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Abstract 

The lipid membrane assisted interaction between cytochrome P450 (CYP450) and its 

reductase (CPR) plays a significant role in many biochemical reactions and drug metabolism. 

Previous solution and solid-state studies have shown the importance of lipid bilayer on the 

structural folding of CYP450 and the electrostatic interactions between the soluble domains and 

the hydrophobic interactions between the transmembrane helical domains of CYP450 and CPR 

using bicelles and nanodiscs. In this study we report an effective way to determine both the 

conformation and orientation of the truncated microsomal CYP450 2B4 associated with lipid 

membranes, and its orientation transition when binding to a truncated flavin mononucleotide 

binding domain of CPR. The developed methodology combines measurements using sum 

frequency generation vibrational spectroscopy and attenuated total reflectance – Fourier transform 

infrared spectroscopy, and computational data interpretation, which is powerful and generally 

applicable to reveal the interfacial structures of protein complexes in physiologically relevant 

environments. 
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Introduction

Cytochromes P450 (CYP450), a superfamily of heme-containing enzymes, are responsible 

for metabolism of steroids, xenobiotics, fatty acids and drugs. They play crucial roles in bio-

synthesis and bio-breakdown.1–3 The catalytic function of CYP450 involves a two-step electron 

transfer process during the interaction with its redox partners F and cytochrome-b5 (cyt-b5).1–5 

CYP450 receives the first electron transferred from CPR and sequentially receives the second 

electron either from CPR or cyt-b5, while studies have reported the role of cyt-b5 to be substrate 

dependent.1–4,6–8 Thus, knowledge about the dynamic structural interactions between CYP450 and 

CPR (or cyt-b5) would give insights into the catalytic efficiency of CYP450. Previous studies 

found that the binding happens at the proximal face of CYP450 and the flavin mononucleotide 

(FMN) binding domain (FBD) of CPR.2,9,10 The truncated-FBD (lacking the transmembrane 

domain (TM domain)) and truncated-CYP450 (also lacking the TM domain) are superimposed to 

the FBD domain in a full-length FBD (with TM domain) and CYP450 segment in a full-length 

CYP450 (with TM domain), respectively.5 Therefore, the above truncated proteins can be chosen 

to investigate the protein-protein interactions in vitro for simplicity. Extensive studies have been 

focused on the CYP450-CPR complex associated with lipid membrane, since the presence of lipids 

has been found to be an essential factor to stabilize the structural folding of CYP450 and to 

facilitate the accessibility of hydrophobic ligands to the active site of CYP450.1,11–15 However, 

direct examination of the interfacial structures of the protein complex associated with lipid 

membranes in situ is challenging and therefore there is considerable interest on the development 

of new approaches.16–20

Sample preparation methods, such as site-directed mutagenesis,21 and analytical techniques, 

such as X-ray crystallography21,22 and nuclear magnetic resonance (NMR) spectroscopy1,12, are 
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the most commonly used techniques to investigate the structure of the CYP450-CPR complex. 

Although these techniques have provided significant insights into the structural and functional 

properties of the CYP450-CPR complex with atomistic resolution23, there are still some limitations. 

For example, experimental sample conditions required for these studies (e.g., protein crystals or 

high concentration protein solutions) need not be resembling the working conditions of the target 

proteins. Computational approaches, such as molecular dynamic (MD) simulations, have been 

applied to study CYP450-CPR complex as well.9 However, more direct experimental observations 

are needed to validate these in silico modeling results and explore further valuable insights. A 

systematic approach recently developed for interfacial protein structural study combines 

vibrational spectroscopies for experimental measurements, computer simulations, and 

Hamiltonian spectra calculations,24–27 which is a promising and powerful strategy to reveal the 

interfacial structure of the CYP450-CPR complex and its interaction with lipid membrane in situ 

by overcoming the abovementioned limitations.

For this methodology, sum frequency generation (SFG) vibrational spectroscopy, a 

surface-sensitive second-order nonlinear optical spectroscopy,27–65 and attenuated total reflectance 

– Fourier transform infrared (ATR-FTIR) spectroscopy were applied to collect vibrational spectra 

of the interfacial proteins of interest. In parallel, in silico modeling was conducted to predict 

interfacial structures of the proteins. To correlate the results from experimental and computational 

observations, a Hamiltonian approach was then used to calculate SFG and FTIR spectra based on 

the predicted structures as a function of protein orientation, and score the orientation-dependent 

calculation results based on the experimentally collected spectra for each structure. Therefore, both 

conformations (predicted structures from in silico modeling) and orientations of the interfacial 

protein can be determined if a match (with high ranking scores) can be found with the Hamiltonian 
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program. Moreover, incorporation of isotope-labeling into sample preparation of vibrational 

spectroscopic measurements (e.g., traditional infrared spectroscopy and 2D IR)66–69 gives further 

advantages. Isotope-labeling could separate originally overlapped vibrational signals. For example, 

13C isotope substitution of backbone carbonyl can shift the amide I vibrational frequency of a 

labeled unit by ~40 cm-1.56,66 Since the amide I vibrations are dominated by the contribution from 

the C=O stretching, 13C/15N dual isotope labeling can be expected to work similarly as 13C labeling 

alone.70 13C = 18O dual isotope-labeling further shifts the amide I band by ~65 cm-1.56,66,71 Isotope 

labeling can thus provide more independently measured spectra from the same protein structure, 

leading to more accurately deduced structural results.72 Uniquely, with the help of isotope labeling, 

SFG can more accurately determine protein structures (conformations and orientations) at 

interfaces.   

