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ABSTRACT: Cytochrome P450 2D6 (CYP2D6) is one of the most important enzymes involved in drug metabolism. Genetic
polymorphism can influence drug metabolism by CYP2D6 such that a therapy is seriously affected by under- or overdosing of drugs.
However, a general explanation at the atomistic level for poor activity is missing so far. Here we show for the 20 most common single
nucleotide polymorphisms (SNPs) of CYP2D6 that poor metabolism is driven by four mechanisms. We found in extensive all-atom
molecular dynamics simulations that the rigidity of the I-helix (central helix), distance between central phenylalanines (stabilizing
bound substrate), availability of basic residues on the surface of CYP2D6 (binding of cytochrome P450 reductase), and position of
arginine 132 (electron transfer to heme) are essential for an extensive function of the enzyme. These results were applied to SNPs
with unknown effects, and potential SNPs that may lead to poor drug metabolism were identified. The revealed molecular
mechanisms might be important for other drug-metabolizing cytochrome P450 enzymes.

B INTRODUCTION expression of the CYP2D6 enzyme. Around 7% of Caucasians
show an “ultrametabolizer” phenotype.” Although an explan-

The isoenzyme cytochrome P450 (CYP) 2D6 plays a crucial .
ation at the genetic level for the “ultrametabolizer” phenotype

role in human drug metabolism." Tt catalyzes the oxidation of

especially lipophilic drugs that takes place as phase-1 is often appropriate, mutations én the CYP2D6 gene can also
biotransformation before excretion. Already in 1977, Mahgoub lead to higher enzyme activity.” The “poor-metabolizer” and
et al. described that differences in the hydroxylation rate of “nonmetabolizer” phenotypes are established either at the
debrisoquine, an antihypertensive drug, depend on a single genetic level, probably related to regulatory factors,” or protein
autosomal gene, called later CYP2D6 according to its position level, in which a combination of single nucleotide poly-
in the CYP gene superfamily.’ Since then, CYP2D6 poly- morphisms (SNPs) changes the enzymatic activity.'” CYP2D6
morphism has raised increasing awareness during the develop- is a highly polymorphic protein. So far, 165 genetic variants
ment of small-molecule drugs because the polymorphism can (alleles) have been discovered.'' Deciphering the molecular
lead to underdosing-leading to a failure of therapy or mechanisms underlying the SNP-induced reactivity decrease of

intoxication by drug metabolites-or overdosing-leading to
intoxication by the drug itself." Besides genetic effects on
CYP2D6 activity, drug—drug interactions (DDIs) can affect
pharmacotherapy. For a CYP2D6 substrate, DDIs occur when -
additional drugs are coadministered of which at least one acts Received: February 17, 2024
as an inhibitor or inducer of CYP2D6. Revised:  June 29, 2024
Differential mechanisms drive the differences in CYP2D6- Acce.pted: July 3, 2024

related metabolism induced by genetic variance. The “very Published: July 12, 2024
extensive” or “ultrametabolizer” phenotype is mostly driven by

gene duplication.” This duplication results in the over-

CYP2D6 is of utmost interest from a fundamental and drug
development point of view.
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Figure 1. CYP2D6 is a heme-containing, membrane-associated enzyme. (A) Parts of the reaction cycle of CYP enzymes underline the importance
of substrate binding as well as electron transfer from CPR. The scheme was adapted from ref 14. (B) Overview of the 20 most frequent SNPs
mapped onto CYP2D6 (pink). Mutations that lead to poor metabolism are colored in green, variants with no effect are colored in yellow, V11 M
leading to an ultrarapid metabolization is colored in red, and variants with unknown effects are colored in blue. Ca atoms of the positions are
shown as spheres. The orange sphere in the center indicates the heme iron in the center of the porphyrin ring, which is shown as sticks. (C)
Important helices and the D-E-loop of CYP2D6 are labeled. Loops in CYP enzymes are generally named after the helices they are connecting. The
structure is colored in rainbow according to the position in sequence of the respective residue. (D) Structure of CYP2D6 rotated by 180°, with

important helices and the K”-L-loop labeled.

CYP2D6, like all human CYP enzymes, is a membrane-
associated and heme-containing protein, where the heme is
buried and only accessible via channels.””"* The oxidation
reaction catalyzed by CYP enzymes occurs in multiple steps,
starting from a heme with Fe(III) configuration (Figure 1A).M
First, the ligand usually binds near the heme moiety by
displacing a distal water molecule. Afterward, an electron is
transferred to the heme from cytochrome P450 reductase
(CPR), a membrane-bound enzyme required for electron
transfer from NADPH to CYP.'>'® In mammalian CYPs, the
electron is transferred with arginine (in CYP2D6: Argl32),
acting as a bridge between the flavine mononucleotide (FMN)
of CPR and the heme iron.'” Fe(Il) of heme now binds an
oxygen molecule, and a second electron is transferred, yielding
— after protonation — a ferric hydroperoxyl complex that
rapidly separates one water molecule and results in a ferryl-
coupled porphyrin radical cation. Finally, the highly reactive
radical cation (with Fe in oxidation state IV) oxidizes the
substrate, and after the product egress, the cycle is
completed."®

CPR undergoes a complex mechanism consisting of open
and closed states to provide electrons to CYP. First, the closing
of the FMN domain establishes an interaction between this
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domain and the flavine dinucleotide (FAD) domain.'” Due to
this interaction, electrons of FAD, originating from NADPH in
the form of a hydrid ion, are transferred to FMN. Second, CPR
reopens and forms a complex with CYP, mainly driven by polar
interactions. The surface of the CYP enzyme is positively
charged in the interaction region by several arginine and lysine
residues (in the case of CYP2D6: Argl29, Argl33, Argl40,
Lys146, Arg440, and Arg4S0), while the surface of the FMN
domain is negatively charged due to aspartic acid and glutamic
acid residues.”’

