serve as the additional pathway of water molecules. The channel 1 occasionally occurred
but not very often. The suggested function of this channel is transport of gases, such as oxygen or

carbon monoxide [36]. The function of channel 5 has not been described yet.

We can summarize that distal-side channels can be involved in the substrate ingress and the egress of
products, while proximal-side channels might be rather used for smaller molecules — gases or water.
The channels can be characterized not only by their geometric characteristics (length, radius), but also
according to the physicochemical properties of amino acids lining the channel (charge, polarity,

hydrophobicity, mutability, etc.). The most important part of each channel is a bottleneck which

11



represents the narrowest part of the channel and can control the ingress or egress of the substrates or

bottleneck

metabolites (Figure 6).

Figure 6. Visualization of channel bottleneck — the narrowest part of channel (red arrow). Channel 2b
in the structure of CYP3A4 is depicted (PDB ID: 1WOF).

The movements of the ligands passing through the access channels are connected to some structural
rearrangements. The specific movements of the ligand in the channel lead to the conformational
changes, depending on the size and shape of the passing molecule. This phenomenon can be
resembled as something like peristaltic wave observed previously, where the position of bottleneck is
moving along the channel as it is influenced by the presence of ligand or water within channel [7,35].
The conformational rearrangements may also cause opening of the new channels which may affect the
catalytic efficiency of the CYP. Similarly, the channel opening can be affected by the presence of the

membrane[7].

2.4 CYP on Membranes

Mammalian CYPs are mostly attached to the endoplasmic reticulum membrane (ER) or on the inner
mitochondrial membrane [37,38]. The anchoring is ensured by N-terminal a-helical transmembrane
anchor as a hydrophobic part of the CYP which holds the catalytic domain on the membrane surface.
The main parts involved in the interaction with the membrane are F/G loop, B/C loop, B’-helix, parts
of F and G-helices, and so called B-finger (B4-B5 sheet). But the size of the interacting region and the
number of amino acids immersed to the membrane may alter according to the membrane lipids. The
CYP embedding to the membrane causes the formation of the funnel-like shape of the surrounding
membrane lipids [7] (Figure 7). The character of the interaction of the CYP with membrane lipids

depends on the type of the lipid involved in the membrane.
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Figure 7. The parts of the catalytic domain interacting with the membrane environment - yellow. CYP
is represented as cartoons and transparent surface. Membrane phosphates are showed as purple
spheres. The part of the membrane in contact with the CYP catalytic domain (yellow) has funnel-like

shape typical for the interaction between CYP and membrane.

The membrane immersion of the CYPs to the membrane significantly affects their behavior and
potential transport of the substrates towards to the active site from the hydrophobic membrane
environment. Not only the amino acid sequence of the enzyme but also the lipid composition of the

membrane affects the catalytic activity of the CYP which was already observed experimentally [39].
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3. COMPUTATIONAL METHODS

This part briefly summarizes utilized computational methods. The most results arose from the data
obtained by molecular dynamics simulations of the CYP attached to the membrane. This approach will
be briefly introduced at the beginning. After that the specialized advanced simulation technique called
metadynamics will be described. On the end of this session a bioinformatics tool MOLE 2.0 used for
channels computation will be briefly explained.

3.1. Molecular Dynamics

Molecular dynamics simulations (MD) allow study the dynamic behavior of atomistic system which is
exposed to the predefined conditions such as temperature or pressure during the time of the simulation.
MD is based on the combination of molecular mechanics with classical Newton’s equations of motion
that helps describe how the forces may affect the motions of atoms of the studied system.

azri v

. F: —a—rl U(Tl,Tz,---;TN) =]Cl (1)

U(ry,r ..., 1) represents potential energy which depends on the coordinates of the N-particles [40]; m;

m;

represents mass of the atom, r; its Cartesian coordinates; a; acceleration of atom i; V is potential energy

of the studied system.

The requirement of the MD simulations is the knowledge of the parameters and equations describing
all required characteristics of studied system such as information about: bonds, angles, dihedrals,
electrostatics and van der Waals interactions to obtain the potential energy of simulated system. The

collection of parameters and equations alike is usually named as force field.

The exact description of all of characteristics of the studied system would be probably impossible (or
incredibly expensive in terms of computational time). For this reason, generally, MD used the
approximations e.g. the bonds are described with using the harmonic oscillator (Hook’s law) which
depicts the bond between two molecules as a spring. Non-bonded interactions are defined with using
Lennard-Jones potential and electrostatic interactions by Coulombs law. The overview of equations

for individual interactions is summarized in Table 1.
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Table 1. Overview of interactions defined in MD simulations in AMBER forcefield.

Interaction Equation
1
Bonds Voona (i) = gril}(rij —by)* @
1 2
Angles Vangte (eijk) = Ekigjk (eijk - eiojk) ©)
Dihedral angles Viinearar = Vproper + Vimproper (4)
Proper (periodic) Voroper—periodic (‘Pijkz) ©)
dihedral = ky(1+ cos(ng — ¢,))
. 1 2
Improper dihedrals Vimproper(fijkl) = Ekf(fijkl - 50) (6)
Electrostatic 1 qq;
. . Veie (rij) = 4 — (7)
interactions Ty &rTij
van der Waals c?  cl®
. . VL](Tij) = 112 - Js C)
interactions Tij Tij

The force field then represents a set of the parameters which describes the simulated system. There is
the wide variety of the force fields and their usage depends on the character of studied system and its
environment. In case of simulations of protein-membrane complexes one of the appropriate
combinations of the protein and membrane force field is AMBER99sb [41] for protein and Slipids

[42] for membrane, which we used thorough our simulations.

However, all parameters used in MD simulations represent certain level of approximation and
therefore the simulation results must be taken with caution. Generally, the best procedure is the
connection of the MD simulations and experimental results to validate the result obtained from

computations.

3.2. Metadynamics

The metadynamics represents a special type of biased MD simulation. This method is based on the
reconstruction of multidimensional free energy surface of the studied system as a function of several
specified degrees of freedom called “collective variables” (CV). Metadynamics is the method which
enhances sampling of the coordination space by biasing CVs by gradually adding an external potential

on actual position in defined CVs (Figure 8).
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Normal dynamics Metadynamics

collective variable  collective variable

Figure 8. Normal dynamics (left) versus metadynamics (right). Metadynamics allows escapes the free
energy minima by adding the sum of Gaussians which fill the free energy surface (FES) and provides
the negative image of the free energy (green area).

Metadynamics is therefore history-dependent method where the set of Gaussians potentials are placed
along the CV during the trajectory to destabilize energy minima and thus it allows the acceleration of
the biased simulation [43]. The process of the addition of the Gaussians for each time step (tg) can be

described by equation (9):

S — Sy 2
V(S0 £) = Z W exp (—((’CZ)TS)) o

t'=tg,2tg,3tg,

The w is height and ¢s is the width of the Gaussians. CV at time t is defined as s;= S(x(t)).

Finally, when the system moves freely, the metadynamics simulation is converged and the final sum
of Gaussians along CV is negative to the free energy profile along that CV and therefore

metadynamics can be used to describe free energy surface [44].

The abovementioned method can be used also for description of the rare events which could not be
reached by classical MD techniques. Additional extension of the metadynamics method is bias-
exchange metadynamics (BE-META) [35,45] which is using several replicas biasing various CVs that
are switching between replicas. The bias switching between replicas are attempted at regular time
intervals. The switch of CV biases are accepted according to a probability that depends on the
difference in the bias potentials between replicas [46]. As such, the replica exchange can be
successfully used for the increase of the convergence rate of metadynamics if free energy profiles

depend on several CVs [47].

3.3. Channels Computation

There are many programs for channel computation such as Hole [48], Caver [49], Mole [50], MolAxis

[51], etc. In this work, we used our tool Mole 2. Mole 2.0/2.5 [52] is the specialized program for
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analysis of channels, tunnels and pores. The basic principle of the channel recognition is using the
Voronoi diagram and Delauney’s triangulation for the description of the protein surface and inner
cavities. The channels calculation then starts at the initial coordinates called starting point and end up
either on the surface or close to user-defined end point. This mechanism allows to find multiple
channels which have various length. But the most favorite channel should be the shortest one, and for
this reason the MOLE used also the shortest path Dijkstra algorithm which filters only the channel
with the smallest distance from the starting point to end (surface) point. The basic scheme of the
channel computation can be described in the seven steps (see Figure 9):

a) The computation of the Delauney triangulation (Voronoi diagram) of the atomic centers
b) The calculation of the molecular surface

c) The detection of the cavities

d) The starting point/s detection

e) The end point/s detection

f) The channels computation

) Filtering of the found channels

Figure 9. The methodology of the channel computation - PDB ID: 1TQN in MOLE 2.0. (Figure

adopted from the Mole 2.0 documentation pages).
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The calculation of the channels can be refined by using of advanced properties such as the set of

parameters which can be manually configured by user. The major parameters are:

e Interior Threshold — determines the narrowest radius of the channel

e Probe Radius — radius which is used for description the protein surface

e Surface Cover Radius — represents the maximal density of channel end points on the protein
surface

e Origin Radius — this radius is used for the positioning of the starting point

Moreover the physicochemical properties such as polarity [53], hydropathy [54], hydrophobicity [55],
charge and mutability [56] can be computed. All physico-chemical properties are calculated from the
set of all channel lining residues (without backbone parts). The charge is calculated as a simple sum of

all charges involved in lining amino acids.

The output of the channel calculation by MOLE 2 is the PDB file with network of channels or PDB
with separated channels and XML or JSON files containing the geometrical and physicochemical

properties for each channel.
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4. RESULTS AND DISCUSSION

Following sections will be focused on our contribution to CYP field. Firstly, the role of the various
content of cholesterol in the membrane to the CYP3A4 was studied (Appendix A). In the second part,
the effect of membrane lipid composition to the behavior of CYP3A4 will be discussed (Appendix B).
Afterwards, the permeation of CYP3A4 metabolite — 1,3,7-trimethyluric acid (TMU) and energetics
connected with TMU passage through the CYP channels will be described (Appendix C). Finally, last
section will be dedicated to the explanation of the mechanism of the tuning of metabolism of dioxins
and persistent organic pollutants by mutation of rat CYP1AL (Appendix D).

4.1 Effect of Cholesterol on the Membrane-attached CYP3A4

As was discussed in the previous sections, CYPs are attached to the several biological membranes.
Almost every membrane has different composition of lipids which is significantly reflected in its
properties and behavior. CYPs are attached to the several biological membranes. The biological
membranes differ by the amounts of individual neutral and charged lipids and by cholesterol content.
The cholesterol concentration differs according to the membrane type and even the localization in the
body. Generally, cholesterol content ranges from the lowest cholesterol concentration ~3-6 wt% (in
dependency of it is the inner (matrix) or outer mitochondrial membrane [57]) in mitochondria, ~6 wt%
in ER membrane and the highest cholesterol content can be found in the plasma membrane ~20%wt
[58]. The cholesterol plays significant roles in the many processes such as the regulation of the
mechanistic properties of membranes and also behaviour of the proteins embedded in them [59,60].
However, the completely different situation can be observed in the lipid rafts, which show the
changeable inhomogeneity in membranes, while cholesterol enriches some types of lipid rafts [61].
Thus, the membrane may affect the CYP behavior as well as the CYP may alter local membrane
properties. For this reason, we carried out 200 ns-long MD simulations of the CYP3A4 on membranes
with various concentration of cholesterol (3, 6, 20, 50 wt%) and monitored the changes caused by

presence of cholesterol in the membrane (Appendix A).

4.1.1. Rising Cholesterol Content Alters Membrane Properties

The increase of cholesterol concentration in the membrane caused the thickening of the membrane
where the maximal head group-head group distance 4.6 nm was observed in membrane with 20% of
cholesterol. Similar trend was observed elsewhere [59]. The area for lipid (APL) was in range from

0.59 to 0.42 (Table 1 - Appendix A). The presence of cholesterol was also manifested in the change of
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the membrane density profile and it was shown as the raising density of the lipid plateau region and in
the membrane head groups. However, the lipid tails part did not change its density significantly. The

order parameters of each membrane mirrored of the cholesterol concentration.

4.1.2. Presence of Cholesterol May Affect the Orientation of the CYP on the Membrane

The amount of cholesterol in the membrane with attached CYP can significantly change the number of
interacting residues of the catalytic domain. The major membrane-interaction parts of CYP are N-
terminal helix and F/G loop. Similarly the 1 and B2-sheets, B/C loop and also the small part of the I-
helix were interacting with pure DOPC membrane in consensus with data observed before [7].
However, with rising concentration of the cholesterol in the membrane, the catalytic domain sunk
deeper into the membrane inside, mirrored in number of amino acids in contact with the membrane
(Table S2, Appendix A — Supporting information). The highest number of the amino acids in contact
with membrane was observed at 6 wt% of cholesterol in the membrane, while the smallest interacting
part was in pure DOPC membrane (Figure 10).

In similar way, the different concentration of cholesterol mirrored in the value of heme tilt angle
(HTA) which represents the angle between the heme plane and the membrane normal in the z-axis.
We observed increasing HTA from the lowest value 52° in DOPC membrane up to the 68° in the 50
wt% of cholesterol in the membrane. It should be noticed that the experimentally obtained value of the
heme tilt angle was 60 +4° [62]. On the other hand, the presence of cholesterol in various

concentrations in membrane did not cause any important changes in secondary structural elements.

4.1.3. Cholesterol Cause Differences in the Access/Egress Channels Opening/Closing Pattern

We have observed different channel pattern with change of cholesterol concentration. After the
addition of the cholesterol to the membrane the channels opening pattern changed significantly in
comparison with the channels observed in the pure DOPC membrane. In 3 and 6 wt% of cholesterol
the solvent channel was opened but vice versa the water channel closed. Channels around the partly
membrane-immersed F/G loop an F and G helices still unaffected by the 3 or 6 wt% of cholesterol in
the membrane. On the other hand, the higher cholesterol content may cause the closure of the
membrane immersed access channels such as closing of 2af and 2b in 20 and 50 wt% of cholesterol.
The presence of greater amount of cholesterol in membrane caused narrowing in bottleneck radius of
the distal side channels (Table 2 - Appendix A). Whilst, the membrane-faced channels were rather
closed in the cholesterol-rich membranes, the channels on the proximal water-exposed side were
suddenly opened i.e. solvent channel and 2e. Surprisingly, we also observed a new channel on the
proximal side which had not been described previously. This brand-new channel is localized between

K-helix and K/L-loop and we called it “channel 7 in addition to nomenclature by Wade and her group
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[8]. The explanation why this channel was opened could be the little movement of the F/G loop and
also K and L-helices. Briefly the changes of the access/egress channel opening/closing could be
caused by the conformational changes of the amino acids lining these channels which were mirrored in
the subtle changes of the secondary structural features of CYP3A4 which may also cause the opening
or closing the distal or proximal region. We also recognized the amino acid R212 which may serve as
the gate-keeper of the solvent channel in dependence of the rotation of the arginine residue. The R212
caused closure of solvent channel in CYP3A4 structure immersed to the membrane with 0 and 3 wt%
of cholesterol, whilst in 20 wt% of cholesterol the solvent channel was opened (Figure 10).
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Figure 10. Left: Changes of the CYP3A4 orientation caused by different concentration of the
cholesterol in the membrane. Right: Channels opening in the CYP3A4 anchored to the membranes
with different cholesterol content — 0, 3, 6, 20 and 50 % wt of cholesterol. The middle panel in the
bottom line shows the detail of the newly observed channel 7 (pink spheres). Figure taken from
Appendix A.

So the CYPs are interacting with cholesterol variously. Whilst the CYP7AL, 27A1 and 46Al are
involved in the elimination of cholesterol and starting the cholesterol transformation to the final
product bile acid [63] in contrast the CYP3A4 can play two roles. CYP3A4 can hydroxylate
(4B-hydroxylation) cholesterol but moreover CYP3A4 can be also inhibited by higher cholesterol
content [39]. The non-competitive inhibition was observed for example in case of the decreased
activity of CYP3A4 towards the nifedipine [39]. The simplest explanation of the two roles of the
cholesterol in the CYP3A4 is that the inhibitor interacts with the different amino acids — so in the

different position than where the substrate cholesterol interacts as the substrate.

Finally, in this study we learnt that the relationship between CYP and cholesterol is two ways as they
are affecting each other. Firstly, CYP can regulate the cholesterol biosynthesis [64] but on the other
side the higher concentration of cholesterol inhibit CYP3A4 [39] as it alters behavior of membrane

attached CYP due to the local changes caused in increased cholesterol content in membrane. This may
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be an explanation, why CYPs are predominantly located in biological membranes with low cholesterol
concentration (ER and mitochondria).
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4.2 Effect of Lipid Charge to the CYP3A4

The biological membranes have different composition in dependency of their positioning. For
example, the most abundant membrane lipids of ER are phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) and also charged lipids such as phosphatidylserine (PS) or
phosphatidylinositol (PI) as well as the cardiolipin, cholesterol or sphingomyelin [65]. Every single
lipid has its own properties and the different way how he interacts with its surroundings. Also, the
proteins embedded in the membranes can be affected by the lipids involved in the bilayer. As was
mentioned above, the character of the lipids plays a major role in the interactions with the attached
protein and can significantly affect the protein orientation, number of channels openings and the
catalytic activity of the enzyme.
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Figure 11. Lipids used for the construction of the four membrane bilayers: 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-
glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS). The charges are highlighted by circles in the following colors: blue — negative, red —
positive, green — neutral polar. Figure adopted from Appendix B.

We studied the effect of the four various membranes on the CYP3A4 molecule. The CYP3A4 was
inserted into two neutral membranes — 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and on the other hand to the two negatively
charged membranes 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (DOPG) and
1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS). The different head groups interact differently with
the CYP3A4 which was mirrored in the structure, orientation and position of the catalytic domain
Figure 11). All these changes altered the opening/closing of the access/egress channels which may
significantly affect the catalytic activity of the CYP3A4 and also the localization in the membrane

microdomains (Appendix B).
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4.2.1. Differences of CYP Immersion in Various Membranes

The lipid charge significantly affected behavior of CYP3A4 on membrane. Specifically, the negatively
charged membrane lipids (DOPS, DOPG) caused deeper immersion of the CYP3A4 to the individual
membrane. The stable position of the CYP3A4 was reached after 1 ps of unbiased MD simulation on
all membranes. The main parts of CYP3A4 in contact with membrane were the N-terminal
transmembrane anchor which is holding the catalytic domain in the membrane, the tip of F/G-loop and
A, F, G-helices and the small part of B/C-loop which is in agreement with previous publications
[7,66—70]. The K-helix and B3-p5-sheets (B-finger) formed additional contacts with DOPS or DOPG
membrane, respectively. The major changes were observed in case CYP3A4 embedded to the DOPS
membrane where the C and H-helices sunk deeper to the membrane core and caused the deformation
of the 1-helix which formed the kink in the center of the helix.

The orientation of the CYP3A4 on the membrane was also affected by various lipids reflected in the
changes of the HTA values. The HTA was increased gradually from the DOPC up to DOPG (DOPC <
DOPS < DOPE < DOPG) in the range of HTA from the ~64° to 77°. The highest HTA was observed
in the DOPG membrane 77 + 5° which is in a good correlation with the high number of amino acids in
contact with membrane (Figure 12). Due to the long-scale fluctuations (100+ ns slow floating motions
of the enzyme on the membrane) of the HTA observed in studied systems can be suggested that the

CYP-membrane should have the simulation time at least 500+ ns.
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Figure 12. Left panel: Overall view of the CYP3A4 attached to the membrane. The CYP is represented
as gray cartons with transparent surface. The active site is marked by black ring and the heme
cofactor as orange spheres. Right panel: Heme tilt angle of the CYP3A4 on various membranes
(DOPC - blue, DOPG — purple, DOPS — red, DOPE — green) during 1000 ns long MD simulation.
Figures were taken from Appendix B.
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4.2.2. The effect of the Charge of the Lipids to the Depth of Immersion and the Catalytic Activity
of CYP3A4

The different lipid headgroups represented the different interactions with the CYP3A4 and may also
affect the catalytic activity of the enzyme. The small ethanolamine headgroup of the DOPE composed
of ammonium groups which may serve as the hydrogen bond proton donor. On the other hand, the
DOPC choline group cannot forms more hydrogen bonds with CYP3A4 and it can interact only via
electrostatic field. DOPG bears the single negative charge given by phosphate part of the lipid. DOPS
has phosphate group and zwitterion from serine residue which allow electrostatic interactions too. The
hydrogen bonding was most evident in case of DOPG which also caused the larger inclination of the
CYP3A4 to the membrane. The other lipids showed smaller inclination towards the membrane in
following order: DOPS > DOPE > DOPC.