In this study, the most likely conformations and orientations of the complex of truncated 

microsomal CYP450 2B4 (trunc-CYP2B4) (without the TM domain) and truncated FBD (trunc-

FBD) associated with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer 

(serving as a model for cell membrane) was determined by the developed methodology. The 

backbone of the trunc-FBD was 13C-15N isotope labeled and thus its amide I vibrational signal was 

shifted to a lower frequency, which was separated from the amide I signal from the non-isotope-

labeled trunc-CYP2B4. This experimental design enriched the spectral features for both SFG and 

ATR-FTIR measurements by reducing the spectral overlaps and thus improved the accuracy of 

further data interpretation. The conformations and orientations of trunc-CYP2B4 alone associated 

with two different phosphate lipid bilayers (POPC and DLPC (1,2-dilauroyl-sn-glycero-3-

phosphocholine)) without the presence of trunc-FBD were also determined. A membrane 

orientation change between the trunc-FBD-bound and unbound states of trunc-CYP2B4 was 
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observed. This study aims to use the trunc-CYP2B4/trunc-FBD system as a simplified example to 

develop a generally applicable methodology to explore the structure (orientation and conformation) 

of a protein complex at interface. This research also demonstrated the feasibility and power of 

using SFG to probe protein-protein interactions at interfaces in situ.

Experimental Methods

Sample Preparation

The unisotope-labeled truncated CYP2B4 (residue 22-491) was expressed, purified and 

characterized as previously described.73,74 The FMN binding domain of the rat CPR (residue 57-

239) was expressed in E. coli C41 cells. To produce uniformly 13C and 15N-labeled FMN binding 

domain, expression was carried out in M9 minimal media (40 mM Na2HPO4, 20 mM KH2PO4, 8.5 

mM NaCl, 18 mM 15NH4Cl, 1 mM MgSO4, 1 μM CaCl2, 16 nM riboflavin, 0.4% (w/v) 13C-

glucose) and induced at an A600 = 0.7 with 0.4 mM isopropyl 𝛽-D-1-thiogalactopyranoside. The 

cells were allowed to grow at a shaking speed of 140 rpm for 14 hours at 30 °C before harvest. 

The harvested cells were lysed via treatment with lysozyme (30 mg per ml of cell suspension) for 

30 min and subsequent sonication by alternating 1-min pulses for a total of 8 min. After 

centrifugation at 14,000 × g for 20 min, the supernatant was loaded onto a DEAE-Sepharose 

column equilibrated with loading buffer (50 mM Tris acetate, 0.1 mM EDTA, 0.2 mM DTT, 10% 

glycerol, 1 mM FMN, pH 6.7). The column was washed with 2 column volumes of loading buffer 

and 5 column volumes of washing buffer (loading buffer with additional 0.17 M NaCl and 0.3% 

(w/v) sodium cholate) and gradient-eluted with a total of 4 column volumes of washing buffer and 

eluting buffer (loading buffer with additional 0.5 M NaCl and 0.3% (w/v) sodium cholate). The 
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purified protein exhibited a single band on the SDS-PAGE gel.75 The concentration of the oxidized 

FMN binding domain was determined using extinction coefficients of 12.2 mM-1 cm-1 at 454 nm.

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids and right-angle CaF2 

prisms were purchased from Avanti Polar Lipids (Alabaster, AL) and Altos Photonics (Bozeman, 

MT), respectively. For SFG experiments, the Langmuir-Blodgett and Langmuir-Schaefer (LB/LS) 

method was used to deposit the proximal lipid monolayer and the distal lipid monolayer onto a 

CaF2 prism, respectively, to form a lipid bilayer as a model for cell membrane. Detailed procedure 

of such lipid bilayer preparation against a right-angle prism was reported previously and will not 

be repeated here.26,76–81 The subphase solution in contact with the distal layer of the POPC lipid 

bilayer is a 10.0 mM, pH=7.4 phosphate buffered saline (PBS) contained inside a 2 ml reservoir. 

