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Isolation and Characterization of a Dog Serum 
Lipoprotein Having Apolipoprotein A-I as Its 
Predominant Protein Constituent? 
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ABSTRACT: The serum high density lipoproteins (HDL) of 
normolipemic dogs (beagles) were isolated in the density range 
of p 1.063 to 1.21 g/ml, and characterized in terms of com- 
position and physical properties (flotation and diffusion 
coefficients, partial specific volume, molecular weight, elec- 
trophoretic mobility, ultraviolet absorption, and circular di- 
chroism). The results indicated that canine HDL is a relatively 
homogeneous class with a molecular weight of about 230 000 
and general properties similar to those reported for human 
HDL. After delipidation, the resulting apolipoprotein, apo- 
HDL, was fractionated by Sephadex G-200 column chroma- 
tography in urea or guanidine hydrochloride solutions. About 
90% of the apo-HDL consisted of a protein with a molecular 
weight of about 28 000, similar in amino acid composition to 

I n  spite of the relatively extensive use of the dog as an animal 
model for the study of lipid and lipoprotein metabolism and 
experimental atherosclerosis (Steiner and Kendall, 1946; 
Flaherty et al., 1972), including early accounts from this lab- 
oratory (Lewis et al., 1952; Robertson et al., 1972; Scanu et 
al., 1961; Scanu and Szajewski, 1961; Scanu and Page, 1962), 
relatively little information is available on the physicochemical 
properties of the circulating lipoproteins of this animal species. 
Recently, Mahley et al. (Mahley and Weisgraber, 1974; 
Mahley et al., 1974) compared the lipid composition of the 
various serum lipoproteins of normal and hyperlipemic fox- 
hounds and mongrel dogs. However, less detailed results were 
given on the overall structural properties of these lipoproteins 
and of their apolipoproteins. For the past several months, we 
have used the dog (beagle) as one of the animal models to 
complement human studies in our general program which is 
aimed a t  elucidating the structure-function relationship in 
serum lipoproteins. In this report we present a detailed struc- 
tural characterization of HDL'  from normolipemic beagle 
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human apolipoprotein A-I and having the same NH2 terminus 
(aspartic acid) and COOH terminus (glutamine) and no car- 
bohydrates. Two other proteins were isolated, one having an 
apparent mol wt of 5 5  000 and representing, a t  least in part, 
an aggregate of apolipoprotein A-I and the other component 
with a mol wt of about 8000, not yet characterized. The results 
indicate that canine HDL, as an intact complex, has general 
physical properties that lie between those reported for human 
HDL2 and HDL3, and that it differs compositionally from the 
human products mainly in its predominant content of apo-A-I. 
These findings together with evidence for the relatively ho- 
mogeneous nature of the canine HDL provide new prospects 
for unraveling the relationship between polypeptide compo- 
sition and HDL structure. 

dogs. Besides their intrinsic value, these data provide reference 
information from which potential alterations induced by di- 
etary and/or chemical agents may readily be assessed. 

Materials and Methods 

Male beagles, 1-2 years of age, obtained from a single col- 
ony, were maintained on a Purina Chow diet and were fasted 
for about 20 h before bleeding. Blood was obtained from the 
femoral vein; after clotting, the serum was separated in a 
Sorvall refrigerated centrifuge a t  5000 rpm following the ad- 
dition of 1 ml of a 5% solution of EDTA (pH 7.0) per dl of 
serum. The average concentrations of serum cholesterol and 
triglycerides were 1 18 and 46 mg/dl, respectively. After sep- 
aration of the VLDL and LDL by sequential flotation at p 
1.006 and 1.063 g/ml, respectively, the HDL were isolated in 
the density range of 1.063-1.21 g/ml at 10 OC, 115  OOOg by 
24-h centrifugation in a Spinco preparative ultracentrifuge. 
The top fraction of p 1.21 g/ml was readjusted to p 1.063 g/ml 
by appropriate dilution, and the specimens were respun for 24 
h to remove possible traces of LDL contaminants. The super- 
natant fluids were brought back to a solution density of 1.2 1 
g/ml by addition of solid NaBr and centrifuged for 48 h at 
40 000 rpm, 10 OC, in a Spinco Model L2-65B ultracentrifuge 
with 40.3 rotors. The purified HDL was dialyzed extensively 
against 0.15 M NaCI-10-3 M EDTA (pH 7.0) and stored a t  
4 O C  for no more than 3 days before use. By agarose electro- 
phoresis (Noble, 1968), the various preparations obtained 
during the several months of the study gave a single band in 
the a'-globulin region. Initially, canine HDL was also exam- 
ined by CsCl density gradient ultracentrifugation (Scanu et 
al., 1973) and was found to band as a single component at p 
1.13 g/ml. 

