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Abstract

Protein-lipid interactions govern the structure and function of lipoprotein particles, which
transport neutral lipids and other hydrophobic cargo through the blood stream. Apolipoproteins
cover the surface of lipoprotein particles, including low density (LDL) and high density (HDL)
lipoproteins, and determine their function. Previous work has focused on small peptides derived
from these apolipoproteins or used such artificial lipid systems as Langmuir monolayers or the
lipid disc assay to determine how apolipoproteins interact with the neutral lipid interface. Here we
focus on a recurring protein domain found in many neutral lipid binding proteins, the amphipathic
a-helix bundle. We use liquid-droplet tensiometry to investigate protein-lipid interactions on an
oil droplet, which mimics the real lipoprotein interface. The N-terminus of apoE 3 and full length
apoLp-III serve as model proteins. We find that each protein interacts with lipid monolayers at the
oil-aqueous interface in unique ways. For the first time we show that helix bundle unfolding is
critical for proper protein insertion into the lipid monolayer at the oil-aqueous interface, and that
specific membrane lipids promote the rebinding of protein upon fluctuation in droplet size. These
results shed new light on how amphipathic apolipoprotein a-helix bundles interact with neutral

lipid particles.

Introduction

Apolipoproteins are amphipathic molecules that bind to lipids and form lipoproteins.
Apolipoproteins act as lipid carriers, enzyme cofactors, ligands for cell membrane receptors, and
structural components of lipoproteins. Mutation in the apolipoprotein structure result in abnormal
lipid metabolism, which results in various diseases (/). Thus, understanding the mechanisms

through which proteins bind to neutral lipid particles is important. Further, investigation of these



proteins sheds light on the role of the hydrophobic surface in lipid-protein interaction more

generally.

Mammalian lipoproteins have a hydrophobic core rich in triacylglycerol and some cholesterol
esters. A phospholipid monolayer surrounds the hydrophobic core, and apolipoproteins are
attached to the lipoprotein surface. Lipoproteins transport nutrients that are insoluble in water
through the blood stream to peripheral tissues. The apolipoproteins present on the surface of
lipoprotein particles depend on the type of lipid particle. All apolipoproteins share amphipathic a-
helices as a common structural feature (2, 3). In several of these apolipoproteins, the amphipathic
a-helices organize into a helix bundle when the protein is not bound to lipid. Examples of such
proteins are apoAl, apoE and apoLp-III. The a-helix bundle may facilitate protein binding to the
phospholipid monolayer (4, 5). Prevost et al., show that large hydrophobic residues are critical for
the amphipathic a-helices to bind to the phospholipid monolayer surrounding the structurally

similar lipid droplet (6).

Here, we focus on the role of amphipathic a-helix bundles in the association of exchangeable
proteins and lipid particles. To do so, we consider two different proteins associated with lipid
particles and composed almost entirely of amphipathic a -helices. First, we consider the segment
of mammalian apoE 3 that forms the a-helix bundle domain (henceforth named apoE 3 NT)).
Second, we study apolipophorin-III (apoLp-III), an insect apolipoprotein. In order to further
investigate the role of helix bundle unfolding we used a mutant of apoLp-IIl where two of the
amino acid residues were replaced by cysteine residues (7) which inhibits the protein from
unfolding. The two cysteine residues form a disulfide bond, which locks the hydrophobic residues

located on the inner side of the helix (7).



Apolipoprotein E is a member of the mammalian apolipoprotein family that plays a role in the
catabolism of the triacylglycerol-rich lipoprotein particles (8-70). The full-length protein has 299
amino acids. The N-terminus, amino acids 1-167, forms the amphipathic a-helix bundle domain
with four anti-parallel amphipathic a-helices. This domain also includes the LDL receptor binding
domain (residues 135 through 150) (/7). The C-terminus, amino acids 191-299, also contains 3
large helices with hydrophobic surfaces. Residues 260 to 280 constitute the lipid targeting/binding

domain (/7).

ApoE was first recognized due to its importance in lipoprotein metabolism and cardiovascular
disease. Deficiency in apoE causes hyperlipidemia type III, where the amount of plasma
cholesterol and triacylglycerol increases due to accumulation of chylomicron, VLDL and LDL
particles. Such individuals show a risk for premature atherosclerosis type 1 (/2). ApoE has 3
isoforms which differ by a single amino acid residue (/7). ApoE 3 is the most common type of
apoE, present in over 75% of the population, whereas apoE 2 is the rarest (~8%). The presence of
an allele of apoE 2 decreases the risk of Alzheimer's disease and is a key determinant of longevity.
On the other hand, the presence of apoE 4 increases the probability of developing early onset

Alzheimer's (13, 14).

ApoLp-III is an insect apolipoprotein that forms an anti-parallel amphipathic o-helix bundle
with five helices arranged in an up-and-down topology. These helices are connected through
hinges (/5). The bundle motif stabilizes the protein in the hemolymph of the insect. Hydrophobic
residues are mainly located in the inner surface of the protein while the hydrophilic residues are

mainly exposed to the aqueous environment (/6).



The apoLp-III protein can be found in the lipid-free or lipid-bound state in physiological
conditions. In the lipid-free state, the intrinsic stability of the helix bundle is low, which facilitates
interaction with lipid surfaces (/7, 18). When complexes of apoLp-III and lipid form, the protein
undergoes considerable changes in tertiary structure. The helix bundle unfolds exposing the

hydrophobic residues to the lipid interface (19, 20).