Effects on CYP2D6 reactivity related to different alleles,
including combinations of mutations, were investigated
previously in wet lab experiments and computational
studies."””'™** Due to the many naturally occurring alleles,
only investigations of a subgroup of alleles have been possible.
In these studies, different aspects of how mutations can affect
the catalysis steps have been pointed out. (I) Decreased
activity can be correlated with an instability of the expressed
enzyme variant.”* (II) Mutations of Phe120 and Phe483 affect
the substrate binding.zs_27 (1I1) As to the arginines and lysines
playing a crucial role in the interaction between CYP and CPR,
the allele CYP2D6*31 (combining SNPs R296C, R440H, and
S486T; listed in the Pharmacogene Variation Consortium
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database) has a mutation in one of these positions, likely
underlying that this CYP2D6 variant has no enzymatic activity
in vivo and in vitro.”® (IV) Another crucial residue is the
bridging arginine between FMN of CPR that supports the
electron transfer;'” as a substitution probably prevents electron
transfer to the heme, i.e., leads to inactivity, no substitution has
been documented.

In this work, we aim to elucidate the effect of mutations
found in naturally occurring alleles on CYP2D6 activity on an
atomistic level. Due to the large number of natural mutants,
our study focuses on the 20 most common SNPs in the global
population (Figure 1B). We performed extensive all-atom
molecular dynamics (MD) simulations with a cumulated
simulation time of over 200 us. On this basis, we pursue a
mechanism- and hypothesis-driven evaluation to detect if and
how an SNP probably leads to a decreased reactivity of the
variant.

B MATERIALS AND METHODS

Structural Models of CYP2D6 Variants. We used the
equilibrated structural model of CYP2D6 wildtype generated
in our previous work by modeling the globular part and
transmembrane helix separately with TopModel”” and docking
both structures with spatial restraints as a basis.”’ Repeating
the modeling of CYP2D6 wildtype by AlphaFold v2*' yields a
root-mean-square deviation (rmsd) < 2 A, confirming the
accuracy of our previous modeling. The selected mutations
were introduced into the structural model using PyMOL,
thereby paying attention that the rotamer with the least clashes
was chosen.”” The protonation state of the protein residues
was estimated for pH 7.4 with PROPKA3* using HTMD.”*
The generated models were embedded by PACKMOL-
Memgen® into a bilayer membrane with a composition
reflecting the main Iigid components of the human
endoplasmic reticulum 6 (CHL/DOPC/DSPC/DAPC/
DOPE 10:22:13:19:21). Potassium chloride was added with
0.15 M concentration. The orientation of the structural model
in the membrane was determined with MEMEMBED.?”

MD Simulations. The GPU particle mesh Ewald
implementation®® of the AMBER18>° molecular simulations
suite was used with ff14SB parameters'’ for the protein,
Lipid17 parameters*' for the membrane, and OPC as the water
model*” and Li/Merz parameters for the ions.” Parameters for
the heme and cysteine residue forming the S—Fe bridge
between heme and the protein were taken from Shahrokh et
al.** A penta-coordinate ferric high-spin sextet state geometry
with a formal charge of +II for the iron was used. Because
covalent bonds to hydrogens were constrained with the
SHAKE algorithm,” a time step of 2 fs was used. The cutoff
for nonbonded interactions was set to 10 A.

Production runs were preg)ared as described in the protocol
of Schott-Verdugo et al*® and already applied on CYP
enzymes in our previous work,’’ but the minimization without
restraints was performed for 40,000 steps. Langevin dynam-
ics*” with a friction coefficient of 1 ps~' was used to keep the
temperature at 310 K. Initially, the minimized systems were
heated by gradually increasing the temperature from 0 to 310
K for 280 ps under NVT conditions. The system density was
adjusted using NPT conditions at 1 bar for 2 ns. Production
runs were then performed using the same NPT conditions. The
pressure was controlled with the Berendsen barostat™ with
semi-isotropic pressure scaling, coupling the membrane (x,y)
plane.
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Geometric analyses were performed with cpptraj*’ from the
AmberTools suite.””

Conformational Sampling. To improve the robustness of
the analyses and quantify the statistical uncertainty of the
results, we carried out all analyses on ensembles of
conformations generated from ten MD trajectories of 1 us
length for each of the enzyme variants. Thus, we generated ten
replicas for each variant and the wildtype. The independence
of the replicas was ensured by using heating processes with a
different random seed for each replica. The structures remain
structurally stable with a backbone rmsd < 3.5 A compared to
the starting structure, considering the protein part without the
transmembrane helix, which moves independently from the
globular part.

Constraint Network Analysis. We analyzed static proper-
ties, i.e., structural rigidity and ﬂexibility,Sl of the 20 CYP2D6
variants and the wildtype. Therefore, the enzymes were
represented as constraint networks, where atoms are the
nodes, and covalent and noncovalent bonds constitute
constraints in between.”” Noncovalent interactions such as
hydrogen bonds, salt bridges, hydrophobic tethers, and
stacking interactions contribute most to biomolecular stability.
An empirical energy function is used to allow for quantifying
the strength of hydrogen bonds and salt bridges.”” By gradually
removing these polar noncovalent constraints from an initial
network representation of a biomolecule according to a cutoff
energy E_, a succession of network states ¢ is generated that
forms a “constraint dilution trajectory”.”**> To this end,
hydrogen bonds and salt bridges are removed in the order of
increasing strength such that for network state o, only those
hydrogen bonds are kept that have an energy Eyp < E (o).
Performing rigidity analysis®® on such a trajectory reveals a
hierarchy of structural stability that reflects the modular
structure of biomolecules in terms of secondary, tertiary, and
supertertiary structure.

