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ABSTRACT

Nanodiscs are protein —lipid particles that furnish a nanometer-sized membrane environment for the investigation of membrane proteins.
Nanodiscs assemble spontaneously upon the removal of cholate from an initial mixture of cholate, lipids, and engineered amphipathic proteins.
A combined experimental-computational approach is applied here to study the disassembly of nanodiscs through the addition of cholate to
preformed particles. For this purpose, small-angle X-ray scattering experiments and coarse-grained molecular dynamics simulations were
performed and compared. The study offers a detailed view of nanodisc dynamics.

Nanodiscs are nanometer-sized self-assembled discoidal
particles consisting of engineered amphipathic helical pro-
teins that wrap themselves around the circumference of a
lipid bilayer in a beltlike manneY,® as seen in Figure 1.
Nanodiscs self-assemble from a starting mixture containing
a precise ratio of proteins (called membrane scaffold
proteins), lipids, and the detergent cholate. The self-assembly
process is initiated by the removal of cholate and results in
the formation of homogeneous discoidal patrticles of discrete
size and compositioh®

Nanodisc$® furnish a “native-like” membrane environ-  Figure 1. Schematic view of a nanodisc. Nanodiscs are nanometer-
ment in which one can embed single membrane proteins withsized discoidal particles with two membrane scaffold proteins
defined oligomerization states (i.e., monomers, dimers, etc')'\(;i?r?m:eilri] ?(;Uﬁezgd r%Leesni)n"‘g;F;]pZd :rrl?jutﬂg fil Iiigi?aﬁil?ztlair ﬁ?g‘r’]")”
aIIOW|n_g researchers to easily investigate them one by ON€.in a beItIiIEe manngr. Tﬁe view isgb:';lsed on aﬁ all-atom s?ructure;
Nanodiscs have already been used as platforms for studyingyater surrounding the nanodisc is not shown.
membrane proteins such as cytochrome P4%0§,bac-
teriorhodopsirt/*8bacterial chemoreceptot32 adnergenic Nanodiscs have been studied extensivél52224 put the
receptorsg? and blood clotting factor¥. Additionally, because  assembly process and final geometry, in which two scaffold
nanodiscs are nanometer-sized and homogeneous, they makgroteins surround a disclike lipid bilayer (Figure?#y;?6-38
ideal platforms for studying phase transitions of finite lipid are still poorly characterized; due to the inherently disordered
bilayers??2* Nanodiscs are also of interest for the study of nature of the lipid bilayer, conventional experimental meth-
the membrane scaffold proteins themseRfes, particular ods offer only limited structural resolution. Among these
because these scaffold proteins are engineered from humamethods, small-angle X-ray scattering (SAXS) is one of the
apolipoprotein A-l (apo A-l), the major protein component most promising;®23394%in particular when complemented
in high-density lipoproteins (HDL). Indeed, information from by computational modeling of nanodist%® Such modeling
nanodisc structure and assembly can provide insight into theprovides highly resolved structural and dynamical descrip-
formation of HDL particles that are highly health relevant tions that can be compared to and verified by SAXS. Such
because low levels of HDL are a risk factor for coronary a combined experimental-computational approach is applied

heart disease and atherosclerdsis. here to study the process inverse to assembly, namely
i mbly of nanodi hrough th ition of increasin
*To whom correspondence should be addressed. E-mail: kschulte@ disasse b.y of nanodiscs ough the additio .O creas .g
ks.uiuc.edu. concentrations of cholate to preformed nanodiscs. For this
Igen&er forlBiO_PhyS;CS zgd Corfapgté}tional Bigk%gy-h | purpose, the process of nanodiscs disassembly with cholate
eckman Institute for vance clence an echnology. . . .
s Department of Biochemistry. was monitored by_experlmen_tal SAXS. Coarse-grained (CG)
I Department of Physics. molecular dynamics (MD) simulations were performed on
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determine physical properties. The calculated SAXS curves
were compared with experimental SAXS curves obtained for
nanodiscs containing increasing concentrations of cholate.
For the experiments, nanodiscs were prepared as previously
described,cholate was then added to the preformed particles
in concentrations of 5, 10, 50, and 100 cholates per patrticle,
and their SAXS curves measured at 46 at DND-CAT 5

at the Advanced Photon Source, Argonne, IL. Distance
distributions for both simulated and experimental SAXS
curves were calculated using the program GN&M.more
detailed description of the various methods used in this study
can be found in the Supporting Information.

Figure 2. Reverse coarse-graining of a CG structure into an all-  The results of the CG simulations of nanodiscs without

atom representation. The CG structure (a) is reverse coarse-grainedly, |4te and with various concentrations of cholate are shown
by placing the center of mass of the group of atoms represented by.

a single CG bead to the location of that CG bead (b). The all-atom " Figure 3. In the disassembly simulations, Fhe Qholate
structure is then energy minimized and equilibrated with restraints molecules were observed to insert themselves primarily along
in order to generate the final all-atom structure (c). the interface of the membrane scaffold proteins and the lipid
bilayer (see movie provided in Supporting Information).
fhdeed, the cholate molecules do not insert themselves into
the hydrophobic tail regions of the lipid bilayers; rather, they
adhere first to the interface of lipid head and tail groups,
essentially floating on the surface of the lipid bilayer until
they insert themselves between the membrane scaffold
proteins and the lipids.
The addition of small numbers {5L0) of cholate into

nanodiscs (Figure 3b,c) does not significantly perturb the
discoidal shape, the arrangement of the scaffold proteins

the same disassembly process and the results compared t
the observed SAXS. Studying the disassembly of nanodiscs
should also shed light on the mechanism of nanodisc self-
assembly.

