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Abstract Human carriers of apolipoprotein A-IMllano (Argx7:< 
-+ Cys substitution in apolipoprotein A-I) are characterized 
by an HDL deficiency in which small, dense HDL accumulate 
in plasma. Because affected individuals are heterozygous for 
this mutation, the full impact of apolipoprotein A-IMilanc, 
(apoA-IMilmo) on HDL-cholesterol metabolism is unknown. In 
this study, apoA-IMdano transgenic mice were used to evaluate 
the extent of apoA-IMllano dimerization and HDL particle size 
restriction in the absence of wild-type apoA-I. Murine apoA- 
I knockout mice were utilized to express apoA-IMilano and hu- 
man apoA-I1 in the presence of wild-type, human apoA-I ( a p  
oA-IMilano/A-Iwt/A-11) and in its absence (apoA-IMilano/ 
A-11) . Plasma HDL-cholesterol concentrations were similar 
(30 mg/dl) in both lines of apoA-IMildno transgenic mice. In 
the apoA-IMilano/A-Iwt/A-I1 phenotype, 14% of the apoA- 
IMilanu formed homodimers and 33% formed heterodimers 
with apoA-11. A~OA-I~,~,,,,~, homodimers increased by 71 % in 
the apoA-IMilano/A-I1 transgenics and was associated with an 
abundance of small, 7.6-nm HDL3-sized particles compared 
to the 9.5, 8.3, and 7.6-nm-sized particles in apoA-IMilano/A- 
Iwt/A-I1 mice. The unesterified cholesterol/cholesteryl ester 
mole ratio of HDL was elevated by 45% in apoA-IMzlano/A- 
Iwt/A-I1 mice and by 90% in apoA-IMilano/A-I1 transgenics 
compared to wild-type (human apoA-I/A-11). Both apoA-I,,. 
ldn,) transgenics possessed normal levels of plasma LCAT activ- 
ity, but endogenous cholesterol esterification rates were re- 
duced by 50% compared to contro1s.m Thus, HDL particle 
size restriction was not the result of impaired LCAT activation; 
rather, dimerization of apoA-I,,,,,,,, limited the esterification 
of cholesterol on endogenous HDL. In the absence of wild- 
type apoA-I, the more extensive dimerization of' apoA-Ihfilano 
severely limited cholesteryl ester accumulation on plasma 
HDL accounting for the abundance of small, 7.6-nm HDL3 
particles in apoA-IMilano/A-I1 mice.-Bielicki, J. IC, T. M. 
Forte, M. R. McCall, L. J. Stoltzfus, G. Chiesa, C. R. Sirton, 
G. Franceschini, and E. M. Rubin. High density lipoprotein 
particle size restriction in apolipoprotein A-IM,lanr, transgenic 
mice. J. Lipid R p s .  1997. 38: 2314-2321. 
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Plasma concentrations of high density lipoproteins 
(HDL) are inversely correlated with the development 
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of atherosclerosis (1-3). The protective effects of HDL 
are due, in part, to its role in reverse cholesterol trans- 
port in which HDL mediates cholesterol efflux from pe- 
ripheral cells and transports cholesterol to the liver for 
catabolism (4, 5). Apolipoprotein A-1 (apoA-I) is the 
major protein of HDL and the physiological activator 
of lecithin :cholesterol acyltransferase (LCAT) . The es- 
terification of cholesterol in plasma catalyzed by LCAT 
is responsible for HDL maturation from small, choles- 
teryl ester-poor HDL3 particles to larger, cholesteryl es- 
ter-rich HDL2 subpopulations (6). 

Mutations in apoA-I primary sequence often manifest 
HDL deficiencies, but only some of these mutations pre- 
dispose to atherosclerosis (7-1 1). Individuals who in- 
herit the apOA-IM,lano mutation are heterozygous for an 
ArgI7? -+ Cys substitution in apoA-I primary sequence. 
Despite severe reductions in plasma HDL-cholesterol 
and apoA-I concentrations, affected subjects do not de- 
velop coronary artery disease (10, l l ) .  

