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Abstract We have characterized  and  quantified the two  major 
plasma  apoproteins of high  density  lipoproteins (HDL), apo- 
lipoproteins  A-I (apoA-I) and E (apoE), of guinea  pigs  fed 
standard chow (normal) or chow supplemented  with 1% cho- 
lesterol  (cholesterol-fed).  ApoA-I  isolated  from  plasma HDL 
of the  normal  guinea pig exists  in  six  polymorphic  forms (PI 
5.75-5.40). A similar isoform pattern of this apoprotein was 
present  in  nascent HDL isolated  from  perfused  livers of normal 
and  cholesterol-fed  animals. This apoprotein  contains  cysteine 
and  isoleucine and is slightly  different  in  overall  amino  acid 
composition  from  apoA-I of human and rat, but  activates  lec- 
ithin:cholesterol  acyltransferase  from  human  plasma  with  an 
activation  curve  almost  identical  to that obtained  with  human 
apoA-I.  ApoE  present  in  nascent VLDL and HDL from per- 
fused  liver of normal  animals  contains three isoforms (PI 5.42- 
5.34). Following  cholesterol  feeding, the numbers of apoE  is- 
oforms  from  perfused  livers  were  increased  from three to five 
or more by‘shifting the major  component (PI 5.42) to  more 
acidic  isoforms (PI 5.28-5.17). This shifting was  mostly re- 
versible  when apoE was treated  with neuraminidase, suggesting 
that cholesterol  feeding  leads  to a modification of apoE by in- 
creasing  its  content of sialic  acid.  Similar  changes of apoE is- 
oforms  were  also  observed  in  plasma  lipoproteins  as  early  as 
10 days after cholesterol  feeding. The amino acid  compositions 
of four apoE isoform  fractions  isolated  from  plasma HDL of 
cholesterol-fed  guinea  pigs  were similar to that of parent 
ap0E.I  The plasma  concentrations of apoA-I  and apoE, mea- 
sured by electroimmunoassay,  were 6.2 f 2.0 and 2.2 +- 0.5 
mg/dl,  respectively,  in  guinea  pigs  fed standard chow.  In an- 
imals that had  been  fed 1% cholesterol,  plasma  levels of apoA- 
I slightly  increased  in 1 week and showed a twofold increase 
in 8-10 weeks. Plasma levels of apoE, on the other hand, 
sharply increased by 10-fold  in 1 week and up to 22-fold in 
8-10 weeks  on the cholesterol  diet.-Guo, L. S. S., R. L.  Ham- 
ilton, J. P. Kane, C. J. Fielding,  and G. C. Chen. Character- 
ization and quantitation of apolipoproteins  A-I and E of normal 
and cholesterol-fed  guinea  pigs. /. Lipid Res. 1982. 23 531- 
542. 
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In most animal models, including  rats, dogs, swine, 
monkeys (l),  and  rabbits (2, 3), cholesterol-induced  hy- 
perlipoproteinemia is characterized by significant in- 
creases of plasma  concentrations of intermediate  density 
lipoproteins (IDL), low  density  lipoproteins (LDL),  and 

the  appearance of &migrating very  low density  lipopro- 
teins  (VLDL).  In  addition,  an  a*-migrating  high  density 
lipoprotein,  designated  as HDL,, is induced by choles- 
terol diet that is accompanied by a markedly reduced 
al-migrating HDL2 (1). This HDL, is rich  in choles- 
teryl  esters  and  contains  apolipoproteins E and  A-I  as 
major  apoprotein  constituents. 

Total  plasma cholesterol levels vary  widely among 
mammals (4). In  guinea pigs, plasma cholesterol is  car- 
ried  predominantly  in LDL; concentrations of plasma 
HDL are low (5, 6 ) ,  as in  individuals  with  Tangier 
disease (7, 8). T h e  HDL-cholesterol  in  guinea pigs com- 
prises less than 5% of the  total  plasma cholesterol (80 
mg/dl) (5, 9). Feeding cholesterol to  this  animal  rapidly 
produces  hyperlipoproteinemia, associated with  in- 
creased LDL and IDL levels, and  the  appearance of 
P-VLDL; however,  in  sharp  contrast  to  other  animal 
models,  feeding  cholesterol to  guinea  pigs for 8-10 weeks 
markedly increased plasma H D L  levels (5,9). T h e   H D L  
is enriched  in  unesterified cholesterol and  apoE,  and 
often contains discoidal particles (9, 10). It is particularly 
interesting  that  similar  apoE-rich discoidal HDL ac- 
cumulates  in  the  plasma of humans  with  genetic leci- 
thin:cholesterol acyltransferase  (LCAT) deficiency (1 1- 
14), and  in  perfusates of rat liver when  LCAT  is  inhib- 
ited  chemically (1 5). 

We have  previously  isolated and  partially  character- 
ized two  major  apolipoproteins,  apoA-I  and  apoE,  pres- 
ent  in HDL of normal  and cholesterol-fed guinea pigs 
(10). T o  learn  more  about  relationships  between HDL 
and cholesterol metabolism  in  this species, we have fur- 
ther  characterized  these  two  apolipoproteins  with respect 
to  the  functional role of the  apoA-I  as cofactor for lec- 
ithin:cholesterol acyltransferase  and  dietary cholesterol- 
induced  alteration of apoE  polymorphisms.  Changes of 

Abbreviations: apoA-I,  apolipoprotein A-I; apoE,  apolipoprotein E; 
HDL, high density lipoprotein(s); LDL, low density lipoprotein(s); 
VLDL, very low density lipoprotein(s); SDS, sodium dodecyl sulfate; 
LCAT, 1ecithin:cholesterol acyltransferase; EGTA, ethylene glycol bis 
(P-aminoethyl ether)  N,N”tetraacetic acid. 
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plasma  concentrations of apoA-I and  apoE in  response 
to cholesterol feeding were also determined by an elec- 
troimmunoassay. 

