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Human apoA-I[Lys107del] mutation affects lipid surface
behavior of apoA-I and its ability to form large nascent
HDL
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Abstract Population studies have found that a natural
human apoA-I variant, apoA-I[K107del], is strongly asso-
ciatedwith lowHDL-C but normal plasma apoA-I levels.
We aimed to reveal properties of this variant that
contribute to its unusual phenotype associated with
atherosclerosis. Our oil-drop tensiometry studies
revealed that compared to WT, recombinant apoA-I
[K107del] adsorbed to surfaces of POPC-coated triolein
drops at faster rates, remodeled the surfaces to a greater
extent, and was ejected from the surfaces at higher sur-
face pressures on compression of the lipid drops. These
properties may drive increased binding of apoA-I
[K107del] to and its better retention on large
triglyceride-rich lipoproteins, thereby increasing the
variant’s content on these lipoproteins. While K107del
did not affect apoA-I capacity to promote ABCA1-
mediated cholesterol efflux from J774 cells, it impaired
thebiogenesis of largenascentHDLparticles resulting in
the formation of predominantly smaller nascent HDL.
Size-exclusion chromatography of spontaneously re-
constituted 1,2-dimyristoylphosphatidylcholine-apoA-I
complexes showed that apoA-I[K107del] had a hampered
ability to form larger complexes but formed efficiently
smaller-sized complexes. CD analysis revealed a reduced
ability of apoA-I[K107del] to increase α-helical structure
on binding to 1,2-dimyristoylphosphatidylcholine or in
the presence of trifluoroethanol. This property may
hinder the formation of large apoA-I[K107del]-
containing discoidal and spherical HDL but not smaller
HDL. Both factors, the increased content of apoA-I
[K107del] on triglyceride-rich lipoproteins and the
impaired ability of the variant to stabilize large HDL
particles resulting inreduced lipid:proteinratios inHDL,
may contribute to normal plasma apoA-I levels along
with lowHDL-C and increased risk for CVD.

Supplementary key words Apolipoprotein A-I • lipoproteins •
ABCA1 • cholesterol/efflux • natural/mutation • HDL-C •
α-helix • drop tensiometry

ApoA-I is a major protein component of HDL and is
also present in large triglyceride (TG)-rich lipoproteins,
VLDL, and chylomicrons (1, 2). Plasma levels of HDL-C
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and apoA-I are inversely related to the risk of CVD
and atherosclerosis (3). However, pharmacological
treatments that increased HDL-C did not result in sig-
nificant reduction of clinical cardiovascular events [(4, 5)
and references cited therein]. This outcome supports the
concept that correct properties of HDL are vital for their
cardioprotective functions (4–6). The cardioprotective
functions of HDL mainly relate to its involvement in the
pathways of reverse cholesterol transport (RCT), with
apoA-I being involved in the critical steps of these
pathways (5–7). Interaction of apoA-I with ABCA1 pro-
motes cellular cholesterol efflux and results in the for-
mation of discoidal nascent HDL (nHDL). Maturation of
nHDL into spherical particles involves LCAT-mediated
cholesterol esterification, with apoA-I being a principal
activator of the enzyme. Interaction of HDL-bound
apoA-I with hepatic scavenger receptor B1 promotes
extraction of cholesteryl ester from the circulation.
Mutations in apoA-I affect the protein stability and
metabolism and thereby, plasma concentrations of
apoA-I and HDL (8). Many of the naturally occurring
apoA-I mutations are associated with low levels of both
plasma apoA-I and HDL-C and with increased risk for
CVD and atherosclerosis (http://www.hgmd.cf.ac.uk/ac/
gene.php?gene=APOA1). Population studies also
demonstrated a strong association of low HDL-C levels
with low plasma apoA-I levels (9).

However, two large population studies, Copenhagen
City Heart and Copenhagen General Population
Studies (10), found that K107del mutation of apoA-I
(apoA-I[K107del]), a naturally occurring apoA-I het-
erozygous variant with a deletion of Lysine 107, was
strongly associated with low plasma concentrations of
HDL-C but normal levels of apoA-I. Reduced plasma
HDL-C without a corresponding reduction in plasma
apoA-I concentrations were also reported earlier in
subjects with apoA-I[K107del] in Finland and Germany
(11, 12). Such dissociation between plasma
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concentrations of apoA-I and HDL-C seems especially
surprising for the apoA-I[K107del] variant that is also
associated with hereditary amyloidosis (13, 14), a disease
characterized by enhanced proteolysis of mutated
apoA-I and deposition of protein fragments as fibrils in
vital organs that lead to removal of apoA-I from the
circulation. Previous studies have shown that K107del
leads to apoA-I destabilization (15, 16), enhanced frac-
tional catabolism (11), and reduced binding to HDL (17).
Each of these properties of apoA-I[K107del] should also
lead to reduced plasma apoA-I concentrations. Never-
theless, the K107del mutation was not found to be
associated with reduced plasma apoA-I concentrations
(10, 11), implying that some compensatory mechanisms
may exist that maintain normal plasma apoA-I levels in
subjects carrying the mutation. In this study, we inves-
tigated potential molecular mechanisms that may
contribute to the reduced HDL-C coupled with normal
apoA-I concentrations in plasma of subjects with the
K107del mutation. Insights into the causes of this un-
usual phenotype are important for better understand-
ing the function of the apoA-I[K107del] variant that is
also linked to atherosclerosis (13), premature coronary
heart disease (18), and elevated plasma TG (12).

One of the mechanisms contributing to the normal
plasma apoA-I levels in carriers of the apoA-I[K107del]
variant may relate to the increased apoA-I production
into HDL containing apoA-I without apoA-II (but not
in HDL containing both apoA-I and apoA-II) (11).
However, apoA-I has increased catabolic rate of both
HDL subspecies in individuals carrying the K107del
mutation (11, 19). Another factor contributing to the
reduced HDL-C coupled with normal plasma apoA-I
levels may be an increased fraction of apoA-I on TG-
rich lipoproteins along with reduced plasma HDL
concentrations. ApoA-I can exist in plasma in lipid-free,
lipid-poor, and lipid-bound states and exchange among
lipoproteins (20). Our earlier in vitro studies showed
that incubation of WT or apoA-I[K107del] with TG-
POPC synthetic emulsion particles that mimic VLDL-
sized particles resulted in more molecules of the
mutant bound to the particles compared to WT (15).
Contrarily, when WT or pro-apoA-I[K107del] were
incubated with the lipoprotein fraction of plasma, a
smaller amount of the mutant, compared to WT, bound
to HDL (17). These observations suggest that compared
to WT, apoA-I[K107del] may have a higher affinity to
TG-rich lipoproteins, but a lower affinity to HDL,
despite the fact that in plasma, the majority of apoA-I is
bound to HDL. It is not clear why the K107 deletion
may affect apoA-I binding to larger VLDL and to
smaller HDL in opposite ways. To look into the factors
that may affect binding of apoA-I[K107del] to lipo-
protein surfaces, we studied the surface behavior of
apoA-I[K107del] at triolein (TO)/water (W) and POPC/
TO/W interfaces using oil-drop tensiometry (21–26).
TO is a common TG, and POPC is the most abundant
phospholipid in lipoproteins. The TO/W interface
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provides a model for protein interactions with a hy-
drophobic TG core, a major component of TG-rich li-
poproteins, while POPC/TO/W interfaces model the
surface of TG-rich lipoproteins (24, 25). Apolipoprotein
adsorption to and desorption from the lipid surfaces in
response to surface pressure changes is thought to
mirror apolipoprotein binding to and dissociation from
lipoproteins in vivo (21–25). These surface pressure
changes occur throughout the lipoprotein remodeling
involving LCAT and lipase reactions, as well as transfer
of TG, cholesteryl ester, and phospholipid molecules
between lipoproteins mediated by plasma lipid trans-
fers proteins (20, 24, 25).

