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ABSTRACT: We have studied the role of amphipathicR-helices in the ability of apoA-I to promote cholesterol
efflux from human skin fibroblasts and activate lecithin:cholesterol acyltransferase (LCAT). Three apoA-I
mutants were designed, each by deletion of a pair of predicted adjacent centralR-helices [∆(100-143),
∆(122-165), ∆(144-186)], and expressed inEscherichia coli. This strategy was used to minimize
disruption of the predicted secondary structure of the resulting protein. These three central deletion mutants
have been previously shown to be expressed as stable folded proteins but to exhibit altered phospholipid-
binding properties. When recombined with phospholipids to form homogeneous LpA-I containing
equivalent amounts of POPC and tested for their ability to promote diffusional cholesterol efflux from
normal [3H]cholesterol-labeled fibroblasts, each mutant and the wild-type recombinant protein (Rec.-
apoA-I) promoted cholesterol efflux with very similar rates at all the concentrations tested. These
experiments showed that all LpA-I could acquire cellular cholesterol with similar affinity and binding
capacity. However, when the cell-incubated LpA-I were incubated with purified LCAT, two mutants,
∆(122-165) and∆(144-186), appeared incapable of activating the enzyme. To directly determine their
ability to activate LCAT, each mutant and the control were recombined with equivalent amounts of
cholesterol and phospholipid and incubated with the purified enzyme. The results show that whereas
deletion of residues 100-143 has little effect on LCAT activation, deletion of residues 122-165 or 144-
186 results in an inability of the mutants to promote cholesterol esterification. In conclusion, our results
show that no specific sequence in the central domain of apoA-I is required for efficient diffusional
cholesterol efflux from normal fibroblasts; however, residues 144-186 appear critical for optimum LCAT
activation and cholesteryl ester accumulation. Since deletion of residues 144-186 also perturbs
phospholipid association and prevents the formation of large LpA-I particles [Frank, P. G., Bergeron, J.,
Emmanuel, F., Lavigne, J. P., Sparks, D. L., Dene`fle, P., Rassart, E., and Marcel, Y. L. (1997)
Biochemistry 36, 1798-1806], the data show that this pair ofR-helices plays an important role in the
maturation of HDL. Sequence analysis of these apoA-I helices further identifies specific residues that
appear essential to this activity.

The importance of high-density lipoprotein (HDL)1 in the
protection against coronary artery disease (1) has been
attributed to its role in the reverse cholesterol transport
pathway, which allows the removal of excess cholesterol
from peripheral cells and its transport to the liver for
degradation or recycling. The exchangeable apolipoprotein

A-I (apoA-I), the most abundant protein of HDL, is central
to this process, specifically in the initial step of cholesterol
efflux from peripheral cells and in the activation of lecithin:
cholesterol acyltransferase (LCAT).

Several lines of evidence have directly implicated apoA-I
as an initial acceptor of cellular cholesterol. Preâ1-HDL,
which contain apoA-I as the only apoprotein, have been
shown to be the initial acceptors of cellular cholesterol (2).
The concentration of LpA-I (apoA-I-containing lipoproteins)
is a better indicator of the ability of plasma to promote
cholesterol efflux from cells than other subpopulations of
HDL such as LpA-I:A-II (apoA-I and apoA-II-containing
lipoproteins) (3). The displacement of apoA-I from HDL
by apoA-II reduces its ability to promote cholesterol efflux
from cells (4).

Initial work from Glomset (5) suggested that LCAT might
play an important role in reverse cholesterol transport.
Cholesterol esterification appears to promote the flux of
cholesterol through the HDL pool by stimulating the forma-

† This work was supported by a group grant from the Medical
Research Council of Canada. P.G.F. was supported by scholarships
from the Heart and Stroke Foundation of Canada and the Fonds pour
la Formation de Chercheurs et l′Aide àla Recherche (FCAR, Que´bec).
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1 Abbreviations: apoA-I, apolipoprotein A-I; CE, cholesteryl ester;

DMS, dimethyl suberimidate; FBS, fetal bovine serum; GGE, gradient
gel electrophoresis; HDL, high-density lipoprotein; LpA-I, apoA-I-
containing lipoproteins; POPC, 1-palmitoyl-2-oleylphosphatidylcholine;
Rec.-apoA-I, recombinant wild-type apoA-I expressed inE. coli with
an N-terminal extension of 11 residues.

