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Abstract: Cytochrome P450 reductase (CYPOR) undergoes a large conformational change to allow

for an electron transfer to a redox partner to take place. After an internal electron transfer over its
cofactors, it opens up to facilitate the interaction and electron transfer with a cytochrome P450.

The open conformation appears difficult to crystallize. Therefore, a model of a human CYPOR in

the open conformation was constructed to be able to investigate the stability and conformational
change of this protein by means of molecular dynamics simulations. Since the role of the protein is

to provide electrons to a redox partner, the interactions with cytochrome P450 2D6 (2D6) were

investigated and a possible complex structure is suggested. Additionally, electron pathway calcula-
tions with a newly written program were performed to investigate which amino acids relay the

electrons from the FMN cofactor of CYPOR to the HEME of 2D6. Several possible interacting amino

acids in the complex, as well as a possible electron transfer pathway were identified and open the
way for further investigation by site directed mutagenesis studies.

Keywords: molecular dynamics simulations; cytochrome P450 reductase; conformation changes;

complex formation; protein in membrane

Introduction

Cytochrome P450 reductase (CYPOR) is a mem-

brane anchored electron transfer protein located on

the surface of the endoplasmic reticulum.1,2 The pro-

tein binds three cofactors, nicotinamide adenine

dinucleotide phosphate (NADPH), flavin adenine

dinucleotide (FAD), and flavin mononucleotide

(FMN) needed for the electron transfer to a cyto-

chrome oxidase. CYPOR supports the reaction of all

microsomal cytochrome P450s,3 which are important

for the oxidation of organic substances such as meta-

bolic intermediates, drugs, or toxic chemicals.4 The

highest concentration can be found in the liver.5

CYPOR is composed of three domains and a mem-

brane anchor. These domains are (i) the FAD-

domain (Arg457 to Ser680), named after the bound

cofactor FAD, but which also binds the cofactor

NADPH; (ii) the FMN domain (Ser70 to Phe234),
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cytochrome P450 2D6; NADPH, nicotinamide adenine dinucle-
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mononucleotide; CC, cytochrome P450 reductase in a closed
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closing simulation with restraints on the / and w angles.
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where the cofactor FMN is bound, and (iii) the

linker domain (Glu249 to Ala456) which connects

the two cofactor binding domains (Fig. 1). No regula-

tory agent binding sites are known, but the protein

may have phosphorylation sites.6 The electron trans-

fers take place from the electron donor NADPH to

the cofactor FAD, then over the flavin isoalloxazine

ring of FAD to the flavin isoalloxazine of the cofactor

FMN and from there to the HEME iron of the redox

partner. For this to happen, the protein has to

undergo a substantial conformational change. This

is postulated to involve the opening of the protein

through a swinging and rotational movement.4 In

the closed state, the two flavin isoalloxazine rings of

FAD and FMN are very close. A reported distance is

0.4 nm corresponding to the rings being in van der

Waals contact.7–9 The linker domain is thought to

control the orientation of the FAD and FMN towards

each other. CYPOR subsequently has to open up to

allow access to the FMN domain for the redox part-

ner. Once open, the FMN domain can bind to the

redox partner and transfer the electrons from the

FMN to the HEME iron. The radius of gyration of

CYPOR has been reported to be 2.7 nm for the

closed state and 3.3 nm for the open state.3 This

domain motion is thought to be the rate limiting

step of the electron transfer to the redox partner.4

No structural change is thought to occur within the

domains during the transition from the closed to the

open state.10 The hinge region (Gly235 to Tyr248) is

expected to be of particular importance for the tran-

sition from the closed to the open state and vice

versa. This is a 15 amino acid region that connects

the linker and the FMN domain.3,9 Pivoting around

the backbone carbonyl atom of Arg246 in this region,

was suggested to be essential for the movement of

the domains.7 It was also reported that the binding

of the NADPH as well as the redox state of the fla-

vins influences the opening and closing mecha-

nism.11,12 Furthermore, there are two salt bridges

between the FMN and the FAD domains, Glu182 to

Lys666 and Asp150 to Arg517. Interaction with the

redox partner is thought to result from charge–

charge interactions and hydrophobic effects13 as the

FMN domain is a strong dipole,14 with a negatively

charged side with several aspartic and glutamic

acids.3 A few salt bridges and one hydrogen bond

were suggested to play a role in the complex forma-

tion.7 Finally, the contact between CYPOR and its

redox partner is thought to occur near the mem-

brane surface,10 and it has been reported that the

membrane is important in facilitating the electron

transfer process.15

Here, the creation of a model of the open confor-

mation of the human CYPOR and a study of the con-

formational change of CYPOR by means of

molecular dynamics simulations is presented. Addi-

tionally a possible model for a complex between

CYPOR and cytochrome P450 2D6 (2D6) is sug-

gested. This possible complex is also studied by

means of molecular dynamics simulations and sev-

eral electron pathway calculations were performed.