Studies of H D L  in the Analytical Ultracentrifuge. The 
studies were carried out on canine HDL after dialysis against 
the appropriate buffer. The measurements were generally 
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performed at  lipoprotein protein concentrations of <1 mg/ml 
in a Beckman Spinco Model E equipped with electronic tem- 
perature and speed controls and a photometric scanning optical 
system. 

Sedimentation coefficients were determined at 60 000 rpm, 
20 OC, at protein concentrations corresponding to 1 .O and 2.0 
absorbance units. The midpoint of the absorbance gradient was 
taken as the position of the protein boundary and was plotted 
in the usual fashion. 

Diffusion measurements were performed with a synthetic 
boundary cell at 5600 rpm. Since the lipoprotein was less dense 
than the suspending medium, the boundaries were formed by 
overlaying of the lipoprotein solution on the buffer instead of 
the opposite procedure, which is usually employed in the study 
of higher density proteins. To aid in forming a sharp boundary, 
the density of the lipoprotein solution was lowered slightly by 
the addition of 40 ~1 of water/ml of solution. The superimposed 
salt gradient resulting from this manipulation did not alter the 
diffusion of the lipoprotein; this was tested by diffusion mea- 
surements with fibrinogen in the p l .21 medium overlaid with 
a solution containing 40 and 80 pl of water/ml. The values of 
the diffusion constant ( D ~ o , H ~ o )  for fibrinogen in the two ex- 
periments were within 1% of each other and averaged 1.93 X 
1 O-' cm2/s, in excellent agreement with the generally accepted 
figure of 2.0 X IO-' cm2/s. Distances (Ar) between 0.25 and 
0.75 full absorbance of the protein boundary were taken as 
measures of spread of that boundary. The validity of this 
procedure was based on the observation from sedimentation 
velocity measurements that approximately 95% of the 280-nm 
absorbing material in the solution migrated as lipoprotein, and 
that only 5% of the ultraviolet-absorbing material did not 
migrate. Diffusion coefficients were calculated from the 
least-squares slopes of plots of ( A r ) 2  vs. time. The adequacy 
of the experimental procedure was based upon the following: 
( 1 )  the theoretical zero time (as determined from extrapolation 
of the plot) agreed within 40 s with the observed zero time at 
which the boundary began to form, and (2) the observed value 
of D multiplied by the uncertainty factor (Creeth and Pain, 
1967) of the starting time [to(,,,) - t ~ ~ , , , , , , ~ ]  was less than 
cm2. The diffusion measurements were performed at ambient 
temperature (24 "C) and adjusted to 20 OC by multiplication 
of the observed diffusion constant by the relative viscosity of 
the medium at the two temperatures. 

Equilibrium centrifugation was performed in accordance 
with guidelines established by Yphantis ( 1  964) for the me- 
niscus depletion method. An operating speed of 40 000 rpm 
was selected on the basis of predetermined values of -sozo,~.21 
= 3 S and an estimated d of 0.90, considered to be suitable for 
analysis a t  three density values ranging from p 1.17 to 1.27 
g/ml. We prepared the lowest and highest density solutions 
by mixing equal volumes of protein in  p 1.21 medium with ei- 
ther 16 or 35% KBr and measuring the actual densities by 
pycnometry. Concentrations of protein in the solutions cor- 
responded to an optical density (OD) of 0.4, and scans were 
performed with the photometer set at an absorbance range of 
2.0. The centrifugation time adopted was 24 h, although 
equilibrium was reached within 18 h. Reduced molecular 
weights, M( 1 - up), calculated from the least-square plots of 
log absorbance vs. r 2  were multiplied by 2 X 2.303RT/w2. A 
plot of the values2 of M (  1 - dp) thus determined vs. p for the 
three solutions was then extrapolated to determine isopycnic 

M = molecular weight of the protein; d = partial specific volume; p 
= density of the solution; w = angular velocity; r = distance from the center 
of rotation: u = partial molal volume. 

density having 1 /piso = 0. By using the d figures so determined, 
we calculated the values of M for the three analyses. 

