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ABSTRACT: Of 57 human cytochrome P450 (CYP) enzymes, 12 /\ (RZ=085)
metabolize 90% of xenobiotics. To our knowledge, no study has {p:0.0'l ‘
addressed the relation between enzyme dynamics and substrate —

L CYP3AS5 CYP3Ad
promiscuity for more than three CYPs. Here, we show by
constraint dilution simulations with the Constraint Network CYP2C19 YP2D6
Analysis for the 12 isoforms that structural rigidity of the F/G CY;\Z\ZZC&

region is significantly inversely correlated to the enzymes’ substrate

promiscuity. This highlights the functional importance of structural Cypoe1 CYP2C9

dynamics of the substrate tunnel. Average of all rigid
contacts in the
F/G-regior:1 —
< |
B INTRODUCTION docking-based analysis pointed out that the degree of

promiscuity may be partly determined by the amino acid
residues in the dome region of the CYPs (CYP3A4—
hydrophobicity-dominated, CYP2D6—acidic-dominated,
CYP2C9—basicity-dominated residues).' >

Previous work based on crystal structures and computational
studies stressed the importance of the F/G region, consisting
of the F, F', G/, and G helices, for substrate bindingH_lé
because the region is at the beginning of a tunnel that is
considered the substrate entrance channel.” Such tunnels can
act as filters and have been found to influence both substrate
specificity and catalytic mechanism."’ ™" Accordingly, one
study hypothesized for the three isoforms CYP3A4, CYP2C9,
and CYP2A6 that higher mobility, deduced from movements
of the C, atoms, in the F/G region correlates with higher
substrate promiscuity.”’ Enzyme structural dynamics, in
addition to its role in catalysis’”** and allosteric regula-
tion,”>™*° has also been recognized for other systems as an
important mechanism by which promiscuity can be achieved.””
Surprisingly, to our knowledge, no further studies addressed
the relation between enzyme dynamics and promiscuity of
more than three CYP isoforms comparatively. Furthermore,
the approaches did not provide a quantitative relation between
substrate scope and structural rigidity of CYP isoforms
involved in metabolism. Here, we show for the, to our

Cytochrome P450 (CYP) enzymes play a central role in
human drug metabolism."” They primarily act as monoox-
ygenases, and the most essential catalyzed reaction is the
hydroxylation of nonactivated C—H bonds.”* This makes
drugs and other xenobiotics more hydrophilic, which facilitates
excretion, but also can inactivate drugs or, vice versa, lead to
biologically active metabolites.” All human CYP enzymes share
three common properties. First, CYPs are heme proteins with a
similar fold. Second, the active site containing the heme is
buried and only accessible via channels. Finally, human CYPs
are generally associated with the membrane, usually the
membrane of the endoplasmic reticulum, by an N-terminal
anchor helix.®” In total, $7 human CYP enzymes are known,
but not all are involved in metabolism.”” For some other CYP
enzymes, the function is yet unknown.'"’

