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ABSTRACT: Formation of transient complexes of cytochrome
P450 (P4S0) with another protein of the endoplasmic reticulum
membrane, cytochrome b (cyt bs), dictates the catalytic activities of
several P450s. Therefore, we examined formation and binding modes ! l‘i DE

of the complex of human P450 1A2 with cyt bs. Docking of soluble 0/

domains of these proteins was performed using an information- C 710 pulling

driven flexible docking approach implemented in HADDOCK. MD/SMD

Stabilities of the five unique binding modes of the P450 1A2—cyt by

complex yielded by HADDOCK were evaluated using explicit 10 ns molecular dynamics (MD) simulations in aqueous solution.
Further, steered MD was used to compare the stability of the individual P450 1A2—cyt bs binding modes. The best binding mode
was characterized by a T-shaped mutual orientation of the porphyrin rings and a 10.7 A distance between the two redox centers,
thus satisfying the condition for a fast electron transfer. Mutagenesis studies and chemical cross-linking, which, in the absence of
crystal structures, were previously used to deduce specific P450—cyt bs interactions, indicated that the negatively charged convex
surface of cyt bs binds to the positively charged concave surface of P450. Our simulations further elaborate structural details of
this interface, including nine ion pairs between R9S, R100, R138, R362, K442, K455, and K465 side chains of P450 1A2 and E42,
E43, E49, D65, D71, and heme propionates of cyt bs. The universal heme-centric system of internal coordinates was proposed to
facilitate consistent classification of the orientation of the two porphyrins in any protein complex.
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Cytochrorne P450 enzymes (P450s) are hemoproteins, particular P450 isoform, the substrate, and the experimental
which represent a large, versatile, and important super- conditions.”” Several studies have suggested mechanisms by
family of naturally occurring monooxygenases.' These enzymes which cyt b could stimulate P450 reactions,” including the cyt
employ two electrons, two protons, and molecular oxygen to bs-mediated transfer of the second electron to P450 that occurs
oxidize a wide variety of organic compounds of different faster than through NADPH:P450 oxidoreductase.”™"" Alter-
structure and size such as drugs, steroids, and carcinogens. natively, cyt by may stimulate P450 via an allosteric mechanism
Eukaryotic P450s are usually located in the membrane of the without direct participation of an electron transfer.'”'>"* This
endoplasmic reticulum. Cytochrome by (cyt bs), another hypothesis is consistent with the results of studies employing cyt
hemoprotein of the endoplasmic reticulum membrane, has by lacking the heme cofactor (apo-cyt b )13_15 or containing the
been shown to modulate P450-dependent reactions in vitro.” Mn-protoporphyrin IX instead of heme.®'® The participation of
Experiments utilizing mice with the conditional deletion of the allosteric mechanism is also supported by a recently reported
microsomal cyt bs in liver showed that cyt by also plays an cyt bs-mediated increase in P450 efficiency through improving
important role in the function of hepatic P450s in vivo.” reaction coupling efficiency.’
Furthermore, experiments with complete null mice have shown The functional outcomes of P450—cyt by interactions depend
that deletion of microsomal cyt by in all organs strongly affects strongly on the reaction, substrate, and the P450 type. Reactions
hepatic and extrahepatic drug metabolism and testicular P450 catalyzed by P450s of the 2A, 2B, 2C, 2E, and 3A subfamilies are
17A1 hydroxylase/lyase activities.* usually stimulated by the presence of cyt bs, the 3A subfamily
The P450—cyt bs complex forms spontaneously. In particular, being the most sensitive,'>'* but the excess of cyt bs may inhibit
P450 1A2—cyt by and P450 2B4—cyt bs heterodimers were
observed in experiments utilizing rabbit liver microsomes and Received: July 2, 2014
soluble carbodiimide.’ Cyt by may enhance, may inhibit, or has Revised: ~ September 4, 2014
no effect on catalysis by microsomal P450s, depending on the Published: October 14, 2014
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P450 2B6'” and P450 2B4."° Oxidation of marker substrates of
P450 1A1, 1A2, 1B1, and 2D6 is insensitive to cyt bs."> However,
the P450 1A1- and P450 1A2-mediated oxidation of several
nonmarker substrates, including Sudan I'” and aristolochic acid
I,'® is stimulated by cyt bs. Notably, the holo-cyt bs considerably
alters the ratio of ellipticine metabolites formed by P450 1Al,
1A2, and 3A4 reconstituted with NADPH:P450 oxidoreductase,
thus favoring formation of reactive metabolites 12-hydroxy- and
13-hydroxyellipticine at the expense of detoxication products, 9-
hydroxy- and 7-hydroxyellipticine. This change in a metabolite
ratio results in an increased degree of formation of covalent
ellipticine—DNA adducts. Therefore, cyt b is shifting ellipticine
detoxication to activation.'® '

