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ABSTRACT
The electron transfer steps in the catalytic cycle of cytochrome P450 (CYP) enzymes, ubiquitous proteins with key roles in processes such
as drug metabolism and steroidogenesis, are often rate-limiting. To predict ET rates from atomistic molecular dynamics simulations using
Marcus theory, values of the reaction free energy ΔG0 and the reorganization free energy λ are required from either experiments or compu-
tations. For the reduction of cytochrome P450 17A1 (CYP17A1) by the secondary redox protein cytochrome b5 (CYb5), a critical step in the
regulation of steroidogenesis, experimental measurements of λ are not available. We here describe the computation of λ for this system from a
combination of molecular mechanics/molecular dynamics simulations and quantum mechanics computations. Our results show that a quan-
tum mechanical treatment of the redox-active cofactors is necessary, even though the surrounding protein and solvent, which are modeled
classically, contribute most to the reorganization energy. The values of λ computed for structural ensembles corresponding to two predicted
binding modes of the proteins are 1.23 and 1.16 eV. We find that the λ values computed for the individual soluble globular domains of the
two proteins sum to approximately the λ values computed for the membrane-bound CYP17A1-CYb5 complex, indicating that additivity can
be invoked in a computationally efficient approach to estimating λ values for such protein–protein complexes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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I. INTRODUCTION
A. The cytochrome P450 family of monooxidase
enzymes and reduction of CYP17A1 by CYb5

A quantitative understanding of electron transfer kinetics is
essential for studying cytochrome P450 (CYP) enzymes, as their
catalytic mechanism relies on two electron transfer steps. The
CYP superfamily encompasses heme (iron-porphyrin)-dependent
monooxygenases present in all domains of life that play key roles in
biochemical mechanisms, such as steroid hormone biogenesis and
drug-metabolism.1 Their canonical reactive cycle involves the reduc-
tive activation of molecular oxygen (O2) by the iron-porphyrin
system and subsequent insertion of one oxygen atom into a hydro-
carbon bond (RH)with the second oxygen atom being fully reduced
to water,2

RH +O2 + 2e− + 2H+ → ROH +H2O.

Accordingly, the net reaction requires an external supply of
electrons from biological redox equivalents like NAD(P)H. Since
CYPs (with the exception of CYP fusion proteins) cannot directly
bind to and oxidize such molecules, secondary redox proteins form
protein–protein complexes with CYPs in which the required elec-
trons are transferred.3 As a consequence, the ET rates of these
processes are relatively slow and, therefore, often rate-limiting.2

Mammalian CYPs are membrane-bound and have a trans-
membrane helix domain (TM-helix) anchoring them to the mem-
brane. This N-terminal TM-helix is connected by a short, flexible
linker domain to the catalytic globular domain, which is mostly
alpha-helical and surrounds the heme cofactor.4 Mammalian type
II CYPs are microsomal, smooth endoplasmic reticulum (ER)-
bound enzymes that are particularly important in the metabolism
of xenobiotics. They are reduced by their canonical reductase,
NADPH-cytochrome P450 oxidoreductase (CPR). In addition, the
small heme-protein cytochrome b5 (CYb5) has been shown to be
an interaction partner of some CYPs. Its role is not fully under-
stood and varies between CYP isoforms, ranging from reductive to
allosteric regulatory.5 Both CPR and CYb5 have a similar architec-
ture to that of type II CYPs with one or more mostly helical domains
surrounding their redox-active cofactors and a TM-helix anchor-
ing the proteins to the ER-membrane and a flexible linker domain
connecting the two parts.3,6

The reduction of these CYPs requires the transient formation
of complexes with the membrane-bound redox proteins. There-
fore, ET is a complex biophysical process occurring at the interface
of an aqueous phase and a lipid phase, dependent mostly on the
enthalpically driven association of the soluble, globular domains
of the proteins due to the complementary electrostatic potentials
of the protein surfaces.7–11 Many structural and dynamic proper-
ties of CYP:redox protein complexes remain elusive. No structure
of a membrane-bound CYP:redox protein complex has been solved
experimentally at the time of writing this paper, but computa-
tional modeling (e.g., in Ref. 12) has been successfully applied to
characterize the interactions of CYPs with CPR and other redox
proteins.

Cytochrome P450 17A1 (CYP17A1) is a human type II CYP
that plays a key role in the regulation of steroid hormone biosyn-
thesis. It is of high biochemical and medicinal interest due to its
remarkable ability to catalyze both a canonical hydroxylation as

well as a subsequent non-canonical lyase activity, enabling the pro-
cessing of steroid hormone precursor compounds toward different
downstream products. While CYP17A1 activity requires reduction
by CPR,13 the non-canonical lyase activity requires co-expression of
CYP17A1 with CYb5, providing a biological mechanism for regu-
lating the type of steroid hormones a given tissue produces.3 The
CYP17A1:CYb5 interaction mechanism remains elusive, with some
sources suggesting a purely allosteric14 (i.e., non-reductive) and
some a reductive (e.g., Ref. 15) mechanism.

B. Aim and scope
We present a step toward elucidating the mechanism by which

CYb5 accelerates the lyase activity of CYP17A1 by computing the
reorganization energy λ of binary CYP17A1:CYb5 complexes. λ is
a crucial parameter in the calculation of ET rates according to the
Marcus theory formalism. In our previous work on modeling such
complexes,12 we used ΔG0 and λ values derived from experimental
measurements to compute ET rates. In the current work, we report
the computation of the reorganization energy, λ, for a biphasic
(membrane-bound) protein–protein complex comprised of human
CYP17A1 and CYb5 in a lipid bilayer, while a detailed biochemi-
cal mechanistic investigation of this system will be presented in a
separate study.