We also investigated the effects of the K107del mu-
tation on the biogenesis of nHDL promoted by apoA-I
during ABCA1-mediated cholesterol efflux from
J774 cells. It has been shown earlier that deletion of
K107 in apoA-I does not affect net ABCA1-mediated
cholesterol efflux from various cell lines (17, 27, 28).
In this study, we looked for the first time into the effect
of the K107del mutation on the size distribution of
nHDL, as changes in nHDL sizes may contribute to the
altered plasma ratio of apoA-I to HDL-C. As we found
that deletion of K107 led to impaired formation of
large and very large nHDL particles, we wanted to
probe a structural basis of the altered size distribution
of nHDL. To that end, we investigated the effects of the
K107 deletion on the formation of dimyr-
istoylphosphatidylcholine (DMPC)-apoA-I complexes at
various lipid:protein ratios and the ability of apoA-I to
form additional α-helical structure in the presence of a
helical structure inducer, trifluoroethanol (TFE).
MATERIALS AND METHODS

Reagents
POPC (25 mg/ml in chloroform), DMPC, TO, and BODIPY-

cholesterol (TopFluor) were purchased from Avanti Polar
Lipids (Alabaster, AL). TFE (extra pure) was purchased from
Thermo Fisher Scientific. CodonPlus-RIL cells and the
QuickChange mutagenesis kit were purchased from Stra-
tagene (LaJolla, CA). Media (RPMI and MEM), fetal bovine
serum, and penicillin streptomycin were from Invitrogen
(Waltham, MA), CPT-cAMP (cAMP), HRP-conjugated-cholera
toxin subunit B, and protease inhibitors were from Sigma.
Polyclonal goat antibodies to apoA-I were purchased from
Calbiochem and Invitrogen. Polyclonal antibodies against
ABCA1 were from Novus Biologicals (Littleton, CO), and
monoclonal antibodies against pan actin were from Cyto-
skeleton Inc. (Denver, CO).

ApoA-I expression and purification
WT apoA-I (WT) and apoA-I[K107del] were expressed,

purified, and stored as described previously (15). Before each
experiment, a protein aliquot was thawed and freshly refol-
ded by dialysis against 4M guanidine hydrochloride followed
by extensive dialysis against an appropriate buffer: 2 mM
sodium phosphate, pH 7.4, for oil-drop tensiometry experi-
ments; TBS, pH 7.4, for formation of DMPC-apoA-I



complexes, or 10 mM sodium phosphate, pH 7.6, for all other
experiments.
Drop-tensiometry
Interfacial tension measurements. An I.T. Concept Tracker oil-

drop tensiometer (Longessaigne, France) was used to measure
interfacial tension (γ) (21–23, 25). Experiments were carried
out at 25 ± 0.1◦C in a thermostated system and repeated at
least twice. To measure γ of the TO/W interface, TO drops of
16 μl were formed in a cuvette containing 6 ml of gently
stirred standard buffer with a given amount of protein, and γ
was monitored continuously until it reached equilibrium.

For the experiments with POPC/TO/W interfaces, small
unilamellar vesicles (SUVs) were prepared from POPC solu-
tion in chloroform by drying the chloroform under nitrogen
and resuspending the dried lipid film in standard buffer
(2 mM sodium phosphate, pH 7.4) to a concentration of
2.5–5 mg/ml. The lipid suspension was then sonicated for
60 min with pulsed duty cycle of 30%. The resulting suspen-
sion was virtually clear and contained SUV particles with a
diameter of 21–28 nm as estimated by negative staining elec-
tron microscopy. To measure γ of the POPC/TO/W interface,
a 16 μl TO drop was formed in 6 ml gently stirred standard
buffer containing 0–1 mg of POPC SUV stock and γ was
recorded continuously. Adsorption of POPC molecules onto
the TO drop lowered γ. After POPC was adsorbed, the excess
POPC vesicles were removed from the aqueous phase by the
buffer exchange procedure as described (26), and γ stayed
constant. After TO/W interfaces had stabilized at an initial γ
(γi) of about 32 mN/m or POPC/TO/W interfaces reached γi
of about 25 mN/m, varied amounts of WT or apoA-I
[K107del] were added to the aqueous phase to achieve
different protein concentrations in the range 1.3–5.3 × 10-7M.
The γ of the interface was recorded continuously until it
reached an equilibrium value (γeq).

Penetration of the proteins into the POPC/TO/W interface and mea-
surement of exclusion pressure. To compare the ability of WT
and apoA-I[K107del] to penetrate the POPC/TO/W interface,
the adsorption isotherms were measured as described above
after the initial surface pressure of the interface (Πi) was set at
various target values. In short, after the TO drop (16 μl) was
coated with POPC and γ reached ∼25 mN/m, the excess POPC
vesicles were removed from the aqueous phase. Then the
interface was either expanded or compressed as described
(23), resulting in a decrease or increase of the surface con-
centration of POPC (ᴦPOPC) and the corresponding changes in
Πi. Values for Πi were obtained from γ of a TO/W interface
(γTO = 32 mN/m) minus γ of the interface with POPC (Πi =
γTO – γi). Larger values of ᴦPOPC lead to smaller γi and larger
Πi. An aliquot of protein was then added to the aqueous phase
(at final concentration of about 6 × 10−8M), γeq was measured,
and equilibrium pressure Πeq was obtained (Πeq = γTO – γeq).
The values of the increase in surface pressure (ΔΠ = Πeq - Πi)
were plotted against Πi and the data were fit to a linear
regression. A linear extrapolation of the plot gave values of
exclusion pressure (ΠEX) at the x-intercept where ΔΠ = 0. At a
surface pressure equal to or higher than ΠEX, protein cannot
penetrate the POPC/TO/W interface.

Slow expansion and compression of the POPC/TO/W interface and
measurement of envelope (retention) pressure. Slow expansion and
compression of the POPC/TO/W interfaces were performed
ApoA-I[L
to estimate values of retention pressure at which protein
begins to be ejected from the surface upon compression (26).
After POPC adsorption to the TO drop lowered γ to about
25 mN/m and buffer was exchanged with POPC-free
buffer, Πi was set at various values by increasing or
decreasing the drop volume. The values of Πi were used to
calculate ᴦPOPC as a percentage of TO drop surface covered
by POPC (26). Protein was added to the buffer and adsorp-
tion lowered γ to γeq. The protein in the aqueous phase was
removed by buffer exchange and the interface was slowly
expanded to a volume of 25–28 μl. After γ equilibrated for
200 s or longer, the volume was decreased at the rate 0.02 μl/
s with varying lower limit. Pressure-area (Π-A) curves were
derived from the compression procedure as previously
described (26), with pressure Π calculated from γ when the
surface area (A) changed. Each Π-A curve exhibits an enve-
lope point, which marks a change in slope. The envelope
point was determined by plotting the values of the derivative
dΠ/dA against area A. The envelope point is the surface area
(AENV) and pressure (ΠENV) at which protein begins to be
ejected from a POPC/TO/W interface. The values of ΠENV
reflect the retention pressure.
Cholesterol efflux and nHDL biogenesis
Mouse macrophage-derived J774 cells were maintained in

media (RPMI) supplemented with 10% fetal bovine serum,
penicillin, and streptomycin. For the experiments, cells were
plated in 24-well plates and incubated with BODIPY-
cholesterol complexed to methyl ß-cyclodextrin to label the
cholesterol pool as described (29, 30). ABCA1 was then upre-
gulated by incubating the cells for 20–24 h in medium A
(RPMI supplemented with 0.2% BSA and 2 μg/ml ACAT in-
hibitor) with or without 0.3 mM CPT-cAMP. Cells were then
washed and incubated with either WT or apoA-I[K107del]
(10 μg/ml) in medium B (MEM-HEPES containing 0.01%
BSA supplemented with 2 μg / ml ACAT inhibitor) contain-
ing 0.3 mM cAMP for 6 or 24 h. Control cells were incubated
in media lacking acceptors (apoA-I) or cAMP. After the in-
cubation, media were harvested and filtered through 0.22 μm
membrane to remove cell debris. Cells were lysed by incu-
bation in ice-cold 1% sodium cholate containing protease in-
hibitors for 2 h. Fluorescence intensity in media and cell
lysates was measured using a plate reader (Tecan Infinite
M1000) as described (31). Fluorescence readings were adjusted
by subtraction of a background fluorescence in media
collected from cells incubated in media lacking acceptors.
Efflux was calculated as a percentage of total fluorescence in
media and cells. All experiments were carried out in dupli-
cates or triplicates and were repeated 3–5 times.

nHDL particles were detected by resolving the efflux media
on 4%–15% native PAGE followed by immunoblotting with an-
tibodies to apoA-I. Bands corresponding to apoA-I-containing
nHDL and lipid-free apoA-I were visualized using the ECL sys-
tem and quantified using KwikQuant image analyzer. The
membranes were then stripped with 0.25 M glycine, pH 2.5, for
1 h. Blots were then subjected to ligand blotting using HRP-
conjugated cholera toxin subunit B for 30 min to detect the
ganglioside, monosialotetrahexosylganglioside (GM1) (32). The
membranes were imaged and quantified as described above.
ABCA1 in cellswas evaluatedby resolving cell lysates on4%–15%
SDS-PAGE followed by immunoblotting using antibodies to
ABCA1. Actin, the loading control, was detected by probing the
membranes using antibodies against pan actin. Bands were
visualized and quantified as described above.
ys107del] lipid surface behavior and nHDL biogenesis 3