EXPERIMENTAL  PROCEDURES 

Preparation of plasma  and  perfusate lipoproteins 

Adult  male  guinea pigs (Simonson Lab.,  Gilroy,  CA), 
were fed Purina chow (normal) or the chow containing 
170 cholesterol and  5% cottonseed oil (cholesterol-fed). 
The cholesterol-fed animals  were  usually  maintained on 
the  diet for 8-12 weeks. Blood was collected in  0.1% 
NazEDTA by heart  puncture.  Plasma H D L  of the  nor- 
mal  (1.10 < d < 1.2  1  g/ml) and cholesterol-fed animals 
(1.07 < d < 1.21 g/ml)  was isolated by sequential  ul- 
tracentrifugation  using  the Beckman L3-50  ultracentri- 
fuge (Beckman Instruments,  Palo Alto, CA)  and the 40.3 
rotor  (16). In some experiments, H D L  was first isolated 
with  a Ti 50.2 rotor  at  48,000 rpm for 18-24 hr and 
recentrifuged  at the  same density in  the  40.3  rotor.  Per- 
fusate VLDL (d < 1.05  g/ml)  and H D L  (1.10 < d 
< 1.21  g/ml)  were isolated from liver perfusates of nor- 
mal  and cholesterol-fed guinea pigs as described in the 
accompanying  paper (1 7). Isolated lipoproteins  contain- 
ing  0.5-2.0 mg protein/ml  were  delipidated  in 20 vol- 
umes of ethanol-diethyl  ether 3:l (vol/vol) and  diethyl 
ether  at -1OOC (18). 

Isolation of apoA-I  and  apoE 

ApoA-I and  apoE were isolated from  plasma apoHDL 
of normal  and cholesterol-fed guinea pigs, respectively, 
by two column  chromatographic systems: a  Sephacryl S- 
200 column (2.5 X 95  cm)  equilibrated  in  0.015  M  Tris- 
HCl, 6 M  urea, p H  8.2 (buffer A) and  an anti-apoA- 
I  immunoaffinity  column  (1.2 X 35 cm) equilibrated  in 
0.1 M  phosphate  buffer,  containing  0.02%  NaN3,  0.04% 
EDTA (buffer  B). 

For isolation of apoA-I,  chromatography of the  normal 
apoHDL on  a  Sephacryl  S-200  column yielded two dis- 
tinct protein  peaks. The fractions  containing  apoA-I 
were pooled, dialyzed extensively against  buffer B, and 
applied to an  anti-apoA-I immunoaffinity  column. The 
unretained  fraction  was  washed  through  the  column  with 
80-100 ml of buffer B. ApoA-I  bound to the antibody 
column was  eluted  with  50 ml of 3 M NaSCN. 

For isolation of apoE from the  apoHDL of the cho- 
lesterol-fed guinea  pigs,  intact H D L  (1-3 mg in 2 ml) 
was passed through  the anti-apoA-I  immunoaffinity col- 
umn to remove particles  containing  apoA-I. The unre- 
tained  fraction  was  delipidated  with ethanol-diethyl 
ether  (10). The precipitated  apoproteins  were recovered 
in  2 ml of buffer  A and  applied  to a  Sephacryl  S-200 
column. This separated  apoE-co-migrating  protein  (19) 

and trace  amounts of C  apoproteins  from  the major pro- 
tein peak containing apoE. Isolated apolipoproteins  were 
dialyzed extensively against  a lop4 M Tris-buffer  and 
concentrated by partial  lyophilization to a volume of 1 .O- 
2.0  ml. 

In some experiments, isolated apoA-I  and  apoE were 
further fractionated  on  a  DEAE-cellulose co!umn (0.9 
X 14 cm) similar to the method of Shore  and  Shore (20). 
The column  was  equilibrated  in  0.01 M Tris-HC1,  6 
M  urea, p H  8.2.  Proteins  bound  to  the  DEAE-cellulose 
were  eluted  with  a Tris gradient  (0.01 "0.15 M)  
formed by 75 ml of the  equilibrating  buffer  and  the  same 
volume of 0.15 M Tris, 6 M urea, p H  8.2. All urea 
solutions  were freshly prepared, passed through a  Rexyn 
1-300 (Fisher Scientific Co.,  Fair  Lawn,  NJ) column 
and used immediately. 

Desialylation of apoproteins 

In lipoprotein  solutions  containing  0.1 M acetate 
buffer, pH 5.1, 50  pg  (0.6 U/mg) of neuraminidase from 
Clostridium perfringens (Boehringer Mannheim Bio- 
chemical, Indianapolis, IN) was  added  per mg of lipo- 
protein  and the  mixture was  incubated  at 37OC for 1 hr. 
This  mixture was  then  delipidated  with  20 volumes of 
ethanol-diethyl  ether 3:l (v/v) as described (10). 