Small et al. have pioneered the use of droplet tensiometry, which determines the oil-aqueous
interfacial tension, to characterize the adsorption of protein to a triacylglycerol droplet (27). Using
this technique, proteins such as apoB-100, which is present in larger lipoprotein particles such as
VLDL and LDL (22-24), and apoC I and II have been extensively characterized (25, 26).
Apolipoprotein A-I, an apolipoprotein that has an amphipathic a-helical domain, has also been
studied extensively (27-30). Many human apolipoproteins are exchangeable proteins; they can

move from one lipoprotein particle to another or to the surrounding aqueous environment (317).

Here we use liquid droplet tensiometry for the first time to study the insertion and dynamics of
amphipathic helix bundle domains of apoLp-III and apoE 3 (apoE 3 NT) into phospholipid-coated
triglyceride droplets. We use our homebuilt droplet tensiometer (32) to change the lipid packing
on the surface of the oil droplet by varying the droplet volume and thus surface area. Additionally,
we systematically change (increase and decrease) the oil droplet volume to study the stability of
the protein adsorption at the interface. We find that both proteins have a strong affinity for the oil
interface, and a phospholipid monolayer affects droplet binding in unique ways for each protein.
These results shed light on the physiological role of these proteins and underscores the critical

importance of helix bundle unfolding.

Material and Methods



Materials: /. Protein: ApoE 3 NT was a generous gift from Dr. Narayanaswami from the
California State University Long Beach. We used the protocol provided to dissolve the protein.
Protein was mixed with 2M DDT (to forbid disulfide bond formation from C112 a.a.) and 6M
guanidine-HCI (gn-HCI), suspended in PBS buffer. The mixture was incubated for 1 hour at 37
°C, and then dialyzed to remove excess of gn-HCI for 48 hours (3 buffer changes). A Nanodrop 1-
position spectrophotometer model ND-2000 was used to measure the concentration of the protein

constructs.

ApoLp-III and mutated apoLp-III (locked helices) were a kind gift from Dr. Paul Weers from
California State University Long Beach. The protein was provided in powder form. We used
HPLC grade water (W5SK Fisher scientific) to suspend the protein. 1 mg of protein was dissolved

in 1 mL of water, setting the final concentration for protein stock to 1 mg/mL.

2. Lipids: POG (1-palmitoyl-2-oleoyl-sn-glycerol), POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine), POPA (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (sodium salt)) were purchased from Avanti Polar
Lipids (Alabaster, Alabama). Triolein glyceride was purchased from NU-Check Prep (MN). Thin
layer chromatography was used regularly to test the purity of lipids. For this test, we use a solvent
consisting of CHCIz/ CH30H/H>0 (64 ml /25 ml /4 ml) for polar lipids and for neutral lipid we
used CeH12/ (C2Hs5)20 (10:1). The physicochemical characteristics of the lipids are given in Table
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Lipid
Charge Chains | T,/T,[°C] “Curvature”
Abbreviation

POG Neutral Mixed NA Negative, Induces H, phase |

POPC Zwitterionic Mixed -2 Infinite, forms Bilayer
C,=-0022+0.0101/nm

POPE Zwitterionic Mixed 25/71 | Negative, forms H, phase
C,=-0.316+0.007 1/nm

POPA Anionic Mixed 28 Negative, Induces H, phase 154

Table 1. The list of lipids used with relevant physicochemical properties. T, is the melting
temperature of the lipid bilayer from gel to fluid (La) phase, Ty is the transition temperature from
the Lo phase to the hexagonal Hyr phase. Spontaneous curvatures for POPC and POPE were taken

from Kollmitzer et al. (35). Spontaneous curvature (Cy) for POG and POPA have not been
determined, but can be estimated from that of related lipids: For DOG in water, Cp=-0.9 1/nm
(33). For DOPA in water, Co=-0.077 1/nm and in buffer at pH 7.4, Co=-0.22 1/nm (34).

3. Chemicals: KCl, EDTA and Tris were purchased from Sigma Aldrich Co. All the chemicals were
> 99% pure. HPLC-grade water was purchased from Fisher Scientific (WSKS5). Salts were heated
in an oven at 200 °C for 24 hours, to eliminate any organics.

Methods: /. Buffer: Tris buffer is made using 150 mM KCI, 10 mM Tris and 0.2 mM
EDTA, carefully mixed in HPLC-grade water.

After buffer preparation, the buffer is kept in the experiment room (21.4 + 0.2 °C) to assure
the absence of temperature fluctuations and thus density variations. All glassware are cleaned
using KOH cleaning solution (164 g ethanol, 25 g water and 24 g KOH).

2. Vesicle formation: Lipid films are made by drying 460 nmol of lipid in organic solution
(chloroform or chloroform/methanol) under a stream of Nitrogen. The film is kept under vacuum
for 24 hours to remove residual traces of organic solvent and was stored at -20 °C before use. Prior
to vesicle formation, the lipid film is moved to room temperature for about 20 minutes. In order to

form small unilamellar vesicles (SUV), 4 ml of water is used to suspend the lipid film. The mixture



is sonicated for 2 minutes using 12 cycles, where each cycle is 10 secs using a probe sonicator.
The sample is kept on ice through the sonication process, to avoid heating the lipid mixture. Later
the sample is centrifuged for 20 minutes to pellet the nano particles produced from the end of
titanium probe (Qsonica Q55 sonicator). DLS (differential light scattering; Horiba 7100) is used
to measure vesicles size. Normally the vesicles prepared this way are around 50 nm in size.