13902 Biochemistry1998,37, 13902-13909

S0006-2960(98)01205-7 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/05/1998



tion of cholesterol esters that are transferred to apoB-
containing lipoproteins by CETP, and then cleared via the
LDL-receptor pathway in the liver (6). LCAT activation was
previously shown to be affected by HDL lipid composition
(7-9) and apoA-I conformation (9-11).

In the present work, we have analyzed the role of the
central domain of apoA-I both in diffusional cholesterol
efflux from [3H]cholesterol-labeled fibroblasts and in LCAT
activation. To this end, three apoA-I mutants were produced,
each by deletion of two consecutiveR-helices,∆(100-143),
∆(122-165), and∆(144-186). This strategy was selected
to minimize the disruption of the predicted secondary
structure and to conserve the periodicity of the protein.
These mutant apoA-I molecules were previously shown to
retain their ability to form lipoprotein particles, even though
two of the mutants,∆(122-165) and∆(144-186), showed
reduced kinetics of association with phospholipids (12).

EXPERIMENTAL PROCEDURES

Materials. 1-Palmitoyl-2-oleyl phosphatidylcholine (POPC)
and cholesterol were obtained from Avanti Polar Lipids
(Birmingham, AL). [1R,2R-3H]Cholesterol was purchased
from DuPont NEN (Boston, MA). PMA was obtained from
Sigma. All other reagents were analytical grade. Human
skin fibroblasts (GM00038B) were obtained from the Coriell
Institute for medical research (Camden, NJ).

Production of the Mutant Proteins. Wild-type apoA-I with
an N-terminal extension, Met-Arg-Gly-Ser-(His)6-Met (Rec.-
apoA-I), was expressed in a bacterial system as previously
described. Three mutants,∆(100-143),∆(122-165), and
∆(144-186), were produced as previously described (12).
After purification on nitriloacetic acid agarose (NTA,
Qiagen), the purified samples were dialyzed against 5 mM
NH4HCO3, 1 mM EDTA, 0.02% NaN3 and lyophilized.
Proteins were stored at-20 °C.

Preparation and Characterization of Reconstituted Lipo-
proteins. Reconstituted discoidal lipoproteins were produced
using the cholate dispersion/Biobeads removal method as
described by Sparks et al. (13). The initial POPC/A-I molar
ratio used for all proteins was 25/1 (cholesterol was also
added for LCAT activation studies so that the initial POPC/
Chol/protein molar ratio was 35/5/1). All complexes were
reisolated by gel filtration on a Superdex 200 column
(Pharmacia). The final composition of the complexes was
determined with phospholipid/cholesterol-specific enzymatic
kits (Boehringer Mannheim) and Lowry assays using the
modified method of Markwell et al. (14). The number of
apoA-I molecules per complex was determined by cross-
linking, using DMS as a cross-linker (15). Reconstituted
LpA-I were analyzed on 0.5% agarose gels and nondena-
turing polyacrylamide gradient gels to determine their surface
charge, homogeneity, and size.

Cell Culture and Cholesterol Efflux. Human skin fibro-
blasts were cultured in a CO2 incubator at 37°C as previously
described (16). They were maintained between passages 15
and 25 in DMEM low-glucose, 10% FBS, 4 mM glutamine,
and antibiotics (100 units/mL penicillin, 100µg/mL strep-
tomycin). For the efflux experiments, cells were grown in
24-well plates (seeded at 2.75× 104 cells per well in 500
µL of media) for 48 h. After two washes with PBS
containing 0.2% fatty acid-free BSA (Sigma) and once with

PBS only, cells were labeled with 20µCi/mL [1R,2R-3H]-
cholesterol in DMEM (with supplements) containing 5% FBS
for 48 h. After labeling, cells were incubated with DMEM
(with supplements) containing 1 mg/mL fatty acid-free BSA
for 24 h. The efflux experiment was started by washing the
cells twice with DMEM, 0.2% BSA, and once with DMEM
alone. Appropriate concentrations of lipoprotein complexes
in media were added to each well, and the experiment was
started. Aliquots were taken at different times and treated
as previously described (16). At the end of the experiment,
cells were solubilized in 1 N NaOH, and protein and
radioactivity were determined. Results were expressed as
the percentage of labeled cholesterol removed from the cells
as a function of time.