The  Arg173 -+ Cys substitution enables the dimeriza- 
tion of apoA-IMllan(, via a disulfide bridge and, in human 
carriers, apoA-IMILno homodimers and apoA-IMllano/ 
apoA-I1 heterodimers are abundant (1 2). As a conse- 
quence of apoA-IM,Ia,,,, dimerization, HDL-cholesterol 
metabolism is altered in  affected carriers. Most noted 
is a skewing of the HDL particle size distribution where 
the HDLJ subpopulations predominate over a nearly 
depleted HDL2 (1 3). This restriction in HDL particle 
size may be related to a partial LCAT deficiency. In- 
deed, LCAT mass is reduced by about 50% in apoA- 
IHllano carriers (14). An alternative explanation for the 
accumulation of small HDL3 particles is that the disul- 
fide bridge prevents particle expansion thus limiting 

Abbrevlatrons: HDL, hrgh density lipoproteins; apoA-I, apollpo- 
protein A-I; LCAT, lecithin : cholesterol acyltransferase; apoA-Im,,,,, 
apolipoprotein A-I,,,,,.; apoA-11, apolipoprotein A-11; KO, knockout. 
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the accumulation of cholesteryl esters in the particle 
core. This explanation is supported by the observations 
by Franceschini et al. (15) that conversion of HDLS to 
HDL2 in the plasma of apoA-IMilano subjects can be ac- 
complished by restoring apoA-IMilano to the monomeric 
form by chemical reduction of the disulfide bridge. 

Because human carriers are heterozygous for the 
apoA-IMilano mutation, the full impact of apOA-l[Milano di- 
merization on HDL particle size restriction cannot 
be assessed in vivo. Moreover, the question of whether 
wild-type apoA-I exerts an influence over apoA-IMilano 
dimerization is not possible to explore in humans but 
can be examined using transgenic mice. 

In the present study, transgenic mice were created 
that expressed apoA-IMihno in the presence and absence 
of wild-type, human apoA-I. Comparisons between 
these mice revealed that I) regardless of the presence 
of wild-type apoA-I, apoA-IMilano formed an abundance 
of heterodimers with human apoA-11; 2) the presence 
of wild-type apoA-I did, however, limit the extent of 
apOA-IMilano homodimerization; 3)  dimerization of 
apoA-IMilaoo restricted the HDL particle size distribu- 
tion to small 7.6-nm particles; the accumulation in 
plasma of 7.6-nm particles was maximum in the absence 
of wild-type apoA-I; and 4 )  wild-type apoA-I is not re- 
quired for normal transport of murine LCAT on apoA- 
IMilan0 HDL. These new findings, together with our previ- 
ously published work demonstrating that apoA-IMilano 
activates LCAT normally (16), suggest that dimerization 
of apOA-IMilano limits cholesterol esterification, in vivo, 
by imposing a steric constraint that limits HDL particle 
size expansion. 

MATERIALS AND METHODS 

Creation of apoA-1- transgenic mice 
The apoA-IMilano mutation was prepared by site di- 

rected mutagenesis (Muta-Gene kit, Bio-Rad) using a 
2.2-kb Pstl genomic DNA fragment of the human 
apoA-I gene; DNA sequencing verified that no other 
sporadic mutations had occurred. Transgenic mice 
expressing the following combinations of human 
transgenes were used in the present study: apoA- 
IMiZuno/A-Iwt/A-I1 and apoA-IMilano/A-11. DNA con- 
structs were coinjected into fertilized eggs from the FvB 
stain of mice. Mice expressing human transgenes were 
crossed into C57BL/6 mice that lacked murine apoA- 
I (apoA-I KO) due to gene targeting (kindly provided 
by Dr. N. Maeda). Mice that had been bred for six to 
eight generations into the C57BL/6 strain were used in 
this study. Transgenic mice expressing wild-type, hu- 
man apoA-I (A-Iwt) and apoA-I1 (A-11) have been de- 
scribed (17). 