CYP2B4 (4 μM in PBS buffer) was first injected into this aqueous reservoir, followed by injection 

of 13C-15N isotope-labeled FBD (4 μM in PBS buffer). The SFG spectra were then collected after 

the protein complex–lipid bilayer interaction reached equilibrium (~ 16 min). For ATR-FTIR 

experiments, a Nicolet 6700 spectrometer was used to collect ATR-FTIR spectra with a standard 

45° ZnSe ATR cell. Lipid bilayers were deposited onto the ZnSe crystal surface using the vesicle 

fusion methods reported previously.80–82 The subphase solution in contact with the lipid bilayers 

was replaced to D2O-based buffer to avoid signal confusion between the O-H bending mode and 

the protein amide I mode and to ensure a better S/N ratio in the protein amide I band frequency 

region. Similar to the SFG experimental procedure, CYP2B4 was first added into the subphase 

reservoir, followed by injection of 13C-15N isotope-labeled FBD. The final concentration of the 

proteins matched the final concentration used in SFG experiments. The ATR-FTIR spectra were 

then collected after the protein complex–lipid bilayer interaction reached equilibrium (~ 16 min).

SFG and ATR-FTIR Experiments
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SFG involves a second order nonlinear optical process which requires two input beams. 

One input beam is a frequency fixed visible beam at 532 nm, and the other input beam is a 

frequency tunable IR beam (tuned from 1100 to 4300 cm-1). SFG signal can be generated when 

the two input beams overlap temporarily and spatially on the sample, which carries information of 

the second order nonlinear optical susceptibility 𝜒(2) of the sample. Due to the selection rule, 𝜒(2) 

is only non-zero when the medium has no inversion symmetry, such as surfaces and interfaces. 

Therefore, SFG is an intrinsic powerful tool to selectively probe surfaces and interfaces with sub-

monolayer sensitivity. SFG has been widely applied to study both the conformation and orientation 

of interfacial proteins and peptides as previously reported.27,30–38,42,48,49,51,52,54–56 Polarization 

measurements were used during SFG data collection. In this study, the near-total-reflection 

experimental setup was applied, as presented in previous publications.27,51,52,54–56 Here ssp (s-

polarized output SFG signal, s-polarized input visible beam, and p-polarized input IR beam) and 

ppp polarization combinations were used for SFG data collection of CYP2B4 or CYP2B4-FBD 

protein complex associated with lipid bilayer. The detected SFG intensity (𝐼𝑆𝐹𝐺) can be expressed 

as:27–65

𝐼𝑆𝐹𝐺 ∝ |𝜒(2)
𝑒𝑓𝑓|2

=  |𝜒(2)
𝑁𝑅 +  ∑𝑞

𝐴𝑞

𝜔𝐼𝑅 ― 𝜔𝑞 + 𝑖𝛤𝑞
|2

 (1)

where 𝜒(2)
𝑒𝑓𝑓 is the effective second-order susceptibility. 𝜒(2)

𝑁𝑅 is contributed by the non-resonant 

background. 𝐴𝑞, 𝜔𝑞, and 𝛤𝑞 are SFG signal amplitude, the vibrational frequency (peak center), 

and the damping coefficient (peak width) of the vibrational mode q, respectively. After obtaining 

these parameters from SFG spectral fitting, an SFG spectrum can then be constructed. In this study, 

the collected SFG spectra were fitted, and those fitting parameters were then used to reconstruct 

the SFG spectra without the contribution from the non-resonant background, in order to compare 
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with the calculated SFG spectra from the Hamiltonian program discussed below where the non-

resonant background contribution is also not considered. The SFG fitting parameters of various 

spectra presented in this article are listed in the Supporting Information section S1. The measured 

𝜒(2)
𝑝𝑝𝑝/𝜒(2)

𝑠𝑠𝑝 ratio can be obtained from the fitting parameters of SFG ssp and ppp spectra, and from 

which the 𝜒(2)
𝑧𝑧𝑧/𝜒(2)

𝑦𝑦𝑧 ratio, defined in the lab coordination frame, can be deduced after considering 

the Fresnel coefficients.83

ATR-FTIR spectra were collected in the p and s polarizations. The detected ATR-FTIR 

intensity (𝐼𝐹𝑇𝐼𝑅) can be expressed as: 80,81,83–87

𝐼𝐹𝑇𝐼𝑅 = 𝑦 +  ∑𝑞 𝐴𝑞𝑒
―(

𝑥― 𝑥𝑞
2𝑤𝑞

)
2

(2)

where y is an offset term, and 𝐴𝑞, 𝑥𝑞, and 𝑤𝑞 are the ATR-FTIR signal amplitude, the vibrational 

frequency (peak center), and the peak width of the vibrational mode q, respectively. Similar to 

SFG, the collected ATR-FTIR spectra were reconstructed from the fitting parameters (offset term 

was omitted) and then the reconstructed ATR-FTIR spectra were used to compare with the 

calculated ATR-FTIR spectra as described below. The ATR-FTIR fitting parameters are listed in 

the Supporting Information section S1.

HADDOCK Simulation

An online server of HADDOCK 2.488,89 was used to construct the structure of CYP2B4-

FBD protein complex. The initial individual structures used for CYP2B4 and FBD are obtained 

from the protein data bank with PDB ID of 3MVR and PDB ID of 1AMO (residue 64–235). The 

residues involved in the binding interface of CYP2B4 and FBD are listed in the Supporting 

Information section S2. 