λ is computed by modeling the educt state of CYP17A1 as the
five-coordinated, substrate-bound ferric Fe(III) state and the prod-
uct state as the ferrous Fe(II) equivalent, i.e., as a five-coordinated,
substrate bound ferrous Fe(II) state, similar to a previous study on
CYP BM3.16 Since λ describes the likelihood of sampling the Marcus
transition state considering solely the educt and product free energy
diabatic surfaces, which are largely determined by the protein and
solvent, the computed λ values are applicable even if there are subse-
quent coupled changes in the heme coordination and surroundings
during the catalytic cycle or if electron transfer from CYb5 occurs at
another stage of the catalytic cycle.

Furthermore, we aim to elucidate whether a computationally
efficient “additive” approach employing computations on the indi-
vidual proteins only is viable or if the computation of λ has to be per-
formed on the modeled protein–protein complex in a physiological
environment to yield accurate results.

II. THEORY
A. Electron transfer processes in biochemical systems

Long-range ET plays a critical role in a variety of biological
processes, such as the respiratory chain, photosynthesis, and drug-
metabolism (see, e.g., Ref. 17 for a number of biological examples).
Electrons are transferred between redox-active cofactors (often tran-
sition metal complexes) over distances18 of 4–24 Å. ET is commonly
described according to the semi-classical Marcus theory model.19,20

Here, the free-energy surfaces of the reactant and product states are
modeled harmonically as two diabatic states along a reaction coor-
dinate [“ET reaction coordinate” in Fig. 1(a)]. It has been found
that the potential energy difference between the two redox states,
termed the ET energy ΔE, representing the collective orientation
and redox-state stabilization of the environment, serves as a good
reaction coordinate for the description of ET reactions in explicitly
solvated systems21,22 (see Fig. 1).
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FIG. 1. Models for computing reorganization energies λ for ET reactions. (a) Free energy curves for an ET reaction according to Marcus theory (red: educt/oxidized
curve, blue: product/reduced curve). The diabatic product- and educt free energy curves are modeled harmonically along the electron transfer reaction coordinate. Elec-
tronic tunneling is characterized by the electronic coupling matrix element HAD, which lowers the activation energy (displayed as purple splines).Note that the figure
is not drawn to scale; HDA approaches 0 in the non-adiabatic ET-processes investigated here which are more closely represented by the diabatic surfaces (solid
lines). (b) Schematic of the “QM+MM” scheme of Blumberger25 (with a modification for the computation of ΔEos, see Sec. III A). The problem is split into an MM-
based computation of λos and a DFT-based computation of λis, where the total reorganization energy λ is the sum of λos and λis. λis of a cofactor is computed
from its ground-state geometries in the oxidized and reduced states as the average of the energy gaps at both geometry-minima (see the supplementary material,
Fig. S5). For λos, two structural ensembles, one according to an educt (ox) and one to a product (red) charge distribution, are generated by MD simulation. Then, the
classical ET energies ΔEos+is are evaluated for the two trajectories by subtracting the force-field energy according to the “ox” parameterization for a given set of coordinates
from the force field energy according to the “red” parameterization for the same coordinates. This yields two distributions of ΔEos+is in the two ensembles. We subtract the
classical ET energy of the inner sphere computed in the same way for the isolated cofactors from ΔEos+is to yield the classical ET energy of the outer sphere: ΔEos. λos

is then computed as half the difference between the expectation values of ΔEos in the product and educt ensembles and scaled by εhf , which implicitly accounts for the
electronic polarizability of the system.

According to the Marcus theory model, two experimentally
observable free energies, the reaction free energy, ΔG0, and the reor-
ganization (free) energy λ, suffice for an analytical description of
the free-energy surfaces and all derived properties (here, we use
ΔG rather than ΔA, as in some of the ET literature, as we per-
formed simulations in the NP(A)T ensemble). ΔG0 describes the free
energy difference between the well-bottoms of the two surfaces while
the λ values are the vertical energy gaps at the two minima: λeduct
and λproduct (see Fig. 1 for a depiction of λ). In the linear response
approximation, λeduct and λproduct are equivalent, yielding a total
reorganization energy λ, which defines the curvature of the diabatic
free energy surfaces17 with a harmonic force-constant k = 1/(2λ).

As such, the reaction rate kET can be derived from an ana-
lytic expression modeling the free energy difference between the
transition state [as the intersection point between the two parabo-
las from ΔG0 and λ; see Eq. (1)] and the reactant well minimum
where the pre-factor is expressed as a function of the electronic cou-
pling matrix element HAD based on Fermi’s golden rule (assuming
classical motion of the nuclei),19,23,24

kET =
4π2
∣HAD∣

2

h
√

4πλkBT
exp[−

(ΔG0
+ λ)2

4λkBT
], (1)

where h is Planck’s constant, kB is Boltzmann’s constant, and T is
the temperature. The diabatic free energy surfaces and all variables
in the above-mentioned equation are depicted in Fig. 1(a).

B. An approach to compute Marcus theory
parameters for protein systems from combined
quantum mechanics and molecular mechanics
simulations

To compute the ET rate in a given system according to Mar-
cus theory, all system-specific parameters, HAD, λ, and ΔG0 are
required to be known. ΔG0 can be calculated from electrochemically
determined redox-potentials. While also a measurable property,
accurate estimates of λ are much harder to determine experimen-
tally. The matrix element HAD requires knowledge of the (electronic)
structure of the system, is almost impossible to derive with high
accuracy for biological systems, and is commonly approximated (see
Ref. 17 for an overview of different methods to approximate
electronic coupling).

For sufficiently small organic and inorganic molecules, all
system-specific ET parameters can be computed from individual
(if necessary, Boltzmann-weighted) geometries in quantum chem-
ical computations in the micro-canonical ensemble. However, this
approach is not feasible for macromolecules such as proteins in
aqueous solution, which adopt a wide ensemble of varied con-
figurations along hundreds to thousands of degrees of freedom.
Such systems usually require expensive numerical simulations (e.g.,
molecular dynamics using molecular mechanics potentials), which
often have to be biased to sample processes of interest, and sophisti-
cated analysis protocols are needed to yield meaningful free energies
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from such simulations. This is particularly challenging for quantum
processes like ET in such systems.