Interprotein contacts in complexes of cyt bs with P450s were
studied using site-directed mutagenesis, nuclear magnetic
resonance (NMR) spectroscopy, and cross-linking experi-
ments.>**~** Several residues located on a proximal surface of
P450 2B4°*%° and P450 2E1°%*” were identified to be involved in
interactions with cyt bs. Therefore, it is generally accepted that
the convex and acidic surface of cyt bs binds to the basic concave
surface of a P450 protein.”® Binding affinities between
microsomal proteins, including several P450s and cyt bs, were
also determined in immobilized systems.”” However, no three-
dimensional structure of the P450—cyt bs complex has been
determined by experimental methods.*

In this paper, we examine interactions of human cyt by with
P450 1A2 using various methods of computational chemistry.
The P450 enzymes of the 1A subfamily play a major role in the
activation of various planar hydrophobic xenobiotics, such as
benzo[a]pyrene and other polycyclic aromatic hydrocarbons,
aromatic and heterocyclic amines, azo dyes like dimethylami-
noazobenzene or Sudan I, and several drugs such as
ellipticine, >3~

It was estimated that the human interactome contains
~130000 binary protein—protein interactions, most of them
remaining to be mapped.* Protein—protein docking is a widely
used technique for prediction of these complexes. However,
exploring the entire protein surface is computationally very
demanding. Thus, experimental data can be employed to
constrain the search to certain areas of protein surfaces.*' Such
constraints can significantly decrease computational time as
demonstrated by the improved performance of HADDOCK
during the CAPRI (Critical Assessment of PRediction of
Interactions) competition.**** The docking methods had
shown a potential to predict a structure of strong, permanent
protein—protein complexes, e.g, in a CAPRI blind test
competition. However, similar predictions become more
challenging for transient protein complexes, such as those
between proteins involved in the electron transfer.**** To
expand the conformational space of the explicit solvent
molecules and related protein—solvent interactions, we refined
and reevaluated structures of complexes obtained from docking
using classical all-atom molecular dynamics (MD).

Docking methods combined with experimental constrains
were recently used for prediction of P450 2B4—cyt by
complexes.zz’24 However, the results obtained from these
docking methods were rather ambiguous, predicting more than
one structure of the resulting complex. Accurate discrimination
among several possible binding modes represents another
challenging issue for computer simulation. The best discrim-
inator would be the binding free energy calculated using rigorous
all-atom methods like free energy perturbation, linear response

it ; ; ; 41,46—49
approximation, or linear interaction energy.”” However,
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these methods are currently not suitable for predicting the
stability of protein—protein complexes, because of their large
sampling requirements, and are limited only to smaller ligand
molecules. Thus, in this study, we also evaluated the external
work performed during dissociation of protein complexes using
the steered molecular dynamics (SMD) calculations in implicit
solvent. The performance of these and related algorithms for free
energy prediction has been recently investigated.’*~>> Interest-
ingly, of the several possible cyt bs—P450 complexes predicted by
protein—protein docking (Figure 1), both our MD and SMD
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Figure 1. Studied P450 1A2—cyt by complexes (left, overall view; right,
detail of the heme moieties). Cyt bs, P450 1A2, heme cofactors, and
ferric ions are represented by pink and cyan colors, sticks, and yellow
spheres, respectively.
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simulations identified the same binding mode to be the most
stable, thus suggesting that this mode represents the possible
binding mode of the human P450 1A2—cyt bs complex.

B METHODS

Structures of Individual Proteins. The initial coordinates
of truncated human P450 1A2, which were used in our docking
simulations, were based on X-ray structural data (PDB entry
2HI4).>* For cyt b, there are several three-dimensional
structures deposited in the PDB, but only one of them contains
the human microsomal protein. Because this structure, which is
based on NMR restraints (PDB entry 2196),” is lacking the last
helix in the C-terminal region, we used server SWISS- MODEL®¢
to construct a homologous model of human cyt b based on an X-
ray structure of bovine cyt bs (PDB entry 1CYO).%” Because the
soluble domain of bovine cyt b; differs from its human ortholog
only in five surface amino acid residues, thus showing 94%
sequence identity and 99% homology (Figure S1 of the
Supporting Information), our human cyt bs model is likely to
be reasonably accurate.