The work described, leads to further insight into

the CYPOR protein. In particular, the effects of the

domain movement in terms of structural changes

especially in the hinge region are investigated. Fur-

thermore, the electron transfer mechanism and the

complex formation were studied. This opens the way

to further experiments to better understand these

important proteins.

Results

Several molecular dynamics simulations were con-

ducted to investigate the dynamics of CYPOR both

alone and in complex with 2D6. An overview of all

simulations is given in Table I.

Closed conformation

The closed conformation represents the state in

which the FAD domain and the FMN domain are in

close contact. This conformation brings the FAD and

FMN cofactors at a distance at which an electron

transfer between them can occur. The structure of

the closed conformation was simulated for 10 ns.

The atom-positional root-mean-square deviations

(RMSD) of the backbone atoms of the individual

domains remained within 0.3 nm of the X-ray struc-

ture regardless of the redox state of the nicotina-

mide adenine dinucleotide phosphate cofactor

(NADPH or NADP1) [Fig. 2(A,C)]. Furthermore, no

significant domain motion took place, the protein

stayed stably in its closed conformation with overall

RMSD values up to 0.4 nm (Fig. 3). Also, the radius

of gyration remained stable at 2.6 nm, which is close

Figure 1. Overlay of the open model (blue) and the rat crys-

tal structure (green) in an open conformation PDB ID: 3ES9,

which served as a template. The FAD and the Linker domains

are structurally very conserved. A bigger difference can be

seen in the hinge region between the Linker and FMN

domain. The FMN domain is not completely resolved in the

rat crystal structure. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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to the reported 2.7 nm for the closed conformation

by Laursen et al.3 (Fig. 3).

Open conformation

The open conformation represents the conformation

in which the protein interacts with its redox partner

and an electron transfer takes place from the cofac-

tor FMN to the HEME iron of the redox partner.

The model of the human CYPOR based on the rat

structure in an open conformation was used as a ref-

erence for the open conformation and simulated for

10 ns. Again the individual domains remained quite

stable [Fig. 2(B)] and no large domain motion was

observed during the simulation (data not shown).

The radius of gyration was less stable than in the

closed conformation but fluctuates around an aver-

age value of 3.3 nm which corresponds to the

reported value of 3.3 nm by Laursen et al.3 (Fig. 3).

Also shown in Figure 3 is the RMSD with respect to

the closed crystal structure showing that the

domains are indeed arranged in a significantly dif-

ferent way throughout the simulation.

Conformational transition

Since no spontaneous conformational changes were

observed within the time scale of the simulations of

Table I. Overview of the Performed Molecular Dynamics Simulations

Simulation
CYPOR

conformation P450 2D6 DPPC Ions H2O Additions

Box
dimensions

(nm)
Length

(ns)

CC Closed No 0 40 Na1 18504 NADPH x 5 7.24 10
15 Cl2 y 5 9.30

z 5 9.86
CN Closed No 0 40 Na1 18813 NADP1 x 5 7.31 2

16 Cl2 y 5 9.32
z 5 9.87

OC Open No 0 40 Na1 24157 None x 5 7.90 10
15 Cl2 y 5 8.68

z 5 12.28
OM Open No 511 50 Na1 84223 None x 5 12.68 2

21 Cl2 y 5 12.68
z 5 20.00

CO Open Yes 0 69 Na1 72143 None x 5 11.58 10
38 Cl2 y 5 13.10

z 5 15.78
CM Open Yes 509 50 Na1 82314 None x 5 12.68 10

16 Cl2 y 5 12.68
z 5 20.00

PR Closed/
open/closed

No 0 40 Na1 33315 Position restraint
FMN domain
linearly
interpolated to
the open
conformation

x 5 8.90 6.2
15 Cl2 y 5 10.93

z 5 11.48

SB Open/closed No 0 40 Na1 24157 Distance restraints
between FAD
FMN domain
based on salt
bridges

x 5 7.90 2
15 Cl2 y 5 8.68

z 5 12.28

HB Open/closed No 0 40 Na1 24157 Distance restraints
between FAD
FMN domain
based on
hydrogen bonds