Plasma apolipoprotein, lipid, and lipoprotein 
concentrations in transgenic mice 

Two- to eight-month-old mice were studied. After an 
overnight fast, blood was collected from a tail vein into 
tubes containing EDTA; plasma was obtained following 
low speed centrifugation (500 g) to remove blood cells; 
gentamicin sulfate (50 pg/ml) was added to prevent 
bacterial contamination; and plasma samples were 
stored at -20°C for 1 to 2 weeks before analyses. Plasma 
concentrations of apoA-I and A-I1 were determined by 
radial immunodiffusion as previously described (18). 
Triglycerides were quantified using a commercially 
available kit (Sigma diagnostics); plasma “free” glyc- 
erol concentrations were subtracted from each sample. 
Total cholesterol was measured using a reagent kit 
(Boehringer-Mannheim) , and HDL cholesterol was de- 
termined in supernatants after dextran-sulfate precipi- 
tation of plasma (19). Unless otherwise stated, data 
from male and female mice were combined to calculate 
means. 

Physical/chemical properties of HDL from 
apoA-I-, transgenic mice 

High density lipoproteins (d 1.063-1.21 g/ml) were 
isolated from plasma (0.1 ml) of individual mice by pre- 
parative ultracentrifugation (20) using a type 42.2 ti ro- 
tor. After isolations, HDL was dialyzed into 0.15 mM 
NaCl containing 2.7 mM EDTA. Protein was measured 
by the method of Markwell et al. (21), phospholipid by 
the method of Chen, Toribara and Warner (22), and 
cholesterol as described by Sale et al. (23). SDS-PAGE 
was performed (24) to evaluate the distribution of 
apoA-IMdaOo homodimers, heterodimers, and mono- 
mers; gels were stained with Coomassie R-250 and the 
apolipoprotein distribution was determined by densito- 
metric scanning. HDL particle size distribution was de- 
termined by nondenaturing gradient gel electrophore- 
sis as described by Nichols, Krauss, and Musliner (25). 

Measurements of plasma LCAT activity 
Two methods were used to measure plasma LCAT ac- 

tivity in transgenic mice. The first method utilized an 
exogenous proteoliposome substrate for quantification 
of total plasma LCAT activity as described by Chen and 
Albers (26). This method is not affected by changes in 
endogenous substrates and cofactors; thus, the absolute 
levels of plasma LCAT activity were evaluated. The pro- 
teolipsome substrate was composed of human apoA-I: 
egg-yolk phosphatidylcholine: unesterified cholesterol 
(0.8:250: 12.5 mole ratios) containing trace amounts of 
[14C]cholesterol (57.1 mCi/mmol). Reaction mixtures 
(0.25 ml final volume) contained saturating substrate 
concentrations of [ I4C] cholesterol proteoliposomes 
(4.4 X lo5 dpm/ml), 20 mM Tris-HC1 (pH 8.0), 0.15 
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'I'AB1.E 1. Plasma concentrations of human apolipoprotein A-I a n d  A-11, lipids, ;ind HI11.-cholrstrrol in 
apoA-I,,,,,,,,,, transgenic inice 

mg/dl 

A-IMilano/A-I wt/A-11 I 5  43 i- 12 35 f 13 50 t 9 28 f 9 46 t 18 
A-I Milano/A-I1 I6 45 2 13 31 2 8 54 -+ 9 31 t 6 46 t 22 
Murine A-I KO 15 IIP 1' P .57 2 17 38 t 1 1  15 f 8" 

Values are given as means 2 SD; np, none present. 
"P < 0.001 compared to apoA-IMilano/A-Irut/A-I1 and apoA-IMzZano/A-I1 transgenic mice (Student's un- 

paired t-test). 

mM NaCl, 0.27 mM EDTA, 0.5% human serum al- 
bumin, 2 mM p-mercaptoethanol, and 7.5 p1 of mouse 
plasma. Samples were incubated at 37°C for 1 h. Re- 
actions were stopped by cooling samples to 4" C and by 
adding ethanol (0.25 ml). Lipids were extracted with 
hexane. Cholesterol and cholesteryl esters were sepa- 
rated by thin-layer chromatography using toluene as 
the mobile carrier phase. Radioactivity was quanti- 
fied by liquid scintillation counting, and results were 
expressed as initial rates (i.e., the percentage of 
[14C]cholesterol at t = 0 that was converted to 
[ I4C] cholesteryl esters per 1 h) . 

