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ABSTRACT: In vitro studies of protein structure, function and dynamics typically preclude the
complex range of molecular interactions found in living tissues. In vivo studies elucidate these
complex relationships, yet they are typically incompatible with the extensive and controlled
biophysical experiments available in vitro. We present an alternative approach by extracting
membranes from eukaryotic tissues to produce native bicelles to capture the rich and complex
molecular environment of in vivo studies while retaining the advantages of in vitro experiments.
Native bicelles derived from chicken egg or mouse cerebrum tissues contain a rich composition
of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),

phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidic acid (PA), lysolipids,



cholesterol, ceramides (CM) and sphingomyelin (SM). The bicelles also contain source-specific
lipids such as triacylglycerides (TAGs) and sulfatides from egg and brain tissues, respectively.
With the influenza hemagglutinin fusion peptide (HAfp) and the C-terminal Src Homology
domain of Lymphocyte-specific protein-tyrosine kinase (lck-cSH2), we show that membrane
proteins and membrane associated proteins reconstituted in native bicelles produce high-

resolution NMR data and probe native protein-lipid interactions.

INTRODUCTION: Protein structure and membrane composition are interdependent in the
function of membrane proteins. In cells, the complex composition of the membrane impacts its
fluidity, charge distribution, curvature propensity and interaction with proteins. Specific lipids
are known to influence the behavior of membrane proteins through molecular interactions and
allosteric effects.' Despite the critical role of membrane composition on protein structure and
function, the majority of structural and functional studies of membrane proteins are conducted in
vitro with synthetic and homogeneous detergent or membrane formulations.

In vitro studies typically reconstitute membrane proteins in detergent micelles, vesicles
comprised of synthetic lipid compositions, nanodiscs or lipid-detergent aggregates, known as
bicelles.”* Common detergents include dodecylphosphocholine (DPC), dihexanoylphosphatidyl-
choline (DHPC) and octylglucosides, none of which are naturally abundant in living tissues.
Detergent monomers can destabilize extramembraneous domains or partition into bilayered lipid
regions.”' Variations in hydrophobic thickness, gaussian curvature, lipid order parameters and
the membrane bending modulus can affect the structure and dynamics of numerous membrane
proteins. ''~'® These characteristics may be substantially different in micelles or small bicelles.
Highly curved detergent micelles are known to distort protein structures and reduce the

functional activity of membrane proteins."" In the case of diacylglycerol kinase (DAGK),



activity is maintained in micelles, but detergent-induced structural perturbations are seen when

comparing the X-ray crystal structure with the oriented solid-state NMR structure.”

Nanodiscs and lipodiscs are alternative discoidal aggregates that avoid detergents altogether.
Nanodiscs typically use amphipathic c-helical membrane scaffold proteins (MSPs) such as
ApoA . to entrap a bilayer region. Lipodics are formulated with polymers such as styrene maleic
acids (SMA) .*** Bicelles and nanodiscs can restore the functional activity of proteins
characterized in micellar systems.”?* Nanodiscs have reasonable tumbling times for solution
state NMR, but they require the purification of MSPs, which themselves present an additional
protein into the system capable of producing unpredictable interactions with the protein of
interest. Numerous solid-state NMR (SSNMR) protein structures circumvent curvature issues
with extruded or freeze-thawed vesicles, yet these studies still typically use vesicles with non-

native compositions of lipids.””**

In vivo studies with “in cell” NMR give torsional and secondary structure information of
biomolecules from chemical shifts.”*’ In-cell NMR offers protein structural information directly
in a cellular context, including the retention of native bilayer lipid composition asymmetry.*"'
However, the high viscosity of the cytosol or cellular membrane environment leads to large
tumbling times with a concomitant decrease in spectral resolution, and proteins may be localized
in cellular inclusion bodies. Magic angle spinning (MAS) SSNMR can be applied to native

tissues.” Such studies indicate an important correlation of lipid composition to dynamics and

activity.

In this article, we report an in vitro approach using native bicelles prepared from the lipids of

living tissues to study protein-lipid interactions. In contrast to traditional bicelle that contain only



small number of lipid types, native bicelles include the complex composition of lipids found in
eukaryotic tissues. We show that membrane proteins and membrane associated proteins in native
bicelles produce high-resolution NMR spectra amenable to detailed in vitro experiments, such as
residual dipolar couplings (RDCs), needed for high-resolution structural and dynamic studies.
When compared to traditional bicelles with DMPC, DPPC or POPC, we demonstrate that

proteins reconstituted in native bicelles can be used to identify native protein-lipid interactions.

