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(Background: Apolipoprotein C-II (apoC-II) is the cofactor for lipoprotein lipase (LPL), the central enzyme for plasma

Results: ApoC-II adopts two conformations at lipid surfaces that are favored at different surface pressures.
Conclusion: Conformational rearrangement of apoC-II at lipoprotein surfaces promotes interaction with LPL.
Significance: Our mechanism explains how apoC-II withstands increases in surface pressure during LPL-mediated lipoprotein
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Apolipoprotein C-II (apoC-II) is the co-factor for lipoprotein
lipase (LPL) at the surface of triacylglycerol-rich lipoproteins.
LPL hydrolyzes triacylglycerol, which increases local surface
pressure as surface area decreases and amphipathic products
transiently accumulate at the lipoprotein surface. To under-
stand how apoC-II adapts to these pressure changes, we charac-
terized the behavior of apoC-II at multiple lipid/water inter-
faces. ApoC-II adsorption to a triacylglycerol/water interface
resulted in large increases in surface pressure. ApoC-II was
exchangeable at this interface and desorbed on interfacial com-
pressions. These compressions increase surface pressure and
mimic the action of LPL. Analysis of gradual compressions
showed that apoC-II undergoes a two-step desorption, which
indicates that lipid-bound apoC-II can exhibit at least two con-
formations. We characterized apoC-II at phospholipid/triacyl-
glycerol/water interfaces, which more closely mimic lipoprotein
surfaces. ApoC-II had a large exclusion pressure, similar to that
of apoC-I and apoC-III. However, apoC-II desorbed at retention
pressures higher than those seen with the other apoCs. This
suggests that it is unlikely that apoC-I and apoC-III inhibit LPL
via displacement of apoC-II from the lipoprotein surface. Upon
rapid compressions and re-expansions, re-adsorption of apoC-
II increased pressure by lower amounts than its initial adsorp-
tion. This indicates that apoC-II removed phospholipid from
the interface upon desorption. These results suggest that
apoC-II regulates the activity of LPL in a pressure-dependent
manner. ApoC-II is provided as a component of triacylglycerol-
rich lipoproteins and is the co-factor for LPL as pressure
increases. Above its retention pressure, apoC-II desorbs and
removes phospholipid. This triggers release of LPL from
lipoproteins.
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Human apolipoprotein C-1I (apoC-1I)* is a 79-amino acid
protein that is synthesized in the liver and intestine and circu-
lates in plasma as a component of high-density lipoproteins
(HDLs), very low-density lipoproteins (VLDLs), and chylomi-
crons (1-3). ApoC-II plays an essential role in the metabolism
of plasma lipid as the cofactor for lipoprotein lipase (LPL) (4, 5).
LPL hydrolyzes triacylglycerol (TG) and produces fatty acids
and monoacylglycerol for uptake by adipose, muscle, and other
tissues (6). LPL activity produces remnant particles from VLDL
and chylomicrons, having =50% of the TG in substrate parti-
cles (7, 8). Defects in the structure or production of apoC-II and
some other gene products share the phenotype of LPL defi-
ciency in humans, hypertriglyceridemia and chylomicronemia
(1,9, 10).

Although the molecular details of the mechanism of LPL
activation by apoC-II are largely unknown, significant progress
has been made in elucidating the interactions between apoC-II,
LPL, and lipid required for LPL activation. The N-terminal
region of apoC-II is responsible for lipid binding, whereas the
C-terminal one-third of the molecule contains the structures
needed for LPL activation, as shown by in vitro assays using
synthetic fragments of apoC-1I, lipid substrates, and LPL (11—
15). Lipid-free apoC-II has little a-helical content, as shown by
far-UV circular dichroism (CD) (16). Binding of apoC-II to
micelles of SDS or dodecylphosphocholine induces a-helical
structure in 60% of the apoC-1I sequence (17-20).

NMR structural analyses of apoC-II bound to SDS micelles
showed helical structure in both the N- and C-terminal regions
of the molecule (17, 19). Residues 14-38 form a class A
amphipathic a-helix (Fig. 1), which is characterized by a large
(30-50%) apolar face subtending less than 180°, positively
charged residues at its polar/nonpolar interface, and negatively
charged residues along its polar face (21-23). This type of helix

2The abbreviations used are: apo, apolipoprotein; TG, triacylglycerol; LPL,
lipoprotein lipase; TO, triolein; POPC, 1-palmitoyl-2-oleoylphosphatidyl-
choline; SUV, small unilamellar vesicle; TO/W, triolein/water; POPC/TO/W,
palmitoyloleoylphosphatidylcholine/triolein/water; mN, millinewtons;
HFIP, hexafluor-2-proponal; PNPC, 1-palmitoyl-2-{12-[7-nitro-2-1,3-ben-
zoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocholine.
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is well suited for binding lipid. Residues 50 —54 (central helix)
and 63-76 (C-terminal helix) of apoC-II form class G
amphipathic a-helices (Fig. 1), which are characterized by a
random radial distribution of positively and negatively charged
residues on the polar face (23). The C-terminal helix exhibited
significantly higher levels of motion on the nanosecond time
scale than the N-terminal helix (19). This suggests that the
C-terminal helix can disengage from lipid surfaces, and this
motion is supported by the less perfect helical structure of res-
idues 58 -63 (17, 19). The region spanning residues 40— 65 is
disordered in NMR structures of apoC-II-dodecylphospho-
choline complexes (18), which suggests that helical structure
formed in this region varies with different lipid-bound confor-
mations of apoC-II molecules.

Four residues (Tyr-63, Ile-66, Asp-69, and GIn-70) located
on the same face of the C-terminal helix and exposed to solvent
in NMR structures form a binding site for LPL (19, 24, 25). In
vitro LPL activity assays showed that replacement of any of
these four residues with alanine decreases the affinity of
apoC-II for LPL and the catalytic activity of the LPL-apoC-II
complex (24). Replacement of all four residues with alanine
inhibits LPL activity. Disruption of the secondary structure of
the C-terminal helix in apoC-II also impairs LPL activation
(25). Together, these results indicate that the C-terminal helix
forms an LPL binding site, whereas the N-terminal helix of
apoC-II binds lipid. In vitro assays with LPL, apoC-II-deficient
chylomicrons, and apoC-II peptides show that lipid binding of
the N-terminal helix is required for the activation of LPL (26).
In a recent study, a mimetic peptide that contained the C-ter-
minal helix of apoC-II and a lipid-binding class A amphipathic
helix was designed (27). This peptide enhanced cholesterol
efflux from ABCA1-transfected cells and stimulated LPL-me-
diated lipolysis in several systems.

ApoC-II is not required for binding of LPL to lipid surfaces
(14, 15, 28). Rather, apoC-II regulates LPL activity at lipid sur-
faces in ways that are highly dependent on surface pressure, as
shown by surface chemistry studies (14, 15). Surface pressure
(IT) correlates with the density of amphipathic molecules at
lipid surfaces and is defined as the difference between the ener-
gies required to maintain various lipid/water interfaces (29, 30).
As LPL hydrolyzes TG and produces amphiphilic fatty acids
and monoacylglycerols, these transiently accumulate increas-
ing surface lipid density and surface pressure (31). LPL is active
at mixed TG/phospholipid and pure phospholipid monolayers
of lower surface pressures but requires apoC-II for activity
above a critical pressure (14, 15). These results and others (28)
suggest that apoC-II interacts with LPL to induce correct align-
ment of the complex at the lipoprotein surface and facilitate
substrate exposure to the catalytic site at higher pressures.

We hypothesize that the lipid-bound conformation of
apoC-II strongly depends on surface pressure. As lipoprotein
surface pressure increases, the surface area per lipid-bound
apoC-II molecule decreases (32). Protein conformation proba-
bly changes, and mobility of the C-terminal helix may allow this
region to desorb from lipid and interact with LPL. We speculate
that the ability of apoC-II to remain bound to remnants of
VLDL or chylomicrons as pressure increases during TG hydro-
lysis limits LPL activity. Above the retention pressure of apoC-
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11, protein molecules desorb from the remnants and transfer to
HDL (33). Transfer between lipoproteins is negatively cooper-
ative, such that apoC-II desorbs as steric crowding of protein
and lipid molecules becomes too great on the lipid surface (34).

To probe the relation between apoC-II and lipoprotein sur-
face pressure, we used oil-drop tensiometry (30, 35) to charac-
terize the behavior of human apoC-II at triolein/water (TO/W)
and 1-palmitoyl-2-oleoyl-phosphatidylcholine/triolein/water
(POPC/TO/W) interfaces. TO is a common TG, and POPC is
the most abundant phospholipid on lipoproteins. The TO/W
interface provides a model for protein interactions with a TG
core, a component of all TG-rich lipoproteins. POPC/TO/W
interfaces more closely resemble the surface of nascent, choles-
terol-poor lipoproteins (36). ApoC-II adsorption to TO/W and
POPC/TO/W interfaces induces changes in surface pressure,
reflective of the ability of apoC-II to remodel the lipoprotein
surface (30-32, 37). Expansion and compression of these inter-
faces mimic the pressure changes induced by LPL activity (31,
32). Gradual compression of these interfaces reveals the pres-
sures at which lipid-bound apoC-II molecules undergo confor-
mational rearrangements (30-32, 37). These conformational
rearrangements were probed by study of N- and C-terminal
apoC-II fragments.