The second method used to measure plasma LCAT 
activity involved the direct labeling of mouse plasma 
with [ I4C] cholesterol. Unlike the exogenous proteoli- 
posome substrate procedure described above, this 
method is sensitive to changes in endogenous substrates 
and cofactor. For these measurements, pools of plasma 
were prepared from 3-5 mice in each group. Pooled 
plasma samples (0.1 ml final volume) were labeled at 
4°C with 8.88 X lo4 dpm of ['4C]chole~ter~1 added in 
ethanol. Samples were brought to 37°C; at specified 
times, aliquots (25 pl) were removed and lipids were 
extracted with hexane. Results were expressed as a per- 
centage of the initial [14C]cholesterol that was esteri- 
fied. Three experiments were performed with different 
batches of pooled plasma obtained from different indi- 
vidual mice. 

statistics 
Student's unpaired t-test was used to evaluate signifi- 

cance. 

RESULTS 

Plasma lipid and apolipoprotein concentrations 
Table 1 shows the plasma concentrations of lipid 

and apolipoproteins in apoA-IMilano/A-Iwt/A-I1 and 
apoA-IMiluno/A-I1 transgenic mice; for comparison, 
data for murine apoA-I knockout (KO) mice are pro- 

vided. Both apOA-IM,lnno transgenic mouse lines exhib- 
ited similar plasma concentrations of human apoA-I 
and apoA-11. No differences were observed in the con- 
centration of total cholesterol and HDL-cholesterol be- 
tween the apOA-IM,iano transgenics and apoA-I KO mice. 
However, mice expressing apoA-IMIl,,, showed a 3-fold 
increase in plasma triglycerides compared to apoA-I KO 
mice. The large variability in plasma triglyceride con- 
centrations observed in apoA-IM,,,,,, transgenic mice is 
not unlike the wide range of plasma triglycerides seen 
in human apoA-Ihlllano carriers (1 3). 

Distribution of monomers, dimers, and heterodimers 
of apoA-IMn,, in transgenic mouse plasma 

SDS-PAGE (Fig. 1) of HDL (d 1.063-1.21 g/ml) iso- 
lated from apoA-IMllano transgenic mice revealed high 
molecular weight forms reflecting the formation of 
apOA-IM,l,,, homodimers (56 kD) and apoA-IM,lanc,/A-II 
heterodimers (37 kD) in addition to the monomeric 
form of apoA-I (28 kD). Upon reduction with p-mer- 
captoethanol (lanes 6 and 7), apoA-I,,,,,, migrated like 
that of wild-type apoA-I while human apoA-11 migrated 
at 8.7 kD commensurate with monomeric apoA-11. Fig- 
ure 1 also shows the major HDL-apolipoproteins found 
in murine apoA-I KO mice; proteins with molecular 
weights corresponding to murine apoE and apoA-I1 
were consistently observed. Note that the expression of 
the human apolipoproteins dramatically reduces the 
amount of murine apoA-I1 associated with HDL. 

The relative distributions of apoA-IM8,,,,, monomeric 
and dimeric forms, determined by densitometric scans 
of Coomassie-stained SDS-PAGE gels, is shown in Table 
2. In the presence of wild-type apoA-I (apoA-IMilano/ 
A-Iwt/A-I1 mice), 14% of the protein was present as ho- 
modimers and 33% as apoA-I,,,,,,,,/A-II heterodimers. 
In the absence of wild-type apoA-I (apoA-IMilano/A-I1 
mice), however, there was a 71 increase in the forma- 
tion of apoA-I,,,,,,, homodimers. These results demon- 
strate that although apoA-IErlllnn,, readily forms hetero- 
dimers with human apoA-11, the presence of wild-type 
apoA-I limits the extent of apoA-IM,lano homodimeriza- 
tion. 
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Fig. 1. Evaluation of HDL protein composition and apoA-IMil,., di- 
merization by SDS-PAGE electrophoresis. HDL (d 1.063-1.21 g/ml) 
were isolated from 100 p1 of plasma obtained from individual male 
mice by density gradient ultracentrifugation. A Coomassie R-250- 
stained gel is shown. Lane 1 shows molecular weight standards; lane 
2 contains purified human apoA-I (W = 28 kD). Lane 3 shows HDL 
from murine apoA-I KO mice; note the abundance of murine apoA- 
I1 (naturally occurring monomer). Lane 4 shows nonreduced HDL 
apolipoproteins from apoA-IMiluno/A-Iwt/A-I1 transgenic mice, and 
lane 5 nonreduced apolipoproteins from apoA-IMiluno/A-II mice; 
lanes 6 and 7 show the reduced (5 mM P-mercaptoethanol) forms of 
apoA-IMilann and apoA-I1 in these samples, respectively. Under reduc- 
ing conditions, molecular weight forms corresponding to monomeric 
human apoA-I and murine apoA-I1 were observed. 