The effect of the centrifugal redistribution of salt on the 
density of the medium was considered as a source of error. The 
effect was approximated on the basis of the equation of Ifft et 
al. (1961): 

1 dp M ( l  - dp) _ _ -  - 
u2r d r  YRTG In ym/Gp 

The activity coefficient (y) of KBr (Robinson and Stokes, 
1955) remains essentially constant over a wide range of 
molalities (m). Therefore, if one expresses m in terms of per- 
centages (P) of the weight of KBr solutions, the equation could 
be simplified to express the density gradient (dpldr) as a 
function of P. If dP/dp and d are determined from the pub- 
lished values in the Handbook of Chemistry and Physics, one 
can calculate values of the gradient as dp/dr = 2.52 X 
lO-I3u2r( 1 - 0.34p)P( 100 - P). Redistribution of NaCl in 
the medium was disregarded as a significant source of error 
in the density gradient. We calculated that redistribution of 
20% KBr in the p 1.21 medium, on centrifugation to equilib- 
rium at the 40 000 rpm operating speed, would cause the 
density at the meniscus of the 0.3-cm fluid column (0.15 cm 
half-depth) to fall 0.0042 density unit below the initial density 
of the solution. Since the measurements used for molecular 
weight determinations were made over only a small (0.04 cm) 
region at the fluid meniscus, increments in density across the 
region would be quite small and thus require no correction for 
the effect due to redistribution of the protein. The correction 
became important for the calculation of the buoyancy term, 
(1 - up); failure to correct for protein redistribution would lead 
to estimates which are 1% too low for dand 5% too high for M. 

Values of d were also obtained from density measurements 
of HDL at various concentrations in the Mettler/Paar preci- 
sion density meter (Graz, Austria). 

Electron microscopy studies of canine HDL by the negative 
staining techniqw were conducted as described previously 
(Pollard et al., 1969). 

Studies on the HDL Apoprotein. Apo-HDL was obtained 
by delipidation of HDL in ethanol-ether as previously de- 
scribed (Scanu and Edelstein, 1971). The dry product was 
stored at -10 OC under nitrogen. Before use, apo-HDL was 
dissolved in 0.02 M Tris buffer (pH 8.2) containing 6 M gua- 
nidine hydrochloride and 0.1 M dithiothreitol, a t  50 OC for 1 
h. This pretreatment ensured complete solubilization of the 
apoprotein. Chromatography was performed in columns (2.5 
X 200 cm) of Sephadex G-200 equilibrated in 0.02 M Tris- 
HC1 buffer (pH 8.2) containing either 6 M guanidine hydro- 
chloride or 8 M urea. Separations in 6 M guanidine hydro- 
chloride were achieved at room temperature, whereas those 
in 8 M urea were run in a constant-temperature room at 6 OC 
to minimize carbamylation by cyanate (Edelstein et al., 1972). 
A constant flow of 14 ml/h was maintained. The effluent was 
continuously dialyzed against 0.005 M NH4HC03 buffer (pH 
8.2) with a Biomed dialyzer (Biomed Instruments, Chicago, 
Ill.), and the elution profile was recorded with an Isco uv 
monitor (Instrumentation Specialties Co., Lincoln, Nebr.). 
Fractions of 2 ml were collected in an LKB Model 7000 frac- 
tion collector (KLB Produktor, Bromma, Sweden). The ap- 
propriate fractions were pooled, immediately lyophilized, and 
stored at - 10 OC under nitrogen. 

Immunological Studies. Antibodies to canine HDL and the 
major apo-HDL protein, apo-A-I, were prepared in male al- 
bino New Zealand rabbits. Each animal was given multiple 
intradermal injections of a total of 100 pg of protein co-soni- 
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FIGURE I :  Agarose gel electrophoresis of (A) canine serum and (B) ea- 
nine H D L a f p  1.063-1.21 g,”l. Theconditionswerethosedcseribed by 
Noble (1968). After electrophoresis. the agarose plates weredried at 60 
OC and stained with Fast red 78 .  The serum was undiluted ( I  111); HDL 
contained 7 fig of protein/l PI. 

cated with complete Freund‘s adjuvant. Six weeks later, the 
same procedure was followed, except that incomplete Freund‘s 
adjuvant was used. The antibodies were concentrated by pre- 
cipitation of the serum with 2 M (NH&S04 (Rapport and 
Graf, 1967). then resuspended, dialyzed against 0.05 M 
phosphate buffer (pH 7.0), and stored a t  -10 OC until use. 

Analytical Procedures. Lipid Analysis. For lipid analysis, 
aliquots of HDL were extracted with chloroform-methanol 
(3: l .  v/v) and washed with 0.05% CaC12 solution. 