Reconstitution and CD analysis of DMPC-apoA-I
complexes

DMPC-apoA-I complexes were obtained by spontaneous
reconstitution as previously described (33), with some modi-
fications. To prepare DMPC stock suspension (5 mg/ml), 5 mg
DMPC in chloroform was dried under nitrogen in a borosil-
icate test tube and placed under vacuum overnight. One
milliliter of TBS was added to the film of dry lipid and vor-
texed vigorously for 5 min at room temperature. During this
process, the lipid dispersion was heated periodically, 2–3 times,
for 30 s to the temperature above the phase transition of
DMPC (24◦C) to facilitate the multilamellar vesicle prepara-
tion. DMPC suspension was mixed with WT or apoA-I
[K107del] solutions in TBS in the presence of 0.04% sodium
azide to give lipid/protein ratios 2, 4, or 8 (w:w) and apoA-I
concentration of 0.1 mg/ml. The mixtures were then incu-
bated at 24◦C with gentle shaking for 66 h. WT and apoA-I
[K107del] in TBS without DMPC were incubated along.
Following the incubation, the samples were eluted through a
Superose 6 HP 10/30 column (Pharmacia) using Ӓkta FPLC
system, equilibrated with TBS, pH 7.4, at a flow of 0.5 ml/min.
The size-exclusion chromatography (SEC) was used to sepa-
rate DMPC-apoA-I complexes from the remaining lipid-free
apoA-I and compare the elution profiles that reflect sizes of
the resultant complexes. For each DMPC:apoA-I ratio, the
experiment was repeated at least twice using a fresh prepa-
ration of DMPC multilamellar vesicles in each case. Fractions
containing DMPC-apoA-I complexes were pooled and
analyzed by immunoblotting with antibodies to apoA-I
following separation of the particles on 4%–15% native
PAGE, as described above.

The pooled fractions containing DMPC-apoA-I particles
were dialyzed against 10 mM phosphate buffer, concentrated
if necessary, and far-UV CD spectra of each sample were
recorded at 25◦C on Jasco J-1000 CD spectrometer (Jasco Inc.,
Easton, MD). The α-helical content was determined from the
mean residue ellipticity at 222 nm as described (34). Protein
concentration in the samples was determined by BCA protein
assay (Thermo Scientific) in the presence of 1 mg/ml SDS in
the working reagent.

ApoA-I α-helical content in the presence of TFE
The helical structure inducer, TFE, was used to assess the

ability of WT and apoA-I[K107del] to form additional α-he-
lical structure. Various amounts of TFE were added to the
protein solutions in 10 mM phosphate buffer to have TFE
concentrations 20, 40, 60, or 80% (v/v) and protein concen-
tration 0.04 mg/ml. After incubation of the samples for 1 h at
4◦C, CD spectra were recorded at 25◦C and the α-helical
content was determined as described above. The experiment
was repeated three times.

RESULTS

Effect of K107 deletion on apoA-I affinity for lipid/
water interfaces

Protein adsorption to TO/W and POPC/TO/W inter-
faces. We showed previously (23) that WT apoA-I
binds to TO/W and POPC/TO/W interfaces and de-
creases interfacial tension γ to equilibrium values, γeq.
These decreases in γ correspond to the increases in
surface pressure Π calculated as ΔΠ = Πeq – Πi. We
compared ΔΠ values for WT and apoA-I[K107del] at
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apolar TO/W and more polar POPC/TO/W interfaces
to assess how K107 deletion affects the protein binding
to these surfaces. Adsorption isotherms (tension vs.
time) were obtained at various protein concentrations
in the range 1.3–5.3 × 10−7 M. In general, the equilib-
rium γ depends on protein concentration, with higher
protein concentrations resulting in lower γeq and less
time to reach equilibrium. Figure 1A, C show typical
pairs of adsorption curves for the proteins at TO/W
and POPC/TO/W interfaces, respectively, at protein
concentration of (2.4 ± 0.2) × 10−7 M. The initial γ of the
TO/W interface was 32 ± 0.5 mN/m and that of the
POPC/TO/W interface was 25 ± 0.5 mN/m, which
corresponds to ᴦPOPC of ∼37% (26). Similar to WT,
apoA-I[K107del] lowered γ of both interfaces to reach
equilibrium values, but the effect was greater for the
mutant than for WT (Fig. 1A, C).

Based on at least three adsorption isotherms for each
WT and apoA-I[107del] at (2.4 ± 0.2) × 10−7 M at the
TO/W interface, WT lowered γ to an equilibrium value
of 16.8 ± 0.5 mN/m, while apoA-I[K107del] lowered γ to
an equilibrium value of 14.3 ± 0.4 mN/m, The increases
in the surface pressure due to adsorption of the pro-
teins, ΔΠ, was higher for apoA-I[K107del] than for WT
apoA-I (17.8 ± 0.5 mN/m vs. 15.7 ± 0.5 mN/m, P < 0.05),
indicating that at the same protein concentration, the
mutant remodels the interface to a greater extent. The
half time needed to reach equilibrium was calculated
from at least three absorption isotherms for each WT
and apoA-I[107del] at (2.4 ± 0.2) × 10−7 M. The mean
half time needed to reach equilibrium at the TO/W
interface did not differ significantly between the pro-
teins (85 ± 21 s for apoA-I[K107del] and 99 ± 16 s for
WT, P > 0.05). Figure 1B shows the tension, γ, of the TO/
W surface at equilibrium after adding various con-
centrations of the proteins. Smaller concentrations of
apoA-I[K107del] resulted in larger decreases of surface
tension than the higher concentrations of WT apoA-I.
For WT at the concentration of 5.3 × 10−7 M, γeq was
still higher than γeq for apoA-I[K107del] at three times
lower concentration, 1.7 × 10−7 M, indicating that the
variant remodels the TO/W interface to greater extent
than WT, which is consistent with higher affinity of
apoA-I[K107del] to the TO/W interface.

Based on at least three isotherms for each protein at
(2.4 ± 0.2) × 10−7 M at the POPC/TO/W interface, WT
lowered γ to the equilibrium value of (14.5 ± 0.4) mN/
m, while γeq with apoA-I[K107del] was 11.8 ± 0.4 mN/m.
Accordingly, the increase in the surface pressure ΔΠ
resulting from the protein adsorption was higher for
apoA-I[K107del] than for WT (13.2 ± 0.5 mN/m vs. 10.6
± 0.5 mN/m P < 0.025), indicating that at a similar
protein concentration, the variant remodels the POPC/
TO/W interface to a greater extent than WT. The half
time needed to reach equilibrium calculated from the
isotherms was significantly shorter with apoA-I
[K107del] than with WT (65 ± 12 s vs. 186 ± 31 s, P <
0.01). This difference indicates that in contrast to



Fig. 1. ApoA-I-induced remodeling of various lipid surfaces. A, C: Interfacial tension (γ) changes for TO/W (A) and POPC/TO/W
(C) interfaces after adding the proteins to the aqueous phase. The curves are example of the adsorption isotherms (γ vs. time) for WT
and apoA-I[K107del] that were added to the aqueous phase at (2.4 ± 0.2) × 10−7 M. B, D: Dependence of equilibrium γ on the protein
concentration for the TO/W (B) and POPC/TO/W (D) interfaces. Each point represents the average ± S.D. from at least three
adsorption isotherms. TO, triolein; W, water.
binding to the TO/W interface, binding to the POPC/
TO/W interface was faster for apoA-I[K107del] than
for WT. Comparison of γeq for the POPC/TO/W
interface following adsorption of the proteins at
various concentrations (Fig. 1D) shows that lower con-
centrations of apoA-I[K107del] resulted in significantly
lower values of γeq than the much higher concentra-
tions of WT apoA-I. At the relatively high concentra-
tion of 5.3 × 10−7 M, WT adsorption resulted in γeq that
were still higher than γeq for apoA-I[K107del] at the
three times lower concentration, 1.7 × 10−7 M, or even at
the four times lower concentration, 1.3 × 10−7 M. Taken
together, these data indicate that apoA-I[K107del] has a
stronger ability than WT to bind to both the TO/W and
POPC/TO/W interfaces, and the difference between
the proteins is more pronounced at the POPC/TO/W
interfaces.
ApoA-I[L
Protein penetration into POPC/TO/W interfaces and values of
exclusion pressure (ΠEX). To compare the penetration
behavior of WT and apoA-I[K107del] at POPC/TO/W
interfaces, the adsorption curves were obtained for
each protein at various initial surface pressure Πi, cor-
responding to various surface concentrations of POPC.
The values of the increases in the surface pressure, ΔΠ,
were plotted against Πi, and the data were fitted to
linear regression (Fig. 2). Linear regressions for both
proteins were significant (R=0.99). Linear regression of
the ΔΠ-Πi data for each protein gives ΠEX at the
x-intercept where ΔΠ = 0 mN/m. ΠEX is the surface
pressure at which a protein cannot penetrate and bind
(i.e., is excluded from) the interface. The values for ΠEX

were similar for WT and apoA-I[K107del]
(25.0–25.5 mN/m). However, the plots show that at
each initial surface pressure, binding of apoA-I
ys107del] lipid surface behavior and nHDL biogenesis 5