Experimental Procedures

Expression and Purification of Apolipoprotein—Human apoC-
II cDNA was cloned into pET29a(+) followed by an N-terminal
His, tag (24). The pET-histag-hapoC-II plasmid was trans-
formed into Epicurian coli BL21-condonPlus (DE3)-RIL com-
petent cells (Stratagene) as described previously (24, 25, 38).
Transformed bacteria were grown at 37 °C until A4, = 1.0 (24).
Temperature was lowered to 16 °C, and after 1.5 h, expression
of human apoC-II was induced overnight with 0.5 mm isopropyl
1-thio-B-p-galactopyranoside. Bacteria were harvested by cen-
trifugation (3800 rpm (Beckman J-6B) for 20 min at 4 °C), and
cell lysis was performed using denaturing conditions followed
by purification by nickel-nitrilotriacetic acid-agarose as
described previously (24, 38). Briefly, use of buffers containing
8Murea, 0.1 M NaH,PO,, and 0.01 M Tris-Cl produced a discon-
tinuous gradient from pH 8.0 to 4.5 (38). Fractions with high
protein content (eluting at different pH) were pooled and dia-
lyzed against 6 M urea, 10 mm Tris, pH 8.0, followed by DEAE-
ion exchange chromatography using a continuous Tris gradient
ranging from 10 to 115 mM in 6 M urea, pH 8.2. Fractions with
the expected molecular weight of histag-hapoC-1J, as judged by
SDS-PAGE, were pooled and dialyzed for 24 h at 4 °C against
ammonium bicarbonate and lyophilized.

Human apoC-III cDNA was cloned into pET23b followed by
a C-terminal His, tag (39). This plasmid was expressed, and
apoC-III protein was purified as described previously (40). For
both apoC-II and apoC-III, lyophilized protein was divided into
small aliquots and frozen at —20 °C. The protein was over 95%
in purity, as determined by SDS-polyacrylamide gels, MALDI-
TOF mass spectrometry, and high performance liquid chroma-
tography (HPLC).

Prior to interfacial studies, aliquots of apoC-II or apoC-III
were thawed and solubilized with hexafluor-2-proponal (HFIP)
at a concentration of 2.5 mg/ml. For interfacial studies, protein
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Residues 14-38

Residues 63-76

FIGURE 1. Helix wheel diagrams of the large N-terminal (/eft) and C-termi-
nal (right) a-helices in lipid-bound apoC-Il. The N-terminal helix (left) is a
lipid-binding class A amphipathic helix, characterized by an apolar face
(marked by a dashed line) of nine hydrophobic residues (yellow), basic resi-
dues (blue) at the polar/apolar lipid/water interface, and acidic residues (red)
along the polar face. The C-terminal helix (right) is a class G helix, character-
ized by a random radial distribution of basic (blue) and acidic (red) residues.
The four residues that interact with LPL (Tyr-63, lle-66, Asp-69, and GIn-70)
have a thicker, dark blue edge. Polar residues are gray, and glycine is pink.

was injected into 7 ml of phosphate buffer at concentrations of
0.2-12.5 pg/ml. At these protein concentrations, HFIP repre-
sented 0.005—0.5% of the total volume. At protein concentra-
tions at which most experiments were conducted (<8 ug/ml),
HFIP had no effect on interfacial tension. At protein concen-
trations of >8 pg/ml, HFIP decreased interfacial tension by 1-2
mN/m. Protein concentration was determined by the Lowry
protein assay and absorption at 280 nm. Far-UV circular dichro-
ism showed that lipid-free apoC-II (at a concentration of 0.02
mg/ml in buffer with 0.8% HFIP) had 21 * 5% a-helix, which is
consistent with previous results (24, 41).

Synthesis of ApoC-1I Peptide Fragments—Peptide fragments
representing the 25 residues of the N-terminal helix (residues
14-38; FLTQVKESLSSYWESAKTAAQNLYE) and 30 resi-
dues of the C-terminal region (residues 50—-79; RDLYSKSTA-
AMSTYTGIFTDQVLSVLKGEE) of apoC-II (Fig. 1) were
obtained commercially by solid state synthesis and purified by
HPLC to >91% purity at 21st Century Biochemicals. The N
termini of the peptides were acetylated. The C termini of the
25-residue fragments were amidated. The identity and purity of
the proteins were confirmed by collision-induced dissociation
tandem mass spectrometry. Prior to interfacial studies, aliquots
of peptide were solubilized at a concentration of 2 mg/ml in
solutions of HFIP and 5 mm sodium phosphate buffer at a 1:4
(v/v) ratio.

Lipids—Triolein (>99% pure) was purchased from NU-
CHEK PREP, Inc. (Elysian, MN). Its interfacial tension was ~32
mN/m at 25.0 £ 0.2 °C. POPC, dissolved in chloroform at 25.0
mg/ml, was purchased from Avanti Polar Lipids (Alabaster,
Alabama) and stored at —20 °C. Purity of both lipids was
checked using high-dose thin layer chromatography. POPC
was dried under nitrogen and resuspended in 5 mm sodium
phosphate buffer, pH 7.4, at 2.5 mg/ml. POPC in buffer was
sonicated for 60 min with a pulsed duty cycle of 30% to form
small unilamellar vesicles (SUVs) with diameter of ~22 nm
(42, 43).
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Interfacial Tension (y) and Surface Pressure (I11) Mea-
surements—An oil-drop tensiometer designed by Teclis Instru-
ments (Longessaigne, France) was used to measure the vy of
lipid/water interfaces (30, 35). y is the energy required to create
one new cm? of surface (i.e. y = ergs/cm”® or mN/m) and is
higher for apolar versus polar interfaces (29, 30). All tensiom-
etry experiments were conducted at 25.0 £ 0.2 °C in a thermo-
stated system and repeated at least three times.

To create TO/W interfaces, triolein drops of 16 ul were
formed at the tip of a J-needle submerged in 7 ml of bulk buffer.
The bulk buffer was 5 mm sodium phosphate buffer at a pH of
7.4 or 5.9. TO/W interfaces stabilized at y;o = 32.0 = 1.0
mN/m, independent of pH. Adsorption of amphipathic mole-
cules (i.e. phospholipid and apolipoprotein) to this interface
shields TO from the aqueous phase and decreases y. To create
POPC/TO/W interfaces, triolein drops of 16 ul were formed in
bulk buffer containing 0.75-1.25 mg of POPC. After POPC
adsorbed to the triolein drop, the buffer was exchanged with
250 ml of POPC-free buffer, as described previously (42). This
washout removed >99.9% of the original buffer and all POPC
SUVs suspended in the bulk phase. For POPC/TO/W inter-
faces after a washout, y = 23.0-25.5 mN/m.

Varied amounts of apoC-II were added to the bulk phase to
obtain different protein concentrations (0.2-12.5 ug/ml).
ApoC-II is monomeric at these concentrations over the time
scales of our experiments (16, 41). ApoC-II adsorbed to TO/W
and POPC/TO/W interfaces, and y was monitored continu-
ously as it fell to an equilibrium value (y,,) (Figs. 24 and 34).
Surface pressure (IT) was defined as the difference in y between
a pure TO/W interface (yro = 32.0 mN/m) and the interface
with bound POPC and/or protein (IT = yo — ). The initial
pressures (II,) of POPC/TO/W interfaces were calculated as
the difference between 7y, and vyafter POPC adsorption,
whereas I, of a TO/W interface was 0 mN/m. After apoC-II
adsorption, the equilibrium pressure of TO/W and POPC/
TO/W interfaces was calculated as I, = y1o = 7Veq The
change in pressure (AIl) of lipid/water interfaces due to
apoC-II adsorption was Al = II - IT,.

Exclusion Pressure (I1,) Measurement—I1 for apoC-II is
the surface pressure above which the protein cannot bind and
insert into POPC/TO/W interfaces (42, 44). With respect to
tensiometry experiments, Il y is the pressure of a POPC/
TO/W interface at which the addition of apoC-II to the bulk
phase leads to no adsorption-induced change in surface pres-
sure (AIl = 0 mN/m).

After POPC adsorption and a 250-ml washout, the initial
pressure of POPC/TO/W interfaces was II, = 5.5-9.5 mN/m.
To achieve a larger range of II; values, TO drop volume was
increased or decreased at a rate of 1.2 pl/min, decreasing or
increasing I1 to new II, values (Fig. 3). All values from apoC-II
adsorption were plotted against II, (Fig. 3B). Linear regression
was applied to the data, and the x intercept represented I (i.e.
the II, at which AII = 0 mN/m). The surface concentration of
POPC (I'popc) was also calculated from the I1; of each POPC/
TO/W interface, as described previously (42).

Compression and Expansion of Lipid/Water Interfaces—As
an exchangeable apolipoprotein, bound apoC-II should desorb
from lipid/water interfaces. Two protocols were used to char-
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acterize desorption of apoC-II from TO/W and POPC/TO/W
interfaces.

