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Abstract Val156 of apolipoprotein A-I (apoA-I) was found
to be a key amino acid in the structure and function of high
density lipoprotein (HDL) (

 

J. Biol. Chem.

 

,

 

 275: 

 

26821–26827,
2000). To determine more precisely the functions of the in-
dividual amino acids proximal to Val156, serial point mu-
tants of proapoA-I, including V156K, D157K, and A158E,
were overexpressed and purified to at least 95% purity. In
the lipid-free state, A158E exhibited the most profound
self-associative patterns and the least pronounced dimyris-
toyl phosphatidylcholine (DMPC) clearance activities. In the
lipid-bound state, A158E formed a larger reconstituted HDL
(rHDL) with palmitoyloleoyl phosphatidylcholine (POPC),

 

�

 

120 Å, whereas other mutants and the wild type (WT)
formed 97 Å of POPC-rHDL. Cross-linking analysis re-
vealed that A158E-rHDL harbored at least four protein mol-
ecules in the particle, while other rHDL conformations con-
tained only two protein molecules. All of the POPC-rHDL
produced smaller HDL, around 78 Å, after 24 h of incuba-
tion in the presence of low density lipoprotein at 37

 

�

 

C.
V156K and A158E exhibited decreased lecithin:cholesterol
acyltransferase activation activity in the POPC-rHDL state,
showing 

 

�

 

2% of WT reactivity (apparent 

 

V

 

max

 

/

 

K

 

m

 

). A158E
also displayed markedly different properties in secondary
structure, and its accessibility to proteolytic enzymes is dif-
ferent.  These results suggest that the two amino acids in
helix 6, Val156 and Ala158, are critical to both the structure
and function of rHDL.
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Apolipoprotein A-I (apoA-I) constitutes the major pro-
tein component of HDL (1, 2). It is responsible for the
major functions of HDL lipid binding and solubilization,

 

cholesterol removal from peripheral cells, and lecithin:
cholesterol acyltransferase (LCAT) activation. Numerous
reports have demonstrated that many of the functions of
HDL are highly dependent on the conformation of apoA-I,
most notably, the rearrangement of HDL in reverse cho-
lesterol transport (3, 4) and its interaction with the HDL
receptor, scavenger receptor class B type I, on the cell sur-
faces (5, 6). Therefore, a great deal of effort has been fo-
cused on the delineation of the structural and functional
regions of apoA-I. The central region of apoA-I, spanning
residues 143–165, has been implicated in the activation
of LCAT and the regulation of high density lipoprotein
(HDL) structural rearrangement.

Recombinant human proapoA-I has previously been re-
ported to exhibit the same general properties and func-
tions as plasma apoA-I, in both lipid-free and lipid-bound
states (7). Previously, Cho and Jonas (8) reported that
Valine156 was a key amino acid with regard to the struc-
ture and functions of apoA-I, because the recombinant
V156E mutant behaved differently from the wild type
(WT) in both the lipid-free and lipid-bound states. In the
lipid-free state, the V156E mutant exhibited greater pro-
tein stability and was quite resistant to self-association, as
compared with WT apoA-I. Furthermore, in the palmitoy-
loleoyl phosphatidylcholine reconstituted HDL (POPC-
rHDL) state, the V156E did not rearrange its particles to
produce smaller particles in the presence of low density
lipoprotein (LDL), and exhibited minimal reactivity to
LCAT activation. These results indicated that a few of the

 

Abbreviations: ApoA-I, apolipoprotein A-I; BS

 

3

 

, bis-sulfosuccini-
midyl suberate; DMPC, dimyristoyl phosphatidylcholine; HDL, high den-
sity lipoprotein; LCAT, lecithin:cholesterol acyltransferase; LDL, low
density lipoprotein; LPDS, lipoprotein-deficient serum; POPC, palmi-
toyloleoyl phosphatidylcholine; rHDL, reconstituted HDL; WMF, wave-
length of maximum fluorescence; WT, wild type.
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important aspects of apoA-I are highly dependent on
the Val156 residue. Another naturally occurring mutant,
A158E, was also reported as a natural mutant, apoA-I
Münster-2(B), although its biochemical and biophysical
characteristics have yet to be elucidated (9, 10). To deter-
mine more precisely the role of the amino acids adjacent
to Val156, the amino acids Asp157 and Ala158 were mu-
tated. Ala158, in particular, is located opposite Val156, as
determined by a helical wheel analysis of helix 6 (143–
164). This relationship is illustrated in 

 

Fig. 1

 

.
The point mutant proteins were characterized in both

the lipid-free and lipid-bound states after removal of the
His-tag, with special attention paid to the hinge domain
movement of apoA-I and LCAT activation.