x 5 7.90 4
15 Cl2 y 5 8.68

z 5 12.28

PP Open/closed No 0 40 Na1 24157 Phi/Psi angle
restraints
in the hinge region

x 5 7.90 20
15 Cl2 y 5 8.68

z 5 12.28

This tables shows a detailed overview of the different simulations that were performed to study the cytochrome P450
reductase (CYPOR), alone and in complex with cytochrome P450 2D6(2D6). The first column assigns a label to the simula-
tions, CC stands for closed conformation, CN for the closed conformation with NADP1 instead of NADPH, OC for the model
in an open conformation, OM for the model in an open conformation in the membrane, CO for the complex with cytochrome
P450 2D6 and CM is the complex in the membrane. The abbreviations PR, SB, HB, and PP designate the simulations with
positions restraints, restraints on salt bridges, restraints on hydrogen bonds and restraints on the / and w angles, respec-
tively. The second column shows the conformation of CYPOR followed by the presence of 2D6. Furthermore, the number of
DPPC molecules, ions and water molecules in the system is indicated. Additionally, it is indicated whether any restraints
were used and what the size of the simulations box was. The final column indicates the length of the simulation.
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the closed and open conformation, several simulation

setups (PR, SB, HB, PP) were thought of to enforce

the transition from one conformation to another.

These setups are summarized in Table I and RMSD

and radius of gyration analyses are included in Fig-

ure 3. In a first attempt, position restraints were

used to gradually transform a closed conformation to

an open conformation. As expected, both the radius

of gyration and the RMSD increase gradually every

200 ps as the position restraints are updated to a

new linear intermediate step. After 2 ns, a confor-

mation similar to the open model is reached. After a

200 ps simulation of the final state including the

restraints, the restraints were removed and the sim-

ulation was prolonged for an additional 4 ns. During

this prolonged, free simulation, the protein closed

again, returning almost to its initial, closed confor-

mation. The RMSD returns to a value only 0.05 nm

higher than the RMSD of the reference simulation

of the closed conformation and the radius of gyration

remains 0.1 nm above the reference value, agreeing

perfectly with experimental estimates. The sponta-

neous closure of the protein could be avoided by

retaining the restraints for an additional 200 ps

before removing them (data not shown). This

indicates that the forceful opening of the protein

introduces strain into the system and that there is

additional time needed for this strain to dissipate in

the open conformation. The only freely movable

parts of the protein were the hinge region, ranging

from Gly235 to Tyr248, and the linker domain. No

changes were observed in the linker domain suggest-

ing that the hinge region may indeed play a crucial

role in the opening/closing process of the protein as

suggested by Laursen et al.3 The absence of the

spontaneous closing after a longer simulation time

of the last restraining step indicates that the hinge

region could adjust to a structure favoring the open

conformation of the protein. Indeed, a closer analysis

of the backbone dihedral angles in the hinge region

suggested that rotations around the backbone of res-

idues 245–246 are needed to accommodate the open

conformation.

To further investigate the importance of the

hinge region, the / and w dihedral angles of Arg246

were harmonically restrained (PP) to values corre-

sponding to the closed conformation in a simulation

starting from the open model. During 10 ns of simu-

lation with dihedral angle restraints, a conformation

change towards the closed state could indeed be

Figure 2. Root mean square deviation of the FAD domain (black), the linker domain (red), the FMN domain (green) and 2D6

(blue) with respect to the wild type crystal structure. Tile A represents the closed conformation, tile B the open model, tile C the

closed conformation with NADP1 instead of NADPH, tile D the open model in the membrane, tile E the simulation with

restraints on the / and w angles and tile F the complex in the membrane. In all simulations, the three domains remain stable

and showed no significant structural changes. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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observed. The simulation was prolonged to 20 ns

and after 12 ns, a stable conformation was reached.

This conformation has a radius of gyration of about

2.8 nm which is very close to the previously reported

value of the closed conformation but higher than the

reference simulation in the closed state (Fig. 3). The

RMSD with respect to the crystal structure in the

closed conformation reveals however, that the

attained conformation differs significantly from the

reference structure. The RMSD remains at 0.9 nm

(Fig. 3) and visual inspection shows that the FMN

domain turned in such a manner, that an electron

transfer between the two cofactors FAD and FMN

remains unlikely. This indicates that indeed changes

in the hinge region influence the conformational

state of CYPOR. But it cannot be stated whether the

necessary change in the hinge region is the cause or

an effect of the conformational transition between

the open and the closed state. It has been reported

that the binding of the NADPH cofactor or the redox

state of the flavins could influence the conformation

as well,3,16 which would suggest that the changes in

the hinge region are the observed effect of a subtle

influence by other factors. Recall, however that no

conformational changes were observed in simulation

CN, involving the different redox state of NADP1 in

the closed conformation.