Low g-ratio bicelles, hereafter referred to simply as bicelles, are small discoidal lipid
aggregates with a central region enriched in planar lipids and a rim capped by a detergent lipid.
Bicelles are lipid-detergent aggregates that adopt either a mixed-micelle morphology, or a
partially segregated bilayer and detergent rim aggregate with a discoidal shape.” Bicelles
produce high-resolution NMR spectra of membrane proteins,* while offering a more oblate
membrane aggregate that restores the function of membrane proteins previously impacted by
micelles.”” Initial studies have shown that lipids extracted from prokaryotes can be reconstituted
into bicelles or nanodics.”**’ Our native bicelles are reconstituted with purified lipids from

eukaryotic tissues and show native protein-lipid interactions with eukaryotic systems.

While native bicelles are not bicomponent systems, we retain the nomenclature due to their
similar behavior at low g-ratios and at high g-ratios, where they also form perforated lamellar
‘aligned bicelles’ that orient in a magnetic field (Figure S1). These bicelles are ‘native’ because
they include the broad distribution of native lipids from living tissues, as compared to synthetic
bicelles with only a few lipid components. We show that a comparison of protein spectra in non-
native and native bicelles can help identify the presence of protein-lipid interactions. We use this
information to guide titration experiments with specific lipids, such as PIP3, in non-native

bicelles to identify which lipids in the complex mixture of native bicelles are influencing a



protein’s structure. Native bicelles share many of the advantages of in vivo studies. In
comparison to detergent micelles, they present lipid aggregates, like traditional bicelles, closer to
a native membrane morphology. They also incorporate a complex mixture of cellular lipids that
may be useful in revealing native biochemical interactions of membrane proteins and membrane

associated proteins.

MATERIALS AND METHODS:

Extraction of Native Lipids. Lipids were extracted from chicken egg yolks and mouse
cerebrum by homogenizing with a mixture of 2:1 chloroform (Sigma-Aldrich) to methanol
(Sigma-Aldrich), washing the solution twice with water in a 7:2 organic solvent to water ratio
before decanting the organic layer. The extract was washed once more with water in a separatory
funnel. The organic phase was then lyophilized and reconstituted in a 2:1 chloroform to
methanol mixture before aliquoting and lyophilization. Prior to use, aliquots were resuspended in
water and passed through a 0.22 pm filter. After the addition of DHPC solution to the lipid
extract and vortexing, each sample was put through five freeze/thaw cycles by submersion in

liquid nitrogen.

The composition of the egg bicelle samples (E-bicelles) before and after the final filtration step
was measured using “C-HSQC spectra of samples dissolved in d-chloroform (Sigma-Aldrich).
Statistics on the variability of composition were conducted for 5 extractions of different egg
samples. From measurements of the extracts in d-chloroform, it was found that the final filtration
step largely removed triacylglycerides (TAGs). The average final composition of the native E-

bicelles measured for 5 samples is listed in Table S1 and the final composition of MB-bicelles is



listed in Table S2. Additionally, we include in the SI a *'P NMR spectrum (Figure S2) with the

assignments of phospholipids in total porcine brain extract (Avanti) from a commercial source.

NMR Sample Preparation. HAfp samples with either *H ,”C,"”N- or “N-isotope labeling were
expressed and purified as previously described.” NMR samples contained 350-600 uM HAfp in
25 mM Tris (Fisher) pH 7.3 buffer with 10% deuterium oxide (*H,0O, Sigma-Aldrich). Samples
were prepared in 125 mM DHPC (Anatrace) titrated to 0-60 mM DMPC (Anatrace), or 42 mM
native egg lipid with 142 mM DHPC (Anatrace) (q=0.34 E-bicelles). The g-ratio is the ratio in
concentration of the planar lipid to the detergent lipid, which in this case was DHPC. The native
E-bicelle g-ratio was calculated with the lipid concentrations determined from peak integrals in
*'P and C-HSQC spectra. The added DHPC concentration was known, and the DHPC peaks

were used as an internal standard.

