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Abstract

The catalytic activity of cytochrome P450 2B4 (CYP2B4) is moderated by its cognate redox 

partner cytochrome b5 (Cyt-b5). The endoplasmic reticulum (ER) membrane and intermolecular 

transmembrane (TM) interaction between CYP2B4 and Cyt-b5 regulate the substrate catalysis 

and the reaction rate. This emphasizes the significance of elucidating the molecular basis of 

CYP2B4 and Cyt-b5 complexation in a membrane environment to better understand the enzymatic 

activity of CYP2B4. Our previous solid-state NMR studies revealed the membrane topology of the 

transmembrane domains of these proteins in the free and complex forms. Here, we show the cross-

angle complex formation by the single-pass TM domains of CYP2B4 and Cyt-b5, which is mainly 

driven by several salt-bridges (E2-R128, R21-D104 and K25-D104), using a multi-microsecond 

molecular dynamic simulation. Additionally, the leucine-zipper residues (L8, L12, L15, L18 and 

L19 from CYP2B4) and π-stacking between H23 and F20 residues of CYP2B4 and W110 of 

Cyt-b5 are identified to stabilize the TM-TM complex in the ER membrane. The simulated tilts of 

the helices in the free and in the complex are in excellent agreement with solid-state NMR results. 

The TM-TM packing influences a higher order structural stability when compared to the complex 

formed by the truncated soluble domains of these two proteins. MM/PBSA based binding free 

energy estimates nearly 100-fold higher binding affinity (ΔG=−2810.68±696.44 kJ/mol) between 

the soluble domains of the full-length CYP2B4 and Cyt-b5 when embedded in lipid membrane 

as compared to the TM-domain-truncated soluble domains (ΔG=−27.406±10.32 kJ/mol). The 

high-resolution full-length CYP2B4-Cyt-b5 complex structure and its dynamics in a native ER 

membrane environment reported here could aid in the development of approaches to effectively 

modulate the drug-metabolism activity of CYP2B4.

Introduction

The microsomal cytochrome P450 monooxygenase (CYP450) enzymes[1] are a class 

of heme binding ubiquitous enzymes primary involved in the metabolism of xenobiotic 

compounds including endogenous and exogenous substrates such as lipids, steroids, 

environmental chemicals etc.[2–5] The topology of CYP450 share a single-pass 

transmembrane (TM)[6] helix anchored to the endoplasmic reticulum (ER) membrane 

and its catalytic activity is modulated by its redox partners through sequential electron 
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transport.[7–9] Cytochrome-b5 (Cyt-b5; secondary electron donor)[10] is a heme-protein 

characterized with a single-pass TM domain that synergistically work with cytochrome P450 

reductase (CPR; primary electron donor) to regulate the activity of P450s.[11–14] CPR 

alone can modulate P450’s activity by directly donating both electrons, while in some cases 

it is shown that the rate of kinetics is accelerated by ~10–100 folds in the presence of 

Cyt-b5.[15] Notably, it is evidenced that the stoichiometry between Cyt-b5 and CPR and 

their membrane environment plays a critical role on CYP450’s catalytic activity. In addition, 

mutational studies on Cyt-b5 shown a dramatic change in the rate of enzymatic kinetics 

of CYP450 in vivo.[16] The role of Cyt-b5 in regulating the catalytic activity of CYP450 

has been well-known in different organisms including human.[17] Recently reported NMR 

experiments showed the importance of membrane by probing the competitive interaction 

between P450 and its redox partners (b5 and CPR) in the presence and absence of lipid 

bilayer.[18,19]

It is important to decipher the role of structural interactions in the CYP450-Cyt-b5 complex 

at an atomic level to better understand the mechanism of drug-metabolism. However, 

the lacuna in obtaining high-resolution structural information has been a roadblock to 

establish a structure-to-function relationship. In addition, the complexity of the system 

that involves all binding partners (CYP450, CPR and Cyt-b5) localized in the endoplasmic 

reticulum (ER) membrane[20] limits structural interpretation. Previous studies have shown 

that the catalytic activity of CYP450 is strongly modulated by its membrane localization 

and membrane composition that facilitates the complex formation.[20–23] In addition, 

it is established that the TM helical domain of cytochrome P450 and b5 is critical for 

its catalytic activity; however, the high-resolution structure and dynamics information 

are still not fully understood. The regulatory role of Cyt-b5 on the catalytic efficacy of 

CYP450 enzyme is hypothesized to be regulated by its variable binding mode.[24] For 

example, NMR titration studies revealed different binding interface for Cyt-b5 interacting 

with CYP2A6, CYP2E1 and CYP3A4 with affinities in the order CYP3A4 > CYP2A6 ~ 

CYP2D6 > CYP2E1.[24] Other studies have reported that Cyt-b5 has a distinct effect on 

P450’s substrate metabolism and P450’s conformational states highlighting the complexity 

of the biochemical process.[25–27] What controls these biochemical process is still an 

open question, and a growing evidence suggests that the conformational linkage between 

