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Neurodegenerative disorders are among the most common diseases in modern society. However, the
molecular bases of diseases such as multiple sclerosis or Charcot-Marie-Tooth disease remain far from
being fully understood. Research in this field is limited by the complex nature of native myelin and by
difficulties in obtaining good in vitro model systems of myelin. Here, we introduce an easy-to-use model
system of the myelin sheath that can be used to study myelin proteins in a native-like yet well-controlled
environment.  To  this  end,  we  present  myelin-mimicking  nanodiscs  prepared  through  one  of  the
amphiphilic  copolymers  styrene/maleic  acid  (SMA),  diisobutylene/maleic  acid  (DIBMA),  and
styrene/maleimide sulfobetaine (SMA-SB). These nanodiscs were tested for their lipid composition using
chromatographic  (HPLC) and mass spectrometric  (MS)  methods and, utilizing spin probes within the
nanodisc, their comparability with liposomes was studied. In addition, their binding behavior with bovine
myelin basic protein (MBP) was scrutinized to ensure that the nanodiscs represent a suitable model
system of myelin. Our results suggest that both SMA and SMA-SB are able to solubilize the myelin-like
(cytoplasmic)  liposomes  without  preferences  for  specific  lipid  headgroups  or  fatty  acyl  chains.  In
nanodiscs  of  both  SMA  and  SMA-SB  (called  SMA(-SB)-lipid  particles,  short  SMALPs  or  SMA-SBLPs,
respectively) the polymers restrict the lipids’ motion in the hydrophobic center of the bilayer. The head
groups of the lipids, however, are sterically less hindered in nanodiscs when compared with liposomes.
Myelin-like SMALPs are able to bind bovine MBP which can stack the lipid bilayers like in native myelin,
showing  the  usability  of  these  simple,  well-controlled  systems  in  further  studies  of  protein-lipid
interactions of native myelin. 

Introduction
In  our  society,  medicine  is  frequently
confronted with neurodegenerative diseases
such  as  multiple  sclerosis  or  the  Charcot-
Marie-Tooth  disease  which  are  caused  in
part by myelination deficiency.1-3 For early-

state  research  of  diseases  connected  to
demyelination a variety of potential model
systems is currently used in molecular-level
studies4-8. All of them have their advantages
and disadvantages and lead to a significant
reduction of complexity compared to native
myelin.  This  has  the  drawback  that  in



studies of interactions between myelin lipids
and myelin proteins in these model systems
it  is  hard to know if  and how the findings
can be transferred to the behavior in native
myelin. However, such an understanding is
essential  and  fundamental  for  a  deeper
understanding of pathological conditions in
patients.

At  the  molecular  level,  the  myelin  sheath
wraps  around  the  axons  of  nerve  cells  of
vertebrates.2 Its  main  function  is  the
insulation of the axon from electrical activity
to increase the rate of signal transmission.2

Thus,  the  membrane  action  potential  is
transmitted with high efficiency by saltatory
conduction.9 To  achieve  this  insulating
function, the myelin sheath mainly consists
of  lipid  bilayers  (lipid  content  70-80 %10)
that  are  tightly  compacted  by  several
proteins.11-13 Mutations,  posttranslational
modifications,  and  deficiencies  in  these
proteins  can  lead  to  demyelination  and
neurodegenerative diseases.3, 11

The  rather  new  class  of  polymer-
encapsulated  nanodiscs,14-15 which  are
stackable and flat, fulfills the requirements
for  representing  a  myelin  sheath  model
system, e.g. to contain all major lipids and
proteins  abundant  in  human  myelin,
including high amounts of cholesterol,  and
others   listed  in  the  SI.  In  addition,  the
polymeric  nature  of  the  used  amphiphiles
prevents  penetration  of  the  bilayer  which
could  affect  lipid  properties  or  denature
incorporated  proteins.  The  main  downside
to most of the known polymers that are able
to solubilize lipid membranes is their strong
absorption in the UV range which is useful
for protein studies.16 To overcome this and
other  challenges,  new  polymers  are
developed constantly.16-18

In  this  work,  we  show  how  excellent
nanoscale  models  for  myelin  lipid  bilayer
membranes  with  the  composition  of  the
CNS  or  PNS  cytosolic  leaflet  can  be
achieved (see SI for details on criteria) by
solubilization of myelin-like liposomes of the
cytosolic  CNS  and  PNS  lipid  composition
with  the  well-known  polymers
styrene/maleic  acid  (SMA 2:1)19 and
diisobutylene/maleic acid (DIBMA)16 as well
as  the  new  polymer  styrene/maleimide
sulfobetaine (SMA-SB).20-21 The solubilization
of  these  lipid  mixtures  is  remarkably
challenging because of the high amount of
negatively  charged,  unsaturated
phospholipids  and  the  exceptionally  high
cholesterol  content.22-24 After  preparation,
the nanodiscs were investigated regarding
their lipid composition using HPLC and MS,
their lipid properties with continuous wave
electron paramagnetic resonance (CW EPR),

and  their  interactions  with  the  model
protein  bMBP,  which  is  known  to  act  as
“molecular glue” between two myelin layers
in both PNS and CNS.11 The achievement of
lipid  nanodiscs  with  the  challenging  lipid
compositions of PNS and CNS myelin can in
general  be  viewed  as  paving  the  way  for
more  complex  lipid  model  membrane
systems  on  the  one  hand,  and  in  this
specific  case  allows  for  future  studies  on
protein-lipid  interactions  in  myelin  and
factors  enabling  or  even  enforcing  myelin
formation  or  degradation,  even  using
native-like combinations of myelin proteins
in  a  realistic  yet  highly  controlled  lipid
environment.

Materials and Methods
Materials

The  three  polymers  poly-(styrene-maleic
acid)  (SMA 2:1  hydrolyzed  from
styrene/maleic anhydride (Xiran SZ30010)),
poly-(diisobutylene-alt-maleic acid) (DIBMA)
and  poly-(styrene-maleimide  sulfobetaine)
(SMA-SB)  were  synthesized  following  a
protocol published previously.20 HPLC-grade
chloroform (CHCl3) and methanol (MeOH) as
well as the buffer salts were purchased from
Carl  Roth  (Karlsruhe,  Germany,  tris  buffer
salt  >99.3 % and NaCl >99.7 %).  Aqueous
ammonia  was  bought  from  Grüssing
(Filsum,  Germany).  All  used  lipids  were
purchased  from  Avanti  Polar  Lipids
(Alabaster, AL, USA, for further details see
Figure S1 in the Supporting Information).
The  model  protein  bMBP  (≥90 %)  was
purchased from Sigma (St. Louis, MO, USA).

