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Abstract: 

The study of membrane protein remains challenging, especially in a native membrane 

environment. Recently, major progress has been made in using maleic acid copolymers such as 

styrene maleic acid to purify and study membrane proteins directly with native lipids associated 

with the membrane. Additional maleic acid copolymer membrane mimetic systems are being 

developed and found to have improved spectroscopic properties and pH stability. Diisobutylene 

maleic acid (DIBMA) has been shown to solubilize and purify membrane proteins from a native 

lipid bilayer into nanodiscs without the need for a detergent. To explore DIBMA lipid particles 

as a suitable membrane mimetic system for neutron scattering studies of membrane proteins, we 

measured and determined the contrast matching point of DIBMA to be ~12% (v/v) D2O—similar 

to that of most protiated lipid molecules, but distinct from that of regular protiated proteins, 

providing a natural contrast for separating neutron scattering signals. Using SANS contrast 

variation, we demonstrated that the scattering from the whole lipid particle can be annihilated. 

Further, the lipid part of the particle shows a well-defined discoidal shape with DIBMA contrast 

matched. These results demonstrate that the DIBMA lipid particle is an outstanding “stealth” 

membrane mimetic for membrane proteins. 

  



Introduction: 

Membrane proteins represent around 23% of known genes1 and comprise more than 60% 

of current drug targets2. However, studying membrane proteins remains a challenge because of 

their insolubility and instability in aqueous solutions. Thus, an effective membrane-mimetic 

system is necessary to conduct structural and functional studies of membrane proteins in 

solution. Detergents are commonly used to solubilize membrane proteins; however, detergent 

molecules cannot reproduce the physical and chemical properties of typical biomembranes. 

Other amphiphilic agents and techniques are being developed for extracting and studying 

membrane proteins in more effective membrane-mimetic environments. Recent developments 

have included systems such as bicelles3, amphipathic polymers such as amphipol4, membrane 

scaffolding protein (MSP) lipid nanodiscs5, and maleic acid copolymer lipid nanodisc/particles6–

9. Among them, lipid nanodiscs and lipid particles assembled by MSP or maleic acid copolymers 

are the most versatile and promising systems. They usually contain a patch of phospholipid 

bilayer with a lipid hydrophobic region shielded by amphipathic molecules such as peptide or 

polymer—are tunable in lipid composition to the specific needs of different membrane proteins, 

e.g., different ratios of charged and neutral lipids, and lipids with different chain lengths or 

saturations. They can provide an environment that more closely mimics a native membrane. 

Their size is also tunable to satisfy a plethora of membrane protein complexes, allowing for 

studies in solution using many biophysical tools, and structural techniques such as cryo-electron 

microscopy, nuclear magnetic resonance, and small-angle X-ray and neutron scattering (SAXS 

and SANS).  

Lipid-particle–forming synthetic amphiphilic copolymers with alternating maleic acids, 

such as styrene-maleic acid (SMA) in various styrene/maleic acid ratios (e.g., 3:1, 2:1), 



diisobutylene maleic acid (DIBMA)8,10, and styrene maleimide (SMI)9 have recently been quite 

successful in solubilizing membrane proteins. For instance, in various cases, SMA copolymers 

were found to directly extract membrane proteins and their associated lipids to form SMA-

stabilized lipid particles, or SMALPs. The discovery of SMALPs provides opportunities for the 

study of membrane proteins in their native membranes11–14. Yet, there are some limitations to 

SMALPs: they are not compatible with far-ultraviolet (UV) spectroscopy and are sensitive to 

divalent cations and neutral to acidic pH. It has been shown that SMA, especially SMA(3:1), 

affects the lipid chain order and consequently might influence the functions of embedded 

membrane proteins. The DIBMA copolymer has diisobutylene as the alternating moiety with 

maleic acid at a ratio of 1:1 [Scheme. 1]. It has been found to solubilize cell membranes while 

having a minor impact on lipid chain order and dynamics, and it is compatible with far-UV 

spectroscopy8. This polymer works well at different pH values, with both monovalent and 

divalent cations15. Therefore, DIBMA lipid particles (DIBMALPs) provide an alternative 

platform to study membrane proteins in diverse conditions.10 

 

Scheme. 1. Chemical structure of DIBMA 

To better understand the membrane solubilization properties of DIBMA and provide a 

structural framework for its application in lipid particle, we studied DIBMA and DIBMALP with 

SANS to understand the lipid particle morphology Small angle scattering techniques provide 



straightforward structural information such as overall dimensions, shape, and molecular 

organization in solution over length scales ranging from a few nanometers to hundreds of 

nanometers. They have been widely used for understanding structures of many polymers and 

biomacromolecules, including lipids and membrane proteins in aqueous solution16–18. 