MATERIALS AND METHODS

 

Radiolabeled [4-

 

14

 

C]cholesterol was obtained from Amer-
sham Biosciences (Seoul, Korea). 

 

l

 

-

 

�

 

-phosphatidylcholine from
egg yolk (egg PC), 1-palmitoyl-2-oleoylphosphatidylcholine,
dimyristoyl phosphatidylcholine (DMPC), sodium cholate, and
bis-sulfosuccinimidyl suberate (BS

 

3

 

) were purchased from Sigma
Chemical (St. Louis, MO). The quick-change site-directed mu-
tagenesis kit was purchased from Stratagene (La Jolla, CA). The
restriction enzymes were obtained from New England BioLabs
(Beverly, MA). Enterokinase and the pET30a(

 

�

 

) expression vec-
tor, as well as 

 

Escherichia coli

 

 BL21 (DE3), were purchased from
Roche (Germany) and Novagen (Madison, WI), respectively.

 

Vector construction, protein expression, and purification

 

The mutant cDNAs were generated by polymerase chain reac-
tion based on the site-directed mutagenesis kit (Stratagene) us-
ing appropriately designed primers, as previously reported (8).

Sequence of the primers’ sense strand for point mutagenesis is as
follows (mismatch codons are underlined): V156K, 5

 

�

 

-GACCGC-
GCCCGGGCCCATAAGGACGCGCTCCGGACG-3

 

�

 

; D157K, 5

 

�

 

-CGC-
GCGCGCGCACACGTGAAGGCGCTCCGGACGCAT-3

 

�

 

; A158E,
5

 

�

 

-GCGCGCGCACACGTGGACGAACTCCGGACGCACCTG-3

 

�

 

.
The mutant constructs were verified by DNA sequencing and were
subcloned into pET30a(

 

�

 

) expression vectors. The His-tagged
WT proapoA-I and mutants were expressed and purified as previ-
ously reported (8, 11). To remove the His-tag (5 kDa) at the N-ter-
minus of each protein, the proteins received enterokinase (Roche)
digestion after synthesis of egg PC-rHDL with a molar ratio of
100:1 (egg PC-protein). The cleaved His-tag was removed by fur-
ther delipidation and secondary Ni

 

2

 

�

 

-nitrilotriacetic acid col-
umn chromatography.

 

Synthesis of rHDL

 

Discoidal rHDL was prepared by the sodium cholate dialysis
method (12) using initial molar ratios of POPC-cholesterol-
apoA-I-sodium cholate of 95:5:1:150 (v/v/v/v). The rHDL parti-
cles for LCAT reaction were prepared by the same procedure,
with the addition of a trace amount of [

 

14

 

C]cholesterol. The
rHDL particles were used without further purification, because
they showed high homogeneity, and their sizes were determined
from 8–25% native polyacrylamide gradient gel electrophoresis
(Pharmacia Phast system) by comparison with standard globular
proteins (AmershamPharmacia). The number of apoA-I mole-
cules per rHDL particle, as well as the self-association properties
of lipid-free proteins, were determined by cross-linking with BS

 

3

 

as described by Staros (13) and then analyzing the products of
the reaction by SDS-PAGE on precast 8–25% gradient gels (Am-
ershamPharmacia).