The first protocol involved a series of rapid compressions
and expansions of the lipid/water interfaces. After apoC-II
adsorption lowered 7y of either type of interface to v,
(increased Il to I1,), the interface underwent a series of com-
pressions and expansions as TO drop volume (16 ul initially)
was rapidly decreased or increased by 1.3—8 ul (Figs. 44 and
9A). Decreases in volume, or compressions, correlated with
decreases in surface area (A) and resulted in abrupt decreases in
7v. After each compression, the TO drop was held at reduced
volumes for >5 min. As apoC-II desorbed from the surface, y
rose toward new equilibrium values (observed as desorption
curves). Increases in volume back to 16 ul upon interfacial
expansions correlated with increases in surface area and
resulted in abrupt increases in 7y to values above the initial .
ApoC-II re-adsorbed from the bulk phase and v fell toward the
initial v, (observed as readsorption curves).

The second protocol involved the gradual expansion and
compression of TO/W or POPC/TO/W interfaces. For inter-
faces of various 11, apoC-II was added to the bulk phase, and
protein adsorption to the interface lowered v to v,,. Buffer was
exchanged with 150 ml of protein-free buffer, removing
apoC-II from the bulk phase. Drop volume was increased at a
rate of 1.2 ul/min to V > 30 ul (Figs. 3—5). Volume was held
constant for >2 min and decreased at 1.2 ul/min to various
terminal volumes. Pressure-area (II-A) isotherms were calcu-
lated from the y and surface area (A) profiles of each compres-
sion and expansion, as described previously (42).

Measurement of Retention Pressures (1., )—The retention
pressure of apoC-II at a lipid/water interface is the maximum
surface pressure apoC-1I molecules withstand before they de-
sorb from the interface. Our laboratory has used envelope pres-
sure (I;y,) to refer to retention pressure (i.e. the highest
pressure at which a peptide can be retained on an interface
before being ejected) (31, 45).

To determine Il values of apoC-II at TO/W and POPC/
TO/W interfaces, the II-A isotherms from gradual interfacial
expansions and compressions were analyzed (Figs. 4—6). A
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spline fit (i.e. a piecewise polynomial) with a smoothing param-
eter between 0.25 and 0.6 was applied to each isotherm (Figs.
4B, 5B, and 6A). The slope of the isotherm was determined by
calculating the first derivative of the spline fit, using Matlab’s
Curve Fitting toolbox. The slope (dI1/dA) of compression iso-
therms to areas smaller than the retention area (A g\) followed
this trend. 1) The slope (dII/dA) decreased as the change in
pressure (dIT) became more negative for incremental decreases
inarea (dA). This occurred because vacant binding sites present
on the expanded interface were eliminated, and the density of
surface-active amphipathic molecules increased. 2) The slope
reached a minimum. As area continued to decrease, dII/dA
increased as dII became less negative for each dA. This mini-
mum represented a turning point (4, I1;,), above which bound
apoC-II molecules at least partially desorbed to relax the sur-
face and reduce the dII for each dA. 3) The slope reached a
plateau near dIT/dA = 0. This point represented the envelope
point (Agays Hgny), above which bound apoC-II molecules
completely desorbed from the surface. Increases in pressure
were minimized (dII = 0 mN/m) as area decreased further,
indicating that peptide was leaving the surface phase and par-
titioning to the bulk phase. All of the tensiometry protocols
described above were repeated for human apoC-III for the sake
of comparison.

Results

ApoC-II Binds to Lipid/Water Interfaces with High Affinity
Resulting in Large Surface Pressure Modifications—This study
characterized the effects of apoC-II adsorption on the surface
pressure of lipoprotein-like lipid/water interfaces, which reflect
the ability of apoC-II to bind and insert into the interfaces. Fig.
2A shows a set of interfacial tension-time curves for apoC-II at
a TO/W interface. Tension values were converted to surface
pressures (Fig. 24, inset). For bulk phase concentrations of 1.25
and 2.5 pug/ml, apoC-II adsorption increased surface pressure
by AII = 18.2-19.0 mN/m.

The ability of apoC-II to modify a TO/W interface increased
with lower bulk phase pH (Fig. 2A4) or with greater bulk phase
concentration (Fig. 2B). If the pH of the bulk phase was
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decreased to approach the isoelectric point of apoC-II (pI =
5.6), apoC-II adsorption to a TO/W interface resulted in
greater AIl. At an apoC-II bulk phase concentration of 1.25 and
2.5 ug/ml, AT increased to 20.1-20.7 mN/m (Fig. 24, inset).
The change in pH had no effect on y of a clean TO/W interface.

As the concentration of apoC-II was increased in the bulk
phase, I, increased up to a saturation pressure of I, = 22.1
mN/m at concentrations of =7.2 ug/ml (Fig. 2B). This result
suggests that lipid-free and lipid-bound forms of apoC-II are in
a concentration-dependent equilibrium that influences II.,
(32, 46). As the concentration of lipid-free apoC-II increases,
the concentration of lipid-bound apoC-II increases until, at sat-
uration, no binding sites are available at the lipid surface. A pH
of 7.4, reflective of the pH of plasma, was used for the remainder
of experiments unless otherwise noted.

The ability of apoC-II to remodel POPC/TO/W interfaces
was determined for several I'popc values. After POPC adsorp-
tion to a TO drop and a washout to remove POPC in the bulk
phase, the II, could be changed by increasing or decreasing
drop volume (Fig. 3A). I, was used to determine I'popc in units
of umol/m? or as a percentage of TO drop coverage by POPC,
as described previously (42). AIl values were recorded for
apoC-II adsorption to interfaces of various I'popc and plotted
as a function of II; (Fig. 3B). A linear fit was applied to the
data, and the x intercept represents the Ily. At IT =TIy, lipid-
free apoC-II cannot insert into POPC/TO/W interfaces, and
AIT = 0 mN/m. The IT.« of apoC-II was 32.2 mN/m, which is
similar to Il of apoC-II at an egg PC/air interface (~30
mN/m) (15).

ApoC-II Desorbs from Lipid/Water Interfaces at High Surface
Pressures—This study also characterized the effect of increases
in surface pressure on the ability of apoC-II to remain bound to
lipoprotein-like lipid/water interfaces, which mimics the
response of apoC-II to LPL activity at the lipoprotein surface
(15, 31). Our results indicate that apoC-II dissociates from a
TO/W interface upon instantaneous increases in II. Fig. 44
shows vy and area changes during rapid compressions and
expansions of an apoC-II/TO/W interface. Rapid compressions
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in volume correlated with decreases in surface area and resulted
in sharp decreases in surface tension (marked by asterisks for
the first two compressions in Fig. 44). In the 10-15 min after
each compression, y gradually returned to the initial equilib-
rium, 7, This suggests that apoC-II molecules desorb from
compressed interfaces.

Re-expansions from compressed volumes correlated with
increases in surface area. This resulted in sharp increases in
surface tension to values higher than v,,, which indicates that
vacant binding sites are present on the re-expanded surface. As
apoC-II from the bulk phase adsorbed to these binding sites, y
fell to the initial y,,. The vy profile was markedly different for
rapid compressions and expansions of apoC-II/TO/W inter-
faces after apoC-II was removed from the bulk phase by a wash-
out (data not shown). After each compression, vy rapidly
decreased and then slowly increased as apoC-1I desorbed from
the surface. After each expansion, vy rapidly increased above v,
and remained at elevated levels because no apoC-II was present
in the aqueous phase to bind to the newly exposed binding sites.
Altogether, these results suggest that apoC-1I molecules desorb
from lipid/water interfaces as Il increases above the retention
pressure of the protein.

The retention or envelope pressure of apoC-II at a lipid/wa-
ter interface is the maximum surface pressure that apoC-II
molecules can withstand before they desorb from the interface.
Because the rate of increases in II correlates with the rate of
interfacial compression, retention pressure is most directly
observed from gradual compressions. The right-hand side of
Fig. 4A shows <y and area changes during the gradual, post-
washout expansion and compression of an apoC-II/TO/W
interface. After a 150-ml washout, vy gradually increased (II
decreased) as the TO drop volume was expanded at a rate of 1.2
pl/min from 16 to 30.3 pl. This indicates that more TG is
exposed at the surface as the drop is expanded, increasing the
energy cost () to maintain the TO/W interface.

In contrast, vy gradually decreased (II increased) as the TO
drop volume was compressed at a rate of 1.2 ul/min from 30.3
to 5.5 ul. The vy values during compression were converted to 1

JOURNAL OF BIOLOGICAL CHEMISTRY 18033



ApoC-Il Adopts Multiple Conformations at Lipid Surfaces

>

r 110
30 100
90
80
21 [70
60
50
40
64 30
3 F20

Interfacial Tension [mMN/m]
.a
[ZLULU] ealy 20euNg

T T T T T T 10
0 50 100 150 200 320 360 400
Time [min]

24 118
20 :
— Compression |12
£ 16 — o
©
E 12 06 @
g 8_ %
g 00 £
2 ¢ =
9] 3
R 06 z
8 4] 1-Tuming Point 2
& 4 - Turning Poin =
5 8] 2-Envelope Point 1-1-2 §
%] 2
-12 1.8

15 18 21 24 27 30 33 36 39 42 45
Surface Area (A) [mm?]