For HAD, empirical schemes to estimate this quantity from
structural ensembles of proteins exist, such as the “Dutton”26

and “Pathways”27,28 models. These compute HAD as a function
of distance between redox-cofactors and, in the latter case, an
approximation of the electronic and nucleic structures between
them.

To compute λ and ΔG0 for protein systems, Blumberger pro-
posed a protocol based on decomposing λ (and ΔG0, which will not
be considered in this paper) into inner sphere: is and outer sphere: os
contributions,25,29

λ = λis + λos. (2)

λis accounts for quantum effects on the redox-cofactors them-
selves and is computed for a region sufficiently small for quantum
chemical computations. λos is instead computed from more efficient
classical force field potentials (MM). The system is sampled either
in coupled QM/MM or decoupled “QM+MM” calculations, where
λos is computed from a structural ensemble while the significantly
smaller and less structure-dependent λis is evaluated from single-
point QM computations [schematically displayed by the separate
levels “MM” vs “DFT” in Fig. 1(b)]. As the “QM+MM” approach
has been demonstrated to yield acceptably accurate results at a
lower computational cost than QM/MM,25 it is followed in this
work.

The protocol for evaluating λos is based on evaluating the classi-
cal potential ET/vertical gap energy ΔEos, which is computed as the
difference in force-field energy of a conformation RN in the educt
and product potentials Eox and Ered.30 The terms “oxidized” and
“reduced” are used in the entire paper to distinguish between the
educt and product states following the redox-state of the acceptor
protein. Here, we subtract the difference in force field energies of the
inner sphere atoms Eis (yielding the ET-energy ΔEis) with the coordi-
nate subset Ris ∈ RN from the total difference in force field energies
Eis+os to yield ΔEos,

ΔEos
(RN
) = Eos+is

red (R
N
) − Eos+is

ox (R
N
) − (Eis

red(Ris) − Eis
ox(Ris)). (3)

The “MM” panel in Fig. 1(b) provides a visual depiction of
the computation of ΔEos for a single conformation by taking the
differences in force field energies for both redox states and sub-
tracting the force-field energies of the inner sphere atoms. Two
distributions of ΔEos are computed from MD-based sampling of
both potentials in two separate trajectories (named “oxidized” and
“reduced” trajectories to indicate which force-field energies were
used to compute forces). ΔEos is evaluated over both trajectories, giv-
ing two expectation values, ⟨ΔEos

⟩ox and ⟨ΔEos
⟩red. Assuming linear

response, λos can be computed from these distributions assuming
they are Gaussian and applying a theoretically justified scaling-factor
εhigh f requency: ′h f ′ = (1.6)−1 that implicitly accounts for electronic
polarizability (as the inverse of the optical dielectric constants of the
medium after some empirical correction),17

λos =
⟨ΔEos

⟩ox − ⟨ΔEos
⟩red

2
∗ εh f . (4)

λis is computed from a simplified “four-point” model (schemat-
ically depicted in the supplementary material, Fig. S5) computing the

ionization energies at the two respective minimum geometries Rred
and Rox, assuming additivity of the two redox cofactors’ individual
reorganization free energies λDonor and λAcceptor25

λis = λDonor
+ λAcceptor , (5)

λDonor
= 1/2((EDonor

red (Rox) − EDonor
red (Rred))

+ (EDonor
ox (Rred) − EDonor

ox (Rox))

= mean(Eis
ox(Rred) − Eis

ox(Rox), Eis
red(Rox) − Eis

red(Rred)), (6)

and similarly for λAcceptor .
This procedure is displayed in the “DFT” panel of Fig. 1(b),

where λis is computed as the mean of λox and λred from single-point
energies on the ground state geometries. We also computed the pure
classical reorganization energy λMM , for which both the inner and
outer spheres are described on a force field level, yielding the total
ET energies ΔEos+is (analogous to the first line of Eq. (3) but without
subtracting ΔEis). From it, λMM is computed similarly to λos,

λMM =
⟨ΔEos+is

⟩ox − ⟨ΔEos+is
⟩red

2
∗ εh f . (7)

III. MATERIAL AND METHODS
This section gives an overview of the simulation and param-

eterization protocols. Additional details on the computation and
simulation parameters are given in the supplementary material.

A. Protein structures
The initial structures of binary complexes of substrate

(Progesterone/PROG)-bound human CYP17A1 (based on chain C
of PDB-ID: 3RUK31) and type A CYb5 (based on the first model in
PDB-ID: 2I9632) in two separate binding modes (named CL1 and
CL2 (for clusters 1 and 2); see Fig. 2) in a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) phospholipid bilayer were taken
from converged simulations (JT, GM, SBH & RCW, unpublished
data) in which they were generated following the approach of
Mukherjee et al.12 Briefly, two representative encounter complexes
of the globular domains were obtained by clustering the rigid-body
Brownian dynamics simulation results with SDA 7.333–35 of their dif-
fusional association. These complexes were then superimposed on a
model of membrane-bound CYP17A1 in complex with progesterone
in a POPC lipid bilayer previously obtained by MD simulation,36 and
the transmembrane helices and flexible linker domains were mod-
eled in. The complexes were then simulated in unbiased MD sim-
ulations with the CYP cofactor in the low spin, water-coordinated
ferric state37 (substrate present but prior to expulsion of the hexag-
onal water-ligand) and CYb5 in the ferrous state. Subsequently, the
final frames of two MD simulations of CL1 and CL2 [simulation-
times: 1.63 μs (CL1), 0.77 μs (CL2)] were extracted and re-solvated
to be used in this study.