Hamiltonian Approach and Scoring System
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The details of the Hamiltonian approach spectral calculations were published 

previously24,25,27,56,90 and will not be repeated here. For the SFG spectra calculations based on the 

structure of the protein complex from HADDOCK simulation, the local frequency of amide unit 

was set to 1610 cm-1 for trunc-FBD and 1645 cm-1 for trunc-CYP2B4 with 𝛤𝑞 of 10 cm-1. For the 

ATR-FTIR spectra calculations, the local frequency of amide unit was set to 1615 cm-1 for trunc-

FBD and 1650 cm-1 for trunc-CYP2B4 with 𝑤𝑞 of 20 cm-1. 

For the SFG spectra calculations based on the structure of trunc-CYP2B4 alone, the local 

frequency of amide unit was set to 1650 cm-1 with 𝛤𝑞 of 10 cm-1. For the ATR-FTIR calculations, 

local frequency of amide unit was set to 1650 cm-1 with 𝑤𝑞 of 20 cm-1. The orientation dependent 

SFG spectra were calculated using the z-x-z convention rotation matrix.

All the reconstructed experimental SFG ssp (or ATR-FTIR s) spectra were normalized to 

[0, 1]. The SFG ppp (or ATR-FTIR p) spectra were scaled accordingly based on the maximum 

intensity ratio between SFG ppp and ssp spectra (or between ATR-FTIR p and s spectra). For 

Hamiltonian calculated spectra of protein complex with isotope labeled trunc-FBD and trunc-

CYP2B4 alone, the SFG ssp spectra (or ATR-FTIR s spectra) were also normalized to [0, 1], while 

the SFG ssp spectra (or ATR-FTIR s spectra) with the protein complex without isotope labeling 

on trunc-FBD and protein complex without considering the coupling of the vibrational spectra of 

the two components in the complex, as well as all the calculated SFG ppp spectra (or trunc-FBA 

ATR- FTIR p spectra) were scaled accordingly. Then the calculated spectra were scored by 

comparing to the reconstructed experimental spectra in a point-by-point manner, as published 

previously24. The overall score of one structure under certain orientation is the square root of the 

multiplication of the scores from both SFG and FTIR comparisons. 
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Definition of Membrane Orientation

Two vectors, v1 and v2, are defined as the vector from the center of mass (CoM) of the first 

4 residues to the CoM of the last 4 residues of the I helix of trunc-CYP2B4, and the vector from  

the CoM of the first 4 residues of the C helix to the CoM of the last 4 residues of the F helix of the 

trunc-FBD, respectively. The angle 𝛼 and 𝛽 are defined as the angles of v1 and v2 versus the z axis 

(perpendicular to the membrane surface), respectively. 𝜃ℎ𝑒𝑚𝑒 is defined as the angle between the 

heme plane (defined by the nitrogen atoms which are coordinated with iron) and the z axis. 𝜃𝑝 is 

defined as the angle between the α1 helix in the trunc-FBD and the C helix in the trunc-CYP2B4.

Results and Discussion

Data from SFG and ATR-FTIR Measurements

Figures 1 (a) and (b) show the experimentally collected SFG amide I data of trunc-CYP2B4 

associated with POPC and DLPC lipid bilayers, respectively. Figure 1 (c) displays the SFG spectra 

of the trunc-CYP2B4/trunc-FBD complex associated with the POPC lipid bilayer. The fitted 

results of these SFG spectra were listed in the Supporting Information section S1, Tables S1 – S3. 

With trunc-CYP2B4 alone associated with the POPC lipid membrane, a single peak at ~1650 cm-

1, assigned to the 𝛼-helix structure, is dominant in each SFG ssp or ppp spectrum. When trunc-

CYP2B4 was associated with a DLPC bilayer, besides the 𝛼-helical peak in the SFG ssp and ppp 

spectra, a small peak (~ 1635 cm-1) of 𝛽-sheet was also observed in the SFG ppp spectrum. In 

addition, the peak widths of the SFG spectra of trunc-CYP2B4 with DLPC are narrower than the 

corresponding peak widths of trunc-CYP2B4 with POPC. These differences between SFG spectra 

indicated that the interfacial behavior of trunc-CYP2B4 may be influenced by the lipid 
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compositions. After adding trunc-FBD to bind with trunc-CYP2B4, some low frequency peaks, 

e.g., around 1610 cm-1, were observed in both SFG ssp and ppp spectra collected from the protein 

complex (Figure 1(c)). It is well known that 13C labeled amide I group shifts its vibrational peak 

center by around 40 cm-1, therefore, the peaks at ~ 1610 cm-1 can be assigned to the 𝛼-helix 

structures of isotope-labeled trunc-FBD. The peak around 1590 cm-1 in the SFG ppp spectrum, 

lower than the signal frequency of the isotope labeled 𝛼-helical structure, could be assigned to the 

parallel 𝛽-sheet structure of trunc-FBD. The dominant peak in each SFG spectrum shown in Figure 

1 (c) is still centered at ~1650 cm-1, contributed by the 𝛼-helical structure of the unisotope-labeled 

trunc-CYP2B4. Trunc-CYP2B4 also contains some anti-parallel 𝛽-sheet structures, which could 

potentially contribute to the peak at ~ 1630 cm-1, overlapping with the trunc-FBD signals, at certain 

orientations. It is worth mentioning that although peaks from the 𝛽-sheet structures were not 

obviously seen from the SFG spectra of trunc-CYP2B4 alone, they could be more visible if trunc-

CYP2B4 underwent orientation changes due to the binding with trunc-FBD, leading to the changes 

in SFG spectral features. 