Preparative isoelectric focusing electrophoresis 

For isolation of apoE isoforms, H D L  from cholesterol- 
fed animals  was passed through  the  anti-apoA-I  im- 
munoaffinity column and  then delipidated. This  apoHDL 
was separated by preparative isoelectric focusing elec- 
trophoresis on a flat bed of Ultradex  (LKB,  Produkter, 
Bromma,  Sweden)  with 1.6% Ampholines, pH 4.0-6.0, 
and  1%  2-mercaptoethanol,  as described (21).  Isoforms 
were  eluted from the gels with  the  Tris-buffer  containing 
0.15% decyl sulfate. For  amino acid analysis,  Ampholines 
were removed by precipitation  with  trichloroacetic acid 
and followed by three  washes  with cold acetone (21). 

Preparation of anti-apoA-I  immunoaffinity column 

ApoA-I  was isolated from apoHDL by SDS-poly- 
acrylamide gel electrophoresis of multiple  samples  (66 
pg of protein  each).  One gel was  stained to visualize the 
protein  bands, and  the corresponding  regions  from the 
unstained gels were sliced and each was homogenized 
with  a  small volume (-0.2 ml) of saline.  Homogenized 
gel slices, containing 0.3-0.4 mg of protein  were mixed 
with an equal  volume of Freund's complete  adjuvant and 
then injected into  multiple  subcutaneous  sites of a  rabbit. 
Two additional injections were  made at 14-day  intervals 
with homogenized gel slices containing 0.1 mg protein. 
Antiserum  obtained  10  days  after  the  final injection was 
fractionated by ammonium  sulfate  precipitation  and col- 
umn  chromatography on DEAE-cellulose  (22). The  pu- 
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rified globulin fraction  was coupled with  CNBr-acti- 
vated Sepharose  (Pharmacia  Chemicals,  Piscataway, 
NJ) according to the  procedure of Porath, Axen, and 
Ernback  (23). 

Analytical  procedure 

Analytical gel electrophoresis was  carried  out  in  the 
presence of 0.1% SDS  and  1% 2-mercaptoethanol  at p H  
7.2 (24). The gels were  stained  and destained as  pre- 
viously described (10). For  analytical isoelectric focusing 
electrophoresis (21), the  protein  was dissolved in sodium 
decyl sulfate in 0.01  M Tris and  20% sucrose, p H  8.2, 
and focused between p H  3.5 and 7.0 with or without  the 
addition of 5% 2-mercaptoethanol. For determinations 
of PI of isoforms of apolipoproteins,  unstained gels from 
the  same run were sliced into 5-mm pieces with  a gel 
slicer (Hoefer Scientific, San Francisco, CA). The sliced 
gels were incubated with  0.5 ml of distilled water  at  4°C 
overnight and  the p H  of the  mixtures was measured  at 
room temperature. The isoelectric points of the stained 
protein  bands  were  determined from a  standard curve 
established by plots of pH versus length of the unstained 
gels. Protein was determined by a modified procedure 
of Lowry et al.  (25),  with bovine serum  albumin  as  stan- 
dard.  Lipid  phosphorus was determined according to 
Bartlett  (26). 

Amino  acid  analysis 

Fifty pg of protein was hydrolyzed under vacuum in 
6 N HCI for 22 hr  at  110°C. Amino acids were quan- 
tified on  a Beckman model 121 M amino acid analyzer 
by a two-column technique (27). The contents of me- 
thionine  and cysteine were  determined by the method of 
Hirs (28). The N-terminal  amino acid was identified by 
a modification of the method of Gros and Labouesse (29). 
The proteins  were dansylated in  the presence of 0.1% 
sodium decyl sulfate, precipitated and washed with  10% 
trichloracetic acid, and then washed with acetone. After 
hydrolysis at 110°C for 4 hr,  the dansyl amino acids 
were identified by chromatography on polyamide sheets 
in two different solvent systems (30). 

Assay  of  apoA-I  cofactor activity for  lecithin: 
cholesterol  acyltransferase 

Lecithin:cholesterol acyltransferase activity was as- 
sayed as previously described (31) using  purified enzyme 
(16,000 to 17,000-fold) isolated from human plasma. 
ApoA-I of guinea pig or human (0 to 10 pg in 0.05 ml) 
was added to the assay medium (0.2 ml final volume) 
containing lecithin-cholesterol liposomes prepared  with 
French  pressure cell (32), labeled with  [3H]cholesterol 
or [3H]lecithin  (0.025 to 0.3 pmol lecithin in 0.05 
ml), 0.05 pmol of recrystallized human  albumin (Sigma, 
St.  Louis, MO) (0.05 ml, pH 7.5), purified leci- 

thin:cholesterol acyltransferase (0.01 ml containing 0.05 
to 0.5 pg of enzyme protein),  and EDTA (5 mM in 
0.154 ml NaC1). Incubation was for 60 min  at 37OC, 
during which production of cholesteryl esters was linear. 

Electroimmunoassay  of  apoA-I  and  apoE 

Contents of apoA-I  and  apoE  in  plasma  and  in isolated 
lipoproteins  were  determined by a modification of the 
electroimmunoassay of Laurel1  (33),  in which a  1% 
agarose gel containing 0.1 % Triton X-1 00 (Sigma Chem- 
ical Go., St. Louis, MO) was used. The gel was  prepared 
in  equal volumes of 0.0148 M barbital  and 0.075 M 
Tris-glycine  buffers (pH 8.8,  0.02 ionic strength),  the 
same buffer used for electrophoresis. We found that  in 
the presence of Triton, a sharp, precipitin-point  arch 
was obtained only by using agarose of low electroen- 
dosmosis (Agarose C, Pharmacia  Fine Chemicals, Pis- 
cataway, N J). 