Lecithin:Cholesterol Acyltransferase Assay. LCAT was
purified and cholesterol esterification experiments were
conducted as previously described (10). In these assays, two
types of substrate were used. [1R,2R-3H]Cholesterol-labeled
LpA-I prepared by incubation of LpA-I (Table 1, series 1)
with [1R,2R-3H]cholesterol-labeled fibroblasts were reiso-
lated by gel filtration on Superdex 200. A second series of
[1R,2R-3H]cholesterol-labeled LpA-I were prepared by the
cholate dispersion/Biobeads removal methods with POPC
and cholesterol. LpA-I prepared with [1R,2R-3H]cholesterol
and either Rec.-apoA-I or the mutant proteins were tested
for their ability to stimulate the LCAT reaction. The LCAT
reaction mixture consisted of varying amounts of Lp2A-I,
1.5 mg of fatty acid-free BSA, 5 mMâ-mercaptoethanol,
and reaction buffer (10 mM Tris, 150 mM NaCl, 1 mM
EDTA, and 1 mM NaN3, pH 8.0) to 450µL final volume.
Conditions for assay were generally as described before (10).
Under these conditions, initial rates were estimated with
minimal substrate conversion.

RESULTS

Preparation of Reconstituted Lp2A-I with Rec.-ApoA-I and
the Mutant Proteins.To analyze the importance of apoA-I
domains in diffusional efflux, we prepared reconstituted
lipoproteins with very similar phospholipid to protein molar
ratio. This experimental design eliminates compositional
effects on efflux due to differing lipid content, an interpreta-

Table 1: Properties of the Discoidal Lp2A-I Used in the Efflux
with [3H]Cholesterol-Labeled Fibroblasts

protein

initial composition
POPC/Chol/apoA-I

(mol/mol/mol)

final composition
POPC/Chol/A-I

(mol/mol)

series 1 Rec.-apoA-Ia 25/0/1 30/0/1
∆(100-143)a 25/0/1 27/0/1
∆(122-165)a 25/0/1 28/0/1
∆(144-186)a 25/0/1 29/0/1

series 2 Rec.-apoA-Ib 35/5/1 43/1/1
∆(100-143)b 35/5/1 34/1/1
∆(122-165)b 35/5/1 26/1/1
∆(144-186)b 35/5/1 30/1/1

a Values represent the average of three different preparations (POPC
( 8). These complexes were used in all cholesterol efflux experiments
(including the preparation LpA-I containing cell-derived [3H]cholesterol
used for LCAT assays described in Figure 3).b Values represent the
average of two different preparations [POPC( 15, 3, 9, and 3 for
Rec.-apoA-I,∆(100-143), ∆(122-165), ∆(144-186), respectively;
Chol( 1 for all apoproteins]. These complexes were used in the LCAT
activation assays described in Figure 4.
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tive concern with other studies (17, 18). Stable, homoge-
neous Lp2A-I were therefore produced using the cholate
dispersion/Biobeads removal method (13). For each recom-
binant protein, we utilized the optimum POPC/apoA-I molar
ratio of 25/1, which gives rise to completely homogeneous
preparations of Lp2A-I for all recombinant proteins, includ-
ing Rec.-apoA-I, as we have previously shown (12). Under
these conditions, Rec.-apoA-I formed larger complexes as
compared to the mutant proteins. After reisolation by gel
filtration, the final composition of each Lp2A-I was es-
sentially the same (Table 1, series 1). For LCAT studies,
proteins were recombined with POPC and cholesterol
(including [3H]cholesterol) as described above. Reisolated
complexes contained an average of one molecule of choles-
terol and a comparable phospholipid content per apoprotein
(Table 1, series 2). In these complexes, the recovery of
cholesterol was low as compared to other studies, apparently
due to the low phospholipid content (10). Electron micros-
copy showed that all complexes appear as rouleaux of
stacked disks, indicative of a discoidal structure (data not
shown).