Total lipid was measured gravimetrically (Sperry and 
Brand, 1955). Total cholesterol was determined by a modifi- 
cation of the Abell et al. method (1952). triglycerides by the 
method of Van Handel and Zilversmit (1957). and phospho- 
lipid by the procedure of Fiske and SubbaRow ( I  925). Ester 
cholesterol was measured by the digitonin-precipitation 
technique and assayed by the modified Abell et al. method 
(1952). Foranalysisoffreefattyacids, theprocedureof Falholt 
et al. (1 973) was used. The extracted lipids were also separated 
by column chromatography (activated Unisil, 100-200 mesh) 
into neutral and polar lipids. The neutral lipids were further 
separated on preparative thin-layer chromatographic (TLC) 
plates (silica gel G ,  Brinkmann, Westbury, N.Y.) in petroleum 
ether-diethyl ether-glacial acetic acid (9:lOl. v/v). The 
cholesterol was methylated and then analyzed on a Hewlett- 
Packard gas chromatograph, Model 5700 (Hewlett-Packard 
Co., Chicago, 111.). The phospholipids were subfractionated 
on preparative TLC plates (silica gel H)  in 0.001 M Na2CO3 
and developed in chloroform-methanol-water-glacial acetic 
acid (75:45:612 by volume). Each fraction was scraped from 
the plate and diluted with methanol-chloroform-water (8:1:1, 
v/v), and quantitated by the Fiske and SubbaRow method 
( I  925) for phosphorus. 

Protein Analyses. Polyacrylamide gel electrophoresis was 
performed in the presence of sodium dodecyl sulfate or 8 M 
urea (Weber and Osborn, 1969; Davis, 1964). The sodium 
dodecyl sulfate gels were stained with Coomassie blue ac- 
cording to the procedure of Fairbanks et al. (197l ) ,  whereas 
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the 8 M urea gels were stained for 1 h with Coomassie blue by 
the method described by Weber and Osborn (1969). All gels 
were destained in 10% acetic acid overnight. 

Protein content was determined by the Lowry et al. method 
(1951), with bovine serum albumin used as a standard. In  the 
case of apolipoprotein A-I, the values were corrected for its 
amino acid composition. From 280-nm absorbancy readings, 
the concentration of apo-A-I was also calculated from its ex- 
tinction coefficient, E280,,’% = 20.88. 

Amino acid analyses of apo-A-I were performed on a 
Beckman Model 121 amino acid analyzer. Protein samples 
were hydrolyzed in a glass-redistilled, constant-boiling HCI 
(6 N) which contained 0.1% phenol to reduce lasses of tyrosine 
(Moore, 1972). A hydrolysis-time curve was obtained to as- 
certain destructive losses of serine and threonine. Tryptophan 
was quantitated by the spectroscopic method of Edelhoch 
(1967). and by hydrolysis of the protein in 4 N methanesulfonic 
acid (Moore, 1972). Performic acid oxidations were carried 
out in separate specimens to determine cysteic acid content. 

NH2-terminal analyses of apo-A-I were done by automated 
Edman degradation in a Beckman Model 890 sequencer. The 
released amino acids were detected as their respective phe- 
nylthiohydantoins and silylated derivatives by gas-liquid 
chromatography (Beckman G C  Model 45)  and thin-layer 
chromatography (Edelstein et al., 1974). 

COOH-terminal analyses of apo-A-I were conducted with 
the enzymes carboxypeptidases A and Y. Carboxypeptidase 
A (diisopropyl fluorophosphate treated, Worthington) was 
repurified as described by Ambler (1967).  The digestion was 
performed in 0.1 M N-ethylmorpholine acetate buffer (pH 
8.5).  with an enzyme-to-protein molar ratio of 1:50, as pre- 
viously described (Edelstein et al., 1972). Digestion by car- 
boxypeptidase Y (kindly provided by Dr. R. Heinrikson, 
University of Chicago) was performed in 0.1 M pyridine ace- 
tate buffer (pH 5.5), containing 4 M urea. The enzyme-to- 
protein weight ratio was 1:IOO (Edelstein et al., 1974). 

Carbohydrate analyses of apo-A-1 were carried out ac- 
cording to Dawson (1972). Protein samples were subjected to 
acid methanolysis (1.0 N HCI in dry methanol at 80 O C  for 16 
h), trimethylsilylated, and analyzed by gas-liquid chroma- 
tography with the use of known standards. 

Ultraviolet spectroscopy measurements in the 240-300-nm 
region were conducted in a Cary Model 14 spectrometer. The 
protein solutions were thoroughly dialyzed against the ap- 
propriate buffers before analysis. 

Circular dichroic spectra were recorded in a Cary Model 
6 0 s  spectropolarimeter equipped with a circular dichroism 
attachment. The conditions of recording and calculation of 
molar ellipticity were reported previously (Scanu and Hirz. 
1968). 

Reagents. All of the chemicals used were reagent grade. 
Urea (Baker, Chicago, Ill.) was crystallized from 95% ethanol. 
and the aqueous solutions were further purified through a 
mixed bed resin (Bio-Rad AgS0LX8, Bic-Rad Laboratories, 
Richmond, Calif.). High purity guanidine hydrochloride was 
obtained from Heico, Inc. (Delaware Water Gap, Pa.). Hy- 
drochloric acid, n-ethylmorpholine, ethanol, and diethyl ether 
were freshly distilled. 

