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ABSTRACT: How the distinctive lipid composition of mammalian plasma membranes impacts
membrane protein structure is largely unexplored, partly because of the dearth of isotropic
model membrane systems that contain abundant sphingolipids and cholesterol. This gap is
addressed by showing that sphingomyelin and cholesterol-rich (SCOR) lipid mixtures with
phosphatidylcholine can be cosolubilized by n-dodecyl-f-melibioside to form bicelles. Small-
angle X-ray and neutron scattering, as well as cryo-electron microscopy, demonstrate that these
assemblies are stable over a wide range of conditions and exhibit the bilayered-disc morphology
of ideal bicelles even at low lipid-to-detergent mole ratios. SCOR bicelles are shown to be
compatible with a wide array of experimental techniques, as applied to the transmembrane
human amyloid precursor C99 protein in this medium. These studies reveal an equilibrium
between low-order oligomer structures that differ significantly from previous experimental
structures of C99, providing an example of how ordered membranes alter membrane protein
structure.

B INTRODUCTION

The plasma membrane (PM) of mammalian cells and related
endosome and lysosome membranes is distinguished from

studies of peptide structures, but they were not morpholog-
ically characterized and contained only ~1 mol % sphingo-
myelin (SM)."" Reinforcing the idea of poor SM/Chol

other organellar membranes by its high levels of both
cholesterol (Chol) and sphingolipids, lipids that are well-
known to undergo unusually strong lipid—lipid interactions in
the membrane that result in local membrane clustering and
ordering." The observation of local ordering of membrane
lipids has led to the lipid raft hypothesis, which posits that
phase separation can occur in PMs, resulting in Chol and
sphingolipid-rich ordered phase nanodomains (“lipid rafts”)
surrounded by disordered phase bilaye_rs.z_4 While the lipid
raft hypothesis has been controversial,” there is no question
that PMs are rich in Chol and sphingolipids.” To test the
impact of the unique mammalian PM composition on protein
structure and dynamics, there is a need for model membranes
that are rich in both Chol and sphingolipids that can be used in
biochemical and biophysical studies of isolated membrane
proteins and complexes. However, except for bilayered lipid
vesicles (liposomes), no such model membrane system has
previously been available, mainly due to difficulties in
cosolubilizing Chol and sphingolipids to form mixed micelles,
bicelles, nanodiscs, or lipodisqs (the latter also known as
SMALDPs).

Both sphin&olipid-rich bicelles and Chol-rich bicelles have
been reported’~"” but not bicelles that are rich in both these
lipids. Chol-rich “native” eukaryotic bicelles have been used in
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cosolubility, recent work by Kot et al. showed that SM and
Chol mixtures are recalcitrant to the detergents traditionally
used to form bicelles."”” Peptide-based nanodiscs have been
used to cosolubilize lipid mixtures containing SM and Chol but
only to 7 and 4 mol %, respectively.”” The difficulty of
dissolving sphingolipid-Chol mixtures may be related to
energetically favorable complex formation between these two
lipids."™'> In this work we set out to develop a model
membrane system that is rich in both SM and Chol and
involves the formation of assemblies small enough to be
monodisperse and optically clear, such that they can be
employed in a wide range of biophysical and biochemical
applications requiring these properties. Here, we describe the
development and characterization of SM and Chol-rich
(SCOR) bicelles. To demonstrate the utility of this new
model membrane system we also report reconstitution and
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Figure 1. Static *'P and *H NMR spectra of fully hydrated DMPC-ds,/eSM/Chol (4/2/1 mol/mol/mol) vesicles at various temperatures. (A)
Static *'P NMR spectra exhibiting powder patterns reflecting axially symmetric motional averaging of the lipid in the Lo phase at low and Ld phase
at high temperatures. The widths of the 3'P NMR spectra exclude the possibility that DMPC is in a gel phase. Red lines indicate best-fit simulations
of the spectral line shape. Samples were observed to be slightly field-oriented. Spectra were simulated using an ellipsoidal distribution function with
aspect ratios of 0.65—0.75. (B) *H NMR spectra of chain perdeuterated DMPC-ds, in the ternary lipid mixture as a function of temperature. (C)
Enlarged view of the chain-terminal methyl group quadrupolar splitting of the H NMR spectra shown in (B), which highlights two sets of
quadrupolar splitting at temperatures from 20 to 30 °C. (D) Plot of the first spectral moment of the ’H NMR spectra shown in (B) as a function of
temperature. (E) DMPC chain order parameters as a function of chain position in the ternary mixture at various temperatures, as determined after

dePakeing the NMR spectra shown in (B).

biophysical characterization of the transmembrane C99
domain of the human amyloid precursor protein (APP) into
SCOR bicelles. It is shown that this protein exhibits structural
properties in this medium that are distinct from what has
previously been observed in more conventional model
membrane media.

B RESULTS

Screening for a Detergent That Can Solubilize
Phosphatidylcholine-Sphingolipid-Chol Mixtures. A
screen of over 200 mixtures was conducted in search for a
detergent that can cosolubilize Chol and SM mixtures in the
presence of phosphatidylcholine (POPC) at a total lipid/
detergent ratio of 1:3 (q = 0.33), with results summarized in
Table S1. The choice of lipid mixtures tested was heavily
weighted toward lipid mixtures that either are known to form
ordered-phase bilayers at near-physiological temperatures or
are predicted to do so. Among the cross-section of 35
detergents tested we found a number that could solubilize
either Chol or SM. However, only the recently introduced'® n-
dodecyl-f-melibioside (DDMB) was successful at solubilizing
mixtures of various forms of phosphatidylcholine with both
Chol and egg SM (eSM). eSM is predominantly (~86%)
composed of the saturated Cl6-amidated form (https://
avantilipids.com/product/860061) and was used instead of
synthetic SM, because eSM is much less expensive. It is notable
that DDMB, with its melibiose (galactose-a(1 — 6)-p-glucose)