Figures 2 (a) and (b) show the experimentally collected ATR-FTIR amide I spectra of 

trunc-CYP2B4 associated with POPC and DLPC lipid bilayers, respectively. Figure 2 (c) presents 

the ATR-FTIR spectra of the trunc-CYP2B4/trunc-FBD complex associated with a POPC lipid 

bilayer. The fitted results of these ATR-FTIR spectra are listed in the Supporting Information, 

section S1, Tables S4 – S6.  Similar to SFG, isotope-labeled trunc-FBD contributed peaks at low 

frequencies (~1610 cm-1) in both s and p ATR-FTIR spectra and unisotope-labeled trunc-CYP2B4 

contributed peaks in high frequencies (~1645 – 1655 cm-1). With different selection rules from 

SFG, FTIR can observe signals from random-coil structures of trunc-CYP2B4 centered at ~1645 

cm-1.  
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Figure 1. Experimentally collected SFG ssp (black squares) and ppp (red circles) spectra of (a) 
trunc-CYP2B4 associated with a POPC lipid bilayer; (b) trunc-CYP2B4 associated with a DLPC 
lipid bilayer; and (c) trunc-FBD-trunc/CYP2B4 complex associated with a POPC bilayer. Solid 
lines are the fitted results.

Figure 2. Experimentally collected ATR-FTIR s (black squares) and p (red circles) spectra of (a) 
trunc-CYP2B4 associated with a POPC lipid bilayer; (b) trunc-CYP2B4 associated with a DLPC 
lipid bilayer; and (c) trunc-FBD/trunc-CYP2B4 complex associated with a POPC lipid bilayer. 
Solid lines are the fitted results.

Structure Prediction by HADDOCK Simulation 

Crystal structures of trunc-CYP2B4 (PDB ID: 3MVR) and trunc-FBD (PDB ID: 1AMO, 

residue 64–235) are known, but the crystal structure of the complex is not available. Here, 

HADDOCK 2.488,89 was applied to derive possible structures of the trunc-CYP2B4/trunc-FBD 

complex. Crystal structures of trunc-CYP2B4 and trunc-FBD were used as input structures for the 

HADDOCK simulation, and the binding interface between two proteins were specified from 

previously reported data1,22 (details shown in the Supporting Information section S2, Table S7). 

Page 13 of 31 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 8

:3
4:

43
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6CP00572A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00572a


14

HADDOCK starts with rigid body docking of two input proteins using the provided interfacial 

binding residues as ambiguous interaction restraints. The simulation was then followed by gradient 

driven energy minimization and molecular dynamics protocols to refine the residue side chains 

and the backbone at the binding interface of the protein complex. As a result, 85% of the output 

complex structures (170 out of 200 structures) were clustered into 11 groups based on structural 

similarity. The cluster occupied the best energy profile and Z-score contains 18 similar complex 

structures (Supporting Information section S2, Table S8). These eighteen structures are very 

similar, as indicated by the mean RMSD listed in the Supporting Information, Table S8. These 

optimized complex structures (an example is shown in Figure 3) show that the binding interface 

involves mostly basic residues of CYP2B4 (including R122, R126, R133, K433) and acidic and 

hydrophobic residues of FBD (including N175, T177, E179), in agreement with previous 

studies.1,2 The edge to edge distance between heme and FMN is calculated to be 1.37 (± 0.03) nm 

using GROMACS version 2022.291 (Supporting Information section S2, Table S9), which is 

around the predicted limit of 1.4 nm for electron transfer92 and close to the FMN-heme distance of 

1.8 nm determined by X-ray crystallography93. Previously, the conserved charged amino acid 

R125 of CYP2B4 was considered as a bridge between FMN and heme for electron transfer.1 Here, 

the optimized output complex structures show that the side chain of this amino acid R125 is located 

between FMN and heme (Figure 3), which is in consistent with the previous findings.
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Figure 3. Snapshot of one structure out of the 18 optimized output complex structures obtained 
from HADDOCK simulations. In the complex, trunc-FBD is in pale green and trunc-CYP2B4 is 
in light blue. Residues R122, R126, R133, K433 of trunc-CYP2B4 are plotted with blue sticks, 
residues N175, T177, E179 of trunc-FBD are in orange sticks, the residue R125 of trunc-CYP2B4 
is in magenta, and ligands are in yellow.

Hamiltonian Spectra Calculation of Trunc-CYP2B4/Trunc-FBD Complex Associated with POPC 

Lipid Bilayer

The 18 energy-minimized structures obtained from HADDOCK simulations consider the 

interactions between the two components in the complex, but the membrane orientation of the 

complex and the most likely structure of the complex (among the 18 possible choices) are unknown. 