Fig. 2. Exclusion pressure ΠEX for WT and apoA-I[K107del] at
POPC/TO/W interfaces. The initial surface pressure Πi and the
corresponding ᴦPOPC of POPC/TO/W interfaces were set as
described in Material and Methods. Adsorption of WT or apoA-
I[K107del] to the interfaces increased the surface pressure to a
different extent, ΔΠ, depending on the initial surface pressure
Πi. For each protein, changes in surface pressure ΔΠ were
plotted against corresponding values of Πi, and the data were
fitted to linear regressions. X-intercepts of the linear regression
at ΔΠ = 0 mN/M represent values of ΠEX, the exclusion pres-
sure at which a given protein cannot bind POPC/TO/W in-
terfaces. TO, triolein; W, water.

Fig. 3. Pressure-area (Π-A) isotherms and retention pressure
(ΠENV). A: Examples of pressure-area (Π-A) isotherms for WT
and apoA-I[K107del] adsorbed to a POPC/TO/W interface of
ᴦPOPC = 34.4± 0.1%. WT or apoA-I[K107del], added at 2.7 ×
10−7 M in the aqueous phase, adsorbed to POPC/TO/W in-
terfaces. Shown here are compression isotherms derived from
slow compression following slow expansion of the POPC/TO/
W interface with one of the proteins adsorbed to it. The arrow
shows the direction of compression. Asterisks mark envelope
points (corresponding to AENV and ΠENV), where an abrupt
change in slope shows the beginning of ejection of the given
protein from the surface upon compression. B: Dependence of
ΠENV on POPC surface concentration, ᴦPOPC, for WT and apoA-
I[K107del]. Proteins were added at 2.7 × 10−7 M in the aqueous
phase, adsorbed to the TO/W interface or POPC/TO/W in-
terfaces with varied ᴦPOPC. Envelop pressures (ΠENV) were
determined from Π-A isotherm for each protein and plotted
against ᴦPOPC. ΠENV values are the mean ± SD, n = 2–3. ΠENV
values at TO/W interface (ᴦPOPC = 0%) are outlined by a rect-
angle. TO, triolein; W, water.
[K107del] results in larger increases in the surface
pressure, indicating that the mutant apoA-I remodels
various surfaces of POPC-coated TO droplets to a
greater extent and thus, interacts more strongly with
the surfaces with various surface concentrations of
POPC.

Retention pressure (ΠENV) on POPC/TO/W inter-
faces. Envelope pressure, ΠENV, for WT and apoA-I
[K107del] at interfaces with varied POPC surface con-
centration, ᴦPOPC, was determined to compare differ-
ences in the protein retention over a range of lipid/
water interfaces. To obtain the values of ΠENV,
compression Π-A isotherms were recorded for POPC/
TO/W surfaces with various POPC surface concentra-
tions. Figure 3A shows examples of the Π-A isotherms
for WT and apoA-I[K107del] adsorbed to POPC/TO/
W interface with ᴦPOPC = 34.4 ± 0.1%. The data were
generated from γ and surface area profiles when the
POPC-coated TO drop with a protein adsorbed into
the surface was slowly expanded and then compressed.
The arrow marks the direction of compression. The
asterisk (*) marks a point of change of the isotherm
slope and corresponds to the envelope point, that is the
surface area and pressure (ΠENV) at which the protein
begins to be ejected from the surface on compression.
The higher value of the ΠENV for the mutant (21.5 ±
0.5 mN/m vs. 19.6 ± 0.5 mN/m for WT, P < 0.05) in-
dicates that compared to WT, apoA-I[K107del] begins to
be ejected from the surface at higher surface pressure
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suggesting better retention of the variant on the POPC/
TO surface. The Π-A isotherms for both proteins were
obtained for various initial drop volumes correspond-
ing to the various initial surface pressure and ᴦPOPC.
Values of ΠENV determined from the isotherms for
various ᴦPOPC are shown in Fig. 3B. The values of ΠENV

at ᴦPOPC = 0% (marked by a box) were determined from



Π-A isotherms for the TO drop without POPC coating.
Retention pressure for the two proteins did not differ
significantly on the surface of the TO drop without
POPC. In contrast, for POPC-coated TO drops, at each
POPC surface concentration studied, apoA-I[K107del]
was ejected from the surfaces at higher surface pres-
sures than WT, indicating stronger retention of the
variant on the POPC/TO/W interfaces.

Effect of K107 deletion on cholesterol efflux and
nHDL biogenesis

Although the capacity of apoA-I[K107del] to pro-
mote ABCA1-mediated cholesterol efflux was re-
ported by others using different cells (17, 27, 28), we
confirmed this process in J774 cells used in this study.
We therefore analyzed the capacity of the mutant
apoA-I[K107del] to promote cholesterol efflux over a
6- and 24-h incubation period and compared the
data with WT apoA-I. We chose these time points
to investigate potential differences that may be
occurring either during short and/or long incubation
times (31).

Figure 4A shows that, as expected, following a 24-h
incubation, the efflux promoted both by the WT and
apoA-I[K107del] was relatively low from cells not
incubated with cAMP and corresponded to 7.7 ± 4.2
and 7.3 ± 1.1%, respectively. Indeed, these cells have very
low or undetectable level of ABCA1 (Fig. 4B, lanes 2 and
6). However, both apoA-I[K107del] and WT promoted
higher efflux (Fig. 4A) from cells treated with cAMP
that upregulated ABCA1 (Fig. 4B, lanes 3–5 and 7–9).
Percent cholesterol efflux promoted by apoA-I
[K107del] was similar to that promoted by WT and
corresponded to 27.9 ± 4.6 and 28.7 ± 2.8%, respectively.
Thus, the majority of the efflux was ABCA1-mediated.
Furthermore, efflux promoted by apoA-I[K107del] af-
ter 6-h incubation was also similar to that of WT and
corresponded to ∼ 60% of the efflux measured after
24-h incubation (data not shown).

The level of ABCA1 in cells incubated with apoA-I
[K107del] for 24 h was similar to that in cells incu-
bated with WT (as determined in two experiments run
in triplicates and normalized to actin level). In addition,
cells treated with cAMP that were incubated in media
not containing protein acceptors expressed a very low
level of ABCA1 (Fig. 4B, lane 1). Thus, similar to previ-
ous reports (17, 28, 29), K107 deletion does not impair
the ability of the mutant to promote cholesterol efflux
as efficiently as the WT.