12716

headgroup, was effective, while n-dodecyl-#-maltoside, with its
less-flexible glucose-a(1 — 4)-p-glucose headgroup, was not.
DDMB was seen to be able to solubilize a range of
phospholipid-Chol-eSM  mixtures. This study focused on
mixtures with a g ratio of 1.0 or below, where the mixtures
were optically clear and the assemblies tumbled isotropically.
We chose dimyristoylphosphatidylcholine (DMPC) as the
glycerophospholipid for the SCOR bicelles focused on in this
work because of its extensive prior use in well-characterized
classical bicelle mixtures, including work involving our test
protein for this study, C99.""~*” Accordingly, there is a wealth
of previous data for classical DMPC-based bicelles that can be
compared to our results for the new SCOR bicelles.
Solid-State NMR Characterization of 4:2:1 DMPC/
eSM/Chol Bilayered Vesicles. From the numerous mixtures
tested (Table S1) we selected SCOR bicelles composed of
DDMB and 4:2:1 DMPC/eSM/Chol to focus on in this study.
Because detergent-free 4:2:1 DMPC/eSM/Chol lipid bilayers
have not previously been characterized, we examined vesicles
of this composition using solid-state NMR spectroscopy. The
goal was to illuminate the bilayer phase properties of the
parent lipid mixture used for the SCOR bicelles. First, static
3P NMR spectra were acquired as a function of temperature,
as shown in Figure 1A. All spectra for the 20-50 °C
temperature range exhibited a single powder pattern
characterized by an axially symmetric chemical shift anisotropy
tensor spanning ~50 ppm, in which the individual *'P NMR
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contributions of DMPC and eSM are indistinguishable. Such
an NMR powder pattern line shape is characteristic of lipids
undergoing rapid axially symmetric motional averaging, as is
typical for lamellar membranes in either the ordered or
disordered phases but not the gel phase.zg’29 Next, 2H NMR
spectra of the mixture containing chain-perdeuterated DMPC-
ds, were collected as a function of temperature (Figure 1B).
The typical superposition of quadrupolar Pake powder patterns
from all deuterons along the myristoyl chains is observed,
where each quadrupolar splitting provides information on the
degree of molecular order of a particular methylene or methyl
segment in the lipid chain. Close inspection of the innermost
(and most intense) terminal methyl group splitting reveals the
appearance of a second Pake doublet at temperatures below 30
°C (Figure 1C). This indicates that DMPC populates two
different environments (as would be the case if DMPC is
distributed between two different phases).”® No spectral
features indicative of a gel (Pf) or solid-ordered (So) phase
were observed even at 20 °C, where pure DMPC membranes
are well-known to form a gel phase. As expected, the widths of
the ’H NMR quadrupolar Pake doublets decreased with
increasing temperature due to increased motional disorder of
the C—D bond vectors along the chain, as also seen in a plot of
the first spectral moment as a function of temperature (Figure
1D). The slight discontinuity seen at a temperature of ~30 °C
coincides with the spectral changes observed for the methyl
groups, also consistent with a transition from the liquid-
ordered (Lo) phase to the liquid-disordered (Ld) phase above
this temperature.”” Above 30 °C, the spectral resolution is
sufficient for dePakeing”" the *H NMR spectra, resulting in the
order parameter profiles along the carbon chains shown in
Figure 1E. These profiles are consistent with a somewhat
disordered phase state at temperatures above 30 °C. As
temperature increases, the order in the acyl chains decreases as
well.

It has previously been seen that lipids in the Lo phase share
a property with those in the Ld phase by undergoing
unhindered lateral diffusion and long axis rotational diffusion
around the bilayer normal.’”** However, the Lo phase state
differs from the Ld phase by featuring a dramatic decrease in
the number of gauche dihedral angles along the hydrocarbon
chains due to strong ordering interactions imposed by
proximal Chol.””** This trend is reflected by the wider span
of the *H NMR spectra below 30 °C relative to spectra from
Ld phase bilayers, as was observed here. The population of
gauche conformers can be estimated from the average DMPC
chain length determined from each H NMR spectrum.’”**
Each gauche excursion reduces the chain length by 1.1 A.*° At
20 °C, the maximum quadrupolar splitting of DMPC in the
mixture is 56 kHz, which is close to the maximum of 62.6 kHz,
indicating fully extended all trans chains undergoing axially
symmetric reorientation along the long axis of DMPC, as
expected for an ideal Lo phase state. The average chain-order
parameter of DMPC-ds, in the mixture at 20 °C can roughly
be determined to be (S) = 0.36 given the broad nature of the
*H NMR spectrum at this temperature. From the average order
parameter of 0.36, the average length of DMPC chains in the
mixture was estimated to be 13.1 A, which can be compared to
15.2 A for an all-trans chain. This suggests that the DMPC
chains in the mixture exhibit on average ~2 gauche defects at
20 °C. At temperatures above 30 °C, the chain length can be
determined precisely from the dePaked spectra, yielding chain
lengths varying from 11.6 A at 32 °C to 10.7 A at 50 °C. This

would correspond to 3.3—4.1 gauche defects, which is in
agreement with the population of the Ld phase state in that
temperature range. These results therefore suggest that the
4:2:1 DMPC/eSM/Chol mixture occupies a Lo-like phase
state between 20 and 30 °C and the Ld state above 30 °C—
the transition between these phases is somewhat gradual.

The conclusion that the phase occupied by 4:2:1 DMPC/
eSM/Chol at lower temperatures is Lo-like, but not to an ideal
extreme, is not surprising. Pure Lo phase formation is most
often described only at Chol contents higher than the 14 mol
% of the current mixture.””*® To confirm that the 4:2:1
mixture truly occupies a Lo-like phase below 30 °C we applied
'"H magic-angle spinning (MAS) NMR to gain additional
information. Figure S1 shows a series of "H MAS NMR spectra
of this mixture as a function of temperature. Particularly
between 20 and 24 °C, the observed NMR spectra closely
resemble what has been defined as the pure Lo-phase '"H NMR
spectrum.36

Taken together, the solid-state NMR characterization of the
DMPC/eSM/Chol (4:2:1 mol/mol/mol) mixture indicates
the bilayers are in a Lo-like phase state at temperatures below
~30 °C and that there is a transition to the Ld state above 30
°C. The transition between these states is gradual. The fact
that the mixture appears to have properties that are at the
borderline between Lo and Ld phases over the 20—40 °C
temperature range is well-suited for mimicking mammalian
PMs, which also appear to exhibit Eroperties that also are
borderline between these two phases.””

Small-Angle Scattering Characterization of SCOR
Bicelles. Small-angle X-ray and neutron scattering (SAXS &
SANS) methods are powerful tools for resolving the ensemble
morphology of particles. We therefore used these methods to
characterize the shape and structural organization of SCOR
bicelles. Measurements were made for mixtures with lipid-to-
DDMB g ratios (q is the lipid-to-detergent mole ratio) ranging
from 0.25 to 1.0, a range of g in which the bicelles are small
and monodisperse. Figure 2 shows that a simultaneous fit of
the SAXS and SANS scattering curves with a core—shell bicelle
model (Figure S2) for both q = 0.33 and 1.0 SCOR bicelles
supports the ideal bicelle model in which a discoidal lipid
bilayer region is surrounded by a toroid of DDMB detergent. It
is noted that the deviation from fit at Q < 0.02 A in Figure
2B SAXS data (where Q is the scattering vector in SAXS and
SANS) was likely due to the presence of air bubbles, but that
this did not impact the best fitting parameters, as the
simultaneous fit with both SAXS and SANS data greatly
reduced the uncertainty. Over g ratios from 0.25 to 1.0, SCOR
bicelles were seen to conform to the classical detergent edge-
stabilized bilayer disc model with a nearly constant bilayer
thickness of 4.7 nm at g = 0.25 to 5.3 nm at q = 1.0, and with
disc diameters ranging from ~7 nm at ¢ = 0.25 to ~11 nm at g
= 1.0 (Figures 2C and S2).