Preparation  of  polymer  solutions  and
polymer-lipid samples

Polymer  stock  solutions  were  prepared  as
previously  described.20-21 An  appropriate
amount  of  either  SMA  or  SMA-SB  was
dissolved  in  saline  tris  buffer  (50 mM tris,
300 mM  NaCl,  pH  7.4  in  Millipore  MilliQ
water  with  a  specific  resistance  of
ρ = 18.2 MΩ cm)  to  yield  mass
concentrations  of  25 mg/mL  (SMA)  or
15 mg/mL  (SMA-SB)  at  room  temperature
followed  by  heating  combined  with  ultra-
sonicating for 30 min at 70 °C. After cooling
down,  both  polymer  stock  solutions  were
stable for two weeks at room temperature.
DIBMA  stock  solutions  were  prepared  as
described  before.16 In  short,  Sokalan  CP9
(BASF,  Ludwigshafen,  Germany)  was
dialyzed against tris buffer and the DIBMA
concentration  was  checked  via  refractive
index  with  an  Abbemat  450  (Anton  Paar,
Graz, Austria) using a literature16 value for
dn/dc. 

Preparation  of  myelin-like  nanodiscs  was
conducted as follows: the lipids containing



either  no  or  3.3 mol%  spin  label  lipid
(5DSPC  or  16DSPC,  replacing  PC  lipids  in
part) were dissolved in CHCl3/MeOH 2:1 (vol/
vol), mixed in lipid compositions resembling
cytosolic  CNS  (cholesterol:PE:PS:PC:SM:PI
44:27:13:11:3:2)  or  PNS
(cholesterol:PE:PS:PC:SM:PI  37:22:19:9:9:4)
myelin.25-26 Subsequently,  the  solvent  was
evaporated in a gentle stream of nitrogen to
obtain a thin dry lipid layer. Tris buffer was
added, and the total lipid concentration was
adjusted  to  somewhat  above  3 mM.  The
lipids  were  allowed  to  suspend  at  45 °C
while  ultra-sonicating  the  sample  for  at
least  10 min.  Subsequently,  the  resulting
liposomes were extruded (35 times) through
a  400 nm  polycarbonate  membrane.  We
have chosen to use liposomes larger than
100 nm  to  increase  the  size  difference
between  nanodiscs  and  remaining
liposomes  and,  thus,  to  improve  the
chromatographic  separation  in  the  next
step.  Prepared liposomes were mixed with
polymer solutions to various polymer to lipid
ratios at a final lipid concentration of 3 mM
and,  subsequently,  incubated  at  45 °C for
16 h while shaking.

Separation  of  nanodiscs  and  remaining
liposomes

During  solubilization  of  liposomes  of  a
myelin-like  lipid  composition,  the  resulting
nanodiscs  had  to  be  separated  from
remaining  liposomes  which  could  hinder
downstream  characterization  techniques.
For  this,  500 µL of the 3 mM lipid/polymer
suspensions were injected onto a Superose
6  Increase  10/300  GL  size  exclusion
chromatography  (SEC)  column  (GE
Healthcare  Bio-Sciences  AB,  Uppsala,
Sweden)  mounted  to  an  Äkta  pure  (GE
Healthcare  Bio-Sciences  AB)
chromatography system. The following size
exclusion  chromatography  was  conducted
using saline tris buffer (50 mM tris, 300 mM
NaCl, pH 7.4) for elution with a flow rate of
0.5 mL/min.  After  discarding approximately
7.5 mL  (5 mL  injection  loop  purging  and
discarding of  the first  2.5 mL which is  0.1
column volumes (CVs))  fractions of 500 µL
each  were  collected  until  1.1  CVs  were
eluted.  Detection  during  chromatography
was  conducted  with  UV  absorbance
detectors operating at 254 nm for samples
containing SMA or SMA-SB and at  220 nm
for  DIBMA.  The  fractions  within  UV
absorbance peaks were further studied with
dynamic  light  scattering  to  ensure  the
presence  of  particles  in  the  size  range
typical for lipid nanodiscs.

Dynamic light scattering (DLS)

DLS  experiments  were  conducted  on  a
Litesizer  500  (Anton  Paar)  either  with  a

70 µL 3 mm × 3 mm Micro Quartz cuvette
(Hellma, Müllheim, Germany) or disposable
cuvettes  of  500 µL,  the  latter  for
characterization  of  SEC  fractions.  The
irradiation  wavelength  was  λ = 658 nm
while the detection angle was maintained at
90°  (side  scattering)  or  175°  (back
scattering)  at  constant  temperature  of
20 °C if not stated otherwise. Prior to each
measurement,  the  sample  was  allowed  to
equilibrate for at least 1 min. Data obtained
from  DLS  measurements  was  evaluated
directly  using the Kalliope software (Anton
Paar).

Transmission electron microscopy (TEM)

TEM samples  were prepared  by  spreading
5 µL of the (polymer-)lipid suspensions after
chromatographic  separation  of  remaining
liposomes  and  dilution  with  an  equal
amount  of  tris  buffer  onto  freshly  glow
discharged  grids  with  carbon  support  film
(300  mesh)  on  copper  (Quantifoil  Micro
Tools,  Großlöbichau,  Germany).  After  30-
45 s  excess  suspension  was  blotted  up
using  filter  paper.  The  grids  were  washed
three times with  MilliQ water.  5 µL  of  2 %
aqueous uranyl acetate solution was placed
onto  the  grid  and  also  blotted  up  after
1 min.  After  preparation the samples were
dried for at least 24 h. All TEM samples were
examined with a Zeiss EM 900 transmission
electron microscope (Carl Zeiss Microscopy,
Jena,  Germany).  In  addition,  the  best
sample  was  also  imaged  using  a  Glacios
200 kV  cryo-electron  transmission
microscope  (Thermo  Fisher  Scientific,
Eindhoven,  Netherlands).  The  respective
images  were  acquired  on  a  Falcon  3EC
direct electron detector in linear mode with
a total dose of 30 e−/Å2, and a magnification
of  92000 X,  resulting  in  a  pixel  size  of
1.567 Å/pixel.

Extraction of lipids with organic solvent

For  lipid  quantification  and  mass
spectrometric  analysis,  lipids  of  the
prepared  suspensions  were  extracted  to
CHCl3/MeOH following the protocol of Bligh
and Dyer.27 In short,  to the volume of the
aqueous  suspension  MeOH  (2.5x  volume)
and CHCl3 (1.25x volume) were added and
the  mixture  was  shaken  for  2 min.  Again,
CHCl3 (1.25x  volume)  was  added  followed
by  shaking  for  30 s.  Additional  water  was
added (1.25x volume) and once again the
mixture  was  shaken  for  30 s.  The  layers
were  allowed  to  separate  and  the  lower
layer  containing mainly  CHCl3,  MeOH,  and
nonpolar  lipids  was  collected  and  the
solvents  were  evaporated  in  a  gentle
stream of nitrogen.