Ability of ApoA-I Mutants To Promote Cholesterol Efflux
from Fibroblasts. The ability of Rec.-apoA-I and the three
central deletion mutants to promote cholesterol efflux from
human skin fibroblasts was first tested at the same molar
concentration (1.70µM). As shown in Figure 1, the efflux
measured between 5 and 90 min to the different LpA-I was
linear and essentially identical. The effect of the acceptor
concentration on efflux was determined using LpA-I con-
centrations varying between 0 and 4µM. The rate of efflux
was plotted as a function of LpA-I concentration with the
efflux curves fitted using a single-compartment model as
described by others (19). When the reciprocal of the rates
of efflux (k) was plotted against the reciprocal of the
concentrations of each LpA-I used (Figure 2), linear regres-
sions demonstrated a correlation coefficient of 0.99. The
plots obtained with Rec.-apoA-I and each of the mutant
proteins had very similar slope and intercept, suggesting that

all complexes had very similar “affinity” (Kd) and “binding
capacity” for cellular cholesterol (Bmax) (Table 2).

Reaction of Lecithin:Cholesterol Acyltransferase with
LpA-I Labeled with Cell-DeriVed [3H]Cholesterol. To
determine if LpA-I containing cell-derived [3H]cholesterol
could efficiently activate LCAT, reconstituted LpA-I (Table
1) were incubated with [3H]cholesterol-labeled fibroblasts
for 2 h. Cell-incubated LpA-I were repurified by gel
filtration on Superdex 200 and then characterized for size
and composition. No significant change in size and com-
position was observed after incubation with cells, other than
enrichment in cholesterol (∼0.8µg of FC/mmol of protein).
Assays were then performed to characterize their ability to
activate LCAT (Figure 3). Rec.-ApoA-I and∆(100-143)
had very similar ability to promote cholesterol esterification
whereas∆(122-165) and∆(144-186) could only activate
LCAT at a level of∼10% of the control.

ActiVation of LCAT by ApoA-I Mutants.Reconstituted
LpA-I were prepared with [3H]cholesterol (composition
shown in Table 1, series 2) and were then incubated with
purified LCAT. Saturable substrate curves were obtained
for all LpA-I particles (Figure 4). These plots indicate that
Rec.-apoA-I and∆(100-143) have a very similar ability to
activate LCAT whereas∆(122-165) and∆(144-186) show
markedly reduced activation properties. Double-reciprocal
plots were derived from these graphs (Figure 4, inset), and
appKm and appVmax values were estimated (Table 3) and

FIGURE 1: Cholesterol efflux from normal [3H]cholesterol-labeled
fibroblasts in the presence of Lp2A-I complexes. All complexes
were incubated at the same concentration of apoA-I protein (1.70
µM). Aliquots of media were removed at different times of
incubation and counted. The efflux was expressed as the percent
of [3H]cholesterol removed from the cells at different times of
incubation. Experiments were performed in triplicate and are
representative of three independent assays.

FIGURE 2: Double-reciprocal plot of the rate of cholesterol efflux
versus the Lp2A-I concentration used for each protein. Efflux curves
at every concentration were fitted with a monoexponential model
[y ) A exp(-kx) + B], and the reciprocal of the rate (k) of efflux
was plotted against the reciprocal of the protein concentration.

Table 2: Kinetic Parameters of Cholesterol Efflux to Lp2A-I
Complexes Formed with the Different Proteins

protein in
complex

Bmax (10-4 × % of
[3H]cholesterol removed/min)a Kd (µM)a

Rec.-apoA-I 7.26 0.96
∆(100-143) 7.19 1.01
∆(122-165) 7.73 1.21
∆(144-186) 7.42 1.06
a Kd and Bmax were estimated after determination of thex and y

intercepts of a linear regression of the double-reciprocal plots presented
in Figure 2.
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shown to be similar to previously reported values for similar
discoidal Lp2A-I (10). Kinetic values are consistent with
the curves shown in Figure 3 and indicate markedly reduced
rates of cholesterol esterification (appVmax andVmax/Km) and
increased appKm for both ∆(122-165) and∆(144-186)
whereas∆(100-143) was hardly affected by the deletion
of residues 100-143.