Protein—Protein Docking. In silico protein—protein
docking of truncated human P450 1A2 and the soluble domain
of human cyt b5 was performed using a flexible docking protocol
implemented in HADDOCK.” HADDOCK utilizes known
structural elements in a protein interface to generate proximity
restraints that are employed to guide the docking process. In
particular, a structure that is generated during the course of
docking is penalized by lowering its score when the predefined
“active” residues are not participating in protein—protein
contacts. Residues predefined as “passive” are positioned close
to the other protein when the simulation starts, but no penalty is
imposed later, if a passive residue moves away from the protein—
protein interface.

We conducted 11 docking calculations using various
combinations of active and passive residues. Their selection
was based on the results of experimental studies of the P450
2B4—cyt bs interactions”*>** and a structural alignment of the
P450 1A2 and P450 2B4 proteins. These two P450s show poor
sequence similarity; however, they have good structural
homology (rmsd = 1.6 A). Several docking setups also
considered one or both heme cofactors to be in the proximity
of the binding interface (Table 1 and Figure S2 of the Supporting
Information).

Heme-centric Internal Coordinate System. The mutual
orientation of heme cofactors of P450 1A2 and cyt bs was
expressed in terms of spherical coordinates and Euler angles; the
VMD/Td script calculating these parameters is provided in the
Supporting Information. Spherical coordinates (r, ¢, ) were
used to describe the spatial position of the Fe atom of cyt b in the
coordinate system centered at the P450 1A2 heme, whereas the
cyt bs heme rotation was specified using Euler angles (a, f3, 7)
(Figure 2). A similar coordinate system has been applied to study
the effect of microwave-excited rotational motion of polar
molecules on their chemical reactivity”®>® and solvation
properties.60

MD and SMD Calculations. Geometries of five binding
modes obtained from protein—protein docking were used as
starting geometries for MD and SMD simulations. Hydrogen
atoms and protonation states of histidine residues correspondlng
to neutral pH were assigned using WHATIF. 1 All water
molecules present in the original PDB files were preserved except
for waters located at the interface of both protems The system
was then solvated using Solvate version 1.0°* and placed in a
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Table 1. Summary of Active and Passive Residues Used as
Restrains for Individual Protein—Protein Docking Runs

human cytochrome P450 1A2  human cytochrome bs

docking passive active passive
setup active residue residue residue residue  source”
1 T146, R281, auto” none all 22
E446, E461 charged
heme auto” heme auto” ab initio
3 R138, K455 heme D65, V66 heme 3
R138, K455, auto D65, V66,  auto” 3
heme heme
5 R138, F147, heme D65, V66  heme 3,23
K455
6 R138, F147, auto D65, V66,  auto” 3,23
K455, heme heme
7 R138, F147, heme D65, V66 all 3,23
K4SS charged
8 R138, F147, auto” heme all 23
K455, heme charged
9 R138, K455 heme heme all 23
charged
10 heme R138, heme all 23
K455 charged
11 R138, K455, auto” none all 23
heme charged

“All surface residues lying w1th1n a 6.5 A radius of each active residue
were selected automatically. “Active residues were chosen to be
analogous to those identified by experimental studies of P450 2B4. “ab
initio” means no experimental data were used during docking.

2 A 7

HEME-B5

v

HEME-1A2

Figure 2. Schematic outline of geometric parameters describing the
mutual orientation of two heme molecules. The porphyrin cycle of the
heme molecule of P450 1A2 (HEME-1A2) is represented as a purple
circle. This cycle is oriented in a way that the Fe®* ion is placed in the
origin of the coordinate system; a vector connecting Fe and CHA atoms
is oriented along the x-axis and the vector connecting Fe and CHD
atoms along the y-axis. Axes &', y’, 2z’ are chosen to be parallel with x, y, z,
respectively. The spatial position of the Fe atom of the heme molecule of
cytochrome bs (HEME-BS, blue circle) is described using spherical
coordinates (r, ¢, 9). The rotation of this heme is described by Euler
angles a, f3, and y. The N-axis (green) is defined as the intersection of the
x—y plane (black circle) and the plane of HEME-BS. «a is an angle
between the x’-axis and the N-axis. Vector V originates in the HEME-BS
Fe atom and is perpendicular to the heme plane. f is an angle between
vector V and the z’-axis (two porphyrin cycles are parallel if § is 0° or
180° and perpendicular if § is 90° or 270°). y is defined as the angle
between the N-axis and the vector connecting the Fe and CHA atoms; a
change in this angle shows rotation of the heme plane about vector V.

