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Fast Collisional Lipid Transfer 
Among Polymer-Bounded 
Nanodiscs
Rodrigo Cuevas Arenas1,*, Bartholomäus Danielczak1,*, Anne Martel2, Lionel Porcar2, 
Cécile Breyton3, Christine Ebel3 & Sandro Keller1

Some styrene/maleic acid (SMA) copolymers solubilise membrane lipids and proteins to form polymer-
bounded nanodiscs termed SMA/lipid particles (SMALPs). Although SMALPs preserve a lipid-bilayer 
core, they appear to be more dynamic than other membrane mimics. We used time-resolved Förster 
resonance energy transfer and small-angle neutron scattering to determine the kinetics and the 
mechanisms of phospholipid transfer among SMALPs. In contrast with vesicles or protein-bounded 
nanodiscs, SMALPs exchange lipids not only by monomer diffusion but also by fast collisional 
transfer. Under typical experimental conditions, lipid exchange occurs within seconds in the case of 
SMALPs but takes minutes to days in the other bilayer particles. The diffusional and second-order 
collisional exchange rate constants for SMALPs at 30 °C are kdif = 0.287 s−1 and kcol = 222 M−1s−1, 
respectively. Together with the fast kinetics, the observed invariability of the rate constants with 
probe hydrophobicity and the moderate activation enthalpy of ~70 kJ mol−1 imply that lipids exchange 
through a “hydrocarbon continuum” enabled by the flexible nature of the SMA belt surrounding the 
lipid-bilayer core. Owing to their fast lipid-exchange kinetics, SMALPs represent highly dynamic 
equilibrium rather than kinetically trapped membrane mimics, which has important implications for 
studying protein/lipid interactions in polymer-bounded nanodiscs.

Several styrene/maleic acid (SMA) copolymers solubilise membrane proteins and surrounding lipids to form 
SMA/lipid particles (SMALPs) without requiring conventional detergents1,2. SMALPs are disc-shaped nanoparti-
cles with typical diameters of 10–25 nm3,4 that are made up of a lipid-bilayer patch bounded by a polymer belt5,6. 
Thus, their colloidal morphology is similar to that of lipid nanodiscs surrounded by amphipathic membrane scaf-
fold proteins (MSPs)7. SMALPs are attracting great attention as a new membrane mimic because they can solubi-
lise proteins from artificial1,8 or natural9–13 membranes while retaining a native-like environment in the form of 
a nanosized lipid bilayer. Owing to their small size, SMALPs are well suited for optical-spectroscopic1,3,4,8,9,12,14,15 
and chromatographic13,15–17 techniques. Likewise, a diisobutylene/maleic acid (DIBMA) copolymer has been 
found18 to solubilise membrane proteins and lipids in a mild fashion, that is, without major perturbation of the 
bilayer order in DIBMA/lipid particles (DIBMALPs).

Different lines of evidence indicate that polymer-bounded nanodiscs present a more dynamic lipid environ-
ment than other bilayer-containing membrane-mimetic systems such as MSP nanodiscs. For instance, Dörr 
et al.14 have shown that single copies of an ion-channel protein can spontaneously transit from SMALPs to 
free-standing lipid bilayers. Very recently, Broecker et al.19 have demonstrated that a membrane protein can read-
ily be transferred from SMALPs to lipidic cubic phases (LCPs) in amounts sufficient for growing well-diffracting 
crystals. We have reported4 that phospholipids populating the SMALP core can interact and re-associate with 
large unilamellar vesicles (LUVs), and Edler and co-workers20 have proposed that SMALPs might be able to 
exchange lipids with monolayers.

In spite of the above circumstantial evidence, nothing is known about the kinetics and the underlying mech-
anism(s) of lipid exchange, although such quantitative and mechanistic insights are essential if one is to fully 
exploit the potential of the SMALP technology for investigating biological membrane components in vitro. 
Here, we quantify the kinetics and identify the mechanisms of lipid transfer among SMALPs formed from the 
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zwitterionic phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and an SMA copolymer having 
a 3:1 styrene/maleic acid molar ratio (SMA(3:1)). Our results demonstrate that, unlike MSP nanodiscs and LUVs, 
SMALPs are highly dynamic rather than kinetically trapped structures that rapidly exchange lipids, which has 
important implications for exploiting “native nanodiscs” in membrane-protein studies.

