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Abstract The effects of polyunsaturated fatty acids
(PUFA) on the structure of recombinant high density lipo-
protein (rHDL) was investigated using homogeneous parti-
cles containing phosphatidylcholine (PC), [

 

3

 

H]cholesterol,
and apolipoprotein A-I (apoA-I). The PC component of the
rHDL contained 

 

sn

 

-1 16:0 and 

 

sn

 

-2 18:1 (POPC), 18:2
(PLPC), 20:4 (PAPC), 20:5 n–3 (PEPC), or 22:6 n–3 (PDPC).
The concentration of guanidine HCl (D

 

1/2

 

) required to de-
nature one-half of the apoA-I on rHDL containing long
chain PUFA was reduced (1.57–1.70 

 

m

 

) compared to those
containing POPC (2.83 

 

m

 

). Intrinsic apoA-I tryptophan fluo-
rescence emission intensity and lifetimes were decreased
for rHDL containing long chain PUFA compared to POPC
and PLPC rHDL. Monoclonal antibody binding studies
demonstrated that apoA-I had decreased immunoreactivity
with monoclonal antibodies spanning amino acid residues
115–147 in rHDL containing long chain PUFA. PC lipid flu-
idity, measured as diphenylhexatriene (DPH) fluorescence
polarization, was increased in PUFA rHDL compared to
POPC rHDL. There also was a strong correlation between
the number of 

 

sn

 

-2 double bonds in rHDL and DPH fluo-
rescence lifetime (

 

r

 

2

 

 

 

5

 

 0.89). LCAT reactivity of the homo-
geneous size rHDL was ordered POPC 

 

5

 

 PLPC

 

.

 

PAPC

 

.

 

PEPC

 

.

 

PDPC.  We conclude that rHDL with long chain
PUFA in the 

 

sn

 

-2 position of PC contain apoA-I that is less
stable and in a different conformation than that in POPC
rHDL and have a fatty acyl region that is more fluid and hy-
drated. The weaker interaction of apoA-I with PC contain-
ing PUFA may lead to hypercatabolism of apoA-I in plasma
explaining, in part, the decreased plasma HDL and apoA-I
concentrations seen with PUFA diets.—
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Apolipoprotein A-I (apoA-I) is the predominant apolip-
oprotein found on high density lipoproteins (HDL). The

 

primary sequence of apoA-I is made up of eight amphip-
athic 

 

a

 

-helical repeats of 22 amino acids and two repeats
of 11 amino acids (1). The presence of amphipathic 

 

a

 

-he-
lical repeats is hypothesized to be responsible for the abil-
ity of apoA-I to bind lipid (2). This binding occurs by the
insertion of the hydrophobic face of the helix into the
phospholipid monolayer, leaving the hydrophilic face ex-
posed to the aqueous environment. ApoA-I is believed to
have two major functions in plasma: 

 

a

 

) providing structural
stability to HDL particles, and 

 

b

 

) activation of the plasma
enzyme lecithin:cholesterol acyltransferase (LCAT) (1).
Thus, it is generally believed that the way in which apoA-I
interacts with phospholipid determines not only the struc-
ture but the physiological function of HDL (3).

Many structural studies of HDL have been carried out
using recombinant HDL (rHDL). These particles consist
of phospholipid, cholesterol, and apolipoprotein and are
formed by cholate dialysis (4). rHDL mimic nascent HDL
particles secreted by the liver with regard to size, shape,
and chemical composition (5). It is believed that the
rHDL exist as a lipid bilayer with an annulus of apolipo-
protein concealing the hydrophobic acyl chains of the
phospholipid molecules from the hydrophilic environ-
ment. Infrared spectroscopy data have suggested that the
amphipathic 

 

a

 

-helices of apoA-I lie parallel to the fatty
acyl chains (6). Jonas, Kezdy, and Wald (7) have found
that rHDL particle size is related to the conformation of
apoA-I on the particle and that certain conformations
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sn

 

-
glycero-3-phosphocholine; PDPC, 1-palmitoyl-2-docosahexaenoyl-

 

sn

 

-glyc-
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), concentration of GndHCl required to denature
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0

 

d), free energy of denaturation at
zero GndHCl concentration; DPH, diphenylhexatriene.
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of apoA-I are more effective in the activation of LCAT
than others.

Very little is known concerning the role different phos-
pholipid species play in modulating rHDL structure.
Zorich, Kezdy, and Jonas (8) have shown that the type of
phospholipid complexed with apoA-I determines the size
distribution of rHDL and the 

 

a

 

-helical content of apoA-I.
In addition, the type of phospholipid species appears to
influence LCAT reactivity through effects at the active site
as well as through interfacial effects at the particle surface
(i.e., lipid fluidity and apoA-I conformation) (9). This sug-
gests that changing the phospholipid content of HDL can
influence not only the size of the particles but also the
functional properties of apoA-I. However, these studies
were carried out with rHDL that were heterogeneous in
size and in many cases, contained phospholipid species
that are not likely to exist in nascent or plasma HDL.