Aligned samples for RDC measurement in the HAfp E-bicelle system were prepared with the
addition of 18 mg/ml pinacyanol acetate, as described previously,” to 400 pM N-HAfp in a 25
mM Tris pH 7.3 buffer with 10% “H,0, 24 mM native egg lipid and 89 mM DHPC (q=0.27).
Alignment was verified by measurement of the residual quadrupolar coupling of “H,O, which

was 40.4 Hz.

Lck-cSH2 samples with *H ,”C,"”N- and "“N-isotope labeling were expressed and purified as
previously described.*” NMR samples were prepared with 300-380 uM Lck-cSH2 in 20 mM Tris
pH 7.0 buffer with 100 mM NaCl, 1 mM DTT and 10% *H,O. We studied the Lck-cSH2 in two
systems: in synthetic DPPC bicelles and in native bicelles from mouse cerebrum tissues (MB-
bicelles). The DPPC bicelle samples contained 50 mM DPPC (Affymetrix) and 100 mM DHPC

(gq=0.50). These were prepared with 10 minutes of 40 °C incubation to assist in the bicelle



formation and equilibration. The titration of DPPC bicelle samples with phosphatidylinositol-
3.4.5-triphosphate (PIP3) was performed with 12 pl aliquot additions of 5 mM
phosphatidylinositol-3.4,5-triphosphate C-16 (PIP3-DPPC, Cayman Chemical) up to a final
sample concentration of 588 uM. The Lck-cSH2 samples in the presence of MB-bicelle were
prepared identically with the inclusion of q=0.29 MB-bicelles formulated with 15.2 mM mouse

cerebrum lipid and 51.4 mM DHPC.

A g-ratio titration was performed by adding aliquots of 200 mM DMPC solution to the
previously described "N-HAfp23 sample in 125 mM DHPC. The 200 mM DMPC titrant
solution was a turbid suspension. To accurately quantify the amount of DMPC added, as well as
the corresponding g-ratio, the final concentrations were calculated from the 'H 1D integrals of

the terminal methyl peaks of DMPC and DHPC.

A high-q aligned E-bicelle sample to test the alignment of the bicelles themselves (Figure S1)
was prepared with 114 mM native egg lipids and 25 mM DHPC in 25 mM Tris pH 7.4 buffer

and 10% *H,0. The sample was then submitted to 5 freeze thaw cycles.

Finally, a native bicelle sample was prepared in 105 mM DHPC with 30 mg/mL porcine brain
lipids (PB-bicelle, Figure S2), corresponding to 38 mM native lipids, in 25 mM Tris at pH 7.4

with 10% *H,0.

NMR Experiments. NMR experiments were collected using a 500-MHz Bruker Avance III
HD spectrometer equipped with a 'H/"”C/"”N/*'P QXI room temperature probe with triple-axis
gradients. Gradients were calibrated using the residual 'H’HO signal in a 99.9% *H,O sample at
25.0 °C with a published*' translational diffusion constant of 1.902 +0.002 x 10° m*s™'. The z,

y, and x gradient strengths were found to be 58.7, 44.6, and 44.0 G/cm, respectively, at their



maximum currents. All spectra were collected at 32.0 °C, which was calibrated by measuring the
chemical shift difference of the '"H,C and 'HO resonances in a methanol standard with an
estimated precision of 0.1 °C. Native lipid concentrations were quantified by 'H 1D, *C-HSQC
and *'P 1D NMR spectra using the 'H,O resonance, the DHPC "H-">C resonances, the DHPC *'P

resonance and the *'P resonance of trimethyl phosphate, as internal standards.

The peak assignment for the "N-HSQC spectra of Lck-cSH2 was achieved using chemical
shift values previously assigned** and verified with the use of multiple triple resonance NMR
experiments collected on the *H ,"’C,"’N-labeled samples. HNCA, HNCACB, HNCO and

(H)CCH-TOCSY spectra were collected at 500 MHz, all with Rance-Kay detection.*

Chemical shift perturbations (CSPs) were calculated from root-mean square deviations

(RMSDs) in the chemical shifts, using a N scaling factor a=0.2 for glycine residues and a=0.14

for all other residues.***

1
RMSD = \/5(5; +(o52))
(1
The 'H-"N J-couplings and RDCs were measured at 500 MHz using an IPAP-WATERGATE
sequence.** RDCs were extracted from the data using NMRPipe and Sparky.”’** The 2KXA
structure of HAfp* was used as the reference model in the singular value decomposition (SVD)
analysis of the measured PNA RDCs in native lipids.” The Q-factor of the fit was subsequently
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calculated using NMRPipe.