CG MD simulations were performed using the program
NAMD 2.5*! to generate a preformed and equilibrated
nanodisc structure in which two MSPA(1—11) (also
previously referred to as MSP1D1))® membrane scaffold
proteins are wrapped around a central core of 160 DPPC

lipids (80 per leaflet) in a beltlike fashiotf. Subsequently, : SR

cholate molecules were randomly added to the simulation a!ong _the cwcumference.of the lipid b||_ayer, or the pverall
cell surrounding the nanodiscs in concentrations of 5, 10 disc diameter. Only a slight increase in the disc diameter
50, 100, and 320 cholates per nanodisc (see Figur’e S’lfrom 10.3 to 10.4 nm was observed yvith thg addition of up
provided in Supporting Information). Each nanodisc system t 10 cholate .molecules per nanodisc. This sgggests that,
was solvated with a minimum of 15 A of CG water and for the experimental self-assembly of_ nanodiscs, a few
neutralized using CG sodium ions, resulting in system sizes!{f‘]ﬂover CrI}OIatet_ TOIGEUIeS wogld have little or no effect on
consisting of between 12 000 CG beads for the nanodisc € overall particle shape or size.

without cholate to 36 000 CG beads for the nanodisc with ~SAXS measurements calculated from CG simulations of
320 cholate molecules. Typically, a ratio of 2 cholate preformed nanodiscs and nanodiscs with the addition of 5

molecules per lipid molecule is used when preparing nano- °F 10 cholates per particle qualitatively match those measured
discs and thus is chosen here as the maximal cholate con&xPerimentally (Figure 4ac). The calculated SAXS curves
centration. Nanodisc disassembly is likely to require micro- €xhibit a sharp minimum followed by a broad maximum,
seconds or longer, which is too long for traditional all-atom Which is typical of nanodisé$* and which are similarly

MD simulations. Therefore, we described the process by S€€n in the _exp_erlmental measurements. The calculated
means of CG MD simulations that were already successfully distance distributiorp(R), from these SAXS measurements
applied to simulate nanodisc assembhyFor each cholate ~ (Figure 5) reveals that the overall diameter (1€18.4 nm)
concentration, the CG simulations lasted long enough, i.e.,and bilayer thickness~5.2 nm) of simulated and experi-
between 1 and @s, to observe equilibration or disassembly. mental systems are comparable.

To compare the CG simulation results with experimental ~ Adding larger amounts of cholate results in structural
SAXS data, the resulting CG structures were reverse coarsechanges of the nanodiscs. The addition of 50 or 100 cholates
grained, as shown in Figure 2, into all-atom structures by produces an opening of the scaffold proteins that encircle
mapping the center of mass of the group of atoms representedhe lipid bilayer as revealed by an increase in particle
by a single CG bead to that beads location, using the diameter from 10.3 to 10.9 nm and 12.0 nm, respectively
CGTools plugif? in VMD 1.8.523 The generated all-atom  (Figure 3d,e; movie in Supporting Information). The ability
structure was energy minimized and equilibrated for 500 ps of the scaffold protein to open and incorporate additional
using NAMD 2.6 with the CHARMMZ27 force field for molecules can explain the size heterogeneity seen in native
lipids* and the CHARMM22 force field for proteins with ~ discoidal HDL particles®4®
CMAP correctiong This procedure resulted in an all-atom The incorporation of a large amount of cholate molecules
structure from which SAXS curves were calculated using into nanodiscs causes the scaffold proteins to fluctuate at
the program CRYSOU® The resulting all-atom structures the circular edge of the lipid bilayer, however, without
can also be used for further atomistic simulations, e.g., to slipping off the edge and coming to lie on top of the lipid
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Figure 4. SAXS curves from experimental measurements (in black)
and calculated for simulated structures (in gray) of nanodiscs
containing 0, 5, 10, 50, 100, and 320 cholate moleculedf,(a
respectively). For nanodiscs containing 320 cholate molecules, an
experimental SAXS curve was not obtained as such a system
disassembles into a disperse protdipid —cholate mixture.

-~ PR)

(a)

'\

(b)

v

v

30

100

50

Distance (A)
© _ _ o o
Figure 5. Distance distributions. The detailed distributiop&R),
shown are calculated for experimental (a) and simulated structures
(b) of nanodiscs containing from 0 (purple), 5 (blue), 10 (green),
50 (red), 100 (orange), to 320 (gray) cholates per disc. (c) The
distance distributions are scaled down to show all the curves. Note
that the plotted densities are relative to that of bulk water.