Understanding DIBMALP morphologies will aid in developing better strategies for solubilizing 

membranes. SANS techniques also benefit from the application of DIBMALPs to the 

solubilization of membrane proteins. DIBMA, which is similar to SMA in the direct extraction of 

membrane proteins and native membranes, is a valuable membrane mimic for membrane protein 

studies in solution by small-angle scattering.  

 From our SANS contrast variation experiment, the contrast matching  point (CMP) of 

DIBMA was found to be ~12% (v/v) D2O, similar to that of most protiated lipid molecules18. We 

demonstrated that the scattering of a whole DIBMALP can be suppressed with a 12% D2O 

buffer. Typical protiated membrane proteins, with CMPs of around 42% D2O, can be studied 

without the scattering of DIBMALPs contributing to the signal. Here,  we demonstrated that a 

DIBMALP is an ideal “stealth” membrane mimic system for SANS studies, in which the neutron 

scattering length density of copolymer and lipid are matched by aqueous buffer of the same 

neutron scattering length density.19,2021 Thus, a membrane protein embedded within can be 

studied without seeing its membrane mimetic environment.  

Material and Methods 

Materials and Sample Preparation 

DIBMA was purchased from Anatrace [part number BMA101]. It was purified from 

Sokalan CP9 (BASF) with diisobutylene to a maleic acid ratio of 1:1. The lipids1,2-dimyristoyl-



sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d54-

DMPC), were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). The materials 

were used without any further purification. DIBMA was dissolved as a 10 mM stock solution in 

Tris buffers (50 mM Tris, 50 or 100 or 200 mM NaCl, at pH 7.5). The stock solution was filtered 

with a 0.22 µm size filter. The desired concentrations of 5 mM, 2 mM, and 1 mM DIBMA 

solutions were obtained by diluting 10 mM stock solution with desired buffers.  

The lipid solutions (1% w/w) were prepared by dissolving the lipids of interest (DMPC or 

mixture of DMPC/DMPG) in the same buffer used for the DIBMA solution to be titrated. The 

suspension was vortexed, was run through three freeze-thaw cycles, and underwent 30-fold 

extrusion at 35°C to ensure the formation of large unilamellar vesicles above the lipid liquid 

phase transition temperature (DMPC phase transition temperature ~23C). Afterward, lipid 

vesicles and DIBMA were mixed in appropriate ratios and incubated to form DIBMALPs for at 

least 1 hour before experiments. 

Small Angle Neutron Scattering 

SANS measurements were performed at the EQ-SANS instrument (BL-6) of the 

Spallation Neutron Source (SNS) and the Bio-SANS instrument of the High Flux Isotope 

Reactor (HFIR) at Oak Ridge National Laboratory (USA)22. A q-range of ~0.0055 to 0.685 Å−1 

at the EQ-SANS was provided from two instrument configurations: sample-to-detector distance 

of 4 m (wavelength band ~10–13 Å) and 2.5 m (wavelength band ~2.6–6 Å). At Bio-SANS, the 

q-range ~0.007 to 0.6 Å−1 was provided by a single instrument configuration with a small-angle 

detector at a sample-to-detector distance of 7 m and a wide-angle detector at 1.13 m. The sample 

aperture was set to 10 mm in diameter at both instruments. The samples were loaded in a 1 mm 

beam path quartz banjo cell (Hellma Inc., Plainview, NY, USA). The sample temperature was 



controlled by a circulating water bath at 30°C, well above the phase transition temperature of 

DMPC. The data were reduced to intensity I versus the reciprocal q space, where q = 4πsin(θ)/λ, 

2θ is the scattering angle, and λ is the neutron wavelength. The reduction procedures, including 

normalization for incident flux spectrum, sample transmission, detector sensitivity, detector dark 

current, and azimuthal average, were performed with the facility-provided software.  

Data Analysis  

SANS data analysis was performed using BioXTAS Raw23 and ATSAS24. Guinier 

analysis 𝐼(𝑞) = 𝐼(0)𝑒−
𝑞2𝑅𝑔

2

3  provides the radius of gyration, Rg, of dilute homogeneous particles 

in solution25. For dilute particles with an extended long axis, e.g., rod-like shapes, a modified 

Guinier analysis 𝐼(𝑞) =
1

𝑞
𝐼(0)𝑒−

𝑞2𝑅𝑐
2

2  can be performed to obtain the cross-section radius of 

gyration, Rc 26. In the case of a homogeneous cylindrical rod, the cylinder radius R is related to 

Rc as R=√2Rc. The pair distance distribution function P(r) (PDDF) is calculated by an indirect 

Fourier transform of the scattering curve I(q) to provide model-free structural analysis in real 

space. It provides direct evidence of simple geometric shapes such as globular, sheet-like, or rod-

like particles, as well as the maximum dimensions of the particle. For a special case such as a 

rod-like shape, the cross-sectional PDDF Pc(r) can be performed to provide more details on 

radical structure and maximum diameter Dc_max 27.  