Lipid  quantification  with  high  performance
liquid chromatography (HPLC)



Lipids  in  nanodisc  and  liposome  samples
were quantitatively analyzed using an HPLC
method  customized  from  the  literature.28

The  measurement  system  contained  a  LC
Net II/ADC Interface Box, a PU-980 pump, a
LG-2080-02 gradient mixer and a DG-2080-
53  3-line  degasser  (all  from  JASCO
Deutschland, Pfungstadt, Germany) as well
as a LiChrospher Si 60 (5 μm) LiChro-CART
125-4 column (Merck, Darmstadt, Germany)
and  a  SEDEX  55  ELS  detector  (SEDERE,
Alfortville,  France).  Prior  to  sample
measurements,  stock  solutions  containing
all lipids in appropriate ratios were prepared
to calibrate the quantification (see  FIG S6
and  S7).  20 µL  sample  were  injected  for
each measurement. Elution was conducted
at 1 mL/min with a solvent gradient of (A)
80/19.5/0.5  CHCl3/MeOH/NH3,aq(32 %)  and
(B)  60/34/5.5/0.5  CHCl3/MeOH/
H2O/NH3,aq(32 %) (all solvent mixtures in vol
%) following literature.28 During elution, the
solvent  gradient  was  adjusted  linearly  as
follows (here shown as relative content  of
solvent  A):  0-14 min  100 %   0 %;  14-
23 min 0 %; 23-24 min 0 %   100 %; and
24-25 min 100 %.

Mass spectrometry (MS)

Lipids  were  extracted  from  the  nanodiscs
and spotted onto a 10 x 10 cm silica gel 60
thin layer chromatography (TLC) plate F254
(Merck).  TLC  separation  was  performed in
CHCl3/MeOH/H2O (65:25:4) as mobile phase.
After  separation,  TLC plates were air-dried
and stained with a 0.03 % (w/v) Coomassie
Brilliant  blue  G250  solution  in  20 %  (v/v)
MeOH  and  80 %  H2O.  Visible  spots  were
removed from the carrier and stained lipids
extracted as previously described.29

For  lipid  quantification,  dried  lipids  were
dissolved in 20 µl of 80 % MeOH/20 % CHCl3
(v/v) and 2 µl of a 100 times diluted stock of
SPLASH  Lipidomix  Mass  Spec  standard
(Sigma-Aldrich)  in  80 %  MeOH/20 %  CHCl3
was added to each sample. 

Mass spectra were acquired on a Q Exactive
Plus  Hybrid  Quadrupole-Orbitrap  Mass
Spectrometer  (Thermo  Fisher  Scientific,
Waltham,  MA,  USA)  equipped  with  a
Nanospray  Flex  ion  source (Thermo Fisher
Scientific). 5 µl of sample were loaded into
borosilicate offline emitter coated with gold/
palladium (Thermo Fisher Scientific).

MS  settings  were  as  follows:  capillary
voltage,  ±2.5  to  2.8 kV;  capillary
temperature, 250 °C; resolution, 70000; RF-
lens  level,  50;  scan  range  of  MS  spectra,
400-1600  m/z;  ion  mode,  positive  (for  PC
lipids)  or  negative  (for  PE/PS/PI  lipids);
maximal injection time, 100 ms; automatic
gain  control  target,  2·106;  microscans,  1;
target resolution, 100000. 

Tandem  MS  settings:  maximal  injection
time, 100 ms; automatic gain control target,
5·105;  microscans,  1;  target  resolution,
70000;  fragmentation  type,  HCD;  mass
selection  window,  1  m/z;  Top20 automatic
precursor  selection  for  1 min;  selected
precursors were excluded for 30 s.

Acquired  mass  spectra  were  analyzed
manually  using  the  lipid  maps  tools
(http://www.lipidmaps.org/tools/).

Continuous  wave  electron  paramagnetic
resonance (CW EPR) spectroscopy

CW EPR spectroscopy was used to further
characterize  the  impact  of  surrounding
polymers on the lipids while being able to
differentiate between different polarities or
restricted  rotational  motions.  To  this  end,
spin-labeled  lipids  (5DSPC  or  16DSPC,
3.3 mol% of total lipid) were incorporated in
the  liposomes  (and,  therefore,  the
nanodiscs  solubilized  from  the  liposomes)
substituting  only  phosphocholine  lipids.  To
ensure  a  good  signal  to  noise  ratio  the
aqueous  suspensions  after  SEC  were
concentrated  using  centrifugation  filters
(Amicon  Ultra  4  with  a  molecular  weight
cutoff of  30 kDa,  Merck  Millipore,  Billerica,
MA, USA) at 3220×g until a volume of 200-
300 µL  was  reached.  After  centrifugation,
the presence of  nanodiscs in the resulting
suspensions were checked using DLS once
again.  10-15 µl  of  the  sample  were  filled
into  micropipettes  (BLAUBRAND intraMark,
Wertheim,  Germany)  and  capped  with
capillary  tube  sealant  (CRITOSEAL  Leica,
Wetzlar, Germany). 

X-band  CW  EPR  spectroscopic
measurements  were  performed  with  the
Miniscope  MS5000  (magnettech,  Freiberg
Instruments,  Freiberg,  Germany)  benchtop
spectrometer.  Temperature  control  was
achieved  by  connecting  the  H04
temperature control unit (magnettech) and,
thus,  temperature  series  were  recorded
between  0-70 °C.  All  spectra  were
measured  with  a  modulation  amplitude of
0.1 mT and a microwave power of 3.63 mW.
The  range  of  the  magnetic  field  was
adjusted to the width of measured spectra
and set between 332.5 and 347.5 mT.

Analysis  of  the  recorded  CW  EPR  spectra
was  conducted  using  MatLab  (R2017a,  v.
9.2)  in  combination  with  the  EasySpin
toolbox  (v.  5.2.28)  for  EPR  spectroscopy.30

Spectra of liposomes (for both 16DSPC and
5DSPC)  and  all  other  systems  containing
5DSPC  were  simulated  with  a  single
component using the model  of  anisotropic
Brownian  motion  with  an  axial  symmetry
and  orienting  potential  (see  Supporting
Information  for  further  information).31-32 In
nanodisc  systems  containing  16DSPC,



inclusion  of  a  second  component  was
necessary  to  achieve  an  acceptable
agreement  between  simulated  and
experimental spectra.

Differential scanning calorimetry (DSC)

To analyze the impact of the three polymers
on macroscopic lipid phase transitions, DSC
was  used  without  chromatographic
separation  of  liposomes,  since  both  lipid
mixtures did not show any phase transitions
in liposomes. Prior to all measurements, the
samples  as  well  as  the  reference  buffer
solution was degassed under vacuum while
stirring.  DSC  measurements  were
performed  using  a  MicroCal  VP-DSC
differential  scanning calorimeter  (MicroCal,
Northampton, MA, USA). In all experiments,
5 heating/cooling cycles were measured to
assure  sample  stability  and  reproducibility
from  which  one  representative  heating
curve (heating rate 60 K h–1 between 5 and
95 °C)  was  chosen.  Further  evaluation  of
the  DSC  results  involved  subtraction  of
regularly collected buffer/buffer baselines as
well  as  subtraction  of  offset  values,  if
necessary.