 

DMPC clearance assay

 

Interactions of the mutant proteins with DMPC were moni-
tored by the method described by Pownall et al. (14), with slight
modification. The mass ratio of DMPC to protein was 2:1 (w/w)

Fig. 1. Helical wheel representation of helix 6 (143–165 residues) in apolipoprotein A-I (apoA-I). Val156
and Ala158 are located at nearly opposite edges of the amphiphatic face. Note that the substitution of a
charged amino acid (V156K or A158E) decreases the hydrophobicity in the amphiphatic boundary, as indi-
cated by the dotted line. The wheel model was analyzed using Protean 5.07 software (DNASTAR) with a resi-
due angle of 100.0 degrees at a pitch of 1.5.
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in 0.76 ml of total reaction volume. The measurements were ini-
tiated after addition of DMPC and monitored at 325 nm every
2 min using an Agilent 8453 UV-visible spectrophotometer (Agi-
lent Technologies, Waldbronn, Germany) equipped with a ther-
mocontrolled cuvette holder adjusted to 24.5

 

�

 

C.

 

HDL particle rearrangement assay

 

To examine the conformational adaptability of the WT and
mutant proteins in POPC-rHDL particles, changes of particle
size were observed upon incubation with LDL, as well as the loss
of phospholipid (15). To observe changes in the particle sizes,
100 

 

�

 

g of (protein) POPC-rHDL (0.1 ml) were incubated with
120 

 

�

 

g (protein) of human LDL (0.1 ml) at 37

 

�

 

C for the desig-
nated time interval up to 24 h. After incubation, aliquots of the
samples were collected and stored at 4

 

�

 

C. The products were sep-
arated on 8–25% native polyacrylamide gradient gels, using the
Pharmacia Phast System.

 

LCAT assay

 

The LCAT assay was carried out as described in detail previ-
ously (16), using the apoA-I and mutants in POPC-rHDL and hu-
man lipoprotein-deficient serum (LPDS, d 

 

�

 

 1.21, bottom frac-
tion) as a substrate and an enzyme source, respectively. The
reaction mixture contained the radiolabeled cholesterol (1 

 

�

 

Ci
of [

 

14

 

C]cholesterol/69 

 

�

 

g cholesterol/1 mg of apoA-I) in the
POPC-rHDL with 4% defatted BSA and 4 mM 

 

�

 

-mercaptoetha-
nol. The reaction was initiated by the addition of 25 

 

�

 

l of the
LPDS (5.4 mg/ml) and the mixture was incubated for 1 h at
37

 

�

 

C. The POPC-rHDLs were present in various concentrations,
ranging from 1.0 

 

	

 

 10

 




 

6

 

 to 2.5 

 

	

 

 10

 




 

7

 

 M of apolipoprotein. The
reaction was performed in duplicate, and background values
were determined by omitting only the LPDS from the reaction
tubes at each substrate concentration. Initial reaction velocities
at each substrate concentration were determined by TLC analysis
of the cholesterol and cholesterol esters, and Lineweaver-Burk
plots were used to obtain the apparent 

 

K

 

m

 

 and 

 

V

 

max

 

 values by lin-
ear regression.

 

Protein sequencing

 

Protein samples for sequencing were electrotransferred onto a
polyvinylidene difluoride membrane [Immobilon-P, (Millipore,
Bedford, MA)] according to the protocol outlined by Matsudaira
(17). The NH

 

2

 

-terminal amino acid sequence of the excised
band was determined with an Applied Biosystems Model 491A se-
quencer (Foster City, CA) located in the Korea Basic Research
Institute (Daejeon, Korea).

 

Circular dichroism and fluorospectroscopy

 

The average 

 

�

 

-helix content of proteins in the lipid-free and
lipid-bound states were measured by circular dichroism spectros-
copy, using a J-700 Spectropolarimeter (Jasco; Tokyo, Japan) lo-
cated in the Korea Research Institute of Bioscience and Biotech-
nology (Daejeon, Korea). The spectra were obtained from 250 to
190 nm at 25

 

�

 

C in a 0.1 cm path-length quartz cuvette, using a
1.0 nm bandwidth, a speed of 50 nm/min, and a 4 s response
time. The lipid-free proteins were diluted to 0.07 mg/ml to avoid
self-association of the apolipoproteins (18), while lipid-bound
proteins were diluted to 0.1 mg/ml. Four scans were accumu-
lated and averaged. The 

 

�

 

-helical content was calculated from
the molar ellipticity at 222 nm (19). The wavelengths of maxi-
mum fluorescence (WMFs) of tryptophan residues in WT and
mutants were determined from uncorrected spectra obtained on
an LS50B spectrofluorometer (Perkin-Elmer, Norwalk, CT) us-
ing WinLab 4.00 (Perkin-Elmer) and a 1 cm path-length suprasil
quartz cuvette (Fisher Scientific, Pittsburgh, PA). The samples
were excited at 295 nm to avoid tyrosine fluorescence, and the

emission spectra were scanned from 305 to 400 nm at room tem-
perature.

