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Abstract

Biological membranes enable life as we know it. They constitute fundamental components of
all living organisms and, with their unique physicochemical properties, diverse composition,
and structure, play an integral role in regulating a wide range of biological processes.
Biological membranes separate the cell's internal environment from the external one and
contribute to the formation of intracellular compartments by serving as natural boundaries
between different cellular components. One remarkable characteristic of biomembranes is their
selective permeability, allowing the passage of various molecules through passive transport or
indirectly through active transport regulated by membrane-embedded proteins. The processes
of molecule transport across biological membranes, as well as the behavior of molecules and
proteins within these unique "two-dimensional fluids," can be studied using a variety of
computational chemistry tools, such as classical molecular dynamics (MD), enhanced sampling
methods (metadynamics, umbrella sampling). However, these methods require experimental
validation, which can be gathered from specialized databases (MolMeDB). In this thesis, I
present the possibilities of employing these theoretical tools to investigate the behavior of
substances — ranging from small molecules up to protein complexes — on biological

membranes.
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Abstrakt

Biologické membrany umoziuji zivot tak jak jej zname. Tvofi zakladni komponenty vSech
zivych organismii a diky svym unikatnim fyzikalné-chemickym vlastnostem, rozmanitou
kompozici a strukturou plni nedilnou roli pfi regulaci celé fady biologickych d&ji. Biologické
membrany odd€luji vnitini prostfedi buiikky od vnéjsiho a spoluvytvareji intracelularni
kompartmenty tim, Ze tvofi pfirozené hranice mezi jednotlivymi bunéénymi komponenty.
Unikéatni vlastnosti biomembran je jejich selektivni permeability pro prichod celé fady
molekul pomoci pasivnim transportu anebo neptimo aktivnim transportem, ktery je fizen
proteiny kotvenymi v membran¢. Procesy transportu molekul pies biologické membrany tak i
chovani molekul a proteinti na téchto unikatnich ,,dvojrozmérnych kapalindch® mohou byt
studovany celou fadou nastroji vypocetnich chemie napi. metodami klasické molekulové
dynamiky (MD), metodami efektivniho vzorkovani (metadynamika, umbrella sampling).
Nicméné tyto metody vyzaduji experimentalni validaci, nebo vyuziti referencnich dat ze
specializovanych databazi (MolMeDB). V této disertacni praci prezentuji moznosti vyuziti

téchto teoretickych nastroji pii studiu chovani latek — at’ jiz malych molekul ¢i proteinovych

komplexti — na biologickych membranach.
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1. Motivation

Computational chemistry is dynamically developing field of chemistry allowing us to understand
the atomistic nature underlying all variety of naturally occurring phenomena. Especially
nowadays with the exponential increase of computational power resources it allows us to tackle
myriad of issues yet unreachable until today. The scope of computational chemistry ranges from
studies related to solving of electronic states of systems by means of quantum mechanics (QM)
usually limited by the size of studied systems up to dynamical studies by means of molecular
dynamics simulations (MD) that are directly matching the sizes (nanometers) and time scales
(microseconds) of experimental techniques. Molecular dynamics plays especially significant role
in in silico study of biological processes and rationalizing the atomistic principles originating
from them.

This thesis is focused on employment of theoretical tools (MD simulations, enhances sampling
techniques, database data utilization) in study interactions of biological membranes with another
naturally occurring species. The theoretical part of this thesis is focused on biomembranes itself
i. e. their composition diversity, function and how they interact with drugs. It also briefly
describes some essential proteins (cytochromes P450s (CYPs) and its redox partner cytochrome
P450 reductase (CPR)) for which the interaction with biological membrane is vital and that are
later discussed in result sections. The methodology section is focused on theoretical approaches
and strategies used to study either biomembranes itself or their interaction with another chemical

species. Finally, the Results chapter summarizes:

1. the development and usage of MolMeDB database. This database was design to
systematically collect, validate and visualize data related to molecule-membrane
interaction

il. the permeation of widely used immunosuppressant — cyclosporin A — through several
biological membrane models

iii. the development and validation of systematic computational methodology for
prediction of suitable liposomal encapsulation and thermally induced release of

bio-active compounds

iv. the effect of membrane composition on behavior of microsomal cytochrome P450
CYP11A1
V. the behavior of membrane-attached cytochrome P450 reductase and its interactions

of its redox partner — cytochrome P450 CYP3A4.



2. Biomembranes

Biological membranes allow life as we know it. They are essential components of all biological
cells, living systems and organisms. Biomembranes' key role originates from their structure,
complexity of composition, physical-chemical properties, and irreplaceability in multiple
biological processes. We define them as two-dimensional liquid composed of lipids and protein
arrange primarily into the form of a lipid bilayer. This highly dynamical complex functions as a
natural barrier between subcellular compartments and cell segregation from the external
environment. In skin cells, membranes protect the human body from the intrusion of noxious
substances. Due to their selective permeability, they control the flux of substances going through
them. Biomembranes also serve as a matrix to anchor proteins involved in a variety of biological
processes. They mediate the communication between individual compartments via protein

capable of conformation changes or control chemical and electrical signals.

2.1 Lipids as building blocks

Lipids are a diverse group of macromolecules soluble in nonpolar solvents and insoluble in polar
solvents, such as water. Lipids themselves are generally composed of "building blocks" such as
alcohols, phosphates, glycerol, sphingosines, and fatty acids that characterize final lipid
molecules' unique properties. In mammalian cells, the most abundant lipids components are

glycerophospholipids, sphingolipids and sterols.'

Glycerophospholipids (GPLs) are the main building blocks of biomembranes, including plasma
or organelle membranes. These constitute of sn-glycerol-3-phosphate backbone esterified by free
fatty acids in positions sn-1 and sn-2. Subsequently, the phosphate is bound to a variety of alcohol
groups. The chemical diversity of GPLs is determined by the interplay between various fatty
acids, sn-1 linkage to glycerol and the head group. The polar head groups consist of negatively

charged phosphate moiety bound to alcohol substituent (Figure 1).
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The alcohols are bound to the phosphoryl group via -OH group and can be classified based on
their charge as positively charged (choline, ethanolamine), neutral (glycerol, inositol) or neutral
zwitterions (serine) (Figure 2). This interplay between negatively charged phosphates and
variable charges of alcohol substituents determine the overall charge of lipids, e.g.,
phosphatidylcholines (PCs), phosphatidylethanolamines (PEs) and phosphatidylinositols (PIs)
are neutral (zwitterionic) lipids due to the compensation of opposite charges. Similarly,
phosphatidylserines (PSs) and phosphatidylglycerols (PGs) bear an overall negative charge. The
chemical structure of alcohols affects their ability to intermolecular interactions through the
hydrogen bonds network.? Lipids with more polar alcohol substituent (ethanolamine, glycerol and
serine) serve as proton donors and acceptors for hydrogen bonds, while more minor polar alcohol
groups (choline) cannot form hydrogen bonds. Head group electrostatics, shape and the hydrogen
bond acceptor/donor capacity significantly affect the interaction between individual lipids and

molecules' permeation through membranes or membrane-protein interaction.
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Figure 2. Example of head group substituents in glycerophospholipids.
Another aspect contributing to lipid structural diversity is the linkage between free fatty acids and
the phosphoryl group. The linkage can be mediated either by ester, ether or vinyl-ethers
(Figure 1). The vast majority of GPLs are acyl ester lipids. Alkyl ether (and alkenyl vinyl-ether)
lipids, such as plasmalogens, constitute up to 20% of the total phospholipid mass in humans and

are primarily localized in brain and heart tissue.’

The most important and structurally diverse constituents of lipids are fatty acids. Their variance
originates from the variability of carbon chains length and the degree of saturation (Table 1). The
typical length of free fatty acids varies between 14 to 20 carbon atoms. More than half of naturally
occurring fatty acids is unsaturated. The sn-2 fatty acid chain is usually mono- or polyunsaturated,
whereas the sn-1 fatty acid chain is usually fully saturated. The first saturations generally occur
at C3 (o-3) and C6 (0-6) carbon atoms (numbered from terminal methyl group). Most fatty acids
have a double bond in cis configuration resulting in ~30° bend in the hydrocarbon chain, whereas
the trans configuration leads to a straight hydrocarbon chain. The presence of cis double bond
configuration decreases the ordering of lipid tails hence increases the fluidity membrane.* The

occurrence of triple bond and conjugated double bonds is rare.
-5-



Table 1. Common fatty acids found in biomembranes.

c.D* Common name Chemical formula

Saturated fatty acids

12:0 Lauric acid CH3(CH;)10COOH
14:0 Myristic acid CH3(CH)1,COOH
16:0 Palmitic acid CH3(CH)1:COOH
18:0 Stearic acid CH3(CH)16COOH
20:0 Arachidic acid CH3(CH)13COOH

Unsaturated fatty acids

14:1 Myristoleic acid CH3(CH;);CH=CH(CH,);COOH

16:1 Palmitoleic acid CH3(CH;)sCH=CH(CH,);COOH

18:1 Oleic acid CH;(CH>),CH=CH(CH;);COOH

18:2 Linoleic acid CH;(CH»)4CH=CHCH,CH=CH(CH,);COOH

18:3 a-Linolenic acid CH;CH,CH=CHCH,CH=CHCH,CH=CH(CH,),COOH
20:4 Arachidonic acid CH3(CH2)4(CH=CHCH,)4(CH;),COOH

" C corresponds to the number of carbon atoms; D corresponds to the number of double bonds

Another important lipid component of biomembranes is sterols. In plants and yeasts, the most
abundant type is ergosterol, whereas plants' membrane composition is more complex and contains
a mixture of sterol, e.g., cholesterol, campesterol, stigmasterol or sitosterol.” Cholesterol (CHOL)
is the most abundant sterol in the mammal. Although the ratio of cholesterol varies in individual
membranes. From a structural point of view, the cholesterol consists of semi-rigid fused rings
with -OH group and aliphatic chain bound opposite sides of ring structure (Figure 3). Cholesterol
plays a crucial role in maintaining membrane rigidity and ordering. The increasing amount of
cholesterol in the liquid-disordered (Lq4) phase results in membrane transition into a stiffer and
thicker liquid-ordered (L,) phase.® It is hypothesized that cholesterol is also involved in the

formation of L4/L, phase-separated microdomains, so-called lipid "rafts".

Hydrocarbon tail

HO

Hydroxyl group

Figure 3. The structure of cholesterol.

Sphingolipids are composed of sphingoid base backbone, acyl chain and head group substituents
(Figure 4). The sphingolipids' diversity arises from various lengths, degrees of saturation, and
hydroxylation of the sphingoid base backbone. The N-acyl chains of sphingolipids are usually

more saturated and longer when compared to acyl chains in GPLs. Similarly to GPLs, the head
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group substituents are diverse and vary in shape and charge. The small hydroxyl group's
connection to the serine moiety will lay the structural foundation for ceramide lipids (CERs),
whereas phosphocholine's linkage will form sphingomyelins (SMs). Furthermore, the addition of
saccharide group form glycolipids, e.g., glycosphingolipids (sphingoid base backbone bound to
one or multiple sugars via ether bond) or glycophosphatidylinositol (sphingoid base backbone

bound to PI moiety).

Sphingoid base type

v
g ; Headgowb sphingolipid  Head group DHS - N
ingosine e .

pring Type "9 M e o / i Cer Hydroxyl

Sphingomyelin  Phosphocholine %

. CerPE Phosphoethanolamine ~ SPH g~ >
© GlcCer Glucose

GalCer Galactose 2/

NN

PHS SN

Figure 4. Structural bases of sphingolipids.

A particular group of lipids found in biomembranes are glycerolipids. Glycolipids can be found
in three forms: mono- di- and trisubstituted glycerols (Figure 5). The best known are
triacylglycerols (TAGs), fatty acid esters of glycerol. TAGs serve mainly as a caloric repository

for mammals, with more than 90% TAGs stored in adipose tissue.”
0

!
CTZ_O)OIVV\/M
)\/\F’\/\/\/\
CH-0" O Terminal
CH,—O (w)

Figure 5. Structural representation of TAG.

2.2 Lipid composition of biomembranes

The distribution of lipids among individual organelle membranes and plasma membrane is
heterogeneous. It differs in head group representation as well as in fatty acid length and degree
of saturation. Even more, individual membrane leaflets are unique in their composition, and
spatially, lipids are distributed asymmetrically across the bilayer.” The lipid composition is
explicitly tailored for individual organelle function.®

The biosynthesis of lipids starts in the endoplasmic reticulum (ER), where the majority of
phospholipids, sterols or ceramides is being produced.'® Those later serve as precursors for the
synthesis of specific lipids, e.g., ceramides for sphingolipids. Among the most abundant lipids
synthesized in the ER are PCs, PEs, Pls, cholesterol and triacylglycerols. The precursors are
transported to other organelles, where the biosynthesis continues. In the Golgi apparatus, further
synthesis of sphingolipids from ceramides occurs, followed by their transport into the plasma

membrane.!' From the Golgi apparatus, lipids are sorted and transferred by endosomes.
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Synthesized sphingolipids and cholesterol are predominantly accumulated in the plasma
membrane. Here the tight packing of sphingolipids and cholesterol-enriched phospholipids (PCs,
PEs and PSs) preserves the barrier between intracellular and extracellular compartments. Plasma
membrane lipids (mainly PI derivatives) participate in the transduction of extracellular signals
and regulation of integral proteins bound at PM, including voltage-gated potassium channels,
calcium channels and transient receptor potential channels.'*'> In mitochondria, unique and
complex cardiolipin (CL) phospholipid is synthesized from its phosphatidylglycerol precursor.
Unlike the other lipids, the synthesis of CL is placed exclusively in the inner mitochondrial
membrane (IMM)."* The CL plays a vital role in regulating an optimal activity for proteins bond
in IMM, such as electron transport chain complexes'?, substrate carrier proteins'® or mitochondrial

cytochromes P450 (CYP11A1) responsible for steroid synthesis.'”

o Chol pc PS SM PC  BmP Pl PG PS Chol PS pC
Pl PE PE CL
PE SM SM
Chol PE Chol pc PE
Endoplasmic Golgi Endosomes, Plasma Mitochondria
reticulum apparatus lyposome membrane

Figure 6. The lipid composition of biological membranes expressed as percentages of the total
amount of individual lipids in the whole-cell compartment. Lipids abbreviated as follows:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), cholesterol
(Chol), phosphatidylserine (PS), sphingomyelin (SM), bis(monoacylglycerol)phosphate (BmP),
cardiolipin (CL). Adapted from reference '®.

A special type of biomembrane in its lipid composition and function is the outermost layer of skin
(epidermis), the so-called stratum corneum (SC). Skin biomembrane acts as a natural barrier that
protects the human body from intrusion of noxious substances and prevents transdermal water
loss. Structurally it can be described in the "brick and mortar" model where bricks represent
corneocytes — dead cells mostly made up of creatine — and mortar stands for lipidic matrix. In
contrary to a typical cellular membrane, the stratum corneum does not consist of phospholipids.
Individual bilayers are roughly equimolar mixtures of ceramides, cholesterol, and free fatty
acids." Even though the exact organization of lipids in the SC membrane is unknown, a simplified
three-component model (forming classical bilayer) is often used for transdermal permeation

studies.?%?!



2.3 Membrane structure and physical properties

The membrane is composed of lipid molecules separated into two distinguishable leaflets that act
as a two-dimensional fluid. The formation of lipid bilayers originates from the amphipathic nature
of lipid molecules, having the hydrophilic head region exposed to the aqueous environment and
the hydrophobic tail region tightly packed core of the membrane. The amphipathic character
causes the self-assembly of lipids in water into various shapes, starting from simple lipid bilayers
into more complex vesicles and liposomes, depending on lipid structural parameters (head group
substituent, length and saturation of acyl chains) and external factors such as temperature and
pressure. The bilayer arrangement of membranes is driven to maximize the membrane surface
and minimize the internal volume.

In eukaryotes, more than 50% of all GPLs found in membranes are phosphatidylcholines (PC).
The head group's proportional size and the aliphatic tail make the overall molecular shape of PCs
cylindrical. Structurally, they arrange into lamellar bilayers with no curvature strain. Lipids with
proportionally smaller lipid head groups (PEs) and the asymmetrical truncated cone shape tend
to form nonlamellar inverted hexagonal structures due to the negative curvature stress. The
unsaturation of acyl chains further increases this behavior. In contrast, lipids with bulkier head
groups (PIs, single acyl chain lipids, detergents) opposite to tail region and inverted conical lipid
shape that induces positive curvature strain forms hexagonal structures.”

Apart from the membrane shape, lipid composition also strongly affects the lipid membrane
phase. Membrane phase behavior originates from specific lipid-lipid interaction, and it is
described by lipid parameters such as lipid order parameters (Scp) or lateral diffusion coefficient
(Dr) (Figure 7). At room temperature, most abundant mixtures of GPLs with longer and
unsaturated carbohydrates are found in the Lq phase defined by low ordering acyl chains and high
lipid mobility. Decrease of temperature or change of composition towards more saturated
(sphingolipids) or longer acyls (e.g., stearic acid) lipids induce the phase transition into rigid solid
gel (So) phase. Tight packing of lipids causes higher ordering of lipids and slow lateral diffusion.
The addition of sterol molecules into the lipid mixture (binary or tertiary) forms a liquid-ordered

phase that is highly ordered but highly fluid.



sphingolipids GPLs
chains: saturated, chains: unsaturated,
longer shorter

Figure 7. Lipid phase diagram. Cholesterol enriched membranes are found in the L, phase defined
by low order parameters and fast lipid diffusion. At a human body temperature, the Lq is the
predominant membrane phase with the low ordering of acyl chains and fast lipid diffusion. The
solid gel S, phase is the preferential phase for sphingolipids.

It is not easy to describe all the membranes' physical properties only on account of lipid
composition diversity. For this purpose, a set of fundamental parameters describing membrane
structure and dynamics is defined. Both experimental and theoretical techniques can obtain those
qualitative parameters, and the combination of those approaches helps to understand the structural

nature of membranes.

Area/volume per lipid (41, V1) are defined by the area/volume occupied by one lipid component
in-plane membrane surface. Generally, 41 decreases with the increasing length of the hydrocarbon
chain for fully saturated lipids.”® In contrast to that, the acyl chain's unsaturation introduces
disorder in membrane core, resulting in AL's non-linear response. The increase of 41, with respect
to chain length reaches maxima for DOPC. After that area per lipid of monosaturated PCs again
decreases.* Both A and Vy increase with increasing temperature.” Changes of Vi of chemically

different lipids (PC, PG, PS and PE) tend to exhibit alike response changes in temperature.

Membrane thickness determines the width of the lipid bilayer along its normal (z-axis). Its
definition of this parameter varies based on used experimental techniques. The X-ray scattering
data can be resolved as the distance between maxima in electron density profiles located in head
groups (Dun — "head-to-head"). Similarly, this information can be assessed from density profiles
of individual lipid constituents (usually phosphates) from molecular dynamics simulations.

In neutron scattering measurements, the thickness is defined by the contrast between protiated
-10 -



lipids and deuterated water surrounding them (denoted as Luzzati thickness — Dg). Moreover, the
width of hydrocarbon chains (2Dc) is often studied since it directly depicts the bilayer's structural
feature. Those latter two mentioned can be directly derived from other structural parameters as

follows:

A i)_VBL _ W Z—)CVHJ 0
where V1 and Vi are the total lipid volume and the volume of the lipid head group, respectively.
This parameter directly reflects the length of acyl chains as well as the level of saturation. A linear
increase of membrane thickness is observed in saturated and monounsaturated PC lipids with an
increasing hydrocarbon chain.?’ This linear trend was also seen in PGs* and PEs”, suggesting
that membrane width is independent of head group composition and is a primary function of acyl

chains.?®

Order parameters (Scp) describe the organization of membranes and are defined as:
3cos?6 — 1

here 6 denotes the time average of the angle between C — D bond vector (C — carbon atom;
D — deuterium) and membrane normal. Those parameters depend on the ordering as well as the
orientation of the system itself. Scp can take on values between -0.5 and 1, where the first one
corresponds to perfectly ordered chains with respect to the z-axis, whereas the latter describes
a fully ordered system perpendicular membrane normal. The value of 0 is measured in a
completely disordered system or order system at the "magic angle" of 54.7°. Generally, Scp
decreases from lipid headgroup towards terminal methyl. Also, the presence of double bond
introduces further disordering and therefore decrease in Scp.>® In contrast, the presence of

cholesterol increases membrane ordering.”!

Lateral diffusion (D) describes the fluidity of the membrane. It is defined as a lateral
displacement of lipids within the membrane as a function of time. Those movements occur in
orders of nanoseconds and are related to external factors like temperature. The increase of
temperature results in the loosening of membrane structure and, therefore, increasing lipid
diffusion.” Lateral diffusion also increases with the level of unsaturation but decreases with the
presence of cholesterol.*>** It can be measured by various experimental techniques such as

fluorescence recovery after photobleaching (FRAP) or single-particle tracking (SPT).**

-11 -



3. Interactions of drugs with membranes

The interaction of small molecules (drugs, xenobiotics, endobiotics, ligands, etc.) with
membranes plays a crucial role in multiple physiological processes, and therefore a thorough
understanding of the mechanism of drug-membrane interaction and consequential permeation is
needed. The drug uptake (oral, intravenous, transdermal, intramuscular) passes through various
biomembranes before reaching its target. Hence, the drug's ability to permeate those natural
barriers may be the limiting step in drug absorption, distribution, metabolism and excretion

(ADME).

The drug-membrane crossing can occur by many routes depending on the drug's chemical nature
and external factors. Small and moderately polar and uncharged compounds can passively diffuse
across the membrane without any energetical penalty. Here the process is driven simply by
concentration gradients. This is especially noticeable for nonpolar small gasses like Oz, N2, CO».
In case of small polar solvents such as ethanol or water the passive diffusion is slower
(by approximately three orders of magnitude) yet present.*>*® Also small but less polar (more
hydrophobic) compounds like benzene can diffuse passively through membranes. It is worth
mentioning that even some larger and more polar molecules like Cyclosporin A (CsA) — an orally
active immunosuppressant — are known to permeate passively even though their permeability is

relatively low compared to typical smaller permeants.

Molecules that are not permeable using simple diffusion can be transferred across the cell
membrane either by facilitated diffusion or active transport. The first of the mentioned utilizes
the drug transport by transmembrane protein pores. This includes, for example, the aquaporin
protein channels family (AQP) or the glucose transporters family (GLUT) responsible for glucose
uptake. The latter governs drug influx and efflux via transmembrane carriers against a substrate
concentration gradient. Active transport usually requires significant conformational changes of
protein structure and energy use in the form of adenosine triphosphate (ATP). Here belongs the

ATP-binding cassette (ABC) transporters or the solute carrier (SLC) transporters' family.

The last route of transmembrane transport is endocytosis. In this process, part of the plasma
membrane surrounds and "devours" the permeant. The pocket with its cargo consequently
detaches and is transported in the form of vesicles. In this way, even large macromolecular objects

like viruses or whole bacteria can be transferred to cells.’’
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In assessing the permeability, Lipinski's rule of five®® criteria generally defines the basic set of
physicochemical descriptors for orally active compounds. It predicts that the molecule is potent

after oral administration when:

i the molecular weight is below 500 Da,

ii. there are less than five hydrogen bond donors,

iii. there are less than ten hydrogen bond acceptors,

iv. an octanol/water partition coefficient (logK,s) is lower than 5.

Those simple descriptors can be extended by other parameters to improve permeability
predictions of small molecules. Alike molecular weight, the increase of molecular volume
decreases the permeability of the permeant. The polarity of the molecule, another key property in
assessing the molecule permeability, can be implemented by adding a polar surface area (PSA)
descriptor. Generally, the increase of molecular polarity decreases the ability to permeate
passively.* The capability of compounds (usually cyclic peptides) to form intramolecular
hydrogen bonds also increases their permeability.***' Usually, a combination of multiple
descriptors is used to achieve a better permeability prediction score, e.g. Potts and Guy model for

skin permeability based on molecular weight/volume and logK,, **
0

log Kp = log (%) + f XlogKypw — B X MW 3)
where DY is the diffusivity of a hypothetical molecule with zero volume, f coefficient accounts
for the difference between the partitioning domain presented by octanol and that presented by the
stratum corneum lipids, MW stands for molecular weight, " is constant (0.0061) and
6 is diffusion path length.

The description of drug-membrane interaction is focused mainly on drug partitioning,
permeability, diffusion, and its position in the membrane. Partitioning depicts the number of
molecules dissolved in membrane and is described by lipid(membrane)/water partition coefficient

logK s

Clipid
Kinjw = —— 4)

Cwater

where ciipia and cyarer are concentrations of drug in lipid and water environment, respectively. The
partition coefficient defines the ratio of concentrations of molecule distributed between lipid and
water phases. Partitioning is sometimes used to describe the lipophilicity (i.e., affinity toward the

lipid phase) of molecules.
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In passive permeation, the drug is subjected to resistance from the membrane while being
transferred. This solute resistance is proportional to the concentration of the drug being transferred
and is therefore indirectly related to the solute’s permeability. The permeability is defined
in Fick's first law of diffusion as the steady-state flux of solute across the membrane and can be

calculated as follows:

1 ]
P:—:—
R Ac

where R is resistance, J is the flux of the solute, and Ac is its concentration gradient.

)

Membrane permeation can be described by a simple model (homogeneous solubility-diffusion
model) in which the solute permeates between two aqueous compartments separated by a
homogeneous oil slab (mimicking the membrane). Thus, the permeability coefficient is directly

connected to the membrane thickness and diffusion of the solute by the following equation:

Ko D
P =T (6)

where D is the diffusion coefficient of solvent and # is the thickness of the oil phase. It also shows
how permeability is directly connected to the lipophilicity of the molecule. The less lipophilic
molecule will permeate slowly than more lipophilic ones for two molecules with the same

diffusion coefficient with similar size.

3.1 Effect of membrane composition

The aforementioned varieties in biomembrane compositions cause differences in the physical
properties of membranes. Those also affect the nature of interactions of the drug with

biomembranes.

One of the key structural features that define membranes’ properties — and consequently the drug-
membrane interactions — is their lipid head group constituent. The effect of the head group region
is rationalized mostly by theoretical studies. Permeation study of curcumin (therapeutic agent in
cancer treatment) shows a higher affinity towards negatively charged DOPG lipid bilayer than
DOPC membrane due to DOPG capacity to form hydrogen bonds.** Another theoretical
prediction of water permeation showed that the translocation process is driven by the membrane
phase (liquid disordered and solid gel phases studied) rather than by the lipid head group
composition.* The permeation study of cytochrome P450 (CYPs) substrates/metabolites revealed
slightly preferential partitioning into DOPC than into POPG membrane.* Comparative study on
single-component lipid membrane permeability by Mathai et al. concluded that permeability is

related strongly to the area occupied by lipid rather than bilayer thickness.*

-14 -



As state above, cholesterol, as a major lipid component in many membranes, plays a crucial role
in maintaining membrane phase and rigidity. The increase of cholesterol content in phospholipid
membranes decreases the molecular motion of lipid tails and increases molecular packing,
consequently observed as an increase in membrane ordering.*” Cholesterol was shown to reduce
water permeability, and this decrease is proportional to its concentration in the membrane.*®
Furthermore, it reduces the permeability of both cations (Na’, K") and anions (CI') as well as
sugars (glucose) through various prototypical membranes (PCs, PSs, PGs).* In general, this
shows that the decrease of permeability after the addition of cholesterol is independent of the
surface charge of membranes.*” Cholesterol also reduces the permeability of quinine-based
photodynamic drugs (hypericin and its derivates) in mixtures with DPPC. The reduction of
permeability was different for individual derivates and cholesterol content (9 and 25 mol%).”
The partitioning of small drugs (ammonia, ethanol, nitric oxide, benzene, propane and
neopentane) into the lipid tails region also decreases with cholesterol.’’ The effect of
cholesterol-induced decrease of permeability is more profound in the presence of saturated lipids

and membranes with smaller lipid head groups (PE as compared to PC).’!
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4. Membrane proteins

Membrane proteins (MPs) represent about a third of the proteins in living organisms and
constitute about half of the total mass of biomembranes. They are responsible for processes
occurring near the membrane interface or directly within the membrane based on the nature of
protein-membrane interaction. Integral (intrinsic) membrane proteins are tightly bound to
membrane structure by one (usually a-helical anchor) or more membrane-spanning domains or
attached via lipids. Those transmembrane segments are composed of conserved hydrophobic
motives that interact directly with hydrophobic space within the membrane core. These types of
proteins mediate the transport of molecules (membrane channels and transporters), energy
transduction (charge translocating MPs) or catalytical processes (membrane-bound enzymes).
On the other hand, peripheral (extrinsic) proteins are loosely bound to the membrane surface, and
the dynamics between bound and unbound state can be shifted by changing the natural conditions,
for example, by the concertation of the salt. Those proteins are usually water-soluble enzymes
(like phospholipases), and the contact with biomembranes is omitted to interactions with lipid

head groups.

Many membrane proteins are, by some means, associated with drugs — either by the mediation of
membrane translocation or by their biotransformation — since processes involving drugs closely
related to biomembranes. Among those, an important class of cytochrome P450 enzymes play

special role in metabolism of many endobiotics and xenobiotics.

4.1 Cytochrome P450 enzymes

Cytochrome P450 enzymes are a large superfamily of proteins found in animals, plants, fungi,
protozoa, bacteria and even among viruses. Up to this day, more than 50,000 CYPs have been
identified from which only 57 CYP genes from 17 families belong to humans. The pivotal role of
this hemoprotein is the biotransformation of drugs and other xenobiotics.”> They generally
catalyze the biotransformation of hydrophobic substrate into more hydrophilic metabolite, that is
rather easily eliminated from the organism. The mechanism of monooxygenase reaction
underlying the catalytical activity of CYPs resides in the reduction of molecular oxygen into two
atomic oxygens, with one atomic oxygen is then bound to aliphatic position of substrate molecule
and the second oxygen atom is reduced to water by following scheme:

RH + O, + NADPH + H" — ROH + H,O + NADP" (7
where NADPH is the reduce form of nicotinamide adenine dinucleotide phosphate cofactor, RH
is the aliphatic substrate and ROH the polar metabolite. The hydroxylation reaction itself is

mediate by the heme cofactor buried within the center of the active site of CYP. The heme
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cofactor is composed of the porphyrin ring with iron atom in its center. The heme-containing
cavity of CYP is connected to protein surface via network of access and egress channels

facilitating the transport of drug and its metabolite in and out the active site.