By this, we obtained for each system a neighbor stability
map ("Cij,neighbor(Ecut(U))) that contains information accumu-
lated over all network states & along the trajectory””*® as it
monitors the persistence of rigid contacts for pairs of residues
during a constraint dilution process. From the stability maps,
we calculated E; oy, (eq 1), the sum of energies associated with
rigid contacts between residue i to all other residues.

n

Ei,CNA = z rcij,neighbor

j=1

(1)
We also calculated E, g0, cna (eq 2), where “region” is

either the entire protein, the F/G region, or the I-helix, as the
average of the chemical potential of rigid contacts between the
n residues within a region.

region

)

i=region

d
Eregion, CNA = — Ei,CNA

)

The computations were done with the Constraint Network
Analysis (CNA) program (version 4.0) developed by us.” For
further details, see our previous work.>®

Generation of a Structural Model of the CYP2D6-CPR
Complex. The structural model of the complex of CYP2D6
and the FMN domain of CPR (Uniprot ID: P1643S) was
obtained through protein—protein docking using the HAD-
DOCK v2.4 Web server with default settingssg’60 and is used
for visualization purposes. The FMN domain was taken from a

start
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crystal structure of CPR in open conformation (PDB ID:
3ES9; residues 56—240). The domain boundaries were
identified by TopDomain.’ TopDomain is a deep learning
tool to identify domains and especially useful to detect
domains in larger proteins.

For the FMN domain, residues 142, 144, 147, 179, and 209
were considered involved in the interaction. These are all
negatively charged residues (aspartate and glutamate) around
the cofactor flavin mononucleotide. For CYP2D6, residues
129, 133, 140, 146, 440, and 450 were considered involved.
The involved residues were chosen based on literature.'®
Mutagenesis experiments on CYP2B4 highlighted the
importance of basic residues at the C-helix for redox partner
binding (residues 126—142 in CYP2D6) as well as the
importance of the lysin at the K”-L-loop (K440 in CYP2D6)
and the arginine in the L-helix (K450 in CYP2D6) (see Figure
1C,D for labeled helices and loops).62 Involved residues serve
as putatively interacting residues during the docking.

The structure used for visualization of the interaction
between CYP2D6 and CPR was taken from the largest cluster
with a HADDOCK-score of —76.8 (for further details see
Supporting Information).

B RESULTS

Identification of Relevant SNPs. The most common
SNPs were identified based on the Uniprot entry (Uniprot-1D:
P10635)° that reports on 50 SNPs. We restricted ourselves to
the 20 most frequent mutations with a relative frequency of at
least 107 in the global population. This frequency was taken
from the dbSNP database.®* Data from ClinVar,*> PharmVar,*®
and the Human Gene Mutation Databank (HGMD)® were
used to assess the clinical relevance of the mutations (see
Table 1). For variants leading to decreased reactivity, we used

Table 1. Classification of Clinical Effects of CYP2D6 SNPs
Investigated here and Source of the Classification

SNP ClinVar®® HGMD® PharmVar* class
WT extensive
VIIM  likely benign  ultrarapid ultrarapid

metabolizer
A237S  likely benign normal extensive
R296C  likely benign extensive
S486T  likely benign normal extensive
P34S poor poor metabolizer poor
metabolism
Lo1IM poor metabolizer poor
H94R poor metabolizer poor
T1071  likely benign ~ poor metabolizer poor
F1201 poor metabolizer poor
GI69R  poor poor metabolizer poor
metabolism
H324P  likely benign  poor metabolizer no function  poor
E418K reduced enzyme poor
activity
R26H unknown
R28C unknown
E1SSK unknown
G212E unknown
S311L unknown
R329L unknown
G373S unknown
R365H unknown
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the term “poor”, for the wildtype and variants with no change
in reactivity, the term “extensive” was used, the variant
associated with ultrarapid metabolism was labeled as “ultra-
rapid”, and the variants with unknown effects on reactivity
were labeled as “unknown”.

General Strategy to Identify Atomistic Mechanisms.
For this study, we assumed that mutations documented as
extensive and ultrarapid can be used as a comparison group
(CG) to identify the atomistic mechanisms leading to
decreased activity in the other variants. The variants were
investigated as to different aspects relevant to the catalyzed
reaction, ie., enzyme stability, substrate binding, binding of
CPR, electron transfer, and substrate access as detailed below.
We then identified criteria for determining whether an aspect is
significantly different from the CG, which could also be applied
to characterize other variants not included in this data set.

To do this, for a mechanism A, we identified the upper or
lower limit (depending on the mechanistic relation) of a
criterion uy ;e (eq 3) that shows a significant difference for a
given significance level p from the average criterion of the
control group #, - with standard deviation 6, (eq 4). To

obtain the most robust uy ;. estimate according to our data
set, we respectively considered the largest standard deviation
Oa nonCG,max incurred for any of the variants that are not in the
control group (nonCG).

Uy gimie = MU0 { o | T (T 61 Oa ey Brestr O nonCGmax) < PA
Uest > Ty cG )
or
uA,limit = max{ utestlT(ﬁA,CG’ O-A,CG’ Upests O-A,nonCG,max) < pA

Utest < ﬁA,CG}
(3)
where p was set to 0.05 and T is the t-test function
implemented in SciPy v1.7.3.%7

1 1 10
u, = — _— u .
A,CG 5 : : 10 ;_ 1: AV, i (4)

VecG

Structural Instability of the I-Helix. The first molecular
mechanism relates to a loss of rigid contacts from the I-helix
(residues 1293-L323) to other parts of CYP2D6 as deduced
from CNA. The I-helix is the central and one of the least
mobile helices within the enzyme (Figures 2A and S1A,B). The
loss of rigid contacts is indicated by a decreased average
chemical potential (eq 2) in this region, which is significant
only for the substitution H324P with respect to CG and all
other nonCG (p < 0.01, two-sided t-test) (Figure 2B).