Noteworthy, negatively charged lipids may easily interact with the positively charged amino acids on
the distal side of the CYP3A4 surface. The CYP3A4 showed the deepest immersion in DOPG
membrane even deeper than the DOPS. However, from the point of catalytic activity of the CYP, the
lipids with the PS headgroups may cause the decrease of the catalytic activity but only if the
concertation of the PS lipid is higher than 50%. The loss of the CYP3A4 activity can be connected
with the aggregation of the lipid vesicles [71]. However experimental data about catalytic activity of
the CYP3A4 in the pure PS membrane are not available. Moreover, the electrostatic interaction
between CYP3A4 and the membranes may affect positioning of the mouth opening (deeper in
negatively charged membranes). However, the position of the CYP3A4 metabolites and substrates

remains in the same positions in the inner part of membrane.

It should be noted that the various membrane lipids lead to the different interactions with CYP3A4.
The composition of biological membranes involved the various types of differently charged lipids
which may alter the behavior of the membrane protein, but it could be also affected by the type of the
protein especially in case of CYP enzymes by the individual CYP isoform. The distal (membrane-
faced) and proximal (cytosol-faced) side of the CYP is unevenly distributed. In addition, more than
90% of charged residues are localized on the CYP surface. The negative amino acids are typically
more abundant on the proximal side which is in consensus with the binding of CYP redox partners
[15,72,73]. The distal sides of CYP are composed in majority of positively charged residues which

may cause the higher amount of interactions with negatively charged membrane lipids.

The interactions of the CYP with the various membrane lipids may be also connected with the
ordering of the individual membranes and with preferences of the individual CYP isoforms towards
ordered or disordered lipid phases, which was observed e.g. in case of CYP1AL and CYP1A2 [74,75].

Thus, the interaction of the CYP with membranes is mostly driven by electrostatic interactions caused
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by the positive charge of the CYP distal side and the negative lipids such as components of the huge
variety of lipids involved in biological membranes as well as the preference of CYP isoforms to the
ordered or disordered membrane phases.

Finally, we can summarize that differently charged membrane lipids affect lot of properties such as
depth of immersion, orientation, opening/closing of channels and even the catalytic activity of the
CYP. The CYP3A4 interacts with negatively charged lipids much strongly because the attraction of
the positively charged distal side of CYP3A4 and these lipids alter the overall interacting area between
CYP and membrane. The major interactions in this case are based on the electrostatics and the
hydrogen bonds forming. According to the observed data in the CYP-membrane interactions is
mirrored in different CYP catalytic activity and even the preference for the localization in specifically
ordered microdomains. The CYP-membrane interactions represent the complex problem which is
connected to changes of the main characteristics of the CYP behavior on the membrane surface but
also the activity of the CYP. There can be suggested that the membrane in not only passive medium,

but the active collaborator of the membrane attached proteins.
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4.3 Permeation of the 1,3,7-trimethyluric Acid through the Enzyme Channels

As we know the buried active site of the CYP is connected to the surface by the network of
access/egress channels. These pathways serve as the routes or highways which allow traffic of smaller
or bigger compounds according to their physico-chemical and geometrical properties given by the
amino acid composition. In this study, we were focused on the permeation of the 1,3,7-trimethyluric
acid (TMU; Figure 13) through the chosen channels with using the advanced molecular dynamics
technique called bias-exchange metadynamics (henceforth BE-META)[47] in combination with
MOLE 2.0 tool [52] (see Appendix C).
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Figure 13. C8 hydroxylation/oxylation of caffeine in CYP3A4. For MD simulations we used the keto-
form of 1,3,7-trimethyluric acid. Figure was adopted from Appendix C — Supporting Information.

Firstly we performed computation and analysis of access/egress channels of CYP3A4 with using the
software tool MOLE 2.0 [52]. The most abundant were channels 2e, 4 and solvent channel (S). For
this reason, we used these three channels in the next steps. Firstly, we docked the chosen molecule —
1,3,7-trimethyluric acid (TMU) through all selected channels. The docked positions of the TMU in the

2e, 4 and solvent were finally used as starting points for the BE-META simulations.

Surprisingly, TMU permeation through the channel 2e was not possible as BE-META showed too
high penetration barrier, but the TMU spontaneously permeated through the different channel of
channel family 2 — 2af. After this observation we continued with the channel 2af as the proper
pathway for TMU transport. We finally performed MD simulations in total time approximately 6 ps
and obtained free energy profiles of the TMU permeation through the three channels (2af, 4, S) due to
using the BE-META.

4.3.1. BE-META Procedure

In this study the bias-exchange metadynamics (BE-META) [47] was used. The basis of this method is
running many metadynamics [44] in parallel and each is biased by different collective variable (CV).
Replicas are exchanged in regular time intervals according to the replica-exchange scheme. The

exchanges serve as the mediators which enhance the convergence of the free energy estimates on each
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replica and allows multidimensional free energy landscapes associated with complex process such as
ligand passage through the channel to be simulated.

The choosing of proper CV in BE-META is critical for the proper description of the studied process.
The channel path was defined as the set of 5-10 milestones (obtained by docking of ligand to defined
channels), in which ligand — TMU was placed in a regularly spaced sequence of configurations
between the enzyme cavity and mouth of each channel. In this case the CV which can depict the
ligand permeation through the channel was new CV called DMSDDrug, which is a slight modification
of previously used DMSD metric:
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where r;; and rig_m) are the distance between atom i and j in configuration X and the configuration of

milestone m, respectively. The sums of i and j run from one to Njgng atoms belonging to the ligands
and Nehanne atoms belonging to the channel wall, respectively (Figure 14). The specificity of the
DMSDdrug (against classical DMSD metric according to ref. [76]) is in the differentiation of the sums
which describe set of atoms of the ligand and channel respectively, instead of in DMSD where the sets

of atoms are the same.
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Figure 14. Scheme of 1,3,7-trimethyluric acid (TMU) permeation through one of the CYP3A4 enzyme
channels. The path through the channel (spath) was defined by several milestones — reference
structures equally distributed in the chosen space. The metric defining the milestones was the drug
distance mean square deviation (DMSDDrug) (one of the pair of atoms used for DMSDDrug
enumeration was a TMU heavy atom (red), the other was the Ca atom of the channel lining residues
or heme atoms (blue), for clarity we only show contacts to one oxygen atom of the ligand). The value
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of spath determines the position along the path (for conformation in time t (orange) in the figure spath
~ 1.5 — between milestones 1 and 2). The value of zpath determines the distance from the path.
Figure was adopted from Appendix C.

The modification of the DMSDDrug was essential for following usage of another CV — spath (d(m))
and on the base of the ref. [47] can be defined as follows:

y me=2d™x)
m
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s(X) =

The final set of CVs for BE-META involved eight variables such as the spath (CV1) and seven other
characteristics. CV2 and CV3 described the number of hydrophobic/hydrophilic interactions between
channel and the ligand; CV4 and CV5 were used for the orientation of the ligand (respecting the
channels axis); CV6 represented the radius of gyration (Rg) of the channel mouth; CV7 depicted

distance between drug and the heme cofactor and CV8 as the zpath.

4.3.2. TMU Permeation through the Three Channels

Permeation of TMU through the CYP channels was described with using BE-META and eighth CVs
(CV1-CV8). The newly defined CV spath defined by DMSDDrug metric allowed us to distinguish

between the motions of the ligand and channel respectively to comprehend high channel flexibility.

The progress of TMU along the respective channel was described as free energy profiles as a function
of the spath CV. The minimum of energy was observed in all three cases in the active site (barrier
4-6 kcal/mol). After permeation of the TMU through the channel towards the surface the energy
gradually rose up to transition state (below the protein surface) and after that point the energy
decreased. The energetic barriers of the transition state in all cases was 10.2 + 0.6 kcal/mol for solvent
channel, 14.5 + 0.9 kcal/mol for channel 4, 16.5 + 0.9 kcal/mol for channel 2af. That results nicely
showed that preferential path for the TMU permeation is solvent channel which was previously
proposed as the important channel used for the product egress [7] (Figure 15). Our study was recently
complemented by the study of substrate access (cholesterol) into the CYP3A4 by Hackett, which

showed that the access channel from the membrane is channel 2af [77].
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Figure 15. Left panel: Free energy profiles (left panel) of TMU passage via three channels of CYP3A4
embedded in a DOPC lipid bilayer (middle panel). CYP3A4 is represented as a gray surface, heme as
green sticks and DOPC phosphates as orange spheres. Initially identified channel 2e is shown in black
dots. The schematic in the right panel shows the depth of the channel entrances in the membrane and
the channel lining amino acids residues. Bulky channel lining residues are underlined, whereas
transition state residues within 4 A of TMU are depicted in the bordered regions. Figure was adopted
from Appendix C.

4.3.3. Permeation of the TMU through the DOPC Membrane

We also calculated the free energy profile of the TMU translocation in the DOPC membrane with
using COSMOmic tool. The energy equivalent to the state where the TMU is in the membrane in
respect to water phase was ~6 kcal/mol which was in good agreement with the difference of the free
energy barriers of solvent channel and channel 2af which connect the active site with the cytoplasm
and the membrane interior respectively. Thus the permeation through the lipophilic membrane core

region is significantly disfavored for TMU.

4.3.4. Mouth Openings of Channels

The mouth opening of channels was also described by BE-META simulations. We used here the spath
variable and radius R, which together can describe mouth opening of the channels. R, was described
by the set of amino acids at the end point of the channel and characterizes the maximal radius of a
sphere that can pass through the mouth opening (Figure 16). In case of channel 4 only small
fluctuations of R, were observed which showed that this channel mouth was rather rigid. On the other
hand, channel 2af was mostly on the closed state (R, ~0.9 A), however the TMU permeation caused
the extension ~2.5 A of the mouth because of the peristaltic wave motion of the channel during the
drug passage. Solvent channel was rather closed near the active site (R, ~0.9 A or ~1.7 A) but showed
high flexibility and ability to adapt to the permeating TMU. However, the channel was entirely opened

with value of R, 2.5 A in the transition state. For comparison in the unbiased MD simulation (500 ns)
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the channel remained closed (R, ~0.85 A) which showed that the opened and closed state can be
differentiated with using biased methods such as BE-META and may also serve as the tool for the
prediction of most favorable channel for individual ligand. BE-META can therefore reflect the
channel malleability and allow observation of the conformational changes connected with the ligand
passage through the channels which cannot be reached by classical MD or X-ray methods.
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Figure 16. Free energy as a function of the mouth radius and spath variable. Red regions did not have
sufficient sampling for reliable calculation of the free energy. The dashed line represents the
approximate path followed by the ligand. Figure was adopted from Appendix C.

4.3.5. Transition States and Lining Amino Acids

The BE-META simulation showed also information about the transition states which can be obtained
from the free energy profiles. All channels, had transition state on the edge between the protein or the
environment such as in solvent channel the TMU was hydrated partially but in channel 4 only small
part of TMU was hydrated and in channel 2af the TMU was not hydrated because was only in contact
with membrane lipids. Similarly, the amino acids in the transition state mirrored the environment,
where the TMU is localized. In case of solvent channel TMU interact with sidechains of K173, F304,

E308 and Y307. The residue which can be suggested as a crucial for all movements was R212 as it
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was common in all channels (Figure 17). The amino acids suggested here can be used as the

interesting targets for the mutation studies.
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Figure 17. Amino acid residues near TMU in the transition states of studied channels in schematic
representation (left) and atomic representation (right). Left panel: Blue shadow represents hydration
level of TMU atoms, green curves represent non-polar contacts, yellow and blue curves show polar
contacts, and magenta arrows correspond to hydrogen bonds.[78] Right panel: Residues are shown as
balls-and-sticks representations, non-polar hydrogens are not shown for clarity, secondary structural
elements are represented as transparent cartoons and colored according to their position in the
sequence: [3-5-region (labeled as f-finger) — red, F/G loop — green, I-helix — yellow. TMU is shown as
orange/blue/red balls and sticks, and water molecules as purple transparent spheres. Figure was
adopted from Appendix C.

Finally, BE-META in combination with MOLE 2.0 bioinformatic tool was used for identification of
the channels of CYP3A4 and for the characterization of the egress of the 1,3,7-trimethylruric acid
(TMU) from the buried active site toward the protein surface and the free energy profiles connected

with this process. The synergy of these two methods and introduction of a newly defined collective
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variable spath allowed identification of the preferred channel for TMU. Moreover, the BE-META as a
biased method is able to reveal the effect of the channel flexibility. Free energy profiles also brought
information about transition states and allow identification of the amino acids whose mutations may
significantly change the channels opening or closing and thus the CYP3A4 catalytic activity. Briefly
the BE-META in combination with MOLE 2.0 channel analysis may serve as the tool for the
recognition and characterization of the multiple pathways.
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4.4 The Metabolism of Persistent Organic Pollutants by Rat CYP1Al

Nowadays, the rising amount of various pollutants is observed in the environment. The most
dangerous toxic compounds in the environment are persistent organic pollutants (henceforth POPS)
also known as dioxins and dioxin-like compounds. POPs are known as the compounds with high
lipophilicity and poor biodegradability. Due to these properties they can be easily accumulated in the
hydrophobic tissues such as in visceral fat. The most dangerous dioxin is certainly 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD). TCDD cannot be metabolized by any wild type form of CYP and due to its
highly lipophilic character can be accumulated in the adipose tissues in the human body as is well
known from the case of Victor Yushchenko poisoning [79]. However, other POPs can be metabolized
by several CYP families such as human CYP1Al, CYP1A2, CYP2C9 and also rat CYP1A1 or porcine
CYP1A1 [80-83].

Whereas the human CYP1AL cannot metabolize the TCDD, the mutant of rat CYP1A1 is capable to
consume this dioxin. This assignment was observed experimentally in the mutated structure of rat
CYP1Al where the distal phenylalanine F240 was replaced by alanine. The hydroxylation
experiments showed that the rat CYP1A1 mutant can slowly metabolize TCDD whereas the wild type
rat CYP1AL cannot [80] (Figure 18). This surprising experimental data came without explanation of

the mechanism.
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Figure 18. Experimental activities of rat CYP1AL enzymes. Panel A shows CO difference spectrum for
rat CYP1A1l F240A mutant extracted from recombinant yeast cells. Panels B and C shows the
hydroxylation activity of WT and F240A mutant of rat CYP1A1 towards PCB77 (panel B) and TCDD
(panel C). Data for TCDD taken from Shinkyo et al. [80] Structures of PCB77 and TCDD are shown
in the bottom together with metabolites. Figure was adopted from Appendix D.

For purpose of description of the mechanism of hydroxylation of TCDD by rat CYP1Al F240A
mutant we carried out 200ns-long MD simulations of the complex of the ligand free rat CYP1A1l and

ligand bound complex with TCDD and with PCB77. We characterized several potential reasons for
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the changes of the hydroxylation activity: i) changes in the membrane positioning of the PCB77 and
TCDD and access channels; ii) differences in the access channels radius (different accessibility
through the channel); iii) different affinities of TCDD and PCB77 for the WT and mutant F240A.

4.4.1. Differences in Membrane Position of TCDD and PCB77 and WT and F240A

The free energies calculated along the DOPC membrane normal suggested the preferential position of
the PCB77 and TCDD in the hydrophobic membrane core in the area within 1.1 nm of the membrane
center with strong affinities -8.8 kcal/mol and -9.9 kcal/mol, respectively. The affinity of the PCB77
and TCDD correlates with their tendency to accumulate in the membrane which may lead to

membrane disfunctions.

After the 200ns-long MD simulation the WT and mutant F240A converged to the similar position
(~3.8 + 0.2 nm) from the center of the membrane. The global common CYP fold remains unaffected in
exception with small rearrangements in proximity of the mutated residue F240A in F/G loop region

(Figure 4. in Appendix D).

4.4.2. Differences of the Access Channels

The F240A mutation is localized in the important region F/G loop partly immersed in the membrane
which is known as a flexible region that lies between two flexible regions FR2 and FR6 [21]. Thus,
mutation of the F240 to the alanine significantly affected channels in the vicinity of this area. Firstly,
we compared the structures without bound POPs. In WT the most opened channels were solvent
channel (S) and 2b (only channels with bottleneck radius larger than ~0.1 nm) but in case of the
mutant F240A these channels were observed in reduced numbers. On the other hand, the channels 2af
and 2c were more opened in the F240A mutant. It should be noted that the phenylalanine 240 as a
huge aromatic residue may serves as a “lid” of the channels 2af and 2b or another neighboring channel

in the proximity.

Structures with bound ligands show significantly different pattern of channels openings. Many
channels were closed in WT-PCB77 complex but there is still possibility for ligand reach the active
site by several channels (2b, 2d). Conversely, the WT-TCDD showed an opposite behavior because
the complex is very rigid and does not allow the opening of many channels. This result is in a good
correlation with previously observed in porcine CYP1AL where the closure of the channels in case of

bound TCDD was observed (other dioxins did not caused channels closure) [83]. The significant

35



changes were observed in the complex of the mutant F240A-TCDD where the presence of ligand
induced the channels openings, especially 2af, 2b, 2c and 2d, whereas the complex WT-TCDD was
rather closed (Figure 19). The different patterns of channels openings upon binding TCDD or PCB77
can be explained by the rigidifying effect of the TCDD molecules which may cause the “locking” of
the active site of the WT which is in correlation with data observed for CYP2B [84].
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Figure 19. Top panel: Differences in channel openings between the WT enzyme and the F240A
mutant, and structural overview of the channels’ locations.. Bottom panel: structures of the WT and
F240A mutant bound to TCDD and PCB77, showing the positions of key channel entrances. The
TCDD-bound F240A complex has more open channels than the corresponding PCB77-bound
complex. Detailed information see in Appendix D.

While the WT-TCDD is locked the F240A seems to prevent the active site before rigidification and

did not cause the channels closure. The PCB77 molecule is smaller and more flexible than TCDD and
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may cause only some conformational rearranges which leads to the changes of the channels
opening/closing pattern.

4.4.3. Binding Energies of the WT and F240A with POPs

As the last step we calculated the binding energies of the WT and F240A with TCDD and PCB77 with
using the MM-PBSA method [85]. According these data the binding of PCB77 to the WT was more
favorable than to the F240A mutant (44G(F240A-WT-PCB77) = +3.2 kcal/mol). Conversely, the
F240A-TCDD complex showed stronger binding of TCDD than in the WT (44G(F240A-WT-TCDD)
= -1.4 kcal/mol). The data obtained by MM-PBSA nicely correlated with hydroxylation activities
observed in experiments [80] where the F240A mutant catalyzed hydroxylation of TCDD but WT did
not able to metabolize TCDD. The differences in hydroxylation activity and also in binding energies
stem from different distribution of the n-r stacking interactions between residue F240 and surrounding
phenylalanine amino acids in proximity of the BC- and FG-loops (F116, F127, F228, F255, Y236,
F240; see Figure 20).
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Figure 20. Detailed view of the active site with PCB77 and TCDD (average positions). Adopted from

Appendix D.

MD simulations revealed that the PCB77 and TCCD accumulated in the hydrophobic part of the
membrane and pre-concentrated there. Both POPs can penetrate to the CYP active site through the
network of the access channels which can reach the membrane by their mouth openings and may
affect the substrate access form the membrane. Mutation F240A caused significant changes in channel
opening/closing and may led to the affecting of the hydroxylation activity. But this observation is only

one of many pieces of this complex jigsaw.