Results 
By agarose electrophoresis, the dog serum was resolved into 

three lipid stained bands (Figure 1A). The fastest band, mi- 
grating in the a]-globulin region, represented about 65% of the 
total stainable material by densitometric scanning (Densiwrd 
Recording Electrophoresis Densitometer, Photovolt Carp.). 
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Table I:  Summary  of the  Physical Properties of Canine H D L  (Corresponding Values for Human  HDL2 and HDL3 Are Given for 
Comoarison). 

1 0-4 deg cm2 dmol-I 
S 0 W , 2 0 ~  D O W . 2 0 0  Ma 

Species ( X  cms-I) (X  IC-' cm2s-l)  d (cm3/g)  (X105) fflo Diameterb (A) [B]222 [ B I ~ o s  

Canine H D L  4.01 4.07 0.895 2.30 1.108 90  -2.39 -2.1 1 
M a n C  HDL2 5.45 3.68 0.905 3.60 1.13 100 -2.60 -2.58 

HDL3 4.65 3.93 0.867 1.75 1.31 75 -2.52 -2.50 

a From sedimentation equilibrium data.  From electron microscopy. Data  from Scanu et  al. (1974). 

Of the three bands, one had 6 mobility (20% of total scanned 
area) probably representing LDL, and a minor band between 
the /3 and cy migrating components, comprising about 15% of 
the total area scanned. The HDL fraction, isolated between 
p 1.063 and 1.2 1 g/ml, migrated as a single band (Figure 1 B) 
in the area of the cy1 migrating component of dog serum. 

Ultracentrifugal Properties of Intact HDL. By flotational 
analysis a t  p 1.21 g/ml, HDL migrated as a single boundary 
with the velocity of -2.98 S (at 20 "C). When sedimented to 
equilibrium, according to the Yphantis method (1 964), it 
formed a single logarithmic concentration gradient as statis- 
tically assessed by the method of orthogonal polynomials. The 
buoyed weight M ( l  - d p ) ,  determined from the gradients 
formed a t  equilibrium in media of three different densities at 
high speed (40 000 rpm), proved to be linear with the medium 
density after correction for redistribution of salts. The same 
value was obtained from low speed (8800 rpm) equilibrium 
measurements and densitometric measurements. From such 
a relationship we determined that canine HDL has a dof  0.895 
cm3/g. This value, when entered in the sedimentation 
equilibrium data, gave a molecular weight for H D L  of 2.3 X 

Some heterogeneity became apparent on sedimenting HDL 
to equilibrium at low speed. The values of weight-average 
molecular weight which were estimated from the least-squares 
averaged slope over the whole cell and from the slope in the 
region of the bottom of the cell both agreed with the values 
obtained at high speed (Figure 2). A steeper slope, possibly due 
to the presence of a higher molecular weight and seemingly 
minor component(s), contributed to curvilinearity of the plot 
in the region of the meniscus in the low speed run. The curvi- 
linearity apparent at low speed may have been obscured by 
reduced precision of measurements made in this region of the 
meniscus a t  high speed. The least-squares averaged slopes 
determined from low speed equilibrium measurements over 
the whole cell at three densities extrapolated to essentially the 
identical isopycnic density determined for the HDL from the 
high speed run. 

The value of the diffusion constant of HDL at p 1.21 g/ml, 
20 O C ,  was 4.11 Fick units. By combining the diffusion and 
sedimentation velocity data a t  p 1.21 g/ml, the molecular 
weight of canine HDL was 2.13 X lo5, a value in excellent 
agreement with that obtained by sedimentation equilibrium 
analyses, and also in keeping with the average diameter of 90 
A estimated from electron micrographs of negatively stained 
canine HDL, which appeared to have a spherical or quasi- 
spherical shape with no obvious substructure. The frictional 
coefficient Cflfo) calculated from the diffusion and velocity 
sedimentation measurements was equal to 1.108 which indi- 
cates that canine HDL is either highly hydrated or asymmet- 
rically shaped with an axial ratio possibly as high as 2.5. At this 
time we favor the former possibility, in view of the sphericity 

105. 