From a structural viewgoint, proline is known for disrupting
the secondary structure,”® which may be intensified by the
proline at position 325 already being present in the wild type.
In the H324P variant, the ¢ dihedral angle (C,_,—N,—Ca,—C,)
of this residue changes to ~—75° (loop conformation) from
~—120° (f-sheet-like conformation) in the wildtype (Figure
2C). The mutation does not have an influence on the w
dihedral angle (Ca,—C,—N,,,—Ca;,;) of P32S. Due to the
change of ¢, the loop between I-helix and J-helix is elongated
by one residue (WT: L323-P325; H324P: 1L.323-D326), which
may contribute to destabilizing the I-helix. Furthermore, the
replacement of the histidine side chain leads to more space for
the C-terminal loop of CYP2D6, which also contains C443
interacting with the heme group (Figure S2A—C). With H324,

https://doi.org/10.1021/acs.jcim.4c00276
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Figure 2. Structural instability of the I-helix leads to poor metabolism of CYP2D6 H324P. (A) Structure of the globular part of CYP2D6 (pink)
shown with the I-helix marked with backbone lines and positions of SNPs as shown in Figure 1. The heme group is shown as sticks. In the blowup,
the H324P variant is shown with the measured ¢ angle indicated. (B) Average chemical potential of rigid contacts of I-helix residues (I_ELCNA)
shown for each investigated SNP. For all variants except H324P, the value is approximately between —43 and —42 kcal mol™". Only H324P differs
significantly (p < 0.01, two-sided t-test) from the CG, leading to a decreased structural stability of the I-helix. The continuous vertical line denotes
the mean of ELCNA of the CG (eq 2); the error bars denote the SEM determined by error propagation along 10 independent simulations. The
dashed vertical line denotes the limit for a significantly different value (p < 0.01, two-sided t-test, eq 3). (C) The ¢ angle, i.e., dihedral angle C,_,—
N,—Ca,—C, of residue 324 in the wildtype and the H324P variant is shown over the simulation time (left) and as frequency distribution (right).
Vertical lines separate the 10 replicas. In each replica of H324P, a shift to ~—75° is visible, while the dihedral remains at ~—120° in all replicas of

the wild type.

the C-terminal loop formed more rigid contacts to the I-helix
than with a proline at this position, which led to the decrease
in structural stability of the I-helix in the case of the
substitution (Figure 2B).

Distortion of the Binding Site. Residues F120 and F483
are important in substrate binding, especially for aromatic
substrates (Figure 3A).”~>" The two phenylalanines build a
hydrophobic dome that narrows down the binding pocket and
builds a hydrophobic environment close to the heme necessary
for the correct binding of the substrate.”” In the MD
simulations, we saw large and significant differences (p <
0.01, two-sided t-test) in the distance between both phenyl-
alanines in the variants T107I and G169R compared to the CG
(Figure 3B). This suggests that substrate binding could be
disfavorably impacted.

For T107], the change in the distance is probably caused by
a conformational change in the C’-helix where a hydrogen
bond from the threonine hydroxyl group to the V104
backbone oxygen cannot be established anymore. The missing
interaction leads to a higher variance of the y dihedral angle
(N,—Ca,—C,—N,,,) at P10S, with significantly more positive
values in T107I than in the wildtype (Figure S3) (p < 0.01,
two-sided t-test). The C’-helix is linked to the B-C-loop, which
comprises F120 (Figure 3C).

GI169R is part of the D-E-loop that interacts with the C-
terminal loop by a hydrogen bond between F172 in the D-E-
loop and L492 one residue before the $3-2-strand (Figure
S4A—C). In the G169R variant, we observed a decreased
distance between the C, of R169 and the C, of P496, which is
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the last residue of the [3-2-strand caused by electrostatic
interactions of the guanidino group of R169 with the S168
hydroxyl group and the backbone nitrogen of P496 (Figure
S4D—H). Due to the interaction between both loops, the shift
in the D-E-loop is transferred to the C-terminal loop, which
comprises F483.

In the F120I variant, the binding of aromatic substrates is
likely hindered due to the missing z-interactions; at least one
aromatic ring occurs in 99% of a database containing more
than 3500 compounds published by the medicinal chemistry
departments of AstraZeneca, Pfizer, and GlaxoSmithKline.”®
Thus, the variants T107I, G169R, and F120I are probably poor
metabolizing enzymes due to changes in the substrate binding
strength. If we apply the criterion to the group of unknown
SNPs, R26H, R28C, and S311L lead to significantly higher
distances between F120 and F483, which suggests that
substrate binding is also decreased for these variants.

Reduced Interaction with Cytochrome P450 Reduc-
tase. For the reaction cycle of CYP enzymes, the transfer of an
electron from cytochrome P450 reductase (CPR) is
mandatory. CPR itself undergoes a complex cycle that requires
binding and unbinding from the CYP enzyme.”' The binding
between CYP and CPR is mediated by basic residues (positive
charges) on the CYP side and acidic residues (negative
charges) on the CPR side.'®*> For CYP2D6, the basic residues
are R129, R133, R140, K146, K429, R440, and R450 (Figure
4A,B). For successful binding, the availability of these residues
plays a crucial role. All of them do not form intramolecular
interactions during the MD simulations except R450, which

https://doi.org/10.1021/acs.jcim.4c00276
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Figure 3. Importance of F120 and F483 in substrate binding. (A) Zoom into the crystal structure of the active site of CYP2D6 (pink) binding
inhibitor BACE-1 (cyan) (PDB-ID: 4XRY). The heme and ligand are shown as sticks; F120 is marked in green and F483 in orange. The iron
within the heme is shown as a sphere. (B) The number of frames with a distance between F120 and F483 above 7.4 A is depicted for all
investigated variants, except F120L The distance was measured between the phenyl rings. The continuous vertical line denotes the mean distance
between F120 and F483 of the CG (eq 3); the error bars denote the SEM determined by error propagation along 10 independent simulations. The
dashed vertical line denotes the limit for a significantly different value (p < 0.01, two-sided t-test, eq 3). (C) Crystal structure of CYP2D6 bound to
BACE-1. Locations of mutations T107I and G169R are labeled. The influence on the distance between F120 and F483 could be explained by the
vicinity of both mutations to the loops F120 (green) and F483 (orange) are part of. T107 is stabilizing the C’-helix via hydrogen bonding with the
backbone oxygen of V104 shown in the blowup. Breaking this by an exchange of threonine by isoleucine leads to conformational changes of the B-
C-loop, of which F120 is part. In the G169R variant, a small glycine is mutated to a voluminous arginine in the D-E-loop, which is close to the last

loop in the sequence behind the L-helix, of which F483 is part.