Interestingly, only 12 CYP isoforms metabolize about 90%
of all xenobiotics." These are CYP1Al, CYP1A2, CYP1BI,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4, and CYP3AS. Although all are substrate-
promiscuous enzymes, they show recognizable differences, e.g,,
CYP3A4 contributes the most to xenobiotics metabolism by
being involved in 20% of all known CYP transformations. On
the other hand, CYP1B1 contributes to only 3% of all known
CYP transformations." However, the sheer number of
xenobiotics metabolism pathways a CYP contributes to is
not the best indicator for its substrate scope. Substrate scope as
a functional enzyme parameter should also take the enzyme’s
catalytic efficiency into account, e.g., although CYP3AS
generally catalyzes the same reactions as CYP3A4, it does so
often at lower rates, such that CYP3AS only contributes to 4%
of all known CYP transformations." Earlier, a molecular
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Figure 1. Constraint network analysis of CYP3A4, CYP3AS, CYP2C8, and CYP1A2 and rigid cluster decompositions along constraint dilution
trajectories. Rigid clusters of the CYP isoforms at different E,,, values are colored blue, green, pink, and cyan in descending order of their size. Left:
In CYP3A4, the F helix forms its own rigid cluster at E., = —0.25 kcal mol™ and G helix and F'/G’ helix form their own rigid clusters at
E . = —0.45 kcal mol™". At E_,, = 1.65 kcal mol™, the largest rigid cluster of CYP3A4 is still covering most of the globular part. Middle-left: In
CYP3AS, the F’ helix and G’ helix form their own rigid clusters at E_,, = —0.40 kcal mol™", the F helix and the G helix form their own cluster at
E . = —0.60 kcal mol™, and the largest rigid cluster of CYP3AS is still covering most of the globular part. Middle-right: In CYP2CS, the F’ helix
and G’ helix form their own rigid cluster at E,, = —0.95 kcal mol™". The G helix forms its own cluster at E,, = —1.00 kcal mol™". At E, = 1.15 kcal
mol ™, the F helix forms its own cluster, and the largest rigid cluster of CYP2C8 is covering only the active site in the globular part. Complete
segregation of the F/G region is not recognizable for CYP2C8. Right: In CYP1A2, the F helix forms its own rigid cluster at E,, = —1.05 kcal mol ™.
The F’ helix and G’ helix form their own cluster at E_,, = —1.45 kcal mol™". At E_,, = 1.75 kcal mol™, the G helix forms its own cluster, and the
largest rigid cluster of CYP1A2 is covering only the active site in the globular part. These examples qualitatively depict that the F/G region of more
promiscuous CYP isoforms, such as CYP3A4 and CYP3AS, are less structurally stable than that of more specific isoforms. Furthermore, differences
in structural stability are revealed for sequentially close isoforms. The rigid clusters are calculated based on the neighbor stability map of one
exemplary MD trajectory, respectively, as described in ref SS.

knowledge, largest data set of CYP isoforms investigated in this run by aligning the model in Pymol and copying the heme into

context that the structural rigidity of the F/G region is the model (Table S1).

inversely correlated to the enzymes’ substrate scope. Conformational Sampling. To improve the robustness of
the analyses and quantify the statistical uncertainty of the

B MATERIALS AND METHODS results, we carried out CNA on ensembles of network

topologies generated from five MD trajectories of 1 us length

Comparative Modeling of 12 CYP Isoforms. Com- for each of the enzymes. For this, the generated structural

parative models of the investigated CYP isoforms were models were embedded by PACKMOL-Memgen™ into a
generated with TopModel using the Protect Templates membrane with a composition of CHL:DOPC:DSPC:DAPC:-
mode.”® Specified templates that were not removed during DOPE 10:22:13:19:21, the main lipid components of the
threading are listed in Table S1. The globular part and the human endoplasmic reticulum.”’ The GPU particle mesh
transmembrane helix were modeled separately, and their Ewald implementation®® of the AMBERI18’’ molecular
positions on or in the membrane were predicted with simulations suite was used with ff14SB parameters*® for the
CCTop web server.””*" Afterward, they were docked together protein, Lipid17 arameters*' for the membrane, and OPC as
using the predicted membrane positions as a spatial restraint. a water model.”> Parameters for the heme and cysteine
Target sequences were collected from UniProt (Table Sl).31 residues forming the S—Fe bridge between heme and protein
The quality of the models was assessed with TopScoreSingle were taken from Shahrokh et al."* Because covalent bonds to
(for details, see Text Sl).32 Protonation states of protein hydrogens were constrained with the SHAKE algorithm,44 a
residues were adjusted according to pH 7.4 using the Epik time step of 2 fs was used. The cutoff for nonbonded
routine®** in Maestro.”> The heme group was transferred interactions was set to 10 A. For further details, see Text $2.*
from crystal structures that were specified for the TopModel The structures overall (without the transmembrane helix, as it
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moves relative to the globular part) and the F/G regions
specifically remain stable with backbone RMSD < 4 A
compared to the starting structures (Figures S1—S4).

Constraint Network Analysis. We analyzed static proper-
ties, i.e., structural rigidity and its opposite flexibility,** of the
12 CYP isoforms predominantly involved in metabolism. 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.
The strength of hydrogen bonds and salt bridges was
quantified with an empirical energy function.”® 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 o is generated that
forms a “constraint dilution trajectory”.*”*® For this, hydrogen
bonds and salt bridges are removed in the order of increasing
strength such that for a network state o, only those hydrogen
bonds are kept that have an energy Eyy < E(0). 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.