TIP3P water box with >15 A margins using VMD version 1.9.1.9
The overall charge of the solute was neutralized by adding two
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Table 2. Clustering of Results from Protein—Protein Docking of P450 1A2 and Cyt b, (overall scores, contact surfaces, and

electron transfer distances)

parameters describing mutual orientation of heme

molecules
binding mode HADDOCK score buried surface area distance between redox centers ¢ o° a p 4
(Figure 1) (kcal/mol)® (A2)® (rga) (A)° r(A) (deg) (deg) (deg) (deg) (deg)
mode A
3 —152 + 8 1506 + 170 10.7 17.3 9 27 37 97 87
4a —-170 £ 7 1648 + 30 10.4 17.0 3 61 43 89 99
S —-139 + 17 1573 £ 210 10.0 16.5 7 6 34 92 94
6 —172 £ S 1766 + 100 10.6 17.0 1 178 48 920 103
7 —-152 + 4 1578 + 100 10.4 16.8 10 22 47 95 95
8a“ —-166 +9 1650 + 150 9.8 16.3 6 7 5§ 95 90
10 —164 + 15 1563 + 190 10.7 17.2 6 41 39 93 105
mode B
4b° —169 + 9 1687 + 30 10.6 17.1 11 46 97 104 119
9 —152 + 18 1560 + 150 10.9 17.5 16 60 96 101 121
mode C
24 —187 + 10 1716 + 160 9.1 15.6 7 186 49 922 103
11 —169 + 10 1550 +£ 70 9.4 16.3 2 213 43 91 123
mode D
8b” —158 +22 1561 + 120 12.5 19.0 12 319 92 94 62
mode E
14 —188 +2 1946 + 70 10.7 17.4 S 211 S 49 124

“The complex with the shortest electron donor—acceptor distance was used as the cluster representative (Figure 1). “Data represent the means +
standard deviations of the cluster calculated by HADDOCK. “Distance between heme prosthetic groups of P450 1A2 and cyt b;. “For the definition
of individual geometrical parameters, see Figure 2. “The 6 value becomes redundant when angle ¢ approaches 0°.

Cl™ ions; 26 additional K* ions and 26 additional Cl™ ions were
uniformly distributed in the solvent to mimic a 0.1 M KCl
solution. Every protein complex was equilibrated prior to the
production run in six subsequent steps (Table S1 of the
Supporting Information).

Production phase MD calculations were conducted in explicit
solvent under periodic boundary conditions in the NPT
ensemble (310 K, 1 atm). The temperature and pressure were
held constant using Langevin dynamics (friction coefficient 1)
and the Langevin piston method implemented in NAMD version
2.9.5* All MD and SMD simulations were conducted with 2 and 1
fs time steps, respectively. The cutoff for short-range interactions
was 12 A. For electrostatic (ES) interactions, we used the particle
mesh Ewald method®® implemented in NAMD. Bonds involving
hydrogen atoms and TIP3P water were kept rigid using the
SHAKE algorithm.®® All simulations were performed with the
CHARMM?7 force field.”” The simulated system was relatively
large (approximately 100 A X 100 A X 100 A) and contained
~100000 atoms, but we made use of advances in implementation
of a GPU accelerated code®® in NAMD version 2.9, resulting in
substantial acceleration (5—10 times).

To evaluate the stability of an individual binding mode,
backbone atoms of P450 1A2 were aligned with their initial
positions in a docking complex. For each complex that was
aligned in this way, the rmsd of the cyt b5 backbone from its initial
geometry was examined along the MD trajectory. The formation
of hydrogen bonds was monitored using VMD (hydrogen bond
plug-in) with a 3 A cutoff distance and a 20° cutoff angle. We also
monitored the electron donor—acceptor distance (ry,) as the
shortest distance between the two redox centers (ie., heme
porphyrins). Because the two hemes adopt a nearly T-shaped
geometry in all studied complexes (Figure 1), this distance was
approximated as the Fe—Fe distance minus the sum of the
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porphyrin disk radius (4.2 A) and the Fe—S bond distance (2.32
A).