05t  I 
06480 49 0 500 51 0 

(radius)*, cm' 

FIGURE 2: Low-speed equilibrium centrifugation of canine HDL. An 
apparent weight-average molecular weight of 219 000 was calculated for 
the HDL from ( I )  the overall linear regression (solid line) of the loga- 
rithmic absorbance gradient observed as a function of r2 after prolonged 
( t  > 48 h) centrifugation at 8800 rpm in p 1.219 g/ml of medium a t  a 
temperature of 23.1 'C, and (2) the co-determined 6= 0.895. A significant 
but slight nonlinearity was indicated by analysis of data by the method 
of orthogonal polynomials which yielded a second-order equation y = 
37.3358 - 1 . 3 5 0 9 ~  + 0 . 0 1 2 0 2 ~ ~  as the best fitting relationship between 
the coordinates, thus warranting calculation of a z-average molecular 
weight as a quantity differing significantly from the weight-average. 
Weight-average molecular weights of the protein near the meniscus (M) 
and bottom (B) of the cell were estimated to be 273 000 and 225 000, re- 
spectively, from the least-squaresaveraged slope of five data points nearest 
these regions. From the weight-average molecular weights and the con- 
centrations of protein as M, as determined by extrapolation (broken line), 
the z-average was estimated to be on the order of 290 000. Since the ap- 
parent weight-average molecular weight determined from the protein 
distribution near the bottom of the cell did not differ greatly from that 
estimated from the overall linear regression it could be inferred that the 
molecular weight distribution may be skewed in the region of the large 
sized components. 

suggested by the electron microscopic results and particularly 
by the results of small angle x-ray scattering studies (unpub- 
lished observations) showing a great similarity between the 
canine and human products. The similarity with the human 
product was also exhibited by the circular dichroic spectra 
characterized by two minima at 222 and 208 nm with values 
of molar ellipticity in the range of those previously reported 
for man. Table I gives a summary of the physical parameters 
obtained with dog HDL and compares them with reported 
literature figures for human HDL. 

Lipid-Protein Distribution and Lipid Composition. On a 
weight basis, the ratio of protein to total lipid in canine HDL 
was in the same range as that reported for human HDLz and 
HDL3 (Table 11). As shown in the table, the percent distri- 
bution of esterified and unesterified cholesterol and phos- 
pholipids was also similar for the two animal species, except 
for a lower percentage of glycerides in the dog compared to 
man. The similarity between canine and human HDL also 
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" 
Table II :  Percent Weight Distribution of Protein-Lipid in Canine 
HDL.' 

Manb 

Canine HDL HDL, HDLi 

Total protein 41.48 f 2.0 59.0 45.0 
Total lipid 58.52 i 2.0 41.0 55.0 

Glycerides 0.66 i 0.06 4.5 4. I 
Cholesterol, total 29.32 i 1.20 21.6 14.6 
Cholesterol. esters. 24.68 f 1.20 16.2 11.7 
Cholesterol, 4.64 f 0.20 5.4 2.9 

Phospholipids 27.75 f 1.30 29.5 22.5 

Lipid Compasition'(% Lipids) 

""esterified 

Free fatty acids 1.44 f 0.14 

The values are the average of four determinations. Values for 
man were taken from Skipski et al. (1967) and Scanu and Kruski 
(1975). 

FIGURE 3: Sodium dadecyl rulfate-polyacrylamide gel electrophoresis 
of (A) canine apa-HDL and (B) canine apo-A-I. Conditions were those 
described by Weber and Osborn (1969). The gels were stained with 
Caomassie blue as described by Fairbanks et al. (1971). 

Table 111: Phospholipid Composition of Canine and Human 
HDL.' 

%of Total Phospholipid by Weight 

Manb 

Phospholipids Dog HDLl HDL, 

Phosphatidylcholine 84.3 f 2 73.8 77.1 
Lysophasphatidyl- 3.4 f I 2.0 5.4 

choline 
Sphingomyelin 6.7 f 1 14.5 9.2 
Phosphatidylinositol 2.3 f 0.4 2.4 2.4 
Phosphatidylethanol- 3.3 f 0.5 3.3 2.5 

Average of four determinations. 
al. (1967) andScanu and Kruski (1975). 

Values taken from Skipski et 

Table IV: Percent Fatty Acid Composition of Cholesterol Esters in 
Canine and Human HDL." 

Ester Fraction Canine HDL 

140 11.52 I 0.05 
>14:n < 16:o 0.51 f 0 . 1 2  
i 6 0  10.69 I 0.19 
16:l 3.08 i 0.06 
162 0.43 i 0.03 
18:n I .03 i 0.08 

I8:2 56.16 i 1.04 
20:n 0.25 i 0.07 
20:3 0.1 3 i 0.02 

18:l 19.38 i 0.98 

Humanb HDLl 
+ HDLl 

10.7 
3.2 

1.2 
18.9 
52.2 

20:4 7.58 i 0.46 6.3 
24:O 0.25 f 0.05 

a Average of four determinations. Values taken from Skipski et 
al. (1967) and Scam and Kruski (1975). 

applied to the phospholipid composition (Table 111) and to the 
fatty acid composition of cholesteryl esters (Table IV). 