 

Miscellaneous

 

LDL (1.019 

 

�

 

 d 

 

�

 

 1.063) was purified by ultracentrifugation
[Beckman L8-M, Beckman, Palo Alto, CA)] using a 70.1 Ti rotor
from human plasma after density adjustment with the addition
of potassium bromide. After centrifugation, the LDL was exten-
sively dialyzed against 10 mM Tris-HCl/5 mM EDTA/140 mM
NaCl, pH 7.4, for 24 h to remove the KBr. Protein concentration
was determined according to the Lowry protein assay as modi-
fied by Markwell et al. (20) or by using Bradford assay reagent
(BioRad, Seoul, Korea) with BSA as a standard. Analysis of phos-
phorus (21) and free cholesterol (22) content was carried out ac-
cording to the standard procedure.

 

RESULTS

 

Purification of apolipoproteins and BS

 

3

 

 cross-linking

 

As His-tag-bound fusion proteins, both the WT and mu-
tant proteins exhibited similar yields of expression in 30–
40 mg of protein from 1 L of Luria-Bertani (LB) culture,
except that 

 

�

 

15 mg of A158E was produced from the
same culture. After His-tag removal, the proteins (29 kDa)
were purified as shown in 

 

Fig. 2A

 

, with densitometric
scans confirming a purity of at least 95%. As shown in Fig.
2B, each protein exhibited significant self-associative prop-
erties in the lipid-free state, as determined by BS

 

3

 

 cross-
linking reaction at a protein concentration of 1 mg/ml.
The cross-linked products displayed bands on the 8–25%
gradient gel, indicating monomers, dimers, trimers, and
tetramers. This result is consistent with a previous report
that demonstrated the failure of the V156E mutant to self-
associate (8). However, the replacement of Lys at the
Val156 position resulted in the recovery of this ability, sug-
gesting that the positively charged 

 

�

 

-amino group of Lys
was able to participate in the cross-linking reaction. Inter-
estingly, the A158E mutant exhibited the most obvious
dimeric band formation (Fig. 2B), with a much weaker
monomeric band among the proteins. This suggests that
A158E preferentially forms multimers.

 

Apolipoprotein DMPC clearance

 

To characterize the phospholipids binding affinity of
the recombinant WT and mutants, their ability to lyse
DMPC liposomes was examined at 24.5

 

�

 

C. All proteins
readily solubilized to DMPC liposomes (

 

Fig. 3

 

), and A158E
exhibited remarkably slow clearance. In three indepen-
dent assays under identical initial protein concentrations
(0.15 mg/ml), half-lives (T

 

1/2

 

) with regard to liposome
clearance were as follows: 8 

 

�

 

 1 min for WT, 6 

 

�

 

 1 min for
V156K, and 15 

 

�

 

 2 min for A158E. In contrast to the en-
hanced clearance ability of V156E from the previous re-
port (three times as fast as WT) (11), replacement of the
positively charged amino acid (Lys) in the Val156 position
resulted in a reduction in DMPC clearance activity.

 

Characterization of the POPC-rHDL

 

In the rHDL preparations, using a molar ratio of 95:5:1
(POPC-cholesterol-apoA-I) with each apolipoprotein resulted
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in a major band of 96–97 Å POPC-rHDL size, as in the
previous report (23), with the exception of A158E, which
produced a much larger rHDL (

 



 

120 Å rHDL), as shown
in Fig. 2C. BS

 

3

 

 cross-linking with the rHDLs revealed that
both WT and V156K-rHDL contained two apoA-I molecules
per particle, whereas A158E-rHDL clearly contained multi-
meric proteins, because most of the bands appearing on the
stacking gel were aggregated bands (Fig. 2D). These results

indicate that A158E-rHDL, with at least four protein mole-
cules, was bigger than both WT- and V156K-rHDL, and also
exhibited highly increased cross-linking reactivity. The com-
position and sizes of the rHDLs are summarized in 

 

Table 1

 

.