Immunoassay was performed on glass plates (8.3 
X 10.2 cm)  coated with  12 ml of 1% agarose containing 
100 pl of antiserum  and  60 pl of 20% Triton.  Mono- 
specific antisera  against  purified  apoA-I or apoE were 
prepared in rabbits  as described above. For electroim- 
munoassay standards,  protein mass of the purified  apo- 
lipoproteins was determined by amino acid analysis (27) 
and  appropriate  dilutions  were  made  with  the electro- 
phoresis buffer containing 1%  Triton  and 0.8% human 
serum  albumin  (Cutter Lab., Inc., Berkeley, CA). Sam- 
ples for assay were  preincubated  in 1% Triton  at room 
temperature for 1-3 hr before electrophoresis. Five p1 
of standards  and  samples was applied  on the antibody- 
containing gel and was subjected to electrophoreses at 
3 V/cm, 14-15°C for 18  hr. Nonspecific proteins  were 
removed after the electrophoresis by pressing and  rinsing 
before the gels were  stained  and destained as described 
(34). Concentration of apolipoproteins was determined 
by comparison of the  areas enclosed by the precipitates 
of the samples with those of the standards. 

To  validate the electroimmunoassay of apoA-I,  the 
mass of apoA-I  in  a  sample of H D L  was estimated by 
SDS polyacrylamide gel electrophoresis and by the elec- 
troimmunoassay. Isolated apoA-I and H D L  of known 
aminoacyl mass, determined by amino acid analysis, were 
subjected to electrophoresis. The gels were  stained  and 
destained as previously described (1 0), and  then scanned 
with  a Clifford Model  445 densitometer (550  nm, 0.1 
mm slit). The mass of apoA-I  in H D L  was determined 
by comparison of the  area of the densitometric trace of 
apoA-I  with that of the isolated apoA-I.  Loads of up to 
8 pg of apoA-I yielded a  linear densitometric response. 

For validation of the electroimmunoassay of apoE, 
concentration of apoE in plasma VLDL of normal an- 
imals and  in plasma LDL,  HDL, and  d < 1.21 g/ml 
fractions from plasma of cholesterol-fed animals was 
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Fig. 1. Isoelectric focusing polyacrylamide gel electrophoretograms (pH 3.5-7.0) of apoHDL, isolated apoA- 
I, and apoE from the plasma of normal and cholesterol-fed guinea pigs. Gels are apoHDL (A, B) and isolated 
apoA-I (C) from normal animals, and apoHDL (D) and isolated apoE (E) from the cholesterol-fed animals. 
Except for gel A, which contained no reducing agent, the remaining apoproteins were incubated with 2-mer- 
captoethanol and then applied to the gel. Approximately 10 cg  of the apolipoprotein was applied in each case. 

determined by the electroimmunoassay. These measure- 
ments of apoE were compared to those determined by 
quantitative densitometric analyses of isoelectric focusing 
gels (21). For the latter technique, apoE comigrating 
protein called ACP in a previous report (19) is separated 
from the apoE focusing region (Fig. 3). Between 0.5-3.0 
pg of purified apoE applied to the gel yielded linear 
densitometric response to the Coomassie Blue-stained 
gels. 

RESULTS 

Isoforms of apoA-I and apoE 
Fig. 1 presents the isoelectric focusing gel electro- 

phoretograms of apoHDL, isolated apoA-I, and apoE 
from plasmas of normal and cholesterol-fed guinea pigs. 
Isoform patterns of the isolated apoA-I (Fig. 1C) were 
closely identical to those of apoA-I present in whole de- 
lipidated H D L  of the normal guinea pigs, with (Fig. 
1B) or without (Fig. 1A) the presence of 2-mercapto- 
ethanol, and showed the presence of six isoforms, two 
major ones with PI of 5.75 and 5.52 and four minor ones 
with PI of 5.67, 5.62, 5.45, and 5.40. A protein band 
present near the top of the gel of the unreduced apoHDL 
(Fig. 1A) is probably a dimer of apoA-I or a recombinant 
of apoA-I with other apolipoproteins formed by disulfide 
linkage, because this component disappeared when 2- 
mercaptoethanol was present (Fig. 1 B). 

ApoE isolated from the plasma H D L  of the choles- 

534 Journal of Lipid Research Volume 23, 1982 

terol-fed animals exhibited five major, with PI ranging 
between 5.42-5.24, and two minor (PI 5.20 and 5.17) 
isoforms (Fig. 1 E). The  same isoforms of apoE were also 
present in freshly delipidated H D L  (Fig. 1 D); however, 
the complete gel pattern was not altered by the presence 
of 2-mercaptoethanol (not shown). 

DEAE-cellulose chromatography 
In an attempt to separate the isoforms of the apoli- 

poproteins, isolated apoA-I and apoE were further frac- 
tionated by a DEAE-cellulose column. Chromatography 
of apoA-I, as shown in Fig. 2 (top), eluted two incom- 
pletely resolved peaks between 0.03-0.07 M Tris. Elec- 
trophoresis in SDS gels indicated both fractions had the 
same mobility as the parent apoA-I (insert, left). Some 
large molecular weight components present on the top 
part of the gel in fraction 1 may be due to a slight con- 
tamination in this preparation. In isoelectric focusing 
electrophoretograms (insert, right), however, different 
patterns of apoA-I were evident. 