Results and Discussion
Preparation of myelin-like nanodiscs

The  successful  preparation  of  myelin-like
nanodiscs  requires  knowledge  of  the
optimal  polymer/lipid  ratio  for  optimal
solubilization.19 To  achieve  this,  the
solubilization  efficiency  of  the  three
polymers towards myelin-like liposomes was
tested  with  DLS  by  measuring
autocorrelation  functions  as  exemplarily
shown  in  Figure  1A.  For  all  other
autocorrelation  functions  see  Figure  S2.
Solubilization  of  the liposomes goes  along
with a decrease in the size of the scattering
particles  and,  thus,  with  a  shift  of  the
autocorrelation  function  to  shorter
correlation  times.16,  19 In  previous  studies
using polymer nanodiscs, the solubilization
efficiency was tested determining either the
size  of  particles,16,  19 the  turbidity  of  the
sample,15 or  other  methods.16-17,  19 Here,
both  of  the  former  methods  were  found
unsuitable  for  detecting  the  presence  of
nanodiscs because only partial solubilization
of  the  complex  lipid  mixtures  could  be
achieved.  The  decreased  solubilization
efficiency  is  easily  explained  by  the  lipid
mixtures  used  here.22-24 It  is  known  that
solubilization  works  best  with  saturated
short-chain  lipids  such  as  DMPC  and  if
unsaturated  lipids  are  used,  solubilization
efficiency is reduced.19, 23 This is thought to
be  due  to  an  increased  lateral  pressure
within the lipid bilayer, which impedes the
penetration of the amphiphilic polymers into
liposomes.22-23 In  addition,  lipid  mixtures

studied  here  contain  large  amounts  of
cholesterol, which is also known to increase
the  lateral  pressure  of  the  bilayer33 and,
furthermore,  causes  the  bilayer  to  phase-
separate  into  ordered  and  disordered
domains.34 This  phase  separation  may
hinder  the  complete  solubilization  process
as  well,  given  that  domain  formation  is
possible  in  liposomes  but  probably  not  in
the size-restricted nanodiscs because of the
much smaller number of lipids they contain.

All optimal polymer/lipid ratios (w/w) for the
solubilization approach used here are shown
in Table S1. As can be concluded from DLS
measurements  (see  Figure S2),  SMA and
SMA-SB  showed  substantial  shifts  in  the
autocorrelation  function,  whereas  DIBMA
exhibited  only  minor  effects.  While  for
solubilization  of  CNS  liposomes only  small
polymer/lipid  ratios  were  necessary  in  the
case  of  SMA  (1.5/1)  and  SMA-SB  (2/1),
solubilization  of  PNS  liposomes  was  most
effective  when  all  three  polymers  were
added  in  the  highest  amount  suitable  for
the  following  SEC,  i.e.  at  a  ratio  of
polymer/lipid of 5/1.

Since  the  liposomes  cannot  be  solubilized
completely,  the  nanodiscs  have  to  be
separated from the remaining liposomes. In
this study, the separation was conducted by
SEC. 



Figure  1. Preparation  of  myelin-like  SMALPs
containing  lipids  of  the  cytosolic  PNS  myelin
composition.  (A)  Intensity  correlation  functions
before and after addition of SMA to PNS liposomes
(here, a lipid concentration of 1 mM was used); (B)
size  exclusion  chromatogram  of  the  resulting
mixture of liposomes, SMA, and SMALPs with marked
fractions containing nanodiscs conducted with a flow
rate of 0.5 mL/min; (C) size characterization of PNS
SMALPs with DLS side scattering at 20 °C, the inset
in  (C)  shows  a  section  of  a  corresponding  TEM
micrograph with nanodiscs marked by yellow arrows.

The  detailed  chromatographic  separation
and  purification  of  all  nanodisc-forming
systems can be found in the SI. Comparison
of all three polymers leads to the conclusion
that only in lipid/SMA systems an additional
peak  appears  in  the  chromatograms
originating from nanodiscs. For both SMA-SB
and  DIBMA,  possible  nanodisc  peaks  are
overlaid by a peak of pure polymer.

After  SEC,  all  collected  fractions  that
showed UV absorption were further  tested
for their particle size using DLS. If particles
in  the  range  of  lipid  nanodiscs  (5-30 nm)
were  found,  the  respective  fractions  were
combined (compare  Figure 1C and  Figure
S4).  The  nanodisc  sizes  observed  in  DLS

correlate well with the elution volume of the
samples  in  the  SEC  when  comparing  all
polymers.  Note  that  in  all  fractions
remaining  liposomes  were  detected  even
after SEC. This may be the result of a low
separation efficiency of the SEC but, since
the  chromatograms  did  not  show  a
significantly  increased  baseline,  an
equilibrium  between  nanodiscs  and
liposomes,  even  after  separation,  is  more
probable.  From  literature  it  is  known  that
polymer-encapsulated nanodiscs  show fast
lipid  exchange  among  each  other  and  in
combination with monolayers.35-37 A similar
but somewhat slower lipid exchange would
probably  be  observed  between  nanodiscs
liposomes,  too.  Thermodynamically,  the
driving force for solubilization of liposomes
to nanodiscs is described using transfer free
energies  of  both  the  polymer  or  the  lipid
molecules.38-39 ΔGlipid is  positive,  that is the
lipids prefer their initial bilayer state within
the liposome, while ΔGpolymer is negative, i.e.,
the  polymers  prefer  surrounding  the
nanodisc  rather  than  being  adsorbed  to
liposomes.19, 38-39 In case of the complex lipid
mixtures,  used  in  this  study,  the
magnitudes  of  both  transfer  free  energies
could  be  in  a  range  which  allows  an
equilibrium  between  nanodiscs  and
liposomes  containing  polymer  to  be
detectable.  This  is  plausible  especially  for
mixtures  containing  a  high  amount  of
cholesterol because in liposomes these lipid
mixtures  are  known  to  form  ordered
domains.  In  nanodiscs,  by  contrast,  their
size  restrictions  probably  inhibit  the
formation  of  sizeable  domains  and,  thus,
ΔGlipid could  be significantly  more positive.
For  future  applications  of  myelin-like
nanodiscs,  a  further  thermodynamic
evaluation will be necessary, which could be
conducted  using  e.g.  31P  NMR
spectroscopy.38-39

From these lipid/polymer suspensions, TEM
samples were prepared by diluting them to
50 %  of  their  initial  concentration  and
ensuing  preparation  steps  (see  Materials
and  Methods).  TEM  micrographs  were
collected  to  confirm  the  presence  of
nanodiscs  after  separation  of  remaining
liposomes.