Protein Moiety. Fractionation of Apo-HDL by Column 
Chromatography. By analytical sodium dodecyl sulfate- 
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FIGURE 4 Elution profile of canine apa-HDL. Conditions: Sephader 
G-200 in 2.5 X 200 cm column: flaw rate. 14 ml/h: buffer. 0.02 M Tris- 
HCI (pH 8.2) containing 8 M urea: amount of protein, 25 mg: I = 6 T .  

polyacrylamide gel electrophoresis, apo-HDL was charac- 
terized by a major band (Figure 3A) which, based on a cali- 
bration plot according to Weber and Osborn (1969), had an  
apparent molecular weight of 28 000. Four minor bands of 
mobility slower (mol wt range of 55 000) and faster (apparent 
mol wt 8000) than the 28 000 dalton component were also 
present. Polypeptide heterogeneity was also observed in 8 M 
urea-polyacrylamide gels, which likewise showed the existence 
of a major and several minor bands. By Sephadex G-200 col- 
umn chromatography in 8 M urea, apo-HDL was resolved into 
four peaks (Figure 4), named I, 11, 111, and IV, according to 
their order of elution from the column. The same results were 
obtained in the presence of guanidine-HCI. Peak I generated 
peaks I1 and 111 upon rechromatography, thus representing 
an  aggregate. The amount of peak I varied from time to time, 
but was definitely increased in aged apo-HDL preparations. 
This peak will not be considered further in the discussion. Peak 
11 represented, a t  least in part, an aggregate since upon re- 
chromatography, it partially generated a component eluting 
as peak III and on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis exhibited both the 55 000- and 28 000-dalton 
components. A detailed analysis of peak II is currently un- 
derway. Peak IV was characterized by one major broad, rap- 
idly migrating band on sodium dodecyl sulfate gels and rep- 
resented less than 3% by weight of the material eluted from the 
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FIGURE 5 :  Double immunoprecipitin reactions: (A) center well anti-dog 
HDL; I,2,5,blanks:3,dogapo-A-I:4,dogHDL:(Blcenterwellantidog 
apa-A-I; I ,  2, 5, blanks: 3, dog HDL: 4, dog apo-A-I. 

Table V: Chemical Composition of Canine Apo-A-I. 

Residueslmol of Proteinb 

Amino Acid Canine Human" 

AspC 
Thre 
Ser' 
GluC 
Pro 
GlY 
Ala 
Val 
Met 
Half-Cys 
Ile 
Le" 

Phe 

His 

Tyr 

LYS 

A% 
TIP 

21.82 i 0.60 (22)d 

16.64& 1.68 (17) 
7.32 i 0.27 (7) 

9.77 i 1.09 ( i o j  
12.97 & 1.45 (13) 
24.00 (24) 
14.15 2 I'.Ol (14) 
0.96&0.12(1) 
0 
2.00 i 0.15 (2) 
35.82 i 1.56 (36) 
5.96 & 0.39 (6) 
4.12 i 0.29 (4) 
17.34 i 0.64 (17) 
2.08 * 0.35 (2) 
16.84 & 0.82 (17) 
3.23 i 0.42 (3) 

21 
10 
14 
47 
10 

19 
13 
3 
0 
0 
39 
7 
6 
21 
5 
16 
4 

i n  

Total residues 243 245 
Mol wtf 27411 28 370 
COOH terminal GI" GI" 
NH2 terminal ASP ASP 
Carbnhydrates n 0 

From Baker et al., 1975. Residues were calculated on the basis 
of Ala = 24. The values are the mean of ten analyses with their stan- 
dard deviation. Total value for aspartic and asparagine, and glutamic 
and glutamine, respectively. Number in parentheses is the nearest 
integer. e Values corrected for hydrolytic losses. f From amino acid 
comoosition. 

column. This peak, which was heterogeneous by 8 M urea- 
polyacrylamide gel electrophoresis and probably comprises 
members of the A- and C-polypeptides, is currently under in- 
vestigation. Peak I l l  included about 90% of the apo-HDL 
eluted from the Sephadex G-200 columns: its properties are 
therefore described in detail. 

Properties of Sephadex Peak 111. Peak III gave a single band 
by both sodium dodecyl sulfate- (Figure 39)  and 8 M urea- 
polyacrylamide gel electrophoresis. It exhibited a single line 
of precipitation with antibodies raised in the rabbit against 
whole dog serum HDL. In turn, antibodies to A-I raised in the 
rabbit gave a single line of precipitation with whole dog HDL 
or pure apo-A-I (Figure 5 ) .  The amino acid composition of 
peak III, shown in Table V, indicates a great similarity to 
human apo-A-I, except for obvious differences noted in the 
content of methionine (one residue in the dog, three in man), 
isoleucine (two residues in dog, none in man), and histidine 
(two residues in dog, five in man). Because of the observed 
similarities, peak 111 will be referred to here as apo-A-I. 