The analysis of the binding energies added information about the differences between binding of
PCB77 and TCDD and correlated with the experimental data. The main differences between binding
energies of POPs comes from the structural reorganizations in the proximity of bound POP caused by

mutation on the F240A position (Figure 20). These rearrangements led to the much efficient binding
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of TCDD. Conversely, the presence of F240 in WT helps the PCB77 bound in catalytically efficient
position while the mutant F240A led to the attenuation of PCB77 binding.

Finally, this study showed that there is the significant role in the processes connected with the uptake
of substrates which can be driven by distal residues as well as the residues positioned in the active site
cavity. Even the distal mutation in distance 2.5 nm from the heme cofactor may significantly change
the opening/closing of the access/egress channels, conformational changes leads to the strengthening
or attenuating the binding of the POPs which is finally reflected in the changes of the binding energies
and hydroxylation activities as well. This information may be useful in future modulation of the POPs-
metabolizing enzymes and may lead to the tailored protein engineering of the enzymes with desired
properties.
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5. SUMMARY

This thesis was focused on the role of important enzymes - cytochromes P450 and their behavior on
the biological membranes as well as the interactions with various compounds from simulation

perspective.

Firstly, we observed that the membrane affect the CYP behavior as well as CYP alter local membrane
properties. The MD simulation revealed that the rising cholesterol content significantly alters the
behavior of the CYP on the membrane and can even cause CYP’s non-competitive inhibition by high
cholesterol concentration. The membrane lipids also modify the opening or closing of access/egress
channels. The electrostatic interactions between CYP and membrane change positioning and contact
area of the CYP with the membrane. The various CYP isoforms may also prefer different membrane
microdomains depending on the composition of membrane-immersed amino acids and surrounding
membrane. Thus the membrane is not only passive environment but is also the significant player of the

behavior of membrane-attached proteins.

However, the membrane play role also in the accumulation of the CYP substrates according to the
character of the potential substrate e.g. highly lipophilic dioxin molecule which accumulate in the
membrane from where it can be transported into the CYP active site via membrane-facing access
channel. The passage of the ligand through the channel is the result of the conformational changes of
the amino acids lining the channel as was shown by our biased-exchange metadynamics (BE-META)
study of CYP3A4 metabolite 1,3,7-trimethyluric acid. BE-META showed not only the energetics of
the ligand permeation and the classification of the most favourable channel for transportation of the
individual molecule, but also how surprisingly small conformations are needed for successful ligand

passage.

The substrate/metabolite passage may be affected by mutations of amino acids positioned outside the
active site of the CYP. The classical mutational studies are based on the mutation in proximity of the
active site cavity which is crucial for the catalytic activity of the enzyme. However, we should also
consider the distal mutations whose role has not be neglected. The structural changes of the access
paths and the differences in the binding energies of persistent organic pollutants explained the
differences in hydroxylation activity of the rat CYP1Al and its distal F240A mutant. The distal
mutation may thus affect the activity of the enzyme given the mutation affect other functional part of

the enzyme, such as access channel.

Many variables, interactions and high level of the complexity are involved in the biological processes.
This work, hopefully, brought just a small piece of light to the enormous shadowy puzzle of the living

cell processes.

39



6. SHRNUTI

Predmétem této disertacni prace byly vyznamné enzymy — cytochromy P450 (CYP), jejich chovani
v prostiedi biologickych membran a také interakce téchto enzymu s riznymi slouceninami, jez bylo

pozorovano pomoci molekularné dynamickych simulaci.

Prvn¢ zminované vysledky naznacuji, ze pritomnost membrany mize ovliviiovat chovani CYP a
stejn¢ tak CYP muze ovliviiovat vlastnosti membrany v misté vzajemného kontaktu. S pouzitim MD
simulaci jsme odhalili, Ze s rostoucim obsahem cholesterolu v membrané se vyznamné méni chovani
CYP na membrané¢ a mize vést az k nekompetitivni inhibici v disledku vysoké koncentrace
cholesterolu. Membranové lipidy rovnéz ovliviiuji pozici a kontaktni plochu CYP s membranou. U
ruznych izoforem CYP se mohou lisit preference vici riznym membranovym mikrodoménam, které
zavisi na slozeni v membran¢ zanofenych aminokyselin a okolni membrané. Membrana zde tedy
nehraje pouze roli jakéhosi pasivniho pozorovatele, ale je vyznamnym spoluhra¢em dokreslujicim

chovani membranove vazanych proteind.

Membrana vSak hraje také roli v ramci akumulace substrati CYP, a to na zakladé vlastnosti téchto
latek napt. vysoce lipofilnich molekul dioxinti kumulujicich se v membrané, odkud mohou byt do
aktivniho mista CYP transportovany pomoci sité¢ pfistupovych kanali. Pruchod ligandu kandlem je
vysledkem fady konformac¢nich zmén aminokyselin v okoli kanalu, jak ukazala tzv. bias-exchange
metadynamika (BE-META) ve studii zaméfené transport metabolitu CYP3A4 - 1,3,7-
trimethylmoc¢ové kyseliny kanaly. BE-META je schopna popsat nejen energetiku permeace daného
ligandu, ur¢it kanal, ktery je pro prichod konkrétni molekuly nejvhodnéjsi, ale také ukazuje, jak

Vv v

prekvapivé malé konformacni zmény jsou tieba k tomu, aby byl ligand GspéSné transportovan.

Transport substratii ¢i metabolitt muze byt do jisté miry také ovlivnén mutacemi aminokyselin
umisténymi vné aktivniho mista CYP. Klasické mutacni studie jsou zalozeny na mutacich v blizkosti
kavity aktivniho mista, jez jsou zdsadni pro katalytickou funkci enzymu. M¢li bychom vsak také
uvazovat vyznam distalnich mutaci, jejichZ role by rozhodné neméla byt prehlizena. Strukturni zmény
pfistupovych cest a rozdily vazebnych energii persistentnich organickych polutantii vysvétlily
experimentalné zjisténé rozdily v hodnotach hydroxyla¢ni aktivity krysiho CYP1Al a jeho mutantu
F240A. Jak se zde ukazalo, distalni mutace tedy mtize ovliviiovat aktivitu enzymu, kterd je ddna

zmeénou ¢asti struktury vyznamné pro fungovani proteinu, kterou predstavuji ptistupové kanaly.

Velkd skala proménnych, mnoho interakci a vysokd mira komplexnosti se skryva v rozlicnych
biologickych procesech. Doufejme, ze tato disertacni prace osvétlila, alespont malicky kousicek této

ohromné skladacky, z niz sestavaji procesy odehravajici se v bunkach nasich organismi.

40



7. List of Abbreviations

CYP — cytochrome P450

DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOPE - 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOPG - 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))]
DOPS - 1,2-dioleoyl-sn-glycero-3-phosphoserine

POPC — 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine
HTA — heme tilt angle

MD — molecular dynamics

CV — collective variable

BE-META - bias-exchange metadynamics

TMU - 1,3,7-trimethyluric acid

POP — persistent organic pollutants

WT —rat CYP1AL wild type

F240A —rat CYP1A1 F240A mutant

PCB77 - 3,3',4,4'-tetrachlorobiphenyl

TCDD - 2,3,7,8-tetrachloro-dibenzo-p-dioxin

MM-PBSA - molecular mechanics — Poisson-Boltzmann surface area
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ABSTRACT: Cholesterol is a widely researched component of biological
membranes that significantly influences membrane properties. Human
cytochrome P450 3A4 (CYP3A4) is an important drug-metabolizing enzyme,
wherein the catalytic domain is attached to a membrane by an N-terminal
a-helical transmembrane anchor. We analyzed the behavior of CYP3A4
immersed in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membrane
with various amounts of cholesterol. The presence of cholesterol caused
ordering and thickening of the membrane and led to greater immersion and
inclination of CYP3A4 toward the membrane. Cholesterol also lowered the
flexibility of and tended to concentrate around membrane-immersed parts of
CYP3A4. Further, the pattern of the CYP3A4 active-site access channels was
altered in the presence of cholesterol. In summary, cholesterol in the

Cytochrome P450 3A4 O
DOPC/cholesterol 6% 2
DOPC

membrane affected the positioning and structural features of CYP3A4, which
in turn may have implications for the activity of this enzyme in various
membranes and membrane parts with different cholesterol content.

B INTRODUCTION

Human cytochrome P450 (CYP) enzymes are involved in
biotransformation processes of endogenous compounds and
xenobiotics. Although they typically catalyze monooxygenation
reactions, their catalytic potential is more diverse."”” CYPs
attach to membranes of the endoplasmic reticulum (ER) and
mitochondria® by an N-terminal anchor, and their catalytic
domains are partially immersed in the membrane.*”® It has
been suggested that the membrane is not merely a passive
medium but may actively contribute to the biotransformation
processes by accumulation of nonpolar compounds.”~® Such
compounds may also enter the CYP active site from the
membrane via the active-site access channels.>*”'® The
behavior of CYP on a membrane may be affected by the
membrane composition and in turn the breathing (dynamical
opening/closing) of access channels.”'' Moreover, CYP
activity is dependent on the presence of certain redox partners,
which attach to the membrane via transmembrane helices.'>"?
Thus, it is important to gain a deeper understanding of the role
of membranes in the above-mentioned processes.

Direct structural insight into the behavior of membrane-
anchored enzymes is still very challenging for experimental
techniques. Until now, only NMR'*'* and linear dichroism"®
measurements have been able to provide direct information on
the membrane attachment of CYPs. It took more than 10 years
after publication of the first X-ray structure of mammalian
CYP" for the first crystal structure of CYP to be reported,
which showed a resolved N-terminal anchor but only applied to
outside the membrane environment.'® However, it has been

-4 ACS Publications  © 2015 American Chemical Society

628

shown that missing information on the structural behavior of
CYP on membrane can be gleaned by molecular dynamics
(MD) simulations.®!" As the membranes of mitochondria and
the ER are mainly composed of phosphatidylcholines, MD
studies have so far largely focused on lipid bilayers consisting of
unsaturated phospholipids, such as 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)>® and 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC),”"""**° and membrane-mim-
icking models.'® A recent study on membrane anchored
aromatase considered the more complex composition of the ER
membrane.*' However, to date, no systematic study into the
effect of membrane composition on the positioning of CYP has
been published.

The ER membrane comprises glycerolipids, such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylserine (PS), as
well as cholesterol, cardiolipin, and sphingomyelin.”* Among
these lipids, cholesterol is known to significantly alter
membrane properties by (i) enhancing the stiffness, (ii)
decreasing lateral diffusion,**** (i) causing “thickening” of the
membrane with increasing cholesterol content,”**” and (iv)
increasing membrane ordering.”® The presence of cholesterol in
the membrane also affects solute partitioning between the
membrane and water””*® and interactions with proteins.*’ In
eukaryotes, the membrane content of cholesterol varies
depending on location: the smallest amount is present in the
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mitochondrial membrane (3 wt%, 6 mol%), followed by the ER
(6 wt%), whereas the largest amount occurs in the plasma
membrane (20 wt%).** There is also some evidence that the
concentration of cholesterol is not homogeneous in membranes
and can be locally higher, ie., in structures called lipid rafts,
where cholesterol may also interact with proteins.>">*** The
cholesterol gradient from the ER to the cell surface can also
regulate sorting of membrane proteins to their correct
membrane site.”> As cholesterol significantly influences
membrane properties, it is plausible that it may also affect the
structure, orientation, and dynamics of CYP on membranes and
in turn the interaction of CYP with its substrates. Recently,
Park and co-workers®® showed that individual CYPs differed in
localization in ordered and disordered membrane domains,
which had various cholesterol concentrations.

We conducted MD simulations to analyze the structure of
CYP3A4 attached to DOPC bilayers with various concen-
trations of cholesterol (0, 3, 6, 20, and 50 wt%). We chose
CYP3A4, as it plays a prominent role in the metabolism of the
more than 50% of marketed drugs and is the most abundant
CYP in human hepatocytes.”” CYP3A4 has a deeply buried,
large, and malleable active site,**~** which can be occupied by
more than one Iigandf”_43 It should be noted that cholesterol
acts as a CYP3A4 substrate, undergoing 4f-hydroxylation.* On
the other hand, cholesterol also inhibits several CYP3A4
reactions in a noncompetitive manner.*® Our MD simulations
showed that the presence of cholesterol changes the orientation
and rigidifies the membrane-immersed parts of CYP3A4, which
could inhibit entry of lipophilic substrates directly from the
membrane.

B METHODS

Structures. The structure of the catalytic domain of
CYP3A4°® was taken from the Protein Data Bank (PDB ID
1TQN), and the N-terminal anchor, which was missing in the
X-ray structure, was added to the structure as an a-helix using
methodology described in detail elsewhere.® We prepared five
lipid bilayers: one consisting of pure DOPC and four composed
of DOPC and various (3, 6, 20, and 50 wt%) concentrations of
cholesterol. CYP3A4 was inserted into the equilibrated bilayers
using the GROMACS tool g_membed.** CYP3A4 anchored to
the bilayer was then immersed into a rectangular periodic box
and solvated by SPC/E* explicit water molecules (~30 000).
Counter ions were added to maintain a physiological
concentration of 0.1 mol/L in the water phase.

MD Procedure. All simulations were carried out with using
the Gromacs 4.5.4 program package.*® We used the Berger lipid
force field* for the membrane, which was compatible with the
GROMOS 53a6> force field used for CYP3A4. The lipid
bilayer was initially simulated without protein for 200 ns. After
the protein was embedded in the membrane, all systems were
minimized with the steepest descent method, followed by
a short (10 ns long) MD simulation with positional restraints
applied on Ca atoms. Afterward, a 200 ns long MD simulation
of each system was carried out. Parameters of the MD
simulations were set as follows: integration time step, 2 fs with
the LINCS algorithm; Berendsen pressure coupling, semi-
isotropic Berendsen barostat with pressure 1 bar; isothermal
compressibility, 4.5 X 107> bar™}; and for temperature coupling,
V-rescale thermostat at 310 K with 0.1 ps time constant. The
long-range electrostatics was treated with the particle mesh
Ewald method, and a pair-list was generated with the group cut-
off scheme.

629

Analysis. As equilibration of systems with CYPs requires at
least 50 ns,® the first 100 ns of the simulation was set aside for
equilibration of CYP3A4, and only data for the last 100 ns were
analyzed. For analysis of the membrane properties, we used
Gromacs tools.*® The heme tilt angle was defined as the angle
between the heme plane (defined by the heme nitrogens) and
the lipid bilayer normal, set as the z axis.® Access and egress
channels®" were identified using the MOLE 2.0 tool®* with the
following setup: interior threshold and bottleneck radius, 1.0;
probe radius, 8.0; surface cover radius, 3.0; origin radius, 3.0;
and starting point located ~3 A above the heme iron atom
(distal side). Water molecules, hydrogens, ions, and membrane
atoms were not considered in this analysis. In total,
201 structural snapshots taken every 500 ps (of the last 100
ns) were analyzed. Identified channels were sorted according to
the nomenclature introduced by Wade and co-workers,> with
the exception of channels 2a and 2f, which were united into one
channel (henceforth called 2af) because of their high structural
similarity.

B RESULTS AND DISCUSSION

Addition of Cholesterol Changes the Basic Structural
Characteristics of a DOPC Membrane. The presence of
cholesterol altered the structure of the DOPC bilayer. DOPC
lipid bilayers were generally thicker in the presence of
cholesterol, with the headgroup—headgroup distance (D(sy))
changing from 4.2 nm in the case of a pure DOPC membrane
to 4.6 nm for a membrane containing 20 wt% cholesterol
(Table 1). The area per lipid (APL) decreased from 0.59 to
0.42 nm® Density profiles also showed that the presence of
cholesterol increased the density of the lipid plateau region in
terms of the maximal density in the membrane headgroups but
did not alter the density in the middle of the membrane

Table 1. Mean Distances of Phosphate (d;), Cholesterol OH
Group (doy), and Heme Cofactor (dy,.) from the Bilayer
Center, Area Per Lipid (APL), Average Order Parameters of
Lipid Tails (S.cp,), Average Fraction of Gauche Bonds (f,),
Heme and Transmembrane (TM) Helix Tilt Angles, and
Number of Amino Acid Residues (N) Buried in the
Hydrophobic Membrane Interior (below DOPC Carbonyls)

cholesterol content (wt%)

0% 3% 6%

Membranes without CYP

20% 50%

dp (nm) 2.1 2.1 2.1 2.3 22
doy (nm) - 1.6 1.6 1.8 1.9
APL (nm?)  0.59 0.58 0.54 048 042
S<cps 0.182 0.190 0.219 0.259 0.294
fe 0.157 0.156 0.154 0.150 0.147
Membranes with CYP
dp (nm) 2.0 2.1 22 2.3 2.1
doy (nm) - 1.5 1.5 1.8 1.8
S<cp> 0.172 0.188 0.201 0.246 0.270
fe 0.156 0.154 0.152 0.148 0.144
dheme (nM) 38+01 37+01 35+01 37+01 35+0.1
heme tilt 52+8 S9+3 60 + 4 69 + S 68 + 4
angle
(deg)
TM helix 8+ 4 10 + 4 11 + 4 1245 9+ 4
tilt angle
(deg)
N 54 60 82 79 73
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Figure 1. Density profiles of the studied membrane system (without
CYP). The membrane was averaged and considered to be symmetric.
However, for clarity, the partial densities of groups are shown for just
one leaflet.

(Figure 1). As the concentration of cholesterol was increased,
the cholesterol OH group shifted further from the membrane
center. All these findings are in agreement with previous
simulations”>**% and experimental data>® and confirm that the
force field used adequately represented the structural properties
of these mixed membranes. Thus, the membrane model was
considered valid and used to study the effect of cholesterol
content on CYP3A4 anchoring.

0.5 T T T T T T T T T T T T T T
0%
3%

04 | 6%
—20%
50 %

S<CD>

0.0 L 1 L 1 L 1 L 1 L 1 L 1 L 1

Carbon number

Figure 2. Average order parameter S_cp, for the carbon atoms of
DOPC lipid tails calculated from MD simulations with varying
cholesterol concentrations.

The presence of cholesterol also induced higher ordering of
the DOPC lipid tails (Figure 2). A pure DOPC membrane
comprises a diunsaturated lipid with a phase transition
temperature of ~255 K*® and is therefore fluid at ambient
temperatures, as documented by the rather low mean order
parameter S_cp, of 0.182. Ordering of the lipid membrane was
found to increase with increasing cholesterol content, together
with a decrease in the fraction of gauche torsion angles of the
DOPC lipid chains (Table 1). Higher ordering (above ~0.25)
can occur in a liquid-ordered li};id phase, which is generally a
cholesterol-rich domain.>**%%>*

Cholesterol Interacts with the N-Terminal Anchor and
F/G-Loop of CYP3A4. The simulations showed that CYP3A4
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was attached to the membrane by the N-terminal anchor helix,
which intersected the membrane, and its catalytic domain was
partially immersed in the membrane. The DOPC head groups
are pushed aside and DOPC molecules form a funnel-like shape
in the membrane occupied by the protein. The N-terminal helix
tilt angle, i.e., angle between the helix axis and bilayer normal,
was ~10° and was rather insensitive to the cholesterol content
(Table 1). This angle is smaller than the transmembrane
anchor tilt angle of 17° recently measured by NMR on
CYP2B4 anchored to DMPC/DHPC bicelles,15 which makes
sense as the latter lipids have shorter tails and head-to-head
distance than DOPC.

The radial distribution function (RDF) of the anchor and
cholesterol centers of mass (COMs) showed that cholesterol
had some tendency to accumulate in the vicinity of the anchor
(Figure 3). Cholesterol also accumulated close to the immersed
F/G loop (Figure 4). The number of hydrogen bonds between
lipids and CYP3A4 rose with cholesterol content (Table S1)
and cholesterol had higher capacity to make hydrogen bonds to
membrane buried amino acids. Neither cholesterol nor DOPC
molecules penetrated into the protein and stayed in the
membrane. Fluctuations of the lipids around CYP were
massively reduced (Figure S2 in Supporting Information).