Despite relatively low sequential similarities (around 40%) among CYP families, the common
fold of CYPs is highly conserved with predominantly a-helical motives with small fraction of
B-sheets. CYPs secondary structural features are denoted in alphabetical order starting from the
N-terminal part of protein. The most important structural motives are the I-helix, contain
threonine amino acid involved in catalytic cycle of heme, the F/G-loop connecting the F and G
helices and the B/C loop connecting the B and C-helices. Those highly flexible loops are (together
with F and F-helices) important in drug trafficking as they gate the path in and out of the active
site of CYPs. (Figure 8 panel A)

In contrary to water soluble prokaryotic CYPs, eukaryotic CYPs are usually attached to
membranes. Most of the mammalian CYPs are bound to the cytosolic side of the endoplasmic
reticulum membrane or to the inner mitochondria membrane. This provides them the matrix for
to mediation of substrate and product channeling in and out of the active site of the protein.
Moreover, biomembranes facilitate the interactions of CYPs with redox partners and also the with
another CYPs. In general motive of CYP-membrane association, the hydrophobic N-terminal
anchor is incorporated within the membrane while the catalytical domain of CYP flows on the
membrane surface. Here the proximal side of catalytical domain (defined by orientation of heme
cofactor) faces the aqueous environment, while the distal side is partially immersed in membrane
by F/G and B/C-loops, parts of F and G-helices and partially by 4, B5-sheets and 4-B5 sheet (so
called B-finger) (Figure 8 panel B). In this arrangement, the orientation of the distal side enables

the interaction with redox partners.

The main distinguishing feature between microsomal and mitochondrial CYPs is the character of
membrane interaction. Microsomal CYPs are synthesized by ribosomes directly bound to
membranes rough ER and after translation are incorporated into the ER membrane. In contrary to
that, mitochondrial CYPs are synthesized freely into cytoplasm and are post-translationally
targeted to mitochondria via small leader sequence cleaved upon import. Compared to
microsomal CYPs, cytochromes P450 found in mitochondria (like CYP11A1l) are loosely
associated with the inner mitochondrial membrane (IMM) since they lack the N-terminal anchor,

and the interaction is omitted to specific segments of catalytical domain.
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Figure 8. Structural features and membrane position of CYPs. The secondary structure of CYP
with underlying individual protein segments denoted in alphabetical order starting from the
N-terminal part of protein to C-terminal part (A). The orientation of CYPs on membrane surface
(B). The N-terminal anchors the catalytical domain in membrane. The orientation of heme
cofactors defines the proximal side (water facing) and the distal side (membrane facing) of the
protein.

The immersion and overall orientation of CYP on the membrane depends on composition of
membrane in which the protein is bound. The orientation of the catalytical domain can be
determined from experimental measurements of the heme tilt angle (HTA). The heme tilt angle
which is characterizes as the angle between plane of the heme cofactor and the membrane normal
is widely used as benchmark for evaluation of MD simulations of membrane bound CYPs in
comparison to spectroscopic measurements. The orientation of the CYP on the membrane is
significantly affected by the lipid composition especially by the presence of charged lipid species
originated from its head group substituent. For negatively charged lipid (like DOPG) CYPs show
high inclination toward the membrane when compared to the neutral DOPC lipid. Also, the level
of cholesterol content modulates the mutual CYP-membrane orientation as the HTA ranges from
52° to 68° (from pure membrane up to 50 wt% of cholesterol). The HTA values range from

~35° to 80° between different CYP isoforms.*
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4.2 Cytochrome P450 reductase

All mammalian CYPs rely on a supply of redox equivalents in form of electrons from its redox
partners. To catalyze the monooxygenase reaction, CYP needs to obtain consequently two
electrons, each at given step of the catalytic cycle. The electron transport chain is facilitated by
cytochrome P450 reductases and cytochrome bs enzymes in microsomes and by ferredoxin redox
systems in mitochondria. In microsomes both redox partners are located at cytosolic side of the
ER with the CPR:CYP ratio of approximately 3-15:1.>* Even small disruption of CPR function
may lead to a major disruption of various CYP catalytic reactions. Such examples of close
connection between CPR function and CYP activity decrease are found in cases of patients
suffering Antley-Bixler syndrome. The deleterious mutations in CPR gene are responsible for

lanosterol 14a-demethylase (CYP51) activity decrease previously observed in ABS patients.>

Human cytochrome P450 reductase is coded by a single gene located at chromosome 7qll.2 and
contains 680 amino acids in its sequence.’® CPR is diflavin reductase — contains both flavin
adenine dinucleotide (FAD) and flavin mononucleotide (FMN) cofactors — attached to the ER
membrane by N-terminal anchor while its flavin domains are facing the cytosol. CPR also bears
NADPH cofactor that subsequently reduces flavin cofactors. The catalytical domain of CPR
comprises of four subunits — two flavine binding domains coupled by the connecting linker
domain and the NADPH binding domain at C-terminus. The FMN binding domain is connected
to the linker by so called hinge. This highly flexible loop (unresolved in crystal structures) seems

to be responsible for domain movement as it enables the pivoting of individual flavodomains.

(Figure 9)

N— anchor — Iinker. FAD domai C
MEMBRANE CYTOSOL

Figure 9. Basic structural features and topology diagram of CPR. Diflavin reductase is composed
of 4 subdomains (cytosol facing) and N-terminal anchored (transmembrane part).

-19-



Based on the phase of the redox cycle, CPR can adopt two distinguishable conformations i.e.,
a closed or an open conformation. Multiple crystal structures of mammalian CPR in closed form
are known, suggesting a compact and stable form, with flavin cofactors at close proximity (4 A).
At this conformation, all three cofactors are internally bound in a position allowing a cascade of
intra-protein electron shuttling from NADPH to FAD and thereupon to FMN cofactor. The
reduction of flavine cofactors then induces the CPR opening. Contrary to closed conformation,
the open form is less compact with FMN and FAD cofactors being separated up to 86 A apart
(in case of yeast-human chimeric CPR). This leaves the FMN domain exposed to water
environment clearly revealing the FMN cofactor. At this arrangement, CPR is compatible for the

docking to its redox partner and for mediating the inter-protein electron transfer (Figure 10).

>

A e
UL I T

Figure 10. General scheme of CPR function. CPR is reduced by intra-cofactor electron cascade
from NADPH cofactor. Upon CPR reduction, protein adopts more open conformation capable of
enter-protein electron transfer towards its redox partner (CYP).
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5. Theoretical approach

The first practical foundations of molecular simulations as we know them were laid in the late
1950s by Alder and Wainwright in calculations of state of hard spheres. Later on, calculations on
correlation in the motion of liquid argon and thermodynamic properties of water showed
promising potential of this new field. Not even 20 years after the first simulations of simple gasses
were carried out, biological relevant processes like simulations of protein had been extensively
studied starting with the work of McCammon on dynamics of bovine trypsin inhibitor. Those
contributions in the field of theoretical calculations and simulations have been awarded by Nobel
Prize in Chemistry 2013 for "the development of multiscale models for complex chemical
reactions". Nowadays, with the increase of computational power resources, molecular modeling
and especially molecular dynamics simulations of biological processes are widely used

techniques in rationalization of natural phenomenon and in drug discovery.

This chapter briefly summarizes some fundamental principles of computational techniques —
mostly molecular mechanics (MM) and molecular dynamics (MD) — used in study of membranes

and protein dynamics. Special focus will be taken on calculations of drug permeabilities.

5.1 Molecular Mechanics

In contrary to quantum mechanics (QM) approach molecular mechanics completely neglects the
presence of electrons and the potential energy of the system relies entirely on positions of atomis,
E, = f(R). Therefore, it does not allow the study processes involving electrons, such chemical
reactions. In molecular mechanics system is fully described as set of "balls and springs"
representing atomic nuclei and bonds connecting them. In order to calculate the potential energy
between individual atoms, MM uses so called force field (FF) i.e., set of simple algebraic
equations and empirical parameters. Those parameters include complete data about individual
atoms (atomic radii, mass or charge) as well as the information necessary for describing their
interaction (bond length, angles or dihedral angles). Contributions to the overall potential energy
of the system is then calculated as the sum of individual bonded and nonbond terms of force field

as following;:
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Ep = EB +ENB

2 Ebond + 2 Eangle

bond angle

®)

+ Eginearat Eim. dinedrat
dihedral im. dihedral

+ 2 ECoulomb + EELJ

Coulomb

where Ep is the bonded term related to covalently bound atoms and Eyp is the nonbonded term

describing the long-range electrostatic and van der Walls interactions.

In most force fields, bonded interactions are described as set of four contributions labeled as
covalent bond stretching, angle bending, proper and improper dihedrals. Bond stretching of two
covalently bound atoms is described by simple harmonic oscillation where the energy varies with

the square of the displacement from the reference bond length
1 .
Epona(1ij) = Eklbjond(rij — 12 ©)
where is kf’j""d represents the force constant of the bond stretching derived from Hooks law, 7

is the current distance between atoms 7 and j and rl-ijd is the reference bond length. Both constants

are specific for individual pair of bound atoms and can be derived from quantum mechanical
calculations or from experimental data. Harmonical potential describes well the bond stretching
near its equilibrium length but for better description of anharmonicity of bond oscillation Morse
potential is preferred.

The angle bending term between atoms i, j and £ is also represented as harmonic potential as

1
angle(aljk) ?]Zgle(eljk - Gl]k)z (10)

angle

where k;; ik

is the force constant of angle bending, 6 the actual angle and 91 Jk 1s the ideal

angle. The force constants for angle bending are smaller compared to bond stretching since less
energy is required to distort angle from its equilibrium.

Another force field term describes the changes in torsion. Here we can distinguish the torsion of
proper and improper dihedral angles. In case of proper dihedrals, the barrier of rotation of two

planes defined by angles between atoms i,j,k and j,k,/ is represented as
Eginearat(@ijrr) = k3" (1 + cos (i — Pihr)) (11)

kgihedml is torsion the force constant, ¢;jy; is the dihedral the actual dihedral, cf)l ki 1s the

where

reference dihedral angle and » is the multiplicity. The multiplicity (» = 1,2,3 ...) defines the

number of minima while angle rotates through 360°. It is worth mentioning that most of the
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variations in conformation of biological systems is driven by the interplay between torsions and
nonbonded interactions.
In order to maintain the planarity of molecules the improper dihedral term (also known as out-of-

plane bending term) defined by a harmonic potential is used:

1 . .
Eim.dihedraz(fijkz) = Ekém'dmedml(fijkl - fil]('ikl)z (12)

is the force constant of improper dihedral, whereas &;j; and Eii]‘-ikl represent

where kém.dthedral

the current and reference values of dihedral angle.

In most force fields, nonbonded interactions are handled in two terms denoting the electrostatics
and van der Waals interactions. The electrostatic interactions are described by classical
Coulomb’s law of interaction of charged particles as:

L ag
Amege, 1ij

(13)

Ecoutomp (rij) =

where &, is the vacuum permittivity, &, is the relative dielectric constant, q; and q; are atomic
point charges and r;; distance between atoms 7 and j. Here simplified model of point charges (i.e.,
partial atomic charges or net atomic charges) located at the centers of each atom is used. Those
charges are constant; thus they do not reflect polarization effects of surrounding. Calculations of
electrostatic interactions are carried out through multipole expansion and are related to
interactions of two charged particles, charged particle-dipole, dipole-dipole, and higher-order
terms of multipole interaction.

Interactions of uncharged molecules are usually described by the Lennard-Jones potential:
£ () = 46y |G - e (14)
Tij Tij
where 7;; is distance of interacting atoms 7 and j, €;; is the depth of potential well and g;; is
collision diameter i.e., separation for which the potential of interacting uncharged particles equals
zero. The Lennard-Jones potential (also called “12-6” potential) is characterized by attractive part
(r'®) and repulsive part (r"'%). The attractive part is related to London dispersion and describes the

attraction at long distances whereas the repulsion part approximates the Pauli electron repulsion

and is more pronounced at short distances.
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5.2 Molecular Dynamics

Concept on molecular dynamics is based on solving numerically classical mechanical equations
of motion based on Newton's second law. The time propagation of coordinates (positions of
atoms) is described by changes of forces acting on particles based on displacement in their
positions. The force (F;) acting on individual atom i (and on every atom described in system) is
calculated from the gradient of the potential energy from molecular mechanics as following:

F; = —-V,E, (15)
where the acceleration is calculated from the force F; as the second derivative of current atomic

positions (x;) with respect to time

2, )
axi _ Fi (16)

dt? m;

where m; is the mass of atom i. To solve this many-body problem of time propagation of the
coordinates finite difference techniques are used. Here the integration of the of equations of
motion is divided into series of small finite number of iterations with defined time step (6t). The
force on each atom is, at given time ¢, calculated from the vector sum of interactions of this atom
with other particles. Thus, derived force is than used to calculate the acceleration of particles at
current positions and velocities and consequently to generate new set of coordinates and velocities
at time t + &t. Using this procedure, and with the assumption than the force is constant during
those elemental steps, one can calculate the time propagation of atomic positions in time i.e., the
trajectory. The final length of molecular dynamics trajectory is defined by number of those finite
time steps and the size of one elementary step. Many numerical integration schemes were design
using finite difference techniques e.g., Verlet and Leap-frog algorithms.

The initial coordinates are given by configuration of system and initial coordinates are determined

from Maxwell-Boltzmann distribution at desired temperature:
p(vi) = (

where p(v;) is the probability of atom i moving with certain velocity v; at given thermodynamical

m l miviz)

o) 2P (3 a7

21
temperature 7 and kg is the Boltzmann constant.
MD enables us to study time-dependent properties of biological systems, like conformational

changes in proteins or nucleic acids, protein-protein or protein-membrane interactions or time-

resolved behavior of drug membrane permeation.
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5.3 Enhanced sampling techniques

Molecular dynamics simulations are useful tool in study of biomolecular systems and are usually
the method of choice in computational exploration of behavior of proteins and membranes.
Nevertheless, the method itself is not perfect and is limited by the accuracy of force field and
computational cost. The later mentioned may result in inadequate sampling of conformational
space. Biological processes like conformational changes of membrane transporters during drug
translocation or signal transduction via protein receptors are processes that involve exploring the
of large free-energy landscapes. Those "rare events" are often unreachable by means of simple
molecular dynamics because of limited simulation time scale resulting in insufficient sampling of
just local energetical minima. To address this problem many enhanced sampling techniques have
been employed to effectively accelerate those calculations and to help examine the
conformational dynamics of complex biological phenomenon. Those enhanced methods originate
in modifying of free energy landscape by adding bias potential along reaction coordinate -

collective variable (CV) - and therefore decreasing the energy barrier of monitored reaction.

In this chapter basic principles behind umbrella sampling (US) and metadynamics (MTD) — two
most used enhanced sampling techniques — are described. Those techniques were also used in

presented theses.

5.3.1 Umbrella sampling
Umbrella sampling was one of the first CV-based enhance sampling technique used to study
biological processes out of its equilibria. The method is based on exploring free energy along
predefined collective variables (CV). The reaction path is defined as a function of atomic
coordinates describing the bottleneck path of studied phenomenon. In case of membrane
permeability studies, CVs are usually defined as a distance of the drug from the center of the
membrane. By adding series of harmonic potentials hy(g) along single reaction coordinate (g) the
system can overcome the energy barriers. The potential energy of biased system is modified as

E,(R) — Ep(R) + hy(q) (18)
where R is a vector of all coordinates and h;(q) is a quadratic potential defined as

h(@) = 5(a = a)* - (19)

Here £ is the harmonic force constant and g; is the position along reaction coordinate. Series of
sampling of monitored CV. The probability distribution function p;(q) for individual coordinate
along represented CV is obtained as set of overlapping histograms. Those probability distribution

functions are affected by the presence of biasing potentials thus not reflecting the natural unbiased
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state. The unbiased probability distribution function p*(q) is than reconstructed using direct
iteration algorithms like the Weighted Histogram Analysis Method (WHAM). The free energy

along monitored reaction coordinate ¢ can be calculated as

u
6@) = G(an) — kT b 20)
where g, is reference point. Sufficient sampling of reaction path usually depends (apart from
correctly chosen CV) on having large enough number of frames equidistantly located along CV
so the overleaping of neighbor histograms is adequate. Also, the time set for individual biased

simulation is a key factor for reaching the convergence of the US calculation.

»

Free energy

C

>
CV. (9

Figure 11. Illustration of the US procedure. Series of harmonic potentials along single reaction
path is added. The free energy is reconstructed from the probability distribution function along
monitored CV. Here A denotes the local minima, B the transition state and C the global
energetical minima for given path.

5.3.2 Metadynamics

Contrary to US, in metadynamics method a single biased simulation is carried out to reconstruct
the free energy profile. During this MTD run, a set of bias potentials (in form of Gaussian
functions) is systematically imposed along the monitored CV (Figure 12). By applying history-
dependent Gaussians at every time step, the system is encouraged to visit yet unsampled

configuration space. In MTD run with single reaction coordinate ¢, the Gaussians are defined as

following
(¢ — q())?
Ve = ), wew () @)
t’ = TG,ZTG,..
t'<t

where w is the height of the Gaussian function, o is its width, and 7 is the Gaussian deposition
frequency. These parameters are specifically adjusted based on knowledge of studied system and
may influence the precision and efficiency of MTD calculation. For instance, if the height of the

Gaussians is too large the free energy surface will be sampled hastily, and reconstructed energies
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will be inaccurate. On the other hand, the lower the height of the Gaussians the slower the
simulation is. Moreover, inappropriately high deposition frequencies of the Gaussians can also
slower MTD run.

An unbiased estimate of free energy is determined by positions of history-dependent potentials
deposited up to time ¢. The system is fully converged, when the sum of added potentials equals

the negative free energy, and the system diffuses freely along CV.
Ve(q,t — o) = —G(q) (22)

>
>
>
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Figure 12. Schematic illustration of metadynamics approach. Series of history-dependent
potential is added along the monitored CV. The calculated free energy is assessed from positions
of imposed potentials. Here A denotes the local minima, B the transition state and C the global
energetical minima for given path.

5.4 COSMO calculations

An alternative to molecular dynamics simulations in the investigation of the permeation through
micellar systems is so called COSMO procedure. It is based on COSMO-RS (Conductor-like
Screening Model for Real Solvents) approach where solvent (in our case membrane) is described
by dielectric continuum of given dielectric constant. For each molecule, the van der Waals-like
molecular surface based on molecule geometry is generated. Upon this surface, the dielectric
screening charge densities (c) induced by surrounding solvent are calculated. Consequently,
density distributions of polarization charge density (c-profiles) are generated, and intermolecular
interactions are described as local pairwise interactions of those segments. The corresponding

affinities of those molecular surface segments are denoted as G-potentials.

Prior to membrane permeability prediction, COSMO surfaces are calculated on both solutes and
solvent molecules by means of density field theory (DFT) method — usually by B-P functional
and def2-TZVPD basis set. This includes COSMO surfaces of individual lipid molecules

presented in membrane. In COSMOmic calculations, the inhomogeneous solvent representation
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is defined by the membrane structure. Lipid bilayer (usually obtained from MD) is divided into
layers perpendicular to membrane normal, each differing in the atomic composition. Individual
layers are described as two-dimensional fluids with specific distribution of polarization charge
densities, e.g., 6-profiles. The chemical potential ujy (r, d) of solute X in solvent (membrane) M
is calculated as function of its orientation and position for individual layer. For bilayer having »
layers and solute with m possible orientations, the partitioning function of solute X is calculated

from chemical potentials as following:

Zi= Yy e (-HLD 3)

where 7; is solute position and d; is its orientation. The probability of finding solute X in layer i

1s denoted as

Ziy ()
pa() = =% (24)
M
and the free energy profile of solute X permeating though membrane M is given as
Gu (1)) = —kgT Inpjy (1) (25)

Various tools from COSMO family have been developed based on COSMO-RS method allowing
mechanistic predictions of permeabilities of micellar systems. For example, COSMOperm’’
method is based on COSMOmic®® approach and extends the calculations of permeabilities for
charged molecules. The requirement of single DFT calculation per molecule is advantageous
compared to extensive sampling in MD simulations. Along with good precision, it makes

COSMO approach suitable for high throughput permeability studies.

5.5 Calculations of Drug Permeabilities

The first step in prediction of drug-membrane permeabilities is the calculation of free energy
profile with respect to the membrane normal (described above). Generally, the free energy profile
can denote the energetical information of membrane crossing event along defined pathway
(Figure 13). It defines the height of the penetration barriers (AGpen) which are the time-limiting
steps of crossing events. The affinity of drugs towards the membrane is also captured as the height
of the membrane/water barrier, AGwar, which usually correlates well with the partitioning
coefficient logKy. It also determines the depths of the permeation as the position of the free energy
minima (Zm).

Once the permeability calculations are performed and the free energy across given path is
enumerated the task is to predict properties characterizing the membrane permeability itself e.g.,

the permeability and diffusion coefficients and drug partitioning into membrane.
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Figure 13. Overall schematic representation of the permeation process on example of two steroid
molecules. The height of the penetration barriers (AGpen) and the affinity towards the membrane
(AGwar) are calculated directly from the corresponding the energetical profile. The Zyn defines
energetically preferential position along followed pathway.

Early concepts of cell permeabilities were proposed by Overton, simplifying the membrane
permeability as transport through homogeneous oil slab where permeability coefficients correlate
with oil/water partition coefficients. Here the permeation process depends only on the thickness
of bulk solvent (oil) and the ability of solute to passively diffuse. In contrary to isotropic
hydrophobic oil medium, membranes are highly heterogenous and anisotropic systems. Their
heterogeneity arises from its varying lipid composition and can be characterized by density
distributions, order parameters or lipid diffusion. Besides, lipids consist of highly polar moieties,
like glycerol/ester containing head groups, that could not be represented by simple oil phase.
Overton's model was therefore not sufficient in depicting the structural and dynamic properties

of membranes as transport medium.
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More sophisticated model, so called inhomogeneous solubility-diffusion model was proposed
encompassing the membrane heterogeneity. Here properties underlying the transport
phenomenon depend on the depth of permeation and vary locally during molecule translocation.
The overall permeability coefficient is than calculated as if the membrane was divided into finite

number of layers in an integral form

1 Zy z; eXp (AG(Z)/k T)
P=v= 1/L1R(z)dz=1/L e B dz (26)

1

where R(z), D(z) and AG(z) are solute resistance, diffusion coefficient and free energy of
transfer, respectively, at given position z along the membrane normal. Due to the exponential
character of AG (z) in the denominator, more appreciable changes of the permeability coefficient
are found for systems with positive free energy values, while the partitioning into the membrane

is neglected.

The overall partitioning coefficient in the membrane/water environment, integrated over

membrane and water regions, can be calculated from free energy profile as

I —AG(2)
K= le exp ( KT ) dz 27)

Since the partitioning defines the ration of concentrations of molecules between the membrane
and the water phase it is necessary to define the boundaries between those two phases. Defining
the exact borders is not trivial task, since biological membranes are predominantly found in
disordered phase which is highly flexible and with inclinations to undulations. An elegant way
around it was proposed by Klamt et al., by weighting the free energy based on the ratio of density

of water in each layer p("‘gter and bulk water density p}’%t€". The partitioning coefficient than

independent on the size of the system and can be calculated by following

2 —AG(z water APL
K = J exp (2) — P@) d
Z1

zZ X (28
kT ppe O Wm, :

where APL stand for the area per lipid, M;;, is the molecular weight of lipids and m,, the atomic
mass constant. The multiplication factor converts values of the partition coefficient into values
directly comparable with experiments kg(lipid)/L(water). In contrary to permeability coefficient,

the partitioning depends strongly on the negative values of the free energy.

In order to enumerate the permeability coefficients, the inhomogeneous solubility-diffusion
model requires the calculation of local diffusion coefficients D(z). In enhanced sampling
simulations, such as the umbrella sampling or the z-constraint method, molecules are constrained

at given position along membrane normal, therefore their diffusion is restricted to the xy - plane.
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The local diffusion coefficients are calculated by integrating the autocorrelation function (ACF)
of the average constrained force acting on molecules as
(kpT)?

bz) = [© < ACF(F(z)) > dt

(29)

where ACF(F(z)) is the autocorrelation function of the force on solute when constrained at
position z along the axis. Similarly, the diffusion coefficient can be calculated from the velocity

ACEF or from the mean square displacement of the drug.

It is worth mentioning, that obtaining experimentally values for free energy of transfer AG (z) or
diffusion coefficients D(z) is not possible since there are no techniques capable of grasping such
fine properties. In contrary, the partition coefficients are relatively easy to resolve by numerous
experimental techniques, such as solid phase microextraction or equilibrium dialysis and are
directly comparable to calculated ones. As for experimental permeabilities, the most
straightforward approach is to measure diffusion (and consequently concentration) of drug
between compartments (donor and acceptor) separated by thin film (skin graft), for example by
Franz diffusion cell. Another in vitro approach is to use biological cell assays, like Parallel
artificial membrane permeability assay (PAMPA**), or colorectal adenocarcinoma cells
(Caco-2°") line cells. Unlike to simple partitioning, the permeability coefficients vary based on
technique used and therefore are not suitable for a direct comparison with calculated
permeabilities. Nevertheless, cautious comparison of calculated permeabilities based on the same

methodology is generally acceptable.
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6. Results

Following chapter summarizes our contributions to understanding and rationalization of how
biomembranes interact with other biological species using different theoretical approaches.

The Results chapter is divided into five subchapters each dedicated to individual project and
contains both, results published in peer-reviewed articles and not yet published papers and data.
First subchapter describes the development and usage of MolMeDB database. Second subchapter
is dedicated to an unpublished study on how cyclosporin A permeates through various of
biological membrane models. Third subchapter refers to the development and validation of
systematic computational methodology for prediction of suitable liposomal encapsulation for
thermally induced release of bio-active compounds. Finally, two last subchapters describe the
effect of membrane on behavior of the membrane-interacting proteins from superfamily of heme-

containing enzymes i.e. cytochromes P450s and its mutual interaction with redox partner CPR.
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6.1 MolMeDB project

Biomembranes are complex systems that serve as natural barriers for many compounds. They act
on multiple levels within the human body — on cellular and sub-cellular level as well as on
macroscopic scale, like skin barrier. At all those levels, the molecule-membrane interactions are
important for the course of action of individual molecules in the organism and for their
pharmacokinetics and pharmacodynamics. Multiple experimental techniques for assessing drugs
partitioning (like SPME®*®*) or permeabilities (Caco-2°*, PAMPA®) were derived, providing us
with large amount of data on how molecules interact with membranes. Furthermore, various
databases like EDETOX® focused on in vitro and in vivo percutaneous permeabilities or PerMM
database®” using thermodynamics-based computational method to predict permeabilities through
artificial and natural systems have been developed. Moreover, molecular dynamics simulations
can provide complex information on both partitioning and permeability and on general behavior
like orientation and favorable positions within membrane. MD-based methods generally focus on
the effect of specific drug class or membranes. Finally, COSMO-based calculations represent and
an accurate and relatively fast prediction of drug-membrane behavior suitable for high-throughput
screening. All those data are not interlinked and scattered across multiple platforms and in
literature, thus lacking thorough benchmark comparison among individual method/membrane

systems.

To fill this gap, we have developed Molecules on Membrane database (MolMeDB) — an open
chemistry database about interaction of molecules with membranes. Up to this day, MolMeDB
contains more than 931,000 specific drug-membrane interactions for more than 456,000 unique
molecules. Interaction data are linked directly to specific membrane system and technique — up
to now database contains 41 membrane systems and 54 methods. (Figure 14) The membrane
systems are further divided based on its localization within organism such brain, cell, eye,
intestine, or skin membranes and based on the used approach e.g., theoretical models (like simple
bilayers) or experimental systems (complex cell lines like Calu-3 or Caco-2). Similarly, methods
are divided based on the source of interaction data e.g., experimentally obtained,
computed/calculated (QSARs, COSMO-based calculations) or simulated (MD-based techniques

at different level of approximation).
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Figure 14. Distribution of total membranes (A) techniques (B) found in MolMeDB database.
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It is worth mentioning that the latest version of MolMeDB also includes new information on
membrane transporters and its interaction with small molecules. Especially on their relations to

compound in terms of substrate or inhibitory/non-inhibitory effect.

6.1.1. MolMeDB user interface

Web version of MolMeDB database is accessible (https://molmedb.upol.cz/) and provides

a user-friendly interface. Interaction data are accessible via Browse or Search mode, where user
can either browse through lists of compounds that appertain to specific membranes and techniques
or to directly search for desired compound by its name or SMILES notation. Upon choosing the

entry a page for individual compound contains four sections:

1. General info — provides a description of basic molecular properties like molecular weight,
octanol/water partition coefficient predicted from RDKkit software®® or standard chemical
identifiers and notations (InChiKey, SMILES). Moreover, it directly visualizes 2D and 3D
structure of molecule. This section contains links to other databases like PubChem®, DrugBank’’,

ChEBI"!, ChEMBL"? or Protein Data Bank”.

2. Interactions — displays an interactive table of all interactions available for a selected
compound. For a given membrane-method combination is lists interactions such as
membrane/water partition coefficient (logKn), permeability coefficient (logPem), the height of the
penetration barriers (AGren), the affinity of drugs towards the membrane (AGwar) or the position
of the interaction minima (AZwmm). It also contains the charge of the molecule (Q), temperature

and link to reference publication from which data were obtained.

3. Transporters — provides information about transporters and its interactions with compounds
found on the database. It shows a targeted transporter with a link to UniProt database as well as
characteristic constants such as half maximal effective concentration (pECso), half maximal
inhibitory concentration (pICso), inhibition constant (pK;) an Michaelis constant (pKn). It also

classifies the nature of interaction towards transporter as substrate, inhibitor, or non-inhibitor.

4. Free energy graph — demonstrates free energy profiles of molecule-membrane crossing with
respect to membrane normal between the membrane center (0 nm) and water environment
(3.5 nm). At any given membrane depth (blocks separated by 0.1 nm) the free energy value can

be interactively visualized.
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6.1.2. Case study

Multiple free energy profiles can be visualized together allowing the user to denote the effect of
specific membrane/method on permeation of specific molecule or to compare multiple
compounds on one specific membrane/method system setup. Both, interaction data and free
energy profiles can be directly export in .csv format. The following case studies demonstrate the

usage of the MolMeDB database.