The protonation states were assigned separately for the two sys-
tems, resulting in differing net charges of −8 e (CL1) and −9 e (CL2)
due to altered degrees of embedding within the POPC lipid bilayer,
indicating that further investigation may benefit from constant pH
MD simulations.
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FIG. 2. Two models of binary complexes of CYP17A1 (light blue) and CYb5 (red) in
a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer with two
different binding modes that differ slightly in the solvent-exposure of the interface
region were used for calculations of reorganization energy (A: CL1, B: CL2) (see
text for details). Proteins are displayed in cartoon representation. The electron
donor (red carbons) and acceptor (blue carbons) heme-cofactors are displayed
as van der Waals spheres. The heme-cofactor in CYb5 donating the electron is
labeled “D” (donor), and the heme-cofactor in CYP17A1 is labeled “A” (acceptor).
The membrane phosphorus atoms are shown as orange van der Waals spheres.
The bound progesterone substrate is displayed in stick representation with gray
carbons.

For simulations of the soluble globular domains in aqueous
solution, the initial structure of the globular domain of human
CYb5 was based on model 1 of an NMR-structure (PDB-ID: 2I96),32

while the initial structure of the PROG-bound globular domain of
CYP17A1 was based on the CL1 input pose. The disordered residues
21 (first resolved residue) to 29 and 111–128 of CYb5 were trun-
cated. For CYP17A1, the membrane-bound residues 1–35, as well as
the membrane and CYb5, were removed from the CL1 input struc-
ture to yield a soluble, substrate bound structure of the globular
domain of CYP17A1.

B. Quantum mechanical computations
DFT calculations for inner-sphere energetics were performed

with the ORCA v.5.03 package38 while RESP charge calculations
(and associated geometry optimizations) were performed with the
Gaussian09 package.39 Input geometries were extracted from the
respective protein structures.

C. Molecular dynamics simulations
MD simulations were performed using the AMBER14SB force

field40 for the protein and solvent, GAFF41 for cofactors and ligands
for consistency with the heme-parameters of Shahrokh et al.,42 and
the Lipid14 force-field43 for the membranes.

Energy minimizations were performed with AMBER20,44 and
the systems were equilibrated on CPUs using NAMD 2.14.45 Subse-
quently, production-run simulations were performed on combined
CPU- and GPU nodes with GROMACS 2020.5 (modified RAMD

FIG. 3. Iron-porphyrin centers studied at the quantum mechanics level. (a)
High-spin methylthiolate-heme B from CYP17A1 “MeSHeme” and (b) low-spin bi-
5-methylimidazole-heme B from CYb5 “MeIm2Heme.” Color scheme: carbon: gray,
nitrogen: blue, hydrogen: white, oxygen: red, sulfur: yellow, and iron: pale pink.

2.0 release https://github.com/HITS-MCM/gromacs-ramd) for the
simulations of the globular domains in aqueous solution or the
developer-checked GROMACS 2020.3 release46 for the simulation
of the membrane-bound protein–protein complexes.

D. Data analysis
Trajectories were inspected visually with VMD 1.9.3.47 Radial

distribution functions were computed with the “Radial pair
distribution” function in VMD 1.9.3,47 while root-mean square
deviations (RMSDs), potential energies, and solvent-accessible sur-
face areas (SASAs) were computed with GROMACS.46 Subsequent
computations were performed with Python (see the supplementary
material, Table S4, for a list of all libraries utilized in this study).

E. DFT calculations for inner sphere energetics
The cofactors in CYb5 and CYP17A1 were modeled as

a low-spin hexagonal bi-5-methylimidazole-heme B complex
(MeImi2Heme) and a high-spin 5-coordinated methylthiolate-heme
B complex (MeSHeme) (see Fig. 3). Ground-state geometries were
derived at the restricted/unrestricted DFT/B3LYP level of theory
using (Zeroth Order Regular Approximation (ZORA)-adapted) rel-
ativistic Ahlrich’s polarized valence triple zeta basis sets excluding
f-polarization from main-group elements. Relativistic effects were
incorporated by the scalar relativistic ZORA Hamiltonian.48 SCF
convergence criteria were set to the TightSCF keyword, and aque-
ous solvation was accounted for implicitly with the conductor-like
polarizable continuum (CPCM) model.49 Upon convergence of the
geometry optimizations, Hessians were computed analytically or
numerically, depending on the system size, to identify saddle-point
geometries.

Single-point calculations to compute inner sphere reorganiza-
tion energies were performed in the gas phase using the B3LYP
functional using ZORA-def2-TZVP basis sets (including f-type
polarization functions) and tight convergence settings. All keyword-
lines, relaxed geometries, DFT energies, and spin-contamination
values are given in the supplementary material, Table S1. The
energies were also evaluated using different exchange-correlation
functionals. Blumberger originally proposed the BP and PBE func-
tionals in addition to B3LYP.25 When testing the other functionals
and the range-separated ωB97 functional, we found that all results
from these calculations either yielded too low, occasionally nega-
tive, values for λis or suffered from high spin-contamination (see the
supplementary material, Table S1).
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F. Force-field parameterization of the redox-active
cofactors

MM-parameters describing the two different heme-complexes
in CYb5 and CYP17A1 were derived independently for this study. In
CYb5, the bi-5-methylimidazole heme complex (coordinated by two
axial 5-methylimidazole ligands) remains in a low spin state in both
redox states, with minimal structural changes upon oxidation. This
allowed us to use an atom-type-based force-field parameterization,
ensuring identical bonded parameters for both redox states.

1. MeSHeme in CYP17A1
The cysteine-heme “residue” in CYP17A1 in its ferric,

penta-coordinated redox state was described by parameters from
Shahrokh et al.42

Due to the very small contribution of the inner-sphere
region, a simplified approach to the parameterization of the penta-
coordinated ferrous cysteine-heme residue was chosen. For this
purpose, force-field parameters for the hexa-coordinated ferrous,
dioxygen-bound redox-state derived by Shahrokh et al.42 were mod-
ified manually, removing the oxygen atoms and redistributing their
total partial charge equally over all atoms of the cofactor.

2. bi-5-methylimidazole-heme B in CYb5
The low spin bihistidine-coordinated heme in CYb5 was

parameterized in this work by deriving restrained electrostatic
potential (RESP) charges.