P450 and its reducing partners and membrane could be important.[5,24] For example, the 

conformational states of CYP17A1 were shown to be influenced by Cyt-b5.[25] Despite 

these recent advances in revealing the role of membrane and conformational dynamics in 

regulating P450’s function, high-resolution details of this molecular processes remains to 

be explored. Thus, probing the structural interaction of full-length CYP450 with Cyt-b5 

proteins in a lipid membrane environment is highly important. Our research previously 

studied the structural interactions between the proteins, membrane topology, and electron-

transfer pathway in the CYP2B4-Cyt-b5 redox complex using a combination of solution and 

solid-state NMR experiments on membrane mimetic systems that includes bicelles (DLPC/

DHPC) and nanodiscs (DMPC).[21,28,29] Recently, we reported the stability and structural 

folding of CYP2B4 modulated by the lipid composition and observed its preferential 

binding to sphingomyelin in the ER membrane mimetic nanodiscs.[22] These observations 

suggest that the structural interpretation of the dynamic interaction of CYP2B4 with Cyt-b5 
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in ER membrane mimetic systems could provide additional valuable information to explore 

the catalytic mechanism of action of the CYP2B4 enzyme.

Although the membrane topology of the TM helices of Cyt-b5 and CYP2B4 has been 

determined by solid-state NMR spectroscopy of aligned lipid bilayer samples,[30–32] 

the membrane-bound redox complex system pose many challenges for atomic-resolution 

structural studies. One of the key challenges is in elucidating the structural information 

of the TM domain(s) and their role in (i) the redox complex formation, (ii) dynamic 

protein-protein and protein-lipid interactions, and (iii) the structural stability. It should 

be noted that, the activity of CYP2B4 has been shown to be stimulated by ~10 folds 

when it binds to Cyt-b5 indicating structural rearrangement embedded in a membrane 

system.[33] To retrieve these structural and mechanistic insights at a molecular level, in 

this study we used multi-microsecond time-scale coarse-grained (CG) and nanosecond all-

atom (AA) molecular dynamics (MD) simulations. MD simulations of P450 enzymes in a 

membrane environment (lipid-bilayer and nanodiscs) have revealed significant structural and 

mechanistic insight across different species and classes of cytochrome P450 enzymes.[34–

38] Here, we used a multiresolution modeling strategy to build full-length CYP2B4-Cyt-b5 

complex embedded in ER lipid membrane and provided a structural and dynamic picture for 

TM-TM interactions that modulates the structure, dynamics, and stability of the CYP2B4-

Cyt-b5 complex.

Methods

Full-length structure building

The structures of the full-length CYP2B4 and Cyt-b5 were built using an experimental-

computational structure hybridization as we reported earlier.[22] Briefly, the crystal 

structures of the soluble domains of rabbit CYP2B4 (PDB ID: 1SUO) and Cyt-b5 (PDB 

ID: 2M33) previously used to generate the CYP2B4-Cyt-b5 complex were used for 

generating the full-length structures. The TM domain of both enzymes were constructed 

using ab-initio building by I-TASSER.[39] The model TM domains were concatenated with 

the experimental soluble domain structures using MODELLER v9.18[40] and the HEME 

coordinates were copied. The CYP2B4-Cyt-b5 complexes with and without the TM domains 

were built using default parameters in HADDOCK v2.2[41] as detailed elsewhere inputting 

the NMR distance constraints.[42]

MD simulations

All-atom MD simulation—MD simulation of the full-length or the TM-domains-

truncated complex was performed in GROMACS 5.0.7 running parallel on an SGI UV-3000 

system. The 3D coordinates of ER membrane composed of a total number of 205 lipids 

POPC/POPS/POPE/POPI/PSM/Cholesterol (58/7/20/7/4/4 %) was built using CHARMM-

GUI.[43] The pre-equilibrated ER membrane was simulated for 50 ns to optimize the 

bilayer organization prior to membrane protein insertion. The protocol for the construction 

of the CYP2B4-Cyt-b5 complex embedded in ER membrane was adopted from our previous 

study.[22] The complex structure was oriented in the ER membrane using the g_membed 
program followed by solvation using TIP3 water model. The axis parallel to the bilayer 
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normal was extended to add more water molecules to adequately embed the cytoplasmic (or 

the soluble heme-containing) domains of CYP2B4 and Cyt-b5. The TM truncated soluble 

domain complex structure of CYP2B4-Cyt-b5 was solvated using a cubic box of dimension 

11×11×11 nm3. Both full-length and truncated complex structures were neutralized by 

adding counter ions, and a salt concentration of 0.1 M was used for simulation using 

Charmm36-ff.[44] The MD systems were energy minimized using the steepest descent 

method followed by equilibration using a short NVT of 0.2 ns or 5 ns NPT simulation. 