Given that efflux promoted by the apoA-I[K107del]
mutant was similar to that promoted by the WT, it
was important to determine whether the mutant can
bind the effluxed lipids as efficiently as the WT to
form nHDL particles. To that end, we analyzed efflux
media collected from cells after 6- and 24- h incubation
by Western blotting. Figure 4C, D show representative
immunoblots (probed with antibodies to apoA-I) of
efflux media harvested after a 6- and 24-h incubation,
ApoA-I[L
respectively. As shown in these immunoblots, there was
a major band of apoA-I in media derived from cells
incubated without cAMP representing lipid-free apoA-
I (lanes 1 and 5) that was not lipidated due to low or
undetectable level of ABCA1 (Fig. 4B, lanes 2 and 6)
resulting in minimal efflux (Fig. 4A). When WT or
apoA-I[K107del] were added to cells in the presence of
cAMP to upregulate ABCA1 (Fig. 4B, lanes 3–5 and
lanes 7–9), they became lipidated and formed nHDL
particles as early as 6 h as indicated by the presence of
multiple bands representing a heterogenous population
of presumably discoidal nHDL particles ranging from
∼6.8 to 12.2 nm diameter (Fig. 4C, D, lanes 2–4, and lanes
6–8, respectively). However, quantification of all bands
representing nHDL showed that the overall capacity to
form particles with apoA-I[K107del] was reduced to 92
± 6% (P < 0.05) and 93 ± 7% (P = 0.07) of that for WT
following 6- and 24-h incubation, respectively. The
reduction in the ability of apoA-I[K107del] to bind the
effluxed lipids was primarily due to its reduced ca-
pacity to form nHDL particles larger than 8.5 nm
diameter (compare lanes 6–8 to lanes 2–4 of Fig. 4C, D)
representing large and very large nHDL particle (35).
After 6- and 24-h incubation, the relative abundance of
large and very large nHDL particles formed by the
mutant was significantly lower than those formed by
the WT (Fig. 4E, F). Large nHDL particles formed by
the mutant after 6- and 24-h incubation accounted for
11.7 ± 2.3% (P < 0.001) and 23.4 ± 4.2 (P < 0.02), of total
nHDL, respectively. Very large nHDL particles formed
by apoA-I[K107del] after 6- and 24- h incubation
accounted for 1.9 ± 0.6 (P < 0.05) and 6.4 ± 2% (P <
0.005) of total nHDL, respectively. For comparison, the
relative abundance of large nHDL particles formed by
the WT after 6- and 24-h incubation was 34.1 ± 1.5 and
32.2 ± 3.1%, respectively, and the relative abundance of
very large nHDL particles was 10.8 ± 0.8 and 14.8 ± 5.7%,
respectively.

It is notable that continued incubation from 6 to 24 h
led to a small increase in the relative abundance of very
large nHDL particles formed by the WT from 10.8% to
14.8% and a significant (P < 0.05) increase by the mutant
from 1.9% to 6.4% of total nHDL, respectively. On the
other hand, while the abundance of large nHDL par-
ticles formed by the WT did not change, this popula-
tion of nHDL particles formed by the mutant increased
significantly (P < 0.05) from 11.7% to 23.4% of total
nHDL (Fig. 4E, F, respectively). Nevertheless, the overall
abundance of combined large and very large nHDL
particles formed by the mutant both after 6 and 24 h
was significantly lower than those formed by WT (P <
0.0001 and P < 0.001, respectively).

Overall, the relative abundance of large plus very
large nHDL particles formed by apoA-I[K107del] after
6- and 24- h incubation was significantly reduced to
30.4 ± 13% (P < 0.0001) and 63.4 ± 3% (P < 0.002) of the
relative level of these particles formed by the WT,
respectively (supplemental Fig. S1).
ys107del] lipid surface behavior and nHDL biogenesis 7



Fig. 4. ABCA1-mediated cholesterol efflux and nHDL formation. A: Cholesterol efflux. Cells prelabeled with BODIPY-cholestero
were incubated with either WT or apoA-I[K107del] in media containing (gray bars) or not containing cAMP (black bars) for 24 h
Cholesterol efflux was determined by measuring net fluorescence in media and expressed as a percentage of total fluorescence in
cells plus media. Bars represent means ± SD (-cAMP, n = 3; +cAMP, n = 4). B: ABCA1 levels. Cells incubated with either WT or apoA-I
[K107del] as described in Panel A were analyzed by Western blotting. Membranes were probed with antibodies to ABCA1 or to pan
actin (loading control). Lane 1 is from cells incubated without protein acceptors. C, D: Immunoblots showing apoA-I. Media harvested
following a 6- (C) or 24-h (D) incubation with acceptors were analyzed by nondenaturing gradient (4%–15%) PAGE followed by
immunoblotting. Immunoblots were probed with antibodies to apoA-I. Lanes 1–4 and 5–8 represent media derived from cells
incubated with WT or lapoA-I[K107del], respectively. Lanes 1 and 5 represent media from cells incubated in the absence of cAMP
Lanes 2–4 and 6–8 represent triplicate media samples derived from cells incubated with cAMP. E, F: Lipidated apoA-I bands labeled
as very small, medium, large, and very large nHDL depicted in panels C and D were quantified and expressed as % of total nHDL
formed after 6 and 24 h, respectively. Bars represent means ± SE (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001. nHDL, nascent HDL.
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These findings indicate that the mutant apoA-I
[K107del] formed large and very large nHDL particles
either more slowly or of lower stability than WT and
thus was unable to attain WT levels even after a 24-h
incubation.

Since we previously demonstrated that nHDL parti-
cles formed by apoA-I following efflux from trans-
fected HEK 293 cells contained the ganglioside GM1
(31) it was of interest to determine whether a) nHDL
particles formed by apoA-I incubated with J774 cells
also contain GM1 and whether the mutant has the ca-
pacity to bind GM1as efficiently as WT and b) to
confirm that the lipid distribution (represented by
GM1) is similar to the distribution of apoA-I. To
determine the content of GM1 in nHDL particles, we
probed the membranes with cholera toxin subunit B
which specifically binds to GM1 (32). The representative
ligand blots in supplemental Fig. S2A, B show that the
distribution of GM1 in media derived from both WT
and apoA-I[K107del] after 6- and 24-h incubation par-
allels the distribution of lipidated apoA-I (Fig. 4C, D,
lanes 2–4 and 6–8). Importantly, all nHDL particles
formed by WT and apoA-I[K107del] contained GM1
(lanes 2–4 and 6–8). No GM1 was detected in media
derived from cells that were not incubated with cAMP
(supplemental Fig. S2A, B, lanes 1 and 5). Large plus
very large (e.g., >8.5 nm-diameter) nHDL particles
formed by the mutant contained 22 ± 6% and 25 ± 6%
of total GM1 in nHDL following 6- and 24-h incubation,
respectively, which were significantly lower than the
relative level of these populations of nHDL particles
formed by the WT and corresponded to 49 ± 15% and
61± 9%, of WT, respectively (P < 0.01) (supplemental
Fig. S2C). Overall, deletion of K107 did not impair the
ability of apoA-I to bind GM1 but due to diminished
biogenesis of large and very large nHDL particles, there
was proportionally less GM1.

Together, these findings suggest that deletion of
K107 impairs the ability of apoA-I to bind the effluxed
lipids and form nHDL particles as efficiently as the WT
and may impair the protein ability to bind enough lipid
to form large and very large nHDL particles resulting
in the biogenesis of primarily smaller nHDL particles.
Such changes are likely to have a profound impact
in vivo.

Effect of K107 deletion on sizes of DMPC-apoA-I
complexes and α-helicity of apoA-I

We aimed to investigate the properties of the apoA-I
[K107del] that may contribute to the impaired ability of
the protein to recruit lipids and form large and very
large nHDL particles. To this end, we incubated apoA-I
with DMPC at increasing lipid:protein ratios and stud-
ied the resultant DMPC-apoA-I complexes, which are
commonly used as simple models of nHDL. Figure 5,
A–C, shows SEC elution profiles of the resultant DMPC-
apoA-I complexes formed at DMPC; apoA-I weight
ratio of 2, 4, and 8, corespondingly. Both lipid-free WT
ApoA-I[L
and apoA-I[K107del] incubated without DMPC were
eluted from the column between 17 and 19 ml, with a
peak volume of 18 ml (not shown). Therefore, the
fractions between 12 and 16.5 ml collected for analysis
contained DMPC-apoA-I complexes with no lipid-free
apoA-I. For each DMPC:apoA-I ratio, the elution pro-
files for apoA-I[K107del]-containing complexes were
shifted to larger elution volumes compared to those for
WT-containing complexes, indicating overall smaller
hydrodynamic diameters of the particles formed by the
mutant. For each DMPC:apoA-I ratio, the elution pro-
files show two major populations of particle with
different hydrodynamic diameters, with the apparent
peak heights corresponding to the smaller particle be-
ing greater for the mutant than for WT.