Bonded parameters for the heme and coordinating histidine
moieties were assigned from the AMBER1850 parameter files for his-
tidine and mono-histidine coordinated heme. RESP charges were
derived at the HF/6-31G∗ level using a LANL2DZ effective core
potential for the iron atom (the UHF computation for the ferric
state required an initial guess from a preceding B3LYP computa-
tion). The input geometry had been derived at the B3LYP level with
6-31+G∗ basis sets for oxygen and nitrogen atoms with constraints
on the heme-histidine angle and propionate-histidine distances to
avoid intramolecular hydrogen bond formation. Breaking chemical
bonds due to the removal of atoms used on the QM-level resulted
in residual charges of 0.064 e (ferrous) and 0.3 e (ferric), which were
assigned to the heme iron due to its buried location.

All input-lines and force-field parameters for CYb5 are given in
the supplementary material.

G. Molecular dynamics simulations of the globular
domains of CYb5 and CYP17A1 in aqueous solution

The individual soluble, globular domains of CYP17A1 and
CYb5 were immersed in rectangular boxes of TIP3P water molecules
and Na+ and Cl-ions at an ionic strength of 150 mM. The two redox
states were modeled, and as these differ in the total charge, an addi-
tional counter-ion was removed/added to neutralize each system
and avoid simulation artifacts.51

Protonation states of both proteins were assigned with
PROPKA52,53 (using pdb2pqr 1.9) at pH 7.2.

After energy minimization with AMBER20 (parameters given
in the supplementary material, Table S3), the systems were equi-
librated in four consecutive steps with NAMD 2.14 in the NPT
ensemble using gradually decreasing positional restraints on all
heavy atoms of the protein. See the supplementary material, Table

S3, for a tabulated description of the energy minimization and
equilibration process.

After another unrestrained equilibration in GROMACS in
the NPT ensemble, the systems underwent production run sim-
ulations of 2 μs each in the NPT ensemble in GROMACS. A
Nosé–Hoover thermostat was used (time constant: 1 ps, reference
temperature: 310 K), and pressure was controlled with an isotropic
Parrinello–Rahman barostat (time constant: 5 ps, reference pressure:
1 bar, compressibility: 4.5 × 10−5 bar−1).The Particle Mesh Ewald
method was used to model long-range electrostatics at a Fourier-
spacing of 0.12 nm. Bonds to hydrogen atoms were constrained
using the LINCS algorithm.

Energies were written every 4 ps for the computation of the
classical reorganization energy.

H. Molecular dynamics simulations
of membrane-bound CYP17A1:CYb5 complexes

After initial modeling and extended MD-simulation within the
resting state (see Sec. III A), the membrane bound CL1 and CL2
assemblies were set up for shorter MD simulations in both reaction
states for the reorganization energy computations. For this, the sys-
tems were re-solvated using GROMACS. For CL1, the membrane
had become too thin in the Y-dimension, which necessitated the
generation of new lipids using the “generate symmetry neighbors”
function in PyMOL 2.3.54 To allow the extended membrane to prop-
erly equilibrate, an equilibration in NAMD with constraints (“fixed
atoms”) on all non-solvent, non-lipid atoms was run using otherwise
identical parameters to those described in Sec. III G. The final frame
of this equilibration was extracted and subjected to production
simulations.

The simulation protocol for the binary complexes in the mem-
brane was identical to that for the globular domains in aqueous
solution with the following exceptions.

The equilibrations in NAMD were performed in the NPAT
(including constant area in x,y) ensemble. All barostats in GRO-
MACS were set to semi-isotropic, and a third temperature-coupling
group consisting of the membrane was introduced.

The CL1 systems were each simulated for roughly 320 ns, while
the CL2 systems were simulated for 200 ns each.

I. Computation of classical reorganization energies
Classical reorganization energies for all four simulated

systems—soluble CYb5, soluble CYP17A1, membrane-bound CL1,
and membrane-bound CL2—were computed identically as follows.
A visual depiction of the generalized workflow to compute classical
reorganization energies is depicted in the supplementary material,
Fig. S6.

Force field potential energies (of all atoms, including mem-
brane and solvent) for all analyzed frames of the trajectories were
computed with the gmx energy program after reevaluating all
trajectories with gmx mdrun -rerun to yield accurate force-field
readouts not subject to LINCS. To compute ΔEos+is according to
Eq. (3) (excluding the subtraction of ΔEis), the potential energy of the
analyzed coordinates according to the charge distribution in which
it has not been simulated is required. This was achieved by gener-
ating new topologies based on the respective MM-parameters, and
the gmx mdrun -rerun feature was used to reevaluate the potential
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energy according to this set of force field parameters. The classical
reorganization energy of the entire system λMM was then computed
according to Eq. (7).

ΔEos was computed by generating trajectory files of the heme-
cofactor and respective ligand(s) only with gmx trjconv. Subse-
quently, gmx convert-tpr was utilized to modify the original.tpr
files to include only the cofactors, and the trajectories were resam-
pled in both redox states for the atomic coordinates of the cofactors
only. From this, the inner sphere, MM-based ET energies ΔEis

MM ,
were computed and subtracted from ΔEos+is to yield ΔEos. From this,
λos was computed according to Eq. (4).

Blumberger computed λos similarly but subtracted the differ-
ences between the vertical ionization energies of the two cofactors,
not the inner sphere ET energy.25 Our approach additionally incor-
porates long-range interactions between the cofactors into the inner
sphere term.

Our “QM+MM” approach requires the breaking of C–C bonds
in the amino acid ligands coordinating the cofactors, necessitating
the introduction of an additional hydrogen atom in the isolated QM-
calculations. The magnitude of any associated error is expected to be
small due to the computation of relative energetic quantities and the
lack of explicit coupling between the QM- and MM-computations.