Chromatography of the apoE on DEAE-cellulose 
yielded broad peaks with major proteins eluted between 
0.06-0.10 M Tris (Fig. 2, bottom). Fractions pooled 
under the marked area showed that the peaks contain 
some different isoforms (insert, right) and had slightly 
different electrophoretic mobilities on SDS gels (insert, 
left). The  fraction containing isoforms with the lower PI 
values had the more retarded mobility. This result sug- 
gests that isoforms of apoE may contain different 
amounts of carbohydrates since glycoproteins migrate 
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Fig. 2. DEAE-cellulose chromatography of isolated apoA-I (top) and apoE (bottom). Column size was 0.9 
X 14 cm and apoproteins were eluted with a Tris gradient, with 75 ml of 0.01 M Tris-HCI, 6 M urea, pH 
8.2, as initial buffer and 75 ml or 0.1 5 M Tris-HCI, 6 M urea, pH 8.2, as limiting buffer. Insert: polyacrylamide 
gel electrophoretograms of the column fractions pooled under the marked areas. Left: in 0.1% SDS, pH 7.2. 
Right: in analytical isoelectric focusing system, pH 3.5-7.0. 

slower in SDS-polyacrylamide gels than the correspond- 
ing protein with the same molecular weight (35). 

Changes of apoE isoforms induced by 
cholesterol-feeding 

T o  determine the differences of apoA-I or apoE iso- 
forms present in normal and cholesterol-fed guinea pigs, 
nascent VLDL and HDL isolated from the perfused 
livers were analyzed by isoelectric focusing polyacryl- 
amide gel electrophoresis as shown in Fig. 3. Similar 
isoforms of apoA-I were found in the perfusate H D L  
of normal and cholesterol-fed animals (Figs. 3C and D). 
ApoE isoforms, on the other hand, consisted of one major 
(e1 of 5.42) and two minor bands.(pI of 5.37 and 5.34) 
in both perfusate VLDL and HDL of the normal ani- 
mals (Figs. 3A and C), but the number increased to five 
or more isoforms with lowered PI values when the an- 
imals were fed cholesterol (Figs. 3B and D). This change 
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in apoE isoforms was observed in plasma VLDL as early 
as 10 days after the cholesterol feeding. Differences of 
the apoE isoforms were also evidenced by quantitative 
densitometric analyses of these isoelectric focusing gel 
electrophoretograms (Table 1). Cholesterol feeding caused 
a shift of apoE isoforms from the higher PI of 5.42 to 
two lower PI of 5.28 and 5.24, which were absent in the 
normal lipoproteins (Table 1). Closely similar isoform 
patterns of apoE were found in all density fractions of 
liver perfusates of cholesterol-fed guinea pigs. When 
more apoproteins were loaded to the gels, more isomers 
with an even lower PI (5.20 and 5.17) were detected, as 
shown in Fig. 1. 

Desialylation of apoE 
Because sialic acid represents one of the major sugar 

residues in apoE from humans (36), apoE from the per- 
fusate H D L  of the cholesterol-fed animals was treated 
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Fig. 3. Isoelectric focusing polyacrylamide gel electrophoretograms of 
nascent VLDL and HDL from perfused livers of guinea pigs. Gels 
are VLDL (A), HDL (C) from normal and VLDL (B), HDL (D) 
from the cholesterol-fed animals. Approximately 2 pg (A, B, C) and 
10 pg(D) of the apoE determined by the electroimmunoassay were 
applied. 

with neuraminidase. As shown in Fig. 4, desialylation 
reduced the number of isomers of apoE. The  more acidic 
isoforms, induced by cholesterol feeding, were almost 
completely transformed to the three major isoforms of 
apoE that occurred in normal guinea pig perfusate 
VLDL and HDL. This same conversion of apoE iso- 
forms was produced by neuraminidase treatment of liver 
perfusate VLDL, plasma HDL, or isolated apoE ob- 
tained from cholesterol-fed guinea pigs. 

Amino acid composition 
The overall amino acid composition of the isolated 

apoA-I from three different preparations was slightly 
different from that of apoA-I of humans (37, 38) and 

rat (39) (Table 2). Compared to human apoA-I, which 
lacks isoleucine and cysteine, apoA-I of guinea pigs con- 
tains 20 and 8 moles/103 mol of isoleucine and cysteine, 
respectively (Table 2). The  N-terminal amino acid of 
the apoA-I of guinea pigs, determined by the dansylation, 
was Asp X (Table 2), as reported for human (37, 38) 
and rat (40). 

T o  determine the amino acid compositions of the apoE 
isoforms, fractions containing one or two major isoforms 
were isolated by preparative isoelectric focusing electro- 
phoresis as shown in Fig. 5. These fractions had the same 
amino acid composition as that of the parent apoE. The 
N-terminal amino acid of the apoE was lysine (Table 
3). Attempts to isolate apoE from normal guinea pigs 
for amino acid analysis were unsuccessful because of the 
very low plasma concentrations of apoE in this species 
(Table 4). 

Cofactor activity of apoA-I of guinea pigs for 
1ecithin:cholesterol acyltransferase 

The cofactor activity of apoA-I of guinea pigs was 
tested with 1ecithin:cholesterol acyltransferase from hu- 
man plasma. As shown in Fig. 6, activation of LCAT 
with guinea pig apoA-I isolated from peak 2 of the 
DEAE-cellulose column (Fig. 2, top) was almost the 
same as that obtained with purified human apoA-I. The  
slightly lower activation obtained with apoA-I from peak 
1 may be due to the contaminating apoproteins in this 
fraction (Fig. 2, top). 