Nonhuman primates fed a diet rich in n–6 and n–3
polyunsaturated fatty acids (PUFA) have decreased plasma
HDL and apoA-I concentrations compared to animals fed
a diet rich in saturated or monounsaturated fatty acids
(10–12). There was also a shift toward smaller HDL sub-
fractions in the PUFA-fed animals as determined by non-
denaturing gradient gel electrophoresis (10, 13, 14).
When plasma phospholipids isolated from nonhuman pri-
mates maintained on an n–3 PUFA diet were incorporated
into rHDL, there was a decreased reactivity with LCAT
compared to phospholipids isolated from animals fed a
lard diet (15). Using defined, synthetic PC species with
long chain PUFA in the 

 

sn

 

-2 position, a decrease was ob-
served in the catalytic efficiency of LCAT, the activation
energy of the LCAT reaction, and the stability of apoA-I
on rHDL particles (16). There was also an apparent
strong association between rHDL apoA-I stability and
LCAT activation energy, suggesting that the temperature-
dependent step of the LCAT reaction may be sensitive to
the strength of the interaction of apoA-I with rHDL PC
(16). Based on these results, we hypothesize that there is a
decreased interaction of apoA-I with PC species contain-
ing long chain PUFA in the 

 

sn

 

-2 position, which results in
alterations in the apoA-I and phospholipid environment
and a decrease in LCAT reactivity. However, these previ-
ous studies on LCAT reactivity were not performed with
homogeneous sized rHDL because of the inherent in-
creased size heterogeneity of rHDL made with PUFA PC
compared to POPC.

The goal of the present study was to investigate whether
the type of fatty acid in the 

 

sn

 

-2 position of PC influences
the apoA-I/PC interaction and LCAT reactivity using ho-
mogeneous sized rHDL. Spectroscopic techniques and
monoclonal antibody binding were used to monitor the
protein and lipid environment of homogeneous sized
rHDL containing synthetic phospholipid species of de-
fined fatty acyl content that mimicked the predominant
PC species found in the plasma of animals fed diets en-
riched in monounsaturated, n-6, and n–3 fatty acids. We
found that long-chain PUFA in the 

 

sn

 

-2 position caused
changes in rHDL structure that affected apoA-I stability
and conformation as well as influencing the fluidity and

hydration of the phospholipid environment. These changes
led to a weaker interaction between apoA-I and PC and
may be responsible, in part, for the decrease in plasma
HDL concentration and subfraction size when diets en-
riched in PUFAs are consumed.

EXPERIMENTAL PROCEDURES

 

Materials

 

The following reagents were purchased from Sigma Chemical
Co. (St. Louis, MO); 

 

cis

 

-5,8,11,14,17-eicosapentaenoic acid
(EPA), 

 

cis

 

-4,7,10,13,16,19-docosahexaenoic acid (DHA), 1-palmitoyl-

 

sn

 

-glycero-3-phosphocholine (lysoPC), 4-dimethylaminopyridine,

 

cis

 

-5,8,11,14-eicosatetraenoic acid, 1-palmitoyl-2-oleoyl-

 

sn

 

-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-linoleoyl-

 

sn

 

-3-phospho-
choline (PLPC), sodium cholate, dimethyl suberimidate (DMS),

 

p

 

-terphenyl, Type II oyster glycogen, and ultrapure guanidine-
HCl. Butylated hydroxytoluene, BHT (2,6-di-tert-butyl-4-meth-
ylphenol) was purchased from Aldrich Fine Chemicals (Milwau-
kee, WI). Radiolabeled cholesterol ([7-

 

3

 

H]cholesterol; 21.8 Ci/
mmol) was obtained from DuPont/New England Nuclear (Bos-
ton, MA). Triethanolamine-HCl was purchased from Fluka
Chemicals (Ronkonkoma, NY). 1,6-Diphenyl-1,3,5-hexatriene
(DPH) was purchased from Molecular Probes, Inc. (Eugene,
OR). Cholesterol was obtained from Nu-Chek Prep, Inc. (Elysian,
MN). All other reagents, chemicals, and solvents were purchased
from Fisher Scientific Co. (Pittsburgh, PA).

 

Methods

 

PC synthesis and rHDL formation.