Composition of Native lipids. Native lipid compositions were determined with the peak
integrals from 'H and *'P 1D NMR spectra and a "C-HSQC 2D spectrum. The concentrations of

'H,0 and DHPC were known, and the resonances from these molecules were used as internal



standards for quantitating lipid concentrations. Due to differences in coherence transfer
efficiencies for AX, AX, and AX, spin systems,”” "C-HSQC peak integrals for each spin system
type were corrected by observing their relative intensities from pure POPC (Anatrace), POPE
(Anatrace), or cholesterol (Sigma-Aldrich) samples collected in d-chloroform. These pure

samples were additionally used to confirm chemical shift assignments.

The native lipids were identified and quantified from resonances in the head group region.””**

Although the exact acyl chain distribution cannot be distinguished by NMR, the types of
unsaturated lipids can be quantified in terms of oleic, linoleic, and linolenic types, based on the
unique 'H-"C correlations of the vicinal hydrogens.” Five separate extractions of egg lipids were
performed and the native lipid components of E-bicelles were quantified (Table S1) before and
after filtration through a 0.22 pm polyvinyldene difluoride (PVDF) filter. The error in
quantifying the egg lipids was determined by calculating the standard deviation of each of the
lipid components across the five different egg extractions. A minimum error was set at 0.1 mol%

for all components.

Mass Spectrometry. Mass spectrometry was conducted on an Applied Biosystems 4700
Proteomics Analyzer MALDI-TOF. 200 iteration scans were performed in positive and negative
reflectance modes with a 200 Hz laser. Samples were deposited on an A&B etched-well, matrix-
assisted laser desorption ionization (MALDI) plate. A 0.5 pL spot of saturated Universal
MALDI Matrix (Fluka) with 50% (v/v) acetonitrile and 0.1% trifluoroacetic acid (TFA, v/v) was
deposited before and after the addition of the native lipid sample. Mass peaks and their
assignments are reported in Tables S3 and S4 for egg lipid and mouse brain extracts,
respectively, with assigned spectra shown in Figures S3-S5. Numerous poly-acyl lipids have

degenerate masses, which are associated to multiple hydrophobic tail configurations.



Consequently, the tail lengths have been reported as the summation of carbons and the
summation of unsaturated bonds, as previously described.*”” Ceramides are reported as mono-
and di-hydroxyl with an ‘m’ and ‘d’ prefix, respectively. In some cases, an observed mass can be
attributed to multiple lipid types. Alternative possibilities are listed in the assignment tables.
Reported head group types were validated with *'P and C NMR measurements and have been
previously identified in egg and brain tissues.” > A large portion of triacylglyceride molecules
are present as deacylated diacylglyceride fragments with associated wax ester fragments due to

the low pH sample preparation.”

RESULTS AND DISCUSSION: Native bicelles are prepared with lipids and membrane
components from lysed eukaryotic cells, and they are solubilized into small discoidal lipid-
detergent aggregates with a detergent capping lipid, DHPC. The size of the aggregates is easily
tuned by changing the molar ratio, g-ratio, of native lipids to detergent lipids. At high q ratios,
these native bicelles display an alignable bicelle phase similar to previously measured bicelles
(Figure S1) that have been used to measure RDCs in soluble proteins.** Native lipids are
extracted using a modified Folch method® that largely removes aqueous components and cellular
proteins. We chose to use a Folch method to remove endogenous proteins and avoid additional
protein-protein interactions. We demonstrated this approach using lipids from chicken (Gus
gallus) egg yolk (E-bicelles) and from female BALB/c mouse cerebrum (Mus musculus, MB-

bicelles).