Results and Discussion
Time-resolved Förster resonance energy transfer (TR-FRET).  Generally, the two major mechanisms 
of lipid transfer among nanoparticles are (i) desorption and interparticle diffusion of lipid monomers through the 
aqueous phase, which manifests in a saturable kinetic model21–23 (equation (1) in Supplementary Information), 
and (ii) lipid exchange through particle collisions, which gives rise to a second-order kinetic scenario (equa-
tion (2))24–27. When both mechanisms are at play, the observed rate constant of lipid exchange, kobs, contains 
contributions from both processes (equation (3)). We utilised time-resolved Förster resonance energy trans-
fer (TR-FRET)22,23 to quantify the concentration dependence of kobs. To this end, we prepared SMALPs that 
contained 1 mol% of each of the two fluorescently labelled phospholipids N-(7-nitrobenz-2-oxa-1,3-diazol- 
4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE) and N-(lissamine rhodamine B sulphonyl)- 
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-PE) in a DMPC matrix. With a Förster distance of 
R0 =​ 6.6 nm28, NBD-PE and Rh-PE form an efficient FRET pair when co-localised in the same SMALP, but the 
FRET efficiency should decrease when the two fluorescent lipids become diluted in a DMPC background.

Indeed, we observed fast dequenching of the NBD-PE donor when mixing labelled SMALPs with various 
concentrations of unlabelled SMALPs in a stopped-flow apparatus (Fig. 1a). Local fits (equation (4)) yielded kobs 
values across the entire concentration range studied (Fig. 1b). The steep increase in kobs with the concentration 
of lipid in unlabelled SMALPs, cL, was linear at high cL but showed pronounced downward curvature at low cL. 
Hence, the data could not be fitted on the assumption of a single mechanism (i.e., either equation (1) or equa-
tion (2)) but demonstrated that both monomer diffusion and collisional exchange (equation (3)) were at play. A 
global fit (equation (5)) furnished best-fit values and 95% confidence intervals of the diffusional and second-order 
collisional exchange rate constants of, respectively, kdif =​ (0.287 ±​ 0.005) s−1 and kcol =​ (222 ±​ 1) M−1s−1 at 30 °C. 
Plotting the contributions of diffusional and collisional transfer against cL reveals that the latter dominates at all 
except the lowest cL values (Fig. 1c). At cL =​ 10 mM, for instance, collisional transfer accounts for >93% of the 
total exchange.

Time-resolved small-angle neutron scattering (TR-SANS).  To shed further light on the 
lipid-exchange mechanism, we turned to time-resolved small-angle neutron scattering (TR-SANS), which does 
not depend on fluorescent labels. Instead, TR-SANS relies on monitoring changes in the neutron scattering length 
density (SLD) accompanying the exchange of molecules between hydrogenated and deuterated particles. This 
principle has been used to follow content exchange among copolymer micelles29,30 and, specifically, lipid transfer 
among MSP nanodiscs31 or LUVs32. We prepared SMALPs that harboured either hydrogenated or deuterated 
DMPC (h- and d-SMALPs, respectively) in Tris buffer containing 42.8% (v/v) D2O, which matches the SLD 
of nanodiscs composed of equal amounts of h- and d-DMPC (h/d-SMALPs). We then mixed equal volumes 
of the two SMALP preparations to reach a final concentration of 10 mM of each of the two lipids. The initially 
strong total SLD resulting from coexisting populations of h- and d-SMALPs rapidly decayed after mixing, with 
a monotonic decrease in decay time with increasing temperature (Fig. 2a). Since SMA(3:1) has been found5,18 
to lower the gel-to-fluid transition temperature of DMPC, the lipid bilayers in the SMALP core were always 
in the fluid state, as confirmed calorimetrically (Supplementary Fig. 1). Each decay was fitted individually to 
yield temperature-dependent kobs values (equation (6)). On raising the temperature from 11 °C to 33 °C, we thus 
observed a tenfold increase in kobs (Fig. 2b). Interpolation to 30 °C yielded kobs =​ (2.94 ±​ 0.29) s−1, which is in very 
good agreement with the TR-FRET data at cL =​ 10 mM (Fig. 1b). Hence, although the two techniques are sensitive 
to fundamentally different physicochemical properties of two distinct lipid probes, they report on the same over-
all event, namely, inter-SMALP exchange of phospholipids.

Since collisional lipid exchange dominates at cL =​ 10 mM (see above), monomer diffusion can be neglected to 
a very good approximation. Thus, the TR-SANS results can be interpreted in terms of a collisional process with a 
second-order rate constant given by kcol ≈​ kobs/cL (equation (3)). Using a global fit based on transition-state the-
ory33 (equations (7) and (8)), we analysed the temperature dependence of kcol to characterise the collisional tran-
sition state (Fig. 3a). This allowed a comparison with MSP nanodiscs31 and LUVs32, which exhibit lipid transfer 
solely by monomer diffusion. For both of the latter, the pronounced enthalpic penalty incurred upon formation 
of the transition state can be ascribed to the disruption of dispersive acyl-chain and polar headgroup interac-
tions26,27. In agreement with this interpretation, Δ​H‡ is substantially lower for SMALPs. While the entropic term 
is marginally favourable for MSP nanodiscs, it is moderately unfavourable for LUVs. For a second-order colli-
sional process, −​TΔ​S‡ obviously depends on cL (equation (9)). Within the experimentally relevant cL range, we 
found the −​TΔ​S‡ values of SMALPs to be small in magnitude and, thus, similar to that of MSP nanodiscs and 
more favourable than that of LUVs. Consequently, Δ​G‡ is more favourable for SMALPs than for either of the 
other two membrane mimics.