The reorganization energy of CYb5 was decomposed into the
individual contributions λdecomp

MM by generating trajectory-files of the
respective sub-systems (e.g., only the protein atoms) including the
redox-active heme for the computation of individual ΔEs and sub-
sequent subtraction of ΔEis, yielding a decomposed reorganization
energy λdecomp

MM .
Uncertainties were estimated as the standard error of the mean:

SEM(λ) from the SEMs of the ΔE distributions:55 SEM(ΔEos/os+is
ox/red )

= SD (ΔEos/os+is
)/

√

n (with n being the number of data points and
SD being the standard deviation) in Eqs. (4) and (7) according to the
propagation of error,

SEM(λ) = εhf ∗ 1/2
√

SEM(ΔEox)
2
+ SEM(ΔEred)

2. (8)

J. Trajectory analyses
Cα RMSDs from the initial structure (after equilibration and

prior to production) were computed with the gmx rms function for
the globular domains only.

Residue-wise solvent-accessible surface areas (SASA) were
computed with gmx sasa,56 selecting all non-solvent molecules
(excluding lipids) as the solute. The -or flag was used to print
residue-wise SASAs, and the final 100 ns of each simulation were
analyzed.

IV. RESULTS AND DISCUSSION
A. The reorganization energy of the soluble globular
domain of CYb5 is influenced by interactions
between the redox active heme and mobile cations,
analogously to the interaction of CYb5 with positively
charged acceptor protein surfaces

Two independent simulations of the globular domain of CYb5
in aqueous solution with the oxidized and reduced heme cofactor
were each run for 2 μs. No significant rearrangement of the protein

occurred, as indicated by the Cα RMSD from the initial structure
remaining around 2 Å (see the supplementary material, Fig. S3).

Subsequently, the MM-ET energies ΔEos+is along the trajecto-
ries were evaluated, yielding the two distributions depicted in Fig. 4.
From this, a purely MM-based estimation of λMM was computed (see
Table I). The resulting value of 0.5398 eV is slightly higher than the
experimentally determined value of 0.44 eV obtained from direct
voltammetric measurements on 1-mercapto-1-undecanol-modified
Au-electrodes at 0 ○C by Blankman et al.,57 but much closer than
Dixit et al.’s computational estimate of 0.953 eV for type B CYb5,58

who argued that limited flexibility of the protein on the surface of the

FIG. 4. Computation of the force field reorganization energy λMM of CYb5. (a)
Classical/force field vertical energy gap/ET energy (ΔEos+is) for the oxidized (red)
and reduced (blue) trajectories. (b) Sodium-heme radial pair distribution function
for the oxidized and reduced ensembles of the CYb5A globular domain, defined
as the pairwise distance between sodium cations and any non-hydrogen atom
in the redox active heme. The position of the first peak at roughly 2.5 Å corre-
sponds to ion-coordination by the two negatively charged propionate moieties of
the heme group. The higher positive charge in the oxidized state increases electro-
static repulsion, weakening the interaction between the propionates on the heme
and the cations.
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TABLE I. Computed reorganization energies of all studied systems. λMM refers to values obtained by treating the entire sys-
tem classically. λos refers to classical values after subtracting the electron transfer energy of the inner sphere atoms. λos + λis
refers to λos summed up with the quantum mechanically computed λis. The systems “CYb5+CYP17A1” and “CYb5+CYB5”
are estimates assuming additivity of the individual proteins’ soluble domains’ reorganization energies.

System λMM± SEM(λMM) (eV) λos ± SEM(λos) (eV) λos+ λis(eV)

CYb5 0.5389 ± 0.0001 0.5081 ± 0.0003 0.5714
CYP17A1 2.1711 ± 0.0002 0.6028 ± 0.0011 0.7349
CYP17A1:CYb5 CL1 2.5439 ± 0.0006 1.0371 ± 0.0029 1.2325
CYP17A1:CYb5 CL2 1.9300 ± 0.0010 0.9605 ± 0.0017 1.1559
CYb5+CYP17A1 2.7100 1.1109 1.3063
CYb5+CYb5 1.0778 1.0162 1.1428

electrode could explain the higher value of λ from simulations. It is
noteworthy that, while the computational protocols used are similar,
our simulations differed in being performed at a higher tempera-
ture of 310 K, an ionic strength of 0.15M NaCl, and with a varying
number of counter-ions.

The corresponding, more accurate value of λ = λos + λis
(including the DFT-computations outlined in Sec. IV C) yielded a
very similar yet slightly higher value of 0.5714, indicating that the
improved accuracy provided by the “QM+MM” protocol makes lit-
tle difference for CYb5. We conclude that it is possible to compute a
sufficiently accurate estimate of λ for a single protein from its two
redox states by accounting for its change in partial charge distri-
bution on the cofactor and accompanying this by removal/addition
of a positively charged counter-ion. The error introduced by vio-
lating the ensemble by varying N is apparently small in contrast
to the expected artifacts in MD simulations at non-zero net-charge
using PME, which have been found to lead to incorrect counter-
ion distributions.51 Due to the high contribution of the solvent to
the computed estimates of λ59 and the role of counter-ions high-
lighted in the next paragraph, we decided that MD simulation at
neutral charge yet different numbers of particles is preferable for the
μs sampling performed.

To investigate the molecular determinants of ⟨ΔEos+is
⟩ in this

system, we computed the pairwise radial distribution function g(r)
of any heavy atom in the heme cofactor with respect to any Na+

ion for both systems. As depicted in Fig. 4, the value of g(r) is
much lower at the close-distance peaks in the oxidized ensemble,
particularly around the peak at roughly 2 Å representing direct coor-
dination by the heme-propionate moieties. As the total number of
ions was reduced by 1, a small difference is to be expected, but the
effect is much larger. It can be explained by the increased net-charge
of the solvent-exposed heme-cofactor in the oxidized system, which
leads to stronger electrostatic repulsion of the counterions.