Because of the higher electron density of the phosphate
groups, SAXS can provide model-free information about
headgroup-to-headgroup distances in bicelles (along the axis
orthogonal to the plane of the bicelle) via analysis of the
second maxima, referred to as the Qg (Figure 2D).*® As
highlighted in Figure 2E, the mean headgroup-to-headgroup
distance in the SCOR bicelles increases from 4.6 nm at q =
0.25 to 5.0 nm at g = 1.0 (~9%), while for DMPC-DHPC
bicelles the mean headgroup-to-headgroup distance increases
by ~44% over a very similar q range.”” Mean headgroup-to-
headgroup distances are understood to approximate bilayer
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Figure 2. SAXS & SANS of SCOR bicelles. (A) Small-angle scattering
measurement for g = 0.33 SCOR bicelles at a total lipid+detergent
concentration of 0.5 wt %, a concentration at which bicelles were
confirmed to persist (see later section of Results devoted to dynamic
light scattering). Fully protonated SCOR bicelles were prepared in
H,0 (SAXS) or in 100% D,0O (SANS), with scattering results shown
in red and blue, respectively. (B) Small-angle scattering measurements
for fully protonated g = 1.0 SCOR bicelles at 0.5% w/v prepared in
H,0 (SAXS) or in 100% D,O (SANS), shown in red and blue,
respectively. (C) Models of SCOR bicelles at g = 0.33 and q = 1.0
(left and right, respectively) based on small-angle scattering core—
shell bicelle model fitting of (A, B) (see Figure S2 and the Materials
and Methods for a description of the model). (D) SAXS scattering
curves for 0.5 wt % DDMB micelles (red) and for SCOR bicelles at
lipid/detergent mole (q) ratios of 0.25 (orange), 0.33 (green), 0.5
(blue), and 1.0 (purple) buffered with 10 mM imidazole pH 6.5, 0.1
mM ethylenediaminetetraacetic acid, and 0.3 mM DDMB. The Q,,,
peak is ~0.12. (E) Mean headgroup-to-headgroup distance
determined from scattering results shown in (D) using Q,,, ratios
for classical and SCOR bicelles at various g ratios. The classical
bicelle—DMPC/DHPC—ratios are from Caldwell et al.>’

thickness, and the SCOR bicelles are seen to exhibit only a
slight increase in bilayer thickness as a function of q. The
SCOR bilayer thickness of ~5.0 nm at g = 1.0 is significantly
larger than the ~4.3 nm bilayer thickness of pure DMPC.”
This increase is likely because Chol increases the bilayer
thickness, as it is known to do in DMPC vesicles.”® The thicker
SCOR bilayer is also consistent with the higher order of the
bilayered domain of the SCOR bicelles, indicating a higher
proportion of trans conformations for the acyl chains of
DMPC and eSM, as corroborated by our solid-state “H NMR
results for vesicles. The decay transition from the low-Q
intensity plateau moves toward lower Q values, suggesting that
the size of bicelles increases with higher g ratios, as expected.
In summary, combined SAXS and SANS results demonstrate

that SCOR bicelles have the bilayered disc morphology of ideal
bicelles with a ~5 nm thick bilayer core.

Cryo-Electron Microscopy Visualization of SCOR
Bicelles. We used transmission cryo-electron microscopy
(cryo-EM) on SCOR bicelles frozen in vitreous ice to see if it
was possible to obtain direct visualization of bicelle discs.
Figure 3A,B shows cryo-EM micrographs for g = 0.33 and 1.0
SCOR bicelles.

A

o Thickness SAS
A Diameter SA
o Thickness EM
o Diameter EM
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o 8

50 Angstrom 02 04 ' 06 08 10
Bicelle g (Lipid : Detergent)
Figure 3. Cryo-EM of SCOR bicelles. (A) Contrast-enhanced cryo-
EM image of g = 0.33 SCOR bicelles with yellow circles highlighting
individual particles. (B) Contrast-enhanced cryo-EM image of g = 1.0
SCOR bicelles with yellow ovals highlighting individual particles.
Samples in (A, B) are 0.64 wt % bicelle samples (at both q = 0.33 and
q = 1.0, respectively) in 7S mM NaCl, 1 mM ethylenediaminetetra-
acetic acid, 25 mM sodium acetate, pH 4.5. (C, D) Orthogonal views
of class averages for the g = 0.33 and g = 1.0 bicelles, respectively. g =
0.33 samples contained the C99 protein at a ~2:3 protein-to-bicelle
ratio. C99 is not observed owing to its small size. (E) Comparison of
SCOR bilayer thickness and diameter as determined from cryo-EM (n
= 50) and small angle scattering fits.

The cryo-EM micrographs did not reveal any self-association
of the bicelle assemblies. SCOR bicelles exhibit a hollow
discoidal shape reflecting their electron-poor hydrocarbon
interior and electron-rich headgroup surface. Bicelle image
populations were sufficiently uniform to be picked and class-
averaged, with orthogonal views of the same reconstructions
being shown for q = 0.33 and g = 1.0 bicelles in panels C and
D, respectively, of Figure 3. As can be seen, for both
compositions the discoidal morphology is confirmed. More-
over the dimensions seen for both the g = 0.33 (thickness of
5.3 + 0.7 nm, diameter of 6.9 + 0.8 nm) and q = 1.0 (thickness
of 5.5 + 0.4 nm, diameter of 12.8 + 1.9 nm) bicelles are in
good agreement with the SAXS and SANS results (Figure 3E).
It is important to note that the ¢ = 0.33 SCOR bicelle sample
(Figure 3A,C) contained the C99 protein, a small single-span
membrane protein (see later section of Results). We could not
resolve any protein density, which was as expected given the
small (14 kDa) size of our C99 construct and its dynamic
oligomeric state (see below). These results confirm the
conclusions of the scattering experiments and demonstrated
that SCOR bicelles are well-behaved in vitrified conditions,
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Figure 4. DLS of SCOR bicelles. (A) DLS-determined apparent R;, values are compared to SAXS and SANS-determined apparent R, values for
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suggesting that they may be suitable for use in cryo-EM studies
of larger integral membrane proteins and their complexes,
especially those with less dynamic structures. We used the g =
0.33 SCOR bicelles for the C99 studies described below and
estimated the aggregate molecular weight of g = 0.33 SCOR
bicelles to be ~100 kDa with ~185 lipid and detergent
molecules in each bicelle (see Materials and Methods).