Orientation and Immersion Depth of CYP3A4 on
DOPC Membrane Is Affected by the Presence of
Cholesterol. The presence of cholesterol in the membrane
changed the penetration depth of CYP3A4 in the membrane.
Besides the mentioned N-terminal anchor, the F/G loop
(bearing F’ and G’ helices) was buried in the lipophilic
membrane interior of the pure DOPC membrane (Figure ).
The 1 and f2-sheets, B/C loop, F and G helices, and tip of the
I helix interacted with the lipid head groups in same positions
as reported earlier.’ It is worth noting that despite some
differences in membrane immersion depths and orientations of
individual CYPs, all recent studies have consistently reported
insertion of the N-terminal, F’, and G’ helices into the
membrane interior,g'll’lé’21 while the B/C loop and F and G
helices in CYP3A4'" have been reported to interact with the
membrane. Figure 5 shows that with increasing content of
cholesterol, the F and G helices and B/C loop become
systematically sunk deeper into the membrane interior. The
number of amino acids in contact with the membrane (Tables 1
and S2 in Supporting Information) was the lowest in the pure
DOPC membrane and reached a maximum at 6 wt%
cholesterol content.

The orientation of the CYP3A4 catalytic domain with respect
to the membrane changed with the increasing content of
cholesterol in the DOPC membrane (Figure 6), as evaluated
from the heme tilt angle (see Methods for definition). The tilt
angle systematically increased from 52° in the pure DOPC
membrane to 68° in membranes containing 50 wt% cholesterol
(Table 1). It should be noted that the experimentally measured
tilt angle of CYP3A4 on POPC nanodiscs is (60 + 4)°.'°
A higher cholesterol content in the DOPC membrane led to
increased contact of the CYP3A4 catalytic domain with the
membrane, mostly in the vicinity of the F and G helices and
p-finger (containing 4 and S sheets, and p4/8S loop).
However, the secondary structural elements of the CYP3A4
catalytic domain did not significantly change with increasing
cholesterol content (Figures S1 and S3 in Supporting
Information).

Cholesterol Presence in the Membrane Alters Active-
Site Access Channels Openings. CYP3A4 active-site access

DOI: 10.1021/ci500645k
J. Chem. Inf. Model. 2015, 55, 628—635


http://dx.doi.org/10.1021/ci500645k

Journal of Chemical Information and Modeling

As 0% 3% 6 % 20% 50 %

O [ T T T T T 1 T T T T [ T T T T T T T T 1 T T T T ]
S eof + - + —porc
2 10k T C T —— Cholesterol T
c 4 L - 4
o
2 sf + - + .
3 + + 4
g o T -

5 2f I -
5 il i
© 0 1 1 1
o 0 1 2 3 0 1 2 3 0
» % »
B 7 X yr Al 3
b X = ¥ g% W2 fioe gl
* = TH O3 PSRy B LR
< & 5 PR A
* P > % g P A b P
¥ % gl * LSS AR B
23 T o ! . % o Y . f’!tf’xky‘,cz’ i W
i7 RS (S UNI 7 A Sk T g
ey 1B A X A LT D E L L
A e AR X TG R g
2 <A » o L 5 TR L Nl 7 4 ]
S *"[ g =K - : & &'v :; c/&‘"; 4»1'\' :
§ A A N e RTRLE >
W R e Tk
0,
DOPC/CHOL0% DOPC/CHOL3% DOPC/CHOL6% DOPC/CHOL20%
C » qﬁ ¥ ?'v
~ X vy ) ARy
& Y, ) o R £ :g'vt‘ﬁ; o
»” 8§43 L PR Sl o
s o Loyt = P o ST
"f e ¥ ) :' - Y m":"& y’g f’d ‘!p‘
’ % ._‘ » >, P v ‘J‘wa'i» ‘,&"; 1)‘1"\3-,‘ # o X o
% i, J 7 2 e Ry N e ¥ ‘L-‘;a»ff 4 !
1}6% pps %‘Oﬁb { "“'Q\ Lo oy "’1‘7 e e %\‘1“} ‘bi‘f ¥ > z ¢ s X
N A SO A e X oy NN Nl S LT RS
Ry w'h ¢ wh PR Sl or - SRERER
2V ¥x s * 4wy ey | a & 3
# ¥ FRE T A A 1% Ay v S
W : e alie My 4 et USRS
& L3 e Pl s“»; ;Qiéxﬁ(";“yt }&43"»';:

Figure 3. Distribution of cholesterol in membranes. (A) Radial distribution functions of the COMs of DOPC and cholesterol with respect to the
transmembrane anchor. (B) Positions of cholesterol molecules (red) in membranes (yellow) with immersed CYP3A4 (gray); frames were taken
from 200 ns snapshots. (C) The same view but with CYP3A4 deleted for clarity; positions of the CYP3A4 anchor (black circle) and F/G-loop
(green) are shown. Cholesterol showed some tendency to concentrate close to the transmembrane anchor and F/G-loop.
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Figure 4. Snapshot taken from MD simulation of CYP3A4 embedded
in 6 wt% cholesterol in DOPC membrane showing a typical view of
cholesterol molecules interacting with the N-terminal anchor (blue)
and F/G loop (green). Membrane phosphates are represented by

yellow spheres, cholesterol molecules within 5 A of CYP3A4 by black
sticks and more distal cholesterol molecules by red sticks.

channels connected the active site to both membrane and water
phases because their openings were localized inside, on and
outside the membrane (Figure 7). The channels 2af, 2b, 2c
(around F/G loop), and 4 (through F/G loop) pointed toward
the hydrophobic membrane interior. The solvent channel (S;
between F, I helices and f-finger) and channels 2e (running
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through B/C loop) and 3 (between F and G helices) were open
to the membrane/water interface. The water channel (W;
leading to the proximal side around B, C helices or B/C loop)
and channels 1 (among C, H, and L helices) and S (between K
and K’ helices) opened into the water phase. The positions of
these channels are in good agreement with previously published
data.>®® The channels were hydrated and enabled traffic of
water molecules in/out CYP3A4 active site (Table S4).

The addition of cholesterol to the DOPC membrane
changed the pattern of channel openings. At low cholesterol
content (3 and 6 wt%), the water channel was closed and the
solvent channel open, but there were no significant changes in
the channels pointing to the membrane interior. Channels
leading deepest into the membrane, ie., channels 2af and 2b,
closed when CYP was embedded into the cholesterol-rich
membrane (with 20 and 50 wt% cholesterol content). The
bottlenecks of membrane-exposed channels were narrower in
cholesterol rich membranes (Table 2). As well as closure of the
channels leading to the membrane, channels leading to the
membrane/water interface, such as channels 2e or the solvent
channel, opened. Channels leading toward the water phase
were highly hydrated (Table S4) and enabled traffic of water
molecules out/in CYP3A4 active site. A new channel, labeled 7,
whose opening pointed toward the water phase, was identified.
Channel 7 passed near the K helix and K/L loop to the
proximal side of CYP 3A4 (Figure S2 in Supporting
Information). The opening of this channel was caused by
subtle movement of the F/G loop and K and L helices.
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CHOL0%

Figure 6. Effect of cholesterol on the orientation of CYP3A4 in the
membrane. Structures of CYP3A4 catalytic domain have been
superimposed to highlight changes in the CYP34A orientation with
respect to the DOPC membrane. The membrane is represented by
spheres of phosphorus atoms (for clarity) and colored according to the
cholesterol content: 0 wt%, black; 3 wt%, yellow; 6 wt%, cyan; 20 wt%,
blue; and 50 wt%, green. CYP3A4 is shown as a cartoon with
transparent surfaces.

Generally, conformational changes of channel lining amino
acid residues and small variations in arrangement of secondary
structural elements, which bear the channel lining amino acids
can cause channel opening/closing. The subtle movement of
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the F/G loop toward the membrane and concurrent opening of
the K and L helix region in the CYP structures immersed in
membranes containing cholesterol lead to opening of the
channel 7. Solvent channel opening and closing was mostly
connected with the orientation of R212, which closed solvent
channel of CYP3A4 immersed to membranes with 0% and 3%
of cholesterol, whereas the channel was open in the membrane
containing 20% cholesterol.

H CONCLUSION

We studied the effect of increasing the cholesterol content in
a DOPC membrane on the behavior of membrane-anchored
cytochrome P450 3A4 (CYP3A4). The presence of cholesterol
in the lipid membrane significantly changed the membrane
thickness, ordering, and diffusion. The position and orientation
of CYP3A4 on the membrane were also affected by the
cholesterol content. With increasing cholesterol concentration,
CYP3A4 was immersed about 0.4 nm deeper into the
membrane and was more inclined toward the membrane. In
addition, the contact area between the catalytic domain and
membrane increased. As a result, about 34% more CYP3A4
amino acids were in contact with the membrane. The presence
of cholesterol in the membrane also affected opening of the
active-site access channels, but the most pronounced changes
occurred for high (20 and S0 wt%) cholesterol concentrations.
One can hypothesize that the above-discussed changes might
also contribute to the noncompetitive inhibition of CYP3A4 by
cholesterol observed by Shinkyo and Guengerich.* Our results
show that cholesterol content significantly influences the
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Figure 7. Channel openings (highlighted by arrows) of CYP3A4
active-site access channels (open with bottleneck radius of 1 A and
higher in 15% of frames) are shown in DOPC membranes with
increasing cholesterol content. Access channels are labeled according
to the nomenclature introduced by Wade and co-workers,*® and
colored as follows: 1, cyan; 4, brown; 7, pink; W, blue; S, red; 2af,
magenta; 2b, bright green; 2c, gray; 2e, orange. Membrane lipids are
represented as transparent surfaces and phosphates in green spheres;
CYP3A4 is shown as a cartoon.
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Table 2. Normalized Frequency of CYP Channel Opening
(nfreq) and Average Radius (Rmax) of Bottlenecks”

chol 0% chol 3% chol 6% chol 20%  chol 50%

# nfreq Rmax nfreq Rmax nfreq Rmax nfreq Rmax nfreq Rmax

& 2af L 47 14601 30 1.45[] 29 139 2 119 4 1.24

S 2o BU76| 1730795 1640788 153 1| 1.09] 10 141

g4 [118 1291 8 1260 17 131 1 116l 11 1.31

2| 5 1420 1 143 [ 21 143 4 126

2¢ 133 161 1401 2/ 113078 62 1.59

S [ 27 1.28[]45 147075 I 5 147

3 1 5 122 | 200l 2 I 1 12

5 I 9 139 5 123

1 1 10 125 2/ 1470 20 1.360 10 1.47] 10 1.24

w 86 1381 5 1.27/ 30 1.071 1010 21 1.36

7 I 11 1.62F134 1.570078 1.55
r 0.74 0.89 0.62 0.92 0.90

“Rmax values are colored according to their bottleneck radius, from
dark green for the most open to red for the most closed channels.
According to the Rmax and nfreq values, the most frequently occurring
channels were also the most open, whereas rarely observed channels
tended to have rather narrow bottlenecks. The last line shows the
correlation coeflicients between nfreq and Rmax.

structural features of a membrane-anchored enzyme, which in
turn may affect the substrate preferences and catalytic efficiency
of the respective membranes or membrane domains. The
described changes may influence biotransformation processes
in different membrane parts and various cellular compartments,
which differ in membrane composition and cholesterol content.

B ASSOCIATED CONTENT

© Supporting Information

Root-mean-square fluctuations of the systems with different
cholesterol content (Figure S1); detailed view of newly
observed channel 7 (Figure S2); number of hydrogen bonds
between lipids, protein, and water (Table S1); numbers of
protein residues located in various parts of the membrane and
potentially interacting with the membrane (Table S2); numbers
of solvent and ions in the simulated system (Table S3); number
of water molecules in various channels (Table S4); evolution of
secondary structure elements (Figure S3); overview of all
channels found in the CYPs in membranes with different
cholesterol content (Figure S4). This material is available free
of charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

CYP, cytochrome P450; ER, endoplasmic reticulum; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; MD, molecular dynam-
ics; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PI, phosphatidylinositol; PS, phosphatidylserine; APL, area per
lipid; TM, transmembrane; DMPC, 1,2-dimyristoyl-sn-glycero-
3-phosphocholine; DHCP, 1,2-diheptanoyl-sn-glycero-3-phos-
phocholine; CHOL, cholesterol; RDF, radial distribution
function; COM, center of mass
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ABSTRACT: Microsomal cytochrome P450 enzymes (CYPs)
are membrane-attached enzymes that play indispensable roles in
biotransformations of numerous endogenous and exogenous
compounds. Although recent progress in experiments and
simulations has allowed many important features of CYP—
membrane interactions to be deciphered, many other aspects
remain underexplored. Using microsecond-long molecular
dynamics simulations, we analyzed interaction of CYP3A4 with
bilayers composed of lipids differing in their polar head groups,
i.e., phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylserine, and phosphatidylglycerol. In the negatively charged
lipids, CYP3A4 was immersed more deeply and was more
inclined toward the membrane because of favorable electrostatic and hydrogen bonding interactions between the CYP catalytic
domain and lipid polar head groups. We showed that electrostatics significantly contributes to positioning and orientation of
CYP on the membrane and might contribute to the experimentally observed preferences of individual CYP isoforms to distribute

DOPG DOPS

in (dis)ordered membrane microdomains.

B INTRODUCTION

The microsomal cytochrome P450 (CYP) enzymes are
membrane-anchored proteins involved in many biotransforma-
tion processes of drugs and other endogenous and exogenous
compounds.”” They are known to metabolize more than 50%
of marketed drugs” and are responsible for some adverse effects
of drugs, e.g,, drug—drug interactions. Thus, CYPs have been a
focus of pharmacology and drug development. The catalytic
domains of CYPs contain a deeply buried active site housing a
heme cofactor,” which is connected to the environment by a
complex network of channels.* The CYP catalytic domain sits
on the cytoplasmic side of the endoplasmic reticulum (ER)
membrane and is embedded to it by an N-terminal trans-
membrane a-helical anchor.”™”

Membrane orientations of CYPs have been studied by
various methods. Molecular dynamics (MD) simulations”
have identified common hydrophobic regions of CYPs that
interact with membranes (N-terminal, A/, F’, and G’ helices),
with only small variations among individual CYP isoforms."’
The proposed orientation agreed with experimental evidence
obtained from atomic force microscopy,''* tryptophan
fluorescence scanning,’ epitope labeling,'*"® and NMR
experiments.'® These findings about CYP membrane orienta-
tion were recently corroborated by the first published X-ray
structures of CYP with a resolved transmembrane N-terminal
anchor from Saccharomyces cerevisiae."”'® In addition, there is
growing evidence that the membrane is not just a passive
environment but affects the CYP orientation, localization,

-4 ACS Publications  © 2016 American Chemical Society

ligand binding, and catalytic activity. Individual CYP isoforms
differ in their localization in the ordered and disordered
microdomains of the ER membrane.'”~>' Whereas CYP1A1
and CYP2E1 have been shown to prefer disordered domains,
CYP1A2 and CYP reductase (CPR) prefer ordered domains
and CYP2B4 is equally distributed in both domains.'*~** This
difference in localization could affect the catalytic efficiency of
individual CYPs. For instance, excessive addition of the order-
inducing cholesterol lipid has been shown to significantly
suppress the activity of CYP3A4.”%*’

The activity of CYP also depends on the membrane lipid
composition. Addition of phosphatidylethanolamine (PE) to
phosphatidylcholine (PC) has been shown to increase the
catalytic activity of CYP2B4,”® whereas it had a stabilization
effect on CYP1A2>” The catalytic activity of CYP1A2 was
found to increase by 2—3-fold in the presence of anionic lipids,
ie, 50% addition of phosphatidic acid (PA) or phosphati-
dylserine (PS).*> When CYP3A4 was attached to a mixed
phosphatidylcholine/phosphatidylserine membrane, an increase
in maximal velocity V., for nifedipine oxidation was observed,
but the Michaelis constant, K, was unchanged.31 The
enzymatic activity of CYP3A4 in the presence of anionic lipids
was shown to increase by ~6-fold at 50 mol% of PS in
comparison with a pure PC membrane. Further increasing the
PS concentration (above 60%) led to a rapid decrease of the
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enzyme activity.”> As the rate of NADPH oxidation was found
to be unaffected by the presence of anionic lipids, it was
suggested that negatively charged membrane lipids might affect
the electron flow between CYP and redox partners.’' "
However, the mechanism by which lipids mediate the electron
transfer remains unclear.'’ Thus, despite the apparent influence
of the membrane on the catalytic function of CYP, there is still
a lack of information regarding the structural details of the
interaction of CYPs with various membranes and reasons for
the pronounced role of the membrane composition in CYP
biophysics.

In this work, we describe interactions between CYP3A4 and
various membrane lipids differing in the headgroup region. We
chose to study dioleoyl phospholipids and examined the
influence of differently charged head groups on CYP3A4
interaction with the membranes (Figure 1). We observed
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Figure 1. Lipids of biological membranes addressed in this study: 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-[ phos-
pho-rac-(3-lysyl(1-glycerol))] (DOPG), and 1,2-dioleoyl-sn-glycero-3-
phosphoserine (DOPS). The charges are highlighted by circles in the
following colors: blue, negative; red, positive; green, neutral polar.

significant differences in the structure, position, and orientation
of CYP3A4 in membranes with variously charged lipids. We
considered the implications of the observations in the context
of the activity and charges of CYPs. We hypothesized that the
charge of CYP might induce electrostatic interactions between
CYP and (negatively charged) membranes, which may
influence not only the catalytic efficiency and access or egress
of substrates/metabolites but also CYP localization in
membrane microdomains.

B METHODS

We prepared membrane models using four different lipid
bilayers, each composed of pure dioleoylphosphoglycerolipid
(DOPx) containing 121 molecules per leaflet. We used 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glyc-
ero-3-[phospho-rac-(3-lysyl(1-glycerol))] (DOPG), and 1,2-
dioleoyl-sn-glycero-3-phosphoserine (DOPS). The lipids dif-
fered only in the head groups (Figure 1) in order to separate
the role of the head groups from the effect of the lipid tails. The
Slipids® force field was applied for the lipids, and the
membrane bilayers were hydrated with the TIP3P water
model.*® The bilayer models were initially equilibrated for 200
ns.

We used the all-atom structure of CYP3A4 pre-equilibrated
on the DOPC membrane obtained from our previous study.’”
CYP3A4 was attached into each of the four different
equilibrated bilayers using the Gromacs tool g membed.**

CYP3A4 attached to the membrane was then inserted into a
rectangular box and solvated with the TIP3P water model.*
After solvation, Na* and Cl~ ions were added to neutralize the
system and obtain a physiological concentration of 0.1 mol/L
(see Table S1 in Supporting Information).

All simulations were performed using Gromacs package
5.0.>” The AMBER ff99SB*" force field was used for CYP3A4,
which is compatible with the Slifids force field.>> Parameters
developed by Cheatham et al."' were used for the heme
cofactor, whereas parameters developed by Agqvist and
Applequist et al."”** were used for the ions. Each system was
energy minimized using the steepest descent method. After the
initial minimization, a short 10-ns-long MD simulation with
positional restraints applied for C, atoms was executed.
Afterward, a 200-ns-long equilibration MD simulation of each
membrane with CYP3A4 was performed with the following
parameters: 2-fs-long time step (LINCS algorithm™"); semi-
isotropic Berendsen barostat*” with pressure of 1 bar; V-rescale
thermostat at 310 K. Trajectories were collected from a 1000+-
ns-long production run using the following parameters for [N,
p, T] MD simulations: 2-fs-long time step, Nosé—Hoover
thermostat*®* set to 310 K, Parrinello—Rahman barostat™® set
to 1.013 bar with semi-isotropic conditions, isothermal
compressibility of 4.5 X 107> bar™', and pair-list generated
with the group cut-off scheme. The particle Mesh Ewald
method* was to treat electrostatics interactions from 1 nm, and
van der Waals interactions were switched off between 0.8 and
1.0 nm. Constraints were applied on all bonds with hydrogens.
Periodic boundary conditions were applied in all directions.