 

PC species were synthesized
from 1-palmitoyl lyso PC and the appropriate fatty acid and puri-
fied and characterized as previously described (17,18). The PC
species contained 16:0 in the 

 

sn

 

-1 position and either 18:1
(POPC), 18:2 (PLPC), 20:4 (PAPC), 20:5 n–3 (PEPC), or 22:6 n–
3 (PDPC) in the 

 

sn

 

-2 position.
The cholate dialysis procedure was used to generate rHDL as

previously described (4, 16). rHDL complexes had a starting
80:5:1 molar ratio of PC:[

 

3

 

H]cholesterol (50,000 dpm/

 

m

 

g):apoA-I.
After extensive dialysis to remove the sodium cholate, the rHDL
were subjected to a two-step purification procedure developed to
isolate homogeneous size rHDL. The rHDL were adjusted to d
1.221 g/ml with solid KBr and overlayered with d 1.070 g/ml po-
tassium bromide solution. The tubes were then centrifuged in a
Beckman SW40 rotor at 40,000 rpm for at least 48 h at 15

 

8

 

C. Sam-
ples were removed from the top of the tube by pumping Fluor-
onert (0.5 ml/min) into the bottom of the tube and fractions
were collected (0.5 ml). Fractions were pooled based on absor-
bance at 280 nm (see Fig. 1). The rHDL were further purified by
passing the complexes over two Superdex 200HR HPLC columns
(Pharmacia Biotech) connected in series. The particles were
eluted at a flow rate of 0.5 ml/min with buffer (10 m

 

m

 

 Tris, 140
m

 

m

 

 NaCl, 0.01% NaN

 

3

 

, 0.01% EDTA, pH 7.4). After pooling
peak fractions, particle size distribution was determined using 4–
30% polyacrylamide gradient gels after electrophoresis for 1400
v

 

?

 

h (19). rHDL were assayed for phospholipid (20), protein
(21), and cholesterol (22). rHDL were stored at 4

 

8

 

C under an ar-
gon atmosphere.

 

Crosslinking studies.

 

The number of apoA-I molecules per
rHDL particle was determined using the bifunctional crosslink-
ing reagent dimethyl suberimidate (DMS) by a modified version
of the Swaney method (23). rHDL (two parts) were incubated
with one part freshly prepared DMS solution (20 mg DMS dis-
solved in 1 ml 1 M triethanolamine HCl, pH 9.7). The mixture
was vortexed and incubated at room temperature for 2 h. The re-
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action was terminated by the addition of one part 20% SDS solu-
tion. After the samples were dried down using a Speed-vac, the
pellets were resuspended in running buffer (0.04 

 

m

 

 Tris, 0.02 

 

m

 

sodium acetate, 2 m

 

m

 

 EDTA, 0.2% SDS, pH 7.4) and subjected to
SDS-PAGE electrophoresis using a 4–30% gradient gel (24).

 

Circular dichroism studies.

 

The stability of rHDL apoA-I was de-
termined by measuring the ellipticity at 222 nm of rHDL in the
presence of increasing concentrations of GndHCl as previously
described (16). Briefly, 10 

 

m

 

g of rHDL apoA-I was incubated with
0–5 

 

m

 

 GndHCl (200 

 

m

 

l final volume) for 72 h at room tempera-
ture under an argon atmosphere. The samples and appropriate
blanks were scanned from 223 to 221 nm using a 1 mm quartz
cell in a Jasco 720 spectropolarimeter (Jasco, Inc., Easton, MD).
Five scans of each sample were averaged and the average elliptic-
ity at 222 nm was determined. The ellipticity values (mdeg) were
converted to mean residue ellipticity after blank subtraction as
previously described (16). The percentage of 

 

a

 

-helical content of
rHDL apoA-I was calculated by the equation of Chen, Yang, and
Martinez (25). The concentration of GndHCl at which denatur-
ation of apoA-I was 50% completed (D

 

1/2

 

) and the standard free
energy of denaturation (

 

D

 

G

 

o
d

 

) were calculated as previously de-
scribed (16).

 

Fluorescence studies.

 

Intrinsic tryptophan fluorescence studies
were carried out at an apoA-I concentration of 50 

 

m

 

g/ml. Steady-
state emission spectra were obtained using 295 nm exciting light
with 2 mm excitation and emission slit widths. Emission was mon-
itored from 310–450 nm at 25

 

8

 

C using an ISS K2 multifrequency
phase fluorometer (ISS, Inc.).

Frequency domain fluorometry was used to measure the in-
trinsic fluorescence lifetimes of the rHDL samples (26). The ex-
citation wavelength was set at 295 nm and emission was observed
through a WG320 filter (Schott). The phase and modulation
data were obtained over the frequency range of 5–300 MHz. Data
analysis was performed by minimizing the reduced chi-square
with the ISSL Decay Acquisition Software provided by ISS. The
data were fit to a three lifetime component with an error of 0.004
and 0.2 for the modulation and phase data, respectively. A solu-
tion of 

 

p

 

-terphenyl in absolute ethanol was used as a lifetime ref-
erence (1.05 ns).

To assess lipid fluidity and degree of hydration of the rHDL
samples, fluorescence polarization and lifetime measurements
using the probe DPH were used. The DPH probe was dissolved in
tetrahydrofuran at 10

 

2

 

4

 

 

 

m

 

 concentration and added to rHDL so-
lutions containing 25 

 

m

 

g/ml rHDL phospholipid. The molar ra-
tio of PC:probe was 400:1. Lifetime measurements were per-
formed as described above except that the data were fit to a two
lifetime component and that a scattering solution of glycogen
was used as a lifetime reference. The probe was allowed to equili-
brate for at least 15 min at the appropriate temperature before
measurements were taken. Polarization measurements were
taken at 15

 

8

 

, 25

 

8

 

, 35

 

8

 

C in the L-format (26) with blank subtrac-
tion using the following conditions: excitation wavelength 

 

5

 

 366
nm, 2 mm slit widths, and KV418 emission filters. The tempera-
ture was regulated to 

 

6

 

0.1

 

8

 

C with a circulating water bath.