The °*'P spectrum (Figure 1) and “"C HSQC NMR spectra (Figure S6-S7, Table S5) in
combination with positive and negative reflectance MALDI-TOF mass spectra (Figures 2, S3-
S5, Tables 1-2, S3-S4) show a rich composition of PC, PI, PG, PE, PS, PA, SM, cardiolipin

(CL), CM lipids with mono- (lyso), di- and tri-acyl variants, as well as numerous tissue specific



lipids and some unidentified lipids (U). The 'H 1D NMR spectra (Figure S8) and Bradford

assays confirm the absence of endogenous proteins.
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Figure 1.*'P 1D NMR spectra of (top) g=0.34 native E-bicelles and (bottom) g=0.37 native MB-

bicelles in 25mM Tris at pH 7.4 with 10% *H,O. The lipid headgroups were identified from

reference chemical shifts™>* and are listed in Table S5. All *'P chemical shifts are reported

relative to trimethyl phosphate. Spectra were collected at 202.5 MHz *'P frequency (500 MHz 'H

NMR field) at 25.0°C with 'H decoupling. The inset image provides a zoomed-out view to

emphasize the distinct DHPC and PC peaks.
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Figure 2. Positive reflectance MALDI-TOF mass spectra of egg yolk lipid extract. Assignments
are presented with headgroup acronyms and acyl chains represented as a summation of carbons
to saturations to describe all degenerate masses. Full spectra for both egg yolk and mouse

cerebrum are presented in Figures S3-S5.

Native E-bicelles are composed of PC (64 + 3 mol%), PE (16 + 2%), TAG (8 + 4%),
cholesterol (8 + 2%), LPC (1.3 £ 0.3%), LPE (1.3 £ 0.6%), SM (1.1 £ 0.4%), and PS (0.9% =+
0.3%) with a high degree of unsaturated lipids (ca. 51% with at least 1 unsaturation), which are
consistent with previously measurements.” The lipid extracts further contain trace amounts of
vitamins, flavonoids, carotenoids, and amino-acids present in living membranes. These

components have all been previously identified in egg yolk, but they have not been confirmed to




incorporate into bicelle samples.**”” Native MB-bicelles are composed of cholesterol (45 + 3%),
PC (29 + 2%), PE plasmalogens (9 + 4%), PE (5§ £ 2%), PA (4 £ 1%),PS 3 £ 1%), SM (1.3 +
0.5%), PG (0.7 £ 0.3%), CL (0.7 + 0.3%), PI (0.6 + 0.2%), LPC (0.2 = 0.1%) and other lipids
(1.1 £ 0.4), which are consistent with previous measurements.”” Mouse brain lipids also have a
high (ca. 41%) degree of unsaturation. MALDI-TOF spectra of the mouse brain lipids showed
the presence of other lipids not readily identified by NMR, including sulfatides, ceramides,
phosphatidylinositol phosphate (PIP) and phosphatidylinositol 4,5-bisphosphate (PIP2). PIP3
was not detectable by MALDI-TOF spectrometry,” but it is a ubiquitous signaling lipid present

in mouse brain tissue.*"™

Table 1. An abbreviated list of assignments for
the m/z values of the egg lipid components
detected by positive reflectance ion MALDI-

TOF mass spectrometry “°

Peak

Position Assignment of molecular Mass
(m/z)

3694 Cholesterol - H,O + H*

4824 LPE 18:0 + H*

496.3 LPC 16:0 + H*; LPS 16:1 + H*
5243 LPC 18:0 + H*; LPE 20:4 + Na*
526.3 LPE 22:6 + H*

5444 LPS 18:2 + Na*

546.4 LPC 18:0 + Na*

552.7 Crypoxanthin

560.3 PC 18:0 + Na*; Cer d34:1 + Na*
568.3 Zeaxanthin

568.4 LPC 22:6 + H*; PS 20:0 + H*




5704 PS 22:6 + H*; LPC 22:5 + H*

5775 TAG 52:2 - oleate + Na*; TAG 52:1 - stearate +
Na*

608.7 PE 26:0 + H*; Cer m40:0 + H*

703.6 SM 16:0 + H*

732.6 PC 32:1 + H*

7534 SM 18:0 + Na*

760.6 PC 34:1 + H*

7775 TAG 46:1 + H"; PG 36:1 + H*; P1 30:3 + H*

779.5 TAG 46:0 + H*; PG 36:0 + H*; P 30:2 + H*

781.5 SM 20:0 + Na*

788.6 PC 36:1 + H*

812.7 PC 36:0 + Na*; PE 40:7 + Na*

834.7 PS 38:4 + H*

964.9 PE 524 + H*

975 -1125 Numerous Triacylglycerides

a. Assignments are described with
adducts and acyl chains presented as a
summation of carbons to saturations to
describe all degenerate masses.

b. A complete table with references to
assignments is presented in Table S3.