To substantiate this observation, the MM-reorganization
energy of CYb5 was decomposed into the individual contributions
of all groups of atoms in the system (see Table II). The contribution
of sodium cations to the total reorganization energy exceeds that of
the protein but is smaller than that of the water molecules, indicat-
ing that CYb5’s reorganization energy is primarily influenced by the
solvent (water and ions together contributing 70.5% of λMM). Equiv-
alent RDF-plots for Cl− ions showed no noticeable differences (see
the supplementary material, Fig. S4).60

TABLE II. Decomposition of the classical reorganization energy of the globular
domain of CYb5: λCYb5

MM into individual contributions λdecomp
MM .

λdecomp
MM

Contributor ± SEM (λdecomp
MM ) (eV) λdecomp

MM /λCYb5
MM (%)

Protein 0.1282 ± 0.0003 23.8
Water 0.2034 ± 0.0005 37.7
Cl− 0.0109 ± 0.0002 2.0
Na+ 0.1655 ± 0.0005 30.7
MeImi2 heme 0.0308 ± 0.0002 5.7

The interaction between CYb5 and CYP17A1 is driven by
electrostatic interactions between the negatively charged surface of
CYb5 (including the heme-propionates) and cationic residues on
CYP17A1. The interaction of mobile cations with the heme is thus
analogous to the ionic interactions in the protein–protein com-
plexes. These heme-cation interactions have a remarkable impact on
the reorganization energy, contributing almost a third.

B. Differing bonded parameters for the two
redox-states of CYP17A1 in the MM-only treatment
result in overestimated λ values

For the CYP17A1 globular domain in aqueous solution, the dis-
tributions of ΔEos+is differ significantly in their variance, indicating
that linear response is not valid. The resulting “MM-only” value for
λMM is also unreasonably high at 2.1711 eV [see Fig. 5(a) for the ET
energy distributions].

However, it was found that this effect lies mostly in the inner
sphere region, as computing ΔEos yields skew but roughly simi-
lar distributions with an outer sphere reorganization energy λos of
0.6028 eV [see Fig. 5(b)]. It is likely that this is a consequence of uti-
lizing different bonded parameters in the two simulations, violating
linear response, and leading to overestimation of the bonded force-
field terms during the resampling procedure. The differences in
ground-state geometry between the two sets of bonded parameters
mostly concern the heme plane-Fe-S orientation.

The non-Gaussian shapes of the distributions are due to the
shape of the subtracted distribution of the MM (force-field) ΔEis

depicted in the supplementary material, Fig. S7. The high impact of
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FIG. 5. Classical/force field ET energy/vertical energy gap distributions for the
CYP17A1 globular domain in aqueous solution with (a) and without (b) the MM-
energies of the heme-cofactor. The strong overestimation of λMM computed from
half the distance between the means and the invalidity of the linear response
approximation are a consequence of the different bonded parameters for the
two redox states of the redox-active CYP17A1 heme. Subtracting negative dis-
tributions of ΔEis with non-Gaussian components (shown in the supplementary
material, Fig. S7) shifts the distributions to strongly positive values and results in
additional peaks in the tail regions. See the text for further details.

bonded energies on ΔEis renders it more sensitive to small changes in
conformation, yielding non-Gaussian artifacts upon small structural
fluctuations. Since the non-Gaussian behavior affects mostly the off-
center regions of the distributions, additional values of λos were
computed from the peak-positions of the distributions by fitting
Gaussian functions; however, this resulted in very small differences
compared to taking the mean (see the supplementary material, Table
S2). This approach can be interpreted as computing the reorganiza-
tion energy only for the region of the reaction coordinate obeying
the linear response approximation and Marcus theory while infer-
ring that the tail regions are not as important for the electron transfer
process. The final “QM+MM” estimate of λ from adding λis from
DFT computations is slightly increased to 0.7349 eV.

C. DFT calculations indicate that the reorganization
energies of CYP17A1 and CYb5 are determined by
the outer sphere region

Inner sphere reorganization energies of two model systems, a
methyl-imidazole heme complex (MeImi2 Heme) and a methylth-
iolate heme complex (MeSHeme) representing the redox cofactors
in the two proteins, were computed from DFT-calculations in vac-
uum, yielding estimates of λMeIm2Heme

is = 0.0633 eV and λMeSHeme
is

= 0.1321 eV.
According to these computations, λis is roughly 5-fold smaller

than λos for the proteins. This strengthens the notion that in pro-
tein systems obeying Marcus theory, the redox process is mostly
determined by the environment formed by the solvent and protein.17

D. The reorganization energy of the CYP17A1:CYb5
complex is dependent on the solvent exposure
of the heme in CYb5

To compute the system-wide reorganization energy of a
binary, full-length CYP17A1:CYb5 complex in a POPC phospho-
lipid bilayer, a pair of production run MD simulations was run for
binding mode CL1 for 318 ns (educt state: ox) and 316 ns (product
state: red). As it was found that these simulation times were suffi-
cient for obtaining mostly normally distributed values of ΔEos (as
seen depicted in Table I, λMM was also much overestimated for these
systems due to reasons outlined in Sec. IV B), a second set of sim-
ulations (each 200 ns) was run for the CL2 binding mode. CL1 and
CL2 differ mostly in the rotational orientation of CYb5 on the prox-
imal face of CYP17A1, which affects the interaction of the CYb5
heme with CYP17A1. Notably, the two binding modes display dif-
ferent degrees of solvent-accessibility of the cofactor (see Fig. 2 for a
depiction of the two binding modes).

The computed estimates of λos were 1.0371 eV for CL1 and
0.9605 eV for CL2, differing by 0.0765 eV (see Fig. 6 for the electron
transfer energy distributions). Adding the inner sphere contribu-
tions λis from DFT-calculations yielded the final values of λos + λis
of 1.2325 eV (CL1) and 1.1559 eV (CL2). Both values are relatively
close to the estimate of 1 eV (including inner-sphere contribution),
proposed by Dutton for interprotein ET61 and an estimate of 1.15 eV
for WT cytochrome P450 BM3 by Dixit et al.16

To identify why the computed reorganization energies show
this relatively small but noticeable difference between the two bind-
ing modes of otherwise identical proteins, we computed the solvent-
accessible surface area of the heme of CYb5 over the final 100 ns of
each simulation (see Table III). The heme is partially solvent exposed
in the unbound CYb5 (see Sec. IV A), and it directly participates
in the binding-interface between the two proteins in both binding
modes.