FIGURE 4. Desorption of apoC-Il from a TO/W interface is a two-step process. A, example of rapid and gradual compressions of apoC-Il/TO/W interfaces.
ApoC-ll was added to the aqueous phase at 2.5 ug/ml. After apoC-ll adsorption to a TO drop (V = 16 ul) lowered y to y., = 13.3 mN/m, the drop volume was
rapidly compressed and re-expanded in increments of =1.5, =3.3, =5.3, and =7.4 ul. Asterisks mark the minimum tension for the first two compressions.
ApoC-ll was then removed from the bulk phase by a 150-mlwashout (black bar, 8.35 ml/min for 18 min starting at 320 min), and yincreased to 15.4 mN/m.From
367 to 374.8 min, drop volume was expanded at 1.2 ul/min to 30.3 ul (area = 45.8 mm?). From 380 to 393.8 min, drop volume was compressed at 1.2 pl/min
to 5.5 ul (area = 14.0 mm?). B, the compression I1/A isotherm of apoC-II/TO/W interfaces shows two significant inflection points. From the experimentin A,
values during the gradual, post-washout compression were converted to II values and plotted against area (black line). The direction of compression is
indicated by an arrow. A spline fit of smoothing parameter 0.5 was applied to this I1/A isotherm. The first derivative of the fit gave slope values (dI1/dA), which
were plotted against area (gray line). As area decreased, the slope profile featured a minimum at the turning point (7) and the start of a plateau at the envelope
point (2), which both indicate a relaxation in II due to partial or complete desorption of apoC-Il molecules.

values and plotted against surface area (Fig. 4B). The slope (dI1/
dA) of the compression II/A isotherm was determined and
plotted against area (Fig. 4B). As area decreased, dII/dA
decreased to a minimum value of —1.7 (mN/m)/mm? at A =
31.7 = 0.3 mm? (point 1 in Fig. 4B) and then increased as area
decreased to 27.0 mm?. For A = 27.0 + 0.3 mm? (point 2 in Fig.
4B), dI1/dA approached an asymptote of dII/dA = 0 (mN/m)/
mm?. Surface areas of 31.7 * 0.3 and 27.0 = 0.3 mm? corre-
spond to pressures of 16.7 £ 0.2 and 20.3 = 0.3 mN/m on the
IT/A isotherm. This experiment was repeated five or more
times at different pre-washout concentrations of apoC-1I, and
the values for these inflection points were the same.

These results suggest that, as area decreases to 31.7 mm?, TG
partitions from the surface to the core, and II increases as vy
decreases. As a result, the absolute value of dII/dA increases. At
A = 31.7 mm?, II returns to the post-washout IT of the apoC-II
interface (see below), which suggests that all vacant binding
sites created by expansion have been eliminated. As area
decreases to 27.0 mm?, apoC-II molecules partially or com-
pletely desorb from the interface to relax the surface. As a
result, the absolute value of dII/dA decreases. As area decreases
further, apoC-II molecules completely desorb from the interface
such that dIT/dA is approximately equal to 0 (mN/m)/mm?,

To probe the nature of apoC-II desorption between A = 31.7
and 27.0 mm?, experiments similar to that in Fig. 44 were con-
ducted but with multiple sets of gradual expansions to V = 31.8
pl and compressions to various, decreasing terminal volumes
(Fig. 5). Terminal volumes for the compressions in Fig. 54 cor-
related with surface areas outside and within the region of
interest: 27.0 mm?* = A =< 31.7 mm?. The first compression
(red) ends at A = 35.0 mm?, and the second compression (blue)
ends at A = 29.2 mm? (Fig. 5B). The third expansion (cyan)
overlays with the first expansion (black), which indicates that
none of the apoC-II molecules bound to the interface had de-
sorbed from the interface during the first or second compres-
sions. The third compression (magenta) ends at A = 22.7 mm?
and overlays with the first compression (Fig. 5B). The I1/A iso-
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therms and their slopes closely overlay for the first three com-
pressions. These results strongly indicate that part of the lipid-
bound apoC-II molecule desorbs between pressures of 16.7
mN/m (I1;,) and 20.3 mN/m (Ilz.,), such that IT/A isotherms
are reversible to II < 20.3 mN/m (i.e. the region of the apoC-II
molecule that is off of the surface can snap back on during
re-expansion).

As 1T exceeds 20.3 mN/m, apoC-II molecules desorb from a
TO/W interface. With less apoC-II at the lipid/water interface,
subsequent expansion and compression II/A isotherms are
markedly shifted to the left (i.e. lower areas). This was observed
for the fourth and fifth sets of expansions and compressions in
Fig. 5B. Similar results were observed upon repetition of this
experiment (n = 4). In sum, these results indicate that part of
the apoC-II molecule begins to desorb from a TO/W interface
at IT = 16.7 mN/m. The apoC-II molecule completely desorbs
at IT = 20.3 mN/m. These pressures and their corresponding
areas were identified as partial points (A, II;) and envelope
points (Agvs Heny) upon compression T1/A isotherms for
apoC-Ilata TO/W interface in Figs. 4B and 5B. AtA = A, 11 =
15, apoC-II molecules begin to partially detach from a lipid
surface, whereas at A < Ay, I1 = Ty, apoC-1I molecules
begin to completely desorb from the surface. The retention
pressure (Ilgyy, of apoC-II at a TO/W interface is 20.3 * 0.2
mN/m.

A two-step protein desorption was also evident in the [T/A
compression isotherms of apoC-II/POPC/TO/W interfaces
(Fig. 6A). Experiments similar to those in Fig. 34 were con-
ducted over a range of II; and I'pope values. In addition to
converting values of y during compression to II, area values
were converted to area per POPC molecule as described previ-
ously (42). This conversion standardized the compression iso-
therms to the amount of POPC present at POPC/TO/W inter-
faces. I[I/A compression isotherms were plotted for apoC-II/
POPC/TO/W interfaces of various I'popc (Fig. 64). As I'pope
increased, II/A isotherms shifted to the left. This indicates that
apoC-II molecules desorb at smaller areas for greater POPC/
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For comparison, data for I1, and Il for apoC-Il are shown within the frame for a TO/W interface. x and y error bars, S.D. from n = 2-5 experiments.

apoC-II ratios at the lipid surface. The pressures at which
apoC-II molecules partially (I1;) and completely (I1z,,) desorb
from POPC/TO/W interfaces were plotted as a function of
INpope (Fig. 6B). Both I, and Ilg. increased as I'popc
increased. This suggests that POPC increases the affinity of
apoC-II, in any conformational state, for the lipid/water
interface.

The N Terminus of ApoC-II Mediates Binding to Lipid
Surfaces—Compression isotherms (Figs. 4—6) indicate that
that lipid-bound apoC-II exhibits various conformations differ-
ing in the area occupied at the lipid surface. To test the hypoth-
esis that the N-terminal helix anchors apoC-II to the lipid
surface, whereas the C-terminal helix exhibits multiple confor-
mational states, we characterized the adsorption and desorp-
tion of peptide fragments at the TO/W interface (Fig. 7).

Two peptides were synthesized to model the N- and C-ter-
minal helices of apoC-II, as described under “Experimental
Procedures.” Each peptide was added to the aqueous phase at
2.85 wg/ml and adsorbed to a TO drop (Fig. 7). The N-terminal
peptide induced AIl = 13.7 mN/m (Fig. 7A), whereas All was
SASBMB
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significantly lower (8.9 mN/m) for the C-terminal peptide (Fig.
7B). These All were smaller than that of full-length apoC-Il at a
similar concentration (AIl = 18.7 mN/m), which indicates that
under these conditions, both helices coordinate the lipid bind-
ing of apoC-IL

Two sets of experiments were conducted to see if the N-ter-
minal peptide could displace the C-terminal peptide from lipid
surfaces. In one set, the C-terminal peptide was added to the
aqueous phase after the N-terminal peptide had adsorbed to the
TO/W interface and decreased y to v, = 18.3 mN/m (Fig. 7A4).
Tension did not change, which indicates that the C-terminal
helix cannot insert into the interface and displace the N-termi-
nal helix. In the second set of experiments, the N-terminal pep-
tide was added to the aqueous phase after adsorption of the
C-terminal peptide decreased y to y., = 23.1 = 0.1 mN/m (Fig.
7B). Tension decreased to vy,, = 18.5 mN/m, which corre-
sponds to a net AIT = 13.5 mN/m, which mirrors that of N-ter-
minal adsorption to the TO/W interface in the absence of the
C-terminal helix. These trends were also observed at POPC/
TO/W interfaces (data not shown). These results indicate that
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FIGURE 7. The N-terminal domain of apoC-ll mediates adsorption and desorption at the TO/W interface. A, the C terminus of apoC-Il is unable to displace
the N terminus. The N-terminal peptide was added to the aqueous phase at 2.85 ug/ml. Adsorption to a TO drop (V = 16 ul) lowered yt0 y.q = 18.3 mN/m.The
C-terminal peptide was added to the aqueous phase at 25.8 and 49.8 min (marked by arrows) to final concentrations of 2.85 and 5.70 ug/ml. There were no
significant changes in 7. Drop volume was rapidly compressed and re-expanded in increments of =2.1, £4.0, =6.0, and =8.0 ul. In each case, re-adsorption
decreased yto y,q = 18.2 = 0.1 mN/m. B, the N terminus of apoC-ll displaces the C terminus. The C-terminal peptide was added to the aqueous phase at 2.85
g/ml. Adsorption to the TO/W interface lowered 7y to y.q = 23.1 mN/m. The N-terminal peptide was added to the aqueous phase at 31.1 min (marked by an
arrow) to a concentration of 2.85 ug/ml. y decreased to vy, = 18.5 mN/m. All peptide was removed from the bulk phase by a washout (black bar, 6.26 ml/min
for 25 min starting at 65.5 min). Drop volume underwent two sets of gradual expansions and compressions at a rate of 1.2 ul/min. C, the N terminus adsorbs
faster than the C terminus. The N- and C-terminal peptides were added in equal weight ratios to the aqueous phase at 4.6 ng/ml. Adsorption to the TO/W
interface lowered vy to v, = 18.6 mN/m. The drop volume was rapidly compressed and re-expanded in increments of +3.8, +5.7, £8.0,and +8.7 ul.In each
case, re-adsorption decreased yto v, = 18.6 mN/m. D, the N terminus desorbs at higher pressures than the C terminus. From experiments similar to those in
B, I1/A compression isotherms were generated for the N and C termini at the TO/W interface. These were plotted with an isotherm for full-length apoC-II. A
spline fit of smoothing parameter 0.38 was applied to the isotherms. The first derivative of the fits gave slope values (dI1/dA), which were plotted against area.