 

Monoclonal antibody studies.

 

Competitive solid phase immunoas-
says were used to assess the binding of monoclonal antibodies to
the rHDL. Each antibody used in this study has been described
and the epitope on apoA-I was documented (27) with the excep-
tion of antibody AI-141.7. The epitope of antibody AI-141.7 was
localized to residues 220–242 (L. Curtiss, unpublished observa-
tions). The immunoassays were performed as described previ-
ously (28). Briefly, human plasma HDL was immoblized onto 96-
well Falcon 3911 Microtest III flexible assay plates. rHDL (0.025
ml) were diluted in phosphate-buffered saline containing 3%
normal goat serum and added to the wells with a fixed and limit-
ing amount of monoclonal antibody. The plates were incubated

overnight at 4

 

8

 

C. After washing the wells, mouse antibody bind-
ing to the immobilized antigen was detected by a second 1-h in-
cubation at 37

 

8

 

C with 

 

125

 

I-labeled goat anti-mouse IgG. Data were
expressed as B/B

 

o

 

 where B is the cpm bound in the presence of
competitor, and B

 

o

 

 is the cpm bound in the absence of competi-
tor. To compare the affinity of the antibodies for the different
rHDL, the slopes of log logit-transformed B/B

 

o

 

 ratios were ob-
tained by linear regression analysis.

 

LCAT incubations.

 

LCAT was purified from fresh recovered hu-
man plasma obtained from the Red Cross as described previously
(29). SDS-PAGE was used to determine that this procedure re-
sulted in pure LCAT (50 

 

m

 

g/ml). LCAT reactivity was determined
as described previously (16). Briefly, LCAT incubations were per-
formed in triplicate in 0.5 ml buffer (10 m

 

m

 

 Tris, 140 m

 

m

 

 NaCl,
0.01% NaN

 

3

 

, 0.01% EDTA, pH 7.4) containing: rHDL (0.2 

 

m

 

g cho-
lesterol), 0.6% bovine serum albumin (fatty-acid free), 2 m

 

m

 

 

 

b

 

-
mercaptoethanol, and 25 ng pure LCAT. Control incubations con-
tained all constituents except LCAT. Tubes were gassed with argon
and incubated at 37

 

8

 

C for various times between 10 min and 2 h.
Samples were then subjected to lipid extraction and free and ester-
ified cholesterol were separated by thin-layer chromatography and
quantified as described previously (29).

 

RESULTS

Previous studies using rHDL have consistently shown in-
creased size heterogeneity for the rHDL containing PC with
long chain PUFA compared with those containing POPC
(16, 17). The reason for the increased heterogeneity is un-
known but is likely due to differences in apoA-I/PC interac-
tion. As rHDL heterogeneity has an influence on LCAT re-
activity and also may influence other physical measurements
of rHDL, the objective of this study was to use rHDL that
had been purified to apparent size homogeneity.

The rHDL particles used throughout this study were
purified to homogeneity by a combination of density gra-
dient ultracentrifugation and gel filtration chromatogra-
phy as described in the Methods section. Elution of the
rHDL complexes was monitored as absorbance at 280 nm.

 

Figure 1

 

 shows the elution profiles of a representative
PDPC rHDL preparation subjected to the purification
procedures. The apparent heterogeneity present after the
density gradient spin (Fig. 1A) was further reduced after
passing the rHDL particles over the Superdex 200 col-
umns (Fig. 1B). The inset to Fig. 1B gives the size distribu-
tion of the particles, determined by gradient gel electro-
phoresis. As can be seen in lane 4, the rHDL were essentially
made up of homogeneous sized particles. Results for rHDL
containing the other PC species were similar (

 

Fig. 2

 

). The
chemical compositions and size of the rHDL are shown in

 

Table 1

 

. On average, the rHDL containing long chain
PUFA had lower PC:apoA-I molar ratios compared to
POPC and PLPC rHDL and a slightly smaller size. The
Stokes’ radius for POPC rHDL was 5.0 nm, whereas the long
chain PUFA rHDL ranged in size from 4.5 to 4.6 nm.
PLPC rHDL had a Stokes’ radius of 4.7 nm. Crosslinking
with dimethyl suberimidate showed that all rHDL had two
apoA-I per rHDL particle.

ApoA-I stability on the surface of the rHDL particles
was determined by incubating rHDL with increasing con-
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centrations of GndHCl and monitoring the decrease in el-
lipticity at 222 nm. The results of a typical experiment are
shown in 

 

Fig. 3

 

. The denaturation curves for the PUFA-
containing rHDL were shifted to the left compared to
POPC rHDL, indicating that less GndHCl was needed to
denature apoA-I on these particles. 