forms a salt bridge with E150. This salt bridge occurs in all
investigated variants, but more often in L91 M (signiﬁcant: p<
0.01, t-test) and G373S (Figure 4C). This is also reflected by
the average chemical potential of the rigid contact between
R450 and E150 (ER450—E150,CNA5 eq 2) (Figure 4D). Hence, the
formation of this salt bridge may lead to reduced binding of
CYP2D6 L91M and CYP2D6 G373S to CPR and, thus, a lack
of electrons for the metabolizing reaction.

L9IM influences the salt bridge prevalence between R450
and E150 via the K”-L-loop of CYP2D6 (Figure 4E). L91M is
part of the B-helix, which is close to the K”-L-loop. In MD
simulations of the L91M variant, we observed a significantly
decreased distance between the K'-L-loop (C, of $437, G439,
and R441) and the $1-3-strand (C, of L395) compared to the

6031

CG, which is located below the B-helix (Figure SSA—E) (p <
0.01, two-sided t-test). The conformation of the K”-L-loop
itself does not change (Figure SSF). The movement of the K-
L-loop leads to a change in the relative position of R450, which
is close to the L-helix, which increases the prevalence of salt
bridge formation with E150.

Reduced Electron Transfer to Heme Mediated by
R132. For the electron transfer from the flavin mononucleo-
tide of CPR to the heme group of CYP, R132 of CYP, located
between both cofactors, is needed (Figure SA,B)."” R132 is
part of the C-helix and is on average 7.8 A away from the heme
iron. For the three variants E418K, H94R, and P34S with
decreased reactivity, we found that the distance between R132
and the iron of the heme group is on average significantly
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Figure 4. Arginine 450 plays an important role in CPR binding. (A) Interface of CPR (yellow) and CYP2D6 (pink) derived by docking using the
HADDOCK web server.”” E150 does not take part in the interaction with CPR but can form a salt bridge with R450. Heme and charged residues
within the interface are shown as sticks. The iron within the heme is shown as a sphere. The residues are colored according to their effect on
metabolism. (B) The close-up view reveals the importance of charged residues for the interaction between CPR and CYP2D6. While the interface
of CYP2D6 is mainly positively charged, the interface of CPR is negatively charged due to many glutamic and aspartic acids. (C) The number of
frames with a distance between R450 and E150 above 4 A is depicted for all investigated variants. The distance was measured as the closest distance
between all combinations of side chain N’s of arginine and side chain O’s of glutamic acid. Above 4 A, the salt bridge is not considered formed.”
Then, R450 is free to interact with CPR. The continuous vertical line denotes the mean distance between R450 and E150 of the CG; the error bars
denote the SEM determined by error propagation along 10 independent simulations. The dashed vertical line denotes the limit for a significantly
different value (p < 0.01, two-sided t-test). (D) Average chemical potential of rigid contacts (Eryso_g1socna) between R450 and E150. The salt
bridge in the L91M and the G373S variants is significantly more stable than in all other variants. The continuous vertical line denotes the mean of
Eruso—r1s0,cna of the CG; the error bars denote the SEM determined by error propagation along 10 independent simulations. The dashed vertical
line denotes the limit for a significantly different value (p < 0.01, two-sided t-test). (E) The close-up view on CYP2D6 L91 M shows that L91 M
but also G373S may influence the salt bridge stability between R450 and E150 by a shift of the K”-L-loop (cyan) due to larger space requirements
of the substitutions compared to the wildtype residues. The locations of L91 M and G373 are shown as spheres. The M91 side chain is shown as
sticks, as are R450 and E150.

increased compared to the CG (Figure SC). Thus, these from A449 to E446 (Figure S6D) and from E446 to K140

variants are probably poor metabolizing enzymes due to the (Figure S6E), which is part of the C-helix and has a constant
lower probability of an electron transfer via R132. The same distance to R132 (Figure S6F). These changes lead to a
criterion is fulfilled by R26H, R329L, and G373S of the significantly higher distance between R132 and heme iron
unknown group. (Figure S6G).

E418K is part of the K”-helix and at least 31.9 A away from H94R is part of the B-helix, which is spatially located
R132. Its side chain points to the protein’s surface (Figure between the f#2-1-strand and the K”-L-loop (Figure S7A—C).
S6A). The MD simulations revealed a minor conformational The MD simulations revealed that the distance between the B-
change at the K”-helix, due to which the neighboring K429 is helix and the f52-1-strand (measured as the distance between

shifted toward the K”-L-loop (Figure S6B). Consequently, the Ca 94 and Ca 383 as the center of the J2-1-strand) is
distance to A449 is significantly decreased by 0.2 A (p < 0.01, significantly increased by 0.7 A (p < 0.01, two-sided t-test)
two-sided t-test) (Figure S6C). This shift is then transmitted (Figure S7D). Due to this shift, the interaction between the C-
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Figure S. R132 plays a crucial role in electron transfer from CPR to CYP2D6. (A) Interface of CPR (yellow) and CYP2D6 (pink) derived by
docking using the HADDOCK web server.*” Heme and flavin mononucleotide are shown as sticks as is R132. The iron within the heme is shown
as a sphere. All Ca-atoms of substitutions in variants that show a significantly higher distance between iron and R132 are shown as a sphere. (B)
Close-up view of the interface between CYP2D6 and CPR. The route of the electron transfer according to ref 17 is indicated with dashed yellow
lines. Thus, the distance between R132 and the heme iron is an important factor for the likelihood of an electron transfer. (C) Average distance
between R132 and the heme iron. The continuous vertical line denotes the mean of the distance of the CG; the error bars denote the SEM
determined by error propagation along 10 independent simulations. The dashed vertical line denotes the limit for a significantly different value (p <
0.01, two-sided t-test). The distance is measured as the closest distance between the terminal nitrogen atoms of arginine and iron.