Comparison of lipid-exchange kinetics and mechanisms in membrane mimics.  We compiled 
kobs values for various membrane mimics as calculated from published diffusional and collisional rate constants 
(Fig. 3b). At high cL, kobs plateaus for monomer diffusion among MSP nanodiscs31 and LUVs32, whereas colli-
sional exchange among SMALPs, small unilamellar vesicles (SUVs)25, phosphocholine/taurocholate (PC/TC) 
mixed micelles24, and Triton X-100 (TX-100) micelles34 leads to a steady rise in kobs with cL. For PC/TC micelles, 
where transfer takes place through a combination of monomer diffusion and second-order (“bimolecular”) as 
well as third-order (“termolecular”) collisions, kobs displays a particularly pronounced increase at high cL. At 
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Figure 1.  Transfer of fluorescently labelled lipids as monitored by TR-FRET at 30 °C. (a) Normalised 
NBD-PE fluorescence emission, Δ​F(t)/Δ​Fmax, versus time, t, upon mixing labelled SMALPs at a total lipid 
concentration of 0.25 mM with unlabelled SMALPs at various cL. Shown are experimental data (coloured dots) 
and a global fit (solid lines) based on equation (5). (b) Lipid exchange rate constants, kobs, derived from local 
fits to data in panel a according to equation (4) (open circles) and results from a global fit (solid line) according 
to equation (5). Error bars are 95% confidence intervals of local fits. Inset: Zoomed view at low cL. (c) Absolute 
contributions to kobs of diffusional and collisional processes. Inset: Same data as relative contributions.
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an exemplary concentration of cL =​ 10 mM, lipid transfer is faster among SMALPs (kobs =​ 2.50 s−1) than MSP 
nanodiscs (kobs =​ 3.15 ×​ 10−4 s−1), LUVs (kobs =​ 3.83 ×​ 10−5 s−1), SUVs (kobs =​ 1.50 ×​ 10−4 s−1), and even PC/TC 
micelles (kobs =​ 0.211 s−1). Even faster kinetics have been reported for TX-100 micelles (kobs =​ 1.5 ×​ 105 s−1). By 
contrast, DMPC exchange among gel-phase bicelles35 is slower than lipid transfer in any of the above fluid-phase 
systems.

The fast exchange kinetics among SMALPs results from higher kdif and kcol values as compared with other 
systems, apart from TX-100 micelles (Supplementary Table 2). A high kdif implies that lipid monomers can easily 
dissociate from SMALPs into the aqueous phase21–23, while a high kcol shows that lipids readily exchange during 
SMALP/SMALP collisions. It is instructive to relate kcol to the highest possible value expected for collisional 
exchange limited only by SMALP diffusion. Under the conditions used in this study, each ~24-nm SMALP con-
tains ~1200 phospholipid molecules4. Therefore, kcol, which refers to the concentration of lipid monomers, can 
be converted to the corresponding second-order rate constant referring to the concentration of SMALP parti-
cles according to k’col =​ 12002 ×​ kcol =​ 3.2 ×​ 108 M−1s−1. At 30 °C, the diffusion-limited rate constant for collisions 
among nonionic particles amounts to kcol,max =​ 8.2 ×​ 109 M−1s−1 (equation (10))34. Thus, the efficiency of lipid 
exchange between two colliding SMALPs is ~4%, which is two and four orders of magnitude greater than the val-
ues reported for TX-100 micelles34 and PC/TC micelles24, respectively. Because charge repulsion must drastically 
decrease kcol,max in the case of polyanionic SMALPs, the actual efficiency of inter-SMALP lipid exchange will be 
even higher than the above crude estimate.