Table 2. An abbreviated list of assignments for
the m/z values of the mouse cerebral lipid
components detected by positive and negative

reflectance ion MALDI-TOF mass spectrometry

ab

Peak Assignment of molecular Mass
Position
(m/z)

3694 Cholesterol - H,O + H*




468.4 LPC 14:0 + H*

496.3 LPC 16:0 + H*; LPS 16:1 + H*
504.3 Cer d30:1 + Na* ;LPE 18:0 + Na*
5243 LPC 18:0 + H* ;LPE 20:4 + Na* ;Cer m24:0 + H*
539.3 LPG 20:1 + H*

550.5 LPC 20:1 + H* ;Cer m36:1 + H*
5573 LPG 22:6 + H*

5934 LPA 28:0 + H*

7114 PE 34:4 + H*

731.6 SM 18:0 + H*

748.5 PE 38:6a + H*

7504 PE 38:4p - H*

760.5 PC 34:1 + H*

762.5 PC 34:0 + H*

763.3 PG 36:7 - H*

7745 PE 38:4a + Na*

788.6 PS 36:1 - H*;PC 36:1 + H*
790.5 PE 40:6a — H* ;PS 36:0 - H*
7954 PG 38:5 - H*;PA 44:1 - H*
806.5 ST 18:0 — H* ;PS 38:6 — H*
809.5 PI32:1 + H" ;PA 44:4 + H*
810.6 PS 38:4 - H*

8225 ST 18:0 + OH - H*

832.6 PE 42:0 + H*; PS 40:8 + H*
834.5 PS 40:6 — H*; ST 20:0 — H*; PC 40:6 + H*
8574 PI36:4 - H*

862.6 ST 22:0 - H*

885.5 PI 38:4 - H*

890.6 ST 24:0 - H*

904.6 ST 24:1 + OH - H*

965.6 PIP 38:4

1045.5 PIP2 38:4

a. Assignments are described
adducts and acyl chains presented

with

as

a




summation of carbons to saturations to
describe all degenerate masses.

b. A complete table with references to
assignments is presented in Table S4.

We used the full-length influenza hemagglutinin fusion peptide domain (HAfp) as a control
system for testing native bicelles. HAfp is functional in eukaryotic lysosomal membranes,” and
it is an amphipathic membrane protein that folds in the presence of lipid membranes.”” HAfp has
an amphipathic helical-hairpin structure with a hydrophobic base that binds to the membrane
surface. We tested HAfp in E-bicelles since largescale vaccine production for the influenza virus
uses fertilized hen eggs to culture viral replication.” HAfp is fusiogenic in vesicles composed of
egg yolk native lipids (Figure S9). HAfp in native E-bicelles with q=0.34 produces high-
resolution "N HSQC 2D spectra (Figure 3A) with a spectral resolution comparable to the protein
in DMPC bicelles. The native E-bicelle chemical shifts are nearly indistinguishable from DMPC
bicelles; the mean CSPs between DHPC micelles and E-bicelles are ca. 5.2x larger than those
measured between DMPC bicelles and E-bicelles (Figure 3B). These CSPs are not significant
enough to indicate a large structural rearrangement between micelle and bicelle samples.
However, they’re consistent with modest structural distortions in the helices themselves.
Differences in CSPs from the bending of helices induced by micelle curvature strain was
observed previously in other membrane protein systems.'®*>’*” The magnitude of these CSPs are
also consistent with previous measurements on different micelle environments, which have

different aggregation numbers, micelle sizes and surface curvatures. "*7*
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Figure 3. (A) "N-HSQC spectrum for 350-600 uM HAfp in 25 mM Tris pH 7.3 with 10%
’H,0 solubilized in DHPC micelles, g=0.46 DMPC bicelles and q=0.34 native E-bicelles. (B)
HAfp CSPs between E-bicelles and DHPC micelles or DMPC bicelles. (C) Singular value
decomposition fit of the HAfp 'H-"N RDCs from a q=0.27 native E-bicelle sample in
18 mg/ml PNA liquid crystal.”® The structure was fit to the published HAfp structure in DPC
micelles (PDB: 2KXA*). This structure also accurately fits to HAfp in synthetic DMPC

bicelles.” The fit D, and Q-factor were -7.8 Hz and 16.0%, respectively.”'