terminus of the B-helix and the C'—C-loop is affected, i.e., the
hydrogen bond between E96 and Y124 is less often formed in
H94R than the wildtype (p < 0.01, two-sided t-test) (Figure
S7E). This leads to an overall higher displacement of the R132-
containing C-helix in relation to the heme (Figure S7F).
P34S is part of the loop between the TM-helix and A-helix.
Together with Y33, it stabilizes the f52-sheet by holding Y33 in
between V68 (B1-1-strand) and F387 (ff2-2-strand) (Figure

6033

S8A—C). In the MD simulations of P34S, we observed that
Y33 moves away from this position (p < 0.01, two-sided t-test),
which leads to a reorientation in the f2-2-strand, and the
aromatic ring of F387 adopts the position of Y33 (Figure
S8D). The consequence of the different conformation of the
p2-2-strand is a shift of the B-helix, which interacts with the
p2-2-strand as described above. The shift of the B-helix is
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Figure 6. The structural stability of the F/G-region does not differ significantly between the different variants. (A) The position of the substrate
entrance channel (cyan), also known as tunnel 2f,"* in CYP2D6 is next to the F/G region(beige). The rigidity of the F/G-region is correlated with
substrate promiscuity in human CYP enzymes.>® Other parts of CYP2D6 are colored pink. Substitutions that lead to poor metabolism are colored
in green, substitutions leading to an extensive metabolism are colored in yellow, V11M leading to an ultrarapid metabolization is colored in red, and
substitutions with unknown effects are colored in blue. (B) To estimate the substrate promiscuity of the different isoforms, the structural stability of
the F/G region (EFG’CNA) was calculated.*® The continuous vertical line denotes the mean of EFG‘CNA of the CG; the error bars denote the SEM
determined by error propagation along 10 independent simulations. The dashed vertical line denotes the limit for a significantly different value (p <
0.01, two-sided t-test). Since no substitution leads to a significant difference, the substrate promiscuity of the variants is likely similar to the wild

type.
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Figure 7. Decision tree for application of the derived criteria to the variants with unknown effect. (A) Decision tree to distinguish poorly
metabolizing variants from the CG. (B) Aspects that lead to the prediction of a poor metabolism are marked with a red cross. Aspects that were not
met are visualized with a green background, and aspects that were not checked due to the hierarchy of the decision tree are marked with a gray
background. As a result, R26H, R28C, and S311L are predicted to lead to poor metabolism due to diminished binding site stability, whereas G373S
is predicted to lead to poor metabolism due to diminished interaction with CPR. The first column is colored according to the (predicted) effect on
the metabolism poor metabolism: green; variants with no effect: yellow; V11M leading to an ultrarapid metabolization: red; variants with unknown
effects are colored with a color gradient from blue to the predicted effect on metabolism (green: poor; yellow: nonpoor).

transmitted via the interaction of E96 and Y124 to the C-helix, effect of this region. The stability of the F/G-region was
which contains R132. determined by the average chemical potential due to rigid
Unchanged Stability of the F/G-Region. In our contacts in this region (Eggcna €9 2).

previous work, we showed that the structural stability of the Here, we hypothesized that the overall reactivity of CYP2D6
F/G-region (residues P200—M260), containing the F- and G- can be decreased by substitutions that increase the structural
helices next to the substrate entrance channel (Figure 6A), stability of the F/G-region, as this would hamper substrate
determines the substrate promiscuity of drug-metabolizing access due to a less mobile lid function. We, thus, computed
human CYP enzymes.’® This is probably caused by the lid Epg,cna for all variants with the same approach used before.*
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However, differences between any of the variants and the WT
were insignificant (Figure 6B). As a corollary of this finding, we
expect that the substrate promiscuity of all investigated variants
is similar to the wildtype.

Decision Tree to Predict Substitutions Leading to
Poor Metabolism. The above-analyzed aspects relevant to
the CYP2D6-catalyzed reaction can be arranged in a hierarchy
with associated criteria for when an aspect is significantly
different from the CG. The resulting decision tree (Figure 7A)
shall allow us to predict when a CYP2D6 substitution leads to
poor metabolism.

The importance of the I-helix as the central helix of the
enzyme entails that if the enzyme is destabilized in this region,
it loses its function.”” Thus, we use the structural stability of
the I-helix as the most relevant aspect to determine if CYP2D6
activity is reduced. Compared to the CG of five variants with
extensive or ultrarapid activity, an average chemical potential
(eq 2) in this region Ejcya™ = —41.57 keal mol™ is
significantly different even when considering the maximum
standard deviation of the nonCG (p < 0.01, two-sided t-test)
(Figure 2B). Thus, variants with Ejcyy > ELCNAH“" are
considered to lead to poor metabolism.