Figure 2. Lipid composition of myelin-like nanodiscs
as  detected  with  HPLC  after  extraction  with
CHCl3/MeOH;  (A),  cytosolic  CNS  lipid  mixture,  (B),
cytosolic  PNS  lipid  mixture.  Light  gray  columns
represent the theoretical lipid composition used for
liposome preparation. The lipids are shown in order
of their appearance in the chromatograms and error
bars  represent  the  standard  error  of  three
independent experiments.

The TEM micrographs (see Figure S5 in the
Supporting Information) of all samples show
the  successful  preparation  of  myelin-like
nanodiscs.  However,  the  three  studied
polymers  differ  in  contrast.  Nanodiscs  of
SMA  and  DIBMA  yield  clear  micrographs
with  sufficient  contrast,  while  nanodiscs
containing  SMA-SB  appear  to  have  lower
contrast.  This  is  probably  due  to  the
different ionic character of the polymers, as
SMA and DIBMA are anionic, whereas SMA-
SB is zwitterionic,20 which may influence the
binding affinity of the contrast agent uranyl
acetate. To ensure constant staining for all
polymers,  we  optimized  the  staining
procedure and prepared the samples three
time with each preparation being a double
determination. 

The  size  of  the  detected  nanodiscs
correlated  well  with  the  hydrodynamic
diameter  measured  with  DLS  for  all
samples.

The  whole  preparation  process  is
exemplarily shown for the system PNS lipids
with SMA (polymer/lipid 5/1) in Figure 1.

Analysis  of  lipid  properties  in  myelin-like
nanodiscs

After successful preparation of nanodiscs of
myelin-like  liposomes,  their  lipid  contents
were studied to  ensure similarity  with  the
well-known model system of liposomes. This
is because, although the lipid vesicles were
formed  to  resemble  the  myelin  sheath
composition,  it  is  unknown  if,  during
solubilization,  nanodisc  lipid  composition
was robustly recovered. 

To  elucidate  compositional  variation,  the
lipid  composition  of  prepared  myelin-like
nanodiscs was studied with analytical HPLC
regarding  headgroup  content  (see  Figure
S8).28 In  Figure 2 the composition of each
system is shown in comparison to the lipid
composition  of  liposomes  prior  to
solubilization  with  the  polymers.  Only
SMALPs  and  SMA-SBLPs  are  shown,  as
DIBMALPs yielded no reproduceable results,
which may be due to the low solubilization
efficiency of  DIBMA (see chapter  following
the lipid analysis).

From Figure 2 it can be concluded that the
additional  extraction  steps27 induce  only
minor  changes  in  detected  lipid
compositions  (compare  the  theoretical
composition  shown  in  light  gray  and
liposomes). Both SMA and SMA-SB solubilize
all  lipids  in  similar  amount  as  they  are
present  in  the  liposomes  and  only  minor
preferences  are  observed  which  is  in
accordance  with  literature.22,  40 Somewhat
stronger  deviations  from  liposomal
compositions were found in the case of the
PNS  lipid  mixture:  while  SMA  appears  to
show  a  minor  deficiency  in  cholesterol
content and a higher amount of PC, SMA-SB
prefers to solubilize anionic lipids. The latter
effect  was also  observed in  the CNS lipid
mixture but to a smaller extent.  For other
lipid  mixtures  containing  even  more
negatively charged lipids, this solubilization
preference of SMA-SB could be useful since
the  mainly  used  negatively  charged
polymers SMA and DIBMA showed repulsive
interactions  with  anionic  molecules.20,  41-42

However, deviations from the liposomal lipid
compositions were only  minor and, hence,
myelin-like  nanodiscs  can  be  assumed  to
exhibit similar surface properties as myelin-
like liposomes in general.

Besides  the  lipid  composition  in  terms  of
surface charge,  i.e., the relative ratio of all



headgroups,  the  polymers  could  prefer
different lipid chain compositions as well. To
study lipid chain composition, we used mass
spectrometry after extraction and TLC.29 TLC
was conducted to minimize overlap of lipid
species  with  similar  mass  in  the  acquired
mass spectra.29 The results of MS analysis of
all systems are shown in Figure S9.

For PE, PS, and PI, all myelin-like nanodiscs
exhibited  similar  chain  compositions  as
observed  in  liposomes  of  the  same  lipid
mixture.  For  PC  lipids,  in  contrast,
deviations  are  found  depending  on  the
polymer  and  the  lipid  mixture.  These
stronger deviations can be attributed to the
poor  signal/noise  ratio  of  PC  lipids  in  this
experiment  resulting  from  polymeric
contamination that  could not  be removed.
For  all  but  few  exceptions  all  lipids  were
found in both liposomes and nanodiscs of all
three  polymers.  Therefore,  it  can  be
concluded,  that  SMA,  SMA-SB,  and  DIBMA
do not  exhibit  pronounced preferences for
distinct types of lipid chains.

Besides  lipid  preferences,  the  polymers
were also  compared concerning their  lipid
solubilization  efficiency.  As  can  be
concluded from  Figure S2, SMA and SMA-
SB  exhibited  strong  effects  on  the
diffusional  correlation  time,  that  is
correlated to the mean size of the particles,
as observed with DLS, whereas DIBMA did
not change the mean diffusion coefficient of
the  scattering  particles.  As  an  additional
indicator of solubilization efficiency, 16DSPC
was  added  to  the  lipid  mixture  as  spin
probe. By measuring CW EPR spectra of all
nanodisc  systems  after  equal  sample
treatment below power saturation the spin
probe  concentration  and,  thus,  the  lipid
concentration  can  be  compared  by
measuring  the  double  integral  (DI)  of  the
spectra.43-44 This, obviously, is possible only
because  none  of  the  polymers  exhibits
strong  preferences  for  either  distinct  lipid
headgroups  or  distinct  lipid  chains.  In
addition,  the  comparability  of  all  samples
was  ensured  by  concentrating  them  to
similar  volumes  prior  to  measurement  as
well  as  by  working  with  low  microwave
power  to  prevent  power  saturation.43-44

However, it was not possible to prepare all
samples  completely  equal  and  small
preferences  in  lipid  solubilization  were
observed  before.  Therefore,  the  normed
double integral values shown in Figure S10
have  to  be  considered  to  be  an
approximation  of  lipid  content.  From
measured double integral values, it can be
concluded  that  only  SMA and  SMA-SB are
capable  of  solubilizing  PNS  and  CNS  lipid
mixtures  to  a  suitable  extent.  DIBMA,  in
contrast, did not solubilize either of the two

lipid  mixtures  within  the  experimental
procedures  applied  in  this  study  to  an
extent  usable  for  most  applications.  Thus,
DIBMA will  be excluded from the following
discussion.  Nevertheless,  temperature-
dependent  CW  EPR  spectroscopic
measurements  were  also  performed  with
DIBMALPs and are shown in the Supporting
Information (see Figures S14 and S22).