Here the 18 complex structures were directly input into the Hamiltonian program, and SFG ssp 

and ppp spectra and ATR-FTIR s and p spectra were calculated as a function of orientations 

(defined by the tilt angle 𝜃 and twist angle 𝜓) of the protein complex. The calculated SFG (or 

ATR-FTIR) spectra were compared to the reconstructed experimental SFG (or ATR-FTIR) spectra 

(reconstructed spectra were calculated using the spectral fitting parameters listed in the Supporting 

Information section S1, Tables 1 – 6) to search for the best matched orientation(s) and 

conformation(s) (among the 18 input structures). The highest ranked orientation of each structure 

was listed in the Supporting Information section S3. The highest score of each conformation falls 

in the range of [0.41, 0.45], with the lowest score (0.41) being only 9% lower than the highest 

score (0.45). This is reasonable because the 18 input structures are in the same cluster with similar 

conformations. The initial orientations (0°, 0°) of all the 18 input complex structures used for 

Hamiltonian spectral calculations have their principal axis aligned with the same direction but have 

different degrees of twist along this principal axis.
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Among all the 18 input structures in the cluster with the lowest energy, the protein complex 

11 (noted as PC11) at orientation of (80°, 210°) (or (100°, 30°)) possesses the highest matching 

score (= 0.45) with the experimental data. Thus PC11 can be considered as the most likely 

conformation of the protein complex associated with the POPC bilayer with the most likely 

orientation of (80°, 210°) (or (100°, 30°)). It is worth noting that here in this study homodyne SFG 

measurements were conducted, therefore the orientation of (𝜃, 𝜓) and (180° – 𝜃, 𝜓 + 180°) cannot 

be differentiated. Since PC11 has the highest matching score, and also shares similar conformation 

with the rest of the protein complex, it will be discussed as an example below. 

Figure 4 (a) and Figure 5 (a) show the spectra matching qualities between the calculated 

spectra of PC11 at orientation (80°, 210°) (or (100°, 30°)) and the reconstructed experimental SFG 

and ATR-FTIR spectra (solid lines), respectively. The calculated and the reconstructed 

experimental spectra share similar spectral features and intensity ratios. In current Hamiltonian 

calculation, the local frequency of each amide unit within isotope-labeled trunc-FBD was set to 

~1610 cm-1 (see details in the Method section), which is different from that of the unisotope-labeled 

trunc-CYP2B4, which is at ~1645 cm-1. To better understand the isotope-labeling effect, SFG and 

ATR-FTIR spectra of unisotope-labeled trunc-FBD/trunc-CYP2B4 complex PC11 were also 

calculated at the orientation (80°, 210°) (or (100°, 30°)). For this comparison calculation, the local 

frequency of trunc-FBD was set to 1645 cm-1, same as that of isotope-unlabeled CYP2B4 to 

exclude the isotope-labeling effect. The SFG spectra (Figures 4 (b) and (c)) (or ATR-FTIR spectra, 

shown in Figures 5 (b) and (c)) calculated with and without (blue dash lines) isotope-labeling on 

trunc-FBD exhibit substantially different spectral features. Overall, without isotope-labeling on 

trunc-FBD, the low vibrational frequency peaks (1600 – 1630 cm-1) were shifted back to the high 

frequency (~1650 cm-1), and thus the intensity of the high frequency peaks became stronger. This 
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trend was observed in all the SFG ssp and ppp spectra, and the ATR-FTIR s and p spectra, leading 

to more spectral overlaps. This change is more evident in the SFG spectra. Clearly, isotope-

labeling one protein from a protein complex could shift the vibrational signals of the labeled 

protein to lower frequency to reduce the spectral overlaps, facilitating the spectral analysis of the 

protein complex. 

To better understand the possible coupling effects of the vibrational spectra between two 

proteins in a protein complex, contributions from trunc-FBD and trunc-CYP2B4 in SFG and FTIR 

spectra were calculated separately in Hamiltonian program using PC11 at orientation (80°, 210°) 

(or (100°, 30°)). By separating the two proteins, we assume that there is no coupling of the amide 

I signals between these two proteins. The calculated SFG spectra (Figures 4 (b) and (c)) of the 

protein complex (orange dash lines) and the overall spectra calculated with two separate proteins 

(purple dash lines for SFG ppp spectra, orange dash lines for SFG ssp spectra) show slight 

differences, but such differences are not significant. The enlarged spectra are shown in the 

Supporting Information Figure S1 for comparison. Similarly, the calculated ATR-FTIR spectra 

(Figures 5 (b) and (c)) of the protein complex (orange dash lines) and the overall spectra calculated 

with two separate proteins (purple dash lines for ATR-FTIR p spectra, orange dash lines for ATR-

FTIR s spectra) also only show slight differences. This means that there is some coupling effect of 

the vibrational spectra of the two proteins in the trunc-FBD/trunc-CYP2B4 complex, but such 

coupling effect is not substantial.  
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Figure 4. (a) Comparison between reconstructed experimental and Hamiltonian approach 
calculated SFG ssp and ppp spectra; Comparison between (b) SFG ssp spectra and (c) SFG ppp 
spectra of reconstructed experimental spectra (solid line), calculated spectra from the protein 
complex with the Hamiltonian approach (yellow dash line for ssp and purple dash line for ppp 
spectra), calculated spectra with unisotope-labeling trunc-FBD in the protein complex (blue dash 
lines), and calculated overall spectra from separated trunc-FBD and trunc-CYP2B4 (orange dash 
lines). All spectra were calculated based on PC11 at orientation of (80°, 210°) (or (100°, 30°)).