Caffeine and its metabolites

Here the example of comparison of free energy profiles for caffeine and its derivatives shows the
effect of different type of metabolizing reaction on metabolites permeation with respect to
unmetabolized substrate (Figure 15). Caffeine is metabolized by various of metabolizing enzymes
into following metabolites — theobromine (CYP1A2, CYP2EI1), theophylline (CYP1A2,
CYP2E1), 1,3,7-trimethyluric acid (xanthine oxidase), 6-amino-5(N-formylmethylamino)-1,3-
dimethyluracil (CYP1A2) and paraxanthine (CYP1A2). The type of metabolizing reaction
(demethylation, oxidation or decyclization) defines the chemical modification of resulting
products. Free energy profiles showed distinguishable differences for individual metabolites with
respect to caffeine substrate molecule. Demethylation reaction showed increase of the penetration
barrier by ~3.4 kcal/mol for theobromine, theophylline and paraxanthine. Products of oxidation
and oxidation/decyclization reactions displayed additional increase of penetration barriers with
respect to caffeine by 5.4 and 5.9 kcal/mol, respectively. The most discernible increase of the
penetration barrier was observed in the aliphatic tail region membrane while the affinity towards
the membrane (AGwar) defined as the height of the membrane/water barrier remained almost

unchanged for all molecules.

Comparison of methods

This case study shows bigger datasets (101 compounds) that allows the comparison of multiple
membrane/method entries. Here we demonstrated the evaluation of theoretical methods against
experimentally obtained data (Figure 16). Permeability coefficients obtained from two different
theoretical approaches COSMOmic/COSMOperm18 calculations and PerMM predictions were
evaluated against black lipid membrane (BLM) experimental setup. In COSMO-based
calculations model of DOPC lipid bilayer was used while in BLM setup and PerMM predictions
the permeabilities were determined on generic phosphatidylcholine membrane. Linear regression
fit was employed to identify the level of correlation between the combination of two methods.
The resulted coefficient of determination (R?) of 0.76 and 0.77 for COMI18/BLM and
PerMM/BLM, respectively presented good agreement of both theoretical approaches compared

to experiment.
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Figure 15. Free energy profiles of caffeine and caffeine metabolites permeation through DOPC
membrane calculated with COSMOmicl8 as example of MolMeDB usage. Structures of
individual molecules are depicted along with enzymes responsible for caffeine metabolism.
Figure taken from reference’™.
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Figure 16. Comparison of

permeability coefficients obtained from theoretical PerMM model,

COSMO-based calculations against experimental BLM setup. The coefficients of determination
and for COM18/BLM (0.76) and PerMM/BLM (0.77) along with almost identical slope to
experimental data showed good correlation of between individual techniques. Prediction interval

shown in green and confide

nce interval set to 95% shown in red. Figure taken from reference’*.
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6.2 Permeation of cyclosporin A through biomembranes

Many naturally occurring cyclopeptides have been promising alternatives to traditional small drug
exceeding beyond the rule of five (bRo5) space. Exceptional biological activity and the possibility
of engineering their chemical structure to alter specific target response made them highly
anticipated candidates in novel drug research.”” Contrary to traditional small molecules, peptides
are biodegradable back to simple amino acid making them less toxic and fast removal upon
proteolytic degradation restricts their accumulation in organs. On the other hand, the low oral
bioavailability of cyclic peptides is limiting step in drug administration. One of the most
prominent members of cyclopeptide family is cyclosporin A, widely used immunosuppressant,

that possesses both membrane permeability and good oral bioavailability properties.

Cyclosporin A is an important immunosuppressant drug. In complex with cyclophilin A, CsA is
bounds to calcineurin, calcium/calmodulin-dependent serine/threonine protein phosphatase
responsible for dephosphorylation T-cells transcription factors. This ternary complex then
specifically targets T-cells signaling pathways restricting the transcription and proliferation of T-

lymphocytes (e.g. T-lymphocytes activation).”

From the structural point of view cyclosporin A is a homodetic cyclopeptide composed of
11 amino acids, where 7 nitrogen atoms are N-methylated (Figure 17). Cyclosporin A exhibits
structural polymorphism, with two predominant conformations based on surrounding
environments e.g. free form of CsA in non-polar solution and bound form in cyclophilin complex.
In non-polar medium CsA adopts more “closed” conformation resulting four intramolecular
hydrogen bonds and formation of antiparallel B-sheet.”””® In contrary to that, while bound in
complex with cyclophilin A in water, polar moieties of CsA are more exposed to maximize
possible hydrogen bonding to protein and polar environment.” This structural flexibility is crucial

for membrane permeability of CsA.®

After oral administration up to the point of reaching side of action, CsA permeates through various
biomembranes differing in lipid composition and phase state. Specific interactions of CsA with
individual inhomogeneous environment along with specific CsA physicochemical and structural
properties (high hydrophobicity, low aqueous solubility, or N-methylated peptide backbone)
underline the nature of distinct permeation process. Due to the hydrophobic character and limited
water solubility suggested CsA is located primary in aliphatic membrane interior.® In fully
saturated phospholipids (namely DPPC) the presence of CsA affects the ordering of acyl chains
according to phase state e.g. increase in ordering above phase temperature and decrease of lipid

ordering bellow transition temperature as well as decreases the enthalpy of transition from gel to

-38 -



liquid crystalline phase.®'** The partitioning of between both gell and liquid crystalline phase is
governed by the amount of CsA present in mixture.*? Furthermore, the topology of membrane is
changed by CsA partitioning into regions separating gel and liquid phases in cholesterol enriched

membrane mixtures.®’

O
N-methylation

'I;/

e HNI

non-canonical
e T(\N N\H).W'"’

amino acid
O D-amino acid

HN

Oln

Figure 17. Structure of cyclosporin A. N-methylation sides highlighted in blue, two
non-proteigeneric amino acids highlighted in pink, D-alanine highlighted in green. Adopted from
reference.™

In present study, we describe the effect of different membrane composition of CsA permeation.
We used enhanced umbrella sampling technique to investigate energetical profiles of CsA
passage along membrane normal. In order to investigate the structural behaviour of CsA, we first

carried out simulations in water and hexane.

In simulations of CsA in water and hexane the drug adopts two different conformational states as
structural response to different environments. Measured “hydrophobic distances” — distances
between COM of hydrophobic side chain residues and COM of whole CsA - (Figure 18. left)
showed tighter packing of hydrophobic residues of CsA in hexane. In contrast to that, while CsA
was in water, the hydrophobic moieties had greater conformation freedom, maximizing the
interactions with surrounding water molecules. Furthermore, the native contacts between
hydrophobic side chain residues and the rest of the molecule were measured (Figure 18. middle).
The total amount of contacts was greater in simulation of hexane suggesting the effort to
maximize the intramolecular contacts within CsA. This led to structural changes in CsA and
exposing the more polar backbone of peptide while shielding the hydrophobic moieties within.

Moreover, solvent accessible surface area (SASA) showed smaller area occupied by CsA in
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presence of hexane (Figure 18. right) as solvent also suggesting tighter packing in CsA molecule

structure.
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Figure 18. Different behavior of CsA in simple conditions e.g., in water and in hexane. In hexane
CsA exhibited “closed” conformation while maximizing the intramolecular interactions. In
contrary to that, the overall molecular surface was greater for CsA placed in water suggesting
preferential interaction with water environment upon adopting “open” conformation.

Table 2. Energetical properties of cyclosporin A permeation in various membrane models

Membrane composition Zmin [A] AGwart [kcal/mol] AGyen [keal/mol]
DOPC 12.55 -8.15 4.00
DPPC 0 -30.44 0

DMPC 6.45 -10.00 3.05
POPE 9.55 -6.42 3.80
POPC 9.35 -11.75 4.14
POPC:CHOL (1:1) 3.25 -16.37 0.40
POPC:CHOL (4:1) 10.35 -8.06 5.20
POPC:POPE (1:1) 6.75 -9.36 3.62
POPC:POPE:CHOL (2:1:1) 11.05 -7.51 4.14

As the strongly hydrophobic character and limited water solubility suggested CsA is located

primary in aliphatic membrane interior.
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Figure 19. Calculated free energy profiles of CsA membrane permeation divided into four groups
based on membrane composition. CsA passing through membrane starting at bilayer center (z=0)
to water (z=40). (A) PMF profiles of CsA permeation through pure phosphatidylcholines
membranes. (B) PMF profiles of pure POPC and analogues with different cholesterol amount.
(C) PMF profiles of pure POPC, POPE membranes and its cholesterol enriched content. (D) PMF
profile of CsA passing through DPPC bilayer found in gel ordered phase.

6.2.1 Cyclosporin A behavior on membrane models
Phosphatidylcholines (PC) are one of the most abundant phospholipids in mammalian cell
membranes most likely to be involved in passage of small molecules. Three prominent member
of PC lipids were selected (POPC, DOPC and DMPC) differing in length and saturation of acyl
chains. In case of POPC and DOPC, where the only differentiating factor is saturation in A9-cis
bond, the PMF profiles show different position of energetical minima slightly shifted towards
region of double bonds in case of DOPC (12.55 A). The energy minima decreased by
~3.5 kcal/mol in case of POPC. Nevertheless, the energy required for CsA to cross those
membranes (AGwar) was almost the same. In case of DMPC the position of minima and the initial
barrier for entering the membrane was shifted towards core due to the shorter length of acyl chains
(Figure 19 A).
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Second group considers case of pure POPC and its analogues with increasing amount of
cholesterol content (POPC:CHOL (4:1; 1:1)). In case of pure POPC bilayer and system with lower
saturation of cholesterol the energetical minima reside within same the position (~10 A) from
membrane center. In equimolar amount of POPC and cholesterol higher membrane ordering
resulted into displacement of bilayer leaflets and shift of CsA energetical minima directly to the
center of membrane which is the only disordered region. Once in the middle of membrane it is

unlikely for CsA to overcome barrier of 16.37 kcal/mol (Figure 19 B).

In the third group the effect of changes in the polar headgroups was studied in prototypical types
of lipids e.g. POPC, POPE. The most apparent difference of CsA permeation was the deepening
of energetical minima by ~5.33 kcal/mol while changing from PE to PC headgroup (AGwar -6.42
and -11.75 for POPE and POPC respectively) while the position of energetical minima was almost
the same. Subsequently, while in equimolar composition of POPC and POPE lipids the
energetical barrier of crossing showed average between POPC and POPE (AGwar -9.36) the PMF
profile showed significant bordering of energetical minima oscillating from 6 to 14 A. As showed
in previous case, additional increase of cholesterol content affected negatively the partitioning of

CsA into membrane (Figure 19 C).

Extreme case of CsA crossing DPPC membrane found in gel ordered phase. In contrary to other
systems PMF profile shows significant barrier for entering membrane from water environment
~5 kcal/mol. Once penetration beyond headgroup region CsA finds its minima in the center of

the membrane with AGwar of -30.44 kcal/mol where it will reside (Figure 19 D).

6.2.2 Conclusions on cyclosporin A

In simplified phosphatidylcholine membrane models, the energetical profiles for CsA passage
were relatively similar. However, the presence of cholesterol induced changes in the membrane's
ordering, leading to a shift of the energetical minima directly towards the center of the lipid
bilayer when equimolar concentrations of cholesterol and phosphatidylcholine were present. The
borderline case of DPPC also revealed that CsA was unable to permeate through membranes in
the gel-ordered phase. In all cases, the strongly hydrophobic nature of CsA and its limited water
solubility indicated that CsA primarily resides within the aliphatic interior of the membrane.
These findings shed light on the importance of membrane composition in influencing the
permeation behavior of CsA and highlight the preferential localization of CsA within the lipid
bilayer.
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6.2.3 Methodology

MD setup

All simulations were carried out using Amber16 software packages. Lipid14 was used for all lipid
parameters. Parameters for CsA were derived from AMBER ff14SB. Bonds involving hydrogens
were restrained with SHAKE algorithm allowing 2 fs time step. Temperature was kept constant
at 310 K with Langevin dynamics with collision frequency of y = 1 ps. Pressure of 1 atm was
maintained using Berendsen barostat at semiisotropic conditions with pressure relaxation time of
1 ps. Real space electrostatic and van der Waals interactions were calculated within distance of
10 A. Long range interactions were treated with PME algorithm. Periodic boundary conditions

were applied at all directions.

US simulations

To generate starting structures of CsA in distinct positions in lipid bilayers pulling procedure was
performed. CsA was slowly pulled from membrane interior (z=0 A) to water environment (z =
40 A) with frequency of 1 A/ns and force constant of 1.1 kcal/mol for 40 ns. Then, series of 40
structures with equidistant CsA distances of 1 A in membrane z-axis were generated to serve as
starting coordinates for umbrella sampling windows. Each window was then subjected to 100 ns
production run restraining drug at given position with harmonic potential with force constant of
5 kcal/mol. Final potential of the mean force (PMF) profiles of CsA-membranes crossing were

established using weight histogram analysis (WHAM®’) with 1 x 10”® tolerance.

Permeability calculation

Inhomogeneous solubility diffusion model (ISDM) describing drug-membrane crossing through
inhomogeneous-like medium was used in order to obtain key permeation properties such as
permeation coefficients from PMF. Permeation coefficients are obtained as reciprocal value of

integration of individual resistances R(z) at given position along z-normal from Equation 26.
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6.3 In silico screening of drug candidates for temperature-responsive
liposome formulation

Liposomes are spherical vesicles which comprises of aqueous core surrounded by a lipidic shell
arranged in form of bilayer. The lipidic part of liposomes usually contains various of
phospholipids and cholesterol. Upon initial encapsulation into internal cavity, liposomes as are
used as carriers for large numerous active substances such active pharmaceutical ingredients
(APIs), fluorescent dyes or genes. The properties of liposomal vehicles such as size, stability, and
composition can be specifically altered for the purpose of desired delivery and release mechanism.
The precise tailoring of the composition of lipid species may also affect the one of the key
properties for successful payload release e. g. the permeability of encapsulated compounds. At
lower temperatures lipid bilayers tend to reside in order phase which is non-permeable for trapped
species and is desired for sufficient transport of encapsulated compounds towards their side of
the action. On the other hand, when heated, the phase transition of lipid bilayers into disordered
state must assure the controlled release of encapsulated species. The phase properties of lipid

bilayers are to the greatest extent govern by the composition of lipidic part of the liposomes.

Up to this day, liposomal formulation and the encapsulation-release mechanism faces many
drawbacks originating from the non-systematic ways of determining the correct formulation
approaches or the appropriate identification pharmaceutical ingredients suitable for
encapsulation. The goal of the present work was to develop and validate a systematic
computational methodology for prediction of suitable encapsulation and thermally induced
release of bio-active compounds. The proposed strategy combined classical molecular dynamics
simulations and quantum chemistry-based calculations to determine selection criteria for
identification of compounds capable of stable in encapsulation and temperature-induced release
from liposomes on well-established membrane model (membrane composed of
DPPC:DPPG:CHOL at molar ratio of 75:10:15). Those criteria were validated against series of
experiments confirming the methodology precision using an identical set of fluorescent dyes.
Furthermore, we screened the DrugBank database against those criteria and successfully

identified potent drug — cycloserine — capable of liposomal loading ant thermal release.
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6.3.1. MD simulation of bilayer phase transition

Molecular dynamics simulations of mixed membrane (DPPC:DPPG:CHOL at molar ration of
75:10:15) were carried out at scale of temperatures mimicking different stages of liposomal
formation a subsequent cargo release — the liposome storage temperature (293 K), slightly
elevated body temperature (313 K) and the temperature desired for the controlled release of
trapped payload (323 K and 333 K). At the temperature corresponding to liposomal storage
(293 K) and body temperature (313 K) the bilayers were found at highly ordered state. Sharp
changes in bilayer structural features (Ar increase by approximately 1 nm? and lower order
parameters marked the phase shift into disordered state between 323 K and 333 K. At the
temperature of 333 K, required for the cargo release, lipid bilayer was found in completely
disordered state. Structures from abovementioned MD simulations served as templates for

following COSMOmic/COSMOperm calculations.

6.3.2. COSMO-based partitioning and permeability calculations fort

fluorescent dyes

Set of five fluorescent dyes was used as starting set for derivation of encapsulation/release
selection criteria — namely 5-carboxyflourescein (5-CF), 6-carboxyflourescein (6-CF),
fluorescein (F), fluorescein-5-isothiocyanate (FITC) and calcein (Cal). For each fluorescent
dye/bilayer system partitioning and permeability coefficients were calculated at given
temperature range (Figure 20). The temperature dependent calculations showed no significant
changes in partitioning of fluorescent dyes into mixed membrane (Figure 20 panel A). Only at
elevated temperature (333 K) slight inclination to increase of partitioning was manifested. From
the partitioning coefficients the lipophilicity of individual compounds could be assessed as
follows Cal < 6-CF < 5-CF < F < FITC. On the contrary, the permeabilities of studied dyes
increased almost linearly with increasing temperature (Figure 20 panel B). Those differences
varied widely also between individual compounds. The further analysis of partitioning and
permeability coefficient at limited temperatures (293 K and 333 K) suggested the 5-
carboxyflourescein and 6-carboxyflourescein as the best candidates for thermoresponsive release
as they would prefer aqueous cavity (logKiipmwa "~ = 0.72 £ 0.43 and 0.35 = 0.36 for 5-CF and 6-
CF, respectively) and would not escape from the liposome core rapidly (logPem’"* = —5.64 +
0.06 and —5.78 £ 0.06 for 5-CF and 6-CF, respectively) In contrary to that, higher permeability

293K

coefficients for fluorescein (logPerm = -2.59 + 0.09) and fluorescein-5-isothiocyanate

293K

(logPerm = -2.26 £ 0.52) would suggest higher than optimal permeability even at lower

temperatures. Moreover, the lowest permeability even at higher temperatures for calcein

333K

(logPem”™ = -9.05) denotes its inability to escape from aqueous core of liposome.
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Figure 20. Calculated partitioning (A) and permeability (B) coefficients for the set of fluorescent
dyes through mixed membrane (DPPC:DPPG:CHOL at molar ratio of 75:10:15).

6.3.3. Selection criteria encapsulation/thermoresponsive release and

DrugBank screening

Based on theoretically calculated partitioning and permeability coefficient and encapsulation and
released experiments with fluorescent dyes we derived set of ground criteria for prediction of
successful ~ liposomal encapsulation/thermoresponsive  release  (Figure 21)  for
DPPC:DPPG:CHOL (75:10:15) membrane mixture. From the experimental point of view,
adjustments were made to reflect real experimental conditions. For example, the boundary of
partitioning coefficients was shifted to reflect the equal contribution of volumes of lipidic
part/aqueous phase of liposomes (lipids tend to occupy 100 — 10,000x less volume compared to
aqueous core) which resulted at the rule logKiipwar < 2 (rather than 0) for optimal encapsulation
into aqueous cavity. The border values for permeability coefficients were recalculated into
apparent permeabilities to reflect the fraction of unionized species and correction to unstirred
water layer. The apparent permeabilities at given temperatures of 293 K and 333 K (logPap,>*%)
outlined boundaries for optimal temperature controlled released as logPam < -9.1 at lower
temperatures (273 K) and logPem > -8.1 at release trigger temperature (333 K). Based on these

rules (Figure 21), neutral molecules can be sorted into following categories:
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i/ compound are not suitable for liposomal encapsulation
ii/ compound are suitable for liposomal encapsulation but are not suitable for the thermally
controlled release

iii/ compound are suitable for liposomal encapsulation and for the thermally controlled release.

membrane suitable

logP,,. " <-9

No

suitable for cavity

293K

logP,,.. <-4

logP,,.” > -8

Is there pH where:
log(f,,) + logP,,,.”* < -9

No Yes

too permeable not for heat release perfect for heat release

Figure 21. Selection criteria defining the optimal molecule candidates for successful liposomal
encapsulation and subsequent release at trigger temperature.

To further validate those selection criteria, we performed rapid in silico screening of compounds
found in DrugBank database. In total of 56 bioactive (mostly toxic) compounds were selected for
which their logKiipmwa: and logPem values were calculated. From abovementioned selection criteria

those 56 compounds were high divided into three categories:

i/ 27 compounds would encapsulate rapidly into membrane phase of the liposomes due to their
high partitioning coefficients (Figure 22. yellow dots) and 4 compounds were not acceptable for
liposomal formulation using the Bangham approach (low permeability even at higher temperature
of 333 K; Figure 22. red dots)

ii/ 16 compounds were not acceptable for liposomal formulation as they were classified as too
permeable (Figure 22. black dots).

iii/ 9 compounds were classified as potential candidates for both suitable liposomal encapsulation

and thermally controlled release (Figure 22. blue dots).
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Figure 22. Classification of 56 toxic compounds into categories database based on selection
criteria. Almost half of selected drugs would reside predominantly in the membrane phase rather
than in the aqueous environment (yellow dots). Another 20 compounds were classified as either
too permeable (black dots) or as almost not permeable even at higher temperatures (red dots) and
therefore not suitable for controlled release. The remaining 9 compound met both selection

criteria for feasible entrapment into aqueous phase and consequent release at desired temperature
(blue dots).

Furthermore, out of those 9 possible candidates cycloserine (bioactive compound with
antibacterial properties) was chosen for liposomal formulation experiment. After liposomal
encapsulation the stability of originated liposomes at both storage and release temperatures was
tested on measuring the proliferation of £.coli bacteria on the resazurin assay. Estimated apparent
permeabilities confirmed the ability of cycloserine to permeate at elevated temperatures
(IOgPapp333K =
(logPapp” " = -10.1).

-8.66) while not being prematurely released from liposome at lower temperatures
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6.4 Behavior of Mitochondrial Cytochrome P450 11A1 on DOPC and
Mitochondrial Membrane Models

The mitochondrial cytochrome P450s are enzymes involved in the biotransformation of many
compounds predominantly secreted from the adrenals and gonads.*® One of the most important
processes mediated by mitochondrial CYPs is steroidogenesis that leads to the production of
steroid hormones responsible for the regulation of metabolism, balance of energy or responses to
stress.”” The steroidogenesis in mitochondrion is mediated by cytochromes P450 from family 11
— CYP11A1, CY11B1 and CYP11B2 which all contain mitochondrial targeting sequence
affecting their cellular specificity.®” Cytochrome P450 11A1 (CYP11A1), also known as P450scc
(side-chain cleavage enzyme), is located in the inner mitochondrial membrane of the adrenal
cortex and the other steroidogenic tissues.® CYP11A1 converts cholesterol to pregnenolone,
precursor for all steroid hormones, that represents the first and also rate-limiting step of the

biosynthesis of steroid hormones.*”!

Even though CYP11A1 is membrane attached, it lacks the N-terminal transmembrane anchor as
is typical for microsomal CYPs.”> CYP11A1-membrane interaction is represented by membrane-
faced amino acids on the distal side of the enzyme mainly by F/G loop.”>** This was also
confirmed by cysteine side chain mutagenesis studies in combination with fluorescent labelling
of mutated residues suggested association of F/G loop of 11A1 with phospholipid vesicles.”
Replacements of N210S/V211M and L218R/F219Y in putative F/G loop of E. Coli CYP11A1
lead almost to 2-fold increase of the turnover i.e. increase of P450 presence in the cytosol after
protein expression.” A’ helix and F/G loop were also identified as a membrane contact region
deduced from hydrophobicity profiles of CYP11A1. Moreover, deletion within putative A helix
caused protein expression instabilities indicating importance of this region on membrane
binding.”> Although the absence of the transmembrane anchor is the main distinguishing feature
between microsomal and mitochondrial CYPs, the character of the interaction with membrane

lipids thus remains similar.

The composition of lipid bilayers significantly affects the behavior of membrane attached CYPs,
as well as their catalytic activities. It has been shown that the presence of overall neutral
phosphatidylcholine and phosphatidylethanolamine lipids increased the catalytic activity of
CYP2B4.”° In addition, the presence of negatively charged phosphatidic acid (PA) and
phosphatidylserine increased catalytic activity by 2-3-fold and 6-fold for CYP1A2 and CYP3A4
respectively.”””® The mitochondrial membranes are heterogeneous systems composed of both

neutral and anionic lipids components roughly in ratio PC:PE:cardiolipin 2:2:1.%
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The presence of cardiolipin in mitochondrial membranes significantly alters CYP11A1 behavior.
According to the rotational diffusion experiments mobility of the protein depends on the
cardiolipin concentration.'® Cardiolipin has significant effect to the anchoring and embedding of
CYP11A1 to the membrane bilayer caused probably by specific interaction with the negatively
charged cardiolipin headgroups.'™ Moreover, the presence of phosphatidylcholines with
branched fatty acyl chains elevates the activity of CYP11Al and enhances the cholesterol
binding.'"!

In this work, we studied the behavior of mitochondrial CYP11A1 on mitochondrial membrane
model (POPC:POPE:cardiolipin in 2:2:1 molar ratio) in comparison to simple pure DOPC bilayer
that was previously used as simplified membrane model for microsomal membranes.’*** We
focused on the atomistic description of interactions of protein with individual lipids as well as on
protein immersion, mutual membrane-protein orientation and their contact regions. We observed
significant differences in terms of immersion and orientation of CYP11A1 in comparison to

microsomal CYPs that is also reflected by the selection of the redox partners.

6.4.1 Behavior of CYP11A1 on DOPC

Up to this date both experimental and theoretical studies rationalized the role of lipid bilayer on
mutual CYPs-membrane interaction, orientation, and the ability of CYPs to uptake drugs and
release of its metabolites via the network of access and egress channels mainly on simple
membrane models such as single component liquid disordered DOPC lipid bilayer as a baseline
for membrane-protein interactions. As was shown previously for example in our studies of
CYP3A4 on the membrane with various ratios of cholesterol'® or on membranes containing lipids

103

with different head groups™, the membrane composition is, however, important for overall

behavior of membrane-attached CYP proteins.

To investigate the behavior of CYP11A1 on DOPC membrane, three separate MD simulations of
500 ns each were carried out. The structural fold of CYP11A1 was preserved with the root mean
square deviation (RMSD) not exceeding 0.4 nm with respect to original crystal structure. Despite
the conservation of protein secondary structure, the CYP11A1-DOPC membrane interaction
changed significantly over time. The number of hydrogen bonds between protein and DOPC
membrane decreased to the half from original pose from 34 counts to an average of ~16 hydrogen
bonds depicting a weak interaction with protein surface (Figure 23 panel A). Moreover, the HTA
showed significant differences between individual 500-ns long replica MD simulations
(Figure 23 panel B). The individual three replicas with averaged HTA at 76.0 + 8.7 deg,
57.0 £ 8.8 deg and 62.2 + 7.7 deg.
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Figure 23. The number of calculated hydrogen bonds (panel A) and heme tilt angle (panel B)
over the course of 500 ns simulation for three separate replicas. The diminishing of CYP11A1-
DOPC membrane interactions is portrayed by the decrease of calculated hydrogen bonds between
CYP11A1 and DOPC membrane and changes of HTAs.

Weak mutual CYP11A1 DOPC membrane interactions resulted in completely dissimilar final
structures and different interactional patterns between individual replicas (Figure 24). Such
behavior is quite dissimilar to the common structure of CYP3 A4 or other microsomal CYPs which

show strong and experimentally measurable unique HTA **'*

HTA: 76.0 + 8.7

— Replica 1
HTA: 57.0 + 8.8 Replica 2
HTA: 62.2+7.7 — tepica

— Replica 3

Figure 24. Snapshots of final structures from three separate replicas aligned by the catalytic sites
of CYP11ALl. Each replica shows significant changes in calculated HTAs. The loss of most
CYPI11A1-membrane interactions leads to completely different orientations of protein on DOPC
membrane surface. CYP11A1 represented as cartoon with transparent surface. Phosphate atoms
of DOPC headgroups depicting membrane surface showed as spheres.
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6.4.2. Interaction of CYP11A1 with mitochondrial membrane

The composition of lipid bilayers significantly affects the behavior and stability of membrane-
integrated proteins. The simple DOPC lipid though widely acknowledged and used in as
membrane model, showed great instability in case of CY11A1 simulations. Those discrepancies
manifested in unstable CYP11A1-DOPC interactions, orientation and tilt may be caused by the
lack of electrostatic interactions governing the process of protein-membrane binding. Following
those findings, we employed simulation of CYP11A1 of membrane mimicking the composition
of inner mitochondrial (MIT) membrane. Three replica of systems containing CYP11A1
embedded into mitochondrial mimicking memebme (POPC:POPE:cardiolipin in 2:2:1 molar
ratio) were simulated for total of 500 ns production run in order to investigate protein stability
and protein-membrane interactions. CYP11Al was stable during three 500 ns-long
MD simulations with the RMSD not exceeding 0.4 nm (with respect to crystal structure)
converging into the same CYP11A1-MIT orientations and tilt. Moreover, the CYP11A1-MIT
interaction pattern corresponds closely to previously obtained results from both, theoretical

models and experimental measurements.

The initial interaction of the CYPs with MIT membrane followed the general contact region
localized on the distal side of the enzyme. During the first ~40 ns of 500 ns simulations the mutual
protein-membrane orientation shifted leaving the distance of catalytic domain of CYP11Al and
MIT membrane at ~4.5 nm from original value of 3.9 nm. This led to omitting most interactions
from its original pose and change of the tilt of the protein to (HTA of22.11-26.43 deg with respect

to individual replicas) on membrane surface adopting more vertical orientation of CYP11A1.

While the soluble protein did not keep its original immersion within the membrane core the
interaction remained stable during the whole production run. The tight association is important
for CYP11A1 uptake of water insoluble cholesterol molecules from hydrophobic membrane
environment via the net of access channels. Analysis of minimal distances between CYP11Al
and MIT membrane showed interaction patterns on distal side of namely on A’ helix, F/G loop,
and part of protein secondary structure motifs corresponding to G helix, B'helix, Bl sheet and
B2 sheet (Figure 25). The tightest membrane association was observed for A’ helix and F/G loop.
It was previously shown that deletion of A’ helix decreases the amount of expressed CYP11A1
protein association with bacterial E. coli membrane.”>'®> Our models revealed stable monotopic
association of A’ helix with MIT membrane. Previous theoretical model also pointed out
hydrophobic patches involving tryptophan residues in F/G loop region as potential membrane
binding domain.” Moreover, the enhance of fluorescence signal for cysteine mutants in this

region showed the association of F/G loop and most likely of C-terminal part of G helix with lipid
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vesicles.” Side chain mutations of F/G loop also affects the subcellular distribution of enzyme

associated with bacterial membrane.”* The terminal part of G helix following the F/G loop

segment was also in close contact with MIT membrane in our models (Figure 25).
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Figure 25. Minimal distances of individual amino acid CYP11A1 residues from MIT membrane.
Secondary structure motifs of CYP11A1l depicted in the upper panel. Interaction with MIT
membrane can be seen via A’ helix, B/C loop, C helix, F/G loop, G helix and B2 sheet.

Table 3. Measured averages and standard deviations for CYP11A/MIT simulations in 3 replicas.