 

Particle size rearrangements

 

It has been established that WT apoA-I POPC-rHDLs
(97 Å) undergo particle rearrangement to produce smaller

Fig. 2. Electrophoretic patterns of purified apolipopro-
teins. Lane L, molecular weight standard [low molecular
weight (LMW) of AmershamPharmacia]; Lane H, the size
marker [high molecular weight (HMW) standard of Amer-
sham Pharmacia]. A, B: The purity of the proteins and self-
associated products by bis-sulfosuccinimidyl suberate (BS3)
cross-linking, respectively, in the lipid-free state. The cross-
linking reaction was carried out in 20 mM phosphate buffer,
pH 7.4, with 1.0 mg/ml of each protein. C: Electrophoretic
patterns of wild type (WT) and mutants in palmitoyloleoyl
phosphatidylcholine-reconstituted HDL (POPC-rHDL)
(8–25% native gel). D: The BS3-cross-linked POPC-rHDL as
visualized by 8–25% SDS-polyacrylamide gradient gel elec-
trophoresis. All protein bands were visualized by Coomassie
Blue staining.

Fig. 3. Kinetics of the interaction of WT apoA-I and the other point mutants with dimyristoyl phosphatidyl-
choline multilamellar liposomes. Absorbance at 325 nm was monitored at 24.5�C at 2 min intervals.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

Han et al.

 

V156K and A158E mutants of apoA-I 593

 

rHDLs (78 Å) after overnight incubation in the presence
of LDL at 37

 

�

 

C. This rearrangement appears to occur via
spontaneous phospholipid transfers and movement of the
putative hinge domain of apoA-I. As shown in 

 

Fig. 4

 

, all
rHDLs (lane 1 of each panel) were converted completely
to smaller rHDLs (78 Å) after 24 h of incubation (lane 5),
regardless of mutant proteins. Interestingly, in the previ-
ous report, V156E-POPC-rHDL (110 Å) exhibited strong
resistance to this particle rearrangement, and the result-
ing initial particle size persisted even after an equivalent
incubation (8). However, the replacement of Lys in the
same position produced a strikingly different result, allow-
ing movement of the putative hinge domain.

Although its initial size was larger (120 Å) than that of
other mutants, A158E-POPC-rHDL exhibited the same
pattern of particle rearrangement (97 Å). This indicates
that Ala158 is not a critical amino acid with regard to the
regulation of conformational adaptability and/or hinge
domain movement. Another interesting point is that the
band intensity of A158E-78 Å-rHDL at 24 h was more pro-
nounced than that of the WT and V156K, and no lipid-
free apoA-I bands were detected on the bottom of the gel
(Fig. 4). This indicates that the release of lipid-free apoA-I
moiety did not occur after particle rearrangement.

 

Spectroscopic analysis

 

The 

 

�

 

-helicity of recombinant proteins in the lipid-free
and lipid-bound states was obtained by measuring the far-
UV circular dichroic (CD) spectra. As shown in 

 

Fig. 5

 

, the
CD spectra patterns of mutants (with the exception of
A158E) were similar to those of the WT, exhibiting two
pronounced minima, at 208 nm and 222 nm, and a max-
ima at 

 

�

 

195 nm, a typical pattern for 

 

�

 

-helical proteins.
A158E, however, exhibited a different minimal and maxi-
mal ellipticity, at 206 nm and 192 nm, respectively, in the
lipid-free state. As shown in Table 1, A158E in the lipid-
free state exhibited the lowest degree of 

 

�

 

-helical content
at 41 

 

�

 

 2%, whereas the WT 

 

�

 

-helical content was 52 

 

�

 

2%. In the lipid-bound state, WT 

 

�

 

-helicity increased to

 

�

 

74%, as reported previously (8, 11), whereas V156K and
A158E 

 

�

 

-helicity increased to 

 