DISCUSSION

In this study, we have examined the ability of LpA-I
formed with central deletion mutants of apoA-I to promote
cholesterol efflux from normal fibroblasts. This efflux is
thought to be mediated through a passive aqueous diffusion
process and is dependent on the lipoprotein properties (20).
Previous studies have demonstrated the importance of
LpA-I-associated phospholipid in diffusional efflux (21, 22).
The cholesterol content of lipoproteins has also been shown
to influence efflux by modifying the cholesterol gradient
between cells and lipoproteins in the medium (23, 24). To
eliminate compositional effects, we have used homogeneous
Lp2A-I complexes with similar POPC/A-I ratios (Table 1,
series 1). Despite changes in the apoprotein stability (12),
apoA-I mutant-containing lipoproteins have maintained their
ability to interact with and retain cellular cholesterol. Other
studies, in which efflux was determined on the basis of the
phospholipid content of the LpA-I, have also reported that
the deletion of selected domains of apoA-I has no effect on

FIGURE 3: Reaction of LCAT with LpA-I reisolated after incubation
with [3H]cholesterol-labeled fibroblasts. LpA-I were prepared as
indicated in the cholesterol efflux experiments (composition
indicated in Table 1, series 1). After a 2 h incubation with [3H]-
cholesterol-labeled fibroblasts, LpA-I were reisolated by gel filtra-
tion on Superdex 200. After analysis of the purified LpA-I, they
were used in an LCAT activation experiment as described under
Experimental Procedures. Percentage of LCAT activation (as
compared to control Rec.-apoA-I) is indicated at a concentration
of 1.21 µM for all proteins.

FIGURE 4: Effect of apoA-I central domain deletions on LCAT activation. Experiments were performed with LpA-I (composition indicated
in Table 1, series 2) as described under Experimental Procedures. Inset: reciprocals of initial velocities are plotted against reciprocal of
protein concentrations.

Table 3: LCAT Activation Properties of ApoA-I and Central
Deletion Mutants

protein Km (µM apoA-I)a Vmax (nmol of CE/h)a Vmax/Km
a

Rec.-apoA-I 0.91 (0.10) 1.05 (0.04) 1.15
∆(100-143) 1.03 (0.71) 0.76 (0.19) 0.74
∆(122-165) 1.33 (0.30) 0.20 (0.03) 0.15
∆(144-186) 2.77 (0.91) 0.27 (0.06) 0.10

a Estimated values ((STDV) are representative of three separate
experiments.
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diffusional efflux of cholesterol from mouse L-cell fibroblasts
(17) or from HepG2 cells (18) (Table 4). It should be noted,
however, that in the study of Gillotte et al. (17), reconstituted
lipoproteins that were compared differed in their lipid
content, and contained between two and four apoA-I
molecules per complex. Likewise, in the study of Sviridov
et al. (18), evaluation of apoA-I mutants for their relative
abilities to promote cholesterol efflux from HepG2 cells was
confounded by the comparison of LpA-I that differed in lipid
and apolipoprotein composition. As both the phospholipid
and cholesterol contents of LpA-I can influence the ability
to mediate cellular cholesterol efflux, it is difficult, in these
two studies, to dissociate the effects that can be specifically
attributed to deletions in apoA-I primary structure from those
that are due to the lipid composition of the LpA-I particles.
Furthermore, in each study, very different types of mutations
have been examined. The three mutants that were evaluated
by Gillotte et al. (17) have deletions that are distributed
throughout apoA-I primary structure (residues 44-126, 139-
170, and 190-243, respectively) whereas Svirodov et al. (18)
have used a series of carboxy-terminally truncated apoA-I
variants (deletion of residues 222-243, 210-243, 150-243,
and 135-243, respectively). However, despite these inter-
pretative concerns, our data appear consistent with the
conclusion derived from these two studies; the deletion of
any helices within apoA-I has little effect on the ability of
the lipidated protein to promote cellular diffusional choles-
terol efflux.