Collisional lipid exchange can, in principle, occur either through transient fusion of two lipid-containing 
particles to form a common hydrophobic core within which lipid molecules can move or, alternatively, through 

Figure 2.  Transfer of DMPC among SMALPs as monitored by TR-SANS at various temperatures. (a) Decay 
of normalised SLD, ∆​ρ(t)/∆​ρ0, with time, t, upon mixing d- and h-SMALPs at 10 mM of each lipid and different 
temperatures, T. Shown are experimental data (coloured dots) and a global fit (solid lines) according to equation 
(8). (b) Lipid exchange rate constants, kobs, derived from local fits to data in panel a according to equation (7) 
and results from a global fit (solid line) according to equation (8). Error bars are 95% confidence intervals of 
local fits.
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adhesion of two particles accompanied by lipid transfer across a (partially) hydrated polar layer24,34. For 
inter-SMALP lipid transfer, we favour the “hydrocarbon continuum” over the “sticky collision” model for three 
reasons: First, the fast kinetics resulting from the extraordinary efficiency of lipid transfer is more readily ration-
alised by a mechanism that allows rapid transfer en masse. Second, the similarity of the rate constants obtained 
from TR-FRET and TR-SANS suggests that the difference in hydrophobicity between the respective lipid probes 
plays no important role, which speaks against transfer across a polar medium. Third, the reduced enthalpic pen-
alty upon formation of the transition state implies only moderate disruption of lipid/lipid interactions26,27. We 
hypothesise that the flexible nature of SMA36 enables fast reorganisation of the polymer belt upon collision of 
two SMALPs. This contrasts with the stiffness of the protein belt surrounding MSP nanodiscs7, which therefore 
exchange lipids only by much slower monomer diffusion31. For SUVs, collisional exchange prevails at high lipid 
concentrations but is thought to be based on the “sticky collision” mechanism, that is, monomer diffusion across 
a thin slab of aqueous phase separating the SUVs in the transition state25,37,38. Although substantial differences are 
seen between anionic PC/TC micelles24 and nonionic TX-100 micelles34, their small size, low aggregation num-
ber, and disordered, non-bilayer architecture endow micelles with inherently fast exchange kinetics, most likely 
mediated by a “hydrocarbon continuum”34.

Their highly dynamic lipid-exchange behaviour sets SMALPs apart from other bilayer-based mem-
brane mimics such as MSP nanodiscs and LUVs, which has profound implications for the interpretation of 
membrane-protein studies relying on the unique properties of SMA. On the one hand, it has been found14,39 
that protein-containing SMALPs isolated from native membranes are enriched in certain lipid species as com-
pared with protein-free SMALPs. The present finding that SMALPs quickly exchange lipids then means that this 
enrichment must result from preferential protein/lipid interactions that are preserved in SMALPs, where they are 
sufficiently strong to retain these lipids in the immediate vicinity of the protein. In other words, the SMALPed 

Figure 3.  Kinetics of lipid exchange in different fluid-phase model membranes. (a) Changes in molar 
quantities of activation, Δ​Y‡, at 37 °C for the Gibbs free energy, Δ​G‡, enthalpy, Δ​H‡, and entropy, −​TΔ​S‡, as 
obtained from equations (8) and (9) and data in Supplementary Table 1. (b) Lipid-exchange rate constants, kobs, 
as computed on the basis of equation (3) and data in Supplementary Table 2.
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“lipidome” is not merely a snapshot40 of the situation in the original membrane at the time of solubilisation but 
reflects rather strong protein/lipid interactions. Conversely, it seems plausible that weaker protein/lipid interac-
tions, although present in the membrane before solubilisation, could be lost even after SMALP formation. On the 
other hand, an exciting perspective offered by fast interparticle lipid exchange lies in the possibility of system-
atically investigating the effects of various lipids on the structures, dynamics, and functions of SMALPed mem-
brane proteins, which can easily be accomplished by changing the overall lipid composition through addition of 
SMALPs containing other types of lipids.

Experimental
Materials.  1,2-dimyristoyl-sn-glycero-3-phosphocholine (h-DMPC) was obtained from Lipoid 
(Ludwigshafen, Germany), acyl-chain deuterated 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d-DMPC) 
from Cortecnet (Paris, France), N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero- 
3-phosphoethanolamine (NBD-PE) from Fisher Scientific (Schwerte, Germany), and N-(lissamine rhodamine 
B sulphonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-PE) from Biotium (Fremont, USA). 
SMA(3:1) copolymer solution (trade name XIRAN SL25010 S25) was a kind gift from Polyscope (Geleen, 
Netherlands). D2O was from Deutero (Kastellaun, Germany), chloroform from Fisher Scientific, NaCl from VWR 
(Darmstadt, Germany), and tris(hydroxymethyl)aminomethane (Tris) from Carl Roth (Karlsruhe, Germany). All 
chemicals were obtained in the highest purity available.