�

 

65%.
As shown in Table 1, Trp fluorescence scanning re-

vealed that A158E had more red-shifted WMFs around
344 nm, which suggests that the Trps of A158E are more
exposed to a polar environment than those contained in
the WT (WMF, 337 nm). In the POPC-rHDL state, all pro-
teins displayed consistently blue-shifted WMFs, indicating
that their Trps are shifted into a more nonpolar phase.
This suggests that Trp108 of A158E was more exposed to

 

TABLE 1. Compositional properties and spectroscopic data of apoA-I in lipid-free and rHDL state

 

Molar Composition

 

a

 

Number of
Proteins/Particle Initial Final

 

�

 

-Helicity WMF Size from GGE

 

b

 

 

 

% nm Å

 

WT-POPC-rHDL 95:5:1 100 

 

�

 

 8:5:1 74 

 

�

 

 2 (52 

 

�

 

 2)

 

c

 

 335 (337) 97 2
V156K-POPC-rHDL 95:5:1 103 

 

�

 

 10:5:1 65 

 

�

 

 2 (49 

 

�

 

 3) 337 (338) 97 2
A158E-POPC-rHDL 95:5:1 152 

 

�

 

 21:5:1 64 

 

�

 

 3 (41 

 

�

 

 2) 337 (344) 120 4

ApoA-I, apolipoprotein A-I; GGE, gradient gel electrophoresis; POPC, palmitoyloleoyl phosphatidylcholine;
rHDL, reconstituted HDL; WMF, wavelength maximum fluorescence.

 

a

 

The rHDLs were prepared by the sodium cholate dialysis method (12) and determined by the Markwell/
Lowry protein assay (20) and analysis of phosphorus (21) and free cholesterol (22) on two independent reconsti-
tution experiments.

 

b

 

Determined from nondenaturating gradient gel (8–25%) electrophoresis using reference globular proteins
(Fig. 2C).

 

c

 

The number in parentheses indicates the proteins in the lipid-free state.

Fig. 4. Particle size rearrangement patterns of POPC-rHDL in the presence of low density lipoprotein
(LDL) (8–25% native gradient gel electrophoresis). The reaction was initiated by adding 120 �g of human
LDL (apo-B) to 100 �g of rHDL at 37�C. Aliquots of the incubation mixture were collected at designated
time intervals and stored at 4�C until electrophoresis. Lane M, the HMW size marker, and incubation time is
indicated in top of each lane. Protein bands were visualized by Coomassie Blue staining.
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a polar environment in both lipid-free and lipid-bound
states, exhibiting WMFs at 344 nm and 337 nm, respec-
tively. In V156K and A158E, more red-shifted Trp fluores-
cence values are consistent with their lower 

 

�

 

-helicity in
the lipid-bound state.

 

Activation of LCAT

 

ApoA-I is known to be a potent activator of LCAT, and
its amino acids in the middle regions (residues 143–186)
have been tentatively implicated in the activation. Accord-
ing to previous results, Val156 and Arg160 appear to be
highly important in the activation of LCAT, because re-
combinant V156E and R160L in POPC-rHDL failed to ac-
tivate LCAT, evidencing rHDL reactivity at 

 

�

 

1% of WT
levels (8, 11). As shown in 

 

Fig. 6

 

, V156K-POPC-rHDL and
A158E-POPC-rHDL served as poor substrates, with appar-
ent 

 

V

 

max

 

 0.3 

 

�

 

 0.01 nmol and 0.5 

 

�

 

 0.03 nmol cholesteryl

ester/h, respectively. V156K-rHDL and A158E-rHDL ex-
hibited almost completely abrogated reactivity, at 

 

�

 

2% of
WT levels, while D157K exhibited a reactivity of 20% of
WT activity levels (

 

Table 2

 

). The apparent 

 

K

 

m

 

 and 

 

V

 

max

 

values were determined from three independent experi-
ments, with duplication by Lineweaver-Burk plot analysis
(Table 2).

 

Mild chymotrypsin proteolysis

 

Limited proteolysis using chymotrypsin was employed
to compare three-dimensional protein folding and pro-
tease accessibility in the WT and mutant proteins, in both
the lipid-free and POPC-rHDL states. 