Figure 5. (a) Comparison between reconstructed experimental and Hamiltonian calculated ATR-
FTIR s and p spectra; Comparison between (b) ATR-FTIR s spectra and (c) ATR-FTIR p spectra 
of reconstructed experimental spectra (solid line), calculated spectra from the protein complex 
with the Hamiltonian approach (yellow dash line for s and purple dash line for p spectra), 
calculated spectra with unisotope-labeling trunc-FBD in the protein complex (blue dash lines), and 
calculated overall spectra from separated trunc-FBD and trunc-CYP2B4 (orange dash lines). All 
spectra were calculated based on PC11 at orientation of (80°, 210°) (or (100°, 30°)).

The PC11 structures associated with the POPC lipid bilayer at orientation (80°, 210°) and 

(100°, 30°) are shown in Figure 6 (a) and Supporting Information section S5, Figure S2 (a). The 

orientation (80°, 210°) should be a more reasonable representation of PC11 complex associated 

with the POPC lipid bilayer because here the FG helix containing the F’-G’ loop closely interacts 

with the lipid bilayer. The FG helix with the F’-G’ loop is widely accepted as a cell membrane 

interaction region when the TM domain is absent.9,12,13 To simplify the further discussion, only the 
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matched orientations that have the FG helix near the lipid bilayer will be discussed in details in 

the later sections. To better define the orientation of the structures that matched the experimental 

measurements versus the lipid membrane surface, and to compare our findings to the published 

results, additional orientation parameters, 𝛼, 𝛽, 𝜃ℎ𝑒𝑚𝑒and 𝜃𝑝, were calculated for all the 18 

structures at their matched orientations (only the orientations with the highest matching scores and 

with the FG helix near the lipid membrane surface were calculated; results are listed in the 

Supporting Information section S3, Table S10). 𝛼 and 𝛽 are defined as the angles between the 

vector v1 and the z axis, and between the vector v2 and the z axis, respectively. The vector v1 aligns 

with the direction of the I helix of the trunc-CYP2B4 and v2 is in the direction from the C helix to 

the F helix of the trunc-CYP2B4. 𝜃ℎ𝑒𝑚𝑒 is defined as the angle between the heme plane 

(determined by the nitrogen atoms coordinating with iron) and the z axis. 𝜃𝑝 is defined as the angle 

between the α1 helix in the trunc-FBD and the C helix in the trunc-CYP2B4. Detailed definitions 

of these angles and vectors can be found in Figure 6 and the Method section. To differentiate these 

orientation parameters from those defined in the Hamiltonian program, we will refer (𝜃, 𝜓) defined 

in the Hamiltonian program as Hamiltonian orientation, and 𝛼, 𝛽, 𝜃ℎ𝑒𝑚𝑒and 𝜃𝑝 as the membrane 

orientation. The average angles calculated for all the 18 structures are: (i) 𝛼 = 78° ± 3°; (ii) 𝛽 = 

116° ± 4°; (iii) 𝜃ℎ𝑒𝑚𝑒 = 55° ± 6°; and (iv) 𝜃𝑝 = 103° ± 2°. Previously published studies showed 

that 𝛼 is around 70° – 83°, 𝛽 is around 109° – 127°, 𝜃ℎ𝑒𝑚𝑒 is around 41° – 60°, and 𝜃𝑝 is around 

100° of a CYP/CPR complex.9 Our results are well aligned with these published results.
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Figure 6. (a) Most likely PC11 orientation: at Hamiltonian orientation of (80°, 210°); (b) Most 
likely orientation of trunc-CYP2B4 from PC10: at Hamiltonian orientation of (30°, 330°). Trunc-
FBD and trunc-CYP2B4 are in pale green and light blue, respectively. FMN is in blue and heme 
is in magenta. α1 helix of trunc-FBD (residue 91 – 105) is in cyan. N-terminus of trunc-FBD is in 
red dot. I helix (residue 286-315), C residue (residue 119-134), and F helix (residue 192-210) of 
trunc-CYP2B4 are in red, yellow and orange, respectively. Vectors v1 and v2, and angles 𝛼, 𝛽, 
𝜃ℎ𝑒𝑚𝑒and 𝜃𝑝 were defined in the Method section.