The parameters of MD simulation such as non-bonded interaction cutoff, long-range and 

short-range interactions were adopted as described elsewhere.[45] MD simulation of the 

redox complex in ER membrane was performed at 303.15 K for proteins and water, 

whereas 315.15 K was used for the ER membrane that allows the system to simulate 

above the phase transition temperature of mixed lipids. MD simulation for the truncated 

soluble protein-protein complex was carried out at 303.15 K. A final production MD run 

of 100 ns was executed for each MD complex system. The MD trajectory of the complex 

obtained from 100 ns MD calculation is analyzed using in-house GROMACS commands 

and visual molecular dynamics (VMD) program. Protein structure visualization was carried 

out using VMD, discovery studio visualizer (DSV v3.5), PyMOL v4.6 (https://pymol.org/2/) 

and Chimera v1.14.[46] Statistical analysis and plots were generated using Origin 2019 

(9.6.0.172). The protein-protein residue specific interaction sites and bond information were 

generated using DSV and LigPlot+.[47]

CG MD simulation—The CG MD simulation of the full-length CYP2B4-Cyt-b5 complex 

was performed under an identical condition (MD simulation parameters) in ER membrane. 

The protein-membrane system was built using CHARMM-GUI[43] using ER lipid 

composition identical to our all-atom MD simulation. Martini v.2.2 force field[48] was 

used for the protein and v2.0 for lipid and ions MD simulation. The membrane temperature 

was maintained above the main phase transition temperature of lipids (315.5 K) to represent 

the lamellar phase of the lipids. Short NVT (0.5 ns) and long NPT (1 μs) simulation were 

carried out to equilibrate the MD systems. A final production MD run of 11.4 μs was 

carried out using 0.02 ps time-step for integration. The MD trajectory was analyzed using 

GROMACS and VMD. The CG coordinates obtained from 11.4 μs MD simulation were 

back converted to all-atom coordinates for the complex structure analysis using DSV and 

Chimera.

MM/PBSA binding free energy calculation—The binding free energy between the 

CYP2B4 and Cyt-b5 in the redox complex was estimated using MM/PBSA method which 

has been previously tested on protein-protein[45] as described elsewhere.[49,50] Using an 

integrated GROMACS and APBS (GMXPBSA)[51,52] commands, the energetic parameters 

are computed from 100 different snapshots retrieved at a regular time interval from the 100 

ns MD simulation. For a comparative analysis, CYP2B4 coordinates consisting of amino 

acids 51–492 and Cyt-b5 residues 1–90 (the soluble domains) were retrieved from full-

length and TM domain truncated complexes by creating specific index files. The lipid, TM 

domain, and unstructured linker residues were not considered for MM/PBSA computation.
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Results and Discussion

Orientation of TM helices in the CYP2B4-Cyt-b5 complex in ER membrane

The full-length structures of the CYP2B4 and Cyt-b5 were generated by structural 

hybridization of experimental and ab-initio model structure of the soluble and TM domain, 

respectively. The CYP2B4-Cyt-b5 complex was built using HADDOCK web-program 

guided with the NMR distance constraints.[42] The initial complex structure was stabilized 

by salt-bridges, hydrogen bonds and alkyl interactions. We note that in CYP2B4 the R125 

forms a hydrogen bond with heme-D-propionate, whereas the R126’s sidechain is exposed 

to the protein-protein interface in the redox complex (Fig. S1). This is well supported by 

the importance of R125 in the electron transfer between cytb5 and cytP450 revealed by our 

previous experimental study.[42] The stability of the full-length CYP2B4-Cyt-b5 complex 

was first studied using coarse-grained (CG) MD simulation on a timescale of 11.4 μs by 

incorporating the TM helices in a lipid-bilayer that mimics the lipid composition of ER 

membrane. As shown in Fig. 1a, TM domains of the initial complex structure in our CG-MD 

were separated by at least > 2 nm inside the ER membrane before the MD simulations. The 

TM-TM interaction and its effect on the complex structure are revealed at the end of 11.4 μs 

MD simulation. The TM-TM interaction rearranges the helices with a cross-angle structure 

where each helix is oriented ~10°−20° with respect to bilayer normal (Fig. 1b), which is in 

agreement with previous solid-state NMR experimental studies.[29] The TM-TM interaction 

is shown to influence the interaction between the soluble domains of CYP2B4 and Cyt-b5 

highlighting a tight binding as illustrated in Figure 1b. The formation of a tight complex 

induced by the TM-TM interaction is preceded by several intermediate conformations where 

both the proteins show substantial TM helix dynamics and tilt (Fig 2).