The substrate binding is a crucial step in the reaction
process, which we consider the second most relevant aspect to
determine if CYP2D6 activity is reduced. In the crystal
structure of CYP2D6 bound to BACE1 (PDB ID: 4XRY),
F120 and F483 stabilize the aromatic substrate (Figure 3A),
and the distance between the ring systems of both residues is
7.4 A. Assuming that this distance is relevant for substrate
binding, we investigated the persistence with which this
distance is above 7.4 A during our MD trajectories. Compared
to the CG, a persistence of 4% is significantly different (p <
0.01, two-sided t-test) (Figure 3B). Thus, variants with a
persistence >4% are considered to lead to poor metabolism.

The transfer of an electron from CPR is mandatory for the
reaction cycle of CYP enzymes. Binding between both proteins
is a prerequisite, which we consider the third most relevant
aspect to determine if CYP2D6 activity is reduced. The
unavailability of R450 of CPY2D6 as an interaction partner in
the interface due to intramolecular salt bridge formation with
E150 was analyzed in terms of the average chemical potential
(eq 2) of this interaction, Eg4s0_g;50,cna- Compared to the CG,
Emso—Elso,CNAhm' = —1.0 kcal mol™" is significantly different (p
< 0.01, two-sided t-test) (Figure 4D). Thus, variants with
Eraso-r1s0,cna < Eraso—g1 SO,CNAlim' are considered to lead to poor
metabolism.

We considered the transfer of an electron mediated by R132
as the last aspect to determine if CYP2D6 activity is reduced.
As a criterion, the distance between iron and R132 was
evaluated. Compared to the CG, a distance of 7.91 A is
significantly different (p < 0.01, two-sided t-test) (Figure SC).
Thus, variants with a distance >7.91 A are considered to lead
to poor metabolism.

Following this decision tree, all variants of the CG and all
variants that lead to known poor metabolism are correctly
classified, with the first to fourth aspect leading to a decision in
1, 3, 1, and 3 cases for the latter group, respectively (Figure
7B). Application of this decision tree to variants with unknown
effects leads to the predictions that variants R26H, R28C,
S311L, R329L, and G373S result in poor metabolism. By
contrast, e.g., G212E, although also part of the binding site, is
not predicted to lead to poor metabolism.
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Possible Molecular Explanations for Variants Pre-
dicted to Result in Poor Metabolism. Distortion of
Binding Site Integrity. R26H and R28C are part of the loop
between the TM-helix and the A-helix and lead to a
destabilization of the binding site as measured by the
persistence with which the distance between F120 and F483
is above 7.4 A during our MD trajectories. As residues 26 and
28 are at least 21.2 A away from residues 120 and 483, this
involves combined structural changes. F120 is pulled from the
binding site due to a B'-helix (residues 105—109) movement
(Figure S9A,B). The B’-helix moves due to a shift of the F'-
helix. The shift is identified based on the constant distance
between the B’- and F’-helices-measured as the distance
between V223 (chosen as a reference point because V223 is
the most central residue in the F'-helix) and Q108 (Figure
S9C). The movement of the F’-helix is induced by a shift of
the B-turn at W75. W75 is part of a f-turn between f1-1 strand
and f1-2 strand, and the shift lets the F'-helix move toward the
TM-helix (Figure S9D). The f-turn shifts due to a, in both
variants, more frequently occurring hydrogen bond between
the side chain oxygen of Q27 and the indol nitrogen of W75
(Figure S9EF).

S311L is part of the I-helix (Figure SI0A) and leads to a
destabilization of the binding site as measured by the
persistence with which the distance between F120 and F483
is above 7.4 A during our MD trajectories. F483 is moving
away from the binding site because of a shift of the C-terminal
loop, which contains F483. The shift is induced by W316 in
the I-helix, which forms CH-z-stacking interactions with P487
in the C-terminal loop (Figure S10B,C). W316 is shifted by
the increased spatial requirement of leucine compared to serine
at position 311. The S311L substitution does not impact the I-
helix itself, e.g, the distance between C, 311 and C, 316 does
not change.

Reduced Interaction with Cytochrome P450 Reductase.
G373S is part of the K-K'-loop, located between the K-helix
and f1-4-strand. The K-K'-loop is close to the carboxy groups
of heme (Figure S11A). The substitution is predicted to lead
to a reduced interaction of the variant with CPR as indicated
by I_3R450_E150,CNA < —1.0 kcal mol™.

Due to a shift of E446 toward S373 in G373S, R450 is
shifted closer to E150. The shift of E446 is induced by a shift
of the K’-L-loop due to a decreased interaction between S437
and the heme carboxy group (Figure S11B). The distance
between the S437 hydroxyl group, located in the K’'-L-loop,
and the heme carboxy group is significantly decreased by 0.3 A
compared to the CG (Figure S11C) (p < 0.01, two-sided t-
test). The interaction between S437 and the heme carboxy
group is decreased due to the frequently formed hydrogen
bond between S373 in G373S, which cannot be formed in the
GC.

Reduced Electron Transfer to Heme Mediated by R132.
R329L is part of the J-helix and points to the protein surface.
In the R329L variant, we observed a increase of Ejcys (eq 2)
of 0.6 kcal mol™. Thus, the J-helix forms less stable rigid
contacts to the surrounding structural elements. This leads to
higher values of EJ_K_IOOP'CNA and ]_:"C,CNA, which explains the
higher mobility of R132 in the C-helix.

B DISCUSSION

In this study, we intended to elucidate the effect of mutations
found in naturally occurring alleles on CYP2D6 activity on an
atomistic level. Our results demonstrate that SNPs correlated
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to changes in enzymatic activity led to changes in four crucial
aspects of the CYP-catalyzed reaction, the stability of the main
helix I-helix, substrate binding, binding of CPR, and electron
transfer from CPR to heme iron. By contrast, no significant
impacts on the substrate uptake channels due to the
investigated SNPs were found.