Using a per-residue decomposition scheme to identify the
extent to which single residues contribute to the structural
stability, we derived neighbor stability maps
(rcij,neighbor(Ecut(a))) that contain information accumulated
over all network states & along the trajectory””>” in that they
monitor the persistence of rigid contacts for pairs of residues
during a constraint dilution process. In the neighbor stability
map, for all residue pairs, the E_, value is given at which the
rigid contact between two residues is lost, i.e., when these two
residues stop belonging to the same rigid cluster.

The dilution process was applied to each protein
conformation of a trajectory separately, and the results were
averaged to obtain one neighbor stability map per trajectory. In
this work, we consider one trajectory as one independent
experiment. A chemical potential energy E,;cna of residue i is
then obtained by summation over all rigid contacts (eq S1).
Furthermore, we calculated Eregion,CNA as an average over the
E,; cna of all residues of a specific region in the protein or even
the entire protein. (eq S2). E,gioncna Was calculated for each
MD trajectory separately and then averaged over all replicas.
The computations were done with the Constraint Network
Analysis (CNA) program (version 4.0) developed by us,™
which has been applied in the context of protein thermo-
stability,”*~>° allosteric signaling,”**” and substitution influen-
ces on the function®®*” before.

Statistical Analysis and Fitting. Curve fitting was
performed with the SciPy module stats.” The function
linregress calculates linear least-squares regression of two sets
of measurement and applies a Wald test whose null hypothesis
is that the slope is zero.

B RESULTS

Exemplarily, constraint dilution trajectories of CYP3A4,
CYP3AS, CYP2C8, and CYP1A2 are shown in Figure 1.
Considering that segregation of substructural parts at lower
E, values indicates that these parts are more weakly coupled
to the remainder of the CYP structure, a qualitative ranking of
the CYP isoforms is revealed: In CYP3A4, the F/G region is
the first part of the globular domain to segregate at

4025

E, = —025 to —0.4S5 kcal mol™' from the largest rigid
cluster. In contrast to all other helices of the globular domain,
which show higher E, oy, values compared to the TM helix, the
F/G region shows ]_Ei’CNA values comparable to the TM helix,
which does not interact with the globular domain (Figure 2).

Stability of residues 3A4

E; cua [kcal mol ']

100 200 300

residue no.

400 500

Figure 2. Residue-wise potential chemical energy E'CNA of CYP3A4.
E,;cna (eq S1) due to all rigid contacts in which a residue is involved.
Secondary structure elements identified with DSSP*® are colored in
red for helices, yellow for f-sheets, and green for loops and given for
helices and fS-sheets above the plot. Helices are named according to
Williams et al."*

This is in accordance with findings for different enzymes where
helices at the substrate entrances are also less stable, e.g., in
aldolases,”" phosphate synthases,”> and peptidases,” as well as
with previous work on CYP enzymes. Y In CYP3AS, the
segregation appears at slightly lower E_, values: the F/G
region is the first part of the globular domain to segregate at
E . = —0.40 to —0.60 kcal mol™" from the largest rigid cluster.
For CYP2CS8, segregation of the F/G region occurs in the
range of —0.95 to —1.15 kcal mol™" and for CYP1A2 at —1.05
to —1.75 kcal mol™!. Hence, the F/G region is structurally the
least stable in CYP3A4 and the most in CYP1A2. It is
unknown, however, why within the F/G region sometimes the
F, G helices and sometimes the F’, G’ helices segregate first.
Finally, the rigidity analysis reveals that the anchor helix
segregates at the smallest E,, in all four cases. This indicates
that it is only weakly coupled to the globular part, in line with
observations from our MD simulations and ref 64 that the
globular part can move relative to the anchor helix (Table S2).