 

Figure 7

 

 shows the
chymotryptic patterns of the various proteins, as visualized
by SDS-PAGE. In the lipid-free and POPC-rHDL states, the
main polypeptide product had a molecular weight of 25–
26 kDa for WT and V156K, whereas A158E revealed a
strikingly different proteolytic pattern with more suscepti-
bility. Particularly in the lipid-free state, A158E and V156K
proteolysis was completed within 10 or 40 min, respectively,
because the major degraded fragments disappeared. In
the POPC-rHDL state, the major fragments of both WT
and V156K were visible until after 120 min of incubation,
whereas A158E proteolysis was completed within 30 min.

Fig.  5. Circular dichroism spectra of apolipoproteins in the lipid-free (0.07 mg/ml) and POPC-rHDL states (0.1 mg/ml). The spectra
were recorded at 25�C, and four scans were accumulated and averaged.

Fig. 6. Kinetics of lecithin:cholesterol acyltransferase reaction
with POPC-rHDL substrates. The rHDLs were prepared at a molar
ratio of 95:5:1:150 (POPC-free cholesterol-apoA-I-Na-cholate) with
4-[14C]cholesterol. After the reaction, esterified products were iso-
lated via TLC and quantitated via scintillation counting. Error bars
indicate SD from triplicate experiments.

 

TABLE 2. Reaction of rHDL particles with lecithin:
cholesterol acyltransferase

 

a

 

Apolipoproteins in rHDL Apparent

 

b

 

 

 

V

 

max

 

Apparent 

 

K

 

m

 

Apparent 

 

V

 

max

 

/
Apparent 

 

K

 

m

 

WT-POPC-rHDL 3.3 

 

�

 

 0.3 0.9 

 

�

 

 0.1 3.6 

 

�

 

 0.2
V156K-POPC-rHDL 0.3 

 

�

 

 0.01 6.2 

 

�

 

 0.2 0.05 

 

�

 

 0.01
D157K-POPC-rHDL 1.8 

 

�

 

 0.1 2.4 

 

�

 

 0.2 0.7 

 

�

 

 0.2
A158E-POPC-rHDL 0.5 

 

�

 

 0.03 6.0 

 

�

 

 0.4 0.08 

 

�

 

 0.03

 

a 

 

Values were expressed as the mean 

 

�

 

 SD from three indepen-
dent lecithin:cholesterol acyltransferase assays.

 

b 

 

The apparent kinetic parameters were determined by a linear re-
gression analysis using a Lineweaver-Burk plot of the reciprocals of the
reaction velocity versus the substrate concentrations.
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A158E’s proteolytic susceptibility is consistent with the
spectroscopic data from CD and fluorescence measure-
ments, which revealed less 

 

�

 

-helicity in the secondary struc-
ture, and more exposure of Trp to aqueous phase. Such
peculiar structural properties might contribute to the high
proteolytic sensitivity of A158E in both the lipid-free and
lipid-bound states.

DISCUSSION

Numerous reports have described the natural and syn-
thetic mutants of apoA-I, usually in attempts to delineate
the structural and functional regions of apoA-I, or to un-
derstand changes in the physiological roles of HDL. In
the current report, V156K and A158E manifested remark-
ably different properties in the lipid-free and lipid-bound
states, especially within the context of their influence on
the structure and function of rHDL. A helical wheel analy-
sis of the helix 6 region (143–164) using Protean 5.07
(DNASTAR, Madison, WI) revealed that V156 and A158
are located on opposite edges, with an almost 180

 

�

 

 inter-
val angle of amphiphatic face, as illustrated in Fig. 1. Sub-
sequently, substitution of charged amino acids for those at
positions 156 and 158 resulted in increased hydrophilicity
in the face of helix 6. Furthermore, the stability of helix 6
might be disturbed by the influence of the bulkier side
chain of the substituted amino acid and the electrostatic
repulsion occurring between the amino acids adjacent
to V156K (between Arg149 and Lys156) and A158E (be-
tween Glu147 and Glu158). According to the computa-
tional calculations generated by the Protean 5.07 software,
the proteins exhibited slightly different isoelectric points:
5.14, 5.23, and 5.07 for WT proapoA-I, V156K, and A158E,
respectively. These proteins are expected to have charges
of 