All analyses were performed over the last 500 ns of the MD
simulations. For analysis of CYP3A4 and the membrane
properties, Gromacs tools were used.”” To measure the
distances between CYP, parts of CYP, and the membrane,
the g_dist tool was used to calculate the centers of masses of
individual moieties. The g_sgangle tool was used to compute
the heme tilt angle, which was defined as the angle between the
heme plane and membrane normal (z-axis).'"’ The heme plane
was represented by a set of three nitrogen atoms of the heme
porphyrin. A similar approach was used for calculation of CYP
tilt angle represented by a vector pointing from middle of I-
helix (T309) to B1-sheet (1383). The area per lipid (APL) was
calculated from the size of the plane and number of lipids. The
monolayer thickness (Dyyy/2) was calculated from the z-
distance between the maximum densities of phosphate group in
each leaflet obtained using the g_density tool. Amino acids
located below the level of membrane head groups and above
them were analyzed from the density distribution of individual
amino acids along the z-axis. Amino acids were sorted into
three groups: (1) located below the level of membrane head
groups, (2) further from the membrane center than group 1,
but closer than 7 A above the headgroup level, (3) distant
amino acids. Density profiles of amino acids were also used for
calculation of CYP3A4 height above the membrane (the
distance of the furthest amino acid was taken, cf,, Figure S1 in
Supporting Information). Deuterium order parameters were
measured using the g_order tool. Radial distribution functions
of terminal nitrogens (in the case of DOPG, terminal oxygen),
phosphorus atoms, ions, and water molecules around the
surface of CYP3A4 were calculated using the g rdf tool. The
root-mean-square deviation (RMSD) was calculated using the
g_rms tool. Figures were rendered by PyMOL (PyMOL
Molecular Graphics System, Version 1.8 Schrodinger, LLC).
The analysis of contacts between CYP3A4 amino acid residues
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(within 6 A between heavy atoms) and membrane lipid head
groups and tails was performed by gromacs tool g mindist.
Analysis of CYP charges was perfomed by Pymol script
FindSurfaceResidues.py script from Pymol Scripts repository
(https://github.com/Pymol—Scripts/PymoI—script-repo/raw/
master/findSurfaceResidues.py).

B RESULTS

We embedded CYP3A4 into four different DOPx bilayers
(Figure 2) and carried out 1-us-long MD simulations in order

Figure 2. Structural view of CYP3A4 attached to a DOPC membrane.
CYP3A4 is represented as a gray cartoon and transparent surface; the
active site is shown by a black circle and the heme cofactor as orange
(carbons) and red (oxygens) spheres. The detail of an individual
DOPC lipid (blue spheres) shows the position of the lipid headgroup
and tails in the bilayer; oxygens are represented as red spheres and
phosphate atoms as pale green spheres.

to explain the role of the lipid headgroup on the interaction of
CYP3A4 with the membrane. The structural details of the pure
membranes (without CYP3A4) are listed in Table 1, and a

schematic view of the measured characteristics is depicted in
Figure S1 in Supporting Information. The area per lipid (APL)
of the pure membranes varied from 0.59 nm* (DOPE) to 0.70
nm? (DOPG) and was negatively linearly correlated (* = 0.96)
with the membrane thickness varying from 4.2 nm (DOPE) to
3.6 nm (DOPG). The DOPE membrane was significantly more
ordered (average deuterium order parameters Sicpy of 0.16)
than the other lipids and exhibited a significantly increased
S(cpy on its sn-2 chain (Figure S2 in Supporting Information).
Differences in chain ordering between the sn-1 and sn-2 chains
were observed near the head groups, but with the exception of
DOPE, S/cpy values for the lipids chains in the membrane cores
were similar. These observations agree with previous
literature®®™>* and indicate that the used parameters and
protocols provided relevant data for further interpretation.
The embedded CYP3A4 catalytic domain kept its native fold
as RMSD of C, atoms from the last frame to the X-ray
structure below 0.4 nm, with the notable exception of CYP3A4
on the DOPS membrane (Figures S3 and S4 in Supporting
Information), and the systems achieved convergence after S00
ns of production simulation. The difference of RMSD in the
case of CYP3A4 on the DOPS membrane was caused by
modification of a small portion of a CYP3A4 secondary
structural element of membrane-attached parts, ie., C, F, G, H
helices, but the majority of secondary structure remained
conserved. As a result, former C and H helices sunk toward the
membrane, dragging along the I-helix and causing a kink in the
middle part of the I-helix. During 1 ps of unbiased simulations,
the center of mass of CYP3A4 structural elements reached a
stable distance from the center of the membrane (Table S2 in
Supporting Information). CYP3A4 was anchored to the
membrane by its N-terminal transmembrane helix but also by
the tip of the F/G loop; A, F, and G helices; and partially the
B/C loop (Figures 3 and 4), in good agreement with previous
observations.” ' In the DOPS membrane, additional contacts
of the K-helix with the membrane head groups were found,
whereas in the DOPG membrane, f3—f5 sheets (f-finger)
were in contact with the membrane. The membrane adapted to
the presence of CYP by forming a funnel-like hydrophobic
protrusion, with lipids” head groups pushed to the edge of the
funnel (see Figure SS). These additional contacts in DOPG or

Table 1. Measured Properties from Lipid Membrane Simulations

membrane with CYP3A4

AA in contact with

pure membrane membrane

lipid APL®  Dyy/2"°

type [nm?] [nm] Scy
DOPC  0.69 1.89 0.1
DOPE  0.59 212 016
DOPG 070 1.80  0.10
DOPS 0.65 1.97 0.13

dCM° [nm] L1 L2  total

377 £ 014  §7 80 97
383 +014 60 79 98
3.10 = 0.11 68 107 121
3.58 + 0.1 SS 97 117

AA located
in
membrane
layers®
CYP
av no. H bonds of helght
L1 L2 CYP3A4 to lipids’ ~ HTAS [deg] CTA” [deg] [nm]
47 38 12.7 63.6 + 6.1 854 + 4.5 5.0
52 34 253 732 £ 5.6 844 + 6.1 4.5
112 98 40.3 773 £ 5.0 98.5 + 3.1 4.1
68 46 32.1 68.6 + 5.2 102.8 + 3.9 4.6

“Area per lipid (APL). "Monolayer thickness (Dyy;/2) calculated as half the headgroup—headgroup distance of lipid bilayers in pure bilayer

simulations.

“dCM, CYP center-of-mass distance from the membrane.

“Number of CYP3A4 AA residues located in contact with the membrane

within 6 A (between heavy atoms) from lipid tails (L1) or polar head groups (L2) and the total number of unique AA residues interacting with the
membrane (ie., removes duplicates of AA interacting simultaneously with lipid tails and head groups). “AA located in various membrane layers,
below the level of lipid head groups (Ll) or 7 A above the level of lipid head groups (L2). Average number of hydrogen bonds between CYP3A4
and lipids. Heme tilt angle (HTA). hCyp +ilt angle (CTA). “Height of CYP was calculated as a distance between the position of the furthest amino
acid of CYP3A4 above the membrane surface (taken as Dyyy/2 from the membrane center). Each analysis here includes the whole CYP3A4,

including 27 amino acids from anchor.
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Figure 3. CYP3A4 on different membranes adopting different orientations and depths of the embedding. In the lipids, phosphates are shown as
orange balls, whereas in the upper layer of the membrane, the nitrogens and glycerol oxygens (in DOPG) are shown as blue and pink balls,

respectively.
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Figure 4. Distribution of amino acids in contact with the membrane. The different systems are represented by the following colors: CYP3A4-DOPC,
blue; CYP3A4-DOPE, green; CYP3A4-DOPG, purple; CYP3A4-DOPS, red. Boxes below the graph show the position of secondary structural
features of CYP3A4. The colored lines depict the monolayer thickness according to Dyy/2 values (from Table 1). Black stars depict the positions of
mouth openings of active site access channels (2a, 2ac, 2b, 2¢, 2d, 2e, 2f, 1, 4, 5), water (W), and solvent (S) channels (Wade et al. nomenclature*

was used).

DOPS membranes (Table 1) indicated deeper immersion of
CYP3A4 into the respective membranes. Consequently, the
mouth openings of the active site access/egress channels were
located deeper in the negatively charged membranes (Figure 4
and Figure S6).

The position of CYP3A4 in the DOPx membranes correlated
with the number of CYP3A4 amino acid (AA) residues
embedded below the membrane surface (> = 0.98; Table 1).
We evaluated the distance of CYP center of mass from the
middle of the membrane (dCM) as a global metric for CYP
immersion. The deepest immersion of CYP3A4 was observed
in the DOPG membrane (dCM = 3.1 + 0.1 nm) followed by
DOPS (dCM = 3.6 + 0.1 nm; Table 1, and Table S2 and
Figure S7 in Supporting Information). In the neutral DOPC
and DOPE membranes, CYP3A4 was located significantly
further from the membrane center (dCM ~ 3.8 + 0.1 nm in
both cases). We also monitored the distance from CPR binding

11208

AA residues (N441—R446) to the membrane center and
identified similar trends as described for dCM (Figure S8 in
Supporting Information). The number of hydrogen bonds
between CYP3A4 and the membrane head groups increased
with decreasing dCM (r* = 0.67; Table 1); the same applies for
the number of interacting amino acids with the membrane.
The type of lipid in the membrane influenced, besides the
position, the orientation of CYP3A4 on the membrane (Figure
3). The different orientations of the catalytic domain can be
analyzed in terms of the heme tilt angle (HTA, Figure 5), which
defines the orientation of the heme cofactor plane with respect
to the membrane plane and can be experimentally determined
from linear dichroism measurements.” The highest heme tilt
angle of CYP3A4 was observed in the DOPG membrane (77 +
5°), indicating the largest inclination toward the membrane.
The heme tilt angle then decreased gradually in the order
DOPG > DOPE > DOPS > DOPC. The smallest angle was
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Figure 5. Heme tilt angle of CYP3A4 on different membranes
(DOPC, blue; DOPE, green; DOPG, purple; DOPS, red) obtained
from the last 500 ns of MD simulations. The thick lines represent
smooth development of the heme tilt angle, and the background shows
the detailed trajectory analysis.

obtained with DOPC (64 + 6°, Table 1), which agrees (within
the error bars) with the experimentally obtained value of 60 +
4° measured for CYP3A4 on 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) nanodiscs.”> Though HTA can be
experimentally measured, it does not fully describe the
orientation of CYP in the membrane. We used CYP tilt angle
as another metric for evaluation of the CYP orientation, which
is the angle between an axis defined by the middle of I-helix and
pl-sheet and z-axis (Figure S9). The CYP tilt angle was
selected to be orthogonal to both HTA and I-helix (whose
orientation against z-axis is almost invariant, data not shown).
The CYP tilt angle clearly showed a more inclined orientation
of CYP toward DOPS and DOPG membranes (Table 1). In all
cases, the heme tilt angle displayed larger fluctuations than the
CYP tilt angle on the ~100 ps time scale, and both fluctuated
significantly on the ~100 ns time scale during the MD
simulations (Figure ).

B DISCUSSION

The goal of this study was to investigate the structural and
dynamical features of CYP3A4 interaction with membranes
consisting of lipids differing in their polar headgroup. Most in
silico CYP studies published so far were carried out on PC
membranes. The position and orientation of CYP3A4 on the
DOPC membrane observed here agree well with previous
structures and experiments.'”>>>* In our model, CYP3A4 was
embedded in the DOPC membrane according to a typical
membrane binding pattern represented by immersed structural
motifs, i.e,, N-terminal a-helix, tips of F/G loop and B/C loop,
and parts of F and G loops (Figures 2 and 4).>°

The orientation of CYP3A4 on DOPC, evaluated from the
heme tilt angle, was consistent with the experimentally
determined value for CYP3A4 on POPC nanodiscs,”
supporting the validity of our model. Higher heme tilt angle
values were connected with a lower number of hydrogen bonds
between CYP3A4 and the membrane (Table 1). The number
of hydrogen bonds was also connected with the depth of
immersion of CYP3A4 into the membrane (Figure S10).
However, we observed large fluctuations with slow frequency in
the characteristics of dCM and orientation of CYP3A4 on all
membranes. Although the systems were allowed to relax for 200

ns, as previously considered sufficient time for equilibration,*®
analysis of the first 500 ns of our production simulation (ie.,
after 700 ns of MD simulation since the start) revealed time
evolution of the distribution of the heme tilt angle, e.g,
relaxation of the DOPE system (Figure S11 in Supporting
Information). As we defined the heme tilt angle by a small
region, tiny fluctuations or reversible deformations of the heme
were reflected in fluctuations on a picosecond time scale
without significant influence on the whole CYP3A4 structure.
On the other hand, longer scale fluctuations, on a 100 ns+ time
scale, reflected the enzyme orientation changes on the
membrane. CYP tilt angle also fluctuated significantly, but
clearly showed more inclined orientation of CYP3A4 on
DOPG and DOPS membranes (Figure S9, Table 1). These
observations indicate that membrane-attached proteins such as
CYP3A4 undergo slow floating motions, which can be observed
on 100+ ns time scales. Hence, we recommend executing MD
simulations of membrane-attached proteins on at least a 500 ns
time scale in order to observe such motions. However, for the
sake of completeness, we cannot rule out that some relevant
motion was not detected owing to the relatively short time
scale of the simulations compared to those in actual biophysical
and biochemical experiments.

In our simulations, we observed changes in CYP3A4 depth
and orientation on membranes that might affect the activity of
CYP3A4 in various membranes depending on the chemical
properties of the lipid head groups. For example, regarding the
neutral lipids, DOPE has a small headgroup (ethanolamine)
terminated by a charged ammonium group, which can serve as
a hydrogen bond proton donor, whereas DOPC with the
charged choline group is unable to form hydrogen bonds. Thus,
the DOPE bilayer was more ordered than DOPC and was able
to form more hydrogen bonds with CYP3A4 (Table 1). The
negatively charged DOPG and DOPS lipids may serve as both
proton donors and acceptors for hydrogen bonds. DOPG
possesses a single negative charge on a phosphoryl group
terminated by a neutral glycerol moiety. In contrast, DOPS
bears a zwitterion serine moiety attached to the phosphoryl
group, and therefore has three charged groups that can interact
more strongly via electrostatic interactions. The different
binding properties of the lipid head groups were reflected in
the total number of hydrogen bonds to CYP3A4, which was
highest for DOPG, followed by DOPS and DOPE, and lowest
for DOPC (Table 1). Clearly, the ability of DOPG to form an
extensive network of hydrogen bonds induced CYP3A4 to
bend toward the membrane (Figure 3).

Contacts between CYP3A4 and lipids differed depending on
the membrane composition, as is apparent from their radial
distribution functions (RDF, Figure S12 in Supporting
Information). In all four cases, a clear peak in the RDF
between the CYP3A4 surface and phosphorus atoms could be
seen at approximately the same position (~0.30 nm). In DOPS,
the lipid head groups were more organized than in the other
membranes owing to stronger interactions, and the second
headgroup layer was observed at a distance of ~0.45 nm. The
position of the terminal nitrogen (in the case of DOPG,
terminal oxygen) was the same (~0.27 nm) except for DOPC,
which cannot form hydrogen bonds as its nitrogen is shielded
by methyl groups, and it is located at ~0.38 nm. In DOPG, we
observed an additional shoulder in the RDF function close to
the CYP3A4 surface (at ~0.20 nm), which reflected close
hydrogen bonding interactions between the uncharged terminal
hydroxyl group of the DOPG glycerol with CYP3A4. In DOPG
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and DOPS, we also observed a high concentration of Na®
cations interacting with the negatively charged head groups,
whereas the water pattern was similar in all cases. Thus, the
different orientation and depth of CYP3A4 creates a unique
environment in the contact region, rich in hydrogen bonds,
ions, and charged head groups (Figure SS in Supporting
Information).

CYP3A4 was immersed more deeply in the negatively
charged membranes (DOPG and DOPS) than in the neutral
ones (DOPC and DOPE). This is consistent with the fact that
the distal side of the CYP3A4, which is in direct contact with
the membrane (see Figure 6), is positively charged, and

CYP3A4
Fluctuations
Proximal side @
Distal side
Egress
channe| <@== @
’ | / Attraction ’ |
Access
DOPEDOPG  channel DOPS DOPC

Figure 6. Schematic view of CYP3A4—membrane lipid interactions
and possible effects on CYP function. CYP3A4 is represented as an
orange circle and the N-terminal transmembrane anchor as an orange
rectangle. The CYP active site (AS) is shown as a red circle, whereas
blue and green rectangles denote the egress and access channels,
respectively. The membrane is depicted as a yellow box, and
membrane lipids are shown in black. The distal side of CYP3A4 is
positively charged, which enhances attraction between the catalytic
domain and negatively charged membrane lipids (in this case, DOPS
and DOPG) and may also influence substrate access and product
release by changes of opening/closing access/egress channels (Figure
S6). In addition, interaction of the membrane lipids with the CYP
catalytic domain causes fluctuations of CYP on the membrane surface.

therefore strongly attracted to the negatively charged lipids.
DOPG showed the deepest immersion of CYP3A4 into the
membrane as its negatively charged group had a deeper

position than that of the serine carboxylic acid in DOPS.
Experimentally, a 6-fold increase in the CYP3A4 activity was
observed in 50% PS membrane. Further increase in PS
concentration (60%) leads, however, to a loss of CYP3A4
activity, which was attributed to lipid vesicles aggregation.*”
Unfortunately, no direct experimental information about
activity of CYP3A4 in pure PS membrane is currently available.
Though the secondary structure was conserved in all lipids,
simulations revealed that the surplus of negatively charged
lipids in DOPS caused a kink on I-helix in the CYP3A4
structure. Without any doubt, experimental observations as well
as simulations document that the electrostatic interactions
between CYP and the membrane may have an impact on the
catalytic activity of the enzyme, due to numerous reasons
including also changes in positioning of CYP access channels
mouth openings. These openings were localized deeper in
negatively charged membranes (cf. Figure 4 and Figure S6),
while the positions of substrates and metabolites of CYP3A4 in
the membranes did not significantly differ (Figure S13).
Overall, the differences in the interactions between CYPs
with the membranes can be tracked to their respective charges.
Lipid membranes involved, e.g, in the human body, contain
differently charged lipids: from neutral ones (e.g, PC, PE) to
negatively charged ones (e.g, PS, PG). Lipid types also
differentiate in their ordering, ability to form hydrogen bonds,
etc. Individual CYP isoforms differ in their charge from
negatively charged CYP2D6 to highly positively charged
CYP1A2 (Table 2). In addition, the charge is unevenly
distributed between the distal and proximal sides of the
catalytic domain, and more than 90% of charge residues lie on
the CYP surface (Table S3). The proximal side is usually
negatively charged, which is consistent with the structures of its
redox partners interacting in this area.>”® In contrast, the
distal side, which makes up the majority of the CYP3A4—
membrane interface, is usually positively charged. A different
preference for ordered and disordered membrane domains has
been observed for the very homologous CYP isoforms 1Al and
1A2.7%%" As these two CYP isoforms have significantly different
total charge, we suggest that the different membrane local-
ization could be controlled not only directly by the lipid
ordering, but also by the charge of the CYP catalytic domain.
The preference of CYPs for various membrane domains can

Table 2. Preferences of CYP Membrane Domains Based on the Charge for Important Mammalian CYPs“

CYp total” distal® proximal®
rabbit 1A2 12 N/A N/A
human 1A2 10 2 7
human 2C8 9 10 —4
rabbit 2B4 6 6 -1
human 1A1 S 4 -1
rabbit 1A1 3 N/A N/A
rabbit 2E1 3 N/A N/A
human 2C9 3 4 -1
human 2B6 3 S -2
human 2E1 3 3 0
human 3A4 3 6 0
human 2C19 0 -2 1
human 2D6 -2 1 -5

TM helix” PDBID domain
N/A N/A ordered,*****° anionic-rich®
1 2hi4
3 2nnj
1 1poS disordered + ordered™
2 4i8v
N/A N/A disordered””*"**
N/A N/A disordered
0 1r%
0 3ua$
0 3koh
-3 1tqn
1 4gqs
2 3qm4