Effect of apoA-IMlmo on HDL size distribution 

To determine whether expression of apoA-IMia., in 
mice restricts HDL particle size to the HDLs-sized inter- 
val as in human apOA-IMilano carriers, HDL (d 1.063-1.21 
g/ml) from apoA-IMiZuno/A-Iwt/A-I1 and apoA- 
IMilano/A-I1 transgenic mice were evaluated by nonde- 
naturing gradient gel electrophoresis. For comparison, 
the HDL particle size distribution of mice expressing 
wild-type, human apoA-I and A-I1 (apoA-Iwt/A-11) are 
provided as these mice exhibit an HDL profile similar 
to that of normal humans (18). As shown in Fig. 2, HDL 
from apoA-Iwt/A-I1 mice possessed several HDL sub- 
populations mostly in the HDLp size range (12.9-8.8 

apoA-IMilano/A-II 9.5 

murine A-I KO 

'.7 

Fig. 2. HDL particle size distribution determined by nondenaturing 
gradient gel electrophoresis. HDL (d 1.063-1.21) was isolated from 
plasma pools (3-5 male mice/group) by density gradient ultracentri- 
fugation. Shown are densitometric scans of a Coomassies G250- 
stained gel. Numbers above the peaks are particle diameters in nanc- 
meters. 

nm) . ApoA-IMilano/A-Iwt/A-I1 mice, on the other 
hand, exhibited a skewing of the particle size distribu- 
tion so that approximately half (55%) of the particles 
were within the HDLs size interval (7.2-8.8 nm in diam- 
eter). The most pronounced change in HDL particle 
size distribution was noted in apoA-IMilano/A-I1 mice 

TABLE 2. Relative distribution of apoA-IM,,,. homodimers, heterodimers, and monomers associated with 
plasma HDL from transgenic mice 

A4 /A-I A-]/A-11 
Phenotype n Homodimer Heterodimer A-I Monomer A-I1 

7% distributian 

A-I Miluno/A-I wt/A-I1 7 14 ? 3 33 2 7 33 2 7 20 ? 2 
A-I Miluno/A-I1 6 24 ? 5" 38 2 3 25 ? 5' 13 -C 3" 

Values were obtained from densitometric scans of Coomassie R-250-stained gels and represent the relative 

"P < 0.001 and 'P  < 0.05 compared to apoA-IMilano/A-Ircrt/A-II (Student's unpaired &test). 
proportion of each of the major human apolipoproteins shown in Fig. 1. Values are means ? SD. 
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TAB1.F 3. (:hemica1 composition of plasma HDL (d 1.063-1.21 g/ml) isolated from apoA-IM,,a,,,> 
transgenic mire 

2 

Phenotype 
UC/(:E 

11 Protein 1'1 I U(: (:E -rC; Mole Ratio 

% might 

A~oA-IMZ~U~O/A-I~~/A-II 13 56 +- 2" 29 t 3 3.4 t 0.3 11 t I "  1.6 ? 0.2 0.54 i- 0.10"" 
APoA-I Miho/A-II 10 52 t 7" 32 ? 9 3.5 -f 1.0 1 0  f 2" 2.5 +- 2.0 0.69 t 1.19' 
ApoA-I wt/A-II 8 43 +- 8 37 2 2 3.5 t 0.6 16 t 5 1.1 IT 0.3 0.37 -f 0.06 
Murine A-I KO 45 -f 4 36 i- 5 4.8 t 2.1 15 t 4 nd 0.49 t 0.27 