Structural analysis of the complex derived from CG-MD as a function of simulation 

time as shown in Figure 2 revealed a slow and flexible TM helix rearrangement in both 

proteins prior to the TM-TM crossing. During the initial 0.6 μs, a substantial structural 

rearrangement is noticed on the soluble domain of Cyt-b5. A translational shift of ~8 Å 

(away from CYP2B4 TM helix) is observed for the residue located at the center of the 

Cyt-b5-TM helix from its initial position (t=0 μs); whereas the C-terminal residues (Asp133 

and Asp134) showed an inward movement (towards CYP2B4 TM helix) (Figure 2a, red 

and green). This structural rearrangement in the TM domain is found to be flexible during 

the next 2.4 μs showing both inward and outward translational movement with respect 

to the bilayer normal. Notably, the TM domain translation facilitates the Cyt-b5 soluble 

domain with an increase in the intermolecular contact surface area as illustrated in Figure 

2a (red versus purple). A considerable downward (towards bilayer surface) movement of 

the Cyt-b5 soluble domain is identified resulting in a displacement of 20.2 Å between the 

N-terminal methionine before and after 2.4 μs MD simulations (Figs. 1a and S1a). The 

resulting displacement of Cyt-b5 soluble domain assists electrostatic interaction between 

R120, R122 and R126 from CYP2B4 and E42, E43, E48 and E49 from Cyt-b5 (Figure 

S1b). The complex stability is identified to be highly transient in the next 6 μs (2.4–8.4 

μs) MD simulations where the Cyt-b5 TM domain majorly rearranged in the lipid bilayer 

generating a loose or tightly bound protein-protein complex structure (Figure 2). At 5.4 

μs both TM domains were identified to be oriented at a close proximity for association 
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following dissociation at 8.4 μs (Figure 2b and c). The association and dissociation of the 

TM domains is reciprocated by the soluble domain electrostatic interactions as highlighted 

in Figure S1b. Interestingly, a stable complex is formed from 9 μs to 11.4 μs modulated 

by the TM-TM interaction. The initial TM-TM helix interaction is driven by a salt-bridge 

involving Glu2 (CYP2B4) and Arg126 (Cyt-b5) following leucine zipper packing (Figures 

2d and S2). The spontaneous assembly of TM-TM helices has been previously observed for 

CYP1A2 and Cyt-b5 by MD simulation driven by the flexible linker interaction embedded in 

a simplified DLPC membrane.[38] However, we do not see any interaction between linkers 

in the CYP2B4-Cyt-b5 complex, and found the soluble domain rearrangement drives the 

TM-TM interaction or vice-versa in both CG and all-atom MD simulations. This could be 

due to the effect of membrane composition; unlike DLPC that forms a thin bilayer with a 

hydrocarbon thickness of 21.9 Å,[53,54] the ER membrane is thick with a hydrocarbon 

thickness >30 Å,[22,54] ordered and forms lipid rafts that constrain the dynamics of 

embedded protein. The native membrane environment is proposed to be important to fully 

capture the functional state of membrane proteins. Notably, MD simulation that presented 

a cross-angle TM helix orientation for CYP2B4-Cyt-b5 complex has also been observed 

for CYP1A2-Cyt-b5 complex with a relatively high TM helix tilt with respect to the lipid 

bilayer normal[38], and in agreement with solid-state NMR findings.[55] Collectively, this 

observation hints the cross-angle orientation of TM helices may influence the functional role 

of CYP2B4 in its native state.

To further gain insight into the early stage of TM-TM interactions at an atomic level, 

we next performed all-atom MD simulations that are limited by the united-atom model 

system shown in Figure 2. In our all-atom MD simulations, to reduce the timescale of 

TM-TM interactions (within nanoseconds) as revealed from our united model CG-MD 

calculation, the TM helices were initially separated by a minimum distance ~1.0 nm (Figure 

1c) that resembles the complex structure obtained from CG-MD at a timescale of 7.8 μs. 

The simulated CYP2B4-Cyt-b5 complex embedded in the ER membrane showed TM-TM 

interaction within the chosen 100 ns time-scale as illustrated in Figure 1d. Remarkably, a 

TM helix tilt ~10°−20° was observed for the TM-TM domain complex with respect to the 

ER membrane normal and also reported previously for model structures of CYP450 in lipid-

bilayer[56] and by solid-state NMR experiments on a fluid lipid bilayer.[55] In addition, the 

TM helix tilt in the CYP2B4-Cyt-b5 complex resemble the intermediate structures obtained 

from our CG-MD results that show a gradual increase in TM-TM packing arbitrated by 

the leucine-zipper sequence in the TM helices. We do not observe a cross-angle TM-TM 

orientation from our all-atom MD simulation within the timescale of 100 ns. This agrees 

with the CG-MD results that indicate a transition from an open tilted (Figure S2, left) to a 

cross-angle TM orientation (Figure S2, right) requires hundreds of nanoseconds. A notable 

observation from all-atom MD simulation is the relative orientation of the TM helices. As 

shown in Figure S3, a two-turn helix offset is observed for Cyt-b5 TM allowing a spatial 

orientation for the salt-bridge formation (Glu2-Arg128).