3. Liquid Droplet Tensiometer: Our homebuilt tensiometer is a combination of CCD camera
(PixeLINK PL-B776F), light source (Thorlab), diffuser (Thorlab), syringe (Hamilton) with a J-
shaped needle, and cuvette (made from borosilicate glass, supplied by Wale Apparatus PA, at a
machine shop located in the Department of Chemistry, Kent State University) (32). A schematic
is shown in supporting information Figure S1. The set-up is cleaned regularly using pure methanol
to remove any organic residues. Syringe and needle are rinsed 3 times with chloroform for
cleaning. The cuvette is cleaned using KOH solvent (164gr MeOH, 24 gr Water and 25 gr KOH),
and rinsed with DI-water, and ultra-pure water a minimum of three times each. Two pumps are
involved, one to vacuum water/buffer from the cuvette and the other one to fill the cuvette with
fresh buffer/water. The syringe is attached to a micrometer screw (designed and fabricated by
Wade Aldhizer in the machine shop in the Department of Physics at Kent State University) to
manually control the volume of the droplet.

The surface tension, volume, droplet area and radius at apex are measured using the ADSA
code package developed by the Neumann group at the University of Toronto (36). For a typical
experiment, 3000 images are captured and analyzed simultaneously.

ADSA can be applied only to well-deformed droplets, which is quantified by calculating
dimensionless Neumann numbers (Ne) (37):

ApgRoH
e= —
14



In this equation, R, is the radius of curvature at the drop apex and H is the drop height.
Generally, larger drops, with a larger Ne,will have more deformed (elongated) shape, while
smaller drops, with smaller Ne, will be more spherical. Stationary, uncoated droplets of triolein
have relatively large interfacial tensions, and approximately 20 uL. droplet volumes are ideal to
ensure sufficiently well-deformed but stable droplets. The addition of a lipid monolayer and/or
protein decreases the interfacial tension so that even smaller droplets become sufficiently
elongated for reliable ADSA measurements. For example, a 5 pL. drop of neat triolein in buffer
yields Ne~0.5, which is insufficient for reliable interfacial tension measurements by ADSA. For a
drop of the same size but coated with POPC, we estimate Ne ~ 0.7, which is sufficiently large that
the interfacial tension determined by ADSA becomes nearly independent of droplet size (38). In
the experiments discussed here, all small droplets were both >6 pL and sufficiently deformed

(Ne ~ 0.7 — 1). Additional details on image analysis are given in (32).

Results

We present two general types of experiments. The first set of experiments, performed at steady
state, investigates the influence of different lipids on the affinity and the cooperativity of protein
binding to the triolein/aqueous interface. These are called protein insertion experiments. These
experiments are performed with both proteins and the mutant. In a separate set of experiments, one
protein is chosen for dynamic measurements, in which the surface area is oscillated to test the
stability of the protein at the interface, as well as the influence of the protein on lipid stability.
Typical protein insertion experiment.

In all these experiments, a triolein droplet is first coated with phospholipid monolayer, to

represent the lipoprotein surface. Lipids are chosen partially based on studies of the lipid



composition of the monolayer surrounding the lipid droplet (39). They are further chosen to have
identical acyl chains while varying headgroup size and charge. These differences lead to a range
of lipids with relevant physicochemical properties (see Table 1) (32). The PO (sn-1-palmitoyl, and
sn-2-oleoyl) acyl chains were chosen because they are common in mammalian
glycerophospholipid fatty acid compositions (40). Differences in the lipid headgroup also help
clarify the effect of lipid-shape, i.e. spontaneous curvature, in lipid-protein interaction. All
experiments are performed in buffer, i.e. 150 mM KCl, 10 mM Tris, and 0.1 mM EDTA set to pH

7.2+0.5.

N
o

w
o

N
o

Interfacial Tension [mN/m]
o

o

0 2000 4000 6000 8000
Time [sec]

Figure 1. A typical insertion experiment. 1) A droplet of triolein is formed. 2)
After 5 min, 4 ml of the buffer in the cuvette is replaced by 4 ml of freshly made
vesicles (here PC:PA.) Vesicles and oil droplet are left to interact for 30 min. 3)
The droplet volume is changed to the desired value. Between 3 and 4, after
stabilization of the lipid monolayer, the rest of the vesicles are rinsed out from
the cuvette. 4) 0.1 nmol/L of the protein (here apoLp-I11l) is added to the cuvette.
The droplet is incubated with the protein for 1 hr to let the protein interact with
the oil interface.
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The monolayer insertion experiments follow the procedure by Donald Small (22). A typical
experiment is shown in Figure 1. The cuvette is filled with 10 ml of buffer and a triolein droplet is
formed at the end of a J-shaped needle. At this step (1) we then wait for at least 5 min until any
drift in the surface tension is less than 0.2 mN/m per minute prior to further experimentation
(between time point 1 and 2). At point 2, liposomes of either POPC or POPC mixed with 10 mol%
of POPE, POG, or POPA are added. This is done by the removal of 4 ml of water/buffer from the
top of the cuvette after which 4 ml of liposome solution is added cautiously. Deposition of the self-
assembled phospholipid monolayer at the aqueous-oil interface is then followed via interfacial
tension from time point 2 until 3 (where the spontaneous formation of a lipid monolayer has
reached a steady state.) At this point 3, we compress the droplet surface by reducing the volume,
followed, in the time period between points 3 and 4, by careful flushing with fresh buffer (50 mL
in 10 min) to remove remaining lipid vesicles. A vacuum pump removes excess buffer from the
top of the cuvette to keep the solution volume constant. At point 4, protein is added to a final
concentration of 0.1 nmol/mL and left to interact with the oil/lipid interface until the interfacial

tension again reaches steady state.

Two variables, my and Am (see Fig. 1) are used to characterize the insertion data. 1 is the
decrease in interfacial tension due to the packing of the lipid alone; the droplet volume is decreased
to reach the desired m( value. Ar is the additional decrease in surface tension after protein addition.
The effectiveness of protein insertion is deduced from the variation of Am as a function of the

initial lipid pressure 7.