Accordingly, the representative immunoblot of the
pooled fractions (Fig. 5D) for each DMPC:apoA-I ratio
shows a band corresponding to smaller particles (with
Stokes diameters between 7.4 – 7.8 nm) and one band or
two bands corresponding to larger particles (with
Stokes diameters between 10.5 - 14 nm). Thus, for each
DMPC:apoA-I ratio, apoA-I[K107del]-containing com-
plexes show increased relative proportion of smaller
particles and reduced abundance of larger particles.
Furthermore, although increasing DMPC:apoA-I ratio
from 2 to 8 led to increased relative abundance of
larger particles for both WT and the mutant, WT
formed more of the larger particles. Remarkably,
increasing DMPC:apoA-I ratio up to 8 led to the for-
mation by WT of a distinct population of particles with
diameters of ∼14 nm, in addition to the particles with
∼10.5 nm diameter. The mutant, on the other hand, was
unable to form this population of the largest particles
(compare lane 5 to lane 6 in Fig. 5D). Notably, the blot
showed no presence of lipid-free apoA-I in any of the
samples of WT- or apoA-I[K107del]-containing com-
plexes separated by SEC. Overall, our findings are
consistent with the hampered ability of apoA-I
[K107del] variant to form larger discoidal complexes
with DMPC.

Our findings agree with a significant shift of DMPC-
apoA-I complexes toward smaller sizes as a result of the
K107del mutation that was found by Huang et al. (17)
for the complexes formed by sodium cholate dialysis at
DMPC:apoA-I weight ratio of 3.9 (molar ratio of 150:1).
For a close DMPC:apoA-I weight ratio of 3.8 (molar
ratio of 145:1), Ludovico et al. (33) found no significant
effect of the K107del mutation on sizes of DMPC-apoA-
I complexes based on the quantification of gradient
nondenaturing gels. Interestingly that when DMPC-
apoA-I complexes were formed by sodium cholate
dialysis (17), deletion of K107 resulted in an additional
population of smaller particles that were not formed by
WT and in a lack of a minor population of the largest
particles that were formed by WT. In our studies, both
WT and apoA-I[K107del] were able to form a popula-
tion of smaller particles. Thus, the effect of K107
deletion was not quite the same for DMPC-apoA-I
ys107del] lipid surface behavior and nHDL biogenesis 9



Fig. 5. Size-exclusion chromatography of DMPC-apoA-I
complexes. A–C: Gel filtration elution profile of DMPC-apoA-
I complexes. WT and apoA-I[K107del] were incubated with
DMPC suspension for 66 h at 24◦C at DMPC:apoA-I weight ratio
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particles prepared by sodium cholate dialysis and
spontaneously reconstituted DMPC-apoA-I particles.
This agrees with the recent findings by Bedi et al. (36),
suggesting that structural requirements for apoA-I to
form complexes with phospholipids spontaneously may
be different from those needed for the detergent-
assisted formation of the complexes. Given that
K107del mutation affects the protein conformation and
stability (15, 16), the altered structural properties of
apoA-I[K107del] apparently translated into slightly
different effects for DMPC-apoA-I complexes formed
spontaneously or by cholate dialysis method. Impor-
tantly, regardless of the method of the particle forma-
tion, the K107del mutation resulted in the shifts of
DMPC-apoA-I particles to smaller sizes.

It is well documented that the interaction of apoA-I
with phospholipids to form discoidal HDL complexes
is driven by an increase in amphipathic helical content
in the protein on lipid interaction. To test the effect of
the K107 deletion on the ability of apoA-I to increase
α-helical structure on binding to DMPC, we determined
the α-helical content of apoA-I in the DMPC-apoA-I
complexes formed at increasing DMPC:apoA-I ratios.
For the CD analysis, we used the same pooled fractions
collected from SEC that we used for the immunoblot
analysis, that is complexes formed at DMPC:apoA-I
ratios of 2, 4, and 8 (Fig. 5, A–C, correspondingly). The
dependence of apoA-I α-helix on DMPC:apoA-I ratio is
shown in Fig. 6. Consistent with our earlier findings
(15), the K107del mutation did not change significantly
the α-helix content of lipid-free apoA-I. However, the
mutation resulted in the reduced α-helical content of
apoA-I in DMPC-bound state at each DMPC:apoA-I
ratio. Consistent with the SEC data, the largest effect
of the K107 deletion on the protein α-helical content
(∼10% decrease) was observed at DMPC:apoA-I ratio of
4. This reduction in the α-helical content, as a result of
the K107del mutation, corresponds to unfolding of
∼ 24-residue segment that is roughly one sequence
repeat in apoA-I. At DMPC:apoA-I ratios of 2 and 8, the
K107 deletion resulted in smaller but statistically
significant reductions in the protein α-helical content,
of 2 (A), 4 (B), or 8 (C). The mixtures were then eluted through
Superose 6 HP 10/30 column equilibrated with TBS. Fractions
containing DMPC-apoA-I complexes (gray-shaded areas) were
pooled for analysis. Profiles for WT and apoA-I[K107del] shown
by empty circles and filled circles, correspondingly. D: Repre-
sentative immunoblot of DMPC-apoA-I complexes. Pooled
fractions containing DMPC-apoA-I complexes were analyzed
by nondenaturing gradient (4%–15%) PAGE followed by
immunoblotting with antibodies to apoA-I. Lanes 1, 3, and 5:
WT-containing complexes separated by SEC for DMPC:apoA-I
ratios of 2, 4, and 8, correspondingly. Lanes 2, 4, and 6: apoA-I
[K107del]-containing complexes separated by SEC for
DMPC:apoA-I ratios of 2, 4, and 8, correspondingly. Position
of lipid-free apoA-I on the blot is indicated by the arrow.
DMPC, 1,2-dimyristoylphosphatidylcholine; SEC, size-exclusion
chromatography.



Fig. 6. The α-helical content of apoA-I in DMPC-apoA-I
complexes. DMPC-apoA-I complexes obtained by spontaneous
reconstitution by incubating WT and apoA-I[K107del] with
DMPC at various lipid:protein ratios and separated by SEC, as
shown in Figure 5, A–C, were analyzed by far-UV CD. The
α-helical content of apoA-I in the DMPC-apoA-I complexes is
plotted against DMPC:apoA-I ratios in the incubation mixtures.
Data are means ± SD, n ≥3. Letters above the data points indi-
cate significance of the difference between the values for
apoA-I[K107del] and WT by unpaired t-test, a: not significant, b:
P < 0.01, c: P < 0.05. DMPC, 1,2-dimyristoylphosphatidylcholine;
SEC, size-exclusion chromatography.

Fig. 7. The α-helical content of apoA-I in the presence of TFE.
WT or apoA-I[K107del] were incubated in 10 mM phosphate
buffer for 1 h at 4◦C with various concentrations of TFE, and
the α-helical content was determined from far-UV CD spectra.
Data are means ± SD, n = 3. Letters above the data points
indicate significance of the difference between the values for
apoA-I[K107del] and WT by unpaired t-test, a: not significant, b:
P < 0.05, c: P < 0.01. TFE, trifluoroethanol.
6%–7% and 5%–6%, correspondingly. These reductions
in the α-helical content resulted from the deletion of
K107 correspond to unfolding of segments that are
smaller than one sequence repeat. Thus, CD analysis of
DMPC-apoA-I complexes indicate that deletion of K107
impedes the ability of apoA-I to increase α-helical
structure on binding to the phospholipids.

Effect of K107 deletion on the α-helical content of
apoA-I in the presence of TFE

To test if K107del affects the ability of apoA-I to fold
additional α-helices in other environments that stimu-
late formation of α-helical structure, we determined the
α-helical content of WT and apoA-I[K107del] in the
presence of various concentrations of the helical
structure inducer TFE (Fig. 7). For both proteins, the
α-helical content progressively increased when TFE
concentration rose from 0% to 10%–20%, and further
increase in the TFE concentration did not result in
significant changes of the protein α-helicity. However,
while the α-helical content of the two proteins in the
aqueous buffer (TFE = 0%) did not differ significantly,
apoA-I[K107del] had a significantly lower α-helical
content than WT in the presence of the various con-
centrations of TFE. The maximum α-helicity induced
by TFE was on average 10% lower for apoA-I[K107del]
compared to WT, again corresponding to the number
of residues in one sequence repeat. Thus, K107del
mutation impairs the ability of apoA-I to increase
α-helical structure in the presence of TFE.
ApoA-I[L
DISCUSSION

Despite many published studies on human apoA-I
[K107del] variant that is associated with low HDL-C
levels (10–12, 18) and premature CVD (13, 18), its prop-
erties are not fully understood. Some conclusions
regarding the effects of K107 deletion on apoA-I
properties, such as LCAT activation (17, 18, 37, 38),
DMPC solubilization rate (15, 17, 33), or aggregation in
solution (16, 39), are inconsistent. One of the unusual
findings about apoA-I[K107del] is that it is not associ-
ated with low plasma apoA-I concentrations, despite
being associated with low HDL-C (10, 11). This pheno-
type contrasts with that of most human apoA-I muta-
tions that are associated with either both reduced
plasma HDL-C and reduced apoA-I levels (8, 10, 40–42)
or elevated HDL-C along with elevated plasma apoA-I
levels (40). In this work, we revealed important prop-
erties of apoA-I[K107del] that may contribute to its
unusual phenotype.