CW  EPR  spectroscopy  also  enables  us  to
unravel  changes  in  lipid  environment
induced  by  the  polymers  at  different
positions within the bilayer.45-48 For this, spin
labeled  lipids  were  introduced  bearing  a
doxyl  moiety  either  in  terminal  position
(16DSPC)  or  near  the  carbonyl  group
(5DSPC)  of  the  sn-2  chain.  A  different
position of the unpaired electron spin allows
detecting hydration and rotational mobility
in a distinct section of the bilayer.45-48 In this
work,  temperature-dependent  EPR  spectra
were measured between 0 and 70 °C of all
studied nanodisc systems as well as myelin-
like liposomes and simulated with the model
of  Brownian  motion  with  axial  symmetry
(see  Supporting  Information  for  further
details  and  Tables  S2-S13,  Figure  S18,
and Figure S26 for simulation results). The
temperature-dependent  spectra  and
comparison  of  measured  and  simulated
spectra are shown in Figures S11-S17 and
Figures S19-S25.

First, from the observed CW EPR spectra, it
is  obvious  that  only  minor  differences
between  the  CNS  and  the  PNS  lipid
composition  were  found  for  all  studied
systems. The hydration, as concluded from
simulated  14N hyperfine coupling constants
aiso (see  Figure S18  and Figure S26), as
well as the rotational behavior (Figure 3 as
well  as  Figure  S18 and  Figure  S26)
remained similar when comparing both CNS
and  PNS  composition  for  each  model
system.  Subsequently,  in  the  following  all
results apply for both systems if not stated
otherwise.

Second, due to use of 16- and 5DSPC, the
nanodisc  systems  can  be  compared  to
liposomes of a similar composition to study
the impact of each polymer onto (i) the core
of the bilayer and (ii) the interface between
hydrophobic  chain  and  hydrophilic
headgroup, respectively.45-48

For (i), 16DSPC was introduced into the lipid
mixture  prior  to  liposome  solubilization.
From the data shown in  Figure S18 it can
be  concluded,  that  all  studied  model
systems  exhibit  axial  rotation.  The
rotational correlation time τc decreases with
temperature.  Addition of  either of  the two
polymers  SMA  or  SMA-SB  induces  an
increase  of  τc.  Furthermore,  the  rotational



motion  of  16DSPC  changes  its  anisotropy
Trot

49 with increasing temperature in myelin-
like  liposomes  while  in  both  polymer-
encapsulated  nanodiscs  it  remains  nearly
constant over the whole temperature range
studied.  Thus,  both  polymers  hindered  a
more  isotropic  motion  of  the  lipid  chains.
The CW EPR spectra were simulated using
the  least  number  of  spectral  components
possible, that is one for liposomes and one
or  two  for  both  SMALPs  and  SMA-SBLPs
depending  on  temperature.  Inclusion  of  a
second  component  characterized  by  a
higher  hydration  and  lower  rotational
mobility, i.e., increased aiso as well as higher
τc compared to the main component found
for  all  systems,  respectively,  in  both
nanodisc systems was necessary to achieve
a reasonable fit to the experimental  data.
However,  the  respective  additional
components of both polymers differ in their
temperature stability, rotational restrictions,
and  polarity  of  their  environment  (see
Figure  S18).  Complex  spectra  with
correlated  aiso and  rotational  behavior
causes  a  hindered  separation  of  the
simulation  parameters.  The  decreased  aiso

shown in  Figure S18, therefore, has to be
considered  most  probably  an  artifact
resulting  from  simulation  of  the  motional
regime of the spin probe which is especially
difficult  to  simulate  in  combination  with
environmental  polarity  and  an  additional
component. However, if this is a real effect,
it  could  in  the  future  be  studied  further
using  hyperfine  spectroscopy  in  D2O
solvent, for example.

For  lipid  bilayers  surrounded  by  SMA,  an
additional  component  between
approximately 0 °C and 34 °C is needed in
the  analysis,  which  exhibits  increased  τc

combined  with  a  higher  order  parameter
and  a  more  polar  spin  label  environment
when compared with myelin-like liposomes
(see  Figure  S18).  16DSPC  in  SMA-SBLPs
had  to  be  simulated  with  an  additional
component between 0 °C and 55 °C (CNS)
or  64 °C  (PNS)  which  is  denoted  by  even
stronger  rotational  restrictions  combined
with increased order but an environmental
polarity in between liposomes and SMALPs
(see Figure S18). In contrast to 16DSPC in
SMALPs,  the  spectra  of  16DSPC  in  SMA-
SBLPs  at  0 °C and  5 °C can  be  simulated
using  only  the  additional  component  and,
therefore,  differ  substantially  from  the
spectra found in liposomes.

The  additional  spectral  component,
featuring  increased  polarity  and  hydration
in each model system, can be consistently
explained  with  the  addition  of  the
amphiphilic  polymers,  i.e.,  SMA14,  42 and
SMA-SB,20-21 that  change  polarity  directly

plus  disrupt  the  bilayer  structure  by
providing  the  basis  for  increased  water
penetration  into  the  core  of  the
membrane.15-16,  50 On  the  other  hand,
increased restrictions of spin label rotational
mobility  can  either  be  the  result  of  a
polymer-induced formation of a condensed
lipid  phase21,  51 or  by  lipid-polymer
interactions  with  the  surrounding  polymer
itself.15,  47,  50 To  study  this  effect,  we
performed  DSC  measurements  of  SMALPs
and  SMA-SBLPs  of  both  lipid  compositions
prior to separation of the liposomes. 

Cp peaks in the DSC results would indicate a
lipid phase transition, and as is observable
in  Figure  S27,  in  our  DSC  experiments
there  are  no Cp peaks  over  the  whole
temperature  range.  Furthermore,  when
studying  5DSPC  in  the  same  systems,  no
additional spectral component is necessary
for  suitable  fit  of  simulation  to  the
experimental spectra. 

From the combination of CW EPR and DSC,
it  can  be  concluded  that  the  observed
spectral  component  with  increased
rotational restrictions and polarity has to be
induced by direct interactions between the
polymers and the lipids. Subsequently, the
main  difference between both  polymers  is
probably  induced  by  different  nanodisc
sizes.  The prepared myelin-like  SMALPs of
both  lipid  compositions  exhibited  larger
diameters  as  observed with  DLS and TEM
than SMA-SBLPs.  Since the interfacial  area
between  the  polymer  and  lipids,  which
determines  the  effects  visible  in  the
additional spectral  component depends on
the particle diameter, it is possible that the
observed  interactions  originate  from  a
temperature-dependent size increase of the
nanodiscs.  Such  an  increasing  size,
however, was observed only for myelin-like
SMALPs, while SMA-SBLPs exhibited a nearly
constant  size  as  determined  by  DLS  (see
Figure S28 and Figure S29).