Preparation of SMA(3:1) stock solution.  SMA(3:1) is a random copolymer with a styrene/maleic acid 
molar ratio of 3:1 and mass- and number-average molar masses of Mw =​ 10 kg/mol and Mn =​ 4 kg/mol, respec-
tively. Stock solutions of SMA(3:1) were prepared as described previously3,4. Briefly, 3 mL of a commercial XIRAN 
SL25010 S25 solution was dialysed against buffer (50 mM Tris, 200 mM NaCl, pH 7.4) using a 5-mL QuixSep 
dialyser (Membrane Filtration Products, Seguin, USA) and a Spectra/Por 3 dialysis membrane (Spectrum 
Laboratories, Rancho Dominguez, USA) with a molar-mass cut-off of 3.5 kg/mol. Dialysis was performed for 
24 h under gentle stirring with membrane and buffer exchange after 16 h. Dialysed SMA(3:1) was filtered through 
a 0.22-μ​m poly(vinylidene fluoride) (PVDF) filter (Carl Roth, Karlsruhe, Germany). Final SMA(3:1) concentra-
tions were determined by refractometry on an Abbemat 500 (Anton Paar, Graz, Austria). Molar concentrations 
were calculated from mass concentrations on the basis of the above number-average molar mass. Samples were 
stored at −​20 °C.

TR-FRET.  Fluorescently labelled SMALPs were produced by suspending dry lipid powders in chloroform 
and mixing these solutions in a dark glass vial at 98:1:1 mol% of DMPC, NBD-PE, and Rh-PE, respectively. At 
this mixing ratio, NBD-PE emission (λex =​ 475 nm, λem =​ 530 nm) is efficiently quenched by FRET to Rh-PE 
(λex =​ 560 nm, λem =​ 582 nm)41. The lipid mixture was dried in a rotary evaporator at 60 °C and 20 kPa for 1 h 
and incubated in a desiccator at room temperature and 5 Pa for 16 h to remove traces of chloroform. The dry 
lipid film was suspended in 1 mL buffer (50 mM Tris, 200 mM NaCl, pH 7.4), and 10 freeze/thaw cycles were per-
formed to produce multilamellar vesicles (MLVs). Labelled SMALPs were formed by incubating this suspension 
with SMA(3:1) at 30 °C for 16 h to yield final concentrations of 0.5 mM total lipid and 83 μ​M SMA(3:1). To pro-
duce unlabelled SMALPs, DMPC MLVs without fluorescent lipids were solubilised at 30 °C for 16 h to yield final 
concentrations of 40 mM DMPC and 6.6 mM SMA(3:1). These concentrations correspond to an SMA(3:1)/lipid 
molar ratio of 0.165, which is above the minimal ratio required for complete solubilisation 4. To confirm complete 
solubilisation from hydrodynamic particle size distributions, dynamic light scattering (DLS) experiments were 
performed on a Zetasizer Nano S90 (Malvern Instruments, Malvern, UK) coupled to a 633-nm He–Ne laser and 
a photodetector mounted at an angle of 90°. Measurements were carried out in a 45-μ​L quartz glass cuvette with 
a 3 mm ×​ 3 mm cross-section (Hellma Analytics, Müllheim, Germany) at 30 °C. These measurements yielded 
z-average particle sizes and associated size-distribution widths of (24 ±​ 12) nm for both labelled and unlabelled 
SMALPs.

TR-FRET was performed on an SF.3 stopped-flow apparatus (Applied Photophysics, Leatherhead, UK) cou-
pled to a right-angle photomultiplier. NBD-PE was excited by a (470 ±​ 20) nm light-emitting diode (LED) with 
the current set to 20 mA using a 2.0-OD attenuator to prevent fluorophore bleaching. Fluorescence emission 
was blocked below 513 nm and above 543 nm with a TechSpec OD 6 band-pass filter with a centre wavelength 
of 527 nm (Edmund Optics, Karlsruhe, Germany). The drive syringes, tubes, and quartz cuvette were thermo-
stated at 30 °C, and samples were equilibrated for at least 10 min prior to each measurement. 75-μ​L aliquots of 
unlabelled SMALPs at DMPC concentrations of 40, 30, 20, 10, 5, 2.5, 1.0, and 0.5 mM were mixed with equal 
volumes of labelled SMALPs harbouring 0.5 mM total lipid in a 20-μ​L quartz glass cuvette having a 2 mm ×​ 2 mm 
cross-section. After each mixing step, at least 3000 data points were acquired with an integration time of 
0.2–6 ms. At each concentration, a series of at least 10 traces were recorded and averaged for analysis by nonlinear 
least-squares fitting42.

TR-SANS.  h-SMALPs and d-SMALPs were produced by solubilising MLVs made from either h- or d-DMPC 
with SMA(3:1) at 30 °C for 16 h to yield final concentrations of 20 mM lipid and 3.3 mM SMA(3:1). Both d- and 
h-SMALPs were formed in buffer (50 mM Tris, 200 mM NaCl, pH 7.4) containing either 77.5% or 0% (v/v) D2O. 
Complete solubilisation was confirmed by DLS as described above.