the N-terminal helix remodels lipid surfaces with higher affin-
ity, whereas the C-terminal helix is more easily displaced.

To probe adsorption kinetics, the two peptides were added to
the aqueous phase simultaneously at the beginning of an exper-
iment (Fig. 7C). Tension of the TO/W interface decreased to
Yeq = 18.6 mN/m, and the rate of adsorption mirrored that of
the N-terminal helix alone. In another experiment (Fig. 7A), the
C-terminal peptide was added to the aqueous phase after
the N-terminal peptide had adsorbed to the TO/W interface.
The final concentration of the C-terminal peptide was 2-fold
higher than that of the N-terminal peptide. This interface was
rapidly compressed and expanded by various amplitudes to
induce desorption of the N-terminal helix (Fig. 7A). On re-ex-
pansion, vy decreased to v, = 18.2 = 0.1 mN/m with similar
kinetics as the initial adsorption of the N-terminal helix. These
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data indicate that the N-terminal helix adsorbs to lipid surfaces
at a faster rate and prevents binding of the C-terminal helix.
To probe the desorption behavior of these peptides, [1/A iso-
therms were generated from the post-washout, gradual expan-
sion, and compression of peptide/TO/W interfaces. [1/A iso-
therms for compressions to A<Ap,n, along with their slope
profile, were plotted for each peptide fragment and full-length
apoC-II (Fig. 7D). Retention areas and pressures were calcu-
lated using both IT/A isotherms and dI1/dA curves, as described
in Figs. 5 and 6. The short peptides desorbed from the TO/W
interface at retention areas and pressures smaller than corre-
sponding values for full-length apoC-II. This indicates that the
N- and C-terminal helices occupy smaller surface areas than
full-length apoC-II at lipid surfaces. The N-terminal peptide
desorbed at higher pressures (Il = 11.9 * 0.3 mN/m) than
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FIGURE 8. The surface pressure (IlI) of apoC-lIl/TO/W interfaces after a
washout (Il,,) is independent of the pressures before a washout (I1.,).
I1(¢) profiles during washouts were plotted for five apoC-1I/TO/W interfaces of

different pre-washout equilibrium pressures (Il,). Il varied from 16.7

mN/m (black) to 21.8 mN/m (cyan). To acquire each I1(t) profile, y was moni-
tored continuously during a 150-ml washout. The washout rate was 8.35
ml/min. vy values were converted to II values and plotted against washout
time. I1yo = 16.6 = 0.2 mN/m, independent of I1,,, or washout rate. For Il
= 18.2, each I1(t) profile was fit with an exponential decay curve of the form
I1(t) = (Hq — Hyyo) X e %/ * + Tl,. The exponential decay curves of these
[1(t) profiles of apoC-II/TO/W interfaces during a washout are shown in Table
1. R? values for the curves are listed in Table 1.

the C-terminal peptide (Ilgy, = 8.4 = 0.3 mN/m). The slope
profile of isotherms for both peptides showed poorly defined
minima at dII/dA ~ —0.6 (mN/m)/mm?, 3-fold lower than the
corresponding value for full-length apoC-II. Together, these
data indicate that the N-terminal helix anchors apoC-II to the
lipid surface, and the II-induced conformational rearrange-
ment of apoC-II requires both helices.

In addition, II/A isotherms from experiments in which
N-terminal peptide was added after C-terminal peptide
adsorbed to TO/W or POPC/TO/W interfaces overlaid with
isotherms from experiments in which N-terminal peptide
adsorbed to peptide-free interfaces (data not shown). These
data confirm that the N terminus of apoC-II can displace the C
terminus from lipid surfaces.

ApoC-1I Exhibits Multiple Conformations at Lipid/Water
Interfaces—We further examined the conformational adapta-
bility of apoC-II by analyzing the TI(¢) profiles of apoC-II/
TO/W interfaces during a washout. After apoC-II adsorption
to TO/W or POPC/TO/W interfaces lowered vy to v, apoC-11
could be removed from the bulk phase by a washout (see
“Experimental Procedures”). During washouts, y of apoC-II/
TO/W and apoC-II/POPC/TO/W interfaces increased (Figs.
3-5and 8), which suggests that apoC-II molecules desorb as the
lipid-free concentration of apoC-II is reduced to zero. The ~y(t)
profiles of apoC-I1I/TO/W interfaces at various, pre-washout
Yeq Values were recorded during a 150-ml washout and con-
verted to Il(¢) profiles (Fig. 8). v, values were converted to
equilibrium pressures (II,). Whereas II,, increased with the
pre-washout concentration of lipid-free apoC-II (Fig. 2B), the
pressure after a washout (Ily,o) was independent of the pre-
washout apoC-II bulk phase concentration or II, (Fig. 8 and
Table 1). The difference between Il and Il increased as
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I1,, increased, but I, remained constant at 16.6 = 0.2 mN/m
(Table 1).

The dependence of 11, of apoC-1I/TO/W interfaces on the
pre-washout bulk phase concentration of the protein demon-
strates that one population of lipid-bound apoC-Il is in equilib-
rium with lipid-free apoC-II (32). The independence of Il
from the pre-washout concentration of lipid-free apoC-II dem-
onstrates that a second population of lipid-bound apoC-II is
not in equilibrium with lipid-free apoC-II. These two popula-
tions may differ in conformation and are in a surface pressure-
dependent equilibrium with each other. As the concentration
of lipid-free apoC-II approaches zero during a washout, lipid-
bound apoC-II molecules in a less exchangeable population
remain bound, whereas apoC-II molecules in a more exchange-
able population desorb (32). A direct corollary of this conclu-
sion is that lipid-bound apoC-II molecules of the less exchange-
able population occupy a larger surface area than molecules of
the more exchangeable population. These results support the
results of Figs. 4—6, which indicate that lipid-bound apoC-II
exhibits multiple conformations. The area and pressure of the
lipid surface dictate which conformation apoC-II molecules
adapt.

To determine the dissociation rate (k,) of apoC-II from a
TO/W interface during a washout, a single exponential was fit
to the I1(¢) profile of apoC-II/TO/W interfaces during a wash-
out (Fig. 8 and Table 1). The goodness of the exponential fit (R?)
increased as the difference between II., and Il increased
(Table 1). R> = 0.90 if T, — Iy = 2.5 mN/m, but R* = 0.74
for I1,, — Iy, = 1.7 mN/m. This indicates that a single expo-
nential fits the data better when a greater amount of apoC-II
desorbs from the TO/W interface. Consistent with this, the k,
increased from 0.17 to 0.40 min~' as the difference between
I, and 1y, increased.

Desorption of ApoC-II Removes Phosphatidylcholines from
Lipid/Water Interfaces—We hypothesized that apoC-II
removes POPC molecules from POPC/TO/W interfaces as
protein molecules desorb from the interface. A previous study
at the PC/air/water interface showed that apoC-II, when
injected into the subphase, decreased the surface radioactivity
of monolayers of egg phosphatidyl[**C]choline (47).

Consistent with these data, apoC-II removed POPC from
POPC/TO/W interfaces (Fig. 9). Rapid compression and re-ex-
pansion of apoC-II/POPC/TO/W interfaces with apoC-II in
the bulk phase resulted in desorption of lipid-bound apoC-II
molecules and re-adsorption of lipid-free apoC-II molecules.
However, the v, value after re-adsorption of protein to re-ex-
panded POPC/TO/W interfaces increased for each subsequent
compression and re-expansion (Fig. 94). This suggests that
apoC-II removes POPC on desorption from the interface, such
that replacement of lipid-bound apoC-II with lipid-free
apoC-II after re-expansion results in a net decrease in PC mol-
ecules at the interface and net increase in surface tension.