We identified the four mechanisms by the most extensive
MD simulations on CYP2D6 variants performed so far.
Overall, we performed full atomistic MD simulations of
membrane-bound CYP2D6 wildtype and variants of a
cumulated time of 210 us. This value exceeds previous
studies”””*”> by 2 orders of magnitude. The generated data
allowed us to identify significant changes, even if they are
small, among the different isoforms and versus the wildtype
and to predict the behavior of unknown SNPs. For all four
mechanisms, we identified parameters that can be used to
distinguish between substitutions leading to a change in
activity or not as well as are connected to the underlying
molecular mechanisms. Also, the criteria match the current
knowledge of the mechanism CYP enzymes undergo while
oxidizing a substrate' ' *7°

To overcome the challenge of 165 known natural variants of
CYP2D6, we investigated the 20 most frequent SNPs. This
approach provided detailed insights into their molecular
mechanisms but precludes the detection of SNP combinations
that lead to a larger structural change, e.g,, CYP2D6*53, that
combines F120I and A122S and does not show a change in
activity,”’ even if F120I in CYP2D6*49 is associated with a
decreased activity,”® and F120I was predicted as a mutation
that decreases activity by HGMD.”” Although the CYP2D6*53
example shows that mutation combinations might not be
additive, we decided to only consider SNPs in the context of
the described activity in HGMD to keep the computational
burden tractable. CYP2D6%53 also exemplifies another
complexity of studying CYP mutations as this variant shows
an increased activity when (S)-bufarol is the substrate.”” This
difference in enzyme activity is associated with a shift of the
site of metabolism of the educt as one site (termed S1_HI in
ref 81) gets more accessible compared to the other sites
(S1_H2, $3).%!

Interestingly, according to our analyses, the F/G-region
stability is not changed by any of the investigated SNPs.
According to our previous study, which showed that F/G-
region rigidity is inversely correlated to substrate promiscuity
of human CYP isoforms involved in metabolism,** we, thus, do
not expect an influence on substrate promiscuity by the
investigated SNPs either. This fits with the clinical practice
because if a patient is identified as a poor metabolizer,
metabolism will be poor for any CYP2D6 substrate.*” Thus,
the drug regime will need to be modified once for all substrates
and not for all substrates separately.

Given the complexity of CYP enzymes, it is likely that the
catalog of molecular mechanisms considered here is incom-
plete. Additionally, the hierarchy with which we considered
these mechanisms should be interpreted with caution. Still, the
suggested hierarchy is sensible in the context of the reaction
mechanism of CYP enzymes (Figure 1A). If an enzyme is not
structurally stable enough, the clinical outcome will be poor
drug metabolism, regardless of how well substrates might bind.
Likewise, we consider an impact on binding before an impact
on electron transfer from CPR, because the latter should not
matter if binding is impaired. However, before the electron
transfer can occur, CPR needs to interact with CYP2D6, for
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which basic residues need to be available. This order is
reflected in our decision tree (Figure 7A) and results in a
binary classifier for variants with poor and nonpoor
metabolism. Still, an alternative order of mechanisms might
be viable as CPR binding is not only necessary for the electron
transfer but bound CPR also induces structural changes in
CYP enzymes and, by this, influences the tunnel pattern in
CYP2D6.*>** Tunnels in CYP complexes with CPR show a
higher frequency of tunnel opening and larger radii of the most
relevant substrate entrance tunnel 2f (Figure 6A). Thus, the
exact order of substrate binding and CPR complex formation
has not been fully defined. Still, we decided to check for CPR
binding as step 3 in our hierarchy, because substrate binding is
also possible without CPR binding.

In our MD simulations, we used apo enzymes to derive
mechanisms that describe enzyme behavior after substrate
binding. We decided to use apo enzymes, first, because
CYP2D6 metabolizes about 20% of all marketed drugs. Due to
the variety of substrates, it seemed impractical to aim at
discriminating between substrate-specific molecular mecha-
nisms. Second, changes in metabolism, in general, apply to all
substrates, except for rare cases such as CYP2D6*53. Third,
identifying the prevailing binding pose(s) of a substrate within
CYP2D6 is a challenge on its own.*>*® In addition to these
general reasons, specific ones related to the hierarchy of
mechanisms may apply. For example, although a bound
substrate could influence the distance between F120 and F483,
one can assume that the close-distance state of both residues
should be energetically similar among all apo structures unless
influenced by a mutation. Hence, if an apo structure shows
more often a larger distance between both residues, we would
expect that this also influences a holo state.

Besides the considered mechanisms, other aspects might
influence CYP activity. It is known that the CYP enzyme needs
to be placed correctly in the membrane.®” This could also be
influenced by mutations close to the TM-helix such as R26H,
R28C, and P34S. We did not see such effects in our MD
simulations, despite simulation times of 1 ps. Furthermore,
drug-metabolizing CYP enzymes have an allosteric site that
affects ligand binding and the solvent channels at the top of the
globular part.88 Thus, the reduced activity of the considered
variants might not only be associated with the considered
mechanisms but also due to differing responses to allosteric
modulators.

The derived mechanisms and the criteria associated with the
mechanisms can be used to identify the effects of unknown
SNPs and to scrutinize all known variants as to the molecular
origins that lead to the clinical effect. This can especially be
useful for clinical effects with low incidence.

In summary, we identified four distinct mechanisms that
lead to poor metabolism of CYP2D6 variants with the help of
extensive MD simulations and CNA. Our model shall allow us
to predict if newly identified SNPs of CYP2D6 will lead to
poor metabolism, which may be used for recommendations to
modify drug regimes.

B ASSOCIATED CONTENT

Data Availability Statement

For molecular simulations, the AMBER18 package of
molecular simulation codes was used. AMBER18 is available
from here: http://ambermd.org/. The CNA software is
available under academic licenses from http://cpclab.uni-
duesseldorf.de/index.php/Software. The CNA web server is
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structures used for the MD simulations and scripts used for
the analysis of the MD simulations as well as the processing of
the CNA output are available here: 10.25838/d5p-64.
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