Several studies using mAbs against apoA-I have implicated
the central region of apoA-I as being important in cholesterol
efflux (summarized in Table 4). Binding of mAbs to apoA-I
has, however, been shown to induce conformational changes
in apoA-I that can affect its ability to interact with lipids
(25). In addition, amino acid residues that are widely
separated within the primary structure of a protein may be
close together in the native protein. Thus, the ability of an
anti-apoA-I mAb to block LpA-I-mediated cellular choles-
terol efflux may reflect steric hindrance rather than the
proximity in apoA-I primary structure of the corresponding
epitope and an apoA-I functional domain. Indeed, we have
reported in an earlier study with discoidal Lp2A-I that the

mAb 3G10 (epitope 98-121) could compete with mAb 4A12
(epitope 173-205) for binding to apoA-I (26). This
observation is of interest since mAbs binding close to the
epitope recognized by 3G10 have been shown to affect
cellular cholesterol efflux (27-30). Therefore, the observed
effects of anti-apoA-I mAbs on cholesterol efflux may not
be related to the function of specific domains in the apoA-I
molecule, but may be due to secondary indirect effects
resulting from the mAb-apoA-I interaction.

TheKd values of Rec.-apoA-I and other mutants in Lp2A-I
for cellular cholesterol with normal fibroblasts are in the
range of 1µM (Table 2). Lower values were reported for
lipid-free apoA-I in the case of cholesterol-loaded fibroblasts
(0.04µM), in contrast to aKd of 1.6 µM obtained for HDL.
Thus, our reconstituted Lp2A-I and HDL interact similarly
with cellular cholesterol (31). In our experiments, the
calculatedKd values are slightly lower than the dissociation
constant of apoA-I for lipid (32). This indicates that, under
these conditions, the efflux to Lp2A-I reflects association
of apoA-I with directly accessible membrane lipids, with little
or no contribution of intracellular pools. Therefore, central
deletion mutants identified in this study can still interact
properly with cholesterol from the plasma membrane of
normal [3H]cholesterol-labeled fibroblasts.

Several groups have attempted to determine the structural
requirements for efficient activation of LCAT by apoA-I.
We have summarized these complex and, in some cases,
contradictory results in Table 5. Anti-apoA-I mAbs have
been tested for their ability to inhibit the interaction between
enzyme and substrate. These studies identified a region of
apoA-I composed of residues 95-186 that may participate
in LCAT activation. As discussed above and elsewhere (33),
anti-apoA-I mAbs could potentially modulate LCAT activa-
tion by several different mechanisms. ApoA-I deletion
mutants have also been used to identify domains of apoA-I
that are responsible for activation of LCAT. Some of the
earlier studies identified not only the same large central
domain but also the C-terminal domain of apoA-I as being
important for LCAT activation. However, many studies used
vesicles incubated with lipid-free apoA-I mutants as sub-
strates. With this approach, a decreased LCAT reaction may

Table 4: Effect of ApoA-I Mutation or Neutralizing Antibodies on Cellular Cholesterol Efflux

domain examined cell type basis of comparisona resultsb (% control) reference

Mutagenesis Studies
44-126 L-fibroblasts phospholipid 77 (NS) (17)

139-170 L-fibroblasts phospholipid 95 (NS) (17)
190-243 L-fibroblasts phospholipid 87 (NS) (17)
223-243 HepG2 cells phospholipid ∼80-90 (NS) (18)

particle number ∼90 (NS) (18)
151-243 HepG2 cells phospholipid ∼70 (S) (18)

particle number ∼ 100 (NS) (18)
136-243 HepG2 cells phospholipid ∼65 (S) (18)

particle number 130 (S) (18)

Antibody Inhibition Studies
74-105 THP-1 monocytes NA <50 (S) (27)
96-111 THP-1 monocytes NA <50 (S) (27)