To verify that apoC-II removes POPC, PNPC (a derivative of
POPC with an NBD fluorescent label at carbon 12 of its sn-2
acyl chain) was used. PNPC was incorporated at 1-2 weight %
of POPC SUVs. These SUVs were used in experiments similar
to that shown in Fig. 9A. Aliquots were taken from the bulk
phase after phospholipid was removed from the bulk phase (1),
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TABLE 1

Dissociation rate of apoC-Il from TO/W interfaces during washout

Dissociation rate (k,) of apoC-II from TO/W interfaces during a washout depends on initial surface concentration of apoC-II. A single exponential decay fit was
applied to the I1(z) profile of various apoC-II/TO/W interfaces during a 150-ml washout with a rate of 8.35 ml/min. The exponential curve had the form Il(¢) = (I, —
Iye)te " + Ty, where I1,,, is the pre-washout equilibrium pressure, 1y, is the post-washout pressure, and k,, is the dissociation rate constant. Experimental values
of I and Iy, (shown on the left) are compared with those predicted from the exponential fit (shown on the right). The data plotted in Fig. 8 are shown in italic type. NA,

not applicable.

ApoC-11 pre-washout Experimental parameters

Parameters from exponential fit

concentration I, Iyo I, — Iy, Iy 1L, — My, k, I's
pug/ml mN/m mN/m mN/m mN/m mN/m min~ !

. 16.7 16.2 0.5 NA NA NA NA
1.25 18.2 16.5 1.7 16.6 1.57 0.166 0.74
2.5 19.1 16.5 2.6 16.8 2.44 0.187 0.90
5.0 19.3 16.8 2.5 16.8 2.57 0.237 0.93
6.1 20.4 16.6 3.8 16.8 4.07 0.305 0.97
11.0 21.7 16.3 5.4 16.5 5.76 0.370 0.99
12.5 21.8 16.7 5.1 16.8 5.51 0.433 0.97
Averages 16.6 = 0.2 16.7 £ 0.1
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FIGURE 9. Upon desorption, apoC-ll removes POPC from PC/TO/W interfaces. A, example of rapid compressions and expansions of an apoC-Il/PC/TO/W
interface. POPC SUVs with 1-2% PNPC, a fluorescently labeled derivative of POPC, adsorbed to a 16-ul TO drop and lowered y. POPC/PNPC was removed from
the bulk phase by a 250-ml washout (black bar, 8.35 ml min for 30 min starting at 40 min). After the washout, v, = 24.7 mN/m (I1, = 7.3 mN/m). At 71.1 min, TO
drop volume was increased by 3 ul to V = 19.0 ul. I1; decreased to 5.5 mN/m. ApoC-ll was added to the aqueous phase at 1.25 ug/ml, and y fell to y., = 9.1
mN/m (dotted line). The TO drop was compressed and re-expanded in increments of +1.6, =2.7, £3.7, =4.7,and =7.8 ul. Upon each re-expansion, yfell to v,,

> 9.2 mN/m. B, fluorescent signal from PNPC in the bulk phase increases as apoC-Il removes PC lipid from the PC/TO/W interface. 3-ml aliquots were removeg
from the bulk phase at points 1-3 in A. These aliquots were placed in a FluoroMax-2, and the emission spectrum from 490 to 600 nm (A,,,, = 533 nm for PNPC)
was captured with A, = 474 nm.The emission spectra from aliquot 1 (solid line), before apoC-ll was added, and from aliquot 3 (dashed line), after a series of rapid
compressions and expansions, are shown. Dotted line, difference between the two spectra. Aliquot 2 had the same spectrum as aliquot 1. Inset, ApoC-l and
apoC-lll remove relatively little POPC. The net change in emission spectra of aliquots from the bulk phase between peptide injection and interfacial compres-
sions and expansions was determined as in B for the other apoCs. Each apoC was added to the bulk phase at the same concentration (1.25 ng/ml), adsorbed

to interfaces of similar ['popc (34.5 + 1.3%), and ejected by the same number and amplitudes of compressions.

after apoC-II adsorbed to the interface (2), and after a cycle of
rapid interfacial compressions and expansions (3). Aliquots
were analyzed on a fluorimeter for fluorescence of PNPC (Fig.
9B). The first aliquot exhibited low fluorescence, which indi-
cates that most of the phospholipid in the bulk phase was
removed by the washout (Fig. 9B, solid line). The second aliquot
also exhibited low fluorescence (not shown), which indicates
thatapoC-IIadsorption does not displace POPC from the inter-
face. The third aliquot exhibited a 7— 8-fold increase in fluores-
cence (Fig. 9B, dashed and dotted lines), which indicates that
apoC-II desorption removes PC lipids from the interface. In
similar experiments, apoC-III removed little to no PC, whereas
apoC-Iremoved <50% of the PC lipid removed by apoC-II (Fig.
9B, inset).

ApoC-III Adsorption and Desorption at Lipid/Water Inter-
faces Provide Comparisons for ApoC-II Data—We used oil-
drop tensiometry to characterize the affinity of apoC-III for
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TO/W and POPC/TO/W interfaces in order to complement
our previous studies on apoC-I (31, 37) and provide compari-
sons between all three apoCs. Some data for apoC-III are shown
in Figs. 10 and 11 and Table 2.

Fig. 10, A and C, shows interfacial tension-time curves for
apoC-IIT at TO/W (A) and POPC/TO/W (C) interfaces. The
ability of apoC-III to remodel these interfaces was recorded as
AlT due to protein adsorption. Ata TO/W interface, AIl = 11,
and these values were measured over a range of apoC-III bulk
phase concentrations in experiments similar to those in Fig.
10A. The results were plotted in Fig. 10B. As the concentration
of apoC-III was increased, II., increased up to I, = 22.0
mN/m at concentrations of =7.1 ug/ml (Fig. 10B). At POPC/
TO/W interfaces, All values were measured over a range of I,
values in experiments similar to those in Fig. 10C. The results
were plotted in Fig. 10D. A linear fit was applied to the data, and
the x intercept (i.e. [y of apoC-III) was 31.5 mN/m.
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FIGURE 10. ApoC-lll adsorption and desorption from TO/W (A and B) and POPC/TO/W (C and D) interfaces. A, a tension () versus time curve for apoC-IlI
adsorption and desorption ata TO/W interface. ATO drop (16 wl) was formed in 7.0 ml of sodium phosphate buffer, pH 7.4. ApoC-lll was added to the bulk phase
ataconcentration of 1.4 ug/ml. ywas monitored continuously as it fell to vy, due to apoC-lil adsorption. ApoC-lll was removed from the bulk phase by a 150-m
washout (black bar, 6.26 ml/min for 25 min starting at 45 min), and -yincreased to 14.5 mN/m. The drop volume underwent two sets of gradual expansions and
compressions at a rate of 1.2 ul/min (shown as recordings of surface area in mm?, gray line). The area reached upper limits of 45.6 and 48.6 mm? for the two
expansions and lower limits of 26.5 and 9.5 mm? for the compressions. B, I, increases to Ils,r = 22.0 mN/m as the apoC-lll bulk phase concentration increases.
ApoC-lil was added at various concentrations to the bulk phase, and y of a TO/W interface was monitored as it fell to y,,, as in A. Values for vy, were converted
to I, and plotted against the bulk phase concentration of apoC-lll. Ils o7 is marked by a dashed line. C, a tension (v) versus time curve for apoC-lll adsorption
and desorptlon ata POPC/TO/W interface. POPC adsorbed to a 16-ul TO drop and lowered . POPC was removed from the bulk phase by a 250-ml| washout
(black bar, 8.35 ml/min for 30 min starting at 71.7 min). After the washout, I, = 5.8 mN/m. ApoC-lll was added to the bulk phase at a concentration of 1.3 ug/ml,
and y was monitored as it fell to .. ApoC-lll was removed from the bulk phase by a 150-ml washout (black bar, 6.26 ml/min for 25 min starting at 170 5 min).
The drop volume underwent four sets of gradual expan5|ons and compressions at a rate of 1.2 pLI/mm (shown as recordings of surface area in mm?; gray line).
Each expansion ended at A = 45.8 mm?. Each compression ended at a smaller areas than the previous compression(s), ending at A = 33.3,28.3,22.9,and 16.4
mm?Z. D, apoC-lil has a I, of 31.5 mN/m. From a series of experiments similar to C over a range of I1,, AIT was plotted against I1,. Linear regression of the data
was significant (R*> = 0.96). To characterize apoC-lil desorption, compression I1/A isotherms were generated from experiments similar to those in A and C.
Retention pressures (I1¢,) for apoC-lll at TO/W and POPC/TO/W interfaces were determined from these isotherms, as described for apoC-Il. These Iy, values
are listed in Table 2 and were plotted against I1;in Fig. 11.

The ability of apoC-III to remain bound to TO/W and
POPC/TO/W interfaces was recorded as Il on protein de-
sorption. II-A isotherms were generated from gradual, post-
washout compressions in experiments similar to those in Fig.
10, A and C. ApoC-I1I exhibited two-step desorption, and [,
values were determined using the isotherm slopes, as for
apoC-IIin Fig. 6. I, was plotted against I'pop for all apoCs
in Fig. 11.