“For charge distribution over the CYP surface, see Table S3 in Supporting Information. Total charge was calculated from the UNIPROT canonical
sequence. “Distribution of the charge between the distal or proximal side was calculated from the crystal structure resembling the most native form;
TM helix means charge of transmembrane helix. Charges were estimated on the basis of the presence of Arg, Lys, Asp, and Glu amino acids.
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also be affected by many other factors such as temperature, lipid
composition, presence of divalents, etc. In any case, the data in
Table 2 (and more detailed Table S3) show that CYPs with
positive total charge prefer the ordered membrane domains,
which might contain a surplus of anionic lipids.>

Bl CONCLUSION

We studied the influence of lipid membrane composition on
the behavior of human CYP3A4. CYP3A4 was found to be
anchored to the membrane in N-terminal a-helix, F/G loop,
and neighboring hydrophobic regions. The embedding depth
and orientation depended on the membrane lipid charge. As
CYP3A4 is positively charged, it was more attracted to the
negatively charged rather than neutral lipid membrane lipids, as
reflected by the calculated membrane immersion depth and
orientation. Hence, the CYP3A4—membrane interaction
seemed to be affected by electrostatics and hydrogen bonding,
which are believed to be responsible for the observed structural
changes of CYP3A4—membrane complexes. We suggest that
the structural features of the CYP—membrane interaction might
be further reflected in the differing CYP function and
membrane microdomain localization, as already observed for
CYP1Al and CYP1A2. These findings indicate that CYP—
membrane interactions are rather complex (Figure 6) and the
specific nature of the membrane may affect many biophysical
and biochemical aspects of CYP function, ie., enzyme
immersion depth, orientation, access/egress channels opening
or closing, interaction with its redox partners and substrates,
and membrane domain localization. We suggest that the
membrane is not merely a passive environment but may
contribute to regulation of CYP function.
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B ABBREVIATIONS

AA, amino acid

CPR, cytochrome P450 reductase

CTA, CYP tilt angle

CYP, cytochrome P450

dCM, CYP center-of-mass distance from the membrane
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DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOPG, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-
glycerol))]

DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoserine

DOPx, phospho-(choline, ethanolamine, glycerol, serine)
HTA, heme tilt angle

MD, molecular dynamics

POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PC, phosphocholine

PA, phosphatidyl acid

PE, phosphoethanolamine

PS, phosphoserine
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ABSTRACT: Although the majority of enzymes have buried active
sites, very little is known about the energetics and mechanisms
associated with substrate and product channeling in and out.
Gaining direct information about these processes is a challenging
task both for experimental and theoretical techniques. Here, we
present a methodology that enables following of a ligand during its
passage to the active site of cytochrome P450 (CYP) 3A4 and
mapping of the free energy associated with this process. The
technique is based on a combination of a bioinformatics tool for
identifying access channels and bias-exchange metadynamics and
provides converged free energies in good agreement with
experimental data. In addition, it identifies the energetically
preferred escape routes, limiting steps, and amino acids residues
lining the channel. The approach was applied to mapping of a
complex channel network in a complex environment, i.e, CYP3A4 attached to a lipid bilayer mimicking an endoplasmic
reticulum membrane. The results provided direct information about the energetics and conformational changes associated with
the ligand channeling. The methodology can easily be adapted to study channeling through other flexible biomacromolecular
channels.

Substrate outside
of enzyme

Free Energy

Reaction coordinate

H INTRODUCTION Unfortunately, traditional structural methods, ie., single
crystal X-ray diffraction and NMR spectrometry, do not provide
a sufficient picture of the ligand passage. X-ray diffraction
provides mostly a static view of the enzyme and its ACs from
either analysis of enzyme structures by dedicated software tools
(e.g, MOLE 2.0,'> CAVER 3.0,"* and MolAxis,'* to name a
few) or comparison of enzyme structures with and without
bound ligands.ls’m However, NMR techniques can reveal
information on multiple time-scales about the conformational
enzyme dynamics,'’ e.g, product release during an isomer-
ization reaction.'® Yet another view is provided by single
molecule fluorescence spectroscopy, which can be used to
describe the structural dynamics and fluctuations of enzymes at
1920 Fluorescence spectroscopy has also
successfully been applied in studies of catalytic properties of
enzymes with buried active sites.””*” Apart from spectroscopy
methods, the role of specific amino acids in the ACs or active

Enzyme catalyzed biotransformation processes take place in
active sites,' ~ which are usually either localized in surface
pockets or buried within the protein, as shown for more than
60% of annotated enzymes.” Hence, substrates and products
(henceforth referred to as ligands) must typically access the
enzyme’s active site through access channels (ACs),” which
connect the site with the surrounding environment.’ The
amino acids lining such channels contribute to the substrate
specificity and enzyme efficiency’~” because they determine the
channel geometry, physical-chemical properties, and flexibility.
Thus, identification of ACs and AC lining amino acids is
important for understanding the enzyme substrate specificity,
which in turn can be used for the rational design of biocatalysts
in biotechnology and sensing applications.”'* In addition ACs
may behave as uniform pathways which connect the buried
active site with the protein surface or form a complex channel

molecular resolution.

network where the channels may either merge into the others site on g‘_ez ;iCtiVitY of enzymes can be evaluated by mutational
or branch."" This can hinder the ACs description. Nonetheless, studies.” ™" However, such experimental techniques have so
the identification of ACs and AC lining amino acids and far provided only limited details of the mechanism of ligand
evaluation of their behavior and role in ligand permeation are
challenging tasks for both experimental techniques and Received: January 21, 2016
theoretical tools. Published: March 11, 2016
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Figure 1. Schematic representation of 1,3,7-trimethyluric acid (TMU) passage through one of the CYP3A4 enzyme channels. The path through the
channel (spath) was defined by several milestones—reference structures equally distributed in the chosen space. The metric defining the milestones
was the drug distance mean square deviation (DMSDDrug) (one of the pair of atoms used for DMSDDrug enumeration was a TMU heavy atom
(red), the other was the C, atom of the channel lining residues or heme atoms (blue), for clarity we only show contacts to one oxygen atom of the
ligand). The value of spath determines the position along the path (for conformation in time t (orange) in the figure spath ~1.5—between milestones

1 and 2). The value of zpath determines the distance from the path.

passage through ACs and degree of adaptive conformation
changes of ACs associated with ligand passage.

The identification and characterization of ACs and lining
amino acids by theoretical methods are also a nontrivial task as
channels may dynamically open/close in response to water or
ligand passage and enzyme breathing motions.”* " Random
acceleration (originally termed expulsion) molecular dynamics
(RAMD)*" and steered molecular dynamics (SMD)""**** are
two techniques developed to identify potential ACs.>*** These
techniques are derived from classical molecular dynamics (MD)
and use an additional force to pull the ligand molecule through
the channel. They can suggest the mechanism of hgand passage
and assess free energles of ligand binding AG™ and the
transition state AG", which are related to the experimentally
observed Michaelis constant and rate constant of ligand binding
and unbinding, respectively. However, it should be noted, that
the latter methods tend to overestlmate the free energies
associated with ligand passage’*°~*® as they do not sample the
configurational space effectively. A recently published approach,
based on Hamiltonian replica exchange molecular dynamics
(HREMD), allows studying the process of pulling the ligand
from the active site or binding the ligand to the protein cavity
obtaining results in the good agreement with experiments.””*’
Its use with a newly defined variable—distance field distance—
allowed studying binding of aspirin to a shallow active pocket in
PLA, enzyme without the exact prior definition of the path.*'
Nevertheless, to our best knowledge, these methods were never
applied to systems with a complex network of malleable ACs,
such as those identified in cytochrome P450 (CYP) enzymes:
the passage from one state to another in such complicated
systems can depend on several collective variables and sampling
of such a multidimensional space is not possible by simply
pulling the ligand out of the active site. In recent years,
metadynamics with a well chosen set of collective variables has
been shown to allow sampling the configurational s7pace of
complex systems and provide converged free energies.””™ This

approach was introduced in 2002, building on ideas from other
free energy methods, such as the Wang—Landau algorithm™
and adaptive force bias,** and conformational search methods
such as Tabu search,*® conformational ﬂooding,45 and local
elevation."* However, metadynamics has not yet been applied
to such highly flexible systems as CYPs. Overall, an efficient and
robust method capable of providing information about the
passage of ligands through multiple flexible channels has not
been described yet.

Human cytochrome P450 (CYP) enzymes are membrane
anchored proteins that catalyze biotransformation processes of
many endogenous and exogenous compounds.” They are
important targets of pharmacological studies, being responsible
for transformations of more than 60% of marketed drugs’™”’
and many drug—drug interactions.”> CYP active sites are deeply
buried in compact catalytic domains>>~>* and are connected to
the outside via a complex network of flexible ACs.***® The
CYP3A4 isoform is a prominent member of the CYP family"
owing to its promiscuity and relevance in drug metabolism.>”>”
Despite its importance, CYP3A4 represents a challenge for
molecular dynamics simulations (MD): the catalytic cycle
involving the heme cofactor is complex’® and the enzyme is
flexible and most frequently anchored to an endoplasmic
reticulum membrane. MD simulations of membrane attached
CYP3A4 have been published very recently””®” mostly thanks
to advances in force field development and membrane
simulations. The above-mentioned features make CYP3A4 a
highly challenging but ideal touchstone of theoretical methods
for the identification of ACs, their lining amino acids and free
energy changes accompanying ligand passage through flexible
ACs.

Here, we present a synergy of the standard structure-based
approach for identifying ACs (MOLE) and bias-exchange
metadynamics (BE-META) to study the mechanism of ligand
passage through the malleable ACs of CYP3A4. As the ligand
we used one of the CYP3A4 caffeine metabolites,
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Figure 2. Free energy profiles (left panel) of TMU passage via three ACs of CYP3A4 embedded in a DOPC lipid bilayer (middle panel). CYP3A4 is
shown as a gray surface, heme as green sticks, and DOPC phosphates as orange balls. Initially identified AC-2e is shown in black dots. The schematic
in the right panel shows the depth of the channel entrances in the membrane and the channel lining amino acids residues. Bulky channel lining
residues are underlined, whereas transition state residues within 4 A of TMU are depicted in the bordered regions.

1,3,7-trimethyluric acid (TMU). For this purpose, we
developed a new metric describing the movement of a ligand
along a highly flexible AC, named DMSDDrug (Figure 1).
Using DMSDDrug together with a set of other collective
variables (CVs), we obtained converged free energy profiles
along three independent ACs valid for both access and egress of
a ligand. Using these profiles, we identified the preferred AC,
transition states for all three ACs and lining and gate-keeping
amino acids, whose mutations may alter enzyme function. We
observed adaptive conformational changes of CYP3A4 during
ligand passage and demonstrated that the flexibility and
adaptability of ACs are crucial for ligand passage. The
knowledge gained into the ligand passage mechanism
represents a key step forward for rational enzyme design, and
the presented technique could be easily adapted to analyze
other enzymes.

B METHODS

We prepared the model of CYP3A4 using the X-ray structure
1TQN according to the procedure described elsewhere® (see
also the Supporting Information). We then inserted CYP3A4
into a pre-equilibrated 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) bilayer and performed 100 ns of unbiased MD
simulation with GROMACS 4.5.5.°" Using the MD trajectory,
we identified potential access channels by MOLE 2.0."* Among
the 7 channels found by this algorithm (see Table S1), we
selected three channels that were open (bottleneck radius larger
than 1 A) in total for more than 1 ns during the whole MD run.
The channels satisfying this criterion are depicted in Figure 2:
the channel depicted in black (AC-2e) joins the enzymatic
cavity with the hydrophobic core of the membrane; the one
depicted in blue (AC-4) ends in the headgroup region of the
phospholipids; and finally, the one depicted in red ends in the
cytoplasm.

We then performed MD simulations for a total of
approximately 6 ps and computed the free energy associated
with the passage of 1,3,7-trimethyluric acid (TMU, Figure S1)
through the three channels using bias-exchange metadynamics
(BE-META).” This technique is based on running in parallel a
large number of metadynamics,” each biasing a different
collective variable (CV). Exchanges between the replicas are
attempted at regular time intervals according to a replica-
exchange scheme. As a consequence of the exchanges, this

2103

procedure enhances the convergence of the free energy
estimates on each replica and allows multidimensional free
energy landscapes associated with complex biochemical
processes to be computed, e.g., protein folding,”*

In BE-META simulations, choosing the correct CVs is crucial
for reaching convergence. BE-META has already been applied
for studying the translocation of a ligand through a channel.**
Building on this work, we introduced a metric (named
DMSDDrug) specifically tailored for studying the translocation
of ligands through very flexible and faintly defined channels.
The metric was used for enumeration of the path collective
variable introduced in ref 65. In ref 64 it was shown that in
some cases the distance CV does not allow reaching
convergence, and only by using a suitably defined spath
variable it is possible to reconstruct a meaningful free energy
landscape.”* Progression along the channel was defined by
5—10 milestones, in which the ligand was placed in a regularly
spaced sequence of configurations between the enzymatic
cavity and mouth of the channel. These milestones were
generated by docking the ligand in the channel identified by
MOLE 2.0"* by AutoDock Vina® (see the Supporting
Information). To estimate the value of DMSDDrug on
configuration X, the distance between X and milestone m was
computed as follows

N,

‘channel

Niigand

)

i=1

_
ZvligandN

‘channel

d"(x) = (5 = ")’

j=1
where r; and r,(jm) are the distance between atom i and j in
configuration X and the configuration of milestone m,
respectively. The sums on i and j run from 1 to Njg,,q atoms
belonging to the ligand and Ng,,,, atoms belonging to the
channel wall, respectively (see Figure 1). This is the main
difference to the DMSD metric detailed in ref 65, for which
both sums run over the same set of atoms. This modification
was crucial for using a spath variable for the process studied in
this work because in the original formulation, the value of dom
was dominated by fluctuations in the distance between the
atoms of the channel wall, making its value a noisy measure of
the position of the ligand. Following ref 65, we then defined the
channel spath collective variable as follows
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The set of CVs used for the three BE-META simulations of
the three channels included the spath variable defined above
(CV1) and seven other variables aimed at describing the
orientation of the ligand, the size of the channel and chemical
nature of the interaction of the ligand with the channel walls:
CV2 and CV3 covered the number of hydrophobic and
hydrophilic contacts between the ligand and channel, CV4 and
CVS described the orientation of the ligand with respect to the
channel axis, CV6 was the radius of gyration (R,) of the
channel mouth/s, CV7 was the distance from the heme, and
CV8 was the zpath variable defined according to ref 65 (see the
Supporting Information and Table S2 for exact definition and
Figure S2). For increasing the sampling in channel AC-2af and
its R, (see later) we performed another 130 ns BE-META
simulation with S replicas — AC-2e spath and zpath, distance
from the heme, R, of AC-2af, and contacts with AC-2e. The
sampling and convergence is discussed in the Supporting
Information (see Figures $10—S15).

B RESULTS AND DISCUSSION

We studied the thermodynamics of TMU permeation through
membrane-attached CYP3A4 via its access channels. Based on
MOLE 2.0 analysis of an unbiased simulation (Table S1), we
chose channels AC-S, AC-2e, and AC-4 for further study. We
then defined a set of eight collective variables (CV1—CV8) for
BE-META calculations as using multiple CVs in BE-META
simulations was shown to increase the convergence rate.’”
Since we aimed at monitoring the translocation of TMU
through different channels, the simple distance from the heme
was insufficient for this purpose. Therefore, and owing to the
flexibility of the channels, we employed the new DMSDDrug
metric for spath CV, which allowed distinguishing the motion
of a ligand and motion of the channel (see Methods). For each
channel, we performed ~2 us of BE-META simulations. By a
detailed analysis of the trajectories of the individual replicas we
observed that for some of them (especially those biased on the
orientation of TMU with respect to the channel direction) the
sampling was produced almost entirely with the TMU in the
active site and therefore we discarded these replicas from
further analysis (Figures S12—14). In other words, these CVs
(two orientation CV replicas, hydrophobic contacts replica and
hydrophilic contacts replica in AC-2af) contribute to the final
free energy results only by enhancing the convergence of the
other replicas (for example by generating configurations with
the TMU in different orientations). The zpath CV was
introduced in order to control the distance from the predefined
path. In the case of AC-S, a soft potential wall on this variable
was introduced in order to keep a drug within the channel for
an initial part of the simulation; however, finally this appeared
to be useful only in the case of very disfavored channels. In
principle, we would recommend keeping as many CV replicas
as possible, because it leads to convergent BE-META
simulations of a rather complex system and enabled enough
flexibility for similar simulations; however, in the case of need
the discarded replicas could be under consideration and the
CVs can be mapped afterward. During the analysis, we noticed
that in the simulation of TMU transport through AC-2e, the
ligand preferred to permeate through the nearby channel
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AC-2af. Therefore, we interpreted the results of this simulation
as for AC-2af.

In Figure 2, free energy profiles are plotted as a function of
the spath variable, which describes the progress of TMU along
the channels. All the free energy profiles showed a minimum in
the active site. For all three cases after this minimum, we
observed a low barrier of 4—6 kcal/mol related to the
unbinding of TMU from the active site. After this barrier, the
free energy progressively increased up to the transition state,
which was localized just below the CYP3A4 surface in all three
cases, with barriers of 10.2 + 0.6 kcal/mol for AC-S, 14.5 + 0.9
for AC-4, and 16.5 + 0.9 for AC-2af. This shows that TMU is
released preferentially through the AC-S channel. The
computational setup did not allow computing the binding
free energy AG"™. Indeed, the milestones used in spath only
properly describe the translocation through the channels,
though some milestones were located also outside of the
channels (dotted line in Figure 2). However, by using the
milestones we cannot take into account the entropy gain
deriving from releasing the confinement effect of the channel.
Thus, to compute AG"™ one should perform another free
energy calculation with different collective variables aimed at
describing the detachment of the ligand from the transition
state at the channel mouth, add a correction to the entropic
gain (e.g, using the method described in ref 67), or perform
alchemical free energy calculation. For amphiphilic molecules,
the free energy of the transition state of AC-S provides an
upper bound for AG'™. The AG"™ calculated by the
alchemical simulation (see the Supporting Information) was
—10.4 + 2.5 kcal/mol, which is in good agreement with AG of
the transition state.

Apart from BE-META, we also computed the free energy
profile associated with the translocation of TMU through a
DOPC membrane by COSMOmic®® (see Figure S3). The state
in which TMU was solvated in water was favored by ~6 kcal/
mol with respect to the membrane core, consistent with the
difference between the free energy barriers for the AC-S and
the AC-2af channels connecting the active site with the
cytoplasm and membrane interior. This indicates that the
pathway toward the hydrophobic tail region is strongly
disfavored for this ligand. Interestinglyy, COSMOmic also
predicted that TMU can localize close to the headgroup region
(notice the minimum at z = 1.5 nm in Figure S3). Remarkably,
the barrier for channel AC-4 directing TMU to the region
below the head groups was significantly higher than for the
channel leading to the solvent; however, the free energy profiles
after the transition states (outside of protein) suggest a small
free energy decrease as TMU samples both solvent and
headgroup region. Our calculations also unambiguously
demonstrate that two of the channels (AC-S and AC-2af) of
CYP3A4 are remarkably flexible and change their conforma-
tions in response to the passage of TMU.

In Figure 3, we plot the free energy for each channel as a
function of the mouth opening (henceforth mouth) radius R,
and the spath variable. R, represents the maximal radius of a
sphere docked to the mouth opening at the end point of the
channel starting from the active site and leading to the
respective mouth as calculated by MOLE 2.5'” software with a
probe radius 5.0 A. End points of channels were defined by the
same amino acids as those used for the definition of R, (Figure
3, Figure S6). We observed small changes in R, during TMU
permeation through AC-4, indicating that this specific channel
is rather rigid, at least in the mouth region. The mouth of
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Figure 3. Free energy as a function of the mouth radius and spath
variable. Red regions did not have sufficient sampling for reliable
calculation of the free energy. The dashed line represents the
approximate path followed by the ligand.