The surface activity of apoLp-III was presented in an earlier article (32); 0.1 nmol/mL was
more than sufficient to saturate the surface. For consistency with previous data for apoLp-III, we

used 0.1 nmol/mL for both apoLp-III and apoE (NT) insertion studies.
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Insertion of apoE 3(NT) and apoLp-III into different phospholipid monolayers at the

oil/buffer interface.

The extent to which the protein adsorbs onto the lipid droplet to change its surface tension
(by Am) depends on the protein, on the lipids on the droplet surface, and on the packing of those
lipids, characterized by the initial pressure . Examples are given in Figure 2, with more examples
in Figure S2 of the supporting information. Because Am is (within scatter) linear in 17y, these curves
are usually characterized by two numbers (32, 47). The maximum insertion pressure (MIP), the x-
intercept, indicates the monolayer pressure above which the protein no longer inserts (42). AT, g5
which is the extrapolation of Am to the limit where m, becomes zero, gives the maximal change in
surface pressure when protein interacts with lipids at the monolayer interface. Any deviation of
this value from Am due to the protein alone (red points in Figure 2) indicates how much the lipid
facilitates or impedes the protein to come to the interface. The two parameters indicate the affinity

of the protein for the lipid monolayer.

The values for the Am,,,,, given in Table 2, demonstrate that both apoE and apoLp-III

25 25
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Figure 2. Comparison of the insertion of apoE 3(NT) (green circles) and apoLp-II1
(black triangles) into a) POPC monolayers and b) POPC:POPA monolayers. Red
circles/triangles correspond to the protein surface pressure without lipid monolayer.
Tris buffer: 10mM Tris-HCI, 150 mM KCI, 0.2 mM EDTA at pH7.2.

show the highest affinity toward the PC:PA monolayer. The affinity of the protein is significantly
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lower with other lipid mixtures. In fact, for both proteins the other lipid mixtures show A7,
close to each other at ~12 and 14 mN/m for apoE 3 and apoLp-III respectively. These values are
significantly less than the change in the surface pressure when the apoE 3 and apoLp-III interact

with the bare triolein droplet.

The protein apoE 3 (NT) has the highest maximum insertion pressure (MIP) for the
monolayer formed by PC:POG, with PC:PE close behind, while it shows the lowest MIP for
PC:PA and POPC lipid mixtures. The protein apoLp-III shows the highest MIP for POPC and for

PC:POG, with significantly lower values for PC:PA and PC:PE mixtures.

apoE 3 (NT) apoLp-I1I
MIP ATtmax MIP ATtmax
POPC 21.7£2.9 12.9+1.3 33.8+4.6 13.1£1.1
PC:PA (9:1) 19.9+4.1 20.6+3.5 21.4+2.7 18.6+1.8
PC:PE (9:1) 27.4£5.7 11.3£2.7 24.6+3.7 14.0+1.6
PC:POG (9:1) 31.6+4.7 12.1£1.2 30.3+4.2 15.6+1.5

Table 2. Maximum insertion pressure (MIP) and Aftmax calculated for the protein
apoE 3 NT and apoLp-Illin a physiologically relevant buffer, pH ~7.2.

Comparison of the insertion of locked (mutant) apoLp-III with native apoLp-I111

Studies have demonstrated that apoLp-III unfolds its amphipathic a-helix bundle upon

interactions with phospholipid (7). In order to investigate the importance of helix bundle unfolding
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at the physiologically more relevant oil-phospholipid interface, we studied the insertion of a
bundle-locked protein. In this mutant the helix bundle is modified by two cysteine residues in order
to form a disulfide bond (7). The mutation of the protein was done on amino acids threonine (T)
36 and alanine (A) 136, as seen in Figure 3 a. The disulfide bond prevents the helix bundle from

unfolding (7). The insertion experiments for this protein were performed as described above for

the unlocked proteins.

Am (variation in surface pressure after protein insertion) decreased significantly with the

locked protein at all y (Figure 3 ¢.) The maximum insertion pressure, above which the protein

25
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Figure 3. a) Representation of the locked apoLp-III through mutation of
T26 and A136. b) The schematic structure of the native protein. c)
Comparison of the insertion of native apoLp-III (red circles) and locked
apoLp-III (black triangles) into monolayers of POPC. Tris buffer: 10mM
Tris-HCI, 150 mM KCI, 0.2 mM EDTA at pH7.2.

cannot insert into the monolayer, Am,,,,, reflecting the protein affinity, both decreased by ~10

mN/m for the mutant (locked) as compared to the native apoLp-III (unlocked) protein
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Our data suggest that helix bundle unfolding plays a major role in protein interactions at the
oil-phospholipid interface. Most of the hydrophobic residues are located in the interior of the helix
bundle. Helix bundle unfolding allows the hydrophobic amino acid residues access to the

hydrophobic surface of the oil droplet.

The dynamics of a protein-phospholipid film on a triolein droplet.

In the following studies, a lipid mixture is adsorbed to the surface, and a test protein, apoLp-
III, inserted into the surface, as before. Here we perform compression/decompression cycles to
study the stability of the adsorption. A major parameter of interest will be the hysteresis observed
during those cycles. Depending on the lipid mixture, protein (absent or inserted), and environment
(pure water vs. buffer), we observe both reversible hysteresis, in which compression and
decompression of the surface follow different paths but successive cycles retrace the same paths,

and irreversible hysteresis, in which successive cycles trace very different paths.