 

Table 2

 

 lists the mid-
point of the denaturation curves (D

 

1/2

 

), the free energy of
denaturation at zero GndHCl concentration (

 

D

 

G

 

0
d

 

), and
the 

 

a

 

-helical content of apoA-I on rHDL containing the
various PC species. POPC rHDL had a greater average D

 

1/2

 

value (2.83 

 

m

 

) compared to the long chain PUFA rHDL
(1.57–1.70 

 

m

 

). PLPC rHDL had a D

 

1/2 value of 1.95 m.
ApoA-I on rHDL containing POPC was thermodynami-
cally more stable (DG0

d 5 3.23 kcal/mol) compared to
rHDL containing PAPC, PEPC, and PDPC (DG0

d 1.80–
2.07 kcal/mol). The DG0

d for PLPC rHDL was intermedi-

ate in value (2.90 kcal/mol). There appeared to be a gen-
eral trend towards decreased apoA-I stability as the num-
ber of double bonds in the rHDL PC increased. The
percentage of a-helical content of apoA-I was higher for
the POPC rHDL (77%) compared to the other rHDL
(61–65%). These results, taken together, indicate that
apoA-I is more stable on rHDL containing POPC com-
pared to rHDL containing PUFA.

The apoA-I tryptophan fluorescence emission spectra for
the various rHDL are shown in Fig. 4. The emission intensi-
ties for the rHDL containing PAPC, PEPC, and PDPC were
lower compared to POPC and PLPC rHDL. The wavelength
of maximum fluorescence for the rHDL was very similar
(328–329 nm). When the rHDL were denatured with 6 m
GndHCl, the emission intensities decreased and were indis-
tinguishable (data not shown); the wavelength of maximum
fluorescence also increased to 352 nm for all rHDL apoA-I.
As it is well recognized that, at equal protein concentrations,
higher fluorescence emission intensity indicates a more hy-
drophobic tryptophan environment, the data suggest that

Fig. 1. Elution profile of the rHDL preparation, after density gra-
dient ultracentrifugation (A) and size exclusion chromatography
(B). A representative PDPC rHDL preparation is shown. Fractions
#9–12 were pooled after density gradient ultracentrifugation spin
and applied onto two Superdex 200 HR HPLC columns in series.
Fractions #45–49 were pooled after the Superdex run and used for
structural studies. The inset shows the 4–30% nondenaturing gradi-
ent gel of PDPC rHDL before (lane 2) and after (lane 3) the den-
sity gradient spin. Lane 4 shows the final rHDL preparation after
chromatography on Superdex 200 HR. Lane 1 contains the follow-
ing high molecular weight standard proteins along with their hy-
drated Stokes’ radii : thyroglobulin (8.5 nm), ferritin (6.1 nm), cat-
alase (5.2 nm), lactate dehydrogenase (4.1 nm), albumin (3.6 nm).

TABLE 1. Chemical composition of rHDL

rHDL PC PC : Chol. : Apo A-I
Stokes’
Radius

molar ratio nm

POPC 60 6 5 : 3.7 6 0.7 : 1 5.0
PLPC 53 6 8 : 3.3 6 0.5 : 1 4.7
PAPC 45 6 5 : 2.6 6 0.2 : 1 4.6
PEPC 43 6 1 : 2.1 6 0.4 : 1 4.5
PDPC 42 6 7 : 2.2 6 0.3 : 1 4.5

Data are the mean 6 SEM of three separate preparations of rDHL
purified by ultracentrifugation and size-exclusion chromatography.
Chemical compositions were determined as outlined in the Methods
section. Stokes’ radius was determined by electrophoresis using 4–30%
polyacrylamide gradient gels. The SEM for all Stokes’ radius values was
60.1. All purified rHDL contained two apoA-I molecules per particle
as determined by chemical crosslinking.

Fig. 2. A 4–30% nondenaturing gradient gel of a representative
set of rHDL purified by density gradient ultracentrifugation and
Superdex 200 HR column chromatography. Gels were run as de-
scribed in the Methods section and stained with Coomassie blue
followed by destaining. Lane 1 contains high molecular weight stan-
dards (see legend to Fig. 1); lane 2, PAPC rHDL; lane 3, PDPC
rHDL; lane 4, PEPC rHDL; lane 5, PLPC rHDL; lane 6, POPC
rHDL.
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the apoA-I tryptophan residues on rHDL containing long-
chain PUFA are in a more hydrophilic environment.

Tryptophan fluorescence lifetime measurements were
used as another method for detecting differences in the
protein environment of the various rHDL. Figure 5 shows
that rHDL containing long chain PUFA PC had shorter
average lifetimes compared to rHDL containing POPC
and PLPC. As shorter tryptophan lifetime values suggest a
more polar environment (26), the data provide further ev-
idence that the apoA-I tryptophan residues on long chain
PUFA rHDL existed in a more aqueous environment.