AC-2af was rather in a closed state when TMU was in the active
site with R, ~ 0.9 A, but TMU permeation opened the channel
mouth to R, ~ 2.5 A. It should be remarked that the initially
studied channel AC-2e did not open sufficiently for TMU
permeation. Indeed, the one-dimensional free energy profile of
R, of channel AC-2e showed a high free energy barrier for its
opening (see Figure S4). Interestingly, both AC-4 and AC-2e
lead through CYP3A4 F/G or B/C loops with defined
backbone lengths, and the adjustment of these loops to the
presence of ligand is rather limited. The AC-S channel was very
flexible and gradually adjusted its geometry in response to the
ligand passage. When TMU was in the active site, the channel
was either closed (R, ~ 0.9 A) or moderately open
(R, ~ 1.7 A), as indicated also by the one-dimensional free
energy profile (see Figures S4, SS, and Figure 3). As soon as the
ligand left the active site, the channel stayed closed (R, ~ 0.9
A). Finally, at the transition state, the channel opened
completely, and R,, reached 2.5 A. In a free unbiased simulation
with TMU in the active site, the channel remained closed (R,
~ 0.85 A) for the whole simulation (S00 ns, Figure S7),
indicating that the open state is separated from the closed state
by a significant free energy barrier associated with a variable not
directly related to R; and therefore not visible in the free energy
projections of Figures 3 and S4. The results clearly indicate that
biased MD simulations directly addressing passage of a ligand
may identify different preferred access channels than analyses
based on classical MD simulations or X-ray structures. This is
demonstrated by the fact that in the free simulations, channel
AC-S appeared to open very rarely, whereas with BE-META, it
was the most favorable channel. In other words, the enzyme
access channels are malleable,ss’ég_72 reflecting ligand passage,
and such adaptive conformation changes of access channels
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may not necessarily be reflected in structures taken from X-ray
analysis and classical MD simulations.

The multidimensional free energy profiles obtained from the
BE-META simulations allowed identification of the transition
states for the release of TMU via the three channels (Figure 4).
In all three cases, the transition states corresponded to
configurations where TMU was at least partially in contact
with the surrounding environment, i.e., either water or lipids.
The nature of the environment outside the individual ACs
differed significantly, especially in terms of hydration level:
TMU in the transition state of AC-S was partially hydrated, in
AC-4, the hydration was localized on a small part of TMU, and
in AC-2af, TMU was not in contact with bulk water but in
contact with lipids (Figure 4). The amino acid residues of the
transition states also reflected the nature of the local
environment: in AC-S, TMU made polar contacts with E308,
Y307, and the backbone of L211; in AC-4, a hydrogen bond
was formed between TMU and the backbone of F108; and in
AC-2af, the only polar contact was with the backbone of D76
and otherwise TMU was surrounded by nonpolar residues. A
common residue of transition states for two of the three
channels (AC-S and AC-4) was R212. This residue was also
present close to the transition state of AC-2af, and therefore it
seems to play an important role in channel opening. The
mentioned residues and also other residues important to the
transition states are depicted in Figure 4. Mutations of these
amino acid residues may alter access channel properties and, in
turn, enzgrme substrate preferences, as shown also for other
enzymes.

Large amino acids lining the channels, such as R106, E308,
F213, D214, and D217, are also perspective candidates for
mutation (Figures 2, S8, and S9), as their size and ability for
forming hydrogen bonds can significantly affect the malleability
of ACs. The importance of some of these residues has been
confirmed ex;)erimentally (Appendix #1, Supporting Informa-
tion).>*7>%7%"> We identified that the enzyme flexibility is a
crucial property for ligand permeation, and therefore reducing
the flexibility (especially in AC-S) may reduce the AC
permeability. Hence, mutation of residues on loops forming
the mouth of AC-S (glycines 480—481 or leucines 210—211) to
other residues (especially forming a hydrogen bond with the
L-helix or larger amino acids blocking AC entrance) may restrict
the opening of AC-S. Indeed, mutation of L211 to tyrosine has
been shown to decrease the affinity toward several xeno-
biotics.”

These results show that the presented method is not only
capable of predicting the free energy of release of a ligand from
the binding site but also of finding new access channels not
detectable by the analysis of the enzyme structure, which
usually focuses on lining amino acids or on the AC
diameter.”***”””® In our approach the identification and
characterization of the ACs is based on a synergy between
the structural bioinformatics tool, MOLE 2.0, and BE-META
simulation. Here, it was possible to achieve a satisfactory
statistical accuracy only by using a newly employed metric used
in the spath variable. Unlike other in silico techniques for free
energy calculations of ligand passage through enzyme
ACs”"7* that drive the ligand from the active site and usually
overestimate the free energy barrier, the proposed BE-META
approach allowed several permeations of TMU to be observed
through ACs and provided converged free energy profiles valid
both for access and egress. Previous studies employing the BE-
META method to analyze ligand passage have only focused on
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Figure 4. Amino acid residues near TMU in the transition states of studied ACs in schematic representation (left) and atomic representation (right).
Left: Blue shadow represents hydration level of TMU atoms, green curves represent nonpolar contacts, yellow and blue curves show polar contacts,
and magenta arrows correspond to hydrogen bonds.”® Right: Residues are shown as balls-and-sticks representations, nonpolar hydrogens are not
shown for clarity, secondary structural elements are represented as transparent cartoons and colored according to their position in the sequence: -S-
region (labeled as ﬁ-ﬁnger) — red, F/G loop—green, I-helix—yellow. TMU is shown as orange/blue/red balls and sticks, and water molecules are

shown as purple transparent spheres.

rigid and clearly defined pathways through enzymes.”"*’

However, we have shown that the approach presented here
also allows identification of mutable AC-lining residues and
analysis of their function in malleable enzyme ACs.

B CONCLUSION

We have presented a method for studying ligand passage
through malleable enzyme ACs and applied it to the passage of
1,3,7-trimethyluric acid (TMU) through membrane attached
CYP3A4 ACs. We used a synergy of the MOLE 2.0
bioinformatics tool for identifying access channels and bias-
exchange metadynamics (BE-META). This combination of
methods allowed differentiating well between multiple ACs and
allowed performing a detailed thermodynamic and structural

2106

analysis without the restriction to previously identified
channels. To achieve convergence, it was necessary to introduce
a new metric for spath enumeration (DMSDDrug), which was
shown to closely describe the position of TMU in the ACs.
Our results suggested that CYP3A4 flexibility has a
significant influence on the permeation ability of TMU.
Whereas MOLE 2.0 analysis of a classical MD simulation
identified AC-2e and AC-4 as the mostly opened channels, the
BE-META simulation suggested that TMU does not pass
through AC-2e, mostly due to the rigidity and insufficient size
of its mouth. Further, we analyzed a channel (AC-S) that
opened very rarely during the classical MD simulation. BE-
META indicated that AC-S was the most favorable channel for
TMU release, followed by AC-4 and AC-2af. From analysis of
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transition states located on the CYP3A4 surface and the
channel lining residues, we identified several amino acids
(R212, E308, F304, S119 and F108, F213, D214, D217) whose
mutations may significantly affect CYP3A4 activity. Some of
these residues have already been identified experimentally as
amino acids altering CYP3A4 function.”*™>%’*”> These results
provide new insights into the mechanism of ligand release from
CYP3A4. Overall, the approach presented here appears to be
robust, transferable, and capable of distinguishing between
multiple pathways. We anticipate it will be a valuable tool for
enzymatic studies and rational enzyme design.
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ARTICLE INFO ABSTRACT

Keywords: Background: Cytochromes P450 are major drug-metabolizing enzymes involved in the biotransformation of
Biotransformation diverse xenobiotics and endogenous chemicals. Persistent organic pollutants (POPs) are toxic hydrophobic
Tunnel compounds that cause serious environmental problems because of their poor degradability. This calls for rational
MM-PBSA

design of enzymes capable of catalyzing their biotransformation. Cytochrome P450 1Al isoforms catalyze the
biotransformation of some POPs, and constitute good starting points for the design of biocatalysts with tailored
substrate specificity.

Methods: We rationalized the activities of wild type and mutant forms of rat cytochrome P450 1A1 towards
2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) and 3,3’,4,4’-tetrachlorobiphenyl (PCB77) using experiments and
molecular dynamics simulations.

Results: We showed that the enhanced activity of the CYP1A1 mutant towards TCDD was due to more efficient
binding of the substrate in the active site even though the mutated site was over 2.5 nm away from the catalytic
center. Moreover, this mutation reduced activity towards PCB77.

General significance: Amino acids that affect substrate access channels can be viable targets for rational enzyme
design even if they are located far from the catalytic site.

Protein engineering
Distal mutation
Rational enzyme design

processes catalyzed mainly by CYP1 isoforms [5].

Mammalian CYPs are attached to biomembranes via N-terminal
anchors, and their catalytic domains are partially membrane-immersed
(Fig. 1) [6-8]. Their active sites are deeply buried in their structures
[9,10] and are connected to the external environment via a complex
network of access channels [11]. Substrates must travel through these
channels to reach the catalytic site [12,13]. The channels differ from
each other in terms of factors such as their lengths, widths, and mouth

1. Introduction

Cytochromes P450 (CYP) monooxygenases are important in the
biotransformation of many endogenous substrates and xenobiotics in-
cluding toxic environmental pollutants such as persistent organic pol-
lutants (POPs) [1]. POPs can be classified into three groups according to
their chemical composition: polychlorinated dibenzo-p-dioxins
(PCDDs), polychlorinated dibenzofurans (PCDFs) and polychlorinated

biphenyls (PCBs) [2]. PCDDs and PCDFs are by-products of various
industrial chemical processes including chlorination, pesticide manu-
facture and combustion, while PCBs were industrial compounds used in
transformers and condensers. They are considered to be highly toxic [2]
and they are also very hydrophobic compounds that readily accumulate
in lipid-rich tissues such as the visceral fat and skin of animals [3] and
humans [4]. In humans, some POPs undergo slow biotransformation

opening locations. Detailed analyses of the biotransformation kinetics
of polycyclic substrates with different sizes catalyzed by chimeric
CYP1A enzymes have suggested that amino acids located on the pro-
tein's surface at the channel entrances may be involved in substrate
recognition and could strongly affect the efficiency of biotransforma-
tion [13]. Channels whose mouth openings face the hydrophobic
membrane core (channels 2af, 2b, 2¢c, and 4) may serve as ligand access
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channels for hydrophobic ligands, which tend to accumulate inside the
membrane [14]. Conversely, channels with exits pointing to the solvent
(notably the solvent channel, S) are assumed to be metabolite egress
channels. Because lipophilic compounds exhibit different patterns of
accumulation across membrane regions [3,14], their metabolism may
be influenced by the locations of the channel mouths [15].

POPs are usually poorly degradable but most can be metabolized by
CYPs [16]. An important exception is the most dangerous dioxin,
2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD), which cannot be meta-
bolized by any wild-type CYP in a reasonable timeframe and therefore
has a strong tendency to persist and accumulate in food chains [17].
While other POPs can be metabolized by a wide range of CYPs (in-
cluding human CYP1A1, 1A2, 2C9, rat CYP1A1, and porcine CYP1Al),
TCDD remains untouched by these enzymes [18-21]. Because of its
toxicity and resistance to degradation, it is used as a reference com-
pound when computing toxic equivalency factor (TEF) values for other
POPs [17]. The hydroxylation reactions catalyzed by CYPs pre-
ferentially target unsubstituted positions on the skeleton of POPs.
Therefore, monochloro-, dichloro-, and trichlorodibenzo-p-dioxins can
be metabolized by rat CYP1A1 but TCDD, which has four chlorine-
substituted positions, cannot. An enzyme capable of degrading TCDD
was previously created by using site-directed mutagenesis to replace the
large phenylalanine residue at position 240 of rat CYP1A1 with alanine
[18]. The mutated residue is located around 24 A from the heme iron
atom (i.e. at the protein surface), and it is not yet clear how such a
distant mutation can so strongly affect the enzyme’s activity.

The mechanistic reason for the enhanced activity of the rat F240A-
CYP1A1 mutant enzyme towards TCDD remains unknown. In principle,
many factors could affect the mutated enzyme's activity and substrate
specificity, including the accessibility of the active site through access
channels [13,22], the enzyme's orientation in the membrane [23,24],
the alignment of the access channels openings with the substrate’s lo-
cation in the membrane [7], and the enzyme's binding affinity for the
substrate. Because rational enzyme design depends on a robust under-
standing of the roles played by activity-changing mutations (as beau-
tifully demonstrated by the engineering of haloalkane dehalogenase
[25,26] and cytochrome ¢ peroxidase [27]) and there is a need for
designed CYP enzymes capable of metabolizing POPs, we analyzed the
mechanistic effect of the F240A mutation on CYP1A1 activity. To de-
cipher the mechanism responsible for the increased TCDD-degrading
activity of the F240A mutant of rat CYP1Al [18], we performed mo-
lecular dynamics (MD) simulations of the wild type (WT) and mutant
enzymes attached to a lipid bilayer. We also compared the activity of
both enzymes towards a member of another class of POPs, 3,3",4,4’-
tetrachlorobiphenyl (PCB77), using both simulations and experiments.
To rationalize the differences between the two compounds, we
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Fig. 1. The structure of rat CYP1Al, showing its
major structural features. On the left: the catalytic
domain of rat CYP1A1 (for clarity, only secondary
structural elements are shown) embedded in a
DOPC membrane (for clarity, the phosphate groups
are represented as blue spheres and the lipid moi-
eties are not shown). The hollow red circle en-
closes the active site, and the position of the mu-
tated amino acid F/A240 is indicated by a solid red
circle. The N-terminal transmembrane anchor,
which is embedded in the hydrophobic interior of
the membrane, is represented as a green helix. On
the right: a detailed image of the rat CYP1A1 cat-
alytic domain. The mutated amino acid F/A240 is
represented by red spheres, the TCDD molecule is
shown using green (carbons and chlorines) and red
(oxygen) spheres, and the heme cofactor is shown
using purple (carbon), blue (nitrogen) and red
(oxygen) spheres. The I-helix is represented as a
yellow ribbon, the B/C loop is shown in cyan, and
the F/G loop is shown in pink.

performed MD simulations of the WT enzyme and the F240A mutant in
ligand-free form as well as their complexes with PCB77 and TCDD. The
results obtained shed new light on the enzyme’s dynamics and the
catalytic changes resulting from the F240A mutation, demonstrating
that mutations far from the active site can profoundly affect the uptake,
binding and release of the studied POPs.

2. Materials and methods
2.1. Experimental studies

PCB77 and '3C-labeled hydroxylated (OH)-PCBs as internal stan-
dards were purchased from AccuStandard (New Haven, CT) and
Wellington Laboratories (Guelph, Canada), respectively. The genes for
the wild type (WT) rat CYP1A1l enzyme and the F240A mutant were
expressed in Saccharomyces cerevisiae strain AH22 cells using the
plasmid pGYR, which contains the gene for yeast NADPH-P450 oxi-
doreductase. Microsomal fractions were purified from recombinant S.
cerevisiae cells as reported previously [28]. The expression of the CYPs
was determined by the method of Omura and Sato using reduced CO
difference spectra [29].

The metabolism of PCB77 by WT rat CYP1A1 and the F240A mutant
was evaluated as reported previously, using 40 pmol of the appropriate
CYP [30]. PCB77 was added to the reaction mixture at 250, 500, 1000,
or 2000 ppb with 0.1% dimethyl sulfoxide, and an NADPH regeneration
system comprising 0.5 mM NADPH, 5 mM glucose-6-phosphate (G6P),
and 1 unit G6P dehydrogenase) was used. The reaction mixture was
shaken continuously for 2 h at 37 °C. The reaction was then halted by
incubation on ice, and 100 ppb of the appropriate '*C-labeled OH-PCB
was added. Metabolites were extracted twice with 2 mL hexane, and
their methylated derivatives were determined and quantified by high-
resolution gas chromatography and high-resolution mass spectrometry
(HRGC/HRMS) as reported previously [31,32]. The hydroxylated me-
tabolite of PCB77 was determined by comparison to the retention time
of 4-OH-3,3’,4’,5-tetrachlorobiphenyl.

2.2. Computational studies

2.2.1. Structure preparation

The structure of the complete rat WT CYP1A1l (UNIPROT ID:
P00185), i.e. the catalytic domain and the N-terminal transmembrane
anchor, was obtained by homology modelling with Modeller 9.10 [33].
The template structure was obtained by taking the X-ray structure of
human CYP1A1 (PDB ID: 418V) and removing its a-naphthoflavone li-
gand [34]. The structure of the F240A mutant was obtained by deleting
the phenyl ring of F420 using the Pymol 1.7 software package [35].
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AMBER ff99SB [36] was used for both enzymes. Parameters for the
heme cofactor were adopted from literature [37]. The initial membrane
model consisted of 121 molecules of 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) in each leaflet; the lipids were modeled using the
Slipids force field [38]. The pure DOPC bilayer was equilibrated at
310 K by MD simulation in TIP3P water [39] for 200 ns. The WT and
mutant F240A enzymes were then embedded into the equilibrated
DOPC lipid bilayer using g membed tool [40]. The complex of WT/
F240A attached to the DOPC membrane was then placed in a rectan-
gular box and solvated using the TIP3P water model [39]. Forty-seven
Na* and 47 Cl~ ions were added to simulate the physiological ionic
strength of 0.1 mol/L.

2.2.2. Parametrization of PCB77 and TCDD molecules

Structures of PCB77 and TCDD molecules were drawn using Marvin
14.7.7.0 software; ChemAxon (http://www.chemaxon.com). Same tool
was used for clogP prediction. Molecules were parameterized for MD
simulations according to a tested protocol [41] compatible with the
Slipids [38] and AMBER ff99SB [36] force fields. Electrostatic potential
(ESP) values were calculated using Gaussian 09 [42] at the HF/6-31G*
level of theory. Partial charges were then calculated by the RESP
method using AMBER 11 [43]. Bonded parameters and atom types were
taken from GAFF [44]. Finally, the amb2gmx tool [45] was used to
convert data in the Amber file format to the Gromacs format. Structures
were then positioned in active site by alignment to the position occu-
pied by a-naphthoflavone position in the template protein structure.

2.2.3. Molecular dynamics

MD simulations were performed using GROMACS 4.5.5 [46]. The
same protocol was used for both systems: after minimization by the
steepest descent method with a threshold (maximum force) of
10kJmol ™ ' nm ™!, we performed a 1-ns-long pre-equilibration with
the semi-isotropic Berendsen barostat [47] set to 1.013 bar and the V-
rescale thermostat [48] set to 310 K, an isothermal compressibility of
4.5 x 10~ >bar ™ !, and positional constraints applied to backbone Ca
atoms. Then we performed a 200-ns-long MD simulation with the Nosé-
Hoover thermostat [49,50] at 310 K, the Parinello-Rahman barostat
[51] at 1.013 bar with semi-isotropic conditions, an isothermal com-
pressibility of 4.5 x 10~ °bar ™~ !, 2-fs-long time steps, constraints ap-
plied to hydrogen bonds, periodic boundary conditions in all directions,
the Particle Mesh Ewald method [52] (with 0.1 nm cutoff), van der
Waals interactions switched off from 0.8 to 0.9 nm, and pair-lists gen-
erated with the group cut-off scheme.

After the ligand-free simulations we inserted the ligands (PCB77 and
TCDD) into the active sites of both structures at the same position,
which is occupied by a-naphthoflavone (aNF) in the X-ray structure of
the human WT enzyme [34]. We then followed the same simulation
protocol as for the ligand-free forms. We thus performed 200-ns-long
MD simulations of the WT and F240A enzymes with PCB77 or TCDD
molecule bound in the position occupied by the ligand in the template
X-ray structure (see Supporting Information Fig. S1) in order to esti-
mate the effect of ligand binding on the access channel network.

All analyses were performed using the GROMACS 4.5.5 tools [46].
Heme tilt angle (HTA) analyses were performed using the g sgangle
tool. The HTA was defined as the angle between the heme porphyrin
plane and the membrane plane in the z-axis [7].