A typical experiment is shown in Figure 4. The cuvette is filled with 10 ml of water/buffer
and a ~10 pl triolein droplet is formed at the end of the J-shaped needle (point 1 in the figure). The
droplet is allowed to stabilize in the aqueous solution for at least 5 min prior to further
experimentation. At point 2, liposomes of either pure POPC or POPC mixed with 10 mol% of
POPE, POG, or POPA are added. This is done by the removal of 4 ml of water/buffer from the top
of the cuvette after which 4 ml of liposome solution was added cautiously. Deposition of the self-
assembled phospholipid monolayer at the aqueous-oil interface is then followed from time point 2
until 3. At this point (3), remaining vesicles are washed out by carefully flushing fresh water/buffer

(50 mL in 10 min) through the cuvette. Water/buffer enters the bottom of cuvette through a needle
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Figure 4. Interfacial tension vs. time for a typical experiment: A triolein droplet was
formed at the end of a J-shaped needle in water at point 1. At step 2, lipid liposomes
(here POPC) are added. At step 3, remaining vesicles are flushed out. At step 4, we
begin oscillating the droplet volume to give successive compression/decompression
cycles. The protein (here apoLp-III) is added in step 5. In step 6, any remaining
protein is flushed from the cell. In step 7, the droplet volume is again oscillated.

connected to a peristaltic pump. To keep the volume of the solution in the cuvette constant, a
vacuum pump removes excess water/buffer from the top of the cuvette.

Note that the interfacial tension does not change significantly during the removal of any
remaining liposomes (between 3 and 4). At point 4, we start the successive compression and
decompression cycles of the lipid droplet surface, by changing the droplet volume manually with
the syringe (see methods).

During compression, the volume of the oil droplet, and thus its surface area, decreases, the
lipid monolayer on the oil surface becomes more compact, and surface tension decreases (surface

pressure increases.) During decompression, the oil droplet expands and with a larger surface area
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available for the lipid molecules to relax, the tension increases (pressure decreases.) In order to
characterize the stability of the lipid monolayer, several compression/decompression cycles are
performed between specific droplet volumes. At the end of these cycles, the droplet volume is
brought to its initial value, and the droplet is left at rest to stabilize.

At point 5, protein is added to reach a concentration of 0.1 nmol/mL in the cuvette and left to
interact with the oil/lipid interface until the interfacial tension again reaches steady state. After 1
hr, any protein that does not bind to the oil interface is removed from the cuvette, step 6: 100 ml
of buffer/water is flushed through the cell for approximately 20 min (between 6 and 7). While
rinsing, any protein bound loosely to the lipid monolayer also detaches from the surface. This
protein detachment is indicated on the graph by the variation in tension after rinsing. In step 7, we
study the stability of the protein interaction with the oil-phospholipid monolayer interface by again
oscillating the surface area. This process was run for lipid monolayers consisting of POPC, and
POPC mixtures with 10mole% of POG, POPE and POPA in both water and buffer (i.e. 150 mM
KCl, 10 mM Tris, and 0.1 mM EDTA set to pH 7.2 + 0.5) subphases. Both water and buffer are
investigated here to probe any electrostatic effects in protein interaction with the oil-phospholipid

interface.

Dynamics of a triolein droplet coated with POPC interacting with apoLp-II1.

The cylindrical, zwitterionic lipid, POPC, has both a positive and a negative charge. Figure
5a and 5c show compression/decompression isotherms for the oil droplet coated with a POPC lipid
monolayer in water and buffer respectively. Figure 5b and 5d repeats Figure 5a and 5c respectively

with the addition of apoLp-III protein to the interface.
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Figure 5. Comparison of successive compression (blue arrow(s)) and decompression
(red arrow(s)) isotherms for an oil droplet first after coating with POPC lipid (a,c), and

then after apoLp III protein insertion (b,d). The same experiments are performed with
the droplet in pure water (a,b) and in a physiologically relevant buffer, pH ~7.2 (c,d).

For the lipid alone on the droplet surface in pure water, each successive cycle follows the
same path, indicating that the compression/decompression of the lipid monolayer is reversible
(Figure 5a.) The PC coated oil droplet in buffer could not undergo more than one oscillation cycle,
Figure 5c, perhaps due to a higher level of hysteresis; further attempted changes in the droplet
volume led to droplet detachment. In both media the decompression pathway is systematically
below the compression one; the difference is bigger when the droplet sits in buffer (Figure 5c) than
in pure water (Figure 5a). This area between the compression and decompression paths can be

interpreted as the work required for the lipid molecules to reorganize during the
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compression/decompression cycle (24, 43, 44). Thus, the larger areas correspond to major

reorganization of the surface layers.

For the protein/POPC-coated oil droplet in water, the decompression/compression paths lie
near each other, but at a significant distance from the next decompression path (Figure 5b, d.). In
buffer, the decompression/compression paths lie further from each other, but closer to the next
decompression path, until the surface area was reduced by a factor >1.5.

The maximum pressure attained with the lipid alone was similar in both water and buffer, ~15
mN/m. With the protein, the maximum pressure in pure water was much higher, ~27 mN/m,
compared to ~20 mN/m in buffer (values are consistent with the work previously published (32)).
Note that in buffer the maximum pressure is within uncertainties of the pressure for the protein on
the pure oil-buffer interface, without phospholipid (indicated by the gray bars in Figure 5b and d).
After several compression/decompression cycles, the minimum pressure reduced from 22 mN/m
to 15 mN/m in pure water, while remaining at ~7 mN/m in buffer.

The dynamics on two of the phospholipid mixtures, PC:PE and PC:POG were qualitatively

similar (Figure S3 and S4 in the Supporting Information.)

Dynamics of a triolein droplet coated with PC:PA (9:1) interacting with apoLp-II1.