137-144 human skin fibroblasts NA ∼60 (S) (30)
28-82 Ob1771 adipocytes NA ∼75 (S) (28)

149-186 Ob1771 adipocytes NA ∼75 (S) (28)
140-147 HepG2 cells NA ∼60 (S) (29)
149-150 HepG2 cells NA ∼60 (S) (29)

a For mutagenesis studies. Apo-A-I-containing lipoproteins were compared based on phospholipid concentration or particle number. NA: Not
applicable.b S: Efflux significantly different from that of control. NS: Efflux not different from control.
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reflect decreased lipid-binding properties of apoA-I mutants
with C-terminal deletions (34, 35).

To determine the LCAT activation properties of the three
central deletion mutants, homogeneous reconstituted LpA-I
were prepared with very similar POPC/cholesterol/A-I molar
ratio. This ensures that we are primarily studying a protein
effect and not secondary effects due to differing lipid
composition that may affect apoA-I conformation (9). Two
of the mutants examined,∆(122-165) and∆(144-186),
were found to have significantly lower LCAT activation. This
would suggest that helix 144-164, which is common to the
two deletion mutants, may participate in the activation of
LCAT. Importantly, helix 144-164 of apoA-I has been the
most conserved of the apoA-I helices during evolution, which
would be consistent with this domain having a functional
role. As previously hypothesized (6, 9), this helix may
interact with residues 151-174 of LCAT and allow access
to free cholesterol in discoidal LpA-I. This model of
interaction, however, remains to be confirmed. Immuno-
reactivity and NMR studies suggested a possible involvement
of this apoA-I domain in the binding of cholesterol (26, 36).

Interestingly, deletion of residues 100-143 has little effect
on the ability of apoA-I to activate LCAT, a finding that is
in contrast with the results of others (37). In this work, a
peptide corresponding to a dimer of the consensus amino
acid sequence obtained for the eight 22-mer predicted
R-helices of apoA-I gave maximal LCAT activation only
when residue 13 of the helix was replaced with a glutamic
acid. Since only helices within residues 66-121 contain a
Glu at position 13 of each helix (residues 78 and 111 of
apoA-I), it was concluded that this region is the LCAT-
activating domain. Sequence alignment of this activator
peptide with apoA-I helices indicates that region 143-164
has only 27.3% identity and shows that Glu at position 13
of anR-helix is not essential for LCAT activation. Surpris-
ingly, when helix 165-186 is aligned with the activator
peptide, an identity of 45.5% is observed (Figure 5). Such

homology could suggest that helix 165-186 may be
important in LCAT activation. We propose that residues of
the activator peptide that are identical or homologous to
residues of helix 143-164 and 165-186 may be essential
for LCAT interaction. Alignment of helices 143-164 and
165-186 and the LCAT activator peptide indeed reveals a
common motif, particularly with respect to hydrophobic and
charged residues, that may be critical to the activation of
LCAT by apoA-I (identified as an LCAT activating domain
in Figure 5).

NMR and X-ray crystallography suggest that an interaction
between helices 143-164 and 165-186 is unlikely (38, 39).
It therefore appears that rather than interacting together, these
two helices may facilitate the association of LCAT with LpA-
I, possibly through electrostatic interactions between these
two helices (charged residues identified) and residues 151-
174 of LCAT. Hydrophobic residues identified in Figure 5
could stabilize this interaction with the lipid interface. The
N-terminal domain of apoA-I, which has been shown to
affect LCAT activation (33, 9) and to interact with the central
domain of apoA-I (26), may also affect this interaction. In