The atomic interaction map of the CYP2B4-Cyt-b5 complex was next analyzed from all-

atom and MD simulations. The intermediate complex structure as obtained from 100 ns 

all-atom MD simulation shows both electrostatic and hydrophobic packing as illustrated 

in Figure 3. The TM-TM complex stabilized by the Glu2-Arg128, Arg21-Asp104 and 
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Lys25-Asp104 salt-bridges is reciprocated by hydrophobic packing across the leucine zipper 

(Figures 3a, c and 4). Electrostatic potential map shows a close contact between the 

acidic (Glu2) and basic (Arg128) surface in CYP2B4 and Cyt-b5, respectively (Figure 

3c). A similar electrostatic surface potential is observed in the TM-TM complex structure 

obtained from CG-MD simulation. We note that the surface potential was calculated using 

an all-atom TM-TM complex obtained by back converting the CG coordinates. Notably, 

in the all-atom intermediate TM-TM complex, the C- and N-termini of CYP2B4 and 

Cyt-b5, respectively, do not show any interactions (Figure 3c). However, these regions are 

identified to interact on a long-time scale CG-MD simulations (Figure 3d). In addition to the 

E2-R128 salt-bridge as observed in the intermediate structure (Figure 3c and e), additional 

salt-bridges were identified at R21-D104 and K25-D104 in CG-MD simulations (Figures 

3d, f and 4). The leucine-rich region 5LLLLLAFLAGLLLLL19 in CYP2B4 showed 

hydrophobic packing with the Cyt-b5 region spanning residues 114VIPAISALIVALM126. 

CYP2B4 leucine residues that include Leu8, Leu12, Leu15, Leu18 and Leu19 were 

found form hydrophobic packing with Cytb5 enzymes Ala124, Arg128, Leu121, Ala120, 

Tpr109, Trp110, Trp113 and Ala117 (Figure 4). Our simulation results are in agreement 

with our previous solid-state NMR observations that showed the involvement of Leu121 

and Leu125 residues in intermolecular interactions in a lipid bilayer.[55] We note that 

Figure 4 is a representative interaction plot derived at the end of 11.4 μs, and we see 

the involvement of Leu125 in hydrophobic packing in our MD simulation at different 

time-points (data not shown). In addition to hydrophobic packing, the Trp110 in Cyt-b5 

shows π-stacking interaction with CYP2B4’s His23 and Phe20 (Figure 4). Together, the MD 

simulation provides an atomistic detail for the residues driving TM-TM interaction that were 

incomplete in our previous NMR study[55] due to selective 13C labeling and experimental 

challenges.

TM-TM interaction stabilizes CYP2B4-Cyt-b5 complex

To understand the influence of TM-TM interaction on the structural interaction between 

the soluble domains in CYP2B4-Cyt-b5 complex, we next performed MD simulation of 

truncated (tr) CYP2B4-Cyt-b5 complex (with no TM domains). Analysis of the protein 

backbone root mean square deviation (RMSD) derived from 100 ns all-atom MD simulation 

of the full-length CYP2B4-Cyt-b5 complex showed a high RMSD values for the Cyt-b5 

(Figure 5a, green vs red) when compared to the truncated CYP2B4-Cyt-b5 complex (100 

ns). On the other hand, no significant change (Figure 5a, blue vs black) in RMSD is 

observed for the CYP2B4 indicating the structural rearrangement is majorly contributed by 

the Cyt-b5 in the hetero-complex. Similarly, RMSD of Cyt-b5 TM helix was found to be 

higher as compared to that of CYP2B4 further supporting both soluble and TM domain of 

Cyt-b5 mediates hetero-complex formation. We note that the reported observations could 

be due to the absence of P450 substrate; and in the presence of substrate the protein 

dynamics may be different. The increase in structural flexibility in Cyt-b5 not only affects 

the soluble domain’s interaction, but also influences the orientation of TM-TM helices in the 

ER membrane. CYP2B4’s rigidity and Cyt-b5’s flexibility may facilitate a topology that is 

required for the catalysis of substrate and recruiting other binding partners such as CPR.
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The root mean square fluctuation (RMSF) calculated as a function of amino acids showed 

a high fluctuation both in the truncated and full-length Cyt-b5 N-terminus that share a 

random-coil structure (Figures 5b (blue) and S4 (black and red)). The RMSF values 

calculated for the TM domain of Cyt-b5 is comparatively higher than for CYP2B4-TM 

domain (Figure 5b, green vs black) that shows a RMSF value < 2 Å for the TM helix 

(residues 3–24). This observation correlates the notable dynamic behavior of Cyt-b5 TM 

domain in mediating the TM-TM interaction as illustrated in Figure 2. The relative RMSF 

values of CYP2B4 in the TM-truncated complex were calculated in reference to the full-

length CYP2B4-Cyt-b5 complex. The RMSF plots showed a higher fluctuation in the C-D 

loop region (> 2 Å) spanning residues 137–140 that was identified in the proximity of 

the CYP2B4-Cyt-b5 interface in the full-length protein-protein complex. In addition, loop 

fluctuations are observed for D-E (159–163), G-H (253–264) and H-I (277–281) loop 

residues. Interestingly, the R422 is the only residue in the CYP2B4 C-terminus that shows a 

considerable fluctuation and previously been identified as a key residue for Cyt-b5 complex 

formation and drug-metabolism.[57] On the contrary, these fluctuations in the truncated 

soluble domain complex are comparatively small with exception to the G-H loop residues 