CYP11A10-MIT* REP1 REP2 REP3

distance/height [nm] 4.50+0.12 448 +0.13 4.51+0.16
num. of H-bonds [count] 3247 +4.47 3143 +£6.13 23.99+4.22
HTA [deg] 22.11+8.21 21.85+6.43 26.43 £ 6.85

A’ helix [nm] 2.42+0.20 2.33+0.16 2.57+0.19

F/G loop [nm] 231+0.14 2.40 +0.14 2.43£0.12
R90-Y100 (B1 sheet) [nm] 2.71+0.14 2.46 +0.12 2.81+0.14
H130-G138 (B'helix) [nm] 2.61£0.19 2.76 £0.24 2.61 +£0.27
T260-W270 (G helix) [nm] 2.67+0.21 2.88+0.18 248 £0.16
L398-L402 (B2 sheet) [nm] 2.75+0.19 2.70£0.19 3.00+0.17
P410-V415 (B2 sheet) [nm] 2.70£0.14 2.54+0.15 2.83+0.14

* distances measured as the COMs between CYP11A1 or individual protein segments and MIT

membrane in z-axis

-53-



The composition of mixed lipid bilayer mimicking the inner mitochondrial membrane played
crucial role on overall CYP11Al-membrane interaction pattern. Even though, the interaction of
CYP11A1 and MIT membrane was omitted to the fraction of interactions from the initial
immersed model (initial structure) their pattern was stable across all replicas (see above). The
radial distribution function (Figure 26) of CYP11A1 surface with the center of masses of closest
lipid headgroup atoms showed that all lipid components interact at approximately same distance
with sharp overlapping peaks of distribution distances at ~0.4 nm. The predominant interaction
was observed in case of zwitterionic POPE lipid. For POPC lipid the interaction was reduced to
almost half of POPE interactions with the same amount of lipid molecules taking into calculation.
The least significant interaction pattern was observed in case of cardiolipin with negligible peak

at closest distribution distances.
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Figure 26. The radial distribution function measured between the surface of CYP11A1 and the
center of masses of closest atoms in lipid headgroup in upper headgroup leaflet.

Even though the RDF showed less favorable interaction pattern for cardiolipin the presence of
this highly negatively charged molecule was previously found crucial for mitochondrial CYP-
membrane interaction. More detail analysis of CYP11Al-cardiolipin interaction revealed
significant amount positively charged amino acids on CYP1A1 surface to be directly interacting
or in close contact with anionic cardiolipin molecules. In total, 13 positively charged amino acids
(8 arginines - R31, R43, R46, R67, R90, R135, R256 and R259; 5 lysines - K92, K143, K261,
K264 and K412) located at proximity to cardiolipin headgroup surface (Figure 27). From those
amino acids, arginines - R67 is locate in A’ helix, R256 and R259 in F/G loop; lysines K261 and
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K264 in G helix matching segments of CYP11A1 previously reported to interact with membrane.
This may conclude, that even though the overall anchorless CYP11A1-MIT membrane
interactions are looser in comparison to membrane-anchored CYPs, those electrostatically driven
interaction may contribute to overall stability and preferable orientation of CYP11A1 on inner

mitochondrial membrane.

Figure 27. Final snapshot (500 ns) of CYP11A1 on mitochondrial membrane. Positively charged
amino acids (presented as blue sticks) in close contact with cardiolipin headgroups showed as
sticks. Phosphate atoms shown as spheres with rest of membrane in transparent representation
(POPE in cyan, POPC in yellow, cardiolipin in pale red).
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6.4.3. CYP11A1 channels dynamics

The active pocket of CYP11A1 is buried within the enzyme structure in the close proximity to
the heme-binding region where the substrate - cholesterol - is metabolized. The CYP11A1 uptake
of water-insoluble molecules (such as cholesterol) from the hydrophobic membrane environment
is mediated via the net of access channels. Here, we characterized potential channels and their

position and opening/closing during a 500-ns long simulation.

During the 500-ns long simulation, 5 main channels — S, 2e, 2a/x, 2e, 3 — were detected connecting
the heme-binding cavity with the protein surface allowing the substrate/metabolite
entrance/excess (Figure 28). Those channels are located on distal side of CYP11A1. One channel
was recognized as channel solvent channel (S) egress from the heme-binding region and passes
between E, F and I helices and B3-4 sheets. Moreover, two channels from channels 2 subclass
characterized as 2e passing through B/C loop and channel 2b egressing between B and B’ helices
and B1 sheet. One additional channel, here denoted as channel 2ax, that was not described before
and bears the most similarities to 2a channel. Channels 2b and 2e end within the membrane while
the channels 2, 3, S or 2ax end above the membrane. Given that the CYP11A1 transforms
cholesterol to slightly more polar pregnenolone, it can be hypothesized that cholesterol enters the

CYP11A1 via channel 2e or 2b, while pregnenolone egress through channel S, 3 or channel 2ax.

Figure 28. Characterization of access/egress channels of CYP11A1 on mitochondrial membrane.
Left panel show final snapshot of CYP11A1 structure from proximal side of heme while the later
one shows the side view rotated by 90° of the same structure. The phosphate atoms of lipid
headgroups of upper lipid bilayer are shown as grey spheres. The access/egress channels radius
is visualized by their radius. The channels here are characterized by standard nomenclature by
Cojocaru et al.' and show as channel S (red), channel 2b (green), channel 2e (blue), channel 2ax
(yellow) and channel 3 (violet).
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6.4.4. Interaction of CYP11A1 with Adrenodoxin

CYP11A1 is essential for synthesis of various steroid hormones such as cholesterol, where it
catalyzes the cholesterol side-chain cleavage to pregnenolone. Prior to the biotransformation
reactions the supply of electrons from its redox partner is needed. The primary electron carrier
for mitochondrial CYP11A1 is adrenodoxin (Adx), which mediates electron transfer between
adrenodoxin reductase (AdR) and CYP11A1 itself. In order to successfully mediate the electrons,
the direct contact between Adx and CYP11A1 needs to occur resulting in stable Adx-CYP11A1
complex. Therefore, the appropriate mutual orientation of both redox partner is crucial. Here we
rationalize the possible intra-protein interaction scenario based on our simulation of CYP11A1
on lipid bilayer mimicking the inner mitochondrial membrane where the second part of electron

transfer chain takes place.

As shown above, the loose yet preserved interaction of CYP11A1-MIT membrane with
monotopic orientation above membrane surface resulted in more vertical orientation of
CYP11Al. This orientation exposes to water the proximal side of CYP11A1 where the binding
of redox partner occurs. As reported previously, the interaction is driven by strong electrostatic
attraction between negatively charged amino acid residues of Adx and positively charged
CYP11A1 surface near heme containing region. Those basic residues located of protein surface
are conserved among all mitochondrial CYP family. Since Adx is cleaved from terminal part of
transit peptide it might approach its redox partner directly from mitochondrial matrix or from site
of inner mitochondrial membrane to which it is loosely bound. Our model shows that either of
those is scenarios is possible since the loose membrane association allows the CYP11A1 to orient
its proximal face to approaching partner. Moreover, the K helix with conserved positive amino
acid residues (K378, K382 and R386) facing the space above MIT membrane allows approach of
Adx. Furthermore, C- and L- helices as well as the heme binding loop, previously reported as

potential interaction regions, are also sterically oriented for potential intra-protein binding.

6.4.5 Methodology

Full-length structure of CYP11A1 without transmembrane anchor was provided by following
homology modelling procedure. The template structure of CYP11A1 was taken from the Protein
Data Bank (PDB ID: 3N9Y; R = 2.1 A)'%". Missing parts were remodelled based on the known
amino acid sequence of human CYP11A1 from UNIPROT (UniProt ID: P05108) using Modeller
9.13'% within Chimera visualization software. Final model was then embedded into
preequilibrated pure DOPC and POPC:POPE:cardiolipin (further as MIT membrane, molar ratio
2:2:1) membrane mixture mimicking inner mitochondrial membrane using g_membed tool.'” All
systems were solvated with TIP3P water model'' in 0.15 mol/L physiological concentration of

Na* and CI ions.
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All MD simulations were performed via GROMACS 4.5.4.""! simulation package using single
precision. AMBER ff99SB force field''? was used for CYP11A1 along with Cheatham parameters
for heme cofactor.'”® Slipids force field'"* was used for description of lipids. Lipid parameters
were obtained from CHARMM-GUI Membrane builder repository.''® Three separate replicas of
CYP11A1 in pure DOPC membrane and in MIT membrane mixture were subjected to 500 ns
simulation. All bonds were constrained with LINCS algorithm with time steps of 2 fs.
Electrostatic interactions were treated by Particle Mesh Ewald''® method with 1.0 nm cutoff. Van
der Waals interactions were calculated at cutoff of 1.0 nm with function decreasing to zero at 0.9

nm. Temperature was kept at constant 310 K using Nose-Hoover thermostat''’

with coupling
constant of 0.5 ps and pressure was set to 1.013 bar with Parrinello-Rahman barostat''® with semi-
isotropic conditions and same coupling constant. Periodic boundary conditions were used in all

directions.
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6.5 Membrane-attached Model of Cytochrome P450 Reductase:
Simulations of naturally occurring states and of the complex by
cytochrome P450 3A4

The biotransformation processes catalyzed by all mammalian CYPs depends on a supply of
electrons from various of redox partners. In the microsomal electron transfer cascade redox
equivalents are provided by cytochrome P540 reductase (CPR) and cytochrome bs. In
microsomes, proteins involved in electron transport chain are membrane-attached proteins located

on the cytosolic side of the endoplasmic reticulum.

This chapter summarizes a comprehensive study of membrane-attached CPR in various
biologically relevant states. We conducted molecular dynamics simulations of CPR in both closed
and open conformations investigating the stability of both conformations and its interactions with
membrane model composed of DOPC. Furthermore, we conducted metadynamics simulations
revealing the mechanism of CPR transition from open to closed state. Resulting models further
served as a necessary step to establish fully atomistic model of stable CYP-CPR complex on

membrane depicting mutual interaction sides of microsomal redox partners.

6.5.1 Models of CPR in closed and open conformations

Model of membrane-attached CPR in closed conformation was very stable during 700 ns
simulations. There were no structural changes suggesting spontaneous transition into open
conformation. Orientation of CPR domains remained unchanged leaving them (as well as all
containing cofactors) in direct contact necessary for intra-protein electron transfer. Also hinge
region, often found to be responsible for structural changes between open and closed form,
showed no significant changes which could lead to conformation transformation. We measured
the height of globular part of CPR above the membrane as 5.6 = 0.4 nm which is in a great

agreement with experimental value of 5.6 + 2.2 nm provided by AFM measurement.'"’

We also investigated our model in terms of interaction amino acid residues of catalytic domain
which are in contact with DOPC membrane. We identified those residues E270-P275, 1307-R313
and N464 from the FAD domain, W549-G554 in NADPH binding domain as point of contacts
with the membrane. Those interactions stabilized the position of CPR on membrane and restricted

additional free reorientation of protein upon membrane surface.

In contrast to stable and compact closed conformation, in an open crystal conformation, both

domains are in great distance from each other leaving flavin cofactors 86 A apart. In this condition
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CPR binds CYP and reduces its iron atom in heme since the FMN binding domain is exposed and
the FMN cofactor is reveled enabling the possible interaction to its redox partners. As our model
shows, CPR in open conformation is in principle able to interact with its redox partner (e.g., the
favorable orientation and FMN cofactor exposure) but it is not (as opposite to closed CPR)
supported by contact with membrane and the mobility of catalytic domains is therefore
unrestricted. Moreover, FAD, linker and NADPH binding domains are connected freely with
FMN domain via hinge region and are exposed to the solvent environment. Three independent
replica simulations revealed instability of opened form resulting into different scenarios
(Figure 29). Resulted structures deviated greatly from its crystal structure mostly with the most
noticeable difference in mutual orientations of flavine domains especially at hinge region. While
the internal structures of each catalytic domain remained intact, mutual mobility of catalytic
domains was observed. In all simulations, however, the FMN domain is turned toward membrane

inaccessible for interaction with redox partner.

Figure 29. Snapshots of open structures of CPR in different conditions. Panel A represents
starting structure for simulations of CPR in open conformation embedded in DOPC bilayer.
Panels B, C and D represent different structural changes after 100 ns simulations. In all three
scenarios FMN domains are in direct contact with membrane surface disallowing electron transfer
to CYPs to occur.
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Because no spontaneous closing was observed during classical MD simulations of CPR in open
conformation additional metadynamics simulations were employed. An external bias potential
was applied on distance root mean square deviation (DRMSD) of protein backbone of amino acid
residues F201-V345 (including the hinge region) as collective variable during conformation
transition from open to closed conformation. During ~20 ns MTD simulation protein adopted
compact conformation comparable with crystal structure of CPR in closed conformation. The
process of conformation transition can be described as following. At first, mutual reorientation
between FMN domain and the rest of catalytic domain occurred (Figure 30 at time of 5 ns). The
rotation movement was conducted by flexible hinge region. Then catalytic domains approached
closer. FAD, linker and NADPH domains are approaching FMN domain from (Figure 30 at times
of 10 and 15 ns) its upper part where helixes A183-1.192 and E213 and E229 are located. At last,
the front part of FMN domain, where FMN cofactor molecule is located was covered by the rest
of catalytic domain leaving flavin cofactors at distance of ~5 A in positions corresponding with
crystal structure of closed CPR (Figure 30 at time of 20 ns). After complete closure, CPR was

inappropriately oriented on membrane surface resulting in no successive opening.

0 ns

Figure 30. Conformation changes of CPR from open to closed conformation. that occurred during
20 ns of metadynamics simulations. After 20 ns, protein adopts as well as cofactors adopted
structure identical with crystal structure of CPR in closed conformation. The last images represent
aligned structures after 20 ns of MTD simulation (green) with crystal structure of CPR (blue).
Protein shown in cartoon representation (FMN domain gold; the rest of catalytic domains green)
with cofactors as sticks (blue).
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6.5.2 Model of membrane-attached CPR-CYP 3A4 complex

Since the main role of cytochrome P450 reductase is electron supply to its redox partners from
cytochrome P450 family, we studied model of inter-protein complex of CPR and cytochrome
P450 3A4, both embedded in membrane. The model was created using CPR in open conformation
as an electron donor protein. In the starting position, proteins were oriented, so CYP faced with
proximal site of heme molecule to exposed FMN cofactor. In course of 400 ns simulation FMNH>
— heme molecule distance dropped from original value of 29.6 A to constant value of
21.7 £ 0.5 A (at the closest approach at 18.3 A) resulting in a very stable protein complex in
contrast with open CPR conformation itself. Strong interaction between those redox partners was
mainly driven by electrostatic forces due to oppositely charged amino acid residues at interaction
sites of proteins. Strong interaction of proteins as well as sufficient distance between cofactors
made our purposed model valid for study of possible protein-protein interaction and electron
transfer pathways. In CPR-CYP3A4 complex (Figure 31), nitrogen N5 atom of FMNH, molecule
is oriented towards heme cofactor molecule allowing electron transfer to occur. On redox
partners, loops that may be important for electron transport were defined as Y140-D144 (Y 140,
G141, E142, G143 and D144) in CPR structure and Asn441-Argd446 (N441, C442, 1443, G444,
M445, R446) in CYP3A4 structure. Those residues are located directly between FMNH, and
heme cofactors at the side of interaction. Amino acid residues of C442, M445 and R446 of CYP
3A4 were previously proposed to be involved in interaction with redox partners.'*® Moreover,
side chain mutation R446A of CYP 2B4, located at same region as R446 at CYP 3A4, lead to
decrease of interaction with CPR.'?! In addition, recent solution NMR study clarified interaction
sites of CPR with redox partners, namely cytochrome P450 17A1 as Loop 1 of CPR
(*QTGT?)."** Our model of membrane bound CYP-CPR complex meets those experimental
data for binding site of CPR as the Loop 1 located at close proximity to FMNH, cofactor was

found in direct contact with CYP 3A4 in our simulation.
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Figure 31. Final structure of human CPR-CYP3A4 complex embedded in DOPC membrane. The
FMNH, and heme cofactors were located at proximity with residues including the Y140-D144
loop of CPR and N441-R446 of CYP3A4 as possible electron transfer mediators.
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7. Summary

This dissertation thesis focuses on exploring the significance of biological membranes through a
range of computational techniques, encompassing the utilization of scientific databases, precise
quantum mechanical calculations, and investigating their dynamic behaviour using molecular

dynamics simulations.

Initially, our focus was on the development of a scientific database aimed at curating and
rationalizing the interactions between molecules and membranes. These interactions play a
crucial role in the actions of individual molecules within an organism, as well as in their
pharmacokinetics and pharmacodynamics. However, currently, these valuable data are not
interconnected and are scattered across various platforms and literature sources, resulting in a
lack of comprehensive benchmark comparisons among different experimental and theoretical
methods for studying membrane systems. To address this issue, we created the Molecules on
Membrane database (MolMeDB). Here, I present the process of developing and utilizing this
database, along with highlighting its significant advantages. These advantages include facilitating
direct comparisons of results from various entries, showcasing examples of membrane
interactions involving caffeine and its metabolites, as well as enabling the comparison of large

datasets obtained from different theoretical methods.

Subsequently, our focus shifted towards investigating the permeation of cyclosporin A, a widely
used immunosuppressant, across various models of biological membranes. Through enhanced
molecular dynamics (MD) simulations, we discovered that the composition of the membrane
significantly influences the mechanism of CsA permeation. In simplified phosphatidylcholine
membrane models, the energetical profiles for CsA passage were relatively similar. However, the
presence of cholesterol induced changes in the membrane's ordering, leading to a shift of the
energetical minima directly towards the centre of the lipid bilayer when equimolar concentrations
of cholesterol and phosphatidylcholine were present. The borderline case of DPPC also revealed
that CsA was unable to permeate through membranes in the gel-ordered phase. In all cases, the
strongly hydrophobic nature of CsA and its limited water solubility indicated that CsA primarily
resides within the aliphatic interior of the membrane. These findings shed light on the importance
of membrane composition on the permeation of CsA and highlight the preferential localization of

CsA within the lipid bilayer.

Then, our research focused on the development and validation of a systematic computational
methodology for predicting suitable liposomal encapsulation and thermally induced release of

bio-active compounds. By combining classical molecular dynamics (MD) simulations with
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quantum chemistry-based calculations, we were able to establish selection criteria for identifying
compounds capable of stable encapsulation and temperature-induced release from liposomes. To
explore a wide range of potential candidates, we performed an in silico screening of the DrugBank
database against these selection criteria. This analysis led us to identify a new drug, cycloserine,
as a promising candidate for tailored liposomal loading and thermal release. Through our
computational/experimental approach, we have paved the way for more efficient and targeted
encapsulation and release of bio-active compounds using liposomes. Our methodology allows in

silico design and optimization of liposomal drug delivery systems.

In a subsequent study on the effect of membrane composition role, our aim was to elucidate the
influence of membrane lipid composition on the behaviour of mitochondrial cytochrome P450
CYP11A1 enzyme. To achieve this, we investigated the enzyme's behaviour on two distinct
membrane models: a simple DOPC bilayer and a more complex membrane mixture with
cardiolipin mimicking mitochondrial lipid composition. Our findings revealed that using a simple
pure DOPC membrane model inadequately captures the interactions between the membrane and
CYP11A1 enzyme. Specifically, the simulation results showed different interaction patterns when
employing a multiple-replica simulation setup. In contrast, employing a more complex model
mimicking the composition of the mitochondrial membrane more accurately described the mutual
orientation and immersion of CYP11Al in relation to experimental data. Our investigation
concluded that while the overall interactions between anchorless CYP11A1 and the mitochondrial
membrane are less tight compared to membrane-anchored CYPs, these interactions, which are
primarily driven by electrostatic forces, may contribute to the overall stability and preferred
orientation of CYP11A1 on the inner mitochondrial membrane. These findings shed light on the

intricate interplay between membrane lipid composition and the behaviour of CYP11A1.

The final project of this thesis focuses on studying the behaviour of membrane-attached
cytochrome P450 reductase (CPR) and its interactions with its redox partner, cytochrome P450
CYP3A4. Our investigation revealed that in the closed conformation, CPR adopts a highly
compact structure reminiscent of its crystal form. This structural stability is facilitated by its close
association with the membrane. On the other hand, when bound in a DOPC membrane model, the
open form of CPR was found to be unstable, and the resulting structures were unable to interact
effectively with its redox partner CYP3A4. However, we observed significant mutual
stabilization between the interacting CPR and CYP3A4 proteins. Through this model, we
identified several amino acids located in the proximal site of CYP3A4 and the FMN binding site
of CPR that are involved in protein-protein electron transport. These findings provide valuable
insights into the dynamic behaviour and interplay between CPR and CYP3A4 in a membrane

context.
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8. Shrnuti

Tato disertacni prace je zaméfena na vyznam biologickych membran z hlediska riznych
vypocetnich technik, zahrnujici vyuziti védeckych databazi, pfesnych kvantové-mechanickych

vypoctl a zkoumani jejich dynamického chovani pomoci molekularné dynamickych simulaci.

Nejdfive jsme se zaméfili na vyvoj védecké databaze, ktera ma za cil klasifikovat a usporadat
informace o interakcich mezi molekulami a membranami. Tyto interakce hraji klic¢ovou roli v
pusobeni jednotlivych molekul v organismu a v jejich farmakokinetice a farmakodynamice.
Avsak v soucasnosti jsou tyto cenné informace nesouvislé a roztfisténé v riznych platformach a
literatute, coz vede k nemoznosti srovnani mezi riznymi experimentalnimi a teoretickymi
metodami pro studium membranovych systémil. Abychom toto omezeni prekonali, vytvofili jsme
databazi Molecules on Membrane database (MolMeDB). V této praci prezentuji proces vyvoje a
vyuziti této databaze. Mezi jeji pfednosti patii moznost pfimého srovnani vysledkt z rozlicnych
datovych vstupii na ptikladech interakci molekul s membranami, jako je kofein a jeho metabolity,

nebo porovnani rozsahlych soubort dat z riznych teoretickych metod.

Nasledn¢ jsme se zaméfili na prichod imunosupresiva cyklosporinu A (CsA) pfes rizné modely
biologickych membran. Molekularné dynamické metody efektivniho vzorkovani odhalily, ze
slozeni membrany vyrazné ovliviiuje mechanismus prichodu CsA. V jednoduchych modelech
fosfatidylcholinovych membran byly energetické profily prichodu CsA témét identické, ale
pritomnost cholesterolu ménila uspofadani membrany a energetickd minima se posunula pfimo
do stfedu lipidové dvojvrstvy pii ekvimolarnich koncentracich cholesterolu a fosfatidylcholinu.
Mezni ptipad DPPC dale ukazal, ze CsA nedokaze proniknout pies membrany nachazejici se v
gelové fazi. Ve vsech piipadech naznacoval silné€ hydrofobni charakter CsA jeho vyskyt pievazné
v alifatickém prostiedi membrany. Tato zjiSténi objasiuji duleZitost sloZzeni membrany pro

prichod CsA a poukazuji na preferencni lokalizaci CsA v lipidové dvojvrstve.

Poté jsme se zaméfili na vyvoj a ovéfeni systematické vypocetni metodiky pro predikci
optimalnich podminek pro liposomalni enkapsulaci a tepelné fizeného uvoliovani bioaktivnich
latek. Kombinaci klasickych molekularné dynamickych simulaci a kvantové-chemickych
vypoctl jsme urcili kritéria pro vybér latek schopnych stabilni enkapsulace a teplotné fizeného
uvoliiovani z liposomt. Nasledny screening databdze DrugBank proti témto kritériim nam
umoznil identifikovat cykloserin jako perspektivniho kandidita pro moZznou liposomalni
enkapsulaci a nasledné teplotné fizené vyluCovani z liposomu. Diky nasemu kombinovanému

vypocetnimu/experimentalnimu pfistupu jsme navrhli cestu k efektivngjsi a cilené liposomalni
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enkapsulaci a uvolnovani bioaktivnich latek. NaSe metodologie umoziuje in silico navrh a

optimalizaci dorucovani lé¢iv pomoci liposomalnich systémd.

V nasledujicim studii jsme se zaméfili na vliv sloZzeni membrany na chovani mitochondrialniho
enzymu cytochromu P450 CYP11A1. Pro dosazeni tohoto cile jsme zkoumali chovani enzymu
na dvou rtznych modelech membran, a to na zjednoduSeném modelu DOPC membrany a
komplexné€j$§im membranovém systému odpovidajiciho sloZzenim mitochondrialni membrang.
Nase zjisténi ukdzala, Ze pouziti zjednoduseného DOPC modelu nedostatecné popisuje interakce
mezi membranou a enzymem CYP11A1. Naopak pouziti komplexnéj$iho modelu, ktery svym
slozenim vice odpovida mitochondridlni membrané, umoznilo piesnéjsi popis vzajemné orientaci
CYP11A1 na membrané€ ve srovnani s experimentalnimi daty. NaSe zji$téni naznacuji, Ze i kdyz
jsou celkové interakce mezi CYP11A1 a mitochondridlni membranou slabsi ve srovnani
s membranoveé kotvenymi cytochromy, tak tyto interakce, které jsou prevazné elektrostatického
charakteru, mohou pfispivat k celkové stabilit¢ a preferované orientaci CYP11A1 na vnitini
mitochondridlni membrané. Tato zjiSténi pifinds$i nové poznatky o vztahu mezi lipidovym

slozenim biologickych membran a jejich vlivu na chovanim enzymu CYP11A1.

Posledni projekt této disertacni prace se zabyva studiem chovani membranove kotveného enzymu
cytochromu P450 reduktazy (CPR) a jeho interakcemi s redoxnim partnerem cytochromem P450
CYP3A4. Nas vyzkum odhalil, ze uzaviena konformace CPR je velmi kompaktni, podobna
krystalové struktute. Tato strukturni stabilita je umoznéna prave diky interakci s membranou. Na
druhou stranu, oteviena forma CPR je i pii ukotveni v membranovém modelu DOPC nestabilni a
vysledné struktury nedokazou efektivné interagovat s redoxnim partnerem CYP3A4. Dale jsme
pozorovali vyznamnou vzajemnou stabilizaci mezi interagujicimi proteiny CPR a CYP3A4. Na
zaklad¢ tohoto modelu jsme identifikovali n€kolik aminokyselin umisténych v blizkosti
proximalni strany CYP3A4 a vazebného mista FMN kofaktoru u CPR, které se mohou podilet na
elektronovém pienosu mezi témito proteiny. Tato zjisténi poskytuji cenné poznatky o
dynamickém chovani a vzijemném mechanismu interakce mezi redoxnimi partnery CPR a

CYP3A4 kotvenymi na biologické membrané.
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9. List of Abbreviations

ABC
ADME
AdR
Adx
AL
API
AQP
ATP
BLM
bRo5
CER
CHOL
COSMO
CPR
CsA
CYp

GLUT
GPL
HTA
IMM
Kumw
Kow
MD
MM
MIT
MP
MTD

PA

ATP-binding cassette transporter
absorption, distribution, metabolism and excretion
adrenodoxin reductase
adrenodoxin

area per lipid

active pharmaceutical ingredient
aquaporin channels

adenosine triphosphate

black lipid membrane

beyond the Rule of five

ceramide

cholesterol

conductor-like screening model
cytochrome P450 reductase
cyclosporin A

cytochrome P450

collective variable

lateral diffusion coefficient
transversal diffusion coefficient
endoplasmic reticulum
fluorescence recovery after photobleaching
glucose transporters
glycerophospholipids

heme tilt angle

inner mitochondrial membrane
lipid(membrane)/water partition coefficient
octanol/water partition coefficient
molecular dynamics

molecular mechanics
mitochondrial

membrane proteins
metadynamics

permeability coefficient

phosphatidic acid
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PC

PE

PG

PI

PM

PS
PSA
RMSD
DRMSD
SASA
Scp

SC

SM
SLC
SPT
TAG
US

phosphatidylcholines
phosphatidylethanolamines
phosphatidylglycerol
phosphatidylinositol

plasma membrane
phosphatidylserines

polar surface area

root mean square deviation
distance root mean square deviation
solvent accessible surface area
order parameters

stratum corneum
sphingomyelin

solute carrier transporters
single-particle tracking
triacylglycerol

umbrella sampling

volume per lipid
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Abstract

Biological membranes act as barriers or reservoirs for many compounds within the
human body. As such, they play an important role in pharmacokinetics and pharma-
codynamics of drugs and other molecular species. Until now, most membrane/drug
interactions have been inferred from simple partitioning between octanol and water
phases. However, the observed variability in membrane composition and among com-
pounds themselves stretches beyond such simplification as there are multiple drug—
membrane interactions. Numerous experimental and theoretical approaches are used
to determine the molecule-membrane interactions with variable accuracy, but there is
no open resource for their critical comparison. For this reason, we have built Molecules
on Membranes Database (MolMeDB), which gathers data about over 3600 compound-
membrane interactions including partitioning, penetration and positioning. The data
have been collected from scientific articles published in peer-reviewed journals and
complemented by in-house calculations from high-throughput COSMOmic approach to
set up a baseline for further comparison. The data in MolMeDB are fully searchable and
browsable by means of name, SMILES, membrane, method or dataset and we offer the
collected data openly for further reuse and we are open to further additions. MolMeDB
can be a powerful tool that could help researchers better understand the role of mem-
branes and to compare individual approaches used for the study of molecule/membrane
interactions.
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Introduction

Biological membranes consist of complex lipid and protein
mixtures that play a crucial role in molecular transport
into/out of cells. Apart from passive or active permeation,
molecules can also accumulate in the membranes at specific
functional positions or they can disrupt the membrane
altogether. All those molecule-membrane interactions are
important for the actions of individual molecules in the
organism and their pharmacokinetics.

And yet, most chemical databases use octanol/water
partition coefficient (logP) as the only measure of small
molecule interactions with lipid membranes, but the
membrane compositions of individual cells and organelles
can widely vary as it is being currently unraveled by
findings from lipidomics (1). The membrane protein
structural databases provide additional information not
only about the position and the topology of the membrane
proteins but also about the membrane-type localization
(e.g. OPM (2), PDBTM (3), MemProtDB (4), TPML (5)
or EncoMPASS (6)); however, the data about various
molecule/membrane interactions are scattered among
different sources. For example, DrugBank (7) covers logP
and information about membrane transporters and carriers
for many drug molecules, but it does not provide a measure
for the assessment of penetration nor does it involve
partitioning through individual membranes. Permeability
of compounds through skin membranes is either present
in EDETOX database (8) or scattered throughout liter-
ature, e.g. sources cited in supplemental information of
reference (9). Similarly, the recently established PerMM
database (10) covers only cellular permeability together
with permeability prediction using an implicit membrane
model with rigid compounds. Finally, molecular dynamics
simulations are often used for predictions of membrane
partitioning (11) or permeability even on a large scale
(12,13). However, current theoretical predictions of
molecule/membrane interactions vary by method as well
as in comparison with data from experiments, lacking
community benchmark comparison between individual
methods.