To enforce a more complete transition between a

closed and an open conformation, distance restraints

were applied on two reported salt bridges13 between

the FMN domain and the FAD domain (simulation

SB). Large structural distortions were observed in

this simulation (data not shown). As the salt bridges

Figure 3. Root mean square deviation (rmsd; top) and radius of gyration (rgyr; bottom) with respect to the wild-type crystal

structure in the closed conformation. The closed conformation (CC) and the open conformation (OC) should be viewed as refer-

ence points for the subsequent simulations of the domain movement. The simulation with position restraints (PR) shows a step-

wise opening due to the position restraints and a spontaneous closing after the restraints were released. The simulation with

restraints on the / and w angles of R254 (PP) closed almost fully, but the RMSD shows that a different closed conformation is

reached. The simulation with distance restraints on the two hydrogen bonds R517-Q90 and Q643-E182 (HB) shows almost a

full closure of the protein.

Figure 4. Structure of the CYPOR-2D6 complex after 10 ns.

CYPOR is shown in blue and 2D6 in red. The positions of the

membrane anchors and the two leucines which should be

embedded in the membrane are shown in yellow. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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were only rarely observed in the simulation of the

closed state, another attempt was made by applying

distance restraints between two hydrogen bonds

that were observed during the simulation of the

closed state and which are close to the described salt

bridges (HB). This simulation led to a closed confor-

mation with a radius of gyration of 2.7 nm, which

corresponds to the reported value of 2.7 nm and a

RMSD value that is similar to the one of simulation

CC (Fig. 3). Similar rotations of the backbone dihe-

dral angles of residues Ile245 and Arg246 as in sim-

ulation PR were observed. Although an almost full

transition was observed, the two cofactors FMN and

FAD do not approach close enough for efficient elec-

tron transfer to occur. This simulation demonstrates

that only two distance restraints may be sufficient

to close the open structure, even though details in

the hinge region may still play a significant role in

the final orientation of the domains.

Overall, the simulations described above pro-

vided significant insights into the factors affecting

the conformational transition of the human CYPOR.

The importance of the hinge region for the overall

motion could be shown which could be addressed

experimentally by expressing, for example, the

I245G, I245P, R246G, or R246P mutants. Addition-

ally, it was shown that the conformational change is

rather due to an interdomain motion than to intra-

domain changes.

Complex formation

CYPOR provides a redox partner with the necessary

electrons. To model and simulate such an interaction

with a redox partner, cytochrome P450 2D6 was

selected. A possible complex model was constructed,

as shown in Figure 4. The complex could be stably

simulated for an extended period. An overview of

the interactions can be seen in Table II. During the

simulation, starting from this complex (CO), CYPOR

seemed to open up more than the open model sug-

gested. This may be due to the missing membrane

which could stabilize the interaction between the

redox partners.

The complex was subsequently placed into a

membrane and the missing membrane anchors were

modeled (CM). A representation of the modeled com-

plex structure before the simulation as well as the

complex after 10 ns of simulation is shown in Figure

5. An overview of the interaction between CYPOR

and 2D6 observed in this simulation is given in

Table II. Both membrane anchors consist of several

hydrophobic amino acids which are embedded in the

membrane. The anchor of the CYPOR is longer than

the membrane height. It can be seen that during

simulation CM, the hydrophobic residues which are

protruding from the membrane initially fold towards

the membrane and a hook-like structure is formed.

Overall, the anchor of CYPOR stays helical. TheT
a
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anchor of the cytochrome P450 is fully inside the

membrane. It looses a bit of the helical structure

further towards the protein but remains also overall

helical and stable. A close up of the anchors embed-

ded in the membrane can be seen in Figure 6. Note

that also residues Leu230 and Leu231 are embedded

in the hydrophobic core of the membrane which is

known to be the case for 2D6.17 These residues are

part of the F–G region of the enzyme which is quite

flexible.18 The general orientation of the residues,

however, seems conserved over many CYPs and will

not affect the overall model.

The simulation of CM is stable, some movement

of the proteins can be observed, but the interaction

between the proteins remains throughout the simu-

lation (Table II). Indeed, CYPOR does not open up

as much in the membrane simulation as it does in

the simulation of the soluble form. This suggests

that the membrane indeed stabilizes the interaction

between the proteins. This was confirmed by placing

the open model without 2D6 in a membrane. This

simulation (OM) shows a similar behavior of

CYPOR as in the complex simulation in the mem-

brane (Fig. 5).

Dynamics
The three domains of CYPOR consistently remain

exceptionally stable throughout the simulations. Dif-

ferent RMSD analyses of the individual domains are

shown in Figure 2. Very little structural rearrange-

ments take place within the domains, also when

comparing the structure with NADP1 instead of

NADPH as cofactor. Also in the simulation where

the FMN domain is pulled towards the FAD domain

(PP, HB), both domains remain internally

unchanged. Only the orientation of the domains

towards each other changes and an interdomain

motion takes place. This confirms that the conforma-

tional change of CYPOR does not involve any intra-

domain conformation changes, but only a motion of

complete domains. During the simulation of the

complex, it was observed that CYPOR opens further.