(257–260). Quantitative measurement of the TM helix tilt as illustrated in Figures 1 and 2 

as a function of time showed an average tilt of 15.5±5.6 degree for the Cyt-b5 TM helix, 

and 18.06±5.7 degree for the CYP2B4 TM domain (Figure 5d). Interestingly, the observed 

TM-TM orientation closely resembles a model structure constructed using solid-state NMR 

experimental constraints,[30] and the tilt angle matches well with the simulated tilt angle of 

Cyt-b5 in DMPC/DHPC bicelles in free (14±3°) and (16±3°) complex state.[29] Recently, 

the helix tilt is shown to be influenced by force-field parameters, but notably a similar range 

of helix tilt (~10–20°) is observed for other class of CYPs.[58]

TM-TM interaction enhance cytoplasmic domain stability in CYP2B4-Cyt-b5 

complex

The interaction between TM domains was next studied to understand its influence on the 

structural stability of the complex. The physical and chemical properties of membrane and 

substrate binding are known to module the complex formation and stability of structural 

interactions between CYP2B4 and Cyt-b5.[59,60] In our all-atom MD simulations, both 

CYP2B4 and Cyt-b5 TM helices are observed to render an ideal helix conformation with a 

helicity over 80% for most of the residues in CYP2B4 (3–21) and Cyt-b5 (114–130). We 

observed a secondary structure change in the TM domain of Cyt-b5 that initially modeled 

with a longer helix (109–132) (Figure S5). Notably, the ideal TM helix observed in Cyt-b5 

in our MD simulation correlates to the secondary structure determined by solid-state NMR 

using selective residue 13C labeling.[30] Next, we compared the effect of the conformational 

alteration in the TM helix and in the TM-TM complex formation on the conformation of the 

soluble-domains. The complex of the soluble domains of CYP2B4-Cyt-b5 in the absence of 

TM domains and ER membrane shows a smaller number of hydrogen-bond contacts (Figure 

6b). On the other hand, the full-length proteins embedded in the ER membrane show a tight 

packing with a relatively high number of hydrogen bonds between the soluble domains as 

shown in Figure 6c. The B- and D-helices, and loop connecting A’-B and C-D helices in 
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Cyt-b5 are found to contribute several hydrogen bonds and electrostatic interactions with 

CYP2B4.

Atomistic interaction analysis between the soluble domains of CYP2B4 and Cyt-b5 in the 

presence of TM domains shows electrostatic interactions between the basic residues of 

CYP2B4 and acidic residues of Cyt-b5. CYP2B4 residues R126, R133, and R262 were 

found to electrostatically interact with Cyt-b5 residues E43, E48, E49, and D71 (Figure 

6d). Multiple hydrogen bonds are observed between these acidic and basic residues as 

illustrated by dotted lines in Figure 6d. In addition, an electrostatic interaction between 

Cyt-b5 N-terminal residue M1 and CYP2B4 D134 is also observed. Other residues 

that include CYP2B4 A130, G136, M137, and G138 were found to form hydrogen or 

hydrophobic packing with Cyt-b5. These observations are in good agreement with the 

complex structure determined by NMR experiments of the full-length proteins in bicelles.

[42] The perpendicularly oriented heme in Cyt-b5 with respect to CYP2B4’s heme showed 

a substantial translation ~7.2 Å from its original position post 100 ns MD simulation (Figure 

S6). The structural arrangement allowed the heme edges in the CYP2B4-Cytb5 complex 

to come closer within the upper limit (~14 Å) for an efficient electron transfer. We note 

that a longer all-atom simulation may further refine the spatial arrangement of heme in the 

complex for an efficient electron transfer.

We compared the atomistic interaction map of CYP2B4-Cyt-b5 complex obtained from our 

all-atom MD simulation with the final structure retrieved (t=11.4 μs) from our CG-MD. 

Interestingly, several intermolecular contacts that were not observed in our 100 ns time-scale 

structural sampling are observed in the CG-MD simulations (Figure 7). The N-terminal 

arginine residues R126, R133 and D134 in CYP2B4 were found to interact electrostatically 

with Cyt-b5 E43, E48, and K39 respectively, where the residue E43 interacts with both 

R126 and R133. In addition, the acidic residues E43 and E48 were found to be involved in 

forming several hydrogen bonds as illustrated in Figure 7. As compared to other residues, 

we observed R133 (CYP2B4) and E43 (Cyt-b5) to be involved in multiple interactions that 

include electrostatic, hydrogen-bond and π-alkyl hydrophobic packing. Several C-terminal 

basic residues in CYP2B4 that include R271, K274, and K276 were also identified to 

mediate charge-charge interactions with D65, E61 and D58 (Cyt-b5) residues, respectively. 