Addition of 5DSPC to the lipid mixtures prior
to liposome solubilization, enables the study
of  the  interfacial  region  between  lipid
headgroups and chains.45-48 The simulation
results  of  temperature-dependent  CW EPR
spectra  are  shown  in  Figure  S26.  They
indicate only minor effects when compared
with results of 16DSPC simulation which is
due  to  the  already  reduced  rotational
mobility  of  the spin  label.31,  47 However,  a
change  in  polarity  was  found  for  SMA  in
comparison  with  liposomes  at  elevated
temperatures.  SMA shows a decreased  aiso

between  30 °C  and  65 °C  compared  with
liposomes,  which  declines  again  around
70 °C.  This  could be the result  of  SMALPs
being more hydrophobic. The differences in



aiso,  however,  are  only  minor.  Thus,  this
interpretation  has  to  be  reviewed  using
hyperfine  spectroscopic  methods  in  future
studies.  The  rotational  correlation  time  τc

was  affected  to  a  small  extent  by  the
surrounding  polymer,  in  contrast  to  the
observations  in  the  membrane  core.
Nevertheless,  differences  between
liposomes  and  both  nanodisc  systems
emerge when comparing the anisotropy of
rotation Trot.49 All three systems, in general,
exhibited  strong  anisotropic  motion.  With
increasing temperature,  Trot of  both 5DSPC
in SMALPs and in SMA-SBLPs deviates from
Trot found in liposomes to a more isotropic
rotational  behavior.  This  effect  was  more
pronounced  in  the  case  of  SMA-SB-
encapsulated  lipid  nanodiscs,  which  is
probably due to SMA-SB being more apolar20

and, hence, preferably interacting with the
hydrophobic  core  instead  of  the  whole
bilayer.  Thus,  less  rotational  restrictions
were exerted by SMA-SB in the only weakly
interacting hydrophilic part of the bilayer. As
the  hydrophobic-hydrophilic  interfacial
region  remains  sterically  demanding  and
the lipids  are  unable  to  leave the bilayer,
the rotation becomes more isotropic instead
of  becoming  faster.  Changes  in  Trot,  as
observed  here,  are  caused  by  significant
differences  in  rotational  behavior  while  a
similar  τc is  maintained within the dataset
(compare  with  Ref.  47).  Our  results,  thus,
have to be considered a clear argument for
changing  rotational  restrictions,  that  is  an
increased wiggling motion of the spin label
in-plane compared to liposomes.

From  studying  myelin-like  nanodiscs  in
comparison  with  liposomes,  it  can  be
concluded,  that  a  variation  of  labeling
position  within  the  bilayer  yields  vastly
contrary  results.  While  both  polymers
induced  similar  effects  in  both  the
membrane core as well as the carbonyl-near
region,  respectively,  the  deviations  from
liposomes were more pronounced in  SMA-
SBLPs.  Addition  of  the  polymer  induced
increased  rotational  restrictions  in  the
membrane core that were accompanied by
an increase in polarity and hydration, while
the rotational anisotropy in the more polar
regions of the membrane was reduced. Both
findings lead to a model depicted in  which
combines  a  compression  effect  in  the
hydrophobic  parts  with  a  small  loosening
effect  in  the  hydrophilic  parts  of  the
membrane. SMA exhibits the same effects
to  a  smaller  extent,  which  is  due to  (i)  a
larger diameter of the nanodiscs resulting in
a reduced interaction area between polymer
and lipids in relation to lipid number and (ii)
a  higher  polarity  of  the  SMA  polymer  in
comparison to SMA-SB, which enables SMA

to  bind  both  the  hydrophilic  and  the
hydrophobic  areas  of  the  lipid  membrane
while  SMA-SB  preferably  binds  the
hydrophobic core.



Figure 3. Simulation results of CW EPR spectra of 16DSPC (A/B) and 5DSPC (C/D) in liposomes and nanodiscs
of the cytosolic CNS (A/C) and PNS (B/D) myelin composition. Shown are the rotational correlation time τc (A/
B)  of  16DSPC and the rotational anisotropy  Trot (C/D)  of  5DSPC. The spectral  component of  slow rotation
appearing in X-band CW EPR spectra of 16DSPC of SMALPs and SMA-SBLPs is presented in brightened colors to
set it apart from the fast-rotating component. 

Suitability of myelin-like nanodiscs as model
system for protein studies

Successful preparation of nanodiscs with a
(near)  native  lipid  composition is  only  the
first  step  necessary  for  in  vitro myelin
research.  Generally,  the  suitability  of  the
prepared  systems  for  mimicking  cytosolic
myelin  requires  further  investigations.  To
this  end,  we  added  myelin  basic  protein
(MBP)  to  the myelin-like  nanodiscs to  test
for MBP-membrane interaction and induced
self-assembly. MBP is abundant in both CNS
and  PNS  cytosolic  myelin,  and  we  have
ample experience in the characterization of
MBP in different charge variants in LUVs.12, 52

As a suitable model protein, here we used
bovine  MBP26 which  presents  a  similar
amino acid sequence as human MBP.53

In  the myelin  sheath,  MBP is  incorporated
into  the  multilayer  system  between  both
cytosolic  leaflets  of  opposed  bilayers.11-12

Since MBP acts as “molecular glue”, holding
together  two  lipid  bilayers,11-12 it  induces
association  of  multiple  lipid  particles.

Therefore,  its interactions with lipid model
systems can be observed by light scattering
techniques.  To  ensure  comparability  of  all
measurements, we added the same amount
of bMBP to each sample resulting in equal
protein  concentration  but  differing  lipid
concentration  and,  thus,  different
lipid/protein ratio.

First, DLS of the nanodiscs with and without
addition  of  bMBP  was  measured.  The
resulting  size  distributions  for  SMALPs  of
both PNS and CNS myelin-like nanodiscs are
shown in Figure 4 (for both other polymers
and comparison with pure bMBP see Figure
S30).  In  the  case  of  SMALPs,  addition  of
bMBP  has  a  strong  effect  on  the  size  of
scattering  particles.  The  small  nanodiscs
disappear  while  new  particles  of
hydrodynamic diameters of more than 1 µm
appear.  While  the  vanishing  of  the  small
particles  probably  was  induced  by  larger
particles, which scatter much more strongly,
the  large  particles  additionally  observed
must be the result of aggregated nanodiscs.



The bMBP alone exhibited a small fraction of
aggregated  protein.  Those  large  particles,
however, did not scatter to a similar extent
as  the  mixtures  of  SMALPs  and  bMBP.
Furthermore,  mixtures  of  bMBP  and  the
polymer  without  lipids  do  not  contain
particles of similar size (see  Figure S30).
Therefore, the observed interactions cannot
originate  from  unspecific  coulombic
interactions between anionic polymer 

Figure  4. Size  distribution  of  SMALPs  of  the
cytosolic CNS and PNS myelin lipid composition with
and  without  bMBP  as  observed  with  DLS
measurements. 

and cationic bMBP alone. For SMA-SBLPs, by
contrast, no observable size change of the
lipid particles is induced by the protein (see
Figure S30). 

From  DLS  measurements,  it  can  be
concluded, that only in myelin-like SMALPs
bMBP  can  execute  its  native  function  of
stacking  lipid  bilayers  to  a  noticeable
extent.