Figure 5. Model of a possible CYPOR–2D6 complex embedded in a DPPC membrane. The initial model is shown in panel A,

while panel B depicts the structure after a 10 ns simulation. CYPOR is shown in blue and 2D6 in red. It can be seen that the

anchors are well embedded in the membrane after 10 ns of simulation and that CYPOR underwent minor structural changes,

but the two proteins remain in close contact. Tile C shows the initial structure of the open model in the membrane and tile D

the open model in the membrane after 2 ns of simulation. It can be seen that CYPOR behaves similarly with and without 2D6

by comparing tile A with tile C and tile B with tile D. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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This can be seen when comparing Figures 1 and 4, the

open model and the complex, respectively. The pres-

ence of the redox partner seems to induce a further

opening of the protein, while again the domain RMSDs

in Figure 2 remain stable. Figure 5 shows that CYPOR

also opened up in simulation CM, while the linker

domain moved closer to the redox partner. In this case,

however, the change in conformation rather represents

a slightly different open conformation. It seems that in

the absence of the membrane, the FMN domain of

CYPOR has more freedom to move. No significant

changes occur in the structure of 2D6 in any of the

complex simulations. The simulation of the open

model alone in the membrane (OM) showed a very

similar behavior of CYPOR as in the complex simula-

tion in the membrane (CM). This can be seen in Figure

5, thus suggesting that the difference between CYPOR

in the complex in the membrane and in solution is due

to the absence of the membrane.

Interactions

To further study the complex model between CYPOR

and 2D6, hydrogen bonds, salt bridges, as well as

interaction energies and the interaction surface

were monitored. A summary of these analyses is

given in Table II. It can be seen from the energy

analysis that, similar to what was reported by Ham-

dane et al., Xia et al., and Im et al.,7,13,19 the inter-

action between the two redox partners are mostly

governed by electrostatic interactions. Both com-

plexes show a favorable interaction energy. Only few

hydrogen bonds with occurrences larger than 10%

could be found between the two proteins. Amongst

the hydrogen bond interactions, Arg140 of 2D6 was

found to interact with CYPOR in CO with a moder-

ate occurrence. Arg440 of 2D6 and Thr180 of

CYPOR were found to make a hydrogen bond for

more than 50% in both CO and CM. On the other

hand, more salt bridges between the two redox part-

ners could be found. Arg440 of 2D6 was seen to be

part of one salt bridge interaction in CM. This resi-

due was also reported to make an interaction with

the reductase by Allorge et al.20 Other recurring salt

bridge residues are Glu95, Asp150, and Asp212 for

CYPOR and Arg129, Arg133, Arg140, Lys147, and

Lys429 of 2D6. From the interacting residues of

CYPOR reported by Hamdane et al. and Xia et

al.,7,13 none could be observed. But it should be

noted that the postulated models involved CYP 2B4

rather than 2D6. The interface surfaces observed

here are significantly smaller than the ones reported

by Hamdane et al.7. The rather small interaction

surfaces suggest that the complex formed between

CYPOR and its redox partner is rather loose, even

though this loose complex is sufficient for an elec-

tron transfer to occur (see below). The observation of

different salt bridges and a rather non-specific com-

plex formation is in-line with the promiscuous char-

acter of CYPOR, being the reductase for a variety of

different cytochromes P450. The suggested complex

represents a favorable binding between the two

redox partners in terms of hydrogen bond interac-

tions, salt bridge interaction and energies. Further,

CO and CM show an interaction between Thr180 of

CYPOR and Arg440 of 2D6 which was reported to

be important for the interaction of that specific cyto-

chrome P450. CM is thus a plausible representation

of the complex between CYPOR and 2D6.

Table III. Most Likely Electron Transfer Pathways Calculated with epath, Corresponding to an Occurrence of More
Than 40%

Simulation Decay factor Pathway

CC 3.495e206 CYPOR:NADPH - CYPOR:FAD - CYPOR:FMN
CN 3.099e205 CYPOR:NADPH - CYPOR:FAD - CYPOR:FMN
CO 2.184e206 CYPOR:FMN - CYPOR:Y181 - 2D6:R440 - 2D6:R441 -

2D6:A442 - 2D6:C443 - 2D6:HEME
CM 2.609e207 CYPOR:FMN - CYPOR:Y181 - 2D6:R440 - 2D6:R441 -

2D6:A442 - 2D6:C443 - 2D6:HEME

The closed conformation (CC), in which the well known pathway over the cofactors was reproduced, represents a favorable
electron pathway and decay factor. The values of both complexes, CO and CM, are comparable to the value for CC, indicat-
ing that the calculated pathways in the complexes are favorable.