  The power law fitting I(q)=𝑎 ∙ 𝑞𝑚 + 𝑏 (a is a scale factor and b is background) 

provides a simple dimensionality factor for elucidating the basic geometry of a particle, such as 

sheet, rod, and fractal dimensions28. The fittings were performed in SASView package 

(sasview.org). 



Ab initio Reconstruction 

The scattering length density reconstruction from SANS data is performed by DENSS29 

in membrane mode with 20 reconstructions, subsequently averaged by default DENSS settings. 

The mean of correlation scores between them is 0.857 with standard deviation of 0.019. The 

resolution reported by DENSS is 28.8 Å. The resulting scattering length density is then scaled 

and normalized according the d54-DMPC hydrocarbon chain average NSLD (6.83x10-6 Å-2), and 

buffer of 12% D2O NSLD (0.29x10-6 Å-2).  

Results and Discussion 

DIBMA in solution 

To understand DIBMA structure in solution and to determine the neutron scattering CMP 

of DIBMA, we performed SANS experiments with 1 mM and 2.5 mM DIBMA in a 200 mM 

NaCl Tris buffer at different D2O ratios (Fig. 1). From the linear fitting on √I vs. D2O ratio, the 

CMP of DIBMA was determined to be ~12% (v/v) D2O (Fig. 2). The CMP is practically the 

same as the overall CMP of most protiated lipid molecules. 18 This similarity allows DIBMA to 

be used to assemble a membrane mimetic of uniform NSLD without special deuteration, which 

is tedious and prohibitively expensive in some cases. For example, to use MSP lipid nanodiscs, 

careful isotope labeling is required to produce a MSP in a D2O medium to match the CMP of the 

lipid so that the whole lipid nanodisc can be matched by a single CMP. 



 

(a)                                                                     (b) 

Fig. 1 SANS of (a) 1mM and (b) 2.5mM DIBMA different D2O ratios (from top to 

bottom: D2O ratio (v/v) 96.5%, 73.0%, 50.0%, 31.0%, 15.0%), shown in linear-logarithmic plot 

for clarity. 

 

   

Figure 2. Determining the CMP of DIBMA with a contrast variation series at different D2O ratios. 

The intercept to √I=0 with the linear regression (dashed line) on the data points √I=1.157×D2Oratio-

0.137 yields the CMP. 

 



The SANS data at different D2O ratios from both concentrations were similar (e.g., 

logarithmically plotted in Fig. 3a). They all show a power law feature close to a slope of −1, 

indicating extended structure 30 at different D2O ratios in both concentrations are similar. The 

slight deviation from −1 suggests some roughness on the rod-like particle30.  

From the PDDF, the particle Dmax as seen by neutron scattering was close to 700 Å . 

This revealed that the smaller rod-like DIBMA particles form larger-scale hierarchical structures 

showing the nature of a hyper-coiling polymer and polyelectrolyte. (Fig. 3) The smaller rod-like 

shape revealed from SAXS further organized into even larger elongated structures. In the 

modified Guinier analysis for the rod-like shape, the Rc was around 30 Å . Assuming a 

cylindrical rod, the cross-section radius R was ~50 Å.  

 

(a)                                                                                              (b) 

Fig. 3 (a) SANS of DIBMA in 73% (blue) and 96.5% (red) D2O are shown in logarithmic plot. 

The power law fitting is overlaid on the 96.5% D2O as black. (b) P(r) of DIBMA SANS data in 

73% (blue) and 96.5% (orange) D2O 

 



DIBMA Lipid Particle 

Lipid-to-polymer ratio in forming DIBMALP: We observed that the addition of DIBMA to lipid 

vesicles caused the cloudy solution to become clearer as the ratio of DIBMA increased 

(lipid/polymer (w/w) 1.5, 1.25, 1.0, 0.75, 0.5, 0.25 [molar ratio ~22.0, 17.6, 13.2, 8.8, 4.4]) (an 

example of DMPC vesicles is shown in Fig. 4). 