Discussion

Because surface pressure increases significantly at the site of
LPL activity on lipoprotein surfaces, we hypothesized that the
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enzyme’s cofactor apoC-II must have a high affinity for lipids.
To test this hypothesis, we used oil-drop tensiometry to char-
acterize the ability of apoC-II to remodel lipoprotein-like
TO/W and POPC/TO/W interfaces. We characterized the
ability of apoC-II to be retained as these interfaces were com-
pressed and surface pressure increased, which mimics the
actions of LPL. We can compare these results with those from
similar experiments with other exchangeable apolipoproteins
and peptides, such as apoC-1(31, 37), apoC-11I (Figs. 10 and 11),
apoA-I (45, 48), and the N- and C-terminal domains of apoA-I
(32,42, 46). This comparison reveals the ability of apoC-1I, rel-
ative to these proteins, to bind to and travel with TG-rich lipo-
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proteins during metabolism. This comparison provides novel
insights into the mechanisms by which the apoCs regulate lipo-
protein metabolism as apoC-1I promotes but apoC-I and apoC-
III inhibit the LPL-mediated catabolism of chylomicrons and
VLDL (1, 40).

The apoCs have little secondary structure in solution (<30%)
(17, 18, 31, 40, 49) and no tertiary structure, which influences
lipid binding (50). Class A ampipathic a-helices are induced in
all of these exchangeable proteins on lipid binding (17, 18, 31,
42, 49). The C-terminal region of apoA-I (C46) is predicted to
be the most lipophilic region of apoA-I and has a higher lipid
affinity than the N-terminal region (42, 46).

The results in Table 2 and Fig. 11 show that apoC-II has a
higher lipid affinity than all other exchangeable, helical pep-
tides we have studied. The ability of apoC-II to bind to and
remodel TO/W and POPC/TO/W interfaces is markedly
greater than that of full-length apoA-I and C46, as marked by
greater pressure changes (AII), saturation pressures (Il5,1),
and Il on adsorption (Table 2). By comparison, apoC-I and
apoC-III remodeled TO/W and POPC/TO/W interfaces to a
similar extent as apoC-II (Table 2). Similar AIL Ilg, 1, and IT.«
values suggest that the apoCs, perhaps due to their similar sizes,
structures, and hydrophobic moments (49, 51), remodel lipid
surface to a similar extent and saturate the surfaces at similar
pressures.

ApoC-II has the highest retention pressures (Il at lipid/
water interfaces of the exchangeable peptides we have studied
(Table 2 and Fig. 11). The rank order of [\, for exchangeable
proteins at POPC/TO/W interfaces was apoC-1I > apoC-III =
apoC-I > apoA-I > C46. This indicates that the apoCs are
retained up to higher surface pressures than many other
exchangeable apolipoproteins at the surface of VLDL and chy-
lomicron remnants. ApoC-II has markedly higher I1,.\,, values
than apoC-I and apoC-III at POPC/TO/W interfaces (Fig. 11).
These results indicate that protein-phospholipid interactions
are stronger between apoC-II and PC lipids than between the
other apoCs and PC lipids. The heightened affinity of apoC-II
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for PC lipids is reflected in the ability of apoC-II to remove
significantly more PC lipid than other apoCs, upon desorption
from lipid/water interfaces (Fig. 9B, inset).

Our results indicate that, in normolipidemic subjects, lipid-
bound apoC-II can activate LPL as the TG in VLDL or chylo-
microns is consumed and surface pressure increases. Lipolysis
of TG by LPL increases the concentration of phospholipid at
the lipoprotein surface. Strong interactions between apoC-II
and phospholipid allow apoC-II to remain bound and activate
LPL above pressures at which LPL alone would be inactive (15).
This occurs even as other exchangeable apolipoproteins with
weaker affinity for phospholipid, such as apoC-I and apoC-III,
desorb from the surface.

ApoC-III inhibits LPL (52-55), lipoprotein assembly and
secretion (56), and lipoprotein remnant uptake (1, 57) and is a
strong independent predictor of cardiovascular disease (58).
The mechanism of LPL inhibition by apoC-III (and apoC-I) is
unknown, but some of us speculated that apoC-I and apoC-III
have a higher affinity that allows them to displace apoC-II from
lipoproteins and inhibit LPL (31, 49). Our results (Table 2 and
Fig. 11) invalidate this hypothesis; apoC-II has the greatest
affinity for lipoproteins, as shown by retention pressures.
Rather, the plasma concentrations of the apoCs must deter-
mine their relative ability to bind to or displace each other from
the surface of TG-rich lipoproteins.

In a typical individual, plasma concentrations of the apoCs
are 80—-100 ug/ml (apoC-III), 60 pg/ml (apoC-I), and 30—-40
pg/ml (apoC-II) (1, 55). At these concentrations, the apoCs
have no inhibitory effect on LPL in normolipidemic subjects
(55, 59). In hypertriglyceridemic patients, plasma apoC-I1I lev-
els can increase to >300 ug/ml, whereas apoC-II levels increase
to 50—60 ug/ml (60, 61). The percentage of total apoC-III on
TG-rich lipoproteins increases from 20 to 50% in normo- versus
hypertriglyceridemic patients (62). LPL inhibitory activity of
the lipoprotein of plasma from hypertriglyceridemic subjects
was strongly correlated with elevated levels of apoC-III (55).

At concentrations 5- or 6-fold higher than apoC-I1, apoC-III
probably outcompetes apoC-II or LPL through mass action for
binding at the surface of VLDLs or chylomicrons. Consistent
with this, some of us have shown that apoC-III and apoC-I
compete with LPL for binding to intralipid emulsions in a con-
centration-dependent manner (40) and that more apoC-I or
apoC-III is needed to expel LPL from the surface in the pres-
ence of apoC-II. In incubation conditions of 10:1 (w/w) apoC-
I1I/apoC-11, only 30% of aqueous LPL bound to lipid emulsion
particles, and there was a 40% reduction in LPL activity com-
pared with incubation conditions without apoC-III (40). Other
assays showed that LPL activity was abolished at a 20:1 apoC-
III/apoC-II molar ratio upon co-incubation of apoC-III with
apoC-II, LPL, and phospholipid/TG (1:20 molar ratio) emul-
sion particles (33).

We also hypothesized that lipid-bound apoC-II must be
conformationally flexible in order to regulate LPL. To test
this hypothesis, we used a recently developed protocol (32, 63)
to analyze the surface pressure response of apoC-II at TO/W
and POPC/TO/W interfaces to washout and compression.
Whereas the pre-washout Il varied with the bulk phase con-
centration of apoC-II, the post-washout pressure of apoC-II/
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TABLE 2

Properties of exchangeable apolipoproteins at TO/W and POPC/TO/W interfaces

Shown is a comparison of the affinities of some exchangeable apolipoproteins (apoCs, full-length apoA-I, and the C terminus (C46) of apoA-I) for lipid/water interfaces.
Parameters Al I1g, 1, and IT.y correlate with the abilities of the proteins to bind to and remodel TO/W and POPC/TO/W interfaces. The parameter I1,.,, correlates with
the abilities of the proteins to remain bound to lipid/water interfaces of various POPC surface concentrations (I'). Values of these parameters for apoC-I, apoA-I, and C46
were obtained from Refs. 31, 42, 45, 46, and 48), whereas values for apoC-III are from Fig. 10.

Retention pressure (Il;\,)

Protein AIl” (TO/W) I, (TO/W) I« (POPC/TO/W) TO/W I'=32% I' =35% I' =40% I' =46%
mN/m mN/m mN/m mN/m

ApoC-II 185+ 0.5 22.1 32.2 20.3 £0.3 233 £0.3 239 £0.3 253 *£0.3 26.6 £ 0.3

ApoC-II1 19.5 0.2 22.0 31.5 20.0 £ 0.5 219 *0.3 223 *0.3 237 *0.3 243 *0.3

ApoC-1 18.0 = 0.2 21.5 32.3 185+ 0.5 213 £0.3 21.8 £0.5 232 %03 24.3 £0.3

ApoA-1 14.0 = 0.5 16.2 22.6 18.0 = 0.4 212 £0.5 22.0 £0.5

C46 153 £ 0.3 15.0 25.8 16.2 = 0.4 17.0 = 0.4 18.0 = 0.5

“ AlIl values at a TO/W interface were recorded for an aqueous phase protein concentration of 1.25 or 2.5 ug/ml.

TO/W interfaces was a constant (IIy,o = 16.6 = 0.2 mN/m)
(Table 1 and Fig. 8). These results indicate that there are at least
two populations of lipid-bound apoC-II: one that is in a con-
centration-dependent equilibrium with lipid-free apoC-II and
one that is not (32).

Analysis of [1/A isotherms of apoC-11/lipid/water interfaces
during compression (Figs. 4 —6) indicates that the lipid-bound
populations of apoC-II differ in conformation. As surface pres-
sure increased, apoC-II molecules partially desorbed from lip-
id/water interfaces at areas A = A, and I = II,, where A, II,
is a turning point in the isotherms. I, = Il,o, such that
apoC-II molecules are in a conformation that maximizes avail-
able surface area at lower pressures. ApoC-II molecules irre-
versibly desorb from lipid surfaces at A = A, and I = I,
where Ap, and [, are the retention areas and pressures. [T,
and Il differ by 2-3.5 mN/m at all interfaces (Fig. 6B). In
this pressure range, the surface area per apoC-II molecule is
decreased, and apoC-II adopts a second conformation to
remain bound to the lipid surface. The helices of apoC-II
exhibit cooperative binding to lipid surfaces, such that N- and
C-terminal fragments of apoC-1I were unable to adopt multiple
conformations upon changes in II (Fig. 7D).