Plasma concentrations of apoA-I and apoE 
Fig. 7 shows a typical electroimmunoassay pattern of 

apoA-I standard in the presence of 0.1% Triton. The  
area enclosed by the precipitates was linear between 25 
and 150 ng of apoA-I applied. The  inter-assay and intra- 
assay variations from three different apoA-I preparations 
were less than 3%. Immunoassayable apoA-I in a pooled 

TABLE 1.  Distribution of apoE isoforms in nascent VLDL and HDL from perfused livers of 
normal and cholesterol-fed guinea pigs 

Normal Cholesterol-fed A P  E 
Isoform 
(PI) VLDL HDL VLDL HDL 

% 

5.42 60.8 f 14.9 66.9 (64.4-69.5) 31.8 f 2.1 28.5 f 4.3 
5.37 18.9 f 6.0 20.4 (19.3-21.5) 18.0 k 1.7 19.1 k 0.6 
5.34 20.1 f 8.0 12.5 (11.0-14.0) 25.0 k 1.4 27.1 f 1.1 
5.28 0 0 9.9 f 0.3 11.9 f 1.5 

13.3 f 2.4 5.24 0 0 15.0 f 1.4 

Distribution of apoE isoforms was determined by densitometric analysis of isoelectric focusing poly- 
acrylamide gel electrophoresis (21). About 2 pg of the apoE measured by the electroimmunoassay was 
applied in each case. Numbers represent mean k SD from four samples, or mean and range (in parentheses) 
of two samples. 
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Fig. 4. Effect of neuraminidase treatment on apoE isoforms as ana- 
lyzed by isoelectric focusing polyacrylamide gel electrophoresis (pH 
3.5-7.0). Gels are liver perfusate VLDL (A, B) from the normal and 
liver perfusate H D L  (C, D) from the cholesterol-fed animals. A and 
C were control, B and D were neuraminidase-treated. 

sample of H D L  accounted for 67.7% of the total ami- 
noacyl mass. From quantitative polyacrylamide gel elec- 
trophoresis, a value of 64.0% was obtained. With the 
same electroimmunoassay there was no significant dif- 
ference in the levels of immunoassayable A-I present in 
plasma (from six animals) when antiserum was prepared 
from apoA-I isolated by column chromatography or from 
SDS gels, or when the assay was performed with intact 
or delipidated plasma. 

The electroimmunoassay standards for the apoE were 
between 50 to 200 ng. The  inter-assay and intra-assay 
variations were less than 5%. Immunoreactivity of apoE 
in lipoproteins was evaluated by comparison of immu- 
noassayable apoE with estimation of apoE by quanti- 
tative polyacrylamide gel electrophoresis in samples of 
plasma VLDL from normal guinea pigs and from sam- 
ples of LDL, HDL,  and the d -= 1.21 g/ml fractions 
from the plasma of cholesterol-fed animals. As shown 
in Fig. 8, there was good agreement (r = 0.989) between 
apoE concentrations determined by these two methods. 

The  plasma concentrations of immunoassayable apoA- 
I and apoE from male guinea pigs that had been on a 
regular chow diet was 6.2 k 2.0 and 2.2 k 0.5 mg/dl, 
respectively (Table 4). Guinea pigs that had been fed 
1% cholesterol for 1 week had slightly increased plasma 
levels Of apoA-l, but showed a 10-fo1d increase Of apoE* 
After a longer period of the cholesterol feeding, up to 8- 
10 weeks, both apoA-1 and apoE were significantly in- 
'reased by 2- and 22-fo1d, respective1y, above the plasma 
levels of guinea pigs fed control diet. 

Fig. 5. Isoelectric focusing polyacrylamide gel electrophoretograms of 
apoHDL from cholesterol-fed guinea pigs (P) and its isoform fractions 
(I-IV). Isoforms were separated by preparative isoelectric focusing gel 
electrophoresis. ApoA-I present in the H D L  fraction was removed by 
passing this lipoprotein through an anti-apoA-I immunoaffinity col- 
umn. 
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TABLE 2. Amino acid composition of apoA-I of 
guinea pig, human and rat 

Guinea P i g  Humanh Rat' 

mol/& mol 

9 6 2  8 86 98 
24 

LYS 
His 2 1 f  2 20 
Arg 5 1 2  2 65 70 
ASP 1 1 0 f  4 86 134 
Thr  4 6 f  2 41 42 
Ser 6 1 f  3 57 33 
Glu 1 8 5 f  5 192 200 
Pro 3 3 f  3 41 24 

4 3 f  5 41 24 
7 9 f  2 78 48 

GlY 
Ala 
%Cys 8 0 4 
Val 5 0 f  3 53 46 
Met 5 12 28 
Ile 2 0 f  3 0 18 
Leu 147 f 12 159 126 
TYr 2 0 f  1 29 29 

24 37 Phe 
TrYP N.D. 16 15 

N-Terminal Asp X Asp X Asp X 

2 4 f  1 

' Values are means f S D  of three different apoA-I preparations. 
The  contents of methionine and cysteine were the mean of two analyses 
from different preparations of apoA-I. 

I Calculated from Delahunty et al. (37) and Baker et al. (38). 
c Obtained from Swaney et al. (39). 