Use of Dynamic Light Scattering to Test the
Resilience of SCOR Bicelles to Changes in Concen-
tration, pH, Salt, and Temperature. Dynamic light
scattering (DLS) was employed as a convenient way of
exploring the range of conditions in which the integrity of
SCOR bicelles persists (Figure 4). Figure 4A shows that the
radius of hydration (R,) determined from dynamic light
scattering is generally in agreement with the radius of gyration
(Rg) determined by SAXS from the Guinier region. It was also
seen that SCOR bicelle size is not affected by bicelle
concentration (total lipid + detergent) above 0.25 wt % but
does exhibit a slight increase in radius of hydration when the
total bicelle concentration is reduced to 0.125 wt % (Figure
4B). The persistence of SCOR bicelles at such low
concentrations is likely due to the low critical micelle
concentration (CMC) of DDMB (0.3 mM'®) relative to the
higher critical micelle concentration of the most commonly
used detergent in conventional bicelles, dihexanoylphosphati-
dylcholine (DHPC, CMC of 10—15 mM*"). It was also seen
that SCOR bicelle size is not significantly affected by pH, ionic
strength, or temperature. This robustness is well-suited for the
possible utility of SCOR bicelles as a membrane mimetic
medium (Figure 4B—D).

Assignment of Backbone NMR Resonances for the
Amyloid Precursor C99 Protein in SCOR Bicelles. To
demonstrate the utility of SCOR bicelles as a medium for
biophysical studies of a membrane protein, we selected for
study the 99-residue C-terminal domain of the human APP,
the immediate precursor of the amyloid-beta polypeptides that
are associated with Alzheimer’s disease. C99 has previously
been subjected to structural studies in micelles, bicelles, and
lipid vesicles."’ =" When initially screening SCOR bicelle lipid
compositions for NMR studies of C99, we found that the 4:2:1
DMPC/eSM/Chol mixture at a q of 0.33 yielded 'H,""N
transverse relaxation optimized spectroscopy (TROSY) NMR
spectra of reasonably high spectral quality, reminiscent of
previous work with C99 in DHPC/DMPC bicelles.'® Using
uniformly *H,"*C,"*N-lableled C99, we assigned its backbone
N and "C NMR resonances in SCOR bicelles using
traditional three-dimensional (3D) NMR approaches supple-
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mented with data from amino acid-specific labeling experi-
ments. Assignments were also facilitated by transferring some
previously completed assignments from DDMB micelle
conditions (Figures S3—S5). The 'H,""N TROSY spectrum
of C99 in SCOR bicelles is shown in Figure 5. Over 90% of
C99 backbone resonances were assigned, with the main
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Figure 5. Assigned 'H,"*N TROSY NMR spectrum of C99 in SCOR
bicelles. The backbone amide "H—'*N peaks are labeled according to
amino acid number. This spectrum was collected on a 400 yuM C99
sample in 10 wt % SCOR bicelles, g = 0.33, in NMR buffer in a
shaped tube at 45 °C and 900 MHz.
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hindrance to assigning the remaining resonances being that
some transmembrane or juxtamembrane sites yield only very
broad peaks.

Structural Studies of C99 in SCOR Bicelles. TALOS-N
was used to analyze chemical shifts from C99 to map its
secondary structure in SCOR bicelles. In addition to the helical
transmembrane domain, there is a short extracellular
amphipathic “N-helix” separated from the N-terminus of the
transmembrane domain (TMD) by only a few linking residues.
There also is an amphipathic “C-helix” at the extreme C-
terminus separated from the TMD by a 35 residue “C-loop”. A
summary of the secondary structure elements and sequence is
shown in Figure 6A. The overall secondary structure of full
length C99 in SCOR bicelles is nearly identical to what has
previously been seen for full-length C99 in micelles and in
classical bicelles.">"”

To probe both the membrane topology and possible
quaternary structural interfaces for C99 in SCOR bicelles,
TROSY NMR spectra were acquired in the presence of
paramagnetic probes. The presence of the lipophilic para-
magnetic probe, 16-DOXYL-stearic acid (16-DSA), broadens
NMR signals from residues in direct contact with the
membrane interface or hydrophobic interior. Conversely, the
presence of the water-soluble probe gadopentetic acid (Gd-
DTPA) broadens the NMR signals from water-exposed sites.
Together, these probes enable mapping of which residues are
exposed to the membrane and extramembrane regions. As
shown in Figures 6B and S6, resonances from both the N- and
C-terminal helices (sites 690—697 and 761—770) were
broadened by the presence of 16-DSA and are partially
protected from broadening by Gd-DTPA, indicating that these
helices are amphipathic and interact with the bicelle surface,
similar to what has previously been seen for C99 in micelles,**
vesicles,” and in DMPC/DHPC bicelles.'®* However, a more
surprising result for C99 in SCOR bicelles is that a number of
sites located in the C-terminal half of the C99 TMD (sites
710—720) were seen to be protected against 16-DSA
broadening, while sites in the N-terminal half (sites 700—
709) of the TMD were broadened (Figure 6B). This
protection of transmembrane sites against access by a lipophilic
probe indicates the location of quaternary structural interface.
This oligomeric interface does not involve the tandem GXXXG
(residues 700—704 and 704—708) motifs seen to be critical for
dimerization of C99 in some previous experimental structural
studies,””*>** all of which were conducted in conventional
model membranes bereft of Chol and SM. Instead, the
transmembrane oligomerization sites are located in the
cytosolic half of the TMD.

Unusual paramagnetic probe NMR results were observed for
residues 673—678 at the N-terminus and for residues 735—745
in the C-loop that connects the TMD to the surface-associated
C-helix. While analysis of the NMR chemical shifts indicates
random coil structure for the 37 residue C-loop (residues
724—760), it was seen that residues 735—74S located midway
through the loop were protected from both lipophilic and
water-soluble probes while being flanked on each end by
water-exposed segments (Figure 6B). To verify these results,
we collected an NMR spectrum after adding very high
concentrations of both Gd-DTPA and 16-DSA probes. As is
shown in Figure 6C, this segment of the C-terminal loop is the
only part of the protein that was seen to be completely
resistant to paramagnetic broadening by the combined
influence of excess levels of both probes. Residues 673—678
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Figure 6. Use of NMR to probe the topology and dynamics of C99 in
SCOR bicelles. (A) Sequence of human C99 with numbering based
either on C99 only (sites 1—99) or on the parent full-length amyloid
precursor protein (672—770). Green lines indicate boundaries of
secondary structural elements as determined in this work from
analysis of the backbone NMR resonance chemical shifts and
paramagnetic data. Amino acids in the C-loop previously identified
as being involved in transient amide backbone hydrogen bonding are
identified in red.*” (B) Topology of C99 in SCOR bicelles as mapped
by site-specific TROSY NMR peak line broadening due to site access
by lipophilic (16-DSA) or aqueous (Gd-DTPA) paramagnetic probes.
Mean intensity ratios (probe-exposed vs control peak height) are
presented for 16-DSA (red) and Gd-DTPA (black). The U-"*N C99
concentrations for all experiments were between ~200 and 400 uM in
5—10 wt % SCOR bicelles, g = 0.33, in NMR buffer. Error bars for
these n = 3 data are not shown here (to avoid clutter) but are
displayed in Figure S6. (C) Effect on C99 peak intensities of adding
both excess 16-DSA (to 12 mol %) and Gd-DTPA (to 3 mM) to a
300 uM U—"*N C99 sample in 7 wt % SCOR bicelles and NMR
buffer at 45 °C. n = 1. (D) CLEANEX-PM amide exchange analysis of
peak height ratios for a S0 ms mixing time experiment. Ratios are of
50 ms mixing time vs no mixing time. (E) NMR "N T1/T2
relaxation time ratios for the cytosolic domain of C99. T1 and T2
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Figure 6. continued

analyses are derived from a 300 uM U—""N C99 sample in 5 wt %
SCOR bicelles g = 0.33 in NMR buffer at 45 °C. n = 1. (F) Intensity
ratios for "H—""N NOE signals from a 300 uM C99 sample in 10 wt
% SCOR bicelles, g = 0.33, in NMR buffer at 45 °C. n = 2. Small
negative values in (B) are residues that were not assigned or were too
broad; for (C—F), these values are represented by small negative blue
bars.