Our earlier studies on binding of apoA-I to synthetic
TG-rich emulsion particles (15) suggested that the
K107del mutation may enhance binding of apoA-I to
large TG-rich lipoproteins in vivo. However, no other
published experimental results on this variant or data
on patients carrying this mutation that would directly
support this hypothesis were known. In the current
study, we studied for the first time lipid surface
behavior of apoA-I[K107del] and revealed properties of
the variant that can drive its increase affinity to large
TG-rich lipoproteins. We found that deletion of K107
led to increases in both the extent and the rate of
adsorption of apoA-I to the surfaces of POPC-coated
ys107del] lipid surface behavior and nHDL biogenesis 11



TO drops and increased retention of apoA-I on the
surfaces. The differences between apoA-I[K107del] and
WT in adsorption (Fig. 1) and especially desorption
(Fig. 3B) behaviors were more pronounced for the
more polar POPC-TO surfaces than for the surface of a
TO drop without POPC. The higher ΠENV values for
apoA-I[K107del] on the surface of POPC-coated TO
drops (Fig. 3B) imply that in vivo, during lipoprotein
remodeling and inferred lipoprotein surface pressure
changes, apoA-I[K107del] remains on the surfaces of
TG-rich particles up to higher pressures than WT. The
larger surface pressure changes that resulted from
adsorption of apoA-I[K107del] to the surfaces of POPC-
coated TO drop (Fig. 2) indicate that apoA-I[K107del]
remodels the lipid surfaces to a greater extent than
WT, suggesting stronger interactions of the variant
with the surface lipids of TG-rich lipoproteins. Taken
together, these observations imply that enhanced
binding of apoA-I[K107del] to the phospholipid sur-
faces of TG-rich lipoproteins and its better retention on
these surfaces may lead to an increased content of
apoA-I[K107del] on TG-rich lipoproteins in vivo.

It has been shown that compared to WT, apoA-I
[K107del] has a less stable and more loosely folded
lipid-free conformation with greater exposure of hy-
drophobic surfaces (15, 16). It has been proposed that
lipid-free apoA-I forms a four-segment bundle that
opens when the protein binds to lipids or lipoprotein
lipid surfaces [(1) and references sited therein]. In our
earlier studies, we suggested that the K107 deletion re-
sults in helical registry shift and ensuing disruption of
salt bridges, both intra-helical (K107-E110 and K107-
E111) and interhelical (E111-H155 and E111-R151) that
leads to destabilization of the N-terminal helical bundle
structure and greater exposure of hydrophobic sur-
faces in lipid-free apoA-I (15). These characteristics are
consistent with the position and interactions of K107 in
the crystal structure of the [1–184] apoA-I dimer, as well
as the proposed “domain swapped” monomer (43) and
the consensus structure of lipid-free apoA-I (44). Spe-
cifically, in all three structural models, K107 forms a
strong intra-helical salt bridge with E110 and E111
located in helix 4 that is a part of the N-terminal helix
bundle. In addition, as a consequence of the loss of the
K107/E111 interaction, interhelical salt bridges (E111-
H155 and E111-R151) that stabilize the interaction be-
tween helix 4 and helix 6 in the bundle are also likely to
be perturbed. Thus, deletion of K107 is expected to
shift the helical registry, disrupts these salt bridge in-
teractions, and thereby leads to destabilization of the
helix bundle and exposure of the hydrophobic core of
the bundle. The lower stability and more losely folded
conformation leading to exposed hydrophobic surfaces
would provide flexibility and adaptability for confor-
mational changes that are required for protein binding
to the surface of large TG-rich lipoprotein particles (15).
These processes represent the structural basis of the
enhanced binding of apoA-I[K107del] to the surfaces of
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TG-rich lipoproteins (or lipid drops in the drop tensi-
ometry experiments). It should be noted that the gen-
eral structural organization of apoA-I on TG-rich
particles must be different from that on discoidal or
spherical HDL particles. Given that sizes of TG-rich
particles are much larger than HDL (50–100 nm for
VLDL vs. 7–12 nm for HDL), and the relative content of
apoA-I on TG-rich particles is expected to be
immensely lower than on HDL, apoA-I is not able to
form cage-like structures on TG-rich particles.
Furthermore, the lipid drops used in our drop-
tensiometry experiments are much larger than VLDL.

Remarkably, animal studies showed that when hu-
man WT or variant forms of apoA-I were expressed in
apoA-I -/- mice, apoA-I mutations that led to similar
conformational changes (less stable and more loose
folding with greater exposure of hydrophobic surfaces)
resulted in a noticeable portion of apoA-I detected in
plasma TG-rich lipoproteins of the animals [(45, 46), ref.
(47) and references therein]. In one study (46), up to
40% of an apoA-I variant with the similar conforma-
tional characteristics were detected in plasma TG-rich
lipoproteins.

Another factor contributing to low HDL-C along
with normal apoA-I levels in plasma of individuals
with the K107del mutation may relate to the smaller
sizes and reduced cholesterol content of their HDL
particles, first reported by Tilly-Kiesi et al. (18). As
apoA-I is an activator of LCAT that promotes
enlargement of HDL in the circulation, several studies
investigated if the K107 deletion affected the ability of
apoA-I to activate LCAT. The LCAT activation ability
of apoA-I[K107del] isolated from heterozygous in-
dividuals was found to be either lower than (37, 38) or
similar to (18) that of WT apoA-I isolated from the
same individuals. Studies of recombinant pro-apoA-I
also did not find any effect of K107 deletion on the
protein’s LCAT activation ability (17). Thus, it seems
unclear if the reduced HDL size associated with apoA-I
[K107del] may relate to impaired cholesterol esterifi-
cation by LCAT. We posited that structural changes in
apoA-I[K107del] may modify the initial step of HDL
biogenesis. To test this hypothesis, we investigated the
effect of K107del on ABCA1-mediated cholesterol
efflux and sizes of nHDL.

We found no effect of K107 deletion on apoA-I
ability to promote ABCA1-mediated cholesterol efflux
from J774 cells, in agreement with earlier reports
(17, 27, 28) that found no effect of K107del on net
cholesterol efflux from fibroblasts, CHO cells, and
murine adipocytes. As apoA-I is believed to directly
interact with ABCA1 on cell membranes (31, 48), these
data suggest that deletion of K107 does not affect
binding of apoA-I to ABCA1. Similar levels of ABCA1
in the presence of WT or apoA-I[K107del] (Fig. 4B) are
also consistent with similar interactions of both proteins
with ABCA1. It is known that apolipoproteins stabilize
ABCA1 in cells by protecting it from proteases (49).



Interestingly, Vedhachalam et al. (50) proposed that
hydrophobicity of the C-terminal domain of apoA-I is
critical for effective ABCA1-mediated cholesterol
efflux, while destabilization of the N-terminal bundle
may increase the effectiveness, and a cooperation of
the N-terminal and C-terminal domains enhance
cholesterol efflux to apoA-I via ABCA1. It is possible
that the intact C-terminal domain and cooperation
between the N- and C-terminal domains preserved in
the apoA-I[K107del] variant override the potentially
enhanced ability of the destabilized N-terminal bundle
to promote cholesterol efflux. Our observations for the
K107del mutation are similar to those reported for the
L38G/K40G mutation of apoA-I that we studied pre-
viously (31). In both cases, the mutation did not result in
changes in ABCA1-mediated cholesterol efflux from
cells but had a marked effect on nHDL biogenesis,
supporting our suggestion that efflux and nHDL for-
mation are uncoupled processes. The L38G/K40G
mutation, designed to destabilize a hinge region but
have little effect on the helical backbone, resulted in a
significantly enhanced ability to form nHDL, which
suggests that a destabilized N-terminal bundle facili-
tates nHDL formation. In contrast, despite no effect of
on ABCA1-mediated cholesterol efflux, the K107 dele-
tion mutation modulated the size distribution of nHDL
particles, resulting in a reduced abundance of larger
particles and an increased proportion of smaller parti-
cles. While the relative level of large plus very large
nHDL particles formed by the mutant was higher after
a 24-h incubation compared to 6-h incubation, this
population was still significantly lower than for the WT.
Furthermore, in contrast to WT, apoA-I[K107del] was
not able to form the largest nHDL (with diameter
>10 nm) (Fig. 4C, D).