2.2.4. Channel analysis

Channels were identified using MOLE 2.0 [53] with the following
parameters: Interior Threshold 1.0, Origin Radius 5, Bottleneck Radius
1.0, Probe Radius 5, Surface CoverRadius 10. The starting point was
located ~3 A above the iron atom of the heme cofactor. Channel
identification was performed on 101 structural snapshots taken every
500 ps over the last 100 ns of the MD simulation. Channels were clas-
sified into channel families according to the nomenclature introduced
by Wade and co-workers [11], with the exception of two channels
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belonging to subfamily 2 (2a and 2f), which were united into one
channel called 2af due to their high structural similarity. We also
analyzed the fraction of frames from the MD simulations in which the
channels of various families were open; a channel was considered open
when its bottleneck radius was above ~0.1 nm. Water molecules, ions
and hydrogen atoms, and membrane atoms were not considered in
channel analyses.

2.2.5. MM-PBSA analysis

Ligand binding energies were computed using molecular mechanics
- specifically, the Poisson-Boltzmann surface area (MM-PBSA) method
[54] as implemented in the g_mmpbsa tool [55] from the Gromacs
package (http://rashmikumari.github.io/g mmpbsa/), based on the last
100 ns of each MD simulation. MM-PBSA enables the estimation of the
free energy change for the binding of a ligand to a protein in solvent,
AGpinding, according to Eq. (1):

AGbinding = Gcomplex — (Gprotein + Gligand)s (1)

where Geompiex is the total free energy of the protein-ligand complex
and Gprotein and Giigana are the total free energies of the isolated protein
and ligand in solvent, respectively. The free energy for each individual
entity x (i.e., protein, ligand and protein-ligand complex) is given by
Eq. (2):

Gx = <EMM >x - TSx + <Gsolvation >x, (2)

where <Eppp> is the average molecular mechanics potential energy in
vacuum, T and S denote the temperature and entropy, respectively, and
the last term <{Gsoparon> is the free energy of solvation.

If we are interested in differences between the binding energies of a
given ligand for the WT and mutated enzymes, we can assume that the
binding entropies and solvation entropies for the two proteins are es-
sentially identical, giving Eq. (3):

AAGbinding = AGbinding (F240A) — AGbinding (WT)=
= <EMM >complex (F240A) - ((EMM )protein (F240A) + <EMM >ligand (F240A))
- <EMM >complex (WT) + ((EMM >protein (WT) + (EMM )ligand (WT))
€)

2.2.6. COSMOmic free energy profiles calculation

Neutral structures of compounds were generated from SMILES with
the LigPrep module from the Small-Molecule Drug Discovery Suite
2015-4 [56]. Next, individual conformers of each compound were
generated within MacroModel [56] using the OPLS_2005 force field in
vacuum. Mixed MCMM/LMC2 conformational searches were performed
to enable low-mode conformation searching with Monte Carlo structure
selection. Conformers were selected for further analysis if they were
within 5 kcal/mol of the lowest energy conformer and (to reduce the
number of very similar conformers) had an atom-positional RMSD of at
least 2 A relative to all other selected conformers. Each selected con-
former was subjected to a series of DFT/B-P/cc-TZVP vacuum and
COSMO optimizations using Turbomole 6.3 [57] within the cuby4
framework [58]. After each optimization step, single point energy cal-
culations at the DFT/B-P/cc-TZVPD level with a fine grid were per-
formed to obtain COSMO files for each conformer. The structures of 15
lipid conformers of each lipid (DOPC, ceramide NS, lignoceric acid,
cholesterol) were extracted from a 200 ns free MD simulation. COSMO
files were then obtained in the same way as for the other compounds
using Tubomole 6.3. The atomic distribution in DOPC, CER or SCmix
bilayers was calculated using the g density tool from the Gromacs
package [46], by averaging the last 50 ns of the appropriate MD si-
mulation and slicing one membrane layer into 50 sections. We prepared
conformer sets for both studied compounds, calculated 15 free energy
profiles for each of them and each lipid conformer using COSMOmic
X15 [59], and then averaged these profiles to obtain final profiles.
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Fig. 2. Experimental activities of rat CYP1A1 enzymes. Panel A shows CO difference spectrum for rat CYP1A1 F240A mutant extracted from recombinant yeast cells. Panels B and C show
the hydroxylation activity of the WT and F240A mutant of rat CYP1A1 towards PCB77 (panel B) and TCDD (panel C). The error bars in panels B and C represent one standard deviation
based on three replicate analyses. Data for TCDD taken from Shinkyo et al. [18] Structures of PCB77 and TCDD are shown in the bottom together with metabolites.

3. Results and discussion
3.1. Hydroxylation activity of WT and mutant F240A

To investigate the effect of the F240A mutation on the metabolism
of POPs other than TCDD, [18] we analyzed its hydroxylation activity
towards PCB77. The F240A mutation was shown to make rat CYP1A1
capable of hydroxylating TCDD, a capability not previously observed in
any other CYP [16,18]. Whereas the WT enzyme binds TCDD but ex-
hibits no detectable hydroxylation activity towards it, the F240A mu-
tant has an activity of 20 pmol/min/nmol P450 [18,60] towards this
substrate (Fig. 2). Surprisingly, the F240A mutant exhibited weaker
hydroxylation activity towards PCB77 than did the WT (Fig. 2), the WT
enzyme's activity was 3-14 pmol/min/nmol P450, while the mutant's
was around an order of magnitude lower as F240A was biologically
active (Fig. 2). This stands in sharp contrast to the trends reported for
TCDD by Shinkyo and coworkers [18]. These experimental results
strongly suggest that the hydroxylation activity of rat CYP1A1l can be
significantly altered by distal mutation at the F240 position despite its
considerable distance from the active site, and that such mutations can
even enable the degradation of highly metabolism-resistant molecules
such as TCDD. To explain these observations, the strikingly different
activities of the WT and the F240A mutant were investigated compu-
tationally using MD simulations.

We identified several potential causes of the differences in the ef-
ficiencies of the WT and the F240A mutant towards TCDD and PCB77:
i) differences in the membrane positions of the two molecules and the
active CYP access channels, ii) differences in access channel size, i.e.
active site accessibility, and iii) differences in the affinities of TCDD and
PCB77 for the two CYPs. The following paragraphs discuss these po-
tential causes in more detail.

3.2. Membrane position of PCB77 and TCDD

We analyzed the membrane affinities of PCB77 and TCDD and their
preferred positions in DOPC membranes in terms of free energies along the
membrane normal. Both compounds exhibited high affinities for the
membrane (— 8.8 and — 9.9 kcal/mol for PCB77 and TCDD, respectively,
Fig. 3), which was expected because of their strongly lipophilic character
(clogP of PCB77 is 6.04 and of TCDD is 5.42.). The free energy profiles
suggested that PCB77 and TCDD tend to accumulate in the membrane
core. However, because the minima are shallow and broad, both com-
pounds are widely distributed in the lipophilic membrane core, i.e. the
region within 1.1 nm of the membrane's center line (Fig. 3). The profiles of
both molecules suggest that they should accumulate in the membrane,
leading to their pre-concentration and enhancing enzyme activity.
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Fig. 3. Free energy profiles of PCB77 and TCDD in membranes surrounded by water (top
panel). Both compounds have deep free energy minima inside the membrane (yellow) and
much higher free energies in water (blue). The free energy profile and the abundance of
PCB77 and TCDD as a function of distance from the membrane's center line (bottom
panel) indicate a strong tendency for both compounds to accumulate in the hydrophobic
core of the DOPC membrane. The lower panel's background shows the structure of a
DOPC membrane - oxygens of waters are represented as grey dots, lipid tails are shown as
cyan sticks, and the atoms of the head groups are shown as spheres (red for carbonyl
oxygens, orange for phosphates, and blue for nitrogens).

3.3. Position and orientation of rat CYP 1A1/F240A on the membrane

We performed 200 ns long MD simulations of the WT and F240A
mutant with empty active site cavities to analyze the structure and
orientation of the CYPs on the DOPC membrane. Both enzymes adopted
essentially identical membrane positions and orientations, and the
centers of mass of their catalytic domains both converged to a similar
distance (~3.8 * 0.2nm) from the membrane center (Supporting
Information: Fig. S2). The HTA, i.e. the angle between the plane of the
heme porphyrin nitrogen atoms and the membrane plane in the z-axis,
which reflects the inclination of the CYP catalytic domain to the
membrane [7,15,61], stabilized after approximately 150 ns at values of
54.7° £ 4.2° and 53.6° = 6.3° for the WT and F240A, respectively
(Fig. 4). These computed HTAs agree well with the value determined
experimentally for CYP3A4 on a POPC nanodisc (59.1° = 4.1) [62].
The global fold of CYP was preserved during the MD simulations; we
observed only small rearrangements. However, rotational movements
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of certain amino acid residues (R81, 182, T85, Y114, Y236, D239 and
R245) in close proximity to the mutated F240 in the F/G loop region
(Supporting Information: Figs. S3 and S4) caused changes in the shapes
of some internal cavities and active site access channels, as discussed
below.

3.4. Analysis of active site access channels

The PCB77 and TCDD molecules enter (and their metabolites leave)
the active site cavity via the enzymes' networks of access channels.
While the global characteristics of the WT access channel network were
shared with the F240A mutant, structural changes in the vicinity of the
mutated site caused changes in channel opening and closing. In the MD
simulations of the substrate-free WT enzyme, the preferred channels
(i.e. those that were open most of the time and had bottlenecks wider
than ~0.1 nm) were S and 2b. These channels were less frequently
open in the simulations of the F240A mutant (see Figs. 5 and 6, and
Supporting Information: Figs. S5-S7). However, the 2af and 2c channels
were open more frequently in the mutant. The distal side of the CYP
enzymes is known to be very malleable, and may control their overall
substrate specificity [63]. The F240A mutation is localized in the flex-
ible F/G loop and lies between two flexible regions, FR6 and FR2 [63].
The large phenylalanine side chain of the native residue at position 240
may serve as the “lid” of the 2af and 2b channels, and may also induce
the closure of surrounding access tunnels. The simulations of the two
proteins revealed significant differences in their channel openings
(Supporting Information Figs. S6 and S7).

The presence of a ligand in the active site also significantly affects

the opening of the access and egress channels (Fig. 6, Supporting In-
formation Figs. S5-S7). In the WT enzyme, the binding of either PCB77
or TCDD in the active site closed most of the channels. While many
active site access channels are closed in the WT-PCB77 complex, the
active site could be still reached through some channels, such as 2d or
2b. However, the WT-TCDD complex is very closed, and almost no
channels were accessible during the simulation. This is consistent with
an earlier study on channel opening in WT porcine CYP1A1, where
TCDD induced complete channel closure but other dioxins did not [21].

The F240A mutant behaved differently upon ligand binding. PCB77
caused some channels to open and others to close, whereas TCDD
binding only caused channels to open. While the numbers of open
channels in the WT and F240A complexes with PCB77 are quite similar
(Fig. 6), the 2e and 2d channels in the mutant are less frequently open
than in the WT. Channel 2b remained similarly open in both cases. As
noted before, the WT-TCDD structure is closed, but the F240A-TCDD
complex exhibited substantial opening of several access/egress chan-
nels including 2af, 2b, 2c and 2d. The different effects of TCDD and
PCB77 may relate to the rigidity of TCDD molecule, which “locks” the
WT active site in the closed state. This can be experimentally verified by
performing pressure-jump experiments, as demonstrated for CYP2B by
Zhang et al. [64]. The F240A mutation appears to prevent the active
site closure after binding to TCDD. The smaller and more flexible PCB77
ligand does not cause such extensive closure of the WT enzyme, and its
binding to the F240A mutant induced only conformational changes that
modified the enzyme’s pattern of channel openings.

Fig. 5. Left: active site access channels of the WT and the F240A mutant. For clarity, only channels that are wide and mostly open are shown. Right: the potential function of the F240

residue (magenta sticks) as the gatekeeper of channel 2b/2af (green spheres).
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was the solvent channel.

3.5. POPs binding energies to WT and F240A rat CYP1A1

Finally, we assessed the differences in the binding free energies of
PCB77 and TCDD to the active sites of the WT and F240A mutant using
the MM-PBSA method (Supporting Information Scheme S1), revealing
that they correlated with the experimentally determined hydroxylation
activities of WT/F240A towards PCB77 (as reported above) and TCDD
(Shinkyo et al. [18]). A relationship between enzyme activity and the

binding free energy was derived using the quasi steady-state approx-
imation (see Supporting Information for details). We observed that the
binding of PCB77 to the WT enzyme was more favorable than that to
the F240A mutant (AAGgzqo—wr ©°/” = + 3.2 kcal/mol). The com-
paratively weak affinity of PCB77 for F240A is consistent with the ex-
perimental observation that the WT is significantly more proficient at
hydroxylating PCB77 (Fig. 2 and Supporting Information Fig. S8).
Conversely, the mutant bound TCDD more strongly than did the WT



V. Navrdtilovd et al.

PCB77_WT
F240 XV ».x 0 PCB77_F240A
A @Fzze
TN
A240 ‘
F255

Y236

BBA - General Subjects xxx (XxXX) XXX-XXX

TCDD_WT
DD
LA TCDD_F240A
A240 F255

Fig. 7. Average positions of PCB77 and TCDD (represented by ball and stick models) in the active sites of WT CYP1A1 and the F240A mutant obtained from the last 50 ns of the MD
simulations. The heme is represented as a stick model, and helices are shown as curls. The predicted position of oxygen in the Compound I state of CYP is indicated by a red sphere.

(AAGgz240 — wr PP = — 1.4 kcal/mol). This is consistent with the ex-
perimental results of Shinkyo et al., who found that the F240A mutant
catalyzed TCDD hydroxylation but the WT did not [18] (Supporting
Information Scheme S1).

These differences in binding energies and hydroxylation activity
presumably stem from the interactions of amino acid 240 with its
surroundings. In all cases, PCB77 and TCDD are bound at least 1 nm
from the mutated amino acid (Supporting Information: Table S1).
However, aromatic amino acids localized in the BC- and FG-loops
(F116, F127, F228, F255, Y236, F240) form a hydrophobic cluster
connected by m-it stacking interactions (Fig. 7). In the ligand-free WT
protein, these loops and their clustered amino acids move to occupy the
active site, and F228 occupies the binding site of POPs. When PCB77
binds to the WT, F228 forms a mt-r stacking interaction with one of the
PCB77 phenyl rings. To enable this, the G-helix bearing F255 moves
forward. Conversely, in the TCDD_WT complex, F255 remains in the
location it occupies in the ligand-free structure, forcing F228 to unstack
from TCDD. The F240A mutation seems to affect the rearrangement of
the aromatic clusters, allowing F228 to leave the binding site in the
ligand-free structure. This occurs in parallel with larger movements
along the broken F-helix, which Urban et al. found to have important
effects on CYP1A substrate specificity [13]. When PCB77 binds to the
mutant enzyme, F228 remains unstacked because it is attracted to F255
in the shifted G-helix. Finally, because the position of F255 in the li-
gand-free F240A mutant is similar to that in the TCDD_F240A complex,
F228 has enough space to form a stable s-it stacking interaction with
the bound TCDD (Fig. 7).

The closest atoms to the heme iron are chlorine atoms in both cases.
The oxygen of compound I can reach the closest carbon atoms (cf. Fig. 7
and Supporting Information: Fig. S8), which are within the 0.5 nm
distance suggested as the requirement for the hydroxylation reaction to
proceed [65]. These sites of metabolism are consistent with the pro-
posed mechanisms of TCDD oxidation to 8-hydroxy-2,3,7-TriCDD [66],
and the oxidation of PCB77 to 3,3’,4’,5-tetrachloro-4-biphenylol or
3,3,4’,4-tetrachloro-5-biphenylol [67,68]. They are also consistent
with the experiments reported in this work (Fig. 2).

In contrast to TCDD and PCB77, Molcan et al. showed that dioxins
with no lateral chlorine atoms (e.g. TriCDD) bind more closely to the
heme in porcine CYP1A1l [22]. Consequently, such dioxins have i) a
higher catalytic rate, k.., leading to more rapid metabolism; and ii) Ky
and k., values that are both sensitive to mutations (as shown by
Shinkyo et al. [18]). In our case, we can expect k., to be almost con-
stant because the two POPs bind in almost identical positions relative to
the heme. In addition, the reaction rates with TCDD and PCB77 are
slow enough that we can safely assume k., <k;, so Ky is directly
coupled to the compound’s binding affinity. As a result, any increase in
the reaction rate is directly attributable to an increase in the ligand’s
binding affinity towards CYP1Al.

The key findings of these studies were that: i) the position of PCB77

and TCDD with respect to the heme moiety is virtually unchanged in
the F240A mutant which in effect should not change activation energy
of the reaction; ii) n-rt stacking with F228 facilitates binding to POPs
and may enhance catalytic efficiency; ii) the F240A mutation primarily
affects the movement of the F-helix; and iii) binding of PCB77 to the
F240A mutant causes a shift of the G-helix that counteracts the other-
wise positive effect of the F240A mutation on PCB77 binding.

4. Conclusions

We analyzed the behavior of the WT microsomal rat CYP1A1 and its
F240A mutant with and without bound TCDD and PCB77 to rationalize
the experimentally observed differences in their activity towards these
compounds. The WT enzyme shows almost no detectable hydroxylation
activity towards TCDD [16,18], whereas the F240A mutant shows ap-
preciable activity. However, the mutant is less active than the WT to-
wards PCB77. A rationalization of this finding was deemed important
for the rational design of efficient enzymes capable of catalyzing the
biotransformation of POPs and the development of environmentally
friendly technologies for degrading these toxic and very persistent
compounds.

Molecular dynamics simulations showed that both hydrophobic
compounds accumulated in the membrane and were pre-concentrated
there. They could enter the CYP1A1 active site via a network of access
channels whose mouth openings are inside the membrane bilayer. The
F240A mutation caused some channels to open more widely, and may
facilitate substrate access to the active site. However, this alone cannot
explain the different activities of the two enzymes towards PCB77 and
TCDD.

An analysis of active site binding energies revealed differences be-
tween the two substrates and the two enzyme forms that agreed with
the experimental observations. The different binding free energies stem
from structural rearrangements in the vicinity of the bound PCB77 and
TCDD caused by the distal F240A mutation, which enabled more effi-
cient binding of TCDD. However, the retention of F240 in the WT en-
zyme helped to position PCB77 for efficient catalysis, while the F240A
mutation reduced the strength of PCB77 binding.

Our results show that a rather distal mutation (the C, of F/A240 is
2.5nm from the heme Fe center) can significantly affect enzyme ac-
tivity by modifying access channel behavior and causing structural
changes that affect the residues around the ligand binding site. These
findings will be useful in modulating the activity of designed CYP1A1l
mutants with tailored substrate preferences and the rational design of
catalysts for biotransformation of POPs. Specifically, these results show
that amino acids that control substrate access can be good targets for
rational enzyme design and protein engineering even if they are distant
from the active site.
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POP persistent organic pollutants
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F240A  rat CYP1Al F240A mutant

MD molecular dynamics

PCB77  3,3',4,4’-tetrachlorobiphenyl

TCDD 2,3,7,8-tetrachloro-dibenzo-p-dioxin

MM-PBSAmolecular mechanics — Poisson-Boltzmann surface area
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Appendix A. Supplementary data

Fig. S1 shows the starting positions of TCDD and PCB77 in the ac-
tive site relative to the template crystal structure; Fig. S2 shows the
distances between the centers of CYP1A1l and membrane; Fig. S3 shows
changes in the inner cavities of the WT enzyme and the F240A mutant;
Fig. S4 shows RMSF values for the WT and F240A; Fig. S5 shows pat-
terns of channels opening in ligand-free and ligand-bound structures;
Fig. S6 shows the evolution of distance between amino acid 240 F/A
and the nearest rigid amino acid P391; Fig. S7 shows Frequency of
opening of channels 2af and 2b; Scheme S1 presents further details of
the MM-PBSA analysis and explanation of the kinetic model; Fig. S8
shows predicted sites-of-metabolism of TCDD and PCB77; Table S1
depicts the average minimal distance between the PCB77/TCDD and
amino acid 240. Supplementary data associated with this article can be
found in the online version, at doi:http://dx.doi.org/10.1016/j.bbagen.
2017.08.002.
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