do not show the same strong protection from excessive
paramagnetic probes, indicating that these sites exhibit a
weaker or less-populated state of the phenomenon occurring
for residues 735—74S.

To better elucidate the behavior of the C-loop, backbone
amide proton exchange with water was probed using the

CLEANEX-PM experiment,”* with the results being shown in
Figure 6D. As expected, the helical segments of the protein
were resistant to amide exchange, while the seemingly random
coil segments (much of the N-terminus and C-loop)
underwent facile exchange. The notable exception was the
735—745 residue segment of the C-loop. Even though this
segment appears to adopt a random coil-like secondary
structure, it was seen to be resistant to amide exchange
(Figure 6D), results that complement the observation that this
segment is inaccessible to both paramagnetic probes (Figure
6B,C). N-Terminus residues 673—678 are random coil and
also exhibit, albeit to a lesser degree, the same type of probe
protection and reduced backbone hydrogen exchange as seen
for loop residues 735—74S. A similar pattern of backbone
amide proton exchange was observed in SCOR bicelles with a
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Figure 7. C99 forms oligomers in SCOR bicelles. (A) FRET spectra of IAEDANS-labeled C99 at a fixed protein-to-bicelle concentration ratio in
the presence of increasing amounts of IANBD-labeled C99. The mole/mole ratios for each scan, in order of decreasing donor intensity, are (donor/
acceptor) 1:0, 1:0.25, 1:1, 1:1.5, 1:2, and 1:3. (B) Linear fit of normalized FRET efficiency from scans in (A). Error bars represent the error in
determination of the FRET transfer efficiency. (C) DEER spectra of MTSL-labeled 200 M C99 (L723C mutant) in S wt % SCOR bicelles, g =
0.33. (D) DEER spectra of MTSL-labeled 200 M C99 (K699C mutant) in S wt % SCOR bicelles, g = 0.33. (E) Example SDS-PAGE (coomassie
staining) of purified C99 following glutaraldehyde cross-linking of C99 in SCOR bicelles. Monomer, dimer, and trimer bands are indicated by M,
D, and T, respectively. (F) Quantification of monomeric C99 from SDS-PAGE cross-linking experiments with C99, where the purification tag has
been shortened and moved from the C to N terminus. Experiments were conducted with 50 uM C99 and various concentrations of SCOR bicelles
in NMR buffer at 25 °C n = 3. The legend indicates the protein-to-lipid ratio.
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4:1:1 POPC/eSM/Chol lipid mixture (Figure S7), indicating
these results pertain even when DMPC is replaced by an
unsaturated form of phosphatidylcholine with longer acyl
chains.

To gain further insight into the structure and dynamics of
the paramagnetic probe-resistant and amide exchange-resistant
segment of the C-terminal cytosolic loop, we collected '*N
NMR relaxation and 'H—"N nuclear Overhauser effect
(NOE) data for C99 in SCOR bicelles. The measured T1/
T2 ratios and "H—""N NOE values for the cytosolic domain of
C99 are shown in Figure 6E,F, respectively. The relatively high
order of the surface-associated C-terminal helix (sites 762—
770) is evident from these measurements, as is the gradual
increase in order, as the TMD-anchored N-terminus of the
cytosolic domain is approached. Notably, these measurements
also reveal that sites 735—745 of the C-loop are extremely
mobile. While consistent with the chemical shift/TALOS
analysis showing that these sites appear to adopt random coil-
like structure, these are also the same sites that were seen to be
resistant both to amide exchange and to line broadening by
lipophilic and water-soluble paramagnetic probes, which in
both cases is suggestive of the presence of significant tertiary or
quaternary structure. The only previous experimental studies
of the C99 cytosolic domain in the context of full-length
€99'%"”* indicated that the C-loop is largely disordered and
revealed no anomalies for the 735—745 segment. Interestingly,
previous NMR studies of the isolated cytosolic domain of C99
or of fragments of this domain**™*" in aqueous buffer (no
model membranes) led to the conclusion that this segment
does exhibit transient structural properties.’!

Oligomeric State of C99 in SCOR Bicelles. C99 has
previously been seen to be either a monomer'”'” or a
homodimer,””****** depending on the model membrane
medium used and whether C99 was studied as the full-length
protein or in a truncated form—most often the residues 1—55
fragment, which lacks most of its cytosolic domain. On the
basis of the paramagnetic probe-protection results, it seems
likely that C99 forms dimers or some other oligomer in SCOR
bicelles. Determining the oligomeric state of a small integral
membrane protein in a complex model membrane medium is
often not straightforward,53 so determination of the C99
oligomeric state offered an ideal opportunity to test the
suitability of SCOR bicelles to applications involving a range of
biochemical and biophysical techniques. Most measurements
were conducted under conditions in which the C99-to-bicelle
ratio was carefully controlled to avoid nonspecific C99
interactions in crowded bicelles (“forced co-habitation”*).
Specifically, sample compositions were usually fixed in the
range of one C99 molecule for every one to two SCOR
bicelles. Moreover, all experiments probing oligomerization
employed SCOR bicelles with a g of 0.33 so that results using
different methods could be compared with each other and with
the solution NMR results already presented in this work. Here,
we describe experiments conducted using Forster resonance
energy transfer (FRET) spectroscopy, electron paramagnetic
resonance (EPR) double electron electron resonance spec-
troscopy (DEER), chemical cross-linking/sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS PAGE), and
native native ion mobility—mass spectrometry (nMS).

FRET was previously used to detect C99 dimerization in
POPC/1—palmitogl—2—oleoyl-sn-glycero—3-phosphoglycerol
(POPG) vesicles.'” The C99 H732C mutation was used to
provide a labeling site for S-naphthalene-1-sulfonic acid

(IAEDANS) (FRET donor) and for N,N'-dimethyl-N-
(iodoacetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
ethylenediamine (IANBD) (FRET acceptor). This site is in an
unstructured region of the cytosolic loop and outside the C-
loop paramagnetic probe-protected region. IADEANS-C99
and IANBD-C99 were mixed in SCOR bicelles at various
ratios using conditions in which both the donor-tagged C99
concentration and overall protein/lipid concentration were
held constant. A linear relationship between the FRET
efficiency and the donor-to-acceptor ratio affirms that C99
forms oligomers (Figure 7A,B), but poor labeling efficiency
(see Materials and Methods) makes the identification of a
specific oligomeric state difficult.”> Nevertheless, the FRET
results confirm that C99 does form oligomers in SCOR
bicelles. We next turned to EPR DEER measurements.