There is still some debate on the exact morphology of bicelles and the extent of lipid
segregation between the bilayer lipid and the capping lipid, with smaller bicelles believed to
have more of a mixed-micelle composition. Larger bicelles, with a q = 0.5, are nonetheless

believed to form aggregates that are more discoidal in structure with a highly segregated




bilayered region.”***' Therefore, we chose to use native bicelles of comparable size to q = 0.5
DMPC and POPC bicelles as calculated from rotational tumbling times and translational
diffusion rates derived from *'P relaxation and diffusion ordered spectroscopy (DOSY). In the
case of HAfp, a titration of DMPC into DHPC micelles yields a plateau in CSPs at a g-ratio near
ca.0.40 (Figure S10). Additionally, intermolecular NOEs between DMPC and HAfp, but not
DHPC and HAfp, have previously been measured.*” These measurements suggest that HAfp

partitions into a DMPC-rich central region of the DMPC bicelles.

NMR relaxation and DOSY experiments show that these E-bicelles are small, isotropically
tumbling bicelles with a size between DMPC and POPC bicelles with a comparable g-ratio.
Backbone "N relaxation rates for HAfp in q=0.34 native E-bicelles (Figure S11) give an
effective rotational tumbling time of 19.7 £ 0.2 ns. This tumbling time is similar to the 21.0 + 0.3
ns value from HAfp in q=0.52 DMPC bicelles.””** E-bicelles are expected to form larger
aggregates than DMPC bicelles for a given g-ratio because egg lipids are composed of larger
lipids, like POPC lipid (Mw: 761 g/mol), as opposed to DMPC (Mw: 678 g/mol). However, the
"N relaxation data alone is subject to differences in protein order parameter between samples,
and the quantitative deconvolution of the effective rotational tumbling time from the bicelle size
can be a challenge. *For these reasons, we conducted further relaxation and translational

diffusion (DOSY) experiments.

DOSY NMR and *'P relaxation NMR measurements (Figure S12) further confirm that native
E-bicelles are phospholipid aggregates with a size between DMPC and POPC bicelles.*’ To
account for the 8-11 mM free concentration of detergent not bound to bicelles, the sizes of native
E-bicelles were measured as a function of effective g.-ratios. For a g.-ratio of 0.30, the native E-

bicelles are ca. 82% larger than DMPC bicelles and ca. 30% smaller than POPC bicelles. The



smaller size of E-bicelles in comparison with POPC bicelles is consistent with the lighter PE
lipids (POPE Mw: 718 g/mol) and cholesterol present in E-bicelles. While this does not
guarantee that DHPC segregates exclusively to the rim, it suggests that the native bicelle
morphology is likely similar to DMPC or POPC bicelles at g-ratios as low as q=0.34. This is
further substantiated by the HAfp CSP data (Figure 3B) that show that native bicelles are closer

to DMPC bicelles than both DHPC and DPC micelles (Figure S13).

While the HAfp structure is not impacted by membrane composition, we tested the impact of
specific protein-lipid interactions with the C-terminal Src Homology domain of Lymphocyte-
specific protein-tyrosine kinase (Lck-cSH2). Lck-cSH2 is a 13 kDa domain that binds to
phosphorylated-tyrosine.** We chose Lck-cSH2 as a reference system since it is a membrane-
associated domain with known protein-lipid interactions, including PIP, PIP2 and PIP3.*

In the presence of DHPC micelles, Lck-cSH2 shows CSPs consistent with minor structural
changes or non-specific interactions (Figure S14A) due to the DHPC micelle environment or the
free DHPC monomer. These CSPs are reduced by the addition of DPPC to formulate q=0.5
bicelles (Figure S14B). Similar to HAfp, this difference is not unexpected and could be the result
of the artificial stress produced by highly curved micelles. However, in the presence of MB-
bicelles, a separate set of perturbations occurring at different residues is measured (Figure 4A).
These site-specific CSPs measured in the presence of MB-bicelles are primarily localized to a
known positive binding pocket (Figure 4B), and they are consistent with previously reported
PIP3 dependent shifts.*’

We compared the MB-bicelle CSPs to CSPs observed in DPPC bicelles with PIP3-DPPC
(Figures 4A, S14-S15). The PIP3-dependent shifts observed in native bicelles include R134,

R154, E155, S156, E157, G161, F163, L165 and R184. Other PIP3-dependent shifts (N131,



S164, V178 and H180) do not appear in MB-bicelles and may be additionally impacted by the
non-native DPPC bicelle system. It is also possible that interactions with other anionic lipids
present in MB-bicelles, such as PIP, PIP2, PG or PA, at or near the PIP3 binding pocket
produces a slightly modified CSP profile. The differences (residues 1183, S197 and H208) may

point to other protein-lipid interactions in the native function of the Lck-cSH2.