__ 
Values are means 5 SD; nd, not determined. 
"P < 0.02, 'P'< 0.01, and ' P  < 0.05 compared to HDL from apoA-Iwt/A-I1 transgenic mice. 
"I' < 0.05 compared to apoA-IMilano/A-II (Student's unpaired t-test). 

where a majority of HDL were small (7.6 nm) HDL3 
sized particles. Murine apoA-I KO mice showed a single 
homogenous peak of large 9.8 nm particles. Taken to- 
gether, these observations indicate that apoA-IMilarro re- 
stricts HDL particle size; in the absence of wild-type 
apoA-I, more extensive dimerization (as shown in Table 
2) of apoA-IMik,,, coincides with a dramatic shift in HDL 
particle size distribution to mostly small, 7.6 nm parti- 
cles. 

Impact of apoA-I-o on plasma LCAT activity 

The accumulation of small HDL3 particles in apoA- 
IMllano transgenic mice suggests that the esterification of 
cholesterol catalyzed by LCAT may be impaired. In- 
deed, human carriers of apoA-IMIl,,, exhibit an elevated 
unesterified cholesterol/cholesteryl ester molar ratio in 
plasma which is partly the result of a decrease in LCAT 
mass (14). We have found that HDL from apoA-IMllnno 
trangenic mice were enriched in protein and depleted 
in cholesteryl esters compared to HDL isolated from 
apoA-Iwt/A-I1 transgenic mice (Table 3). Reductions 
in HDL cholesteryl ester were accompanied by 45% and 
90% increases in the UC/CE mole ratios of apoA- 
IMilano/A-Iwt/A-I1 and apoA-lMilano/A-I1 mice, re- 
spectively. These observations are consistent with non- 
denaturing gradient gel electrophoretic profiles in 
which the absence of wild-type apoA-I (apoA-IMilano/ 
A-I1 transgenics) produces an abundance of small (7.6 
nm) cholesteryl ester-poor HDLs particles in plasma. 

In order to determine whether the increased unester- 
ified cholesterol/cholesteryl ester ratio in apoA-IM,ldno 
transgenic mice was attributed to murine LCAT defi- 
ciency, total plasma LCAT activity was assessed using an 
exogenous proteoliposome substrate (Fig. 3). This fig- 
ure shows that there was no difference in plasma LCAT 
activity between the apoA-IM,lano transgenic mouse lines 
and mice expressing high levels of wild-type, human 
apoA-I (238 mg/dl) and A-I1 (56 mg/dl). Moreover, 
no differences in LCAT activity were observed between 
apoA-IMilano/A-Iwt/A-I1 and apoA-IMilano/A-I1 

transgenics indicating that wild-type apoA-I is not re- 
quired to sustain normal levels of plasma LCAT activity. 

The experiments described above (Fig. 3 )  using an 
exogenous substrate addressed the question of whether 
there was a deficiency of plasma LCAT activity in apoA- 
IMllantl transgenic mice. It did not address the question 
of whether apoA-IM,l,,,, impairs the rate of cholesteryl 
ester accumulation in HDL; to this end, endogenous 
LCAT activity was measured in both lines of apOA-IMllano 
transgenic mice. Pools of plasma from transgenic mice 
were labeled with [ 14C]chole~ter~l and the time-course 
of cholesterol esterification was evaluated. Both the 
apoA-IMiluno/A-Iwt/A-I1 and apoA-IMilano/A-I1 
transgenic mice exhibited marked reductions (>50%) 
in [ ''C]cholesterol esterification compared to control 
apoA-Iwt/A-I1 mice (Fig. 4) indicating that apOA-IM,l,,,, 

- = 12, 

T 
1 
- T 

1 
- 

L- n=ld 

ts A-IwdA-I1 A-IMilano A-Milano A-I KO 
A-Iw dA-I1 A-II 

Fig. 3. Level of plasma LCAT activity in apoA-IM,,,,,,, transgenic mice 
determined by an exogenous substrate procedure. Plasma was o b  
tained from individual male and female mice, and LCAT activity was 
determined using an exogenous proteoliposome substrate as de- 
scribed in Methods. Initial rates of [ "C]cholesterol esterification are 
shown (i.e., % esterification of ['4C]cholesterol per 1 h) .  Values are 
means ? SD. 
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10 - 
8- 