To fill this gap, we have developed Molecules on Mem-
branes Database (MolMeDB) as an open and up-to-date
online manually curated depository of molecule/membrane
interactions. MolMeDB contains over 3600 interactions
described in the literature or obtained by our COSMOmic-
based high-throughput calculations (14). In addition to
listing the individual molecule/membrane interactions, we
provide a simple tool for comparison of interactions
between multiple methods and/or membranes. Using
this information, it is possible to analyze the membrane
behavior of the selected subsets of molecules. Examples
of these analyses are provided as case studies to better
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Figure 1. lllustrative scheme of MolMeDB workflow. Input data collected
from experimental/theoretic studies are curated and introduced into
the MySQL database with a web interface in HTML5/CSS + PHP7. Data
for individual molecule/membrane interactions are visualized either as
data tables or in interactive JavaScript graphs, and they can be directly
compared and downloaded.

illustrate efficient ways to extract useful knowledge from
the MolMeDB database.

Materials and Methods

Data collection

To collect datasets of molecule-membrane interactions,
a manual inspection of articles (15-23) and already
existing databases (e.g. PerMM database (10)) with the
focus on expressions like ‘membrane partition coefficient’,
‘membrane permeability’ or ‘permeability coefficient” was
performed (Figure 1). Primarily, we focused on high-
throughput experimental setups like black lipid membrane
(BLM) (24), parallel artificial membrane permeability
assay (17,25), Caco-2 permeability assay (22), liposomal
fluorescence assay (20), n-hexane passive dosing (26)
and polydimethylsiloxane-based permeabilities (19,27)
that provide partition coefficients of compounds on a
variety of natural and artificial membranes. Moreover,
we have also collected resources from a broad variety of
computational methods, e.g. molecular dynamics-based
umbrella sampling approach, COnductor like Screening
MOdel for Real Solvents (COSMO-RS) theory-based COS-
MOmic calculations, or implicit solvent-based Permeability
of Molecules across Membranes (PerMM) model. Those
methods also differ in the level of approximation or force
fields used to predict the compounds properties. This
diversity within individual methods provides additional

verification, especially in comparison to experimental data.
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Figure 2. Scheme of MolMeDB database.

In-house COSMOmic calculations

Apart from the already published data, we have added our
original dataset of XY compounds on various membranes
mimicking either cell-like membranes (1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) or 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) bilayers) or skin-like
membranes (ceramide NS or stratum corneum mixture
bilayers consisting of an equimolar mixture of ceramide
NS:cholesterol:lignoceric acid).

Neutral conformers of compounds were generated
from SMILES with the LigPrep and MacroModel mod-
ules (Small-Molecule Drug Discovery Suite 2015-4,
Schrodinger, LLC, New York, NY, 2016, https:/www.
schrodinger.com). Individual conformers of each compound
were generated using the OPLS_2005 force field (28) in
vacuum. Mixed MCMM/LMC2 conformational searches
were performed to enable low-mode conformation search-
ing with Monte Carlo structure selection. A maximum of
10 conformers were selected for further analysis if they
were within 5 kcal/mol of the lowest energy conformer
and, to reduce the number of similar conformers, had an
atom-positional RMSD of at least 2 A relative to all other
selected conformers. Each selected conformer was subjected
to a series of DFT/B-P/cc-TZVP vacuum and COSMO
optimizations using Turbomole 6.3 (Turbomole V6.3 2011,
http://www.turbomole.com) within the cuby4 framework
(29). After each optimization step, single-point energy

calculations at the DFT/B-P/cc-TZVPD level with a fine
grid (30) were performed to obtain COSMO files for each
conformer. The structures of COSMO.mic files describing
bilayers were then obtained from fitting COSMO files of
individual lipids to the bilayer structures obtained from free
200 ns + long molecular simulations from refs for DMPC
(11), for DOPC and ceramide NS (31) and for stratum
corneum mixture bilayers (32).

For each conformer/lipid sets we calculated free energy
profiles using COSMOmic 15 (14) or COSMOmic/COS-
MOperm 18 to obtain averaged free energy profiles. From
those, information about membrane partitioning, perme-
ability and affinity, central energy barrier and the position
of drug at its energetical minima was extracted.

Database architecture

MolMeDB webpage is built with the combination of
HTMLS/CSS and PHP7 layouts running on Apache server.
The database runs on MySQL (Figure 2). The AJAX search
engine allows search over names of compounds, datasets or
SMILES. 2D structures are generated from SMILES using
CDK Depict (33). 3D structure visualization is provided by
LiteMol (34) over MOL files generated via RDkit (RDKit:
Cheminformatics and Machine Learning Software. 2018,
http://www.rdkit.org), or downloaded from PubChem
(35), or DrugBank (7) databases, or uploaded by the
user. DrugBank is used also for interconnection links
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to other databases. Free energy profiles of individual
molecule/method/membrane sets, where available, are
visualized using Chart.js JavaScript application (https:/
chartjs.org). The potential of mean force (PMF) profiles
data are stored as equidistant values spaced 1 A for possible
comparison between individual PMF profiles and they are
interpolated from the uploaded data by Neville’s algorithm
of iterated interpolation.

Results

User interface and database usage

To provide a user-friendly interface for the molecule-
membrane interaction data, we developed a web version of
MolMeDB database, freely accessible at http://molmedb.
upol.cz. Interaction data can be accessed via browse or
search functions. ‘Browse’ section (Figure 3A) allows the
user to scroll through the list of available compounds,
membranes and methods used to describe the molecule-
membrane interactions. ‘Search’ section (Figure 3B) enables
the user to search for a desired compound by its name or
SMILES notation and to look up compounds measured/-
computed by individual methods and membranes. Dataset
search allows the user to browse within a list of publications
by title or authors’ names. All data can be added into the
Comparator tool (described below). MolMeDB web also
includes ‘Documentation’ section (Figure 3C) explaining
the methodology, giving several examples and a tutorial for
using the database. Finally, ‘Statistics” section (Figure 3D)
keeps track of the number of entries and of interactions in
subsets of individual methods or membranes.

The user can use the ‘Search’ section (Figure 3A) to
list all compounds matching the entry name. As exam-
ple of ‘xanthine’ entry, six compounds were listed par-
tially matching the given expression (Figure 3). Among the
listed entries, the user gets a quick overview of the com-
pounds’ properties, 2D structure and links to other chem-
ical databases containing information about the molecule
(e.g. Protein Data Bank (36), PubChem (35), ChEBI (37),
ChEMBL (38), DrugBank (7)). Desired molecules can be
added into the Comparator tool (see below). After select-
ing a compound, in our case ‘xanthine’, a purine-based
molecule that serves as a parent compound for caffeine and
its derivatives, the page is divided into the following three
sections (Figure 4):

1. General info (Figure 4A)—provides a description of
compound properties like molecular weight along
with links to other databases via the molecule’s iden-
tifiers. The first section also shows a 2D image gen-
erated from SMILES via CDK Depict and a 3D
structure generated by RDKit or downloaded from

PubChem or DrugBank databases visualized with
LiteMol.

2. Interactions table (Figure 4B)—displays an interac-
tive table with molecule-membrane interactions such
as membrane/water partitioning (logKy,), permeabil-
ity coefficient (logPerm), free energy barrier in the
membrane center (AGpep), affinity toward the mem-
brane measured by the energetical minimum (AGyyat)
or the position of the interaction minimum for the
molecule on membrane (Z;,) available for a com-
bination of membranes and methods with variation
where available. Charge of compound (Q) and tem-
perature are specified for each molecule-membrane
interaction. The user can then switch among indi-
vidual methods to compare the measured/calculated
properties. Source references are also listed in the
Publication field. The desired data can be directly
downloaded as a .csv table.

3. Free energy profile graph (Figure 4C)—demonstrates
the course of the free energy profile along the mem-
brane normal with energetical barriers and minima
between membrane center (0 nm) and water environ-
ment (3.5 nm). For an individual method, the user
can switch among available membranes and directly
visualize given energetical profiles.

Use cases—Comparator tool

Although interaction data for individual compounds are
valuable as such, their comparison allows the use of the
data for research within multiple scientific fields. For this
purpose, we have embedded the Comparator tool that
allows to gather molecule-membrane interaction data for
multiple compounds from one or more methods and to
compare them in order to visualize patterns within the data
or to assess the validity of predictive methods.

Caffeine and its metabolites Caffeine is a purine-based molecule,
which is metabolized in a set of multiple-step reactions into
a series of chemically modified compounds. In the first
step, caffeine is metabolized to the following metabolites:
theobromine (by enzymes CYP1A2, CYP2E1), theophylline
(CYP1A2, CYP2E1), 1,3,7-trimethyluric acid (XO), 6-
amino-5(N-formylmethylamino)-1,3-dimethyluracil (CYP
1A2) and paraxanthine (CYP1A2) (Figure 5) (39,40).

Free energy profiles on DOPC membrane for this set
of caffeine derivatives were calculated using COSMOmic
18. The nature of the chemical modification of the parent
molecule caused different interactions of the metabolites
with the membrane. Caffeine derivatives are metabo-
lized in three distinct types of reactions: demethylation
(theobromine, theophylline, paraxanthine), oxidation (6-
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Figure 3. Layout of a page showing the toolbar of Browse/Search (A, B) utility along with menu items for Statistics (C), Documentation (D) and
Comparator tool (E). Example of search utility for ‘xanthine’ molecule. Compounds with corresponding pattern of name are selected and displayed
along with 2D structure (G). Target molecules can be directly added into molecule Comparator (F) by clicking on ‘+’ sign.
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Figure 4. Interface of selected ‘xanthine’” molecule divided into separate panels for general information (A) about the molecule with its 2D and 3D
structure and links to other databases; interactive table showing available data about molecule-membrane interactions (B) on position, partitioning,
energy barrier and permeability coefficient for a given pair of method/membrane and charge; and interactive graph with available free energy

profiles (C).
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Figure 5. Comparison of free energy profiles of caffeine and its metabolites showing an increase of penetration barrier according to the type of

metabolizing reaction and to the nature of chemical modification.

amino-5(N-formylmethylamino)-1,3-dimethyluracil, 1,3,
7-trimethyluric acid) and decyclization (6-amino-5(N-
formylmethylamino)-1,3-dimethyluracil). Here we show
that individual types of caffeine metabolites exhibit
distinguishable changes in free energy profiles (Figure 5).
The lowest energetic barrier (AGpen) is shown for caffeine
as the parent compound, followed by all demethylated
metabolites with an identical increase of penetration barrier
by ~3.4 kcal/mol. Oxidized and oxidized/decyclized prod-
ucts experienced an even greater increase of penetration
barrier compared with the original caffeine molecule by 5.4
and 5.9 kcal/mol, respectively.

Overall, all products of caffeine metabolism show a
hindered passage through the membrane core as evidenced
by the increase in the penetration barrier energy (AGpen).
On the other hand, the affinity of all molecules toward
the membrane (AGyac) remained almost the same, which

is in concord with their very similar logP values. Finally,
all metabolites shifted their energetic minima (Z;,) toward
the membrane/water interface by 2 A.

Comparison of methods The Comparator tool also allows a
comparison of multiple methods/membranes with each
other over selected compounds. Such type of comparison
can be used to evaluate different theoretical approaches (e.g.
PerMM, COM18) versus experimental data (e.g. BLM).

In this example, we show a comparison of permeability
coefficient datasets obtained from theoretical PerMM and
COSMOmic/COSMOperm 18 predictions and experimen-
tal BLM method for 101 neutral/unionized compounds on
DOPCl/generic phosphatidylcholine membrane. The user
can reach the whole dataset for an individual Method-
/Membrane via the Search tool and add it directly into the
Comparator tool. Upon choosing the desired combination
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Figure 6. Comparison of permeability coefficients obtained from experimental BLM method and theoretical PerMM model. The figure was
manipulated externally from downloaded data to add linear regression line shown in gray with confidence interval shown in red and prediction

interval in green. Confidence interval was set to 95%.

of multiple Method/Membrane options and charge of
molecules, the data can be plotted in an interactive window
(Figure 6). Hovering a cursor over a data point shows the
name of the compound and its plotted property. Figure 6
shows examples of permeability coefficients for Citric acid
and Hydrofluoric acid. Linear regression fit was used
here to determine the level of correlation between the
two methods, obtaining the coefficient of determination
(R?) of 0.76 and 0.77 for COM18/BLM and PerMM/BLM
respectively, while PerMM data show almost identical slope
to the experimental data.

Discussion

MolMeDB is a unique, manually curated database on inter-
actions of compounds with membranes. To date it contains
more than 1200 compounds and 3600 molecule-membrane
interactions obtained both theoretically and experimentally.
MolMeDB stores multiple descriptors of molecule/mem-
brane interactions and provides the tools for searching and
browsing these data and their comparison. MolMeDB can
prove to be a valuable resource for many research groups
to benchmark the key data on molecule-membrane inter-
actions, which are important in the fields of pharmacology,
toxicology and molecular simulations. In the future, we
plan to add further datasets and implement also the involve-
ment of transporters and carriers. More complex statistical
analysis within the selected datasets and further FAIRifi-
cation of the data is anticipated in following versions of
MolMeDB. We believe that MolMeDB can be a useful
starting point, which can facilitate future studies devoted to
a deeper understanding of biological roles of molecules on
membranes and that it will attract the biological membrane
community to establish a common ground for sharing open
data in this field.

Availability and requirements

MolMeDB database is freely available at http://molmedb.
upol.cz. The visualization of 3D structures with the LiteMol
molecular viewer requires the browser to have WebGL

enabled.
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Liposomal formulations can be advantageous in many scenarios such as targeted delivery to reduce the
systemic toxicity of highly potent active pharmaceutical ingredients (APIs), to increase drug bioavailability
by prolonging systemic circulation, to protect labile APIs from degradation in the gastrointestinal tract, or
to improve skin permeation in dermal delivery. However, not all APIs are suitable for encapsulation in
liposomes. Some of the issues are too high permeability of the API across the lipid bilayer, which may lead
to premature leakage, too low permeability, which may hinder the drug release process, or too strong
membrane affinity, which may reduce the overall efficacy of drug release from liposomes. Since the most
reliable way to test APl encapsulation and release from liposomes so far has been experimental, an in silico
model capable of predicting APl transport across the lipid bilayer might accelerate formulation
development. In this work, we demonstrate a new in silico approach to compute the temperature-
dependent permeability of a set of compounds across the bilayer of virtual liposomes constructed by
molecular dynamics simulation. To validate this approach, we have conducted a series of experiments
confirming the model predictions using a homologous series of fluorescent dyes. Based on the
Received 26th November 2020, performance of individual molecules, we have defined a set of selection criteria for identifying compatible
Accepted 8th February 2021 APIs for stable encapsulation and thermally controlled release from liposomes. To further demonstrate the
in silico-based methodology, we have screened the DrugBank database, identified potent drugs suitable
for liposome encapsulation and successfully carried out the loading and thermal release of one of them -
rsc.li/molecular-engineering the antimicrobial compound cycloserine.

DOI: 10.1039/d0me00160k

Design, System, Application

Liposomes are spherical vesicles consisting of an aqueous core and a lipidic shell. They have been proven to be efficient as drug delivery carriers that
enable the encapsulation, targeted delivery and controlled release of bio-active substances in the human body. However, the number of approved liposome-
based pharmaceutical products has been limited by a lack of systematic formulation approaches: not all active pharmaceutical ingredients are suitable for
liposome encapsulation, and the identification of suitable compounds has been purely empirical so far. The present work describes a systematic
computational methodology that makes it possible to determine the suitability of bio-active compounds for liposomal formulation. By the combination of
molecular dynamics simulation to construct a digital twin phospholipid membrane, and quantum chemistry based calculations to determine the
permeation rate of a given molecule through the membrane as function of temperature, it is possible to screen a large number of candidate compounds
from the DrugBank database and identify those that can be encapsulated into, and released from liposomes. The computational methodology has been
validated experimentally and its applicability has been demonstrated using the antibiotic cycloserine.

1 Introduction

“ Department of Chemical Engineering, University of Chemistry and Technology,
Technickd 3, 166 28 Prague 6, Prague, Czech Republic. Liposomes are spherical vesicles containing an internal
Ermail: frantisek stepanek@vscht. cz aqueous cavity enclosed by a bilayer usually made of

b . . . .
Czech Advanced Technology and Research Institute, Palacky University Olomouc, .. .
Kitskovského 511/8, 779 00 Olomouc, Czech Republic phospholipids, often with sterols. At low temperatures, the

¢ Department of Physical Chemistry, Faculty of Science, Palacky University lipid bilayer exists in an ordered state and is non-permeable
Olomouc, 17. listopadu 12, 771 46 Olomouc, Czech Republic. for hydrophilic payloads; the content of the internal cavity is
E-mail: karel. berka@upol.cz trapped inside and protected from the outside environment."

t Electronic supplementary information (ESI) available: Analysis of MD Therefore liposomes can be used as carriers for the
simulations, COSMOmic calculation workflow, calculation of permeability ’

coefficients with COSMOperm, rationalization of time of permeation, calculated ?ncapsllﬂatlon and controlled I;ele.ase of act1;/e SubStaang
permeability and partition coefficients, explanation of cycloserine protonation lnCIUdlng small-molecule drugs, biomolecules” and genes,
pattern. See DOIL: 10.1039/d0me00160k or as building blocks for more complex drug delivery
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systems.® Beyond pharmaceutics, liposomes find applications
in cosmetic’ or nutraceutical® formulations. To this day,
liposomes were successfully used in several FDA approved
products available on the market.’

The properties of liposomes can be tailored to specific
delivery and release mechanisms.*'™> Among the most critical
parameters affecting the storage stability and the final
application properties of liposomes are the bilayer composition,
lamellarity and size."”"*'* These parameters can be influenced
by the liposome preparation method, which typically involves
the dissolution of lipids in an organic solvent and subsequent
dispersion into aqueous media'® with or without relying on
membrane permeation of the encapsulated solute.'® The solute
permeation mechanism at the point of use can include
spontaneous loss of lipid bilayer integrity upon interaction with
living cells'” or an externally triggered event such as local
hyperthermia." Depending on its composition, the lipid bilayer
has a phase transition temperature at which it changes from a
highly ordered into a disordered state where it becomes
significantly more permeable for the encapsulated solutes.'®
This transition between states is usually reversible,'® and can be
triggered by incorporated magnetic nanoparticles® stimulated
by an external magnetic field. This offers interesting possibilities
for customised controlled release scenarios, e.g. in theranostics.

However, the actual permeability through the lipid bilayer
is specific to the encapsulated compound and strongly
depends on the liposome composition. The encapsulated
compound needs to permeate through the bilayer to escape
the liposome when heated, but it should not permeate when
the lipidic bilayer is in the ordered state. The occurrence of
the following cases makes a compound incompatible with a
given liposome composition: (i) it is permeable not only in
the disordered state but also in the ordered state, resulting in
premature leakage; (ii) a strong repulsion between the bilayer
and the compound will prevent permeation even in the
disordered state; (iii) a strong attraction towards the bilayer
will not permit the compound to be released. Predicting
these behaviours for specific compounds in combination
with a particular lipid bilayer composition and its physical
state is a non-trivial task and exploring all the possible
compositions experimentally would require an extensive
parametric study. Formulation optimisation by trial-and-error
is therefore extremely time-consuming and often leads to the
rejection of the entire liposome formulation route for a given
compound simply because a limited number of experiments
performed within a random sub-region of the parametric
design space did not result in a “hit”.

Recently, in silico molecular modelling became
increasingly feasible as an accurate predictive tool, reducing
the need for extensive experimental parametric studies
during formulation development.>** The availability of
computational power in combination with efficient
algorithms made it possible to construct atomistic models of
lipid bilayers based on molecular dynamics simulations,**"**
making in silico models a realistic alternative to physical
experiments. Hence, the aim of the present work was to
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develop and validate an in silico tool specifically for the case of
encapsulation and thermally induced release of small-molecule
payloads from liposomes. The proposed strategy was to utilise a
computational model*>*® to construct a virtual three-component
phospholipid bilayer in different conditions and states (i.e.
below and above its phase transition temperature) using
molecular dynamics, and then to predict the permeability of a
set of compounds through the bilayer using quantum chemistry
based statistical thermodynamic computation. The calculated
predictions were then validated by conducting physical
experiments using liposomes loaded with the same compounds
- a homologous series of fluoresceins. Once the model was
experimentally validated, a series of potent drug molecules from
the DrugBank database®” were analysed by the computational
model to predict which of them might be suitable for liposome
encapsulation and temperature-responsive release. Based on the
in silico selection, antimicrobial compound cycloserine was
successfully formulated in liposomes, and its thermo-responsive
release was demonstrated experimentally.

2 Methods

2.1 Computational methods

2.1.1 Molecular dynamics simulations of lipid bilayers. All
molecular dynamic (MD) simulations were performed using
the GROMACS 4.5.4 software package.”® Model of a
membrane mixture containing premixed 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC): 1,2-dipalmitoyl-sn-glycero-
3-phosphoglycerol (DPPG): cholesterol (Chol) at a molar ratio
of 75:10:15 was created using an in-house script with a total
number of 128 lipids (64 lipids per leaflet). For simulations
of the lipid bilayer, the Slipids parameters®® were used along
with TIP3P water model.*® Na* and CI” counterions were
added to maintain electroneutrality of the system and to
reach physiological concentration. Each bilayer system
without solute was simulated for 250+ ns until equilibrium
was reached (see time evolution of the area of lipid at ESIT
Fig. S1.1). The temperature was kept constant using the
Nosé-Hoover thermostat with a coupling constant of 0.5
ps.*"*> The pressure was kept constant at 1 atm by
Parrinello-Rahman barostat and semi-isotropic coupling with
a coupling constant of 10 ps and isothermal compressibility
of 4.5 x 107> bar ".** The long-range electrostatic interactions
were calculated using the particle-mesh Ewald scheme with a
1.6 nm cutoff.** The cutoff for Lennard-Jones interactions
was set to 1.0 nm with switching the function to zero at 1.5
nm. The LINCS algorithm was used to constrain all bonds.*
Periodic boundary conditions were applied in all directions.
The temperature dependence of membrane model was
simulated in the range between 293 K and 333 K (Fig. 1).

2.1.2 COSMOmic/COSMOperm calculations of solute
permeation. The LigPrep and MacroModel packages**?*’ were
used to generate neutral conformers of compounds in
vacuum using the OPLS_2005 force field.*® For each
compound, a maximum of 10 conformers (within 5 kcal
mol ™" of conformer with the lowest energy and RMSD at least
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Fig. 1 Structures of mixed DPPC:DPPG:Chol (75:10:15) membranes obtained by MD simulations at various temperatures corresponding to
liposome storage, human body temperature and release of compounds from liposomes.

0.2 nm between individual conformers) were selected based
on MCMM/LMC2 conformation searching algorithm with
Monte Carlo structure selection. For each conformer, a
subsequent  DFT/B-P/cc-TZVP vacuum and COSMO
optimisation were carried out using Turbomole 6.3 (ref. 39)
implemented in cuby4 framework®® followed by a single-
point energy DFT/B-P/cc-TZVP calculation with fine grid
option to obtain the COSMO files.

The overall .mic files for lipid bilayers were obtained by
fitting individual lipid COSMO files to an average of 10 bilayer
structures from the MD simulations. For each compound,
conformer/lipid bilayer system COSMOmMmic/COSMOperm X18
calculations*** were performed to obtain averaged free energy
profiles and hence the partition (logKjipswar) and permeability
(log Pe;m) coefficients. The procedure of these calculations is
described in ESL} Initially, a set of 5 fluorescent chemical
compounds was used for validation purposes: fluorescein,
5-carboxyfluorescein, 6-carboxyfluorescein, fluorescein-5-
isothiocyanate, and calcein. Once the computational model was
validated experimentally (section 2.2), the permeation of a
further 56 compounds selected from the DrugBank database
was computed and used as a basis for proposing criteria for
drug selection with respect to their suitability for liposome
encapsulation and release. These 56 compounds were selected
based on their high toxicity on living organisms accompanying
their biological activity (e.g: antimicrobial) and potential benefits
of a liposomal formulation. A full list of the compounds is
provided in section 3.4. Calculations of all molecules were
performed ten times. The most promising drug candidate was
then selected based on its 10g Kjipjwat, and 10g Pery, values and its
liposomal formulation and thermoresponsive release were
demonstrated experimentally (section 2.3).

2.2 Experimental validation of model predictions

2.2.1 Materials. Cholesterol (Chol, >99%), ammonium
hydroxide solution (28-30%), phosphate-buffered saline (PBS)
tablets, 5-(6)-carboxyfluorescein (5(6)-CF, 95%), calcein (C,
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>95%), b-cycloserine, fluorescein (F, 95%), fluorescein-5-
isothiocyanate (FITC, 90%) and TRITON® X-100 were
purchased from Sigma-Aldrich. Ethanol (for UV spectroscopy,
99.8%), chloroform (p.a.), sodium chloride (>99%), sodium
hydroxide (p.a.), methanol (p.a.) and hydrochloric acid (HCI,
35%, p-a.) were purchased from penta.
Dipalmitoylphosphatidyl-choline ~ (DPPC) and sodium
dipalmitoyl-phosphoglycerol (DPPG) were purchased from
Corden Pharma. All chemicals were used as received.
Deionised water (Aqual 25, 0.07 uS cm™') was used for all
reactions and treatment processes.

2.2.2 Preparation of liposomes. Liposomes were prepared
using the Bangham method. Briefly: 10 mg of lipid and
cholesterol mixture was dissolved in 2 mL of chloroform:
methanol mixture (2:1) in a 25 mL round flask. The mixture
was evaporated in a rotary evaporator at a constant
temperature of 55 °C and gradually lowering pressure from
atmospheric to 150 mbar. The dried lipids formed a film
around the flask. The sample was then kept under vacuum
for at least 12 hours. For further rehydration, 2 mL of a
hydration phosphate buffer solution containing the
substance to be encapsulated was added to the flask (the
compounds and their concentrations are listed in Table 1).
The flask's content was then heated and stirred using a
vortex shaker until no visible lipid film pieces were present
on the flask walls. 1 mL of the obtained lipid suspension was
then transferred to a liposome extrusion device (Avanti Polar
Lipids), heated to 69 °C and extruded through a porous
membrane with 800 nm pores 21 times to decrease and unify

Table 1 Solutions used for the lipid film hydration

Concentration
Fluorescent dye Abbreviation  [mg mL™"] pH
Calcein Cal 5.0 7.4
5(6)-Carboxyfluorescein 5(6)-CF 7.5 7.4
Fluorescein F 2.5 7.4
Fluorescein-5-isothiocyanate ~ FITC 0.1 7.4
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the size of the formed liposomes. The size distribution of the
prepared liposomes was measured using the Malvern
Zetasizer. The liposomes were also visualised using
transmission electron microscopy (TEM, Jeol JEM-1010,
acceleration voltage 80 kV).

2.2.3 Measurement of thermo-responsive release. For
experimental validation of the computational model,
fluorescein derivatives with systematically varying chemical
properties have been chosen (Table 1). Since the release
measurement is based on the dye's fluorescence emission
dissolved in an aqueous supernatant, only water-soluble
fluorescent dyes were used. Four fluorescein derivatives were
found to be sufficiently soluble for this purpose. From these
four compounds, near-saturated water solutions were made
and used for hydration of the lipid film to form liposomes.
The actual concentrations and pH values used for liposome
encapsulation are summarised in Table 1.

The measurement of the thermally induced release of
these substances from the liposomes was based on repeated
liposome separation by centrifugation and fluorescence
emission intensity measurement of the supernatant (Cary
Eclipse Fluorescent Spectrophotometer, Agilent). First, four
cycles of centrifugation, supernatant removal, dilution and
redispersion were conducted to remove any non-encapsulated
dye present in the samples after liposome preparation. After
liposome extrusion, approximately 1 mL of the liposome
dispersion was transferred to several 2 mL Eppendorf vials
and cooled to room temperature. The samples were then
filled up to the to 2 mL mark with a buffer solution of the
same ionic strength as the hydration solution. Then,
centrifugation at 5000 RCF (Minispin, Eppendorf AG
Hamburg) for 15 minutes was performed. The supernatant
was removed and replaced with a fresh buffer solution, and
the liposomes were redispersed and again centrifuged. After
the last centrifugation, the supernatant's fluorescence
emission intensity was measured to verify the completion of
the purification. The excitation wavelength was set to 490
nm, and the emission spectra were measured at the
maximum intensity for each dye (between 515 nm and 525
nm). Based on the calibration using the same settings, the
concentration of dye was calculated. The amount of released
dye was calculated from the difference in measured dye
quantities before and after release.

To determine the total quantity of the encapsulated dye
inside the liposomes, 2 uL of TRITON® X-100 was added to
the sample, which resulted in membrane destabilisation and
release of all the dye that was present either in the liposomal
cavity or in the membrane. In order to measure thermally
induced release from liposomes, the purified samples were
heated to 65 °C for 1 hour to bring the liposome membranes
into the disordered state and make them more permeable. In
both measurements (membrane destruction using TRITON®
and thermal release), the samples were centrifuged once
more, and the fluorescence emission intensity of the
supernatant was measured. From the difference in the
fluorescence emission before and after TRITON® addition or
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heating, the fluorescent dye's released quantity was
calculated.

Since each of the four fluorescent dyes was used at
different concentrations (due to difference in their aqueous
solubility), a theoretical loading capacity for each dye was
calculated to allow effective comparison of the samples. For
simplicity, it was considered that all phospholipids used in
the experiment were DPPC, and the liposome size was
uniform at 800 nm in diameter. The area occupied by a
single DPPC lipid was considered to be 0.6 nm>.** From the
known area of one lipid and the known surface area of one
liposome, the quantity of DPPC molecules forming one
liposome was calculated. With the known mass of lipids in
one experiment (10 mg), the molar mass of DPPC (734 g
mol™) and the concentration of fluorescent dye in the
hydration solution, the theoretical loading capacity could
then be obtained from eqn (1):

mp/Mpppc = 1000cA;NAd/(12Mpppc) (1)

where mg/mpppc is the theoretical capacity in pg of solute per
1 mg of lipids, ¢ is the fluorescent dye concentration in mg
mLY, 4, is the area of one DPPC molecule, d is the mean
liposome diameter, Ny is the Avogadro constant and Mpppc is
the molar mass of DPPC (734 g mol™). In this theoretical
calculation, it was assumed that the hydration solution was
encapsulated inside all liposome cavities. Upon release, the
entire volume of the encapsulated solution and the dissolved
dye's corresponding quantity was considered the theoretical
maximum capacity of the liposomes prepared.