The inputs for SMD calculations were prepared akin to MD
inputs, except that, an implicit solvent and the constant velocity
protocol® were applied to enforce pulling of cyt bs from P450
1A2. The force constant (100 kcal mol™ A72)7° was applied to
the cyt b center of mass. The cyt b center was pulled away from
P450 1A2 at a speed of 20 A/ns. The results of SMD calculations
were shown to be insensitive to the pulling direction;”" thus, the
cyt bs was pulled in a direction perpendicular from P450 1A2
(dashed arrow in Figure S), resulting in the shortest dissociation
path. C, atoms of P450 1A2 were fixed during the SMD
simulations at their starting coordinates to prevent the overall
translation of the system. The Cartesian coordinates of C, atoms
of cyt bs were constrained inside the plane that was perpendicular
to the pulling direction by weak force constant of 0.05 kcal mol ™
A% to prevent cyt bs from rolling on the surface of P450. The
dissociation free energy was assumed to be proportional to the
difference between the average work for the last 3 A of the
dissociation path and the minimal value of the calculated work,
which usually occurred within first 1 A of the pulling process. The
dissociation of each complex was conducted in three parallel
simulations with different seed numbers. The average external
work necessary for translation of the cyt bs center of mass in a
system lacking P450 1A2 was subtracted to compensate for
effects not related to interaction between cyt b5 and P450 1A2
proteins.

To visualize ES properties of studied proteins, we used the
Adaptive Poisson—Boltzmann Solver (APBS)”> plug-in of
PyMOL.” Atom radii and charges were consistent with the
CHARMM?27 force field used here. An effect of the solvent on
the resulting ES field was mimicked using a monovalent ion
concentration of 0.15 M and variable dielectric constants of 2.0
and 78.0 for the protein and solvent, respectively. The ES

dx.doi.org/10.1021/bi500814t | Biochemistry 2014, 53, 6695—6705
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potentials of individual studied proteins were displayed as
positive/negative isosurface with the isovalue set to +2 kzT/e for
the positive potential and —2 kpT/e for the negative one.

B RESULTS

Clustering of the Docked Complexes. A flexible protein—
protein docking method was employed to obtain a set of
plausible orientations of water-soluble domains of both
cytochromes. The flexible treatment of both proteins during
the docking procedure allowed induction of limited structural
changes of a protein imposed by the presence of its interacting
partner. We docked cyt b to P450 1A2 using 11 different input
parameter sets, including (i) amino acid residues analogous to
those found to be important for interactions of P450 with cyt b
(mutational studies) or (ii) residues of related proteins labeled by
cross-linking reagents (Table 1 and references cited therein).

From 3300 structures evaluated during 11 docking runs, we
obtained 13 clusters of protein complexes that were charac-
terized by the best docking score, a large buried surface area, and
a small distance between heme cofactors. Despite the differences
in input parameters, most docking runs predicted structurally
related complexes. These similar binary complexes were
identified and regrouped, using heme-centric coordinates
(Table 2) and the rmsd matrix (Table S2 of the Supporting
Information), into five superclusters representing structurally
distinctive binding modes A—E (Figure 1). The complex with the
shortest electron donor—acceptor distance was selected as the
cluster representative. The relative orientation of the two
proteins, represented as mutual orientation of their heme
cofactors, is specified in Table 2. A schematic outline of six
geometrical parameters introduced here for mutual orientation
of heme cofactors is shown in Figure 2. We prefer these
coordinates to, e.g., Cartesian coordinates because the spherical
parameter r and the angle /8 can be directly interpreted as the Fe—
Fe distance and the inclination of heme planes, respectively.
Parameters r and ¢ illustrate that the Fe atom of cyt by is in all
binding modes found in the proximity and also that it is
positioned almost directly above the heme of P450 1A2. All
binding modes show similar relative position of their Fe atoms,
but they differ in the relative rotation of cyt bs. This is
demonstrated in the variation of geometrical parameters @, 3, and
7 (Table 2).

Binding mode A was the most populated among our docked
structures, but the HADDOCK score and the contact interface
area favored mode E. Because the binding mode representing the
most stable complex could not be unambiguously identified via
docking calculations, all binding modes were further examined
using MD simulations.

Dynamical Properties of the P450 1A2—Cyt bs
Complexes. The geometry of each binding mode (Figure 1,
modes A—E) was refined using a 10 ns MD simulation at 310 Kin
the explicit water environment. While the potential energy
declined during these simulations (Figure 3A), energies of modes
A and D reached reasonable convergence near 8 ns. However,
only the geometry of mode A was sufficiently stable throughout
the whole simulation, as illustrated by a small root-mean-square
deviation (rmsd) of the cyt bs backbone atoms, fluctuating only
up to 3 A from its initial docked position (Figure 3B). This is
consistent with the normal dynamic motion of the cyt bs protein.