TR-SANS measurements were performed on the D22 beam line at the Institut Laue–Langevin (Grenoble, 
France). The beam line is fed by a cold neutron source that emits monochromatic neutrons at λ =​ (6.0 ±​ 0.6) Å 
and is equipped with an SFM-300 stopped-flow apparatus (Biologic, Seyssinet-Pariset, France) with a 200-μ​L  
quartz glass cell having a pathlength of 1 mm. The instrument was set up for rectangular collimation of 
40 mm ×​ 55 mm at a sample/detector distance of 5.6 m and a sample aperture of 7 mm ×​ 10 mm. The drive 
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syringes, tubes, and quartz cuvette were temperature-controlled, and samples were equilibrated for at least 5 min 
prior to each measurement. The D2O concentration in the buffer was adjusted to 42.8% (v/v) to match the SLD 
contrast of SMALPs harbouring equal amounts of h- and d-DMPC. This condition was experimentally deter-
mined from static SANS measurement of h-SMALPs and d-SMALPs in 77.5% and 0% (v/v) D2O. 450-μ​L aliquots 
of d- and h-SMALPs in 42.8% (v/v) D2O were mixed at a total speed of 5 mL/s at 11.1, 15.1, 22.1, 27.5, and 32.5 °C. 
The dead time was estimated to be 3.1 ms. The full detector range intensity was integrated with an exposure time 
per data point of 0.15 s at 11.1 °C, 15.1 °C, and 22.1 °C; 0.05 s at 27.5 °C; and 0.03 s at 32.5 °C. SANS data (DOI: 
10.5291/ILL-DATA.8-03-872) were collected using a 2D detector and reduced to 1D using the reduction package 
GRASP43. At each temperature, at least five traces were averaged and analysed by nonlinear least-squares fitting42.

References
1.	 Knowles, T. J. et al. Membrane proteins solubilized intact in lipid-containing nanoparticles bounded by styrene maleic acid 

copolymer. J. Am. Chem. Soc. 131, 7484–7485 (2009).
2.	 Dörr, J. M. et al. The styrene–maleic acid copolymer: a versatile tool in membrane research. Eur. Biophys. J. 45, 3–21 (2016).
3.	 Vargas, C., Cuevas Arenas, R., Frotscher, E. & Keller, S. Nanoparticle self-assembly in mixtures of phospholipids with styrene/maleic 

acid coplymers or fluorinated surfactants. Nanoscale 7, 20685–20696 (2015).
4.	 Cuevas Arenas, R., Klingler, J., Vargas, C. & Keller, S. Influence of lipid bilayer properties on nanodisc formation mediated by 

styrene/maleic acid copolymers. Nanoscale 8, 15016–15026 (2016).
5.	 Orwick, M. C. et al. Detergent-free formation and physicochemical characterization of nanosized lipid–polymer complexes : 

Lipodisq. Angew. Chemie Int. Ed. 51, 4653–4657 (2012).
6.	 Jamshad, M. et al. Structural analysis of a nanoparticle containing a lipid bilayer used for detergent-free extraction of membrane 

proteins. Nano Res. 8, 774–789 (2015).
7.	 Denisov, I. G., Grinkova, Y. V., Lazarides, A. A. & Sligar, S. G. Directed self-assembly of monodisperse phospholipid bilayer 

nanodiscs with controlled size. J. Am. Chem. Soc. 126, 3477–3487 (2004).
8.	 Orwick-Rydmark, M. et al. Detergent-free incorporation of a seven-transmembrane receptor protein into nanosized bilayer lipodisq 

particles for functional and biophysical studies. Nano Lett. 12, 4687–4692 (2012).
9.	 Swainsbury, D. J. K., Scheidelaar, S., van Grondelle, R., Killian, J. A. & Jones, M. R. Bacterial reaction centers purified with styrene 

maleic acid copolymer retain native membrane functional properties and display enhanced stability. Angew. Chemie Int. Ed. 53, 1–6 
(2014).

10.	 Bell, A. J., Frankel, L. K. & Bricker, T. M. High yield non-detergent isolation of photosystem I-light-harvesting chlorophyll II 
membranes from spinach thylakoids. J. Biol. Chem. 290, 18429–18437 (2015).