Because the conformation that is favored at higher surface
pressures occupies less surface area, and it is at higher pressures
that apoC-II interaction with LPL is critical for LPL activity (14,
15), we speculate that the C-terminal helix of apoC-II desorbs
from the lipid-water interface to interact with LPL and keep it
in an active conformation. The C-terminal helix of apoC-II in
apoC-II-SDS complexes exhibits high levels of motion (19) and
has a significantly lower hydrophobic moment than the N-ter-
minal helix (27). Consistent with our hypothesis, we showed
that the N-terminal helix of apoC-II has a higher lipid affinity
than the C-terminal helix and mediates protein binding to and
desorption from lipid surfaces (Fig. 7). In contrast, the C-termi-
nal helix can be easily displaced from the interface by increases
inIT, such as those induced by adsorption of other protein (Fig.
7B) or TG hydrolysis.

We propose the following model for the regulation of LPL by
apoC-II (Fig. 12). ApoC-II binds to nascent VLDL and chylo-
microns and increases the local surface pressure. This pressure
is low, and LPL is active independent of apoC-II (14, 15).
ApoC-II adopts multiple conformations with a different
amount of residues bound (Fig. 11). Atlower pressures, apoC-1I
maximizes available surface area such that the N- and C-termi-
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nal helices are bound to lipid. ApoC-II may or may not interact
with LPL in this state.

We speculate that apoC-II has stronger affinity for lipid near
the site of LPL activity, due to a decrease in local pH. Our results
indicate that the lipid affinity of apoC-II increases at lower pH
(Fig. 2A). During LPL activity, fatty acids transiently accumu-
late at the surface. At a plasma pH (7.4), long-chain fatty acids
are one-half ionized (i.e. they form an acid soap) (64, 65). Thus,
some fatty acid is deprotonated (i.e. loses a hydrogen ion) as it is
enzymatically released from the reaction site to the interface.
This release of hydrogen ions lowers the local interfacial pH and
could allow apoC-II to bind more strongly.

Once LPL activity increases surface pressure above the I1;, of
apoC-II, a region of apoC-II desorbs from the lipoprotein sur-
face. This conformational rearrangement promotes interac-
tions between apoC-II and LPL that keep the enzyme in a lipid-
bound, active state above its critical pressure (Fig. 12) (14, 15).
As pressure increases above the retention pressure (Il...) of
apoC-II, apoC-II molecules desorb from the lipoprotein sur-
face. Upon desorption, apoC-II molecules remove PC phospho-
lipids (Fig. 12) and transfer to HDLs. In support of this, HDL
significantly accelerated desorption of apoC-II-PC lipid com-
plexes from phospholipid/water monolayers (47). In vitro
assays also showed that apoC-II can transfer from VLDL to
HDL during lipolysis (66). We speculate that apoC-II molecules
remove PC phospholipids in order to relax the surface pressure
to a greater degree than desorption of apoC-II alone. As
apoC-II molecules desorb from VLDL and chylomicron rem-
nants, the local I1 is too high for unaided LPL to hydrolyze TG
(14, 15), and LPL activity ceases.

The complex formed by apoC-II and LPL has not been well
characterized, because the lipid-bound forms of the proteins
strongly interact, whereas the lipid-free forms may interact
weakly but not in a productive way (24). It is unknown whether
apoC-II and LPL desorb together or independently from the
lipoprotein surface. Studies that compared the association of
apoC-II and LPL in the absence or presence of triolein globules
showed that the apoC-II'LPL dissociation constant is >100-
fold smaller on lipid than in solution, as shown by changes in
the fluorescence of dansylated apoC-II and in the steady-state
velocity of lipid hydrolysis (67). This suggests that the apoC-
II'LPL complex could have a higher retention pressure than
apoC-II and that, after dissociation of apoC-II-LPL complexes
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Dissociation of ApoC-II,
Inactivation and Dissociation of LPL

Association of ApoC-II,
Recruitment and Activation of LPL

TG Hydrolysis by LPL

&g Phospholipid 33 Triacylglycerol (TG) O Cholesterol § Fatty Acid ?Monoacylglycerol

FIGURE 12. The regulation of LPL by apoC-Il strongly depends on lipoprotein surface pressure. Left, newly secreted chylomicrons and VLDL have a
relatively low surface pressure, allowing soluble apolipoproteins to bind as they interact in blood plasma. ApoC-Il is largely unfolded in solution, but
binding to nascent TG-rich lipoproteins induces ~60% helical content in apoC-Il, resulting in large N- and C-terminal helices. ApoC-Il adsorption
increases local lipoprotein surface pressure. At low pressures, bound apoC-Il can maximize available surface area, and both helices are on the lipid
surface. Middle, as LPL hydrolyzes TG, the lipoprotein core shrinks, and the local surface density of amphipathic lipids and proteins increases. Transient
accumulation of fatty acids and monoacylglycerols at the surface, coupled with loss of large amounts of TG, results in high local surface pressure. This
increase in pressure induces desorption of the C-terminal helix of apoC-Il as less surface area is available to each protein molecule. The C-terminal
helix interacts with LPL to promote TG hydrolysis. Right, apoC-ll desorbs from the lipoprotein surface above its retention (or envelope) pressure and
removes some PC lipids with it. At high pressures, LPL is inactive without its cofactor (marked by a red x). LPL dissociates from the VLDL or chylomicron

remnant.

from VLDL and chylomicron remnants, apoC-II and LPL rap-
idly dissociate.

In contrast, several results suggest that LPL molecules
remain bound to lipoproteins as apoC-II molecules desorb.
LPL has a higher exclusion pressure than apoC-II at a phos-
pholipid/water interface (15), but it is not known whether this is
true at a phospholipid/TG/water interface. Binding assays that
monitored tryptophan fluorescence showed that LPL has a dis-
sociation constant from vesicles of non-hydrolyzable phospho-
lipid (1,2-ditetradecyl-rac-glycerol-3-phosphocholine) that is
>100-fold smaller than that of apoC-II (68). In experiments
using lipid emulsion particles, apoC-II, apoC-III, and LPL, we
noted that the main inhibitory effect of apoC-III on LPL activity
was due to decreased binding of the enzyme to the lipid parti-
cles and that the presence of apoC-II rescued LPL from being
expelled (40).

In this study, we used oil-drop tensiometry (30, 35) to char-
acterize interactions between apoC-II and lipid. This approach
has several unique strengths. This technique allows for the pre-
cise control of lipid surface composition and density at lipid/
water interfaces (42, 43) and for measurement of the resulting
surface pressure, which are not possible for free floating lipid
droplets or lipoproteins in other systems. For a known surface
concentration of amphipathic lipid, the surface area of TG-rich
drops occupied by peptide is easily determined (42). The oil-
drop tensiometer is unique in its real-time capability to mea-
sure surface pressure of lipid drops. The tensiometer over-
comes many limitations of the Pockels-Langmuir surface
balance, which is well suited to studies at the non-physiological
air/water interface, but studies at oil/water interfaces are
extremely difficult and suffer from non-uniform deformations
and leakage of surface-active material upon interfacial com-
pressions (35, 69). Our technique provides physiologically rel-
evant biophysical characteristics, such as AIl Iy, and I\,
for peptides at various lipid surfaces and reveals the exchange-
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ability of peptides (30). In contrast to helical peptides at lipid
surfaces, we previously showed that the B-strand-rich regions
of apoB were non-exchangeable and elastic and had a higher
affinity for TG than phospholipid (30, 63, 70).

Characterization of protein-lipid interactions with the tensi-
ometer has several limitations. The lipid surface is a simplified
surface from the complex lipid and protein environment of the
lipoprotein surface (8). The TG/W interface can be refined by
adding amphipathic lipids, such as phospholipid, cholesterol,
and fatty acid, to better mimic the lipoprotein surface (37), but
a rigorous set of experiments is required to determine their
interfacial concentrations. These experiments have been done
for POPC (42) and egg yolk PC (43) but are more difficult for
cholesterol, which partitions between the core and surface of
lipid drops. Interpretation of tensiometry data relies on known
protein structures (here, NMR structures of apoC-II in com-
plex with SDS or dodecylphosphocholine (17-19)). Indepen-
dent experiments to confirm these interpretations are very dif-
ficult, due both to the design of the tensiometer (i.e. extracting
lipid drops at select II is very difficult) and the limitations of
external experiments (i.e. I1 of freely suspended drops has not
been quantified). Despite these limitations, oil-drop tensiom-
etry is the best way to artificially mimic lipoprotein surfaces and
is superior to techniques used previously in studies similar to
ours (51, 71).

In summary, we have shown that the apoCs have a higher
affinity for lipid than other exchangeable apolipoproteins, such
as apoA-I. Of the apoCs, apoC-II has the highest retention pres-
sure at lipid/water interfaces, which allows the protein to
remain bound to triacylglycerol-rich lipoproteins up to higher
pressures as LPL activity increases local surface pressure. Our
data strongly suggest that apoC-II exhibits at least two confor-
mations at the lipoprotein surface. This may allow the protein
to regulate LPL in a variety of ways that are dependent on sur-
face pressure.
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