Differences in the structural stability of the F/G region do
not only occur between sequentially different CYP isoforms
(Figure 1) but also for sequentially close ones as exemplarily
depicted for CYP3A4 and CYP3AS (sequence identity
(similarity) 84% (90%) (Figures 1 and 3A)). There, sequence
differences particularly involving nonconservative substitutions
also occur in the F/G region and lead to higher E, oy, values
for the F helix and the G helix of CYP3AS (Figure 3A,B). As a
result, the entire F/G region in CYP3AS is significantly
(p = 0.05, standard independent two-sample t-test) more
strongly connected to the remainder of the globular domain
than in CYP3A4 (Table S3 and Figure 3C). For the F'/G’
region, no such difference is found, indicating that the small
sequence differences there (Figure 3A), including exchanges of
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Figure 3. Comparison of CYP3A4 and CYP3AS with respect to sequence differences. In all panels, the F/G region is marked in orange. (A)
Sequence alignment of CYP3A4 and CYP3AS; conserved residues are in gray and nonconserved residues are colored according to the zappo color
scheme as to the chemical properties of the side chains. (B) Projection of sequence differences from (A) onto the structure of CYP3A4. Gray: same
residue type, blue: same chemical properties, yellow: different chemical properties, and red: gap in CYP3AS. Helices are named according to
Williams et al.'* (C) E;cna (eq S1) of both isoforms in the F/G region (residue 201—267). More negative values indicate a higher rigidity. The
yellow line depicts the difference between both isoforms. Differences in the sequences of the F and G helices cause an overall stronger connection
to the remainder of the globular domain of CYP3AS, as indicated by the higher E, o\, values. Differences in the sequences of the F' and G’ helices
do not lead to differences in E; cys. The SEM is <0.05 keal mol™ in all cases and not depicted. In (A) and (C), secondary structure elements
identified with DSSP* are colored in red for helices, yellow for f-sheets, and green for loops.

amino acids with those of similar chemical properties, do not
lead to differences in the rigidity of this region.

To conclude, in all CYP isoforms exemplarily shown,
the F/G region is most weakly coupled to the remainder of
the globular domain. Between both sequentially different
isoforms and sequentially close ones, differences in the
structural stability of this region are revealed by rigidity
analysis. These differences qualitatively relate to the substrate
scope of the isoforms: more promiscuous isoforms such as
CYP3A4 (Table S3) show less structurally stable F/G regions
and vice versa.

4026

To quantify the relation between substrate scope and
structural rigidity, we computed Epgcna (eq S2) as a measure
for how well residues in the F/G region form rigid contacts
(Table S3) and correlated it to the promiscuity index I, (eq
$3) introduced by Nath and Atkins (Table $4).°° I_,, is based
on experimentally determined k., and K,; values for S5
substrates and considers the catalytic efficiency’e; = k.. ;/ Ky, of
an isoform with respect to a substrate i. In this approach,
information entropy is used to describe how an enzyme’s
catalytic efficiency evolved toward different substrates, as
measured by the probability p; that a substrate i will be

https://doi.org/10.1021/acs.jcim.1c00558
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metabolized by the enzyme (pl =e¢/ Zil e,-).é5 The index is
normalized and ranges from 0 (specific) to 1 (promiscuous).66

A good and significant inverse correlation (R* = 0.85 and p <
0.01, Wald test) between the isoform promiscuity and the
structural stability of the F/G region is obtained for eight CYP
isoforms for which k., and Ky values are available in ref 66
(Figure 4). Notably, no significant correlations are found if

1.0
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08 1B1 T
2A6 CYP3A5 ~ CYP3A4
- 2B6
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Figure 4. Promiscuity of CYP isoforms is inversely correlated to the
structural rigidity of their F/G regions. Correlation between
promiscuity index (I.,) and Eggcna (eq S2) for CYP1A2, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, CYP2EL, CYP3A4, and CYP3AS. As
to CYP2C9, considered an outlier, the globular part moved away from
the membrane during the MD simulations. Vertical lines indicate
calculated EFG’CNA values for CYP isoforms for which no experimental
data for computing I, are available. The 95% confidence interval
limits are shown in orange. Error bars denote the SEM obtained from
five, respectively, ten for CYP2E1 and CYP3A4, per-trajectory results.
The equation of the predictive line is given at the bottom of the
diagram.

Eregioncna (eq S2) of the whole enzymes (Figure S7 and Table
SS§ or of other regions (the I helix, which is the longest helix in
the center of CYP enzymes (Figure S8 and Table S6), or the
B/C region, which is also part of the main entrance channel
(Figure S9 and Table S7)) are used.