Notably, the E43 residue involved in multiple interactions with R133, was also found to 

interact with the C-terminal residues N423 and R434 in CYP2B4 highlighting its crucial role 

in the complex formation (Figure 7). Other charged residues in CYP2B4 such as E86, E119, 

R271, D275, K276, and D278 are found to interact with W109, N106, D65, N62, G56 and 

R52 (Figure S7). It should be noted that several of the interacting residues including R133 

identified in our MD simulation have been shown to significantly change the binding affinity 

between CYP2B4 and Cyt-b5 upon mutation as tested experimentally.[42]

The stability of the CYP2B4-Cyt-b5 complex was next probed by computing the binding 

free energy using MM/PBSA. The different energetic parameters obtained from MM/PBSA 

calculations are plotted in Figure 6e and f. The soluble domain of CYP2B4-Cyt-b5 complex 

formation was found to be favored by both bonded and non-bonded (Coulombic and Lennar-

Jones (L-J)) interactions. The interaction is highly disfavored by the polar solvation energy 

(3212.71 ± 543.76 kJ/mol) and countered by a small non-polar solvation energy (−25.39 ± 
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4.70 kJ/mol). The free binding energy (ΔG) computed for the soluble-domain complex in the 

absence of TM domains and membrane is ΔG=−27.406±10.32 kJ/mol (Figure 6f). Notably, 

a hundred-fold higher (ΔG=−2810.68 ± 696.44 kJ/mol) binding energy was computed for 

the soluble domains retrieved from the full-length CYP2B4-Cyt-b5 complex (Figure 6f). 

It should be noted that the estimated binding energy is not contributed from the TM-TM 

and membrane lipid intermolecular and intramolecular interactions (see methods). The MM/

PBSA calculations in both systems do not consider the energetic parameters contributed 

from entropic calculations. However, the estimated binding energy for the soluble domains 

(ΔG=−27.406±10.32 kJ/mol) closely equals the range of the experimentally calculated 

binding energy ΔG=−38.20 kJ/mol. It should be noted that the ΔG computed for the soluble 

domains extracted from the full-length complex cannot be calculated using experimental 

methods and thus cannot be compared. Assuming the reliability of the applied method 

on these systems under identical conditions, the computed ΔG values indicate TM-TM 

interaction and ER membrane incorporation influence the stability of the soluble domains of 

CYP2B4-Cyt-b5 complex. The influence of lipid membrane and TM domains in modulating 

the protein-protein complex stability has previously been observed for several other proteins,

[45,61–63] which further supports our distinguished observation of a higher ΔG for the 

CYP2B4-Cyt-b5 complex in ER membrane.

The effect of membrane on P450 function is beyond triggering its complex formation with 

Cyt-b5 as observed here. For example, the CYP2B4–Cytb5 complex stability in a membrane 

environment could be eased by other P450 reductases such as CPR as demonstrated earlier. 

[19] In contrast, P450 substrate binding favors the stability of the CYP2B4-Cytb5 by 

masking CPR. We believe that structural and dynamic studies of the ternary complex in 

a native membrane environment is crucial considering the dynamic exchange between CPR 

and Cytb5 in binding to P450. However, a deeper understanding of this molecular process 

through a detailed structural and dynamic studies of the ternary complex would be essential.

Conclusion

A multiresolution structure of CYP2B4 and its interaction with Cyt-b5 in a near natural 

membrane environment (ER membrane) is obtained using long-range MD simulation. 

Structural and dynamic analysis of the CYP2B4-Cyt-b5 complex in the ER membrane 

identified a spontaneous and stable TM-TM domain interaction driven by salt-bridges, 

π-stacking, and leucine-zipper packing. Notably, the TM-TM interaction is shown to 

stabilize the soluble catalytic domain complex with a nearly hundred-fold higher binding 

affinity when compared with the CYP2B4-Cyt-b5 complex that lacks a TM domain. The 

reported results that include residue interaction plot, TM helix tilt and dynamics are in good 

agreement with published experimental results; but provides a complete picture of the high-

resolution structure and dynamic information of the CYP2B4-Cyt-b5 complex embedded 

in ER membrane. Further structural studies probing the effects of lipid composition on 

the CYP2B4-Cyt-b5 complex would be useful as a recent nanodiscs based NMR study 

[22] revealed the lipids preferred by CYP2B4, Cyt-b5 and CPR. We expect the reported 

multiresolution model structure of the full-length CYP2B4-Cyt-b5 complex in a native ER 

membrane system to be valuable in understanding the enzymatic function of cytP450s and 

could help understanding the mechanism of providing a high affinity drug metabolism. 
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The reported structure could be utilized to devise experimental measurements toward 

understanding the role of a possible hydrophobic channel to enable the metabolism of 

hydrophobic compounds by P450s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure, dynamics, and orientation analysis of full-length CYP2B4-Cyt-b5 complex in 
ER membrane.
(a) The initial coordinates (time=0 μs) of the CG model structure of the CYP2B4-Cyt-b5 

complex in ER membrane, and MD snapshots of the final structure retrieved at 11.4 μs 