0.104 A DPPC Bicelles vs DPPC Bicelles with PIP3-DPPC —
DPPC Bicelles vs Native MB-Bicelles —

Residue Number

Figure 4. (A) CSPs for 380 uM "N-labeled Lck-SH2 in 20 mM Tris, 100 mM NaCl and 1mM
DTT at pH 7.04 in the presence of 150 mM (total lipid) q=0.5 DPPC bicelles titrated with 312 yM
PIP3-DPPC (black) or 67 mM q=0.29 MB-bicelle (red). A threshold of 0.015 was chosen to|
indicate significant CSPs based on those measured in the presence of bicelles alone (Figure S14B).
Residues absent from the HSQC spectra were excluded from the CSP analysis and are indicted by
an (*) in the bar chart or presented in black on the molecule. These residues are primarily located|
in unstructured loop regions, as well as proline residues, which lack the backbone amides
necessary for "N-HSQC measurement. (B) Significant CSPs were mapped onto the structure]
(PDB: 1BHH, left structure) as affected by PIP3-DPPC (blue), MB-bicelles (orange) or by both|
(purple). An Adaptive Poisson-Boltzmann Solver (APBS) electrostatic surface generated at pH 7

(right structure) shows positive residues colored in blue and negative residues colored in red.




CSPs in native bicelles are observed, even though some of the membrane components are in
low abundance. Lipids and membrane components with low concentrations are likely not present
in every native bicelle aggregate in the sample. However, membrane proteins with high affinities
to specific lipids may enrich the local concentration of these lipids within their bicelles. The Lck-
cSH2 domain, for instance, has a high affinity for negatively charged lipids.* In this
circumstance, low abundance lipids would be recruited to bicelles with Lck-cSH2 through high
affinity protein-lipid interactions. Additionally, the magnitude of CSPs is scaled by the
population of proteins bound to the membrane.* A protein such as Lck-cSH2, which has a bound
population of 5 + 4% in MB-bicelles (Figure S16), is expected to have less substantial CSPs
compared to a membrane protein such as HAfp which has a bound population of 81 £ 11% in
DMPC bicelles.™

Though native bicelles are not a perfect mimic for biological membranes, the inclusion of
native lipids in the bicellar environment is a step closer to emulating a biological membrane in
vitro. The fusion activity of HAfp is higher in the presence of cholesterol,**® yet cholesterol,
among other native lipids, do not impact the helical-hairpin HAfp structure. Consequently, our
results substantiate a cholesterol-dependent fusion enhancement through bulk membrane
properties, rather than a modulation of the protein’s structure. In the Lck-cSH2 system,
numerous CSPs are observed in the presence of the complex mixture of the native MB-bicelles.
These include interactions with negatively charged lipids, like PIPs.

In addition to offering structural and dynamic information on membrane proteins in a native
membrane environment, native bicelles can serve as a useful starting point in directed titration
experiments for specific lipids in synthetic DMPC or DPPC bicelles. Native bicelles also display

an alignable bicelle phase at high q ratios that exemplifies the familiar bicelle utility these



systems can provide and which may offer orthogonal RDC datasets of soluble proteins. Variation
in the lipid composition of different tissue types is expected and has been well characterized. Our
experience shows that this technique is simple enough to act as a routine starting point for
characterizing membrane proteins. While membranes undergo constant remodeling,
supplemental techniques including fluorescent microscopy may be useful in identifying
spatiotemporal restrictions once general protein-lipid interactions are established. The choice of
tissue type can be specific to the native environment of a protein-of-interest, with some lipid
extracts already commercially available and amenable to immediate solubilization into bicelles
(Figure S2). Other possibilities include the generation of organelle or leaflet-specific membranes

that are routine to purify,gg’91

or the incorporation of native lipids in nanodics. Native bicelles
provide a platform for studying membrane protein-lipid interactions central to their function in

an environment suitable for biophysical experiments while retaining the native-like composition

found in eukaryotic cells.
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c¢SH2, C-terminal Src Homology domain of Lymphocyte-specific protein-tyrosine kinase; DPC,
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