DISCUSSION 

ApoA-I, isolated from plasma apoHDL of normal 
guinea pigs, exists in six polymorphic forms. Because the 
same isoform pattern was observed in freshly delipidated 
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TABLE 3. Amino acid composition of apoE  and  its isoforrn fractions 

Isoform Fraction 

Parent I I1 111 IV 

mo1/103 mol 

LYS 53 f 0.6 52 f 0.6 51 f 1.0 54 f 3.0 52 f 6.0 

A% 95 f 2.7 108 f 10 103 f 7.0 104 f 7.0  104 f 9.0 
ASP 47 f 6.0 45 f 5.0 50 f 1.0 45 f 6.0 

His 5 f 1.5 5 f 0.7 5 f 1.0 6 f 0.7  6 f 1.0 

Thr  
47 f 4.0 

31 f 1.7 28 f 0.5 29 f 1.0 29 k 0.2 31 f 0.5 
Ser 62 f 6.6 59 f 4.0 60 f 2.0 59 f 5.0 60 f 6.0 
Glu 247 f 7.0 248 f 4.0 242 f 6.0 243 k 11 240 f 13 
Pro 32 k 0.8 30 f 2.0 32 f 1.0 33 f 1.0 32 f 3.0 
GlY 58 f 7.0 48 f 2.0 52 f 3.0 50 f 0.8 50 f 5.0 
Ala 105 f 3.9 105 f 1.0 104 f 3.0 104 f 1.0 104 f 5.0 
Val 74 f 3.0 76 f 2.0 75 f 1.0 74 f 5.0 75 f 5.0 
Ile 17 k 1.5 18 f 0.1 19 f 2.0 19 f 2.0 20 f 0.8 
Leu 107 f 5.4 113 f 3.0 111 f 4.0 113 f 5.0 112 f 2.0 
TY r 14 f 1.3  15 f 2.0  16 f 1.0  16 f 0.5 16 f 1.0 

N-Terminal Lysine N.D.  N.D.  N.D. N.D. 

Values are mean f SD of three different preparations.  Contents of methionine and cysteine 
are assumed to be 28 and 5 mol/lO’, respectively, based upon mean of two analyses of parent 
apoE from different preparations. 

H D L  (Fig. l ) ,  it is not likely that  the heterogeneity of 
the isolated apolipoprotein was generated by carbamy- 
lation. The isoform pattern of this  apolipoprotein  was 
not changed by cholesterol feeding, although  a twofold 
increase of the  plasma  apoA-I  was noted in animals fed 
cholesterol for 8 to 10 weeks (Table 4). The PI  range 
of guinea pig apoA-I  was 5.75-5.40, which  was between 
that of human (5.62 to 5.32 (41))  and rat (5.82 to 
5.55 (42)). 

Guinea pig A-I is slightly different  in  amino acid com- 
position from  apoA-I in humans (37, 38) and  rats  (39), 
but was the  same  N-terminal  amino acid, Asp X. Like 
the apoA-I of rat,  guinea pig apoA-I  contains cysteine 
and isoleucine (Table 2),  whereas these two  amino acids 
are absent  in  apoA-I  from  the  normal human subjects. 
Recent studies by Franceschini  et  al. (43) and  Weisgra- 
ber et al. (44) have shown  that  the apoA-IMilano, isolated 
from individuals  with  a new type of familial  lipoprotein 
disorder,  contains  both isoleucine and cysteine. It is in- 
teresting  that  these  individuals have reduced plasma lev- 

els of high density lipoproteins  and  apoA-I. We previ- 
ously reported  a  somewhat  different  amino acid 
composition for this  apolipoprotein, isolated from SDS- 
polyacrylamide gels (10). The high content of glycine 
and  serine in that  preparation probably indicates con- 
tamination  with some non-A-I  peptides.  Despite  a 
slightly different  amino acid composition, isolated guinea 
pig apoA-I  was as active as  human A-I as a cofactor for 
purified LCAT from  human  plasma. 

ApoE in liver perfusate VLDL and H D L  of the nor- 
mal guinea pigs contains one major and  two  minor 
isoforms (Fig. 3) similar  to  the common polymorphism 
of apoE  present  in humans (45),  but  had lower PI (5.42- 
5.34) than  that of human  apoE.  Upon cholesterol feed- 
ing,  plasma  concentration of apoE was  sharply increased 
(Table 4), accompanied by a  dramatic  change  in  apoE 
polymorphism  (Fig.  3).  Numbers of isoforms were  in- 
creased from three to five or more by shifting  the  major 
components (PI 5.42) to  more acidic isoforms (Table 1). 
This alteration of apoE isoforms was almost reversible 

TABLE 4. Immunoassayable apoA-I and  apoE in plasma of normal 
and cholesterol-fed guinea pigs 

Weeks Fed Cholesterol 

0 1 8-1 0 

ApoA-I (mg/dl) 6.2 k 2.0 (18)  8.5 f 3.7 (6)  13.8 f 1.9  (10) 
APOE (rng/dl) 2.2 f 0.5 (18) 24.2 f 6.6 (10) 49.3 f 10.8  (10) 

Values  represent mean f SD from  numbers of animals indicated in  parentheses. The 
normal  animals  were fed regular  Purina chow and the cholesterol-fed animals  were fed 
the  same chow with  an addition of 1% cholesterol and 5% cottonseed oil. Animals were 
fasted for 16-18 hr. 
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Fig. 6. Cofactor activities of apoA-I of guinea  pig  and  human for purified 1ecithin:cholesterol acyltransferase 
(16,000-17,000-fold) isolated from human plasma. W-W, guinea  pig apoA-I (peak 2 of DEAE-cellulose 
column, Fig. 2); A-A, guinea  pig apoA-I (peak 1 of DEAE-cellulose column, Fig. 2); O-----O, human 
apoA-I. 