11.	 Smirnova, I. A. et al. Isolation of yeast complex IV in native lipid nanodiscs. Biochim. Biophys. Acta 1858, 2984–2992 (2016).
12.	 Jamshad, M. et al. G-protein coupled receptor solubilization and purification for biophysical analysis and functional studies, in the 

total absence of detergent. Biosci. Rep. 35, 1–10 (2015).
13.	 Long, A. R. et al. A detergent-free strategy for the reconstitution of active enzyme complexes from native biological membranes into 

nanoscale discs. BMC Biotechnol. 13, 1–10 (2013).
14.	 Dörr, J. M. et al. Detergent-free isolation, characterization and functional reconstitution of a tetrameric K+ channel: the power of 

native nanodiscs. Proc. Natl. Acad. Sci. USA 111, 18607–18612 (2014).
15.	 Zhang, R. et al. Characterizing the structure of lipodisq nanoparticles for membrane protein spectroscopic studies. Biochim. Biophys. 

Acta 1848, 329–333 (2015).
16.	 Periasamy, A. et al. Cell-free protein synthesis of membrane (1,3)-β​-d-glucan (curdlan) synthase: co-translational insertion in 

liposomes and reconstitution in nanodiscs. Biochim. Biophys. Acta 1828, 743–757 (2013).
17.	 Routledge, S. J. et al. The synthesis of recombinant membrane proteins in yeast for structural studies. Methods 95, 26–37 (2016).
18.	 Oluwole, A. O. et al. Solubilization of membrane proteins into functional lipid-bilayer nanodiscs by diisobutylene/maleic acid 

copolymer. Angew. Chemie Int. Ed. 56, 1919–1924 (2017).
19.	 Broecker, J., Eger, B. T. & Ernst, O. P. Crystallogenesis of membrane proteins mediated by polymer-bounded lipid nanodiscs. 

Structure 25, 384–392 (2017).
20.	 Hazell, G. et al. Evidence of lipid exchange in styrene maleic acid lipid particle (SMALP) nanodisc systems. Langmuir 32, 

11845–11853 (2016).
21.	 Nichols, J. W. & Pagano, R. E. Kinetics of soluble lipid monomer diffusion between vesicles. Biochemistry 20, 2783–2789 (1981).
22.	 Nichols, J. W. & Pagano, R. E. Resonance energy transfer assay of protein-mediated lipid transfer between vesicles. J. Biol. Chem. 258, 

5368–5371 (1983).
23.	 Nichols, J. W. Thermodynamics and kinetics of phospholipid monomer–vesicle interaction. Biochemistry 24, 6390–6398 (1985).
24.	 Nichols, J. W. Phospholipid transfer between phosphatidylcholine–taurocholate mixed micelles. Biochemistry 27, 3925–3931 (1988).
25.	 Jones, J. D. & Thompson, T. E. Mechanism of spontaneous, concentration-dependent phospholipid transfer between bilayers. 

Biochemistry 29, 1593–1600 (1990).
26.	 Fullington, D. A., Shoemaker, D. G. & Nichols, J. W. Characterization of phospholipid transfer between mixed phospholipid–bile salt 

micelles. Biochemistry 29, 879–886 (1990).
27.	 Fullington, D. A. & Nichols, J. W. Kinetic analysis of phospholipid exchange between phosphatidylcholine/taurocholate mixed 

micelles: effect of the acyl chain moiety of the micellar phosphatidylcholine. Biochemistry 32, 12678–12684 (1993).
28.	 Wolf, D. E., Winiski, A. P., Ting, A. E., Bocian, K. M. & Pagano, R. E. Determination of the transbilayer distribution of fluorescent 

lipid analogues by nonradiative fluorescence resonance energy transfer. Biochemisry 31, 2865–2873 (1992).
29.	 Willner, L., Poppe, A., Allgaier, J., Monkenbusch, M. & Richter, D. Time-resolved SANS for the determination of unimer exchange 

kinetics in block copolymer micelles. Europhys. Lett. 55, 667–673 (2001).
30.	 Lund, R., Willner, L., Stellbrink, J., Lindner, P. & Richter, D. Logarithmic chain-exchange kinetics of diblock copolymer micelles. 

Phys. Rev. Lett. 96, 68302 (2006).
31.	 Nakano, M. et al. Static and dynamic properties of phospholipid bilayer nanodiscs. J. Am. Chem. Soc. 131, 8308–8312 (2009).
32.	 Nakano, M., Fukuda, M., Kudo, T., Endo, H. & Handa, T. Determination of interbilayer and transbilayer lipid transfer by time-

resoved small-angle neutron scattering. Phys. Rev. Lett. 98, 238101 (2007).
33.	 Fernández-Ramos, A., Miller, J. A., Klippsenstein, S. J. & Truhlar, D. G. Modeling the kinetics of bimolecular reactions. Chem. Rev. 