Hamiltonian Spectra Calculation of the Trunc-CYP2B4 Associated with POPC and DLPC Lipid 

Bilayers

To understand the orientation difference of trunc-CYP2B4 before and after binding with 

trunc-FBD, the trunc-CYP2B4 structures with the best matched Hamiltonian orientations (only 

considering the orientations that have the FG helix near the lipid membrane surface) were extracted 

from the HADDOCK protein complexes. Such extracted trunc-CYP2B4 structures were used as 

new initial structures (set as (0°, 0°)) to calculate orientation dependent spectra using the 

Hamiltonian approach. Such spectra were compared to the reconstructed experimental spectra 

collected from the trunc-CYP2B4 associated with POPC and DLPC lipid bilayers without binding 

to trunc-FBD to determine the most likely structures of the trunc-CYP2B4 associated with the lipid 
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bilayers alone. It was found that the trunc-CYP2B4 in complex structure PC101 and PC122 can 

have the highest matching scores for the POPC and DLPC cases respectively. The comparison 

results between the Hamiltonian approach calculated spectra and the reconstructed experimental 

SFG and ATR-FTIR spectra with the highest matching score are shown in Figure 7. Further 

calculations of the deduced membrane orientations (results presented in the Supporting 

Information section S3, Table S12) showed that, when the trunc-FBD is absent, 𝛼 is 56 ± 3° in the 

case of POPC and 41 ± 4° in the case of DLPC. This indicates that originally trunc-CYP2B4 

oriented the beginning of the I helix closer to the membrane with v1 tilting more away from (𝛼 is 

smaller) the membrane and transited to orient with the end of the I helix closer to the membrane 

with v1 pointing along with the membrane (𝛼 is bigger). Without the presence of the trunc-FBD, 

𝛽 is 96 ± 3° in trunc-CYP2B4 when associated with POPC and 74 ± 5° when associated with 

DLPC, which are smaller than the 𝛽 (= 116 ± 4°) deduced in trunc-CYP2B4 after binding to the 

trunc-FBD. 𝜃ℎ𝑒𝑚𝑒 is deduced to be 41 ± 3° in the case of POPC and 20 ± 4° in the case of DLPC 

of trunc-CYP2B4 alone, which are smaller than the 𝜃ℎ𝑒𝑚𝑒 (= 55 ± 6°) deduced from trunc-

CYP2B4/trunc-FBD complex. The changes of 𝛼 and 𝜃ℎ𝑒𝑚𝑒 indicated that trunc-CYP2B4 was 

tilting away/pulled up from the membrane when binding with trunc-FBD and thus the lipid 

membrane/trunc-CYP2B4 interaction was weakened. 
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Figure 7. Comparison between reconstructed experimental spectra and Hamiltonian calculated 
spectra of (a) SFG and (b) ATR-FTIR measurements based on the trunc-CYP2B4 of PC101 at 
orientation (30°, 330°) or (150°, 150°) associated with a POPC lipid bilayer; and of (c) SFG and 
(d) ATR-FTIR measurements based on the trunc-CYP2B4 of PC122 at orientation (40°, 170°) or 
(140°, 350°) associated with a DLPC lipid bilayer.

Conclusions

In this study, the conformations and orientations of the membrane-bound protein-protein 

complex composed of trunc-CYP2B4 and trunc-CYP2B4/trunc-FBD were successfully 

determined by the combined use of vibrational SFG and ATR-FTIR spectroscopies. Isotope 

labeling was introduced to distinguish trunc-FBD from trunc-CYP2B4 in spectra, enabling the 
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separation of their respective signals. This technique allows for more accurate protein-protein 

complex structural studies by resolving signals from individual proteins within the complex. 

It was found that upon binding via electrostatic interaction with trunc-FBD, trunc-CYP2B4 

underwent a tilting motion, rotating away from the POPC membrane surface. This orientation 

change weakens its interaction with lipids, facilitating the accommodation of electrostatic 

interaction with trunc-FBD. Trunc-CYP2B4 was found to orient more towards the lipid membrane 

surface normal when associated with a DLPC lipid bilayer compared to a POPC lipid bilayer, 

indicating that the lipid composition likely influences the behavior of trunc-CYP2B4 to some 

extent in agreement with previous studies.94–97 The obtained knowledge on the interfacial 

structures of membrane-bound trunc-CYP2B4 provides further understanding on its role in various 

cellular processes such as molecular recognition (of trunc-FBD) and electron transportation.

Understanding the interfacial structures (orientations and conformations) of membrane-

bound proteins and protein complex are essential towards unraveling their functions related to 

signal transduction, diseases mechanisms, drug development and biotechnological applications. 

The developed systematic methodology, combining the experimental measurements by non-

invasive vibrational spectroscopies, structure simulations and Hamiltonian spectral calculations, 

can be a powerful tool to elucidate interfacial conformations and orientations of membrane-bound 

proteins in situ, facilitating our understandings on their biological functions and related 

applications.
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The following files are available free of charge.

Fitting parameters of SFG and ATR-FTIR measurements, parameters and results from the 

HADDOCK simulations, Hamiltonian spectral calculation and matching results, spectra 

comparison, and protein structure visualization.
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