The set of compression/decompression experiments were then repeated with PC:PA
mixtures (Figure 6); remember that PA has both negative charge and negative spontaneous
curvature in contrast to PC (34, 45, 46). We observe significant differences in behavior compared
to the pure POPC monolayer data (Figure 5) and the other lipid mixtures (given in the Supporting

Information, in Figures S3-S4.)
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Figure 6. Comparison of successive compression and decompression isotherms for an
oil droplet first after coating with PC:PA (9:1) lipid mixture (a,c), and then after apoLp
111 protein insertion (b,d). The same experiments are performed with the droplet in pure
water (a,b) and in a physiologically relevant buffer, pH ~7.2 (c,d).

For the lipid alone on the droplet surface in both pure water and in buffer, each successive
cycle follows the same path, indicating that the compression/decompression of the lipid monolayer
is reversible (Figure 6 (a,b).) However, these cycles showed significant hysteresis in both cases,
although much less in the buffer solution.

The maximum surface tension attained for the pure lipid monolayer was similar in pure water
and in buffer: ~21 mN/m. With the addition of protein, the pressure saturates at higher values near

28 mN/m. Notice that this is significantly higher than the saturation pressure for the protein without

phospholipid (gray bar in Fig 6b and d).
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In water the decompression/compression cycles for apoLp-III interacting with the PC/PA
monolayer is significantly different from the PC monolayer (Figure 5b). After the first
compression subsequent cycles follow the same path but with large hysteresis between
decompression and compression isotherms. The behavior in buffer on the other hand is similar as

that observed on the pure POPC monolayer.

Discussion

The combination of static and dynamic results gives information about three important ways that
the lipid mixture can influence the interaction of proteins at a lipoprotein interface. First, the lipids
may help attract the protein to the interface. Second, the lipids may help or hinder the protein from
inserting into the interface. Third, the lipids may influence the stability of the proteins at the
interface as the droplets change size by taking up or shedding neutral lipid. For example, a
phosphatidylcholine (PC) monolayer clearly facilitates the adsorption (insertion) of peptides

derived from apoC I and II to the lipid particle surface (25, 26).

Here we investigated not just PC but also mixed lipid monolayers since different lipid
characteristics may be important in these three different roles. POG and to a lesser extent POPE
and POPA belong to a class of lipids with negative spontaneous curvature: they can be visualized
as cone shaped, with a smaller head than tail area (see Table 1). This class of lipid is known (47-
50) to facilitate the interaction of peripheral membrane proteins since defects around the lipid helps
the insertion of the hydrophobic protein domain into the hydrophobic interior of the membrane
bilayer. Similarly, the addition of these lipids to predominantly PC monolayers is likely to lead to

“gaps” between the lipid headgroups to facilitate the insertion of the hydrophobic domain to the
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lipid monolayer. The role these lipids play in apolipoprotein interaction with a neutral lipid particle

has not been extensively investigated to date (32).
Attracting protein to the interface

The surface charge (electrostatic potential) may attract the protein to the interface. The oil
droplet core consists of a neutral lipid, triolein. However, its surface is charged, probably
negatively (57, 52). Lipids at the surface may change the sign and density of that charge. For

example, PA is negatively charged, while PC and PE are net neutral, and POG is uncharged.

The measured Am,,,,, Which characterizes the effective affinity of the protein for the interface
at the limit of low lipid concentration, is significantly greater for PC/PA monolayers than for
monolayers in which all of the lipids are either neutral or net neutral, for both proteins. This
indicates that negative charge attracts the proteins to the interface. Indeed, apoE 3(NT) has a strong
net positive charge in the 4" amphipathic helix (see Supporting Information, Figure S5). However,
depending on pH, apoLp-III tends to be net neutral, with a positive charge in helix 3 and a negative
charge in helix 5 (see Supporting Information, Figure S6). On the other hand, some anionic
residues (aspartic and glutamic acids) can be protonated at interfaces, thereby losing their negative
charge. Hence, the net charge of a protein or peptide at a lipid interface depends strongly on the
pKa of the interfacial amino acid residues in question. The actual charge of the protein at the
interface is thus unknown. However, apoLp-III is clearly attracted to the net negatively charged

interface, underscoring the importance of electrostatics for apoLp-III and apoE 3 NT recruitment.

Once the protein reaches the interface, the proteins must unfold. Indeed, we note that the
mutant form of apoLp-III, whose 1% and 5™ helices are locked, has a significantly lower AT, g,

even though the surface charge of the bundle is similar to the native protein. This clearly
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establishes the critical importance of helix bundle unfolding for efficient lipid interaction (7, 53-

56).

Inserting protein into the interface

A higher MIP means that the hydrophobic domain of the protein can more easily insert and

interact with the neutral core (triolein) of a phospholipid-coated oil droplet. The low MIP we

observed for the mutant protein suggests that helix bundle unfolding plays a major role in protein

interactions at the oil-phospholipid interface. Most of the hydrophobic residues are located in the

interior of the helix bundle. Helix bundle unfolding allows the hydrophobic amino acids access to

the hydrophobic surface of the oil droplet.
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Figure 7. The total change of surface tension due to both apoLp-III and lipid, as a function of
the change of surface tension due to the lipid alone. The black circles indicate POPC alone;

the green diamonds indicate a 9:1 POPC:POPA lipid composition.

The grey rectangle

indicates the change of surface tension due to the protein alone, along with its standard
deviation. (a) The protein is apoLp-Ill. (b) The protein is apoE. All experiments were
performed in a buffer, pH ~7.2.