106, 4518–4584 (2006).
34.	 Rharbi, Y., Li, M., Winnik, M. A. & Hahn, K. G. Temperature dependence of fusion and fragmentation kinetics of Triton X-100 

micelles. J. Am. Chem. Soc. 122, 6242–6251 (2000).
35.	 Xia, Y. et al. Effects of nanoparticle morphology and acyl chain length on spontaneous lipid transfer rates. Langmuir 31, 

12920–12928 (2015).
36.	 Scheidelaar, S. et al. Effect of polymer composition and pH on membrane solubilization by styrene–maleic acid copolymers. Biophys. 

J. 111, 1974–1986 (2016).
37.	 Wimley, W. C. & Thompson, T. E. Phosphatidylethanolamine enhances the concentration-dependent exchange of phospholipids 

between bilayers. Biochemistry 30, 4200–4204 (1991).



www.nature.com/scientificreports/

8Scientific Reports | 7:45875 | DOI: 10.1038/srep45875

38.	 Jones, D. & Thompson, T. E. Spontaneous phosphatidylcholine transfer by collision between vesicles at high lipid concentration. 
Biochemistry 28, 129–134 (1989).

39.	 Prabudiansyah, I., Kusters, I., Caforio, A. & Driessen, A. J. M. Characterization of the annular lipid shell of the Sec translocon. 
Biochim. Biophys. Acta 1848, 2050–2056 (2015).

40.	 Dominguez Pardo, J. J. et al. Solubilization of lipids and lipid phases by the styrene–maleic acid copolymer. Eur. Biophys. J. 46, 
91–101 (2016).

41.	 Nichols, J. W. & Pagano, R. E. Use of resonance energy transfer to study the kinetics of amphiphile transfer between vesicles. 
Biochemistry 21, 1720–1726 (1982).

42.	 Kemmer, G. & Keller, S. Nonlinear least-squares data fitting in Excel spreadsheets. Nat. Protoc. 5, 267–281 (2010).
43.	 Dewhurst, C. GRASP. http://www.ill.eu/instruments-support/instruments-groups/groups/lss/grasp/home/ (2010).

Acknowledgements
We are indebted to Dr. David Hess and the Chemistry Laboratories (Institut Laue–Langevin, Grenoble) for 
invaluable help with TR-SANS. Tim Diederichs, Johannes Klingler, Abraham Olusegun Oluwole, and Dr. Carolyn 
Vargas (all University of Kaiserslautern) are gratefully acknowledged for inspiring discussions. We thank the 
platforms of the Grenoble Instruct Center (ISBG; UMS 3518 CNRS-CEA-UGA-EMBL) supported by the French 
Infrastructure for Integrated Structural Biology Initiative FRISBI (ANR-10-INSB-05-02) and by the Grenoble 
Alliance for Integrated Structural Cell Biology GRAL (ANR-10-LABX-49-01) within the Grenoble Partnership 
for Structural Biology (PSB). This work was supported by the Carl Zeiss Foundation with a scholarship to R.C.A. 
and by the Deutsche Forschungsgemeinschaft (DFG) through International Research Training Group (IRTG) 
1830.

Author Contributions
R.C.A. and B.D. designed and performed experiments, analysed the data, and wrote the manuscript. A.M., L.P., 
C.B., and C.E. designed and performed experiments, analysed the data, and proof-corrected the manuscript. S.K. 
designed experiments, analysed the data, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Cuevas Arenas, R. et al. Fast Collisional Lipid Transfer Among Polymer-Bounded 
Nanodiscs. Sci. Rep. 7, 45875; doi: 10.1038/srep45875 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.ill.eu/instruments-support/instruments-groups/groups/lss/grasp/home/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Fast Collisional Lipid Transfer Among Polymer-Bounded Nanodiscs

	Results and Discussion

	Time-resolved Förster resonance energy transfer (TR-FRET). 
	Time-resolved small-angle neutron scattering (TR-SANS). 
	Comparison of lipid-exchange kinetics and mechanisms in membrane mimics. 

	Experimental

	Materials. 
	Preparation of SMA(3:1) stock solution. 
	TR-FRET. 
	TR-SANS. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Transfer of fluorescently labelled lipids as monitored by TR-FRET at 30 °C.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Transfer of DMPC among SMALPs as monitored by TR-SANS at various temperatures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Kinetics of lipid exchange in different fluid-phase model membranes.



 
    
       
          application/pdf
          
             
                Fast Collisional Lipid Transfer Among Polymer-Bounded Nanodiscs
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45875
            
         
          
             
                Rodrigo Cuevas Arenas
                Bartholomäus Danielczak
                Anne Martel
                Lionel Porcar
                Cécile Breyton
                Christine Ebel
                Sandro Keller
            
         
          doi:10.1038/srep45875
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45875
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45875
            
         
      
       
          
          
          
             
                doi:10.1038/srep45875
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45875
            
         
          
          
      
       
       
          True
      
   