A 14 A electron donor—acceptor distance (ry,) is sufficient to
facilitate efficient electron transfer between the two redox centers
embedded in a protein medium.”* When ry, is defined as the
edge-to-edge distance between redox centers of P450 1A2 and
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Figure 3. Dynamical properties of P450 1A2—cyt bs complexes during
an unconstrained MD simulation. Average relative potential energies
(A), rmsd of cyt by (B), distances between redox centers (C), and
interprotein hydrogen bonding and ion pairing (D) of all five P450
1A2—cyt bs binding modes were plotted vs time. Initial distances
between redox centers are shown as colored circles. For a more detailed
definition of the rmsd and distances, see Methods: black for mode A, red
for mode B, green for mode C, purple for mode D, and blue for mode E.

cyt by (Figure 3C), only binding mode A, in which ry, fluctuates
between 10.4 and 10.7 A, permits facile electron transfer. On the
other hand, modes B—E become dissociated during the course of
the MD simulations, all ending with rg, distances between 13.7
and 1S A.

The contact interface of transient protein—protein complexes,
unlike the permanent protein—protein complexes, is more plastic
and less sensitive to mutations.”” Transient complexes also
contain, on average, more hydrophilic residues in their interfaces
than the permanent complexes.”®”” Therefore, it seems that not
only hydrophobic interactions but also ES complementarity and
hydrogen bonding are contributing to the stabilization of
transient protein—protein complexes. ES interactions, however,
are insuficiently optimized during a typical docking procedure.
All complexes obtained from the docking showed between five
and nine interprotein ES contacts (ion pairs and hydrogen
bonds), but more rigorous treatment of hydrogen bonding across
the entire system should verify their stability.*””® Figure 3D
shows the development of ES contacts between P450 1A2 and
cyt bs during unconstrained MD simulations of all binding modes
evaluated here. Of the interprotein hydrogen bonds of modes A—
E, only those in mode A were substantially improved during its
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MD relaxation as its number of interprotein ES contacts
increased from 7 to 12.

Complex Dissociation. To study the feasibility of the
dissociation of heterodimers in binding modes A—E, we slowly
pulled the two proteins approximately 15 A apart using the SMD
method. The pulling speed of 20 A/ns used here is relatively high
and results in a nonequilibrium dissociation process. Therefore,
the external work done during this simulation significantly
overestimates the dissociation free energy. Although the energy
for the reversible thermodynamic process cloud be obtained
using the Jarzynski equality,” it would require hundreds of
parallel simulations and also a much slower pulling speed to keep
the standard deviation of the work distributions comparable to
ks T.”"*® Thus, to compare stabilities of the individual P450
1A2—cyt bs complexes, we assumed that the work done by
external forces to enforce complex separation is proportional to
the dissociation free energy. SMD calculations nicely show
negative values of work for complexes B—E until intermediate
distances are reached (Figure 4), which match the observed
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Figure 4. Work done by pulling of cyt bs away from P450 1A2 in binding
modes A—E calculated using the SMD protocol in an implicit solvent
environment. The light belt indicates the standard deviation obtained
from three parallel calculations: black for mode A, red for mode B, green
for mode C, purple for mode D, and blue for mode E.

instabilities of these complexes detected during unconstrained
molecular dynamics simulations. The work required to rupture
complexes B—E is small, ranging between 0 and 9 kcal/mol,
whereas complex A is more cohesive, yielding an apparent
dissociation free energy of 26 + 10 kcal/mol.

Interfacial Electrostatic Complementarity. When the
charge states of ionizable protein residues are assigned according
to their solution pK, values, the P450 1A2 and cyt by proteins
carry total charges of +11 and —8, respectively. The negative
charge of unbound cyt by is localized predominantly in the heme
binding domain and partially on propionate groups of heme
(Figure S, top right). In contrast, free P450 1A2 shows the
accumulation of positive charges at the bottom part of the
contact surface (Figure S, top left). The comparison of ES
properties of isolated versus interacting proteins, which were
obtained from the SMD simulation of the best complex (mode
A), revealed significant changes in their ES properties induced
during their association (Figure S). When cyt b forms a complex
with P450 in model A, its negatively charged heme-binding
domain interacts with the positive counterpart on the P450 1A2
surface. Interestingly, the ES complementarity between these
proteins already exists before the formation of the complex (ES
preorganization effect®") and extends upon binding to almost the
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Figure S. Changes in ES properties of P450 1A2 and cyt bs molecules
induced during formation of complex A. Properties of isolated P450 1A2
and cyt bs molecules (top) are compared with those from MD-
optimized complex A (middle). To aid visualization, MD-optimized
complex A was disassembled and rotated to expose the interfacial
contact. The ES potential around contact areas is shown as an overlap of
positive (blue) and negative (red) ES isosurfaces with isovalues set to +2
and —2 kgT/e, respectively. The resulting complex A is also shown
(bottom). The dashed arrow indicates the pulling direction of cyt b that
was used during SMD calculations.