To determine whether there were differences in apoA-I
conformation among the rHDL, competitive solid phase
immunoassays were used to assess the binding of anti-
apoA-I monoclonal antibodies to rHDL. Results from the
study of monoclonal antibodies spanning the entire
length of apoA-I (Fig. 6A) are shown in Fig. 6B as the
slopes of the log-logit versus concentration of competitor
plots. At the N-terminus there were no apparent differ-
ences in the slope values, indicating no differences in con-
formation in this region of rHDL apoA-I. However, the an-

tibodies to the central region (115.1, 119.1, and 137.1)
showed decreased reactivity to PEPC and PDPC rHDL
(less negative slope values) compared to PLPC and POPC
rHDL. This indicated that these epitope regions were in a
different conformation that resulted in decreased affini-
ties of these antibodies for apoA-I on PEPC and PDPC
rHDL. PAPC rHDL was intermediate in response to that
of PDPC and POPC rHDL. Differences in epitope expres-
sion also were observed with antibodies binding at the C-
terminus, but the results did not follow a trend that ap-
peared related to the type of fatty acid in the sn -2 position
of the PC species. These data suggested that the extent of
polyunsaturation of the fatty acyl group in the sn -2 posi-
tion of PC consistently altered the conformation of the
middle region (amino acids 115–147) of apoA-I on rHDL.

The physical environment of the rHDL phospholipid
region was investigated using the fluorescence probe DPH

Fig. 3. Guanidine HCl denaturation curves of rHDL monitored
by circular dichroism spectroscopy. rHDL (10 mg protein) were ad-
justed to various final concentrations of guanidine HCl and incu-
bated for 72 h at room temperature under an argon atmosphere
before determining ellipticity at 222 nm. Details of the procedure
are given in the Methods section.

TABLE 2. Effect of sn -2 fatty acyl group of PC
on rHDL apoA-I stability

rHDL PC D1/2
a DGodb % a-Helixc

(m) kcal/mol

POPC 2.83 6 0.07 3.23 6 0.20 77
PLPC 1.95 6 0.05 2.90 6 0.10 63
PAPC 1.70 6 0.06 2.07 6 0.29 61
PEPC 1.57 6 0.03 1.80 6 0.21 65
PDPC 1.83 6 0.09 2.03 6 0.38 62
ApoA-I 1.05 6 0.05 2.40 6 0.10 37

a Concentration of GndHCl needed to denature 50% of rHDL
apoA-I (mean 6 SEM, n 5 3).

b Standard change in free energy of denaturation at zero GndHCl
(mean 6 SEM, n 5 3).

c Percentge of a-helical content calculated from the mean residue
ellipticity at 222 nm using the formula of Chen et al. (25). Data are
from a representative set of rHDL.

Fig. 4. Tryptophan fluorescence emission spectra of rHDL and
lipid-free apoA-I. The intrinsic fluorescence emission spectra were
recorded from 310–450 nm at 258C using an excitation wavelength
of 295 nm. All samples contained equal amounts of apoA-I (50 mg/
ml) in buffer.

Fig. 5. Average tryptophan fluorescence lifetime of rHDL and
lipid-free apoA-I. Frequency domain fluorometry was used to mea-
sure the intrinsic fluorescence lifetimes. Samples contained 50 mg/
ml apoA-I in buffer. Phase and modulation data were obtained over
the frequency range 5–300 MHz at 258C. The average lifetime was
calculated by the following equation: t 5 Si fi ti , where fi and ti rep-
resent the fractional contribution and resolved lifetime, respec-
tively. Data were subjected to a three-exponential analysis and rep-
resent the mean 6 SEM of three separate preparations of rHDL.
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to measure PC fluidity and to assess the relative hydration
of the bilayer environment. Steady-state DPH fluores-
cence polarization was used to measure the fluidity of the
rHDL bilayer. Lower polarization values indicate a more
fluid environment resulting from increased motions of
the phospholipid fatty acyl chains. Over the temperature
range studied, the polarization curves for all PUFA con-
taining rHDL species were lower compared to POPC
rHDL (Fig. 7), indicating a more fluid environment in the
PC of those rHDL.

It has been reported that the fluorescence lifetime of
DPH can be used as an indicator for the degree of hydra-
tion of lipid bilayers (30). Figure 8 shows that there was an
apparent linear decrease in DPH fluorescence lifetime
with increasing unsaturation at the sn -2 position of PC
(r2 5 0.89). These findings are consistent with previous
studies using large unilamellar vesicles which contain no
cholesterol or protein (30). These studies suggest that the

decrease in DPH lifetime in rHDL containing PC with
long chain PUFA was due to an increased hydration of the
phospholipid environment.