(b). CYP2B4, Cyt-b5, and lipid-bilayer are respectively shown in blue, red and yellow and 

represented in spheres. A schematic is drawn to illustrate the TM-TM cross-angle (denoted 

as dotted arrows) conformation as derived from the final structure shown in (b). The all-atom 

model structure of an intermediate CYP2B4-Cyt-b5 complex embedded in the ER membrane 

is shown at time=0 ns (c) and time=100 ns (d). The protein is shown as cartoon (blue: 

CYP2B4, red: Cyt-b5) and lipid as sticks. The TM helix tilt as derived from (d) is shown on 

the right as indicated by a dotted arrow. The cross- and tilt-angles for the TM domains are 

calculated with respect to the bilayer normal.
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Figure 2. Conformational changes in CYP2B4-Cyt-b5 complex as a function of time.
CG-MD snapshots show the structural dynamics of TM domains retrieved at a variable 

time-points as indicated in colors. Five representative structures of the CYP2B4-Cyt-b5 

complex derived at a time-interval of 0.6 μs (a-d) as indicated are superimposed where 

CYP2B4 structures are presented on the left and Cyt-b5 on the right from the complex center 

in each superimposed structure.
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Figure 3. Structural interactions between the TM domains of CYP2B4 and Cyt-b5.
Snapshots of CYP2B4-Cyt-b5 complex retrieved from 100 ns all-atom (Cyt-b5 residues are 

not labelled) (a), and 11 μs coarse-grained (b) MD simulations embedded in ER membrane 

(shown as dots). Zoom in atomistic interactions between TM-TM domain obtained from 

all-atom (c), and coarse-grained MD (d) at the indicated color. The coarse-grained TM 

coordinates shown in (d) are back converted to all-atoms and amino acids are labelled. 

Contact map analysis of TM-TM interactions obtained from all-atom (e) and coarse-grained 

(f) MD simulations. The intra- and inter-molecular interactions are shown inside dotted 

red and black circles, respectively. We note the intermolecular interactions are a mirror 

image of each other. The intermolecular salt-bridges are shown in light-blue arrows and 

leucine-zipper packing in dark-blue arrows.
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Figure 4. 
Residue specific interaction plot of TM-TM domains retrieved from 11.4 μs CG-MD 

simulations. Residues involved in salt-bridge (attractive) interactions are shown in bold-

italics, and residues involved in π-stacking are in bold. Leucine zipper residues (L8, L12, 

L15, L18 and L19) are involved in hydrophobic packing as indicated.
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Figure 5. Comparative structural dynamics and stability analysis between the full-length and 
truncated (tr) CYP2B4-Cyt-b5 complexes.
(a) The RMSD profile analysis of different functional domains in CYP2B4-Cyt-b5 complex 

as indicated in colors calculated from 100 ns all-atom MD simulations. The truncated 

and full-length protein complex respectively are denoted with a prefix “f_” and “tr_”. (b) 
The RMSF graph calculated for individual domains from the CYP2B4-Cyt-b5 complex are 

shown as a function of residue number. The dotted line shows a RMSF value over 2 Å. 

(c) The RMSF profiles of soluble domains in the full-length and truncated CYP2B4-Cyt-b5 

complexes are compared and the relative RMSF (with respect to the full-length complex) is 

plotted on the right. (d) The tilt-angles in TM domains calculated from the CYP2B4-Cyt-b5 

complex with respect to the parallel oriented ER membrane surface as a function of time. 

All the profiles shown here (a-d) are calculated from 100 ns all-atom MD simulations and 

indicated with colors as shown on the left panel.
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Figure 6. 
Comparative atomistic interaction map and binding energetics between CYP2B4 and Cyt-b5 

in the presence and absence of membrane. (a) Secondary structure change in the TM 

helix as a function of residues obtained from 100 ns MD simulations. (b-c) Cartoon 

structure showing the soluble domain complex of CYP2B4-Cyt-b5 obtained from all-atom 

MD simulation of the soluble domain without TM (b), and the full-length protein in ER 

denoted as trSoluble domain (c). The interaction map obtained from all-atom MD simulation 

representing an intermediate state of the CYP2B4-Cyt-b5 complex identifies several new 

contacts (dotted line) as compared to the soluble domain complex (solid line) without 

TM and membrane. The roman numbers indicate the number of hydrogen-bonds between 

two residues. (e-f) MM/PBSA based binding free energy and other energetic parameters 

computed from the CYP2B4-Cyt-b5 complex in the absence (e) or presence of TM and 

membrane (f).
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Figure 7. 
Intermolecular interaction plot for the CYP2B4-Cyt-b5 complex obtained from the CG 

MD snapshot retrieved at time 11.4 μs. The types of interaction between two residues are 

indicated on the right.
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