It was demonstrated that the relative amount of
cholesterol varies with the size of HDL particles. Men-
divil et al. (35) showed that the ratio of cholesterol to
apoA-I increases withHDL size in humans. Similarly, Liu
et al. (51) reported that the cholesterol:phospholipid ratio
in the largernHDLparticles formedby apoA-I following
incubation with J774 cells is three times higher than in
the smaller particles. Therefore, in our system, even
after the prolonged incubation of 24 h, the 36% reduc-
tion in the relative abundance of large plus very large
nHDL translates into a much larger reduction in total
HDL-C. Since very small andmediumnHDLparticles are
enriched in phospholipids, their relative increase
(Fig. 4E, F) cannot compensate for the reduction in total
cholesterol, thus contributing to the factors thatmay lead
to low HDL-C in patients carrying K107del mutation in
A-I (18, 52).

Taken together, our findings show that apoA-I
[K107del] exerts the similar effect on the size of dis-
coidal HDL particles, whether they are nHDL formed
in cells by ABCA1 reaction or DMPC-apoA-I complexes
created by lipid solubilization. The structural limita-
tions that prevent formation by apoA-I[K107del] of
ApoA-I[Ly
larger discoidal particles in the experimental conditions
may prevent formation of larger discoidal and spher-
ical HDL in plasma of patients carrying this mutation.
Indeed, it was shown that plasma of patients heterozy-
gous for apoA-I[K107del] was lacking larger HDL2

subfractions and contained mostly smaller HDL3 sub-
fractions (18), thereby increasing the patients' risk for
atherosclerosis and CVD.

In contrast to apoA-I binding to large TG-rich par-
ticles, an important structural self-association of apoA-I
molecules is required when apoA-I binds to HDL or
solubilizes lipids on the surface of ABCA1-expressing
cells to form discoidal nHDL or solubilizes phospho-
lipid vesicles to form discoidal phospholipid-apoA-I
complexes. ApoA-I must dimerize to form “double-
belt” structures around the lipid bilayer of the nHDL
discs. The general structural organization of apoA-I is
thought to be similar overall on discoidal and spherical
HDL particles, with the “double-belt” being the
fundamental organizational motif for apoA-I (53, 54).
In discoidal particles, the “double-belt”, comprised of
two antiparallel apoA-I molecules, wraps around the
edge of the discs (55), and in spherical particles, 3 to 5
“double-belted” apoA-I molecules form a symmetrical
cage-like structure around the spheres (53, 54). Some
data suggest that the presence of a third apoA-I mole-
cule in a ‘hairpin” conformation cannot be ruled out
for discs with diameters exceeding 10 nm (1, 56, 57).

It is well documented that the sequence of apoA-I
contains ten, potentially amphipathic helical repeats
in the exon 4 encoded region (residues 44–243) that
form this double-belt together with the N-terminal
(residues 1–43) domain. In the “double-belt” arrange-
ment, the polar surface of apoA-I amphipathic helices
faces the aqueous environment, while the nonpolar
face of the amphipathic helices interacts with the hy-
drophobic regions of phospholipids, shielding them
from exposure to water and thereby stabilizing the
HDL particle (55). Segments of the apoA-I molecules
forming these “double-belts” may have loop or un-
structured character in some of the repeat segments of
the apoA-I molecules that are displaced from the
particle surface or twisted to modulate particle diam-
eter in response to various amount of lipid cargo
(53, 56–58). Thus, the formation of the double-belt to
stabilize smaller-sized discoidal HDL particles does not
require all ten repeat segments to form helical
conformation. As particles increase in size, unstruc-
tured segments of the sequence repeats are driven to
form in-register amphipathic helical structure to
expand the antiparallel double-belt and stabilize the
increased perimeter of the particle. The α-helical
content of apoA-I on both discoidal and spherical
synthetic HDL is known to increase when the
lipid:apoA-I ratio and diameter of the particles in-
creases (59). This observation is supported by hydrogen
exchange and mass spectroscopy analysis of discoidal
particles (58). Our analysis of the α-helical content of
s107del] lipid surface behavior and nHDL biogenesis 13



WT and apoA-I[K107del] with increasing concentra-
tions of DMPC or TFE reveals that in both environ-
ments, apoA-I[K107del] was not able to increase
α-helical structure as much as WT (Figs. 6 and 7).

Most importantly, stabilizing interactions between
the two apoA-I molecules forming the double-belt are
achieved through extensive salt bridges between the
antiparallel helices. As discussed earlier (15), in addition
to residue K107 forming an important stabilizing intra-
helical salt-bridge (K107-E111) in the structure of WT
apoA-I, K107 together with several other residues is
involved in critical salt-bridge networks that stabilize
the helix 4-helix 6 interaction of the apposed molecules
in the double-belt. Thus, overall, deletion of K107,
together with the resulting disruption of the registry of
the polar and apolar helical faces, disrupts and de-
stabilizes this region with consequent disruption of
important interhelical stabilizing interactions that form
the double-belt. The hampered ability of apoA-I
[K107del] to form correctly structured α-helix at
higher lipid:protein ratios impairs the variant’s ability
to form an appropriately structured and stabilized
“double-belt” around larger HDL, both discoidal and
perhaps spherical HDL. In small HDL particles, the
helix4-helix 6 region may adopt a loop/unstructured
conformation instead of helical structure due to lower
lipid load. Thus, the apoA-I[K107del] mutant maintains
its ability to form small particles but has impaired
ability to form larger particles. Our efflux experiments
at both 6 and 24 h showed that a decreased amount of
larger-sized nHDL was formed by the K107 mutant.
After 24 h, apoA-I[K107del] demonstrated some ability
to form some larger-sized nHDL particles predomi-
nantly less than 10.4 nm in size possibly driven by
continued ABCA1 action but still significantly less
compared to WT apoA-I. The detailed structural or-
ganization and stability of these particles and how
apoA-I is organized on the particle is unknown but
must be different to that of WT.

Additionally, of important note is that the apposition
of helix 4 and helix 6 in the antiparallel double-belt
forming the nHDL particle is thought to be the inter-
action site for LCAT. This apposition creates a cluster
of charged residues that possibly form the LCAT-
binding motif. Disruption of helix 4 by the K107 dele-
tion together with changes in the organization of the
charged cluster formed between helices 4 and 6 is likely
to impact the LCAT interaction resulting in particles
that are not only hindered in their formation but are
dysfunctional in the important step of cholesterol
esterification critical to RCT.

A suggested possible “hairpin-belt” model of apoA-I
organization on larger discoidal particles assumes that
the stabilizing salt-bridges in this model are identical to
those in the “double-belt” model, except they are intra-
helical versus interhelical for the “hairpin-belt” versus
the double-belt, respectively (57). Thus, the disruption
of the intra-helical and interhelical salt bridges in
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apoA-I resulting from deletion of Lys107 (15) would
hinder the ability of apoA-I[K107del] to form the
“hairpin-belt” structure as well on larger discoidal
particles. Since K107del disrupts the intra-helical salt
bridges in the vicinity of the deleted residue and the
interhelical salt bridges between registered helices 4
and 6 (residues 99–120 and 143–164, respectively) of the
two antiparallel apoA-I molecules in the “double-belt”
(or in the same apoA-I molecule in the “hairpin”
conformation), but likely does not disrupt salt bridges
in the other helical regions of the apoA-I (15), apoA-I
[K107del] can efficiently form smaller nHDL. It is
likely that reduced binding of pro-apoA-I[K107del] to
plasma HDL observed by Huang et al. (17) may relate to
the impaired ability of the variant to bind to a popu-
lation of larger HDL particles due the reasons
described above.

In conclusion, the structural changes in apoA-I
[K107del] may lead to 1) enhanced binding of the
variant to and its better retention on plasma TG-rich
lipoproteins and 2) impaired ability of apoA-I to form
larger nHDL and stabilize larger spherical HDL. The
former may result in an additional pool of plasma
apoA-I on TG-rich lipoproteins that can contribute to
normal plasma apoA-I levels, even with reduced HDL-
bound apoA-I levels. The latter results in predomi-
nantly smaller plasma HDL particles with primarily
reduced lipid:protein ratio and therefore, may
contribute to the reduced plasma HDL-C levels along
with normal apoA-I levels. In addition, the shift in the
HDL size distribution resulting in a lower abundance of
large HDL particles may lead to compromised anti-
atherogenic properties of HDL that are apparently
influenced by particle size (reviewed in ref. (5)).
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