Table 5: Effect of ApoA-I Mutations or Neutralizing Antibodies on LCAT Activation

technique domain examined substrate resultsa (% control) reference

mutagenesis 146-186 reconstituted LpA-I 90 (NS) (52)
113-124 unilamellar vesicle 47 (S) (40)
148-186 unilamellar vesicle 0.5 (S) (40)
Pro99fHis unilamellar vesicle 93 (NS) (40)
Pro121fHis unilamellar vesicle 77 (NS) (40)
99-120 unilamellar vesicle 15 (S) (41)
121-142 unilamellar vesicle 25 (S) (41)
143-164 unilamellar vesicle 2 (S) (41)
165-186 unilamellar vesicle 2 (S) (41)
44-126 reconstituted LpA-I 45 (S) (34)
139-170 reconstituted LpA-I 9 (S) (34)
190-243 reconstituted LpA-I 11 (S) (34)
123-166 reconstituted LpA-I 5 (S) (42)
209-243 reconstituted LpA-I 58 (S) (53)
1-43 reconstituted LpA-I 43 (S) (54)
143-164b reconstituted LpA-I 19 (S) (43)
143-164c reconstituted LpA-I 20 (S) (44)

proteolysis 193-243 reconstituted LpA-I 100 (NS) (55)
antibody inhibition 95-121 reconstituted LpA-I 20 (S) (56)

96-122 reconstituted LpA-I 2-25 (S) (33)
135-148 reconstituted LpA-I 10-45 (S) (33)
149-186 reconstituted LpA-I 10-60 (S) (33)
96-174 reconstituted LpA-I 20 (S) (57)

a S: Esterification rates significantly different from that of control. NS: Esterification rates not different from control.b Residues 143-164
replaced with residues 220-241. c Primary amino acid sequence reversed from its normal orientation (rotation of the hydrophobic face by∼80°).

FIGURE 5: Alignement of the LCAT activator peptide with amino
acids 143-164 and 165-186 of apoA-I. The residues highlighted
“in bold” reflect common or conserved amino acids that may be
required for LCAT activation. An LCAT activation motif, which
reflects common or conserved residues between the three aligned
sequences, is proposed. Lower case letters (d, r, l, e, and k) indicate
conserved residues (the preponderant residue is shown), and the
symbolΨ denotes the presence of hydrophobic residues in the three
aligned sequences. Mutations of residues identified by arrows have
been identified in patients with reduced HDL levels and may result
in lower LCAT activity (see text for details).
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small discoidal LpA-I, interactions between the N-terminus
and central domain of apoA-I may prevent the interaction
of LCAT with apoA-I and lipid. In large LpA-I, this access
is facilitated since the interaction between these two apoA-I
domains is reduced. Other studies from Minnich et al. (40),
Sorci-Thomas et al. (41), Holvoet et al. (34), and Dhoest et
al. (42) have also suggested an important role for residues
144-186 of apoA-I in the activation of LCAT. Sorci-
Thomas et al. have recently produced apoA-I variants in
which residues 143-164 and 220-241 were exchanged (43)
or in which the sequence of helix 143-164 was altered so
that the hydrophobic face of this domain was rotated by 80°
(44). Both variants are defective in their ability to activate
LCAT. Therefore, helix 143-164 of apoA-I not only
appears to be essential for LCAT activation but also may
require adjacent domains such as residues 164-186. This
is supported by the present study and others (40-42).

In support of this view, mutations of the essential amino
acids shown in Figure 5 have been associated with reduced
LCAT activation properties of the resulting variants
[Pro143fArg (45), ∆(146-160) (46), Leu151fCys (47),
Val156fGlu (48), Leu159fArg (49), Arg160fLeu (50),
Arg173fCys (51)]. A recent report from Miettinen et al.
showed that a Leu159fArg substitution in apoA-I results in
a 40% reduction of LCAT activation (49) and also the
absence of large plasma HDL2 in patients carrying this
mutation. Other mutations [Arg160fLeu (50); Val156fGlu
(48)] are associated with reduced HDL-cholesterol levels,
HDL size, and LCAT activation for Val156fGlu (not
demonstrated for Arg160fLeu but suggested by the authors).
Mutations of residues within the domain 144-186 of apoA-I
appear to affect both its interaction with lipid and its ability
to activate LCAT. The reduced HDL size that is associated
with inheritance of these mutant alleles may reflect a reduced
ability of the variants to activate LCAT. The region of
apoA-I composed of residues 144-186 may help HDL to
accumulate CE and form large HDL and could therefore be
an important regulator of HDL maturation.
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