The SASA of the heme differed by 0.7–0.4 nm2 indicating that
the CL2 assembly can more effectively screen the redox cofactor,
thus lowering the reorganization energy by stabilizing charge dif-
ferences through the protein environment. We have also computed
the heme-SASA for the simulation of the CYb5 soluble domain
in aqueous solution (see Table III), finding it to exceed the values
obtained for the protein–protein complexes despite a much lower
reorganization energy. The heme SASA can help to explain the dif-
ferences in reorganization energies between the two binding modes
in the protein–protein complexes. However, as outlined in Sec. IV A,
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FIG. 6. Classical ΔEos distributions for full-length, membrane-bound binary com-
plexes of CYb5 and CYP17A1. Two different arrangements of the two proteins,
CL1 (a) and CL2 (b), were simulated. Their reorganization energies differ slightly
due to the differing solvent-exposure of the redox-active cofactors, as indicated by
differing distributions (distributions for ΔEos+is of the total systems (λMM) are dis-
played in the supplementary material, Fig. S2). The x axis scale is adjusted to the
range of values observed in the ensembles and differs between A and B to enable
evaluation of the difference between the positions of the mean.

the heme-sodium ion interactions in solution mimic the interac-
tion of the heme propionates with cationic amino acid residues in
CYP17A1, which are not included in the computed SASA, prevent-
ing a simple quantitative relation between SASA and lambda. In

TABLE III. Solvent accessible surface area of the redox-active heme in CYb5 over
the final 100 ns of different simulation systems.

System SASA heme (CYb5) (nm2)

CYb5ox 2.133 ± 0.185
CYb5red 2.194 ± 0.217
CL1ox 1.662 ± 0.198
CL1red 1.500 ± 0.206
CL2ox 0.904 ± 0.210
CL2red 1.107 ± 0.279

addition, the more complex charge distributions and lower flexibil-
ity of the amino acid residues in the protein binding partner provide
more effective shielding than the aqueous solvent.

E. The computed QM+MM reorganization energy
of the binary CYP17A1:CYb5 complex is
approximately the sum of the values computed
for the individual unbound redox-active globular
domains

It is of practical interest whether computing λ of a
protein–protein complex directly from the individual proteins in
solution, assuming additivity of the individual reorganization ener-
gies of the contributing proteins (e.g., in Ref. 58), yields accurate
estimates besides the simplifications taken due to the enormously
reduced computational cost and the knowledge required of the
structure of the protein–protein complex in question. Summing
up the λos + λis values of CYb5 and CYP17A1 (soluble domains
only) gives an estimate of 1.3063 eV (CYb5+CYP17A1 in Table I),
which is less than 0.1 eV higher than the λis + λos value com-
puted for the membrane-bound protein–protein complex CL1 of
1.232 eV. Likewise, estimating the reorganization energy of homo-
dimeric CYb5:CYb5 self-exchange from doubling λos summed up
with 2 ∗ λMeIm2Heme

is as 1.1428 eV (CYb5+CYb5 in Table I) com-
pares well to previous computational measurements from Brownian
Dynamics simulations of 1.06 eV62 and experimental estimates
between 0.9 and 1.3 eV.63 As outlined in Sec. IV D, the heme-
SASA of Cyb5 does not reflect this trend as it does not include the
interactions of the heme-propionates with positively charged amino
acid residues on the surface of CYP17A1. The more-effective shield-
ing provided by such interactions may explain why assuming full
additivity overestimates the reorganization energies by 6%–13%.

Therefore, we conclude that for this system, a similar approach
to that proposed by Blumberger for the cofactors can be taken, sig-
nificantly reducing computational costs and resource consumption.

V. CONCLUSION AND OUTLOOK
Here, we have described the computation of the reorganization

energy of a protein–protein complex in a membrane. This calcu-
lation was made possible by employing the “QM+MM” approach
of Blumberger.25 However, the challenging nature of a membrane-
bound protein–protein complex system with more than one binding
pose required extensive sampling over hundreds of nanoseconds.
We found that the reorganization energy is lowered by increased
shielding of the redox active heme in CYb5 from the aqueous sol-
vent by the protein–protein interface. Our computed values agree
with previous reports on isolated CYb5 as well as the bacterial fusion
protein, cytochrome P450 BM3.

The measured reorganization energies are significant beyond
this system, given the broad relevance of cytochrome b5 in ET to
many CYPs and other redox processes.5 Since reorganization energy
is a rather global property, we believe our results serve as a reliable
reference for future studies on CYP and CYb5 redox reactions.

It remains to be evaluated whether our observation that the
individual reorganization energies of the globular domains of the
two proteins add up to a similar value to that for the complex
implies that a simple additive approach can be used for comput-
ing reorganization energies of protein–protein complexes in general.
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In addition, we demonstrate how this simplification can include
neglecting regions that do not participate in the redox reaction,
like linker- and membrane-binding domains and the phospholipid
bilayer.

SUPPLEMENTARY MATERIAL

The supplementary material contains complete QM energies
and spin-contamination values; λos from Gaussian fits to the elec-
tron transfer energies; energy minimization and equilibration para-
meters; analysis software packages/libraries; outer sphere electron
transfer energy plots for soluble CYb5 and total electron trans-
fer energy plots for CL1 and CL2; Cα RMSDs of protein globular
domains over all MD simulations; heme Cl- RDF for the soluble
CYb5 simulations; visualization of the “four-point” model utilized in
the QM calculations; visualization of the workflow to compute clas-
sical reorganization energies; classical inner sphere electron transfer
energies plot for CYP17A1; QM-program input lines (keywords);
and input geometries for QM calculations in xyz format.

Additional supplementary material files: AMBER-format force-
field parameters for His2Heme in CYb5 (.lib/.prmtop format).
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