The values for MIP for apoE 3 (NT) are highest for PC/POG while PC/POPE mixtures have

significantly higher MIP values than that for the PC/POPA or the pure PC. The combined change
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in pressure for the lipid and protein together, Figure 7 and Figure S7 (in the Supporting
Information), gives additional insight. The combined pressure for PC and PC/PA remains
approximately that of the apoE 3 (NT) protein alone. This is consistent with the protein forming
islands within the lipid sea, with no cooperative effects (see Figure 8 and ref. (32)). Whereas, for
PC/POPE and PC/POG (see Figure S6b) the combined pressure exceeds that of the protein, which
implies cooperativity. ApoE3(NT) appears to require lipids with negative spontaneous curvature
(i.e. POG and POPE) in order to adsorb cooperatively. In contrast, apoLp-III shows high insertion,
and high cooperativity, for monolayers of pure PC and PC/POG. Previously, at the air-water
interface, we showed that apoLp-III indeed favors interaction with diacylglycerol monolayers such
as 1-palmitoyl, 2-oleoyl glycerol (57). Here, at the oil-phospholipid-aqueous interface we replicate
this result, and additionally reveal a high degree of cooperativity for a PC monolayer. It is

important to note that the natural interaction partner for apoLp-III is likely diacylglycerol as in

Figure 8. Illustration of non-cooperative interaction (A) and cooperative interaction (B)
between the phospholipid monolayer and apolipoprotein at the oil-aqueous interface.
Based on reference (32).
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Locusta migratoria (the insect from which our apoLp-III was derived), lipophorin (insect

lipoprotein) contains mainly diacylglycerol and not triacylglycerol.

The contrast between apoE 3 NT and apoLp-III indicates different modes of lipid insertion for
the two distinct helix bundle protein domains. Large hydrophobic amino acid residues, such as
tryptophan, phenylalanine, and tyrosine, facilitate protein interaction with the lipid interface (58).
Indeed, apoE has a larger fraction of such residues compared to apoLp-III (Figures S4 and S5).

This may explain, in part, the difference in adsorption behavior between apoE, and apoLp-III.

Stabilizing protein at the interface: dynamic surface tension measurements.

Oscillating the droplet volume, which also oscillates its surface area, models change in
lipoprotein volume as lipids are taken up or consumed. In these experiments, the area change is
limited by about a factor of 2.5 by the stability of the droplet on the syringe tip. How the surface
pressure changes during this oscillation, the surface pressure isotherm, indicates the stability of the

lipid/protein layers at the surface.

Lipid alone

All the lipid cases, in buffer or pure water, show similar behavior: the pressure increases
continuously with decreasing area. On increasing the area again, the pressure abruptly drops. Such
behavior is commonly seen in stiff lipid monolayers, which crack when decompressed. More or
less hysteresis is observed; the most with the PC/PA mixture in pure water and the least with the
PC/PE mixture in buffer. Subsequent compression/decompression cycles repeat the first one,
which indicates that the monolayer has time to reorganize and that none of the material leaves the

interface.
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The surface pressure vs. droplet area isotherms for POPC/POG and POPC/POPA in pure water
showed much more hysteresis than POPC and POPC/POPE or than any of these mixtures in buffer
(See Figure 6 for PC:PA and Figure S4 for PC:POG). Larger hysteresis indicates more work to
reorganize at the surface. Both POG and POPA pack more tightly in a membrane/monolayer (much
smaller headgroup then PC and PE), and have a higher melting temperature. Hence the resulting
monolayers containing POG and POPA are likely to be much stiffer, which follows the observed
hysteresis. The hydrophobic interaction between the monolayer and triolein molecules also affects

the work needed for these molecules to relax over time.

Lipid - Protein

The behavior of the lipid/protein monolayers is strikingly different. In the first compression,
the surface pressure increases continuously only to a point, after which the slope of the increase
decreases substantially. This behavior strongly suggests that the protein, perhaps with some lipid,
collapses out of the interface above a certain pressure: At these pressures, the protein partially or

completely leaves the interface, perhaps taking some of the phospholipid and/or triolein with it.

Upon decompression, the surface pressure of most of the protein/lipid films does not reverse
this path but rather immediately decreases following a path nearly parallel to the initial
compression curve. Further, the recompression isotherm often follows almost exactly the
decompression curve. This behavior implies that the protein, perhaps with some lipid and/or

triolein, irreversibly leaves the oil/water interface.

The isotherms in the presence of buffer, which decreases the Debye length (the characteristic
length over which charge is screened by the redistribution of ions in solution), are significantly

more reversible than those in water. (Note that the pH in this case is also higher.) The removal of
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protein/lipid at a single high pressure is not as apparent in the presence of buffer in the lipid
mixtures, compared to just POPC alone, and the isotherms are nearly reversible for modest

compression, although they become irreversible at higher compressions.

The PC:PA system behaved distinctly differently. With the protein on the interface, in water,
the first compression leads to irreversible rearrangement of the lipid layer: the minimum pressure
decreases from 25 to 5 mN/m. However, succeeding compression/decompression cycles are
reversible, so that after the first compression the lipids and proteins are almost certainly staying
partially bound to the interface. The presence of PA thus seems to facilitate rebinding of the protein
to the interface. We speculate that the negative charge on PA facilitates rebinding. This is

consistent with the observed value of Amtmax, which is highest for the POPA containing monolayer.

Conclusion

These results lead to one clear conclusion and suggests several others. Comparison of the locked
and unlocked versions of apoLp-III clearly indicates the importance of helix-bundle unfolding to
insertion of the protein into the oil/phospholipid/aqueous interface. Unfolding the helix exposes
the hydrophobic residues at the interior, while allowing the charged residues to remain in contact

with the aqueous phase.