For the possibility of comparison between experiments
and calculations made for unionised species, the fraction of
unionised species was calculated using MarvinSketch 20.16.**

2.2.4 Visualisation of membrane partition and release.
Laser scanning confocal microscopy (Olympus Fluoview
FV1000 with Canon EOS 100D camera) was used to visualise
the liposomes and their surrounding medium both before
and after the thermally induced release of the encapsulated
dyes. Furthermore, liposomes loaded with all four used dyes,
centrifuged and redispersed were also visualised. The
prepared liposomes were not extruded through the 800 nm
membrane after keeping their size large (for easier
observation). For the confocal images Olympus UPLSAPO
Objective 40x, excitation wavelength 405 nm and fluorescence
detection 505-540 nm were used.

2.3 Liposomal formulation of drug identified by in silico
model

The most promising substance identified by the in silico
model from a sample of 56 entries in the DrugBank database
(cycloserine) was encapsulated into liposomes as described in
section 2.2. The stability of liposomes at storage temperature
and the ability to release the substance above the lipid
bilayer's phase transition temperature was demonstrated by
measuring the proliferation of bacteria E.coli using the
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resazurin assay.”> The bacteria suspension was grown
overnight in LB media at 37 °C, shaken at 200 rpm. The
inoculate was diluted to the appropriate cell density (OD =
0.06) and seeded on 96-well plates. The assay composed of a
row of samples exposed to liposomes before release,
liposomes after heat release (60 °C for 30 minutes),
liposomes after membrane disruption by TRITON® as a
positive control, and a row of bacteria with an added
antibiotic (50 pg mL™" kanamycin) as a further positive
control. Each well was filled with 100 pl of the sample
(liposomes loaded with 10 mg mL™ cycloserine, repeatedly
diluted and centrifugated). Then, 20 pl of diluted bacterial
suspension was added into all wells and mixed thoroughly.
Samples after release and antibiotics were performed in
triplicates. Sample before the release in duplicates of both
samples, which were later used for release. After overnight
incubation at 37 °C, 20 pL resazurin was added to all wells
and incubated at 37 °C for another 4 h. Colour changes were
observed. Fluorescence measurements were performed in a
spectrofluorometer (Infinite 200 PRO, Tecan Austria) at 560
nm excitation and 590 nm emission wavelength. Bacteria
without any antibiotics were used as a negative control.

3 Results

3.1 Computational studies

3.1.1 MD simulations of bilayer state at various
temperatures. Molecular dynamics simulations of the mixed
DPPC:DPPG:Chol (75:10:15 molar ratio - chosen from
previous experimental experiences as ideal composition for
encapsulation of 5(6)-CF'’) membrane model were carried
out at temperatures corresponding to the liposome storage
temperature (293 K), the approximate body temperature in
the side of inflammation (313 K) and the temperatures
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presumed to be required for the release of encapsulated
solute (323 K and 333 K). At lower temperatures for the
liposome storage, the membranes were found to be in a
highly ordered phase (Fig. 1). An increase of temperature by
20 K to the body temperature did not result in any phase
ordering changes, and the membrane remained in an
ordered phase. The dependent simulations showed a sharp
change in the membrane structure between 323 K and 333 K,
where a phase shift into the disordered phase was observed.
This shift is located slightly higher than the experimentally
observed phase transition temperature of this membrane
mixture'® (315 K). Above 323 K the lipid bilayer formed a
disordered structure preferable for the release of the
encapsulated compounds from the internal liposomal cavity.

3.1.2 COSMO-based partitioning and permeability
calculations for fluorescent dyes. The values of temperature-
dependent partition coefficients log Kjipwae Obtained from the
COSMOmic calculations compared in Fig. 2A showed no
significant changes with increasing temperature for the given
fluorescent compounds. The compounds' lipophilic character
increased in the order of Cal < 6-CF < 5-CF < F < FITC but
the drug partitioning between water and the lipidic
membrane was not found to be much sensitive to
temperature changes while all the compounds became only
slightly more hydrophobic at elevated temperatures.*® In
contrast, the permeability coefficients log P, obtained from
COSMOperm calculations have shown a significant increase
with the temperature of about two orders of magnitude within
40 K difference and varied widely between the compounds
(Fig. 2B). Therefore, we have analysed each dye's performance
in both partitioning and permeability at the lowest (293 K)
and the highest (333 K) temperature in more detail.

Each fluorescent derivative has shown different behaviour
in terms of the partitioning coefficient and permeability. The
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Fig. 2 Computed temperature dependence of membrane/water partition coefficients logKipmwat [mol mol™] (panel A) and permeability
coefficients log Pe,m [cm s™] (panel B) for a series of five fluorescent dyes on the DPPPC : DPPG : Chol mixed membrane.
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dye with the highest partition coefficient is fluorescein-5-
isothiocyanate (FITC), having a 1og Kiipwar' ~« = 2.94 + 0.28.
This would suggest a strong presence of the dye within the
membrane while only a small amount of FITC would remain
encapsulated in the internal aqueous cavity of the liposome.
At the same time, FITC would easily permeate through the
membrane due to its high permeability coefficient (log
Pern®®®® = =2.26 + 0.52) even at low temperature. As such,
FITC does seem suitable for encapsulation in the membrane
cavity but not for temperature-controlled release in the used
lipid mixture. For fluorescein (F), a slightly lower partition
coefficient logKHp/WatZ%K = 1.45 + 0.28 would suggest a shift
of equilibrium towards the aqueous phase. Therefore, it is
likely that fluorescein would prefer equivalent partitioning
into the aqueous core and the lipidic membrane. However,
the high permeability at all temperatures (10g Peryy, = —2.59 +
0.09, -1.60 + 0.09 and -0.98 + 0.22 at 273 K, 323 K and 333 K,
respectively) again does not make it a promising candidate
for liposome encapsulation.

Relatively low partition coefficients were observed for
5-carboxyfluorescein (5-CF) and 6-carboxyfluorescein (6-CF),
namely 10gKjipwac' -« = 0.72 + 0.43 and 0.35 * 0.36,
respectively. Therefore, these compounds should prefer the
aqueous phase within the liposomal cavity. Moreover, their
permeability is nicely temperature-dependent since they have
a low permeability at low temperatures (10g Per > = —5.64 +
0.06 and -5.78 + 0.06, respectively) and two orders of
magnitude higher permeability at high temperatures (log
Per > = =3.55 + 0.28 and -3.73 + 0.27, respectively). As a
result, these two compounds appear to be suitable candidates
that could provide stable liposomal encapsulation during
storage, followed by temperature triggered release.

Finally, calcein (Cal) shows the lowest values for both
partitioning and permeation coefficients. The lowest
partitioning 10g Kjipwac' -« = =1.07 £ 0.07 at all temperatures
among all dyes suggests predominant encapsulation of the
drug in the water phase within the liposomal cavity, which
seems like a great property to block drug release from the
storage liposome. However, calcein also shows an extremely
low ability to permeate through the bilayer and leave the
liposome even at elevated temperatures (10g Perm”>°X = -9.05
+ 0.41). Therefore, calcein is probably a wrong candidate for
thermally controlled drug release, although it might be
suitable for other release mechanisms.

These in silico predictions suggest that out of the tested
set of fluorescent dyes, the most promising candidates for
encapsulation and temperature-controlled release from
DPPC:DPPG:Chol (75:10:15 molar ratio) liposomes are
5-CF and 6-CF, while FITC and F seem to be too permeable
and Cal will not be able to permeate even at higher
temperatures.

3.2 Experimental verification

3.2.1 Liposome properties. To validate our theoretical
predictions, we have prepared dye-loaded liposomes as
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described in section 2.2. The prepared liposomes' size was
centred at 800 nm irrespective of the loaded dye (Fig. 3A).
However, a fraction of liposomes with a size around 100 nm
was present in all samples and confirmed by TEM analysis
(Fig. 3B). We suggest that the smaller liposomes (100 nm) do
not settle during the centrifugation steps and are disposed of
together with the supernatant during the purification
process. This can be a possible source of losses of the
encapsulated substance and thus somewhat lower measured
quantities of the released dye, as discussed below.

3.2.2 Encapsulation and release experiments with
fluorescent dyes. The loading of 5(6)-carboxyfluorescein into
liposomes was relatively efficient, achieving 73 + 35 ugqye
mgiipia |, Tepresenting approximately 30% of the theoretical
capacity (Table 2). The dye remained stable inside the
liposomes when kept at the storage temperature (Fig. 4A),
but it was readily released upon heating to 333 K (62 + 8 ugqye
mgiipia ')- This shows that 5(6)-CF is an excellent example of
a molecule for encapsulation in liposomes with thermally
controlled release, confirming the theoretical calculations.
From the comparison between theoretical and experimental
results, we can conclude that log P.,, = —5.6 at 293 K is not
high enough to allow premature membrane permeation. On
the other hand, log P, = —3.6 at 333 K seems to be sufficient
for release - this opens a window for applicability.

On the other hand, fluorescein was visibly washed out
from the liposomes during the purification procedure,
which consisted of repeated centrifugation and dilution
steps performed at 293 K. Ultimately, only a tiny fraction of
the theoretical loading capacity was retained in the
liposomes (0.3 + 0.1 pgaye mglipid"l), and there was no
observable thermal release (Table 2). This is because the
liposomal membrane is permeable for fluorescein even in
293 K and therefore all of F is washed out during dilution
before heating. These results do not qualify fluorescein as a
suitable compound for liposome formulation using the
chosen lipid membrane composition due to too high
permeability even at the storage temperature (10g Pery> " =
-2.6). The small amount of fluorescein detected after
TRITON® treatment must have resided in the membrane
(Fig. 4B). Such membrane partitioning is consistent with
the in silico model, which predicted a significantly higher
membrane affinity for fluorescein (logKiipwac < = 1.45)
compared to 6-CF (10g Kjipjwac- -~ = 0.35).

The effect of high membrane partitioning coefficient was
even more pronounced in the case of FITC (10g Kiipjwac - =
2.94). Although FITC was visibly encapsulated into liposomes
(Fig. 4C), no release upon heating was detected (Table 2).
Despite high permeability prediction for FITC, on par with
fluorescein as shown in Fig. 2B. Only when a more invasive
method of membrane disruption with TRITON® was used, a
significant release of FITC was observed (0.6 + 0.2 ugaye
mgiipia ', being 18% of the theoretical capacity). Similarly to
fluorescein, FITC resided in the membrane rather than in the
aqueous core. It can be concluded that solutes with a high
partitioning coefficient toward the lipid membrane are not
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Fig. 3 Volume size distribution (panel A) and TEM micrograph (panel B) of the prepared liposomes. The scale bar represents 1000 nm.

Table 2 Measured release from liposomes after heating

Released after heating

Released after membrane disruption

Theoretical capacity

Fraction of unionized

Dye pHa (”gdye mglipidil) (”gdyc mglipidil) (ugdye mglipidil) species (D/D)
5(6)-CF 7.4 62 + 8 73 £ 35 246 0.03%

F 7.4 0.0 0.3+0.1 82 95.4%
FITC 7.4 0.0 0.6 +0.2 3.3 95.4%

Cal 7.4 0.03 = 0.02 0.4+0.1 164 <0.01%

“ Hydrating solution: 10 mM PBS adjusted to pH 7.4.

suitable for thermally controlled release from liposomes. This
does not necessarily make lipophilic molecules unsuitable
for liposomal formulations in general, but it means they are
not good candidates for temperature-controlled release.

Finally, let us consider calcein. In terms of permeability
predicted by the in silico model, calcein was at the opposite
end of the spectrum than fluorescein or FITC, with a very low
value of permeability even at elevated temperatures (log
Py, 233 = -9.05) and also the lowest membrane affinity from
all the investigated fluorescent dyes (10g Kiippwar < = =1.07).
Consequently, only 0.02% of the theoretical capacity was
released after heating, and this value did not substantially
improve even after membrane disruption by TRITON®
(Table 2). This implies that calcein was probably not present
in most of the liposomes already when the liposomes were
formed, a hypothesis confirmed by fluorescence microscopy
of “raw” liposomes observed just after the lipid hydration
step (Fig. 4D, inset). The clearly visible empty liposomes
surrounded by concentrated calcein solution contrast with a
similar view of 5(6)-CF liposomes (Fig. 4A, inset) where the
fluorescence intensity inside and outside the raw liposomes
was essentially identical.

The results of these visualisation experiments lead to a
proposed mechanism of “solute rejection” during the
liposome hydration step, shown schematically in Fig. 5.
While well-permeating molecules such as 5(6)-CF can readily
enter into the nascent liposome's cavity, poorly permeating
substances such as calcein cannot. Therefore, the knowledge
of temperature-dependent membrane permeability provided
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by the in silico model is very valuable not only for predicting
the liposome behaviour during storage and temperature
controlled release but also for assessing the chances that
liposomes loaded by a given substance can be prepared at
all.

3.3 Generalisation of rules for drug loading and thermal
release from liposomes

The combination of in silico predictions and experimental
findings discussed above makes it possible to define a set of
rules for the suitability of compounds for incorporating
temperature-controlled liposomal drug delivery systems. The
in silico model provides two temperature-dependent
coefficients for each candidate molecule: the partitioning
towards the lipids (logKjjpwa) and the membrane
permeability (10g Pern)- Given that in unilamellar liposomes,
the lipidic shell volume is typically between 100x and 10 000x
lower than the aqueous core, a 10g Kjipwae value that ensures
equal contribution of both phases to the drug loading
capacity would be about 2-4 (rather than 0). This gives a limit
for the encapsulation of the compound preferentially into the
aqueous cavity to about logKjipwae < 2. As discussed in
section 3.2, compounds that preferentially partition into the
membrane are difficult to be released thermally.

The permeability coefficient imposes two limits: (i) a lower
limit for the storage conditions, where negligible or only very
slow elution of the drug from the liposome at low
temperatures is crucial to ensure stable encapsulation

This journal is © The Royal Society of Chemistry and IChemE 2021


https://doi.org/10.1039/d0me00160k

Published on 08 February 2021. Downloaded by Univerzita Palack& #233;ho v Olomouci on 6/12/2023 9:14:07 AM.

MSDE

View Article Online

Paper

Fig. 4 Fluorescence microscopy images of liposomes hydrated by solutions of fluorescent dyes according to Table 1: A) 5(6)-carboxyfluorescein,
B) fluorescein, C) FITC, D) calcein. The images show unextruded liposomes at room temperature, washed by repeated centrifugation and dilution.
The insets in cases A) and D) show also “raw” liposomes before the washing steps.

without premature leakage from the liposome; and (ii) an
upper limit for the thermal release at elevated temperatures
when the membrane changes to the disordered state.

To set the border values for permeation, we have to take
into consideration the highest log Pey,,, where the compound
did not permeate (5(6)-CF through the membrane at 273 K =
-5.6) and the lowest logPe,, where the compound
permeated (5(6)-CF through the membrane at 333 K = -3.6).
We have to also take into consideration that only non-ionic
species can permeate the membrane. Also, the permeation
through unstirred water should be taken into consideration
as can be seen from eqn (2):*’

1 1 1

= 4+ 2
Papp PermeA Paq ( )

where P,p, is an apparent permeation coefficient (which is

proportional to permeation time), fi, is a fraction of the

This journal is © The Royal Society of Chemistry and IChemE 2021

unionised species (0.0003 for 5(6)-CF at pH 7.4) and P,q is a
permeation coefficient through unstirred water layer on the
membrane. The P,q is not directly dependent on a character
of permeating molecule and therefore remains constant, the
apparent permeability of a compound can be estimated from
calculated Pern, and figa.

Based on the experiments and assumptions mentioned
above, we propose that the ideal non-ionic compound for
encapsulation and temperature-controlled release should
have logP., < -9.1 at the low (ambient) temperature
and logPem > -7.1 at the high (release trigger)

temperature.
To set these rules more precisely, the whole procedure of
liposome preparation, separation and heat release

measurement was repeated with 1 mg ml™ 5(6)-CF solution
with PBS buffer at pH 5.4 and 6.4. The results (Table 3) show
that at lower pH, the 5(6)-CF is released at room temperature

Mol. Syst. Des. Eng., 2021, 6, 368-380 | 375
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Fig. 5 Scheme of liposome formation by the hydration of a dried lipid film. It is proposed that non-permeating solutes are excluded from the

liposome cavity during this process.

and only small amount of the dye is later released in a heat-
induced experiment.

The results imply that for P,,, = -8.1, the molecule still
rapidly permeates. Since the COSMOperm method has an
accuracy of 1 log value,*” more precise determination of rules
for heat induced release is unnecessary.

To rationalise these experiment-based rules, the
calculation of time dependence of released quantity of 5(6)-
CF can be made. Based on experimental approach®® for
measurement of permeation coefficient in two compartments
separated by bilayer, half of the 5(6)-CF at 293 K should be
released in 2.5 hours and at 333 K or pH 5.4 at 293 K in 10

Table 3 Measured quantities of 5(6)-CF upon heat release at different pH

seconds (derivation in ESIt). This is not in perfect agreement
with the experiment, where not even 1% of 5(6)-CF was
released at 293 K in 25 hours,'® and therefore final rules were
needed to be tuned experimentally.

According to these limits, the neutral drug molecules can
be sorted into three categories:

1) Compounds not suitable for liposome encapsulation
with the chosen membrane composition.

2) Compounds suitable for encapsulation but not suitable
for the thermal release mechanism.

3) Compounds suitable for both encapsulation and
thermal release.

5(6)-CF conc. Release” at Released after heating Theoretical capacity Fraction of unionized log
(mg ml™) pH* 293 K (Mgaye MGiipia ') (Mgaye Mipia ) species (%) Papp
7.5 7.4 None 62 +8 246 0.03% -9.1

1 6.4 Visible 0.4 £0.2 32.8 0.26% -8.1

1 5.4 Visible 0.3 +0.2 32.8 2.59% -7.1

“ Hydrating solution: 10 mM PBS adjusted to pH 7.4. * Qualitative only by visual inspection.
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Fig. 6 A) Decision tree dividing molecules into liposome compatibility groups according to their partition and permeation coefficients. B)
Calculated partition and permeation coefficients for 56 DrugBank molecules, color-coded according to their suitability for liposome formulation
(DPPC : DPPG: Chol = 75:10:15 membrane). The dotted lines denote the cut-off criteria for membrane partitioning and permeability. Molecules
that are more appropriate for lipid bilayer formulation are to the right (yellow), molecules that are too permeable are in the top left corner (black),
and molecules suitable for aqueous cavity formulation are further distinguished according to the likelihood of thermal release: not possible (red)
and possible (blue) for which the permeability can be lowered using sufficient pH.

A decision tree for substance classification based on their log ~ be used as a basis for assessing the suitability of a given substance
K jipjwat and 10g Pery, values is summarised in Fig. 6A, and it can  for incorporation into a liposomal drug delivery system.
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3.4 In silico screening of compounds from DrugBank

In order to test this set of rules, a total of 56 toxic
compounds from the DrugBank database were chosen, and
their logK jipwar and logPery, values were computed. The
substances had a broad category of chemical actions,
including the potentially harmful or deadly effect on living
organisms. Since toxicity means bioactivity, such substances
- even though harmful on their own - are potential
candidates for applications in human or veterinary
medicine, disinfection, crop protection, etc. Encapsulation
into liposomes followed by controlled release could be a
way how to apply such substances safely at the appropriate
dose.

After applying the classification criteria (Fig. 6A) to all 56
evaluated molecules, the following groups were obtained:

e 27 substances were suitable for membrane-bound
liposome encapsulation due to their high partition coefficient
(vellow dots in Fig. 6B): anacetrapib, amitraz, dalcetrapib,
chlorotoxin 1-131, calyculin A, deltamethrin, cyfluthrin,
cypermethrin, altretamine, bempedoicacid, cerivastatin,
benfluorex, coumaphos, atorvastatin, acifluorfen, bisphenol
A, benzyl benzoate, clofibrate, 1,2-dichlorobenzene,
ciprofibrate, crotamiton, bromoform, bezafibrate, 9H-
carbazole, dantron and chlorambucil.

4 substances were not suitable for liposomal formulation
using the Bangham method due to too low permeation even
at 333 K. This could be potentially solved using a liposome
loading method that does not require membrane permeation.
These compounds (red dots in Fig. 6B) were: allosamidin,
azacitidine, cytarabine, decitabine,

e 16 substances were not suitable for liposomal
formulation due to high partitioning (black dots in Fig. 6B):
buthionine sulfoximine, carboquone, 2-methoxyethanol,
acipimox, benznidazole, carmustine, cerulenin,
cyclophosphamide, carboxin, cantharidin, carbendazim,
cythioate, busulfan, allicin, aminacrine, chlorine.

e 9 substances were identified as possible for
encapsulation into the aqueous liposome cavity with a
potential for thermally controlled release: -clofarabine,
8-azaguanine,  broxuridine, cordycepin, capecitabine,
azathioprine, cycloserine, dacarbazine, PhIP.

View Article Online

MSDE

The details of 9 compounds identified as potentially
suitable for liposome encapsulation and thermal release are
summarised in Table 4. The pH range for fi, needed was
calculated using Protonation Plugin Group in Marvin Sketch
20.16.** All nine compounds have a theoretical window of pH
opportunity to be encapsulated into liposomes and later
thermally released. On the other hand, some of the
theoretically viable pH ranges are strongly acidic or basic,
and therefore practical encapsulation would be very
problematic.

3.5 Liposomal formulation of cycloserine delivery

As a final experimental validation of the in silico screening
methodology, one of the most promising candidates was
selected and encapsulated into liposomes. Since p-cycloserine
is reasonably safe to work with and has well-documented
antibiotic properties, this compound was chosen and tested
in experiments with bacteria (E. coli) as described in section
2.3. The roughly estimated P,p, (ESIt S5) at pH 7.4 is —10.1 at
293 K and -8.66 at 333 K. This means that cycloserine is
clearly not permeating at low temperature but can be
permeating at a higher temperature because the permeation
coefficient is at the uncertain region between -9 and -8.

The results of the resazurin assay are summarised in
Fig. 7. The liposomes' ability to retain the encapsulated
bioactive compound cycloserine was evidenced by a control
group exposed to the supernatant from intact liposomes,
whose resazurin metabolic activity was almost the same as
that of the negative control (pure bacteria).

On the other hand, bacteria groups exposed to cycloserine
released from liposomes after heat or TRITON® treatment
exhibited a substantially reduced metabolic activity. The
antibacterial effect was not as strong as that of the control
group exposed to 50 pug mL™* kanamycin, but that is only a
matter of the applied dose. Crucially, there was no statistical
difference between the antibacterial effect of TRITON®
release and heat release groups, which means that
cycloserine is indeed a suitable compound for liposomal
formulation and release by the heating mechanism.

As a result, our in silico methodology benchmarked on
fluorescein derivatives was successful in selecting cycloserine

Table 4 Calculated log P, and log K values for 9 toxic compounds in neutral form that were identified as possible candidates for encapsulation and

thermal release from DPPC: DPPG: Chol (75:10:15) liposomes

293K

Compound log K*3¢ 10g Perm>”** (ecm s71) log K3%3 10g Pery®*** (cm s71) fia needed (%) pH range
Clofarabine -1.3 -7.66 -1.34 -5.44 4.6 0-0.8
8-Azaguanine 0.71 -7.65 0.07 -5.85 4.5 7.2-14
Broxuridine -1.3 -7.57 -0.99 -5.54 3.7 9.8-14
Cordycepin -1.31 -7.55 -1.34 -5.44 3.5 0-2.6
Capecitabine 0.02 -7.03 0.8 -4.71 1.1 10.8-14
Azathioprine 0.54 -6.98 0.19 -5.18 0.095 0-0.6, 10.8-14
Cycloserine -0.83 -6.04 -1.15 -4.6 0.11 0-14“
Dacarbazine 0.4 -5.78 0.02 -4.15 0.058 12.2-14

PhIP 2.56 -5.06 1.42 -3.88 0.011 0-0.8

“ Cycloserine is present mainly in zwitterionic and not neutral form.
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Fig. 7 Effect of cycloserine on E. coli tested by the Resazurin assay. A)
Dependence of measured fluorescence intensity on time (each line
was averaged from 3-6 wells). B) Calculated slopes from the
fluorescence measurement for individual control groups. Neg. cont. -
bacteria only; before - bacteria exposed to supernatant from
cycloserine loaded liposomes kept at ambient temperature; heat. rel. -
bacteria exposed to supernatant from cycloserine loaded liposomes
after heat release; TRITON rel. - bacteria exposed to supernatant from
cycloserine loaded liposomes after membrane disruption by TRITON®;
pos. cont. - bacteria exposed to 50 pg mL™* kanamycin.

as a valid candidate for liposomal formulation with heat
release and selected lipid composition.

4 Conclusions

A new in silico methodology for selecting potent candidate
substances suitable for the encapsulation and thermally
controlled release from liposomes has been proposed and
verified experimentally. The whole procedure comprises a
molecular dynamic simulation of a small patch of a bilayer
with defined composition used for liposome formulation,
COSMOperm/COSMOmic  calculations  for  candidate
molecules in neutral form and their selection using a set of
experimentally validated rules. In this work, we used bilayer
composition DPPC:DPPG: Chol (75:10:15 molar ratio) and
56 drug candidates. Comparison between experimentally
measured thermal release and COSMOperm/COSMOmic
calculations of a set of fluorescent dyes enabled us to derive
rules for selecting molecules that can be encapsulated in
liposomal cavities and thermally released. These rules were
then applied to predict the liposomal compatibility of 56
toxic compounds from the DrugBank database. From this

This journal is © The Royal Society of Chemistry and IChemE 2021
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set of compounds, 16 showed no suitability for liposome
encapsulation, 27 showed suitability for encapsulation into
the liposome membrane, 4 showed suitability for cavity
encapsulation using methods that do not involve membrane
permeation during liposomes loading, and finally, 9
compounds were deemed suitable for encapsulation into
the liposome cavity. One of these compounds - cycloserine
- was then selected for a successful experimental
demonstration of liposome encapsulation and thermal
release.

In the present work, the composition of the lipid bilayer
was fixed. However, this represents additional potential
degrees of freedom. For example, the in silico methodology
developed in this work can be extended to find such a
combination of lipids in the liposome membrane that will
meet the logK and log P, criteria for a specific molecule
whose liposome encapsulation is highly desirable. Such
computational formulation optimisation can save valuable
experimental resources and lead to novel compositions that
might not be found experimentally. Similarly, during the
development of new pharmaceutically active compounds, the
lead structure optimisation can be partially driven by criteria
for log K and log P, that were proposed and validated in the
present work. In this way, new chemical entities can be
optimised for their biological efficacy and formulation
manufacturability.
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ARTICLE INFO ABSTRACT

Keywords:

Mammalian cytochromes P450 are an important class of enzymes involved in the biotransformation of many

CYP endo- and exogenous compounds. Cytochrome P450 isoforms are attached to the membrane of the endoplasmic

Drug metabolism
Protein-membrane interactions
Ligand passage

reticulum or mitochondria, and their catalytic domains move along the membrane surface while being partially
immersed in the membrane environment. Their active sites are connected to both the membrane and cytosolic
environments via a complex network of access channels. Consequently, they can accept substrates from both

environments. The membrane also supports the interactions of cytochromes P450 with their redox partners. In
this review, we provide an overview of current knowledge of the structure, flexibility, and interactions with
substrates and redox partners of cytochrome P450 on membranes, amalgamating information derived from both

experiments and simulations.

1. Introduction

Cytochrome P450 (CYP) enzymes are large and important class of
proteins involved in the biotransformation of many xenobiotic and
endobiotic compounds [1,2]. So far, 57 human CYP genes from 17 fa-
milies and 3753 mammalian CYP genes from 18 families have been
described [3]. The prototypical biotransformation catalyzed by CYPs is
the monooxygenase reaction, but they also catalyze many other che-
mical reactions [1,4]. These reactions take place over a heme cofactor
housed in a deeply buried active site. Although CYPs are highly pro-
miscuous enzymes capable of oxidizing many different substrates [5],
their reactions display high stereo- and regioselectivity [6].

CYPs play a dominant role in phase I of drug biotransformation
[7-9]. The products formed in this phase are usually more hydrophilic
than the corresponding substrates [10,11] and are therefore more
readily excreted. The major drug-metabolizing CYP is CYP3A4, which is
involved in the biotransformation of 20% of all orally taken drugs,
followed by the CYP2D6, CYP1A2, and CYP2C9 isoforms, each of which
can metabolize about 10% of existing pharmaceutical compounds
(Fig. 1) [12]. In general, phase I metabolism of xenobiotics mostly in-
volves the CYP1, CYP2, and CYP3 families. Other families, i.e., CYP4 up

* Corresponding authors.

to CYP51, accept endogenous substrates [13]. Unsurprisingly, CYPs are
associated with many drug-drug interactions [14], and their activity
can be influenced by interactions with food, genetic polymorphisms,
and many other factors [7].

The first CYP was described by Klingenberg and Garfinkel [15,16]
as an unknown pigment with a significant absorption maximum at
450 nm of reduced state with bound carbon monoxide, which has been
found to be a new cytochrome by Omura and Sato [17,18]. They have
been studied actively ever since, producing many important findings.
This review focuses on the features and properties of membrane-at-
tached CYPs. Many X-ray structures of different CYP isoforms have been
resolved [19,20] and deposited in the PDB database (www.rcsb.org)
[21]. Additional structural information has been obtained via experi-
mental techniques including NMR [22-24], microscopy [25-27], epi-
tope labeling [28,29], mass spectrometry [30-34], tryptophan fluor-
escence scanning [35], linear dichroism [36], and cross-linking [37]. In
addition, in silico methods such as molecular dynamics (MD) simula-
tions [10,38-40] and homology modeling [41-43] have revealed va-
luable information about CYPs' structure, dynamics, and interactions
with substrates. This allows us to combine information obtained via a
broad portfolio of complementary techniques, and to establish a rather
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Fig. 1. CYP isoforms involved in metabolism of all chemicals according to Rendic et al.
[12]. The percentages represent the participation of individual CYP isoforms in meta-
bolism. CYP isoforms are represented as individual X-ray structures (a list of X-ray
structures with PDB IDs is shown in Table S1 of Supplementary Information).

detailed and complex picture of CYPs' behavior on biomembranes.