For nanodiscs with 50 or 100 cholate molecules per
particle, computed and observed SAXS curves (Figure 4c,d)
are not as well correlated as they are in the case of nanodiscs
with smaller concentrations of cholate. A comparison of the
simulated and observed SAXS curves shows that larger
amounts of cholate results, for the experimental SAXS
curves, in a shift of the sharp minimum to larger scattering
vectors QQ), whereas the simulated SAXS curves show a shift
Figure 3. CG MD simulations of a nanodisc absorbing increasing of the minimum to smaller scattering vectors as well as the
concentrations of qholate. Shown is an equilibrated nano@sc W'thOUtdevelopment of a slight second minimum. The distance
cholates (a) in which two membrane scaffold proteins (inred and .~ ~'. -
green) encircle a 160 DPPC lipid bilayer (in tan). To this nanodisc, distribution caIcuIaFed from the SAXS data |nd|.cates .that,

5 (b), 10 (c), 50 (d), 100 (e), and 320 (f) cholate molecules (shown although the experimental and simulated nanodiscs with 50
in blue) were added. The resulting systems were simulated until aor 100 cholate molecules are comparable in overall diameter,
stationary state was reached at2lus. Shown are the final states  the experimental nanodiscs appear to be less stable than the
for each nanodisecholate aggregate; water is not shown. The g 1ated ones, particularly in regard to the scaffold proteins
nanodise-cholate dynamics are shown in an illustrative movie for . o . .
case (e) (see Supporting Information). (Figure 5). Thls is evident as judged by the_ loss of the peak
at~79 A, which suggests the scaffold proteins are no longer
bilayer. The cholate molecules eventually move into the arranged around the circumference of the lipid bilayer, having
interface between membrane scaffold proteins and the lipidinstead “slipped off the edge” and onto the surface of the
bilayer (Figure 3; movie in Supporting Information). This bilayer, as seen in the increase in the peak between 50 and
behavior is likely due to the hydroxyl groups in the steroidal 70 A (Figure 5a). The arrangement of the scaffold proteins
body of cholate, which renders cholate less hydrophobic thanon the surface of the lipid bilayer was observed in previous
the DPPC lipid tails. CG simulations of nanodisc assembly.lhe discrepancy
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between observation and computation could be due to athe nanodiscs at the interface between lipid bilayer and
number of factors including insufficient sampling in the scaffold protein. The presence of small amounts of cholate
simulations or errors in the CG force field. We note that (5—210 molecules) in nanodiscs does not significantly alter
significantly improved sampling through longer simulations the overall size or shape of the particle, nor does it affect
is technically unfeasible at present. the scaffold proteins. However, larger amounts of cholate

CG simulations were also performed on a nanodisc with were found to alter the overall structure of nanodiscs
320 cholate molecules added. In this case, the nanodisdncreasing the overall particle diameter, and at very high
assumed a spherical liposomal structure (Figure 3f), 13.3 nmconcentrations, leading to spherical particles in which cholate
in diameter. The lipid and cholate formed a liposome and lipids form aliposome encircled by membrane scaffold
structure with a water core on the inside and scaffold protein Proteins.

on the outside. Upon reverse coarse-graining and subsequent i
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disassembly of the nanodisc particle is expected with the RO1-GM33775 from the National Institutes of Hgalth toK.S.
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From the present disassembly simulations and previous

assembly simulations (in the absence of chotae)erges a Supporting Information Available: Detailed description
mechanism of nanodisc assembly that starts from an initial of the methods, movies (MPG) of the insertion of cholate
mixture with a stoichiometry of 320 cholates, 160 DPPC jnto nanodiscs, migration of cholate to the circumference of
lipids, and two scaffold proteins. The removal of cholate the nanodiscs, and opening up of the membrane scaffold
initiates the self-assembly process by allowing the lipids and proteins (including fluctuations of scaffold proteins along
scaffold proteins to aggregate, forming large spherical the edge of the nanodisc), and a figure depicting the
particles. These spherical particles likely have a core formation of water channels in nanodiscs with 320 cholates.

consisting of lipids and cholate, with the scaffold proteins This material is available free of charge via the Internet at
oriented in a random fashion along the surface. Once enoughttp://pubs.acs.org.

cholate has been removed, the lipids form a bilayer resulting
in the transformation from spherical to discoidal particles References

(the difference between the two corresponding to the
difference between the spherical 320 cholates per nanodisc
and 100 cholates per nanodisc particles shown in Figure 4e,f).
Upon removal of the majority of cholate, nanodiscs form in
which a discoidal lipid bilayer is encircled by the membrane
scaffold proteins. The membrane scaffold proteins continue
to rearrange themselves until finally reaching the equilibrium
double-belt configuration.

In conclusion, we have combined experimental and
computational studies of nanodisc disassembly through
addition of cholate to preformed nanodiscs. CG MD simula-
tions provided high-resolution images of the disassembly
process that were compared with and tested through low-
resolution SAXS measurements. The results offer an un-
precedented detailed view of nanodisc disassembly. Cholate
molecules were found to preferentially insert themselves into
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