with treatment of neuraminidase, suggesting that  apoE ities  on SDS polyacrylamide  gels  from DEAE-chro- 
from cholesterol-fed guinea pigs contains more sialic acid. matographic fractions of this apolipoprotein (Fig. 2). 
Increasing content of this sugar residue in apoE can  also This is  consistent with the observations that  rat  apoE 
explain the existence of different electrophoretic mobil- fractions from DEAE-cellulose columns contain different 

I I I 
50 100 150 

apo A-l (ng) 

Fig. 7. Standard  curve for electroimmunoassay analysis of apoA-I, plotted by measuring  the  area enclosed by 
precipitates  against concentrations of apoA-I. Each point represents  mean  and  standard deviation of a total of 
nine  experiments from three different plasma apoA-I  preparations.  Insert: typical patterns for increasing con- 
centrations of apoA-I standard. 
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Fig. 8. Comparison of measurements of apoE in VLDL from the 
plasma of  normal (a) and in LDL (0), HDL (A) and d < 1.21 fractions 
(0) from the plasma of cholesterol-fed guinea pigs by quantitative 
isoelectric focusing gel electrophoresis and by electroimmunoassay. The 
d < 1.21 g/ml fractions were isolated from animals with 1 to IO weeks 
on cholesterol feeding; r = 0.989. 

proportions of sialic acid (46) and  that isolated rat  apoE 
also exists in several (four  to  six) isoforms (42). Treat- 
ment of human  VLDL with Clostridium perfringens 
neuraminidase  also caused the  disappearance of the mi- 
nor acidic isoproteins from the  apoE  pattern,  as deter- 
mined by two-dimensional polyacrylamide gel electro- 
phoresis (47).' 

The isolated fractions of apoE had amino acid com- 
positions similar  to  their  parent apoE isolated from  the 
cholesterol-fed guinea pigs (Table 3). The higher content 
of glutamic acid in the  apoE of guinea pig than  that of 
man (21) reflects the finding that guinea pig apoE is 
more acidic, as indicated by the lower PI values (Fig. 1) .  
In addition to the previously reported  amino acid com- 
position for this  apolipoprotein (lo), the  current studies 
added further information on the contents of cysteine and 
methionine,  and identified lysine as  the  N-terminal 
amino acid. 

To  determine  the  plasma  concentrations of apoA-I  and 
apoE  and  the secretion rates of these apolipoproteins by 
perfused livers of normal  and cholesterol-fed guinea pigs 
(described in  the accompanying paper (17)), we have 
developed an electroimmunoassay for these two  apoli- 
poproteins. In a pooled sample of H D L  from  normal 
guinea pig plasma,  a  similar content of apoA-I  was found 
by our electroimmunoassay and by quantitative poly- 
acrylamide gel electrophoresis. Because the immunoas- 

' Human  apoE isomers, analyzed by one-dimensional isoelectric fo- 
cusing electrophoresis, are also reduced in number to higher PI by 
treatment with neuraminidase from Clostridium  perfringens (Havel, 
R. J. Unpublished observations). 

sayable apoA-I content in  plasma is unaffected by de- 
lipidation  when Triton was  present,  it suggests that  the 
current electroimmunoassay is capable of detecting all 
apoA-I present in lipoproteins. The immunoreactivity 
of apoE in isolated VLDL from plasma of normal  guinea 
pigs and isolated LDL,  HDL, and  d -= 1.21 g/ml fraction 
from plasma of the cholesterol-fed animals  was identical 
to that of isolated apoE  standards  (Fig. 8), as  judged by 
comparison with  quantitative gel electrophoresis. This 
result indicates that  the electroimmunoassay measures 
apoE  equally in its isoforms in different lipoprotein par- 
ticles in both normal  and cholesterol-fed animals. 

Among known mammals,  guinea pigs have the lowest 
reported  plasma  concentration of apoA-I (6.2 f 2.0 mg/ 
dl)  and apoE (2.2 f 0.5 mg/dl)  as  measured by elec- 
troimmunoassay (Table 4). Compared to the  serum con- 
centrations of these apolipoproteins in human (21,  48, 
49) and  rat (50-52), apoA-I of guinea pigs represents 
only about  one-twentieth  and  one-sixth of the values, 
respectively, whereas apoE of guinea pigs represents 
about one-half and  one-eighth of the values from human 
and  rat, respectively. Following the cholesterol-feeding, 
levels of apoA-I  were slightly increased without  altera- 
tion of isoform patterns. Levels of apoE, on the other 
hand,  were  sharply increased by cholesterol diet,  and 
were accompanied by remarkable changes of apoE iso- 
forms. These changes in apoE  appeared to be due to  a 
higher content of sialic acid, as discussed above, and may 
be in some way related to the  unusually  high content of 
unesterified cholesterol in  the  lipoproteins.  Previously, 
we reported that a very high  correlation exists between 
plasma unesterified cholesterol and  apoE concentrations 
(10) in these animals on cholesterol diet. The molecular 
basis of the  apoE polymorphism or an association be- 
tween these lipids  and  the metabolic fate of lipoproteins 
containing  altered  apoE isoforms from cholesterol-fed 
animals  remains to be e1ucidated.l 
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Tomitch for their expert technical assistance. The authors also 
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