C99 with single cysteine sites located at either N- (K699C)
or C-terminal (L723C) sides of the transmembrane helix were
spin-labeled with S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL), fol-
lowed by DEER measurements in SCOR bicelles, as shown in
Figure 7C,D. For both labeled forms, the observation of the
DEER phenomenon supports oligomerization and indicates a
broad distribution of spin label/spin label distances. We did
not observe any evidence of aggregation, and only one peak is
observed in the P(r) distribution, which implies a dimer or
trimer oligomeric state.”® The P(r) distribution for each form
was centered at ~31—32 A, which is slightly longer than
expected for a tight dimer mediated by a transmembrane
interface. While some of the distance distribution almost
certainly reflects spin label motions," side-chain mobility
cannot account for the full distance distribution for a tight
dimeric state. However, either a flexible dimer or a trimer can
account for the slightly larger-than-expected P(r) distances.
Another way to determine oligomeric state with DEER is to
reference the depth of modulation,”” which we did not do
because of incomplete C99 labeling with MTSL. Neither the
FRET nor EPR DEER results rule out the possibility that there
is also a population of C99 that remains monomeric. Since the
FRET and DEER results are consistent with the possibility that
C99 may populate either or both dimers and trimers in SCOR
bicelles, we next turned to the use of chemical cross-linking in
an attempt to covalently trap C99 in dimer and/or trimer
forms.

Chemical cross-linking combined with SDS-PAGE is an
expeditious way to screen oligomeric states, although results
must be validated with an independent technique due to
significant risk for false positives/negatives. We cross-linked
C99 with glutaraldehyde under near-NMR conditions followed
by SDS-PAGE and found that monomer, dimer, and trimer are
all observed following cross-linking at high glutaraldehyde
concentrations, as shown in Figure 7E. We observed an
enrichment in the trimer form as the cross-linker is increased
and also confirmed the absence of significant concentrations of
higher-order oligomers or aggregates. The cross-linking results
clarify the FRET and DEER results by suggesting that C99
populates monomer, dimer, and trimer oligomeric states in
SCOR bicelles.

To understand how the protein-to-lipid ratio affects C99
oligomerization in SCOR bicelles, we also performed cross-
linking experiments at constant C99 but with increasing
concentrations of SCOR bicelles present. As shown in Figure
7F, increasing the bicelle concentrations increased the relative
population of monomer seen following cross-linking and also
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led to a reduction in the rate of cross-linking efficiency, as the
glutaraldehyde concentration was increased. While 1:180 and
1:360 protein-to-(lipid + detergent) ratios show only modest
levels of monomer, cross-linking to dimers and trimers appears
to be far less efficient at and above 1:720. The monomer/
dimer/trimer ratio is responsive to the protein-to-lipid ratio
with the ratio shifting to favor monomer when the protein is
diluted with additional bicelles. This suggests that monomer,
dimer, and trimer forms of C99 are in equilibrium in SCOR
bicelles.

We were intrigued that cross-linking revealed that C99 can
populate monomer, dimer, and timer oligomeric states in
SCOR bicelles over a wide range of both C99-to-bicelle ratios
and as detected over a wide range of glutaraldehyde
concentrations. These results are fully consistent with both
the FRET and DEER EPR results. Given the pitfalls that can
accompany the interpretation of chemical cross-linking studies,
we turned to one last method, namely, nMS,>®%? to validate
the chemical cross-linking results.

To our knowledge, bicelles of this complexity have not
previously been used to study proteins via native mass
spectrometry. We were pleased to observe that, with
optimization of instrument parameters, intact C99 and C99
complexes could be readily liberated from SCOR bicelles. In
agreement with previous experiments there are clear trends in
the ion mobility—mass spectrometry data, which can be
attributed to monomer, dimer, and trimer oligomeric states of
C99 liberated from SCOR bicelles (Figure 8A). As shown in
Figure 8B, the C99 oligomer populations were found to be
impacted by the protein-to-lipid ratio (here defined to include
both detergent and lipid), as indicated by a transition from
mostly trimer in 0.5 wt % bicelles to mostly monomer in 2.0 wt
% bicelles under conditions in which the C99 concentration
was held constant. The nMS results are in excellent agreement
with the chemical cross-linking data as indicated by the high
monomer population seen by native mass spectrometry at a
protein-to-lipid ratio of ~1:1200 (~30 yM C99 in 2 wt %
bicelle) and as supported by observation of inefficient cross-
linking at ~1:1440 (~50 uM C99 in 4 wt % bicelles).

B DISCUSSION

SCOR Bicelles Represent a New Class of Bicelles. The
development and characterization of SCOR bicelles described
in this work provides the first isotropic and optically clear
model membrane system that is rich in both SM and Chol. It
was shown that the parent lipid mixture used for SCOR bicelle
formation, 4:2:1 DMPC/eSM/Chol, forms bilayers that are
more highly ordered than DMPC-only bilayers and exhibit a
Lo-to-Ld phase-transition temperature close to 30 °C. It was
observed that SCOR bicelles differ from conventional DMPC/
DHPC bicelles both by being significantly thicker and in that
the bilayer thickness of SCOR bicelles is nearly independent of
the g (lipid-to-detergent mole) ratio. This confirms that the
increased order of this membrane composition observed in
bilayered lipid vesicles composed of 4:2:1 DMPC/eSM/Chol
is maintained in SCOR bicelles. The lipid composition of
mammalian PMs is, of course, vastly more complex than the
lipid composition of SCOR bicelles. However, the inclusion of
both Chol and SM in SCOR bicelles leads to increased order
in their bilayer domain, representing a significant step closer to
native PMs than conventional bicelles formed with glycer-
ophospholipids only. We are also planning to investigate
whether there is any segregation of lipid types within the
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Figure 8. Determination of the oligomeric composition of C99 in
SCOR bicelles with ion mobility—mass spectrometry (native mass
spectrometry). (A) Mass spectra of C99 complexes liberated from
SCOR bicelles (29 M C99 in 1 wt %/v SCOR bicelle g = 0.33) show
signals corresponding to the masses of monomer, dimer, and trimer
C99 complexes (top). Ion mobility mass spectrometry data sets,
which report on the mass, charge, and orientationally averaged size of
an analyte, are used to deconvolute signals for which the mass-to-
charge ratio alone is ambiguous between C99 complexes and
monomer species (bottom). For example, the signal corresponding
to 2822 m/z is observed to be comprised of monomeric and dimeric
C99 from the ion mobility—mass spectrum shown. This approach also
ensures that any lipid noise produced by dissociated bicelles is
removed from analysis. (B) The relative intensities of each
deconvoluted species were used to calculate the percent of each
oligomeric species for 29 yuM C99 at 0.5%, 1%, and 2% w/v g = 0.33
SCOR bicelles.

bilayered domains of SCOR bicelles or if the three types of
lipid are uniformly mixed.