Using the correlation for the F/G region, EFG,CNA values
computed for CYP1A1, CYP1B1, CYP2A6, and CYP2B6 relate
to predicted I, values of 0.58, 0.47, 0.22, and 0.28,
respectively, which classifies these CYP isoforms as being
lowly to moderately promiscuous. CYP3AS generally catalyzes
the same reactions as CYP3A4 but almost always at lower rates
(Figure S12), which leads to similar I, values that are
associated with a slightly lower EFG’CNA of CYP3AS than
CYP3A4 (Figure 4). CYP2C9 deviates the most from the
correlation line (Figure 4), which may be caused by the
globular part that moved away from the membrane during the
MD simulations. This is probably due to strain in the loop in
the starting structure that connects the globular and trans-
membrane domains.

B DISCUSSION

Our results demonstrate that the structural rigidity of the F/G
region quantitatively and inversely correlates to the promiscu-
ity of CYP isoforms involved in metabolism. Previously,
enzyme structural dynamics has been recognized as an
important mechanism by which promiscuity can be achieved,””
although the size and architecture of the active site may be
further determinants of substrate promiscuity.”” In addition to
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CYP enzymes, the possibility of dynamically restructuring
active sites has also been recognized for other systems
underlying their promiscuity.”*™"" Still, examples for the
opposite, i.e., conformational changes selected in evolution
such that they enhance specificity in molecular recognition,
have also been described in ref 72.

We exploited comprehensive experimental information on
the substrate promiscuity of CYP isoforms®® together with
computationally efficient rigidity analyses***””® of comparative
models of the isoforms to understand the molecular origin of
the observed promiscuity range. Although I, used here is a
functional parameter defined for a specified set of substrates,
promiscuity indices for different enzymes are quantitatively
comparable if they have been calculated using the same
substrate set.”> Furthermore, substrates that are chemically
similar to each other are expected to be metabolized similarly
by a CYP isoform; such correlations in the substrate set would
reduce the effective CYP promiscuity. Therefore, we computed
the mean maximum pairwise Tanimoto—Combo distance
score §; of a substrate i to all other substrates in the data set,
which ranges from 0 for identical substrates to 2 for dissimilar
ones (for details see Text S6); the Tanimoto—Combo distance
score accounts for shape and chemical complementary
between 3D structures as determined by the Rapid Overlay
of Chemical Structures approach. The negatively skewed
histogram of §; peaks at 1.20, with an average value (6) of 1.26
(Figure S14), indicating that a substrate is generally more
dissimilar than similar to all others in the data set. For
comparison, for randomly drawn compounds from the ZINC
database, (J) peaks at 1.12, indicating that such compounds
are more similar to each other than those in our data set
(Figure S15).

For CYP enzymes, crystallographic studies and other
molecular simulations also demonstrated that more promiscu-
ous CYPs show larger structural plasticity and mobility.”*
However, in these studies, only a few isoforms were
compared,'”*””® no quantitative relations were derived,"> or
short and likely nonconverged MD simulations were applied.”®
Indirectly, the role of structural plasticity and mobility was also
investigated in studies focussing on substrate channels.”® These
studies showed qualitative differences in channel properties of
CYP isoforms’”~"? but did not take all 12 isoforms involved in
metabolism into account and did not derive a quantitative
model.

Our quantitative relation allows predicting the promiscuity
for CYP1A1, CYP1B1, CYP2A6, and CYP2B6. The difference
in EFG’CNA between CYP1A1l and CYP1A2 is larger than that
observed for other isoforms of the same subfamily such as
CYP3A4 and CYP3AS, but still in the range found for
CYP2C8 and CYP2CI19. Apparently, isoforms of the same
subfamily can differ markedly in their substrate scopes, and our
approach is able to detect that. However, the model does not
allow predicting if a substrate is metabolized by a specific CYP.

In summary, our results signify that characterizing the
structural rigidity of the F/G region can be used to classify
CYP isoforms involved in metabolism with respect to their
substrate scope. Our model may allow predicting the substrate
promiscuity of novel CYP enzymes, e.g., found in metagenome
approaches for potential use in bioorganic chemistry or
biotechnology.
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