6 -  

0 2 4 6 8 

time, h 

Fig. 4. Rates of endogenous cholesterol esterification in plasma of 
apoA-Iyilano transgenic mice. Pools of plasma (3-5 male and female 
mice/group) were radiolabeled with [ i4C]cholesterol and rates of 
[ "C]  cholesterol esterification were evaluated. At specified times dur- 
ing the incubation (37OC), aliquots of plasma were removed and l ip  
ids were extracted with hexane; [ i4C]chole~ter~l and [ i4C]chole~te~l  
ester were separated by thin-layer chromatography as described in 
Methods. Results are expressed as a percentage of the initial 
[ I4C] cholesterol that was esterified. Squares indicate apoA-Iwt/A-I1 
transgenic mice; diamonds and circles indicate apoA-IMilano/A-Iwt/ 
A-I1 and apoA-lMilano/A-II transgenic mice, respectively, Means ? 
SD, n = 3, are shown. 

HDL had a limited capacity to support cholesterol ester- _ _  
ification catalyzed b y L G T .  

DISCUSSION 

In the present study, transgenic mice were created 
that exhibited an apoA-IMllano phenotype which does not 
exist in humans; namely, mice expressing apoA-IMllano in 
the absence of wild-type, human apoA-I. Comparisons 
between apoA-IMilano/A-I1 and apoA-IMiluno/A-Iwt/ 
A-I1 mice revealed that expression of apoA-IMllano in the 
absence of wild-type apoA-I produces more extensive 
dimerization of apoA-IMilmo that severely limits cholest- 
eryl ester accumulation in HDL as judged by the pres- 
ence of small (7.6 nm) HDLs sized particles in apoA- 
IMilano/A-I1 transgenics. 

The high abundance of apoA-IMIl,, homodimers in 
mice lacking wild-type apoA-I (apoA-IMilano/A-11) 
could very well be related to the distribution of specific 
HDL subpopulations found in plasma. In human apoA- 
IMllano carriers, all of which exhibit a hypoalphalipopro- 
teinemia, the distribution of apoA-I without apoA-I1 
(LP-AI) versus apoA-I with apoA-I1 (LP-AI/AII) sub- 
populations is apparently normal (27); the LP-AI parti- 

cles are composed of wild-type apoA-I, the monomeric 
form of apoA-IMllano, and apoA-IMllano homodimers. As ex- 
pected, apoA-IMllan0/ apoA-I1 heterodimers are exclu- 
sively located on LP-AI/AII particles in human plasma. 
Our findings, in mice, that the formation of apoA-IMlb, 
homodimers is more extensive in the absence of wild- 
type apoA-I is entirely consistent with the localization 
of apoA-IMII,,, homodimers on LP-AI particles. The 
presence of wild-type apoA-I on these particles is likely 
to "dilute-out'' the apoA-IMllano monomer pool thereby 
lowering the frequency of apoA-IMe,, monomer/ mono- 
mer interaction; as a result, less apoA-IMII,,, homodi- 
mers are formed. Moreover, the observation that apoA- 
IMliano/apoA-II heterodimerization is unaffected by wild- 
type, human apoA-I suggests that apoA-I1 resides on a 
metabolically distinct HDL subpopulation of LP-AI/AII 
particles. 

In the present study, we also found that changes in 
HDL particle size distribution were correlated with the 
degree of apoA-IMllano forming homodimers. In apoA- 
IMiZuno/A-Iwt/A-I1 mice, approximately 50% of the 
particles were restricted to the HDLs size interval (7.2- 
8.8 nm in diameter); whereas, most of the HDL from 
apoA-IMiluno/A-II mice were small, 7.6 nm sized parti- 
cles. The latter was associated with extensive dimeriza- 
tion of apoA-IMII,,, on such particles. Consistent with the 
relative proportion of small HDLs particles in apoA- 
IMiluno/A-Iwt/A-II and apoA-IMilano/A-I1 mice, the 
UC/CE mole ratios of HDL were elevated by 45% and 
90% in these mice, respectively, compared to HDL ob- 
tained from apoA-Iwt/A-I1 transgenic mice. Thus, by 
modulating the degree of apoA-IM,lano forming homodi- 
mers, wild-type apoA-I enables some cholesteryl ester 
core expansion within the HDLq-sized interval. 