Negative charge attracts both proteins to the phospholipid-coated triolein interface. It also
brought protein (apoLp-III) back to the interface in dynamic compression-decompression
experiments. However, negative charge also discouraged cooperative interaction in highly packed
lipid-protein monolayers. In these PA containing monolayers, the protein appears to form islands

within the lipid monolayer, perhaps due to electrostatic repulsion.
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On the other hand, negative spontaneous curvature of POPE and POG, which tends to induce
defects in the phospholipid monolayer, encourages cooperative interaction for apoE, and partially
for apoLp-III. ApoLp-III appears to have a special interaction with diacylglycerol, the natural
interaction partner for this protein. Stiffness of the lipid monolayer plays an important role in

reorganization of the lipid-protein monolayer upon compression and expansion of the lipid droplet.

MD simulations would be useful to confirm and supplement our experimental findings. MD
simulations have already revealed important insights into the structure of the phospholipid
monolayer at a triolein interface. For example, interdigitation of triolein with the acyl chains of
the phospholipid monolayer induces defects in the monolayer not present in lipid bilayers (59).
Additionally, large hydrophobic amino acid residues were shown to have a preferential interaction
with defects in the phospholipid monolayer (6). Future MD simulations using apoLp-III and apoE
will provide further insight into the general mechanisms by which neutral lipid binding proteins

recognize and bind to the phospholipid-oil interface.
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Experimental Set-Up

Figure S1. Schematic of our home-built droplet tensiometer. A) Overview. Indicated are 1.
Back lid light source, 2. Diffuser, 3. Cuvette and syringe platform, 4. Camera. B) Detailed
overview of the cuvette and syringe set-up. Schema curtesy of Bentley Wall.
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Protein alone at oil/water interface
The surface tension of a triolein droplet was measured in the presence of 0.1 nmole/mL of
protein in solution with either pure water or with Tris buffer: 10mM Tris-HCI, 150 mM KCl, 0.2

mM EDTA at pH7.2. Measurements were taken after ~1 hour.

An [mN/m]
apoE 3 (NT) apoLp-I1I
water 21.7£ 1.5
buffer 20.2+ 1.2 21.2+ 1.2

Table S1: The change in surface tension in the presence of 0.1 nmole/mL of one of the protein,
apoE 3 (NT) or apoLp-III.

Insertion of protein into different lipid monolayers on triolein droplets.

Figure S2. Comparison of the insertion of apoE 3(NT) (green circles) and apoLp-III (black
triangles) into a) PC:PE monolayers and b) PC:POG monolayers. Red symbols at my =0
correspond to protein alone, without phospholipids (see Table S1). Tris buffer: 10mM Tris-HCI,

150 mM KCl, 0.2 mM EDTA at pH7.2.
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The dynamics of a protein-phospholipid film on a triolein droplet:

The data in Figures S3 and S4 were taken in the same way as the data in Figures 5 and 6, but
with different lipid mixtures as indicated.
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Figure S3. Comparison of successive compression and decompression isotherms for an oil
droplet first after coating with a 9:1 POPC/POPE lipid (a,c) mixture, and then after apoLp 111
protein insertion (b,d). The same experiments are performed with the droplet in pure water (a,b)
and in a physiologically relevant buffer, pH ~7.2 (c,d).Grey bars in (b,d) represents surface
pressure by just the protein interacting with the neat oil interface.
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Figure S4. Comparison of successive compression and decompression isotherms for an oil

droplet first after coating with a 9:1 POPC/POG lipid (a,c) mixture, and then after apoLp III
protein insertion (b,d). The same experiments are performed with the droplet in pure water (a,b)
and in a physiologically relevant buffer, pH ~7.2 (c,d). Grey bars in (b,d) represents surface
pressure by just the protein interacting with the neat oil interface.
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Helical wheel representations of the two proteins.

GORWELALGRFWDYLRWVQAT QVTQELRALMDETMKELKAYKSEL

Net Hydrophobicity Hydrophobic
Charge moment
1 st Helix +1 0.576 0.355
2" Helix -1 0.200 0.466
34 Helix ] 0.126 0.402
4 Helix +6 0.130 0.426

Figure S5. Helical wheel structure for apoE 3(NT). Each helix is drawn separately. Hydrophobic
surfaces are marked with yellow and gray circles, while, polar amino acids are displayed with red
and blue colors. Table shows the value for hydrophobicity, hydrophobic moment and net charge
for each helix. The figure was prepared using HeliQuest program from protein data bank Infn.pdb.
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15t Helix: 2nd Helix:
IAEAVQQLNHTIVNAAHELHETLG LNLLTEQANAFKTKIAEVTTSLKQE

3rd Helix: 4th Helix:
GSVAEQLNAFARNLNNSIH

5t Helix:
WAPVQSALQEAAEKTKEAAANLQNSIQSAVQ

Net Charge Hydrophobicity Hydrophobic

(H) moment{ uH)
15t helix 0 0.405 0.474
2" helix 0 0.280 0.380
3rd helix +1 0.259 0.510
4t helix 0 0.269 0.413
5th helix -1 0.227 0.400

Figure S6: Helical wheel structure for apoLplll. Each helix is drawn separately. Hydrophobic
surfaces are marked with yellow and gray circles while polar amino acids are displayed with red
and blue colors. Table shows the value for hydrophobicity, hydrophobic moment and net charge
for each helix. The figure was prepared form protein data bank 11s4.pdb.
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Figure S7. The total change of surface tension due to both protein and lipid, as a function of the
change of surface tension due to the lipid alone. The red point-up triangles indicate a 9:1
POPC:POPE lipid composition; the blue point-down triangles indicate a 9:1 POPC:POG lipid
composition. The grey bar indicates the change of surface tension due to the protein alone, along

with its standard deviation. (a) The protein is apoLplll. (b) The protein is apoE. All experiments
were performed in a buffer, pH ~7.2.
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