Figure 6. Close-up view on the modeled membrane anchors

of CYPOR and 2D6 after a 10 ns simulation. CYPOR is

shown in blue and 2D6 in red. Hydrophobic amino acids

embedded in the membrane are shown in green. Both mem-

brane anchors are strongly hydrophobic. The lower part of

the membrane anchors of CYPOR which is outside at the

bottom of the membrane folded to form a hook-like structure

in contact with the membrane surface. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Electron transfer pathway

In order to investigate the functionality of the pro-

tein, the GROMOS11 program “epath” was used to

calculate potential electron transfer pathways. It is

well known that the electron transfer occurs from

the NADPH with a hydride ion transfer to the FAD

and then as a two electron transfer to the FMN.

This path could be reproduced with the program

(Table III).

The program was subsequently used to calculate

possible pathways between CYPOR and 2D6. In Fig-

ure 7, a representation of the possible path in the

closed conformation, as well as in the complex in the

membrane can be seen. The pathways calculated for

CO and CM have a decay factor that is very compa-

rable to the one between NADPH and FMN in the

closed conformation. Moreover, these paths involve

residues that were previously suggested to play a

role in the interaction of the two redox partners.7,20

The pathway is the same whether the complex

is in a membrane or in solution. It involves Tyr181

in CYPOR which was reported to be in a stacking

conformation with respect to the cofactor. It is not

unlikely that the electron transfer occurs between

the two stacked rings of the Tyrosine and the isoal-

loxazine ring of the FMN cofactor. Furthermore,

Arg440 (2D6) which is also part of the pathway cal-

culated for CO and CM was reported to play a role

in the redox partner interaction while a R440H

mutation leads to a reduced activity.20 Overall, the

pathway calculated for CO and CM seems to be sup-

ported by some experimental observations and sug-

gests further investigations via site directed

mutagenesis studies. For instance, the interaction

between Arg440 in 2D6 and Glu182 in CYPOR could

be diminished by a E182Q mutation. On the other

hand, as this interaction does not seem to be very

prominent, Arg440 may be focused more towards

Tyr181 by introducing additional acidic moieties in

the vicinity. Note that site directed mutagenesis on

Tyr181 revealed that FMN binding was destabi-

lized21 most likely due to the stacking interaction.

A Y181W mutation could similarly stabilize the

FMN, but potentially improve the electron transfer.

Discussion

A model for the open conformation of human cyto-

chrome P450 reductase (CYPOR) was proposed and

simulated together with various simulations charac-

terizing the opening and closing event. Further, a

model of the complex of CYPOR with cytochrome

P450 2D6 (2D6) was proposed and simulated. The

model of an open conformation for a human CYPOR

showed to be stable during molecular dynamics sim-

ulation and fit for further studies. Based on this

model, several successful simulations could be con-

ducted to investigate the conformational transition

of human CYPOR. These simulations provided fur-

ther insight into this rather complex domain move-

ment that has to occur in order to allow for the

interaction with a redox partner. The data from

these simulations of the conformational change

emphasizes the importance of the hinge region for

the domain motion. It could be shown that a change

in the //w angles around Arg246 in this hinge region

was sufficient to induce a closing of the protein. The

data also suggests that a motion in the hinge region

alone is not enough to achieve a correct position of

the two cofactors FAD and FMN. While this may not

reflect the cause of the conformation change, these

simulations indicate what has to happen in the

structure to facilitate a transition from a closed to

an open conformation and be able to interact with

the redox partner. Site directed mutations of Arg246

Figure 7. Calculated optimal electron pathway (A) in the closed conformation and (B) in the complex model. The pathway in

the closed conformation goes over the cofactors. In the complex, the pathway goes from the FMN cofactor of CYPOR to the

HEME of 2D6. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to, for example, Gly or Pro may prove to facilitate or

inhibit the transition.

Furthermore, a possible complex of human

CYPOR and human 2D6 is suggested. This complex

was simulated for a longer period of time in a mem-

brane which showed that the complex is stable in a

complete system and that the interactions between

the two redox partners are mainly electrostatic with

a small non-specific contact surface.

The electron pathway calculations confirmed the

well-known pathway within CYPOR and suggest a

pathway between CYPOR and 2D6 which involves

amino acids that are known to play a role in the

interaction of the two proteins for complexes CO and

CM.

The here suggested new insights could serve as

a guide for further experiments that would verify

the predictions of the molecular dynamics simula-

tions. For instance, site directed mutagenesis studies

could be conducted in order to confirm the impor-

tance of these suggested amino acids both for elec-

tron transfer as well as interaction between the two

enzymes in the complex.