Figure 9 shows the LCAT reactivity of the various rHDL
species. The rHDL containing PAPC, PEPC, and PDPC re-
sulted in less cholesteryl ester formation compared to
POPC and PLPC rHDL, demonstrating that rHDL of homo-
geneous size containing long chain PUFA were less reac-
tive with LCAT.

DISCUSSION

The purpose of this study was to investigate whether the
type of fatty acid in the sn -2 position of PC influences
rHDL apoA-I/PC interactions. We have previously found
that there is a strong association between rHDL apoA-I
stability and LCAT activation energy, suggesting that the

Fig. 6. Linear model of apoA-I primary structure (A) with the monoclonal antibody epitope assignments
indicated by the apoA-I amino acid residues in parentheses: AI-16 (1–15), AI-19.2 (19–31), AI-11 (96–111),
AI-115.1 (115–126), AI-119.1 (119–144), AI-137.1 (137–147), AI-17 (143–165), AI-178.2 (178–200), AI-187.1
(187–210), AI-141.7 (220–242). Competitive solid-phase binding assay for rHDL (B). Slopes were deter-
mined by linear regression analysis of log-logit plots (see Methods section). Data shown are representative of
assays performed with the antibodies on three different preparations of rHDL.
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temperature-dependent step of the LCAT reaction may be
sensitive to the strength of the interaction of apoA-I with
rHDL PC (16). Using homogeneous populations of rHDL
containing defined PC species, we analyzed the protein
and lipid environments to determine how different PC
species influence rHDL structure. We found that long
chain PUFA in the sn -2 position of PC causes changes in
rHDL structure affecting apoA-I stability and conforma-
tion as well as influencing the fluidity and hydration of
the phospholipid environment. We conclude that the
structural changes observed with the long chain PUFA
species result in a weaker interaction between rHDL
apoA-I and PC.

One of the objectives of this study was to use rHDL that
had been purified to apparent size homogeneity. It is well
established that rHDL heterogeneity can have an influ-
ence on LCAT reactivity and other physical measurements
of rHDL (7). We have consistently observed more size het-
erogeneity and larger subpopulations for rHDL with PC
species containing long chain PUFA compared to POPC
and PLPC, even though the starting ratio of PC:choles-

terol:apoA-I is the same for each rHDL. The difference in
intrinsic properties of PC with long chain PUFA may lead
to more stable interactions between PC and apoA-I on
larger rHDL containing three or four molecules of apoA-I
compared to those on smaller rHDL containing two apoA-
I molecules per particle. Our purification of rHDL to a
single homogeneous size was achieved through a combi-
nation of density gradient ultracentrifugation and size ex-
clusion chromatography. On average, homogeneous sized
rHDL particles containing two apoA-I molecules and long
chain PUFA (PAPC, PEPC, PDPC) had lower PC:apoA-I
molar ratio compared to POPC (Table 1), resulting in a
slightly reduced Stokes’ radii for these particles. The most
likely explanation for these findings is that PC containing
long chain PUFA have an increased molecular surface
area compared to POPC. Increasing the chain length and
the number of double bonds results in larger molecular
surface areas as determined by monolayer force–area iso-
therms of purified PC species (18, 31). Thus, apoA-I in
any given conformation would be able to bind fewer PC
molecules when long chain PUFA are present in the sn -2
position of PC compared to POPC.

The structural stability of rHDL apoA-I was assessed by
denaturation with GndHCl. We found that PC containing
PUFA decreased the stability of rHDL apoA-I compared to
POPC (Table 2). There was also a slight reduction in a-
helical content with the incorporation of PUFA into PC.
However, the differences in a-helical content most likely
do not contribute to the decreased stability, as it has been
found that there is no relationship between rHDL apoA-I
a-helical content and stability (32, 33). The decrease in
apoA-I stability on rHDL PC containing PUFA likely re-
sults from the increased surface area of the PC (as dis-
cussed above) and the increased polarity of the sn -2 fatty
acyl chain. We observed a trend towards decreased rHDL
apoA-I stability as the number of sn -2 double bonds in-
creased in PC (Table 2). It is well documented that the
interaction of apoA-I with PC stabilizes its structure result-
ing in a higher a-helical content and increased resistance
to denaturation by guanidine HCl or heat treatment (34).
Both increased PC surface area and sn -2 fatty acyl chain

Fig. 7. DPH fluorescence polarization as a function of tempera-
ture. DPH was incorporated into the lipid bilayer of rHDL at a mo-
lar ratio of PC:probe 5 400:1.

Fig. 8. Plot of DPH fluorescence lifetime (major component)
versus the number of sn -2 double bonds in rHDL PC. Each point
represents the mean of the major lifetime component of DPH from
two sets of rHDL. Lifetimes were calculated from a two-exponential
analysis of the phase and modulation data over the frequency range
2–150 MHz at 258C. The line of best fit (r 2 5 0.89), determined by
linear regression analysis, is shown.