By measuring CW EPR spectra of myelin-like
nanodiscs containing 16DSPC or 5DSPC with
bMBP it  is  possible  to  study  the  protein’s
effect on the bound lipids. The spectra of all
nanodisc samples are shown in Figure S31
and  Figure  S32 in  the  Supporting
Information. 

We  found  that  addition  of  the  protein
induced  no  changes  in  lipid  mobility  and
hydration  for  all  studied  systems.  One
would typically assume in CW EPR studies of
interactions  between  penetrating  proteins
and  lipids  that  an  additional  spectral
component  after  addition  of  the  protein
becomes observable.54 This is not the case
here after addition of bMBP. However, bMBP
had  an  effect  on  the  spectral  intensity  in
some cases. When the protein is added to
myelin-like  nanodiscs  the  double  integral
value has to be reduced to 50 % of the pure
systems  due  to  dilution.  In  both  SMALP

systems  and  SMA-SBLPs  containing  PNS
lipids the double integral was reduced even
further to 30–40 % of the nanodiscs without
protein while  for  DIBMALPs and CNS SMA-
SBLPs it remained approximately at 50 %. 

A  decrease  in  spectral  intensity  can  be
induced  by  increased  spin  exchange
interaction between the spin probes.55 If this
interaction becomes strong enough, i.e., the
spin  probes  collide  directly,  the  spectral
peaks  can  become  broad  enough  to  be
indiscernible from the baseline. This effect
could be induced by guest molecules such
as proteins which preferably bind lipids or
reject them if the model system is spatially
confined.

In  case of  myelin-like  SMALPs,  the size of
the  nanodiscs  limited  the  space  available
for the lipids to approximately 10 nm. bMBP
as a positively charged protein is known to
preferably bind to negatively charged lipid
surfaces.26,  56 Subsequently,  it  probably
gathers  negatively  charged  lipids  in
inhomogeneous membranes like the studied
myelin-like composition. The used spin label
lipids  bear  zwitterionic  PC  headgroups.
Thus,  it  is  possible  that  bMBP repelled  or
ignored the PC spin labels to some extent
which  is  in  accordance  with  literature
showing  weak  interaction  between  bMBP
and PC lipids.26, 56 If the protein did not bind
the  spin  probe  lipids,  they  accumulate  at
the rim of the nanodisc and,  hence,  likely
interact  more  frequently  among
themselves,  which causes a broadening of
the peaks.

While  the  addition  of  bMBP  to  myelin-like
nanodiscs did not directly affect the mobility
and  hydration  of  the  spin-labeled  lipids,
they  could  be  pushed  to  the  rim  of  the
nanodisc  and  exhibit  strong  peak
broadening  which,  thus,  have  decreased
intensity. This indication of protein binding
to the lipids was only found for myelin-like
SMALPs  and  SMA-SBLPs  containing  PNS
lipids. This may be due to a slightly higher
binding affinity of bMBP to the more anionic
PNS lipid mixture.

In conclusion, we have shown that myelin-
like nanodiscs encapsulated by SMA are the
only  model  systems that  are  able  to  bind
bMBP in a native way. SMA-SBLPs only bind
the  protein  if  the  lipid  composition
resembles the cytosolic PNS, which may be
the  result  of  changed  lipid  properties  as
discussed  before.  However,  in  PNS  SMA-
SBLPs  bMBP  was  not  able  to  stack  the
nanodiscs. The resulting model is depicted
in .

Conclusions



In this study, we present the preparation of
myelin-like  nanodiscs  with  SMA containing
either  PNS  or  CNS  cytosolic  lipids.  The
preparation  process  involves  solubilization
experiments  for  each  lipid  mixture  using
DLS  for  nanodisc  detection,  separation  of
remaining  liposomes  with  size  exclusion
chromatography  followed  by  detection  of
resulting nanodiscs with DLS, again.

The  myelin-like  nanodiscs  were  studied
regarding  their  lipid  composition,  the
properties  of  the  myelin  lipids  and  their
suitability to be used as model system for
natural myelin in lab scale.

Our results suggest that the preparation in
acceptable  amount  is  possible  with  the
polymers SMA and SMA-SB. Both polymers
do not show any preference for distinct lipid
headgroups  or  chains.  However,  only
myelin-like  SMALPs  present  lipid-protein
interactions  with  the  model  protein  bMBP
while  maintaining  the  protein’s  natural
function.

By including the spin-labeled lipids 16DSPC
and  5DSPC  in  our  solubilization,  we  were
able to characterize the effects of both SMA
and SMA-SB on the lipids within the myelin-
like nanodiscs either in the 

Figure  5. Suitability of SMALPs and SMA-SBLPs as model system for human myelin. While SMALPs of both
cytosolic CNS and PNS lipid composition can bind bMBP and aggregate, only the PNS-like SMA-SBLPs can bind
bMBP but, however, do not show aggregation. Note the different constraint both polymers exert onto the lipids
as observed with CW EPR measurements. The myelin-like lipid composition is indicated by differently colored
phospholipids  as  well  as  cholesterol.  The sizes  in  this  scheme are not  to  scale  and size  differences  are
exaggerated. 

hydrophobic  center  of  the  bilayer  or  near
the  carbonyl  groups.  We  find  that  both
polymers  exert  steric  constraints  onto  the
hydrophobic part of the lipids while a small
loosening  effect  is  observable  for  the
carbonyl-near  membrane  region.  Both
effects were significantly more pronounced
in SMA-SBLPs and may have prevented the
membrane  stacking  by  bMBP.  The  third
amphiphilic  polymer  in  this  study,  DIBMA,
was  not  able  to  solubilize  myelin-like
liposomes in a usable extent.

In  future  studies,  the  preparation  process
described  herein  will  be  further  optimized
and  different  proteins  will  be  studied  in
combination  with  the  myelin-like  lipid
composition.  Therefore,  even  SMA-SB  and
DIBMA  could  be  suitable  for  solubilization
with different experimental parameters. The
composition  of  the  nanodiscs  could  be
optimized  using  both  cytosolic  and
extracellular  lipids.  If  it  is  possible  to
prepare  nanodiscs  containing  both  the
extracellular  and  the  cytosolic  leaflet  this
would  enable  even  more  nature-like
research such as mimicking myelin with all



major  lipids  and  proteins  in  combination.
When considering that the lipid composition
of  PNS  and  CNS  myelin  is  challenging  to
reconstruct  in  nanodiscs,  our  work  shows
that  more complex lipid model  membrane
systems are in  general  accessible through
nanodiscs.  We  can  furthermore  study
protein-lipid  interactions  in  myelin  and
factors  driving  myelin  formation  or
degradation  using  combinations  of  myelin
proteins  in  a  highly  controlled  lipid
environment  resembling  myelin’s
cytoplasmic leaflet.
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3-phosphocholine,  16DSPC,  1-palmitoyl-2-stearoyl-
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