whole contact surface of complex A (Figure S, outlined area).
P450 1A2 shows a dramatic increase in its ES potential in the
contact area during interaction with cyt bs (in Figure S, cf. top left
and middle left). In addition, the ES potential at the contact
surface of cyt by became more negative during formation of the
complex, as the negative part of its ES isosurface is projected
further from the cyt bs surface (in Figure S, cf. top right and
middle right).

Structure of the P450 1A2—Cyt bs Complex. Mutual
orientation of P450 1A2 and cyt bs in the most stable complex
(mode A) was not significantly altered during the MD relaxation.
For example, the heme—heme distance increased by 0.4 A, and
the interfacial buried surface area of the relaxed P450 1A2—cyt by
complex was 1765 A% This value is within the range of buried
surface area predicted by docking (1650 + 150 A%). Nevertheless,
a majority of the interface was partially hydrated by a
discontinuous monomolecular water layer. Major interfacial
contacts in this complex involve nine ion pairs between positively
charged R95, R100, R138, R362, K442, K455, and K465 side
chains of P450 1A2 and negatively charged E42, E43, E49, D65,
D71, and heme propionates of cyt bs. These ion pairs are located
at the top, right, and bottom part of the P450 1A2 contact area
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Figure 6. Details of the contact between P450 1A2 and cyt b in MD-optimized binding mode A. The structures were generated from the MD snapshot
close to the average over the last nanosecond of the unconstrained MD simulation. The important residues are shown as sticks; Fe** ions are rendered as

orange spheres.

(Figure 6). Positively charged residues of P450 1A2 are located in
an area with a highly positive ES potential (Figure S, middle left).
The appearance of the upper part of the positive ES potential
induced in P450 1A2 after interaction with cyt bs could be
associated with rearrangement of residues R362 and K465
(Figure 6), because their basic groups are in the model A shifted
outward by 2.3 and 4.5 A, respectively.

We found no significant interprotein hydrophobic contacts in
the resulting complex. The specific protein—protein contacts
include four hydrogen bonds between residues Q141, P1SS,
K465, and W466 of P450 1A2 and heme propionates, H31, S69,
and T70 of cyt b, respectively (Figure 6). Some of these residues
(R138, K455, D65, and heme) were already considered
important in information-driven protein—protein docking
(Table 1), but most of these contacts were established during
MD simulations.

B DISCUSSION

Several dissimilar complexes of P450 1A2 and cyt bs were
obtained using information-driven flexible protein—protein
docking. We noticed that some experimental information
about interacting residues is essential for identifying the most
stable complex among the initially docked complexes. The
successful experimentally driven constraints included R138,
K455, and both heme residues. In contrast, ab initio docking
failed to produce the most stable complex. The large population
of structures generated using experimentally driven constraints
highlighted the possible significance of binding mode A (Table
2). However, the scoring and contact data obtained from
HADDOCK were inconclusive, showing highest scores for
binding modes C and E (Table 2). The classical protein—protein
docking procedure is frequently successful in predicting
interfaces of proteins showing highly complementary shapes
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that are already present in monomers prior to the formation of a
dimer. However, the medium- and low-affinity complexes are
more common in biological systems.*> Typically, both proteins
have to adapt to each other by backbone movement and
simultaneously by modifying the conformations of their side
chains.®® Nevertheless, even the incompletely adapted protein—
protein binding partners are likely to stay around their binding
sites.** That is, an ES part of the “preorganization” component is
to some extent already present in the nascent binary complex.®!

Therefore, we aimed to identify and further optimize the best
binding mode on a more rigorous basis. Representatives of five
binding modes (Figure 1) were reevaluated using two
independent techniques of molecular mechanics, MD and
SMD. These techniques allowed us to employ more rigorous
approximations of ES interactions and a solvent model, thus
promising significant improvement over docking. Indeed, mode
A (Figure 6), which was the only complex that remained in the
vicinity of the initial docked position, was substantially improved
as five new interprotein ES contacts were formed during
unconstrained MD simulation (Figure 3D). The other binding
modes became dissociated during the course of the MD
simulations; this behavior indicated a low stability of binding
modes B—E. However, there was still the possibility that the
initial large-scale structural fluctuation of complexes B—E might
revert to the original bound complex, or mode A could start to
dissociate on a longer time scale. Therefore, the energetics of the
dissociation process was examined using the SMD approach. The
overall scheme of our comprehensive modeling strategy is shown
in Figure 7.