Fig. 9. LCAT reactivity of rHDL. Details of the LCAT assays are
provided in the Methods section. CE formation was kept in the lin-
ear range (,25% CE formation) by adjusting the incubation times
for each rHDL sample. Data represents the mean 6 SEM for a set
of rHDL assayed in triplicate.
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polarity may lead to a less stable interaction of the hydro-
phobic face of apoA-I amphipathic helices with the more
polar and extended PUFA chains.

Investigation into apoA-I structure on the rHDL made
with the various PC species was studied using fluorescence
spectroscopy and monoclonal antibodies. We found that
the intrinsic tryptophan fluorescence emission intensity
and lifetimes were decreased for the rHDL containing
PAPC, PEPC, and PDPC compared to POPC and PLPC
(Figs. 4 and 5). These results suggest that the tryptophan
residues in apoA-I complexed with PC species containing
long chain PUFA were exposed to a more aqueous envi-
ronment. The apoA-I tryptophan residues are located
mainly at the N-terminus (amino acids 8, 50, 72, 108).
However, monoclonal antibody competition studies
showed no differences in epitope expression at the N-ter-
minus for the rHDL studied (Fig. 6). Thus, it appears that
the differences in the fluorescence measurements are not
due to major conformational changes in apoA-I at the N-
terminal region, but possibly result from changes in the
PC fatty acyl environment. The most likely explanation
that would cause a decreased fluoresence intensity with-
out a shift in emission wavelength would be due to an in-
creased presence of water in the lipid bilayer. Slater et al.
(35) have shown that a decreased fluorescence intensity of a
membrane fluorescent probe in the presence of increased
numbers of double bonds was due to an increased amount
of water in the fluorophore excited state solvent cage.

We found that rHDL containing long chain PUFA had
decreased fluorescence polarization values compared to
POPC rHDL (Fig. 7). Because lower polarization values
indicate a more fluid environment, due to increased mo-
tions of the PC fatty acyl chains, we conclude that the
phospholipid environment of the rHDL containing long
chain PUFA is more fluid than that of POPC rHDL. We
also found, using the fluorescence probe DPH, that there
is an apparent linear decrease in DPH lifetime as the
number of sn -2 double bonds increases (Fig. 8). These re-
sults are consistent with previous studies using large unila-
mellar vesicles (30) and demonstrate that the decrease in
fluorescence lifetime with increasing number of double
bonds reflects an intrinsic property of PC, which is not af-
fected when protein and cholesterol are present in the
rHDL particle. It is widely accepted that a decrease in the
fluorescence lifetime of DPH occurs due to an increased
hydration of the lipid bilayer (30), presumably because of
fluorophore excited state–water interactions (36). In ad-
dition, PUFA can generate packing “defects” in mem-
brane systems, due to trans -gauche isomerization of the
fatty acyl chains (37), leading to increased water in mem-
brane systems. The data taken together, are consistent
with the hypothesis that an increased presence of water in
the bilayer of PUFA-containing rHDL apoA-I may alter the
conformation of apoA-I by affecting its ability to associate
with PC, thus resulting in a weaker apoA-I/PC interaction.

While there were no apparent conformational changes
at the N-terminus of apoA-I on PUFA-containing rHDL
compared to POPC rHDL, we did detect changes over the
central region of apoA-I (Fig. 6). The monoclonal anti-

bodies used over this region corresponded to amino acids
115–147. This region has been implicated in LCAT activa-
tion (28). One could speculate that a conformational
change in apoA-I over this region could result in changes
in LCAT reactivity and activation energy observed for
PUFA containing rHDL (16) by altering LCAT binding to
the particle surface and/or influencing access of the fatty
acid chain to the active site.

We propose the following model of rHDL particle struc-
ture to account for our experimental observations. The
fatty acyl region of rHDL containing long chain PUFA is
more fluid, more hydrophilic, and occupies a greater sur-
face area per molecule than the fatty acyl region of rHDL
containing POPC. This leads to a weakened interaction
between apoA-I a-helices and the fatty acyl region of the
polyunsaturated PC, resulting in decreased stability of
apoA-I on these rHDL. The decreased interaction between
apoA-I and PC may also result in greater intra-helical in-
teraction between adjacent a-helical regions of apoA-I to
help stabilize the regions of apoA-I that are not tightly as-
sociated with the fatty acyl region of PC. The increased
surface area and fluidity of the polyunsaturated PC spe-
cies results in fewer PC molecules per rHDL particle.

The physiological consequences of this mechanism may
be the reduced conversion of nascent, discoidal HDL to
mature spherical HDL by LCAT and a greater fraction of
the destabilized apoA-I that leaves nascent particles and
becomes hypercatabolized. Lipid-free apoA-I has been
shown to be hypercatabolized once it leaves an HDL parti-
cle (38, 39). This would lead to a faster catabolic rate
(FCR) for animals fed a PUFA diet. Several studies have
shown a higher FCR for animals fed PUFA (40–43). This
may lead to the observed lower HDL and apoA-I concen-
trations and smaller HDL subfractions in plasma of ani-
mals fed a diet rich in PUFA (10–13).
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