Although the level of sequence similarity among CYP families is not
very high (around 40% [44]), the common CYP fold is highly conserved
[19] (cf. Fig. 1). This fold is predominantly a-helical, with a small
proportion of 3-sheets. Its twelve helices are designated A to L, and are
named in alphabetical order starting from the N-terminus [45]. The
most important structural regions of CYPs include the highly conserved
I-helix bearing the threonine amino acid, which plays important role in
the catalytic processes, the F/G-loop, and the F and G-helices together
with the B/C-loop, which form a ‘lid’ over the active site cavity [19].
The active site is deeply buried within the structure and is connected to
the exterior by a complex network of access and egress channels
[46,47]. It houses a protoporphyrin IX (heme b) cofactor, which is
connected to the CYP catalytic domain by an S—Fe bond to the thiolate
group of a highly conserved cysteine [48].

Thanks to the wealth of mechanistic and structural experiments and
computations, CYP structure and mechanism of its catalysis are known.
However, many questions remain unanswered. This review focuses on
the structural features of mammalian membrane-anchored CYPs and
their interactions with drugs and redox partners, combining informa-
tion from experimental and computational studies.

2. Biomembranes
2.1. Composition of biomembranes

Biomembranes form barriers between cells, organelles, and the in-
tercellular environment. Their composition depends on their location
and function in the cell [49]. Proteins account for around half the total
mass of a typical biomembrane [50], with the rest being a bilayer-
forming lipid mixture that serves as a support for embedded and in-
teracting proteins, including CYPs. Human cell membranes contain
many types of lipids but are dominated by phospholipids, sphingolipids,
and cholesterol.

Phospholipids consist of two aliphatic nonpolar acyl tails that are
connected to a phosphate-based head via a glycerol unit. The head may
be zwitterionic with overall neutral charge (as in phosphatidylcholine,
PC or phosphatidylethanolamine, PE; see Fig. 2) or charged (as in
phosphatidylserine, PS or phosphatidylinositol, PI). The properties of
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Fig. 2. A bilayer leaflet (background) with lipid tails shown in cyan, head groups re-
presented as colored balls, and water molecules as grey dots. The inset shows the che-
mical structures of the most common lipids in the endoplasmic reticulum membrane.
Glycerophospholipids have two acyl tails, a glycerol unit, a phosphate, and another head
group. Sphingolipids are composed of a sphingosine acyl chain, another acyl tail con-
nected by serine, and other head groups such as phosphate and choline in the case of
sphingomyelin.

individual lipids are determined by the identity of the lipid head, the
length of the acyl tails, and the number of double bonds in the acyl
chains. Shorter and more unsaturated acyl chains decrease the mem-
brane's order and increase its fluidity [49]. Sphingolipids are acylated
sphingosine derivatives with acyl groups derived from long fatty acids
and polar groups that are bound to additional polar groups (such as
choline in the case of sphingomyelin). Their longer acyl tails make them
predominantly ordered, and they tend to concentrate around choles-
terol molecules in membranes [51,52].

Finally, cholesterol plays an important role in determining the
properties of biological membranes [53] and can contribute to the
regulation of membrane-embedded proteins [54,55]. It also sig-
nificantly influences the membrane's biophysical properties, for in-
stance, by increasing the ordering or thickness of disordered mem-
branes, suppressing lipid diffusion [56], and reducing the membrane's
permeability to substrates [57]. The amount of cholesterol in biological
membranes varies from ~20 wt% in the plasma membrane to ~6 wt%
in the endoplasmic reticulum (ER) membrane and 3-6 wt% in mi-
tochondrial membranes [58]. In some specific cases, such as senile
plaques known as one of the hallmark lesions of Alzheimer's disease,
higher concentrations of cholesterol were observed [59], which in-
dicates that the relationships between cholesterol concentration and
CYP function and their implications for biological processes should be
addressed in future studies.

Mammalian CYPs are mainly attached to the ER membrane. The
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Endoplasmic reticulum

Fig. 3. Lipid composition of the endoplasmic reticulum (ER) membrane by mass: 40% PC
(phosphatidylcholine), 17% PE (phosphatidylethanolamine), 6% Chol (cholesterol), 5%
PS (phosphatidylserine), 5% Sph (sphingomyelin), and 27% other lipids such as cardio-
lipin and PI (phosphatidylinositol) [50].

most abundant membrane lipids in ER are neutral and charged phos-
pholipids (PC, PE, PS, and PI; see Fig. 3), but it also contains choles-
terol, sphingomyelin, and cardiolipin [60]. Due to the complexity of
biological membranes, in vitro and in silico membrane experiments
often use simpler model systems such as single lipid-containing bilayers
or simplified lipid mixture bilayers.

2.2. Interactions of xenobiotics with biomembranes

Biomembranes form natural barriers to molecular traffic in living
organisms and significantly affect the kinetics and disposition of che-
micals in cells [61]. It should be noted that the interaction of xeno-
biotics with lipids can be as important as nonspecific interactions with
proteins [62]. Chemicals can pass across a membrane actively [63], i.e.,
with the assistance of transporters and pores, passively by passive dif-
fusion [64], or by some combination of active and passive means [65].
The membrane's lipid composition and phase affect the kinetics of the
permeation process [65-68] and the affinity of various substances for
the membrane [69]. Xenobiotics can partition into membranes: am-
phiphilic drug-like molecules concentrate in the membrane below the
head groups region, staying in contact with both the hydrophobic lipid
part and the hydrophilic head groups [70]. Xenobiotics of this type
might be CYP substrates, and their accumulation in the membrane
enables them to enter CYP active sites from the membrane environment
[10,71]. The products of CYP biotransformation generally have lower
affinities for membranes [71] so their preferred positions are closer to
the membrane/water interface and they mostly leave to the bulk sol-
vent. These findings together with the membrane's role in CYP an-
choring (see below) indicate that the membrane can be an active player
in the biotransformation of xenobiotics, causing pre-concentration of
xenobiotics and their colocation with biotransformation enzymes,
among other things.

3. Structure and dynamics of CYPs on biomembranes
3.1. Anchoring CYPs to lipid membranes

Mammalian CYPs are membrane-associated enzymes in contrast to
prokaryotic CYPs, which are soluble. Most mammalian CYPs are at-
tached to the ER and mitochondrial membranes [28,72] on cytosolic
side and on plasma membrane on luminal side [73,74]. The knowledge
about mode of CYPs binding to membranes drastically evolved in time.
Originally CYP was proposed to be an integral membrane protein with
at least eight transmembrane segments [75], the number of segments
was then supposed to be lower [76]. Later CYPs were identified as
membrane-associated proteins with short N-terminal membrane
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anchoring segment [77,78]. It was also shown that another sequence
contributes to CYP anchoring by Cullin [79]. Current knowledge con-
verged to a model, where the CYP catalytic domain lies on the cytosolic
side of the ER [80], being anchored by the N-terminal transmembrane
a-helix [28] with N-terminus on the luminal side of the ER [80]. The
hydrophobic amino acids in the N-terminal anchor maintain its inter-
action with the hydrophobic ER membrane environment. The micro-
somal N-terminal anchor also contains a different signal peptides se-
quence [81] that governs CYP trafficking into the ER or mitochondria
respectively [82]. The N-terminal anchor is also important for inter-
actions with different phospholipids [83,84] and as the mediator of CYP
heteromer formation [85]. There is significant variation in the amino
acid composition of the N-terminal helix in various CYP families [86].
However, the mitochondrial CYPs do not need an N-terminal trans-
membrane anchor because they have a so-called topogenic sequence
[87] localized at the beginning of the enzyme sequence that initially
serves as a signal peptide but is sequestered once the recognition pro-
cess is complete [88,89].

The first crystal structure of a mammalian CYP was published in
2000 and lacked the N-terminal transmembrane helix [90], which was
deleted by enzyme engineering to facilitate crystallization. Most sub-
sequent expression and crystallographic studies of mammalian CYPs
have used truncated derivatives for the same reason [91-94]. It should
be noted that these engineered structures are biochemically relevant
because the deletions did not diminish the enzymes' catalytic activity
[90] or eliminate their ability to attach to membrane surfaces [95]. The
first (and to date, only) published structures of full-length CYP enzyme
including the N-terminal anchor are crystal structures of lanosterol 14-
a demethylase (PDB ID: 4LXJ, 4KOF both from Saccharomyces cerevisiae)
co-soaked with various ligands [96-98]. These structures feature a re-
solved N-terminal anchor showing its attachment to the catalytic do-
main (Fig. 4), although it should be noted that the structural features of
the enzyme, namely mutual position of the N-terminal anchor and the
catalytic domain, in its native environment may be slightly different
from those in the crystal structure because the latter is affected by
crystal contacts in the lattice [99].

The need for structural data on full-length CYPs in their native en-
vironment has motivated many computational studies on these en-
zymes. The first atomistic models of full-length CYP2C9 attached to a
PC bilayer were presented in 2011 [101,102]. These models were de-
veloped by two independent groups using different approaches but had
many common features, suggesting that the results describe the pro-
tein's behavior reasonably well. The conformation of the catalytic do-
main of CYP2C9 was maintained during the simulations and resembled
the structure resolved by X-ray crystallography. Later studies on other
membrane-attached CYPs helped to identify common features of the
CYP positioning on the membrane [10] (see Table S2 of Supplementary
Information; for assignments of secondary structural features in 3D, see
the Pymol session file in the same place).

The simulations indicate that the catalytic domain floats on the
membrane surface, and is anchored by the membrane-crossing N-
terminal helix. The distal side of the CYP faces the membrane and is
partially immersed in its hydrophobic environment, while the proximal
side remains exposed above the membrane ready to interact with redox
partners (cf. 5. Interactions of CYPs with redox partners on mem-
branes). The F/G-loop is the most deeply buried part of the CYP cata-
lytic domain in the membrane, but the B/C-loop and f1, 32, p4-35
sheets also form extensive membrane contacts. These features are in a
good agreement with experimental observations [72,96,103,104],
supporting the predictive power of molecular dynamics simulations.

Recent studies combining small-angle X-ray scattering (SAXS) ex-
periments with molecular dynamics simulations of full-length CYP3A4
attached to a nanodisc membrane again confirmed that the N-terminal
transmembrane anchor is embedded in the hydrophobic membrane
core while the CYP-membrane contact area is immersed in the upper
leaflet of the membrane and the catalytic domain is exposed to the
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Fig. 4. Common fold of the CYP catalytic domain (without the N-terminal anchor) illustrated by the X-ray structures of CYP3A4 [100] (left panel), the full-length lanosterol 14-a
demethylase [96] (middle panel), and CYP3A4 with the N-terminal anchor taken from a 100 ns MD simulation of the protein in a DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)

membrane [10] (right panel). The dashed lines represent the membrane surface.

surrounding solvent [105]. Another study based on SAXS in combina-
tion with MD observed certain flexibility of soluble form of prostacyclin
synthase, but the CYP common fold remains unchanged [106]. It should
be noted that the structural features of the connection between the N-
terminal helix and the catalytic domain agreed well with the full-length
structure of lanosterol 14-a demethylase [96], and multiple molecular
dynamics simulations [10,36,40,101,102,107-110].

3.2. Orientation of CYP on membranes

The orientation of the CYP on the membrane has been determined
from experimental measurements [36,111] of the heme tilt angle. The
heme tilt angle is the angle between the plane of the heme cofactor and
the membrane normal, and experimental measurements of this para-
meter are readily used as benchmarks for evaluation of MD simulations
(Fig. 5). Early models of the heme cofactor position suggested that the
heme is oriented parallel or perpendicular to the membrane plane
[112]. However, experimental heme tilt angle measurements using the
linear dichroism method revealed significant tilting of the heme relative
to the membrane for CYP3A4 in POPC (2-oleoyl-1-palmitoyl-sn-glycero-
3-phosphocholine) nanodiscs, which had a heme tilt angle of ~60° [36]
(Table 1). MD simulations also suggested significant tilting of the heme
relative to the membrane. Simulations of CYP3A4 in a highly mobile
membrane mimetic (HMMM) bilayer predicted a heme tilt angle of
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about 70° [36]. Another model of CYP3A4 on a DOPC membrane
yielded a heme tilt angle of ~56°, even closer to the experimental value
[10]. The heme tilt angle is sensitive to the membrane composition: its
value increased from 52° to 69° as the membrane's cholesterol content
was increased [107]. The nature of the membrane lipid head group also
affected the heme tilt angle, which varied between 64° for DOPC and
77° for DOPG (1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-gly-
cerol))]), with higher values in negatively charged membranes [108].
Individual CYP isoforms have different heme tilt angle values, ranging
from 35° to 80° (Table 1). Increased computational power has enabled
longer MD studies that revealed up to microsecond-scale dynamics of
CYPs on the membrane. These simulations revealed floating motions of
CYPs on the membranes, with significant fluctuations in their heme tilt
angle values and immersion depths during the course of simulations
[40,108] (Fig. 5). These floating movements may be responsible for the
relatively high variation of reported experimental heme tilt angle va-
lues.

Both the position of a CYP on a membrane and its structure fluctuate
dynamically [19,99,114], which may be essential for the enzyme's
biological function. For instance, it may facilitate substrate/product
channeling to the active site. Individual CYP isoforms differ in their
tendencies to undergo such conformational changes, which is reflected
in their plasticity. CYP plasticity can be evaluated by both experiment
and simulation, as discussed in multiple literature reviews [115-117].

8 Heme tilt angle

Heme tilt angle

I
800

L
700
Time (ns)

Fig. 5. Left: a structure of CYP2C9 anchored in a DOPC bilayer via a funnel-like protrusion, showing the typical orientation of a CYP on a membrane. Center: definition of the heme tilt
angle (). Right: evidence of significant fluctuations in the heme tilt angle of CYP3A4 in DOPC, DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), DOPG, and DOPS (1,2-dioleoyl-
sn-glycero-3-phosphoserine) membranes during the last 500 ns of MD simulations (data adapted from ref. [108]). The plot shows the raw data (background) and time averages over

individual 1-ns-long sliding window intervals.
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Table 1
Heme tilt angle values of CYP isoforms. Experimentally determined values are highlighted
in bold.

CYP Membrane Heme tilt angle [°] Method Ref.
1A2 DOPC 67 £ 6 MD [10]
19A1 POPC 31 + 54,34 + 5 MD [40]
2A6 DOPC 69 + 5 MD [10]
2C9 DOPC 61 *= 4 MD [10]
2C9 POPC 50 + 9% or 35 * 9* MD [102]
2C9 DOPC 35 +5 MD [101]
2D6 DOPC 72 £ 6 MD [10]
2E1 DOPC 60 £ 5 MD [10]
3A4 POPC 60 * 4 LD® [36]
3A4 POPC 73 + 5 MD [36]
3A4 DOPC 56 = 5 MD [10]
3A4 DOPC/cholesterol 52 + 8-69 * 5° MD [107]
3A4 DOPS 69 + 5 MD [108]
3A4 DOPG 77 £ 5 MD [108]
3A4 DOPE 73 £ 6 MD [108]
P450 2 PC/PE/PS 55 + 1 RDM* [113]
/CPR
17A1 POPC 41 + 3-66 + 4 MD [109]
21A1 PC/PE/PS 38 +1or78 =1 RDM* [111]
CYP51 POPC 63 =5 MD [110]

* Protonated at D309 [40].

 Deprotonated at D309 [40].

@ Recalculated to the z-axis according to Baylon et al. [36].
® Varied with cholesterol content.

¢ Linear dichroism (LD).

4 Rotational diffusion measurement (RDM).

It has been suggested that the flexibility of the active site correlates
with substrate promiscuity; as the highly promiscuous CYP3A4 is very
flexible, whereas the more selective CYP2A6 and CYP1A2 are relatively
rigid in comparison to CYP2D6 and CYP2C9 that show intermediate
levels of both flexibility and substrate promiscuity [117,118]. For the
sake of completeness it should be noted that CYP plasticity depends on
various factors; among other things, it can change dramatically upon
ligand binding [119]. Since membranes are more viscous than typical
aqueous environments, immersed parts of the catalytic domain (e.g., F/
G-loop) show reduced flexibility in the membrane environment than in
water. However, these parts still belong to the most flexible regions of
CYPs [101,102]. However, the N-terminal helix anchor can undergo
precession movements leading to relatively large fluctuations in its
membrane position (Fig. 5).

CYPs also affect the membranes in which they are anchored. Their
presence causes the formation of funnel-like protrusions in the area
where they are inserted into the membrane interior (Fig. 6) [101]. The
phosphate head groups are pushed away from this region, while

CYP1A1

CYP3A4

Fig. 6. Electrostatic interactions of CYPs with membrane lipids. The left panel shows
CYP3A4 interacting with neutral DOPC lipids and cholesterol, which accumulates near
the N-terminal transmembrane anchor and the immersed parts of the catalytic domain.
The right panel shows enhanced CYP1A1 interaction with negatively charged membrane
DOPS lipids via its positively charged amino acids (represented by blue regions) on the
protein surface.
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glycerol and lipid tails remain, and the F/G-loop can thus interact di-
rectly with the lipids' hydrophobic tails. The addition of cholesterol
enables CYPs to form some polar contacts in the funnel region, because
the hydroxyl group of cholesterol is not pushed to the side of the funnel
[107]. MD simulations have suggested that cholesterol may accumulate
in the vicinity of the N-terminal helix and F/G-loop [107].

3.3. Similarities and differences among membrane-attached CYP isoforms

Individual CYP isoforms differ with respect to their membrane im-
mersion depth and orientation on the membrane (Fig. 7). MD studies on
several CYP isoforms have revealed several common features of CYP
membrane binding as well as individual differences. In all CYP-mem-
brane structures published to date, the F/G segment (comprising the F-
and G-helices and the F/G-loop) and N-terminal anchor helix are always
present in the membrane and interact with hydrophobic tails. There are
also other membrane-interacting regions, which contact areas de-
pending on the particular CYP isoform-membrane pair. f1-sheet has the
largest contact for CYP2E1 and the smallest one for CYP2D6 [10]. B/C-
loop has the smallest contact area for CYP1A2 and the largest one for
CYP2D6. The contact regions are mostly determined by orientation of
individual isoforms on the membrane (Table S1, Fig. 7) [10]. The 3D
structures of membrane-embedded CYPs have been deposited in the
CYP-membrane database accessible at http://cyp.upol.cz. MD simula-
tions generally indicate that there are minor differences between the
structural fluctuations of different CYP isoforms, but it would be pre-
mature to correlate these differences with the enzymes' biological
functions given the inherent dynamics of CYP-membrane systems.

Published MD studies of CYP-membrane systems indicate that all-
atom MD simulations typically reach convergence on a ~100 ns time-
scale, meaning that simulations of at least microseconds are needed to
provide biologically relevant data. Unfortunately, such simulations
currently have prohibitively high computational costs. Faster simula-
tions can be performed using coarse-grained (CG) models, which unite
individual atoms into “beads”—for example, the popular MARTINI CG
scheme [120] combines groups of four heavy atoms into a single bead.
Although CG simulations sacrifice some accuracy, they are becoming
increasingly popular because they make it possible to study more
complex systems on longer timescales. CG MD simulations of mem-
brane-bound CYP3A4 have identified interacting regions and access/
egress channels that closely resemble those seen in all-atom studies
[121]. Similarly, a CG model of membrane-bound CYP1A2 exhibited
rather small deviations from the all-atom model [122]. This CG model
was used to study the interactions of CYP1A2 with its redox partner,
cytochrome bs [123]. Although CG simulations have a “lower resolu-
tion” than all-atom simulations, they seem to provide relevant results at
affordable costs and thus have many potential applications in studies on
larger and more complex biological systems.

3.4. The composition of biomembranes affects CYP behavior

Membranes' biophysical properties depend on their composition, so
changes in membrane composition can affect many physiologically
important processes. The presence of lipid rafts can explain certain
aspects of lipids' influence on the behavior of membranes and mem-
brane enzymes [124-129]. Lipid rafts are proposed to be regions with
enhanced lipid ordering resulting from elevated levels of cholesterol
and saturated lipids [49]. Detergent dissolution experiments [130,131]
have suggested that some CYPs prefer disordered lipid membranes,
while others prefer more ordered ones [114,132]. For instance, CYP1A2
seemed to prefer ordered regions of ER membranes [114,132], CYP1A1
[84] and CYP2E1l [131] preferred disordered regions, and CYP2B4
partitioned into both [131]. Changes in cholesterol concentrations in-
duced the relocation of CYP1A2, CYP2E1l, and CYP2B4 isoforms to
disordered regions [131]. In addition to that, in different lipid mixtures
(e.g., POPC:DMPC - 1,2-dimyristoyl-sn-glycero-3-phosphocholine) the
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Fig. 7. Structures (adapted from ref. [10]) of various CYP isoforms on DOPC membranes (for clarity, the polar head groups are represented as blue spheres and the lipid tails are not
shown). The isoforms differ slightly in their orientation, depth of immersion, and immersed parts. The secondary structures are displayed using the colors of the labels.

CYPs are sensitive to membrane fluidity, which is related to acyl-chain
composition [133].

Cholesterol can also function as both substrate and inhibitor of
CYPs. It is hydroxylated by CYP3A4 at the 43-position [134]. However,
at higher concentrations, it acts as a non-competitive inhibitor of an-
other substrate than itself, preventing other substrates from accessing
the CYP active site [135]. MD simulations of CYP3A4 embedded in a
cholesterol-containing DOPC membrane suggested that the common
CYP fold and the enzyme's interactions with the membrane were pre-
served under the simulated conditions. However, raising the membra-
ne's cholesterol concentration caused the catalytic domain to sink
deeper into the membrane, with the formation of new interactions
between cholesterol molecules and the F/G-loop. Higher membrane
cholesterol levels caused changes in the interior of the CYP, leading to
the closure of channels with mouths inside the membrane and the
opening of channels having mouths in the water phase [107]. These
structural changes may negatively affect ligand access from the mem-
brane and could explain the inhibition of CYP34A by cholesterol [135].

While most experimental membrane models consist only of PC li-
pids, the effect of individual lipid types has also been studied. The in-
sertion of CYP1A2 in PE membranes was not different from that in PC
membranes [136]. However, the presence of anionic lipids enhanced
CYP membrane attachment, and its insertion depth depended on the
identity of the anionic lipid; phosphatidic acid (PA) promoted pene-
tration especially strongly. Greater membrane insertion correlated with
increased O-deethylation activity towards 7-ethoxycoumarin, which
was lowest in zwitterionic PE vesicles and highest in PA-enriched ve-
sicles [136]. Additionally, CYP1B1 derivatives lacking the N-terminal
anchor (due to the deletion of residues 2—-4 and 2-26) exhibited in-
creased activity in the presence of PA and cardiolipin [83], but not in
the presence of PS. Conversely, the activity of CYP3A4 initially in-
creased with the PS content, but very high levels of PS (above 50%)
caused rapid decline in its enzymatic activity [137].

MD simulations have supported these experimental observations by
showing that electrostatic interactions between individual CYPs and
membrane lipids cause significant changes in the CYPs' properties
[108]. In contrast to CYP1A2, the behavior of CYP3A4 on a pure DOPC
membrane was shown to differ significantly from that on membranes
made of DOPE (which has a zwitterionic ethanolamine-phosphate head
group) or of the anionic lipids DOPG and DOPS. PE, PG, and PS head
groups can form hydrogen bonds with CYP, like cholesterol. But in the
anionic PG and PS membranes, CYP3A4 was immersed more deeply and
oriented differently. The behavior of CYPs on membranes appears to be
sensitive to electrostatic interactions, especially with negatively
charged lipids, which may affect the enzymes' catalytic activity
[108,138]. In general, anionic membrane lipids may interact with po-
sitively charged amino acids on the CYP surface, increasing the number
of the amino acids immersed in the membrane and thereby increasing
the proportion of the catalytic domain that is membrane-immersed
[108]. The negative membrane charge may also [139] enhance electron
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transfer between CYPs and their redox partners (cytochrome P450 re-
ductase (CPR) and cytochrome bs) via a currently unknown mechanism
[139-141].

CYP-membrane interactions therefore depend on both the charge of
the membrane and the charge distribution on the CYP surface, and that
the more positively charged distal sides of CYP proteins will be more
strongly attracted to anionic membranes than to neutral ones. This at-
traction is mirrored by changes in CYP orientation and membrane im-
mersion depth, and both the cholesterol content and the content of
charged lipids could be related to the differences in the localization of
individual CYPs in the (dis)ordered membrane domains [108] (Fig. 6).

It should be noted that a more complex membrane model composed
of a lipid-rich mixture was used in 250-ns-long MD simulations of
human aromatase (CYP19A1) [40]. The model mimicked the compo-
sition of rat liver endoplasmic reticulum and contained nine lipid types
with different lipid tail lengths: cholesterol (10.0%), DPPE (9.0%, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine), DOPE (11.0%), DSPC
(8.4%, 1,2-distearoyl-sn-glycero-3-phosphocholine), DAPC (8.1%, 1,2-
diarachidonoyl-sn-glycero-3-phosphocholine), SOPC  (13.2%, 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), DPPC (6.3%, 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine), DOPC (16.4%), and POPS
(17.6%, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine). However,
the authors focused mainly on the behavior of CYP19A1, and the
membrane's properties were not discussed. This work has undoubtedly
paved the way to MD simulations of CYPs on more complex mem-
branes. However, simulations of such systems require substantial
computational resources to achieve equilibrated MD trajectories that
can be meaningfully interpreted.

4. CYP active site and active site channels
4.1. CYP active site

The CYP active site is a deeply buried cavity inside the enzyme
structure housing the heme cofactor, where drug biotransformation
occurs. The active site can accommodate diverse substrates with a wide
range of different sizes and shapes because of its malleability
[142-146]. However, it also exhibits high regio- and stereo-selectivity.
It should be noted that the CYP active site can also catalyze other re-
actions besides the prototypical monooxygenase reaction, as beautifully
reviewed by Guengerich [147].

The mechanism of ligand binding to the CYP buried active site is
complex. Two major theories have been proposed to describe this me-
chanism: i) the classical induced fit model [148-151], in which the
active site easily adapts to the size and shape of the inserted drug; and
ii) the currently preferred theory that compounds are selectively bound
to the most suitable conformation of the active site [152-154]. In ad-
dition, multiple occupancy of the CYP active site has been observed
[155], which can lead to positive cooperativity as occurs in the binding
of aflatoxin B1 to CYP3A4 [156], or negative cooperativity as in the
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Fig. 8. Localization of selected channels in the structure of CYP3A4 (top and side views are shown in the left-hand panels). The F/G-loop is highlighted in black, and the arrow shows the
direction towards its tip (the F’/G’-loop). The right panel shows the suggested metabolic pathway for amphiphilic compounds; such substrates enter the CYP active site from the
membrane interior via a family 2 channel (shown in green). In the active site housing the heme cofactor (violet), they are transformed and the corresponding products leave the CYP via,

e.g., the solvent channel (shown in red).

binding of acetaminophen to CYP3A4 [157]. Ligand-binding co-
operativity can also be either homotropic or heterotropic, and can in-
fluence drug—drug interactions or inhibition effects [148].

Many experimental studies concerning CYP-ligand interactions
have been reported, and are reviewed in detail elsewhere [24,149,155].
We discuss some of them here as examples of selected methods. Ab-
sorption spectroscopy provides information on properties such as dif-
ferences in substrate binding between CYP isoforms (shifts the Soret
peak maximum) [158,159], changes in active site flexibility caused by
high pressure [160] (experiments of this sort showed that CYP1A2 is
less malleable than CYP2C9, 2D6, which in turn are less malleable than
CYP3A4 [118]), and changes in cooperativity [161]. Electron para-
magnetic resonance (EPR) spectroscopy provides information on local
rearrangements caused by point mutations of the CYP or the binding of
substrates [162,163], or heterotropic cooperativity [164]. Both ab-
sorption spectroscopy and EPR detect transitions of the heme iron be-
tween low- and high-spin states in response to changes in substrate
binding [165]. Nuclear magnetic resonance (NMR) spectroscopy can be
used to detect multiple binding of substrates to a CYP [166,167] and
changes in ligand conformation [168]. Fluorescence methods (notably
fluorescence resonance energy transfer (FRET)) can shed light on al-
losteric mechanisms, their consistency with substrate binding, and the
stoichiometry of interactions of multiple substrates with CYP
[161,169,170]. Finally, as discussed at length in the preceding sections,
X-ray crystallography provides direct evidence of CYP-ligand binding
interactions [171-176], and many structures of various CYPs with
bound ligands or inhibitors can be found in the PDB database [21,177].

In addition to these experimental techniques, several theoretical
approaches have been used to study the active sites and binding me-
chanisms of CYPs. Molecular docking uses a scoring function to find the
most favorable binding pose of a molecule inside an active site. Docking
was used to predict metabolism by CYPs such as CYP2C9 [178], and it
has also been used in combination with MD to study active site plas-
ticity in CYP2D6 [143,179]. Classical MD simulations can identify re-
gions of CYPs that are responsible for their wide substrate specificity,
such as amino acids 211-218 in CYP3A4 [180] and the key residue
F304 in the same enzyme, which is important in the homotropic
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cooperative binding of diazepam as both an effector and an active
substrate [181]. Simulations of CYP2C19 derivatives with point muta-
tions were used to calculate binding free energies and locate enzymes'
channel openings [182]. Finally, umbrella sampling using the weighted
histogram analysis method (WHAM) [183], which is an advanced MD
technique, can provide thermodynamic information about the con-
formations of ligands bound to the CYP active site [184].

4.2. Access/egress channels

The deeply buried CYP active site is connected to the protein surface
and exterior via a network of interconnected access/egress channels
[46,47] that enable substrate/product traffic. These channels can be
identified in the structures of CYPs using specialized channel detection
software tools such as MOLE [185], MOLEonline [186], or CAVER
[187]. Channels are annotated using the nomenclature established by
Wade and coworkers [46], and can be searched for as either single
structures or structure ensembles [188]. The channel-searching pro-
grams are mostly based on the construction of Voronoi diagrams and
finding the shortest path connecting the buried active site to the protein
surface. They provide geometrical key characteristics of the computed
channels, such as their length and profile. MOLE and MOLEonline can
also estimate the physicochemical properties of individual channels
[185]. The recently introduced ChannelsDB database contains in-
formation about known channels in available structures, and stores
structures of CYPs with annotated channels [189]. This information can
be used to rationalize CYPs' substrate specificity, among other things.

The openings of channels belonging to family 2 (i.e., channels 2a,
2b, 2¢, 2 ac, 2d, 2e, 2f) lie on the F/G-loop and/or nearby parts of the F-
and G-helices that face towards the membrane. Channels 4 and 3 go
through the tip of the F/G-loop and between the F- and G-helices, re-
spectively (Fig. 8), and both have their openings pointing towards the
membrane. The solvent channel connects the active site to the sur-
rounding solvent and may be involved in transporting water molecules
and metabolized products [190]. The water channel (under the B/C-
loop), channel 1 (between the C- and H-helices), and channel 5 lying
near the K’-helix and meander (see Fig. 8) are localized on the proximal
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side of the CYP catalytic domain.