Materials and Methods

Closed model

All models and simulations were based on a model

generated from a preliminary crystal structure of

CYPOR, which was obtained from Prof. Jung-Ja

Kim, Medical College of Wisconsin. The cofactor

NADPH was not fully resolved in the crystal struc-

ture and the missing atoms were remodeled based

on the shape of the NADPH in the crystal structure

of a rat homologue (PDB ID: 3ES9). The NADPH in

the force field used is in the reduced form unless

stated differently.

Open model

The model of the open conformation of the human

CYPOR was constructed based on the crystal struc-

ture of a rat homologue (PDB ID: 3ES9). Chain B

was used as it contained the most complete data.

The FAD and linker domains of the human CYPOR

in a closed conformation and the FAD and linker

domains of the rat CYPOR in an open conformation

where aligned using the program PyMol. The FMN

domain of the human CYPOR was subsequently sep-

arated by breaking the peptide bond between

Phe234 and Gly235 (before the hinge region) and

aligned to the resolved atoms of the corresponding

domain of the rat protein. The hinge region was

then manually moved and reconnected. A steepest

descent energy minimization using the GROMOS

molecular simulation package22 was performed for

2170 steps with the human CYPOR model in order

to relax the structure. The minimized structure was

used as a starting structure for simulations of the

human CYPOR in an open conformation.

Cytochrome P450 2D6

As redox partner for CYPOR, cytochrome P450 2D6

(2D6)17 was used. The simulations were performed

with a structure that was reverted to the wild-type

sequence and which was previously shown to be sta-

ble during molecular dynamics simulations.23 The

structure was compared to an alternative X-ray

structure (PDB ID: 3QM4)24 in which a substrate

was bound and no significant changes in the inter-

face region of the electron transfer pathways (see

below) were observed.

Complex

The complex of CYPOR and 2D6, was modeled by

placing the cytochrome P450 2D6 manually in close

vicinity to the FMN domain of CYPOR in the open

conformation. The first approach was to construct

the complex based on the homologous interactions

reported by Hamdane et al.7 The reported interac-

tions between CYPOR and CYP2B4 were inferred

for CYP2D6 based on a sequence alignment of 2B4

and 2D6. The second approach involved the same

interface region on the 2D6 but the 2D6 was rotated

by 180� on the FMN domain. This was suggested by

a closer consideration of the membrane interactions

which revealed that the complex from the first

approach is unlikely due to the fact that the orienta-

tion of 2D6 is such that two residues Leu230 and

Leu231 of 2D6 which are expected to be embedded

in the membrane17 face towards the linker domain

of CYPOR rather than towards a hypothetical mem-

brane. In order to overcome this, the cytochrome

P450 was turned in such a way to allow those amino

acids to face the membrane while still maintaining a

significant amount of interactions. This showed that

the complex cannot be formed solely by considering

interactions reported for other cytochrome P450s.

The promiscuous nature of CYPOR towards many

CYPs is in-line with a versatile interface that can

form favorable interactions with different charged

groups on the CYP.

Complex in membrane
In order to simulate the complex in the presence of

a membrane, the membrane anchors of both proteins

were reconstructed as ideal a-helices using PyMol. A

membrane of the dimensions 12.6796 nm 3 12.6796

nm consisting of 512 dipalmitoylphosphatidylcholine

(DPPC) molecules was constructed by duplicating an

equilibrated membrane configuration downloaded

from the automated topology builder repository25

several times. The CYPOR–2D6 complex was man-

ually inserted into the membrane and the whole

structure was minimized for 2500 steps. Three
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clashing DPPC molecules were removed to accommo-

date the membrane anchors of the two proteins.

Molecular dynamics simulations

All molecular dynamics simulations were performed

using the GROMOS11 molecular simulation pack-

age.22 The GROMOS force field 54A726 was used as

parameter set. The simple point charge (SPC) water

model27 was used to solvate the proteins in periodic

rectangular simulation boxes. Additional chloride

and sodium counter ions were added to obtain an

overall neutral system at pH 7. All systems were

slowly heated to 300 K increasing the temperature

by 60 K every 20 ps and subsequently equilibrated

for another 100 ps. Unless stated differently, the

simulations were performed for 10 ns using a step

size of 2 fs and writing out the coordinates every 0.5

ps. The temperature and pressure were kept con-

stant at 300 K and 1 atm, respectively, by the use of

weak coupling with a relaxation time of 0.1 ps for

the temperature and 0.5 ps for the pressure.28. The

isothermal compressibility was set to 4.575 3 1024

(kJ.mol21.nm23)21. The bond lengths were con-

strained to their optimal values with a relative geo-

metric accuracy of 1024 using the SHAKE

algorithm.29 For the non-bonded interactions a

molecular pairlist was generated using a twin-range

cutoff30 with a short range cutoff of 0.8 nm and a

long-range cutoff of 1.4 nm. A reaction-field contri-

bution31 was added to the electrostatic interactions

and forces to account for a homogeneous medium

with a dielectric permittivity of 6132 outside the cut-

off. A summary of all performed simulations is given

in Table I.