 




 

10.03, 

 




 

9.03, and 

 




 

11.03 for WT, V156K, and A158E,
respectively, at pH 7.0. These disturbances of the am-
phiphatic properties of helix 6 resulted in unexpected
changes in various parameters, i.e., protein molecule
numbers, particle size, and LCAT activation. For instance,

V156K was markedly self-associative, and A158E exhibited
the most profound formations of dimeric and trimeric
bands via cross-linking (Fig. 1B). This indicates that the
substitution of a negatively charged amino acid at position
158 resulted in more-profound monomers, monomer re-
activity, and accessibility to BS

 

3

 

. In addition, most of the
protein bands of A158E appeared in the sample loading
position in the POPC-rHDL state (Fig. 2D), indicating
highly increased reactivity to BS

 

3

 

 cross-linking, with a
somewhat different conformation, and better accessibility
to the cross-linker.

Numerous groups have attempted to identify the roles
of the individual amino acid(s) essential in the activation
of LCAT, with specific attention focused on the influence
of apoA-I structure and conformation. Recent reports
have identified the helix 6 domain, spanning amino acids
143–164 (24, 25), and the C-terminal domain as impor-
tant to LCAT activation (26, 27). V156K-rHDL and A158E-
rHDL particles served as poor substrates for LCAT activity,
evidencing 

 

�

 

2% of the activity of WT-rHDL. The substitu-
tion of the nonpolar amino acids, Val156 or Ala158, for
charged amino acids on the hydrophobic face of helix 6
might lead to altered interactions between helix 6 of
apoA-I and the 152–169 helix region of LCAT (28). Both
of the mutations appear to have decreased face area hy-
drophobicity in the amphiphatic helix, as shown in Fig. 1,
resulting from significant alterations to the hydrophobic
face, as previously illustrated (29). With regard to the im-
portance of the hydrophobic face, the positively charged
amino acids of apoA-I are, presumably, instrumental to
LCAT interaction, in that they are attracted to the nega-
tively charged residues found in the LCAT helix, thereby
facilitating the reaction (30). Taken together, this result
and previous reports lead to the conclusion that the indi-
vidual amino acid residues of Val156, Asp157, Ala158,
Leu159, and Arg160 are all individually important with re-
gard to LCAT activation.

The rHDL particle rearrangement assay, which was car-
ried out to characterize the movement of the putative
hinge domain, revealed that the amino acids adjacent to

Fig. 7. Chymotrypsin digestion patterns for apolipoproteins in lipid-bound and lipid-free states. N-�-p-tosyl-
L-lysine chloromethyl ketonehydrochloride (TLCK)-chymotrypsin was added at ratios of 1:100 and 1:200
(w/w) to the proteins in POPC-rHDL and in the lipid-free state, respectively. The reaction mixtures were in-
cubated at 25�C, and aliquots were removed at the designated times, indicated at the top of the gel. The pro-
teolytic products were separated by 16% SDS-PAGE, using the Tris-tricine buffer system, and protein bands
were visualized by Coomassie Blue staining.
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Val156, as surmised in this study, are not critical to the
movement of the hinge domain. A158E-rHDL also exhib-
ited adequate rearrangement, despite its larger rHDL size
(120 Å), within around four molecules of apoA-I. This re-
sult again was in agreement with previous reports that the
locations of the LCAT activation domain and the hinge
domain do not overlap, because R160L-rHDL was also de-
fective with regard to LCAT activation but was unable to
effect particle rearrangement (8). By combining several
distinct characteristics of the mutants, we can surmise that
the two mutants might play different physiological roles in
circulation. Further study is clearly warranted to evaluate
their abilities within the context of antiatherogenic poten-
tials, such as antioxidant activity and cholesterol uptake
and efflux activity. Regardless of support for the relevant
model, i.e., the picket fence (31), belt model (32), and
hairpin model (33) of apoA-I in the rHDL state, our data
conclusively demonstrate that the two amino acids in he-
lix 6 are critical to the function and structure of HDL.
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