Besides the DMPC-based 4:2:1 SCOR bicelles that were the
focus of this paper, DDMB was found to be capable of
solubilizing a range of other Chol and eSM-rich lipid mixtures
that also appear to form SCOR-class bicelles, such as 4:1:1
POPC/eSM/Chol and 6:3:1 DPPC/eSM/Chol. This compo-
sitional flexibility is advantageous when trying to optimize
conditions to suit a particular protein or method. This property
will also enable studies to determine if either Chol and/or SM
individually, or only as a mixture, modulates membrane protein
structure and function.'*"?
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SCOR Bicelles Have an Ideal Bilayered-Disc Morphol-
ogy at Low q. IIt generally accepted that the classical
DMPC/DHPC bicelles at q ratios between 2 and 6.5 form
either a true discoidal morphology or “Swiss cheese”-like
sheets, in either case with spatial separation between lipid and
detergent. However, these “high q” bicelles are not commonly
used in solution-state NMR studies of integral membrane
proteins because of their large size and/or because they fail to
tumble isotropically, even sometimes aligning in strong
magnetic fields.®°~%* Recent work has indicated that, at low
q ratios suitable for solution NMR—generally less than q =
0.7—DMPC/DHPC bicelles are discoidal but exhibit
significant penetration of DHPC into the bilayer core and, as
q is reduced, become akin more to classical mixed micelles
than ideal DHPC-edge-stabilized bilayered discs.*”*® Never-
theless, note that evidence also exists for near-ideal bicelles at
low q.41’64 In this work SAXS, SANS, and cryo-EM are all in
accord that the SCOR bicelles contain an ideal discoidal
morphology even at a q ratio of 0.33. As expected for ideal
bicelles, the diameters of the bilayered discs increase as q is
increased from 0.33 to 1.0, while maintaining a relatively stable
bilayer thickness of ~5 nm. In this regard, SCOR bicelles
resemble nanodiscs®>*® and lipodisqs/SMALPs,*”** where
bilayer discs are edge-stabilized by either amphipathic proteins
or amphipathic polymers.

SCOR Bicelles are Robust and Compatible with a
Wide Array of Experimental Methods. It was observed in
this work that SCOR bicelles are stable over a range of
concentrations, pH, ionic strengths, and temperatures. This
robustness makes SCOR bicelles well-suited for use as a
membrane mimetic, because it will permit biophysical and
biochemical investigations requiring varying temperature, pH,
or ionic strength to approximate the natural conditions of a
membrane protein. We found, for example, that SCOR bicelles
are morphologically stable down to 0.25 wt % (total lipid +
detergent) and only slightly increase in size upon further
dilution to 0.125 wt %. The working concentration range of
classical DHPC and CHAPSO-based DMPC (and other)
bicelles is much more limited, because DHPC and CHAPSO
have CMC values that are on the order of 40 times higher than
that of DDMB, such that vesicles begin to form even when the
bicelle concentrations are lowered below ~2 wt % (see ref 69).

The stability and constancy of SCOR bicelles over a range of
conditions enabled successful use of this medium in our studies
of the human APP C99 protein using a range of biophysical
and biochemical methods, including NMR, DEER, FRET,
nMS, and chemical cross-linking. We anticipate that it should
be possible to reconstitute many other membrane proteins in
SCOR bicelles for analogous studies. Moreover, retention of
the bilayered disc morphology even at low concentrations
should allow SCOR bicelles to be used in studies that require a
high level of dilution, such as cryo-EM. Cryo-EM has recently
yielded spectacular progress in determining high-resolution
structures of large membrane proteins.”’ The authors are
unaware of any examples of membrane protein structures being
determined in bicelles using cryo-EM, possibly because
conventional bicelles vesiculate when diluted to concentrations
suitable for rapid sample vitrification. The fact that we were
able to directly image SCOR bicelles using cryo-EM methods
suggests they are suitable model membranes in which to
solubilize larger membrane proteins and complexes for cryo-
EM analysis.

The Structure of C99 in SCOR Bicelles Exhibits Some
Unexpected Features. APP has been shown to mainly reside
in bulk membrane domains, with a modest population also
being observed in lipid raft approximating detergent-resistant
membranes.”'~* The structure of the APP C99 protein or
transmembrane domain-containing fragment has been exam-
ined by a number of laboratories in various conventional
model membrane systems.'”~>”*>"*”> This previous body of
work made C99 an ideal test protein for study in SCOR
bicelles. Full-length C99 in SCOR bicelles exhibits a similar
secondary structure as seen in previous studies. The helical
transmembrane segment of C99 in SCOR bicelles is slightly
longer than in DMPC/DHPC bicelles,'® but it is similar in
length to what was previously seen in DHPC-based POPC/
milk sphingomyelin bicelles.'® This result is reasonable in light
of the increased thickness of SCOR bicelles relative to DMPC/
DHPC bicelles and because DHPC/POPC/milk SM bicelles
are also thicker (POPC has longer fatty acids than DMPC, and
the most common fatty amide chain in milk SM is 23 carbons
long; cf. https://avantilipids.com/product/860063).

While the secondary structure of full-length C99 in SCOR
bicelles is similar to what has previously been observed, there
were three aspects of its structure in SCOR bicelles that are
surprising. The first is the fact that nearly all previous studies of
C99 have, variously, observed that C99 is either a monomer, a
dimer, or a mixture of monomer and dimer, depending on
sample conditions.”’ ****% In contrast, the results of this
work indicate that C99 in SCOR bicelles appears to populate
an equilibrium mixture of monomer, dimer, and trimer. This
observation is not completely unprecedented, as Higashide et
al. previously observed that following extraction of mammalian
CHO cells with the nonionic detergent n-dodecyl-B-D-
maltoside (DDM), C99 was seen to run as a mixture of
monomer, dimer, and trimer on blue native PAGE, results that
are strikingly similar to those of this paper.”® We do not know
why SCOR bicelles promote formation of C99 trimer along
with monomer and dimer, but we do note that a common
feature of the Higashide study and that of this paper is the
presence of Chol and SM in the C99 samples. Recent
computational work by Sun et al. suggested that the C99 TM
dimer is less stable in a raftlike environment but did not
examine possible trimer.”” Of course, the fact that C99
populates three oligomeric states in SCOR bicelles is vexing
from a practical standpoint, as it means that most of the C99
samples examined in this work involve a mixture of three
different forms of the protein, hindering attempts to interpret
the data, especially the NMR data, in terms of a single
structural state. At the required protein concentration for
NMR, C99 exists in a dynamic mixture of oligomeric states,
which—along the relatively large bicelle size—is likely the
cause of the additional NMR signal broadening compared to
the DDMB micelles environment.