From the SAXS measured at Rigaku BioSAXS X-ray instrument, more details for the 

solution samples were attained (Fig. 5). At higher lipid-to-polymer ratios (e.g., lipid/polymer ~22 

to 13.2 molar ratio), the slope of the curves at low q (below ~0.04 Å-1) was close to −2, 

indicating a sheet-like structure of a 2-dimentional lipid vesicle bilayer. The first minimum and 

the peak near 0.1 Å−1 suggest a typical lipid bilayer thickness, which is consistent with typical 

SAXS data from an intact lipid vesicle31,32. At lower lipid-to-polymer ratios, the slope was 

reduced, indicating the lipid vesicle dissolved in the increasing amounts of DIBMA polymer. 

This result shows the polymer solubilizes lipids in a concentration-dependent manner. A 

significant polymer-to-lipid ratio is needed to completely encapsulate the available lipids, 

resulting in lipid particles that are much smaller than lipid vesicles. We used therefore 

(DMPC/DIBMA = 10mM/5mM) for SANS study. 

 

Fig. 4. The combination of DMPC vesicles and DIBMA Polymers at different lipid to 

polymer weight ratios 



 

Fig. 5. SAXS Analysis of Scattering pattern showing the scattering intensity I as the 

function of scattering vector q for DIBMA lipid particles (DIBMALPs) at pH 7.5 with the 

DMPC/ DIBMA weight ratios of 0.25, 0.5, 0.75, 1, 1.25 and 1.5  

 

As a “stealth” membrane mimic: From the DIBMA CMP we obtained, and the morphology 

of DIBMA with different lipid-to-polymer ratios, we went on to determine the lipid nanodisc 

structure and demonstrate the stealth lipid nanodisc. As shown by the purple curve in Fig. 6(a), the 

coherent SANS signal of DIBMALPs assembled from protiated lipids (DMPC/DIBMA = 

10mM/5mM) is annihilated by a 12% D2O buffer, only showing featureless flat scattering, mostly 

from the incoherent scattering of hydrogen in the DIBMALPs. This result confirmed the whole 

DIBMALP can be contrast matched by using a 12% D2O buffer.  

Additional curves in Fig. 6a also show SANS results for the DIBMALPs assembled from 

deuterated lipid d54-DMPC at various D2O ratios. In this case, the CMP of the lipid was much 

higher than that of DIBMA, near 100% D2O.33 At D2O ratios other than 12%, both polymer and 

lipid components showed a higher hierarchical structural organization of the polymer intertwined 
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with the nanodiscs. At 12% D2O, the CMP of DIBMA, the scattering originated only from d54-

DMPC. In other words, only the lipid compartment, especially the deuterated hydrocarbon chain 

region of the nanodisc is selectively observed. The thickness ~40A is consistent with a lipid 

hydrocarbon chain thickness.From the Guinier analysis and P(r), the Rg is ~19 Å and the Dmax ~60 

Å. The P(r) curve (Fig. 6a inset) indicates a quite symmetric and globular lipid particle presumably 

constrained by the polymer. We performed ab initio reconstruction on the SANS data only showing 

d54-DMPC nanodiscs (the red curve in Fig. 6a) with DENSS (Density from Solution Scattering 

program).29 The resolved NSLD clearly shows an oblate discoidal shape (Fig. 6b) with high NSLD 

in the center matching the deuterated acyl chain of d54-DMPC (Fig. 6c). The DIBMA polymer 

surrounding the disk has been contrast matched completely (Fig. 6d). 

 

(a) 



 

(b) 

 

(c) 

 

(d) 

Figure 4. (a) SANS of DIBMALP composed of d54-DMPC measured at D2O ratios of 12% (red), 

50% (green), 75% (orange), 100% (blue). The inset is the P(r) for 12% data. SANS of DIBMALPs 

composed of protiated DMPC at 12% D2O is shown in purple. (b) the ab initio shape from DENSS 

shown from different orientations. (c) A cross section of the NSLD density in the reconstructed 

result. (d) a cartoon overlaid with the NSLD to represent the structure. 

 

 



Conclusions 

We determined that the DIBMA CMP is practically the same as that of protiated lipids, 

while protein CMP is typically about ~42% D2O, presenting a natural contrast between 

DIBMALP and protein. Once DIBMA is used to extract and purify membrane protein with 

associated lipids, the samples can be used for an array of neutron scattering experiments for the 

selective study of protein without the interference of the membrane mimetic. This provides a 

straightforward approach without the need for isotope labeling, e.g., deuteration of polymer, 

lipids, or protein. This provide a solution for biomembranes that are not easily deuterated, which 

is one of the difficulties to study membrane protein under native lipid environment with SANS. 

Most SANS instrument can provides good signals for the contrast between lipid and protein even 

the incoherent background is high at ~12% D2O ratio. The compatibility of DIBMALP with 

other biophysical and structural techniques makes it possible to use the same samples for 

additional study. 
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