Despite the increased UC/CE mole ratio of HDL 
from apoA-IMllano transgenic mice, the level of plasma 
LCAT activity, as measured using an exogenous proteo- 
liposome substrate, was normal compared to apoA-Iwt/ 
A-I1 mice. These observations indicate that the murine 
LCAT enzyme is functionally normal and can be acti- 
vated in mouse plasma by an exogenous substrate. Hu- 
mans carriers of apoA-IMllano are characterized by a defi- 
ciency of functional LCAT enzyme (14). Unlike 
humans, however, we have found that expression of 
apOA-IM,1,,,, in mice does not produce murine LCAT de- 
ficiency. The reason for this difference is not known at 
this time. The concentration of LCAT mass is much 
lower (5- to 8-fold) in mice (28) compared to humans 
(29). Thus, despite the markedly reduced plasma HDL- 
cholesterol concentrations in apoA-IMllano mice, a suffi- 
cient quantity of HDL may circulate to sustain the nor- 
mal level of murine LCAT activity. In support of this 
ascertion, Parks et al. (30) found, in murine apoA-I 
knockout mice, that mice expressing half the gene dos- 
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age of apoA-I exhibit normal plasma LCAT activity and 
that homozygous apoA-I knockouts possessed a substan- 
tial amount of LCAT enzyme when assayed using an ex- 
ogenous substrate. These observations, together with 
our findings in apoA-IM,,,,,, transgenic mice, indicate 
that HDL deficiencies do not appreciably alter the levels 
of murine LCAT enzyme. 

Although the level of plasma LCAT activity in apoA- 
IWllano transgenic mice was normal, the endogenous es- 
terification of cholesterol catalyzed by LCAT was greatly 
reduced compared to apoA-Iwt/A-I1 transgenic mice. 
Impaired cholesterol esterification catalyzed by LCAT 
is probably not the result of reduced ability of apoA- 
IM,ldnl, to activate LCAT. In support of this hypothesis, 
transgenic mice that lack wild-type apoA-I (apoA- 
IMiluno/A-11) exhibit similar rates of endogenous ester- 
ification compared to apoA-IMiluno/A-Iwt/A-I1 mice. 
Moreover, we have found in a previous study, using Chi- 
nese hamster ovary cells transfected with the genes for 
wild-type apoA-I and apoA-IMlla,,,,, that nascent HDL 
with apoA-IMlldno were just as effective as wild-type apoA-I 
lipid complexes at  supporting LCAT activity, indicating 
that apoA-IM,lano activated LCAT normally (16). A more 
likely explanation for reduced endogenous cholesterol 
esterification rate is that dimerization of apoA-Ihflln,,c, irn- 
poses a steric constraint that limits HDL core expan- 
sion. This could account for the accumulation of small 
HDL?-sized particles in both humans, apoA-IVlldno sub- 
jects, and apoA-IM,Ia,,,, transgenic mice. 

The unique feature of the present study was the abil- 
ity to use transgenic mice to express apoA-IMllano in the 
absence of wild-type apoA-I; this enabled us to evaluate 
the full impact of apoA-IM,,,,,, dimerization on HDL par- 
ticle size distribution. These transgenic mice revealed 
that wild-type apoA-I exerts an influence over apoA-I,, 

dimerization and, hence, HDL particle size restric- 
tion. As HDL from apoA-IMiZuno/A-I1 mice exhibited 
an  even greater UC/CE mole ratio compared to HDL 
from apoA-IMiluno/A-Iwt/A-I1 mice, expression of 
apoA-IMdano in the homozygous state, if ever occurring in 
humans, may severely limit HDL-cholesterol transport. 
The  mechanisms by which apoA-IMllal,,, exerts it putative 
antiatherogenic effects are currently unknown.M 
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