The channels with openings on the distal side of the catalytic do-
main are proposed to be substrate access/egress channels, while
channels leading to the opposite (i.e., proximal) side of the CYP could
transport oxygen or water molecules. In contrast to prokaryotic CYPs
that showed one main channel for access and egress [191-193], the
membrane-bound mammalian CYPs have access (substrate passage)
and egress (metabolite output) channels according to channels mem-
brane localization [10,101,194]. As mentioned in 3.2. Orientation of
CYP on membranes, CYP substrates may accumulate in membranes and
at the membrane/water interface. Molecules accumulated inside the
membrane may be drawn to the active site via membrane-access
channels, i.e., channels of family 2 and channel 4, which have mouth
openings located in the hydrophobic membrane environment
[10,71,101,195]. Channels 4 and 2f are particularly likely to serve as
trafficking paths for lipophilic substrates because of their usually very
hydrophobic character. Metabolites, which are generally more hydro-
philic than CYP substrates, are shifted from the membrane towards the
water phase and may be ejected from the CYP active site via the solvent
channel, which leads to the membrane/water interface [190] (see
Fig. 8). It should be noted that the same access channels can convey
inhibitors to the active site [196]. The positions of channels in the
membrane may vary based on the CYP's conformation, the nature of the
surrounding membrane lipids, and the presence of a ligand in the CYP
active site. Additionally, given the dynamic nature of membrane-an-
chored CYPs (see 4.2. Access/egress channels), the precise positions of
channels may change dynamically over time.

4.3. Mechanism of ligand passage to CYP active sites

The mechanism by which ligands pass from the external medium to
the deeply buried CYP active site has been unclear for a long time. It is
very challenging to track ligands' passage into the active site using
current experimental techniques. Only indirect data are available, e.g.,
from X-ray crystallography structures with ligands in channels
[24,176,197]. There is a general consensus that the CYP fold may un-
dergo conformational changes that facilitate ligand accommodation
during passage. This finding was supported by the X-ray structure of
CYP3A4 bound to erythromycin, which showed significant remodeling
of the CYP3A4 F/G-loop compared to the structure of ligand-free
CYP3A4 [144]. The widely open structure of CYP2B4 [198] represented
another experimental evidence of large plasticity of CYP2B subfamily in
the region where helices A, C/D, H/I, and F/G are in contact [142]. The
importance of this region for substrate channeling was confirmed by
recent mutation and kinetics experiments [199]. The plasticity or
malleability of CYPs has been explored first by spectroscopy under high
hydrostatic pressure [160] and then, when X-ray data became avail-
able, by analyzing differences between various X-ray structures, as well
as by NMR spectroscopy, hydrogen—deuterium exchange mass spec-
trometry (DMXS), and other spectroscopic methods [116,117,200]. The
lack of direct experimental observations has prompted theoretical cal-
culations, which permit direct monitoring of a ligand's passage to the
buried CYP active site. Since the pioneering works by Garcia [201] on
the passage of water to the active site, and the ligand permeation stu-
dies of Wade and coworkers, who focused on the egress of camphor
from the P450cam active site [192,193], many other systems have been
studied and many specialized techniques have been developed to tackle
this problem. The following section focuses on recent progress in this
field and briefly introduces some important techniques.

It should be noted that monitoring ligand passage to the CYP active
site is quite a complex task even in computational studies. The first
challenge arises from the possibility that the principal pathway for a
given species in the in-to-out direction need not be the same as that in
the out-to-in direction. In addition, ligand passage may induce local
conformational changes that somewhat resemble peristaltic wave mo-
tion [10,190] and the degree of such conformational changes may
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depend on size of the ligand. Also the opening of new access channels
can be induced by presence of the ligand [202]. This implies that al-
gorithms for simulating this process must be robust and flexible enough
to cover all these issues and provide convergent results. Advanced
computational methods that extend classical MD simulations and other
techniques are briefly reviewed below, focusing on their predictive
power and achieved results.

4.3.1. RAMD simulations

The random accelerated molecular dynamics method (RAMD, ori-
ginally also known as random expulsion MD) pushes the ligand from
the active site through the channel by applying a randomly oriented
artificial force on its center of mass until it reaches the channel mouth
opening [192]. RAMD can be used to identify previously unknown
channels, and by performing multiple simulations, a set of different
channels can be observed. Within tens of ps, Liidemann et al. were able
to identify several pathways from the P450cam active site [192]. Using
the same approach for the rabbit CYP2C5 enzyme, two potential me-
chanisms for the passage of substrates or products through the access or
egress channels were identified [194]. Either substrates and products
enter and leave the CYP2C5 active site via the same channel or alter-
natively, their access and egress may be one-way, with lipophilic sub-
strates entering via channel 2a and the more hydrophilic products
leaving via channel 2c. A study on the passage of the substrate cou-
marin into the active site of CYP2A6 [203] indicated that channels 2a,
2¢, 3, 6, and the solvent channel are the most important channels in this
process. Channel 2c was proposed to be the major access path to the
CYP2A6 active site, and possibly also for the whole CYP2 family, which
is consistent with the conclusions of previous studies (that used dif-
ferent approaches) on mammalian CYPs such as CYP2B1 [204],
CYP2B4 [198], CYP2C8 [205], and CYP2C9 [93], as well as the results
of another RAMD study examining CYP2E1 [206]. All the RAMD stu-
dies mentioned here indicated that the ligand's passage through the
channel was accompanied by the disruption of some hydrogen bonds in
the channels and usually also by rotations of gating residues.

The advantage of RAMD is that it requires no prior knowledge of the
structure or dynamics of the access and egress channels. Also, it often
induces ligand permeation within several tens of ps and is therefore
very effective for detecting channels. On the other hand, the speed of
the permeation is artificially high, and one must be careful about ob-
servations of non-equilibrated structures. Although RAMD does not
provide direct thermodynamic data, the probability of a ligand per-
meating through a given channel is proportional to the number of ob-
servations of the ligand permeating each channel. RAMD can also serve
as a first guess for other methods that provide direct thermodynamic
data, such as steered molecular dynamics [193,194,203,206].

4.3.2. SMD

Steered molecular dynamics (SMD) [207] applies an artificial force
to pull the ligand through the channel and then computes the resulting
rupture force. It requires a definition of the direction of the applied
force, and in most studies it benefits from previous RAMD results
[193,194,203,206]. SMD was used to study the expulsion of ligands
from the active site, which happens within several hundreds of ps or ns
during simulations, and can be also used to estimate the potential of
mean force along the channel [193,203,206]. Among other things, it
has been used to study the expulsion of metyrapone from CYP3A4
[208], coumarin from CYP2A6 [203], testosterone from CYP2B1
[204,209], indazole from CYP2E1 [206], temazepam and testosterone-
6BOH from CYP3A4 [210], and several other ligands through the
channels of CYP101A1 or CYP102A1 [193]. SMD was also used to de-
scribe the mechanism of ligand egress and to explain the results of site-
directed mutagenesis experiments [209] that modified the opening of
channels in whole CYPs [204,206,208,209]. Several mechanisms of
channel gating have been proposed, such as the disruption of aliphatic
contacts or hydrogen bonds [210], but most SMD studies identified
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phenylalanines as gating residues that primarily interact with ligands
by n—x stacking [203,206,208,210]. It should be noted here that no one
channel appeared to be consistently preferred; several different chan-
nels were identified as being preferred in different CYP isoforms.

An alternative approach based on SMD that can account for enzyme
flexibility is known as IterTunnel and was used by Kingley and Lill to
study CYP2B6 [202]. IterTunnel uses an iterative process that combines
several tools. First, channels are identified using MolAxis [211]. Then,
SMD is performed in the direction of the mouths of chosen channels,
and after a chosen time, the simulation is stopped, and the channels are
recalculated. The SMD direction is then reevaluated to reflect the
conformational changes induced by pulling the ligand. Kingsley and Lill
[202] also performed umbrella sampling along the ligand's path using
WHAM [183], calculated free energy profiles for passage along each
channel. Ligand binding was identified as a downhill process in all
channels, and channel opening was observed as a consequence of li-
gand-induced conformational changes.

4.3.3. BE-META

The conformational changes caused by the presence of a ligand,
together with the corresponding free energy profile, can be evaluated
by methods such as bias-exchange metadynamics (BE-META)
[212,213], which is a recent variant of metadynamics (META) [214].
META increases the sampling rate by adding a biasing potential to
visited states of a predefined collective variable (such as the position
along the path of an enzyme channel). The added biasing potential can
be used to compute free energy profiles and the heights of free energy
barriers. It also enables control over the simulation's convergence and
should provide reliable thermodynamic data. BE-META allows the si-
multaneous biasing of multiple variables (such as channel radius and
drug hydration), each in separate replicas, and exchanges the replicas
regularly. It has been used to calculate free energy profiles for the
permeation of the caffeine metabolite 1,3,7-trimethyluric acid (TMU)
through the channels of CYP3A4 [190] (Fig. 9). The solvent channel
was found to be the most favorable (i.e., to have the lowest energy
pathway) for the molecule's ejection from the enzyme. The channels'
flexibility was also analyzed and identified as the crucial property
governing ligand permeation. Despite the relatively small size of the
analyzed molecule (TMU), significant “peristaltic wave” of concerted
side-chain motions allowing molecule to pass through the access/egress
channel [10,215]. Unsurprisingly, pathways that required passage
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along rigid channels were associated with higher energy barriers. The
highest energy point on the substrate's path corresponded to a config-
uration with the ligand on the surface of CYP3A4, and the movement of
the ligand towards the active site was a downhill process in thermo-
dynamic terms, confirming the conclusions of Kingsley and Lill [202].
This may indicate that substrates can enter the active site via various
channels, but products probably leave via the most energetically fa-
vorable channel, which was the solvent channel for the particular case
of TMU in CYP3A4. Many other substrate/product-CYP complexes will
have to be explored to fully understand the general characteristics of
this process; the BE-META method with the DMSDDrug collective
variable seems to be well suited for such studies [190]. A recent study
on testosterone binding from POPC bilayer to the active site of mem-
brane-anchored CYP3A4, which employed a combination of various
biased MD techniques, complemented the picture sketched by these
studies. It was confirmed that the substrate (testosterone) binding from
the membrane to the active site is a downhill process and that G-helix
could facilitate binding of amphiphilic/lipophilic ligands from the
membrane interior [216], as suggested earlier [101].

4.3.4. Best practices in channel MD studies

Based on the above discussion, we can briefly outline an effective
approach to a channel permeation study. To quickly identify channels,
we can apply geometrical methods [185-187] to a single structure or
structure ensemble [188,190], or perform short MD simulations, such
as multiple RAMD simulations [192]. The identified channels can then
be investigated by SMD. However, as in RAMD, the process of ligand
permeation in SMD simulations is usually unrealistically quick, so the
enzyme structures may not relax properly (Table S2). Both SMD and
RAMD can only be used to model ligand expulsion and are not suitable
for identifying channel mouths on the protein surface from outside.
SMD can be used to estimate the free energy barriers associated with
specific ligand transport paths. However, to ensure converged results
(i.e., without any detectable trend in the observed variable upon further
extension of simulation time), structures obtained by SMD can be used
in a second biased simulation using a technique such as umbrella
sampling with WHAM algorithm to reach free energy profile along the
channel path. It should be noted that SMD assumes a fixed direction of
ligand movement and cannot adapt to conformational changes. Iter-
Tunnel [202] or BE-META using DMSDDrug metric [190] can be used
to study passage of ligand within flexible channels, but at a higher
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Fig. 9. 1,3,7-trimethyluric acid (TMU) can exit the CYP3A4 active site via channels 2af and 4 as well as the solvent channel. In the left panel, the channels are colored according to their
free energies of TMU permeation. The right panel depicts the free energy profiles of TMU penetration along the channels. Data adapted from the literature [190].
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computational cost. While IterTunnel provides results describing only a
ligand expulsion, converged BE-META (or WHAM) free energy profiles
represent systems at thermodynamic equilibrium and therefore BE-
META can be also used to study ligand access.

The methods and studies discussed above have shed important light
on substrate binding and product release by CYPs. The studies analyzed
many CYP isoforms and revealed significant differences between the
passage of substrates and products through the various channels, as
well as the variation in the relative importance of different channels for
different ligands and different CYP isoforms. Despite their differences,
free energy calculations performed using various methods have con-
sistently indicated that ligand binding is an energetically downhill
process without a significant barrier [190,202]. Furthermore, pheny-
lalanines were identified as typical gate-keeping residues
[203,206,208,210]. Although the availability of computer power has
increased immensely, and computational methods are becoming in-
creasingly sophisticated, much remains to be done to clarify the passage
of ligands through enzyme channels in general (Fig. 9).

4.4. Membrane effect on the ligand passage

The membrane may affect opening/closing of active site access and
egress channels of CYPs. MD simulations showed that the membrane-
bound CYPs had fewer open channels than the same CYPs simulated in
water and this observation was attributed to an effect of the more
viscous membrane environment [39,101,102,217]. It should be, how-
ever, noted that the so far presented MD simulations did not explicitly
analyze the role of lateral membrane pressure on the behavior of CYPs.
The channels with openings localized in the membrane interior were
more widely open with respect to the same channels of CYPs simulated
in the water environment. This applied particularly to channels passing
along F/G-loop and also for the water channel on the proximal side. The
CYP structures, which had many and widely open access channels in
water (e.g., CYP3A4), retained this structural feature also in the
membrane environment and vice versa [10]. This implies that the
membrane affected all CYPs in the same way and the differences among
individual isoforms remained intact in both environments. The mem-
brane environment may contribute to an easier access of substrates
from the membrane [39,217]. In addition, some lipids can induce
opening of certain membrane-facing channels by allosteric occupation
of another channel [122].

MD simulations show that the lipid membrane composition also
plays a role in the opening/closing of access channels. The presence of
cholesterol (at concentration comparable with cholesterol level in ER)
opened membrane-facing channels in CYP3A4, but higher concentra-
tions of cholesterol (similar to plasma membrane levels) lead to closing
of membrane-facing channels and to openings of new channels leading
to the proximal side [103]. The nature of lipid head groups (namely
their charge) may also change the affinity of some substrates to the
CYPs, e.g., lower affinity of cholesterol to CYP27A1 was observed in
presence of negatively charged phosphatidylglycerol lipids [194]. In
summary, the so far presented data are fragmental and come mostly
from MD simulations. Nonetheless, they indicate a nontrivial role of
membrane environment on activities of CYPs, which deserves more
detailed studies in future.

5. Interactions of CYPs with redox partners on membranes

The biotransformation processes catalyzed by all mammalian CYPs
depend on a supply of redox equivalents in the form of electrons from
various redox partners. CYPs require consecutively two electrons, one
by one in two very precise and synchronized steps, to catalyze the
monooxygenation reaction [218]. In the microsomal electron transport
chain, enzymes cytochrome P450 reductase (CPR) and cytochrome bs
(bs) function as electron donors to CYPs, whereas in mitochondria,
electron transport is mediated via the ferredoxin redox system
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[219,220]. It should be noted that bs is not an obligatory redox partner
of mammalian CYPs. In microsomal CYPs, both CYPs and their redox
partners are membrane-attached proteins located on the cytosolic side
of the ER at an approximate CYP:CPR ratio of 3-15:1 [221-223]. Si-
milarly, there is an elevated concentration of cytochrome bs in human
liver microsomes, which have a bs:CPR ratio of 4-40:1 [224]. However,
CYPs may also interact with other membrane-anchored macro-
molecules such as microsomal epoxide hydrolase, as suggested by FRET
experiments [225]. CPR also supply electrons to other proteins, such as
heme oxygenase, fatty acid elongases, and squalene epoxidase
[226-229].

Cytochrome bs is a small (17 kDa) membrane-bound hemoprotein
that serves as an intermediate transporter in the CYP electron transport
chain. It can be reduced by either CPR or cytochrome bs reductase, but
due to its low redox potential (+20 mV), it can only donate the second
electron to CYPs [230,231]. The bs domain is rich in negative charge
because it has several conserved residues with carboxylic acid side
chains (23 of its 134 residues are glutamates or aspartates) that may
serve as charge-pairing residues with its redox partners. It also has a C-
terminal transmembrane anchor that is unresolved in all available
crystal structures [232,233]. NMR structures show large fluctuations in
the linker of the anchor helix, which enables flexible binding of bs to
any other protein [234]. On the other hand, those fluctuations may be
caused by the fact that NMR structure (PDB ID: 2196 [234]) was de-
termined in solution with no membrane present. Moreover, the binding
of the bs redox partner seems to differ among various CYPs [235].

CPR is a diflavin reductase carrying both flavin adenine dinucleo-
tide (FAD) and flavin mononucleotide (FMIN) cofactors bound in dis-
tinct domains. These cofactors serve as mediators of reducing equiva-
lents delivered by the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) [236]. Depending on the phase of the
redox cycle, CPR can exist in either a closed or an open conformation
[237-239] (Fig. 10). FRET studies have verified the existence of these
distinct conformations, and found them to be based on the redox state
of CPR [240-242]. However, it was shown that the corresponding
conformational changes are small in the absence of CYP [243]. Recent
solution SAXS and NMR data pointed out on very fast equilibrium be-
tween rigid, closed (locked state) and highly flexible open (unlocked
state) conformations of the oxidized CPR [244]. For the sake of com-
pleteness it should be noted that the interaction of CPR with ER
membrane and CYPs, and therefore its ability to sufficiently reduce
CYPs, also correlates with its redox states [245,246].

Crystal structures of CPR proteins from various mammalian species
in the closed conformation [247-252] (for a full list, see Supplementary
Information Table S4) suggest that the compact structures favor in-
traprotein electron transfer from NADPH to the flavin cofactors
(Fig. 11). Flavin cofactors FAD and FMN are in close contact (4 A). The
closed conformation was stable in a 10-ns-long solution-phase MD si-
mulation of a truncated CPR model that lacked the transmembrane
anchor [253]. Our MD simulations using the complete CPR protein
attached to a DOPC membrane (see Supplementary Information for
further information) showed that the closed conformation was stable
over 700 ns with no spontaneous tendency to transition into the open
conformation.

Conversely, a yeast-human chimeric CPR structure crystalized in the
open conformation (PDB ID: 3FJO) [254] with an exposed FMN binding
domain. This structure may be representative of CPR proteins ready for
the docking of CYP (Fig. 12). In contrast to the compact closed form, the
individual domains leave the flavin cofactors 86 A apart in the open
conformation. The experimentally resolved open structure seems to be
stabilized by crystal contacts: multiple independent MD simulations of
the monomeric open structure have resulted in the spontaneous closing
of the structure on a 10-ns time scale. The open structure was only
stabilized in the presence of CYP3A4 (see below).

An engineered CPR derivative with a deletion of four amino acids
(***TGEE>*°) in the hinge region connecting FMN and the linker
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Fig. 10. Opening of CPR upon reduction and interaction with CYP. Upon the reduction of flavins within CPR by NADPH equivalents, the protein undergoes a small degree of opening; the
open conformation is stabilized by binding to CYP, enabling the transfer of electrons from the exposed FMN to CYP's heme.

domain (Fig. 12) also crystalized in an extended conformation
[255,256] (see Table S4 in Supplementary Information). This mutant
was capable of reducing CYP2B4 [255]. However, its extended struc-
ture shows a displacement of the FMN and FAD cofactors (23 [o\) that
precludes interflavin electron transfer. MD simulations indicated that
this conformation is stable in solution for 10ns, or for 2ns in mem-
brane-attached form. The MD simulations also identified a hinge region
as being essential for the conformational transition because it enables
domain movement from closed to the open conformation [253]. A
further investigation of the CPR transition process using metadynamics
revealed that the amino acids %’ GEE**° showed the greatest collective
movement (see Fig. 11). Interestingly, these amino acids are also un-
resolved in most crystal structures of CPR, supporting the hypothesized

importance of hinge region flexibility for domain movement. Recent
study also pointed out a role of ionic strength properties of this region
in electron transfer to cytochrome c [257].

As mentioned above, CPR is attached to the membrane via an N-
terminal transmembrane anchor (Fig. 10) that is integral to CPR-CYP
electron mediating systems [258]. AFM experiments indicated that the
height of the CPR globular domains is 5.6 = 2.2nm above the mem-
brane [259]. This finding agrees with the closed conformation's height
of 5.6 = 0.4nm in our CPR-membrane model. Whereas the FMN do-
main is at the same height as FAD domain in the structure of CPR alone
on the membrane, further simulations showed that in the complex with
CYP, the FAD domain is further from the membrane. The FMN domain
remains at the same height, attached to the proximal side of CYP; this

FMN

74.5

FMN

K
‘\

Fig. 11. CPR closing movement from open to closed structure. Overall domain movement (A) is guided on flexible hinge region with the largest collective motion at residues 2>’ GEE>3°
(B). FAD and FMN cofactors are closing in mainly within 75 ns (C), whereas the distance between cofactors is shortening from 75 A to final 5A (D).
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“FAD |

Fig. 12. Crystal structures of CPR in different conformations. The closed conformation
(panel A) is the most compact structure of CPR (PDB ID: 3QE2; [251]). This conformation
enables intraprotein electron transfer between the flavin (FAD and FMN) cofactors, which
are held in close proximity (panel D). On the other hand, structures of CPRs in the ex-
tended (panel C; PDB ID: 3ES9; [255]) and open (panel D; PDB ID: 3FJO; [254]) con-
formations have the FMN cofactor exposed and ready for interaction with CYP. FMN
domains are shown in blue in all structures.

was observed for both CYP51 [260] and CYP3A4 (this work, Fig. 13).
Equilibration of these atomistic models using MD simulations enabled
the identification of amino acids E270-P275, 1307-R313, and N467
from the FAD domain and W549-G554 from the NADPH binding do-
main as points of contact with the membrane.

CYP forms membrane-bound protein-protein complexes with its
redox partners. Its association with its redox partners is thought to be
driven by electrostatic interactions between the positively charged
amino acids of the CYP proximal side and the negatively charged re-
sidues of the FMN domain of CPR (Fig. 12) [261-263]. Site-directed
mutagenesis studies mainly targeting positively charged residues on the
proximal side of CYPs showed that these mutations significantly wea-
kened the CYP-CPR interaction (see Table S5) [264-272]. The posi-
tively charged residues on the proximal side that interact with CPR are
structurally conserved over the diverse CYP family, and (with the ex-
ception of R422 and R443) also play roles in binding to bs. This implies

CPR
FMN ©
domain
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that the CYP interaction sites for CPR and bs are similar but not fully
identical [262]. It should be noted that CPR allele mutations can in-
fluence the activity of individual CYPs, which can lead to disordered
steroidogenesis and/or Antley-Bixler syndrome (ABS) [273,274]. The
ABS-associated mutations R454H in the FAD domain and A284P in the
linker domain are abundant in Japanese and Caucasian populations,
respectively [275]. Some CPR variants were shown to have different
effects in specific CYPs - for example, CPR polymorphism A500V (in the
FAD domain) reduces the activity of CYP3A4 and CYP17 but not
CYP21, CYP1A2, or CYP2C19 [275-279]. In structural terms, many
ABS-associated mutations lie in cofactor-binding regions, such as
R454H, which forms hydrogen bonds with the pyrophosphate group of
the FAD cofactor. The same is true for the mutation of Y178, which
faces the isoalloxazine ring of FMN, into aspartic acid, and mutation
G536R near the NADPH cofactor [275,280].

The key parameter for interprotein electron transport is mutual
distance of individual cofactors. The FMN-heme distance was about
18.3A in a crystal structure of the complex between the heme- and
FMN-binding domains of bacterial CYP102A1 [281]. A similar distance
was observed in our model of the CPR-CYP3A4 complex in a DOPC
membrane. The initial model was constructed by docking of CYP3A4
into the open conformation of CPR on a membrane and then relaxing
the resulting structure in a 400-ns MD simulation (Fig. 14). The dis-
tance between the reduced FMN and the heme fluctuated around
21.7 + 0.5A over the last 100 ns of the simulation, in reasonably good
agreement with the distance observed in the X-ray structure of
CYP102A1 with the FMN-binding domain. On the other hand, this
distance is still larger than the optimal distance for interprotein electron
transfer of 14 A or less [282]. Multiple CPR amino acids have been
proposed to interact with CYPs (Table S6) [253,255,283], but a recent
NMR experiment indicated that CPR primarily interacts with CYP via its
87QTGT® region (Table S6) [283]. Our model of the CPR-CYP3A4
complex also has these residues in contact with CYP. The loops
140yGEGD'** in CPR and **'NCIGMR**® in CYP3A4 may also be im-
portant for electron transport (Fig. 14). In contrast, Oostenbrink et al.
concluded that the most likely electron transfer pathway involves a
different loop residue in CPR (Y178) but a similar set of residues in
CYP2D6 (**°RRAC**®) [253]. The amino acid residues C442, M445, and
R446 from hypothetical model of Adx-CYP3A4 complex were pre-
viously proposed to be involved in the interaction with its redox partner
[284]. Moreover, the R446A side chain mutation in CYP 2B4, which is
located in the same region as R446 in CYP3A4, weakened the interac-
tion with CPR [267]. The formation of slightly different complexes with

CYP

Fig. 13. Electrostatic potential surfaces at the site of interaction between the FMN domain (left) and the proximal surface of CYP3A4 (right). The FMN domain is rich in conserved
negatively charged residues, whereas the CYP proximal side is mostly positive. The opposing charges on the meeting surfaces of the redox partners suggest that process of complex
formation and interaction is driven by strong electrostatic forces. FMN domain and CYP are shown in surface representation with domain closer to reader rendered transparent to visualize
interaction interface of the domain behind. FMN and heme are shown with sticks. Non-interacting NADPH-binding and FAD domains of CPR are shown in cartoon representation.
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N-terminal
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N-terminal
anchor of CYP
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Fig. 14. Structure of the human CPR-CYP3A4 complex embedded in a membrane after a
400 ns MD simulation. The complex was stable during the simulation, and the interaction
sites were consistent with experimental findings. The FMNH, and heme cofactors were
located in close proximity, between residues possibly involved in electron transfer.
Residues involved in cofactor binding include the Y140-D144 loop of CPR and
N441-R446 in CYP3A4 (upper panel).

different CYPs is consistent with the promiscuous character of CPR.

There are some notable differences between the protein-protein
complexes of CYPs with bs and CPR, and the nature of these differences
depends on the CYP isoform under consideration. The rate of CYP
substrate metabolism is elevated at low molar ratios of bs (with respect
to CPR) but reduced at higher levels [231]. The interactions between all
three partners can be also affected by the membrane environment;
membranes with more negatively charged lipids induce stronger in-
teractions between CYP2B4 and bs [141]. Membrane domain localiza-
tion was found to stimulate the catalytic activity of CYP1A2 by pro-
moting co-localization of CPR and CYP1A2 in ordered microdomains
[84]. In sum, the interactions between CYP and its redox partners are
mediated by the membrane environment, which directs the formation
of protein—protein complexes and also affects their cooperation.

6. Perspectives

This review summarized the current state of knowledge regarding
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the behavior of CYPs in membranes. Advances in experimental and
computational methods have provided important additional informa-
tion on this subject and potential mechanisms of substrate binding by
CYPs. On the other hand, many important questions remain to be an-
swered. More computational studies on substrate/product binding/
unbinding to the active sites of membrane-bound CYPs are needed to
generalize the current preliminary picture of the mechanism of sub-
strate binding and the role of membrane environment. Additionally, the
roles of UDP-glucuronosyltransferases in consecutive steps of xeno-
biotic biotransformation, their co-localization, and the nature of their
communication with CYPs all remain unclear. Finally, despite recent
advances in NMR methods, many details of the interactions of redox
partners with CYP are unknown. We are certain that future progress in
H/D exchange methods, NMR and EPR spectroscopy as well as cryo-EM
microscopy, and MD simulations will provide very important insights
into the structural details of biotransformation of chemicals in their
native environment.

7. Conclusions

Over the last few decades, the perception of CYPs on membranes has
changed radically thanks to advances in experimental techniques, with
X-ray crystallography playing a particularly prominent role. The early
model of CYPs as transmembrane enzymes [285] has been replaced
with a new model in which the CYP catalytic domain is partially im-
mersed in the membrane and anchored to it via the N-terminal helix, as
first suggested by Williams and coworkers [90]. Also the interaction of
the CYP with the membrane was earlier expected to be rather rigid, and
assumed the heme plane to be perpendicular or parallel to the mem-
brane plane [28]. However, concerted efforts involving both experi-
mental and computational techniques showed that the heme is tilted
with respect to the membrane surface and that the binding and posi-
tioning of CYPs on membranes is very dynamic. The catalytic domains
also interact with the membrane specifically via F/G- and B/C-loops,
which are extended and more hydrophobic for membrane-bound CYPs
with respect to the bacterial soluble CYPs [286]. The newer models also
suggested a mechanism by which a substrate may bind to the CYP ac-
tive site after entering via either the cytosol or the membrane interior,
whereas in bacterial CYPs the access and egress seems to be achieved by
the same channel [194]. Because amphiphilic compounds may accu-
mulate in membranes or at the membrane/water interface, there was
presumably a strong evolutionary pressure driving the colocation of
biotransformation enzymes (i.e., CYPs) and their potential substrates.
Membranes also house CYPs' redox partners and other enzymes that
contribute to the consecutive steps of xenobiotic biotransformation
(UDP-glucuronosyltransferases), which makes membranes' active
playgrounds responsible for the colocation and cooperation of processes
involved in the biotransformation of xenobiotics and other compounds.

Abbreviations

ABS Antley-Bixler syndrome
BE-META bias-exchange metadynamics

bs cytochrome bs
CG coarse grain
CPR cytochrome P450 reductase

CYP/CYPs cytochrome P450

DAPC 1,2-diarachidonoyl-sn-glycero-3-phosphocholine

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMXS  hydrogen—deuterium exchange mass spectrometry

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

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
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DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
EPR electron paramagnetic resonance

ER endoplasmic reticulum

FAD flavinadenindinucleotide

FMN flavinmononucleotide

FRET Foerster resonance energy transfer

HMMM  highly mobile membrane mimetic

MD molecular dynamics

META  metadynamics

NADPH nicotinamide adenine dinucleotide phosphate
NMR nuclear magnetic resonance

PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
PS phosphatidylserin

RAMD  random accelerated molecular dynamics
SAXS small-angle X-ray scattering

SMD steered molecular dynamics

SOPC 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
T™U 1,3,7-trimethyluric acid

WHAM  weighted histogram analysis method
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