A second important structural observation for C99 in SCOR
bicelles concerns the location(s) of its oligomeric interface(s).
There has previously been much interest in the dimerization of
C99 due the possibility that dimerization is linked to its
cleavage (either promoting or hindering amyloid f (Ap)
production).”””*~% Previous biophysical studies in which
dimerization of C99 or of derived TMD-containing fragments
have usually pointed to either or both GXXXG motifs located
in the tandem G XXXG,XXXG0g segment,22'4d"75’84’85 to
GroXXXA513,° % or to both GXXXG and GXXXA mo-
tifs***”* as being the location of the dimerization interface.

https://dx.doi.org/10.1021/jacs.0c04669
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Figure 9. Schematic model for C99 in SCOR Bicelles. (A) Model for monomeric C99 based on previous studies of C99 in conventional DMPC/
DHPC bicelles."” (B) C99 in SCOR bicelles populates a dynamic mixture of monomer/dimer/trimer. Two oligomeric interfaces were identified,
one in the cytosolic half of the TM and another in the disordered C-loop. The double-headed arrow highlights that the bilayer thickness of the
SCOR lipid bilayer shown in (B) is thicker than the DMPC-only bilayer shown in (A) (not to scale). The purple and orange lipids symbolize

DMPC and eSM, respectively. Green blocks represent Chol.

Studies highlighting the G,(XXXA,,; oligomerization motif
often additionally implicate the following TV, s resi-
dues.””*¥%7%% These previous experimental studies were
often conducted in conventional model membranes bereft of
Chol and SM and often did not use full-length C99. However,
in the present work with SCOR bicelles, paramagnetic probe
accessibility studies indicated that the oligomer interface is
located in the cytosolically disposed C-terminal half of the
TMD, roughly spanning residues 710—716. The fact that C99
populates both dimer and trimer states in SCOR bicelles
makes exact identification of the specific residues involved
difficult, but our results are very clear that the upper end of the
TMD containing the two GXXXG motifs is not involved.
These conclusions are strongly supported by a previous
biochemical (Tango assays) and biophysical (BRET) study of
C99 oligomer formation (assumed to be dimer) in mammalian
cells.* In that study, Yan et al. showed that C99
oligomerization is mediated by residues 714—717, in agree-
ment with the results in SCOR bicelles. A computational
examination of the C99 TM dimer in a raftlike environment
also found the dimer is mediated by residues V711 and
V715,”” also in close agreement with our SCOR bicelle data.
The fact that the oligomerization interface for C99 in SCOR
bicelles appears to be similarly located to the interface
previously observed for this protein in mammalian PMs
supports the notion that SCOR bicelles may be a better mimic
for mammalian plasma membranes than conventional model
membranes.

A third surprising structural observation made in this paper
is that there is a segment within the long cytosolic loop of C99
(resides 735—74S, based on full-length APP numbering) that
seems to populate a highly dynamic random coil ensemble of
conformations and yet is both inaccessible to paramagnetic
probes and resistant to backbone amide—water hydrogen
exchange. N-Terminal residues 673—678 indicate a similar
phenomenon, albeit to a lesser degree, and this region is likely
sampling p-sheet secondary structure as seen in previous
simulations® and determined amyloid beta structure.”® We
hypothesize that these results reflect participation of these
segments in a dimer and/or trimer interface that is
predominantly random coil but can sample alpha helical and
B sheet states.”® It should be added that previous solution
NMR studies of a soluble APP intracellular domain (AICD)

fragment found that residues V,,,TPEER,,,; of AICD form a
transient N-terminal helix capping box, 0 hinting at a
predilection of this segment for complex dynamics. Moreover,
the nonconventional nature of the dynamic structure formed
by this segment is likely reflected by the fact that the PEER
segment yielded only broad and unassignable resonances in
our previous NMR studies of monomeric C99 in detergent
micelles.'®""*

While unusual, the formation of noncanonical tertiary or
quaternary structure seen for the C-loop 735—74S segment is
not unprecedented. Borgia et al. recently reported a high-
affinity heterodimeric structural ensemble where two oppo-
sitely charged IDPs, histone H1 and its nuclear chaperone, the
prothymosin @ protein, interact while retaining structural
disorder.”" They report a lack of peak dispersion in the HSQC
spectrum upon complex formation and no obvious indication
of secondary structure in the Ca chemical shifts, both classic
indications of random coil. We find that the C99 C-loop also
possesses these classic random coil-like traits, and yet
paramagnetic and hydrogen exchange experiments indicate
the presence of structure for residues 735—745. The C99 C-
loop does not contain the high charge densities found in
Borgia et al; however, it is likely that the transmembrane
oligomerization facilitates colocalization of the C-loop
interfaces. Our homo-oligomeric C99 C-loop interface and
the work of Borgia et al. on a heterodimeric system appear to
be similar in nature, as both represent oligomeric interfaces
that lack classical structure.

Many proteins are known to interact with the intracellular
portion of APP/C99, and we posit that this paradoxical C-loop
interaction may play a role in a regulatory mechanism that
modulates interactions of the 735—745 segment with
cytoplasmic binding partners such as caspases and trafficking
adaptor proteins.”’ Phosphorylation in the C-loop oligomeric
interface at T743 has been shown to impact Af produc-
tion,**”*> and it will be interesting to explore how the
unstructured and dynamic oligomeric interfaces impact its
interaction with other proteins and how this impacts Af
production. A summary of the oligomeric interfaces and
dynamic oligomeric states found for C99 in SCOR bicelles is
highlighted in Figure 9.
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B CONCLUSIONS

Here, we introduced a new bicelle platform that is both eSM
and Chol-rich (SCOR). The bicelles are ~5 nm thick and are
edge-stabilized by a DDMB annulus. We found the SCOR
bicelles to be well-behaved, even at concentrations as low as
0.25% w/v, making them well-suited for cryo-EM studies.
SCOR bicelles are stable over a wide range of pH, ionic
strength, concentration, and temperature, such that they are
well-suited for implementation of a wide range of biochemical
and biophysical techniques, as demonstrated herein for the
well-characterized protein C99. Our studies of the C99 protein
in SCOR bicelles indicate notable differences in the structure
and dynamics of this important protein relative to what had
previously been documented from studies of C99 in micelles,
conventional bicelles, or glycerophospholipid vesicles. More-
over, the C99 oligomeric interfaces present in SCOR bicelles
seem to closely approximate the oligomeric interface
documented in recent studies of the protein in mammalian
plasma membrane. This supports both the possibilities that the
presence of abundant Chol and sphingolipids in membranes
may sometimes significantly alter the structure and dynamics
of membrane proteins and that SCOR bicelles may be a closer
mimetic for mammalian plasma membranes than other
commonly used model membrane systems.
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