Opening and closing

Three different approaches were taken to enforce

the conformational transition. First, the protein in a

closed conformation was brought into an open con-

formation using position restraints with a harmonic

force constant of 250 kJ.mol21.nm22 on all atoms of

the FAD domain and on the Ca atoms of the FMN

domain that were resolved in the open structure of

the rat homologue. Only the hinge region and the

linker domain were unrestrained. The reference

positions for the FMN domain were taken from the

FMN domain in the closed conformation as initial

step and from the FMN domain in the rat homo-

logue as a final step. In addition, 10 linear interme-

diate reference positions were generated. Each

intermediate step was simulated for 200 ps.

Second, dihedral angle restraints were applied

on the / angle of Arg246 with a value of 297�and to

the w angle of Ile245 of 113�with a force constant of

100 kJ.mol21.deg22 and a deviation after which the

potential energy function is linearized of 45�. This

represents the arginine backbone proposed to be

important for the domain motion.7

In a third approach, in order to study the clos-

ing mechanism, distance restraints with a reference

distance of 0.6 nm and a harmonic force constant of

4000 kJ.mol21.nm22 were applied to the reported

salt bridges Glu182 to Lys666 and Asp150 to Arg517

in a 2 ns simulation, starting from the modeled open

conformation. A distance offset of 0.05 nm was used

after which the harmonic restraining potential was

linearized to avoid too strong forces at large distan-

ces. Additionally, a 4 ns simulation was performed

starting from the open conformation with distance

restraints on two hydrogen bonds observed in the

wild-type simulation in closed conformation, Arg517

to Gln90 and Gln643 to Glu182, with a reference

distance of 0.25 nm and identical settings. These

distance restraints were applied in two steps. First

only one (Arg517 to Gln90) was applied for 400 ps

and then the second one was added for the remain-

der of the simulation. This was necessary because

the nearest-image-distance between Gln643 and

Glu182 would initially favor a further opening

rather than a closing motion of the protein.

Analysis

The simulation trajectories were analyzed using the

GROMOS11 software.33 The stability of the simu-

lated proteins was assessed by monitoring atom-

positional root-mean-square deviations from the ini-

tial model structures and the secondary structure

according to the DSSP rules defined by Kabsch and

Sander.34 The hydrogen bonds and salt bridges

between the domains and proteins were calculated

based on geometric criteria. A hydrogen bond was

defined as a hydrogen atom connected to a donor

atom with an acceptor atom within 0.25 nm and a

donor–hydrogen–acceptor angle of at least 135�. A

salt bridge was considered to be present if the dis-

tance between the central atoms of positively and

negatively charged groups were within 0.8 nm. The

interface surface between the two proteins in the

complex was calculated using the solvent accessible

surface area calculation tool35 of VMD.36

Electron pathway calculations
The program epath was implemented in C11 within

the GROMOS11 library. The program finds

electron-tunneling pathways in proteins by using

Dijkstra’s graph search algorithm37 to find the path-

way with the highest product of the decay factors,

corresponding to the most likely path. In order to do

this, the program determines for every atom of the

system the neighboring atoms within a user-

specified cutoff and classifies their connectivity as

“covalent bond,” “hydrogen bond,” or “through

space.” The decay factor Eij for the electron transfer

between two atoms i and j is calculated according to:

Eij5AeB rij2Rð Þ where rij is the distance between the

atoms and different parameters A, B, and R are
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taken according to the classified connectivity.38 The

accumulated decay factor for the neighboring atoms

is calculated by multiplying the accumulated decay

factor of i with Eij. If the accumulated decay factor

on an atom j is higher than the accumulated decay

factor that was already stored from a previous cycle,

it is stored. Additionally, the connectivity type and

the atom i from where the electron was transferred

are stored. The next cycle is started from the atom

with the highest accumulated decay factor. After all

atoms have been analyzed, the shortest path from

any acceptor position can be back traced to the

donor. The program epath can perform the analysis

over all snapshots in a simulation trajectory and

writes out a time series of the accumulated decay

factor between donor and acceptor, as well as its log-

arithm and their average values. Furthermore, the

paths may be written out and a pdb file containing

the coordinates of all atoms that have been part of a

path throughout the different frames is written out,

where the temperature column contains their rela-

tive occurrence in all paths. Here, the parameters A,

B, and R were set to 0.6, 0 nm21, and 0 nm for a

transition through a covalent bond, to 0.36, 217

nm21, and 0.28 nm for a transition through a hydro-

gen bond and to 0.6, 217 nm21, and 0.14 nm for a

transition through space.38
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