Results obtained from both MD methods indicate that only
mode A of the P450 1A2—cyt bs complex is stable. Moreover, the
part of the cyt by surface that is participating in the protein—
protein interface in this orientation is consistent with the
structure of the interface of the distantly homologous P450
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Figure 7. Scheme of our comprehensive modeling strategy. Eleven
information-driven flexible docking runs with varying input data
evaluated 3300 possible structures. Thirteen proposed complexes
(Table 2) showing good scores were regrouped into five superclusters
representing structurally distinctive binding modes. Five resulting
unique best binding modes were reevaluated by two independent
techniques, SMD and MD. Both methods identified the same best
binding mode.

3A4—cyt b complex.®® Finally, the average heme—heme distance
of 10.7 A in this mode could support fast electron transfer
between heme cofactors.”* Thus, we believe that this model
could represent a structure that is close to the biologically
relevant P450 1A2—cyt by complex.

Zhao et al. also used a homology model of cyt bs based on the
bovine cyt bg to study the P450 3A4—cyt by complex but
performed manual docking utilizing information from their own
mass spectrometry cross-linking data.** The only major
difference between the structure of the P450 3A4—cyt b;
complex and our mode A is the angle  (Figure 2) that differs
by approximately 60°. Such small deviations are surprising
because the surface residues on P450 3A4 and 1A2 are frequently
different. For example, on the basis of our structural alignment of
various P450 isoforms, R446 that was found to be important in
P450 3A4—cyt bs and P450 3A4—NADPH:P450 oxidoreductase
complexes®” is in human P450 1A2 replaced with V462. This
variability indicates that the resulting surface shape and interfacial
ES properties of both proteins, not individual surface residues,
are important for stabilization of P450—cyt by complexes.

This study investigates the mutual interactions of soluble
domains of P450 1A2 and cyt bs molecules, because three-
dimensional structures of their membrane anchors are yet
unknown. Fortunately, the improvement in theoretical methods
that 8predict structures of membrane-bound cytochromes
P450°*%” facilitates construction and evaluation of membrane-
bound forms of these proteins. The effect of the membrane
environment on protein—protein interactions in the P450 1A2—
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cyt bs complex is now a subject of interest for us. However, we
believe that this effect would not be dramatic and that the mutual
orientation of both proteins will remain similar. According to the
spatial arrangement of P450 1A2 in a membrane bilayer
predicted in the OPM database [Orientations of Proteins in
Membranes (http://opm.phar.umich.edu)], the contact inter-
face of P450 1A2 should be positioned more than 10 A from the
membrane bilayer. In addition to that, the studies comparing the
atomistic simulations of the membrane-bound models of
cytochromes P450 2C9 and 3A4 with the corresponding models
of soluble forms revealed that interaction with a membrane has
only limited effects on the overall structure of P450, mainly on
the substrate access tunnels on the opposite side of the P450
molecule.***

For a convenient comparison of various P450—cyt by
complexes, a set of six geometrical parameters describing the
mutual orientation of two heme molecules was proposed (Figure
2). In addition to a comparison of structures of various P450
complexes, these parameters can facilitate consistent classifica-
tion of the orientation of the two porphyrins in any protein
complexes. We also evaluated the contribution of heme flexibility
to fluctuations of geometric parameters introduced here, but only
a negligible effect (< 4°) was observed (Table S3 of the
Supporting Information). These fluctuations were smaller than
dynamic motion of unconstrained proteins in mode A (see SD in
Table S3 of the Supporting Information). Tcl script that extracts
parameters, which describe the mutual orientation of porphyrin
molecules from coordinate files, is provided in the Supporting
Information (measurehemes.tcl).

In conclusion, we identified a possible structure of the P450
1A2—cyt bs complex. We also proposed that a classical MD and
in particular a SMD method could well complement docking of
weak, transient protein—protein complexes. This is true
especially in cases in which docking results are rather
inconclusive, i.e., when several equally probable binding
orientations are predicted, or when moderate structural
adjustments are necessary to stabilize the resulting complex.
Our results might help to elucidate biological roles of the P450
1A2—cyt by complex and improve our understanding of cyt bs-
mediated modulation of P450.
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© Supporting Information

Sequence alignment of soluble domains of human and bovine cyt
bs used for homology modeling, positions of active and passive
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