ClCiLRF 6 Kinetic profile of the release or amino acids b) digcrtion of 
dpo-A.1 with carbax)pcptidsrc A Conditions 9 4 "mol or protein was 
dlge%red fur the indicdlcd l imm a t  2 5  ' C  The protein to cnpyme molar 
r31m uas 50 I Other conditions ucw a( dcrcribcd m the text 

I 

00 210 220 230 240 250 

,4 Inml 

FIGURE 7: Circular dichroic spectra afcanine HDL, apo-A-I. and apo- 
HDL: buffer. 0.01 M (NH4)HCOl (pH 8.0). 

The molecular weight of canine apo-A-I, estimated from 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
acwrding to Weber and Osborn (1969), was about 28 OOO, this 
closely approximates the figure of 27 41 1 calculated from the 
amino acid composition (see Table V). 

From the kinetics of carboxypeptidase digestion (Figure 6), 
the COOH-terminal sequence was. , , Leu-Ala-Gln-COOH. 
By Edman degradation, the partial sequence of the NHl-ter- 
minal fragment was NHrAspGlu-Pro-Gln-Ser-Pro-TrpAsp 
. . . , which is very similar to that reported for human apo-A-I 
(Baker et al., 1975). Dog apo-A-I, like its human counterpart, 
had no carbohydrates. 

By ultraviolet absorption studies, apo-A-I had an absorption 
maximum at 280 nm, with a shift toward shorter wavelengths 
in the presence of guanidineeHC1. Circular dichroic spectra 
of apo-A-I (Figure 7) exhibited two negative peaks with 
minima a t  222 and 208 nm and a crossover point a t  202 nm. 
The value of the molar ellipticity of apo-A-I a t  222 nm was 
intermediate between those of apo-HDL and HDL. 
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Discussion 
The results of the present studies indicate that serum HDL 

from normolipemic dogs (beagles) have properties similar 
although not identical with those of their human counterpart. 
The similarities are reflected in the fact that the canine HDL 
float in the density range of high density lipoproteins (i.e., p 
1.063-1.21 g/ml), have an cy1 electrophoretic mobility, a 
protein-lipid ratio approximating unity, and a comparable lipid 
composition. Significant differences were observed, however. 
First, canine HDL is a rather homogeneous lipoprotein class,3 
with respect to bulk hydrodynamic properties, contrary to 
human HDL in which two distinct subclasses, HDL2 and 
HDL3, are observed in both the analytical and preparative 
ultracentrifuges. In consequence, many of the physical pa- 
rameters, i.e., molecular weight, size, flotation, and sedimen- 
tation velocity, of canine HDL lie between those reported for 
human HDL2 and HDL,. It is also significant that the apo- 
protein of HDL is composed mainly of a 28 000 dalton poly- 
peptide which is similar in amino acid composition to human 
apolipoprotein A-I and has nearly identical NH2- and 
COOH-terminal sequences. This contrasts with human apo- 
HDL, in which a second major polypeptide, apolipoprotein 
A-11, is present in dimer form, or with the nonhuman primates 
where apoliprotein A-I1 occurs as a monomer. In turn, the 
canine HDL, by having mostly apolipoprotein A-I and little 
or no apolipoprotein A-11, resembles the HDL of the cow, pig, 
chicken, and rat, and probably will be found to be similar to 
that of other species when a more systematic investigation is 
carried out (Scanu et al., 1975). The differences between 
human and canine HDL raise questions of both structural and 
functional relevance. For example, it would be of interest to 
establish whether there is a correlation between the observation 
that HDL is a lipoprotein class relatively more homogeneous 
than that of man in both density and size, and the observation 
that it contains mainly one type of protein, apolipoprotein A-I. 
Another question of interest has to do with the correlation 
between the structural properties of human and canine apoli- 
poprotein A-I. Present evidence suggests that, in the case of 
the human product, both apolipoproteins A-I and A-II may 
be needed in the formation of the HDL complex (Scanu et al., 
1975). Since apolipoprotein A-I1 is not an important compo- 
nent of canine HDL, it follows that, in the dog, apo-A-I is the 
sole or main contributor to the overall structural organization 
of these particles. This conclusion encourages an investigation 
of the primary, secondary, and tertiary structures of this 
apolipoprotein, its mode of binding, and its affinity for lipids. 
Furthermore, it has been reported that human apo-A-l is a 
co-factor in the activity of the LCAT system in vitro (Fielding 
et al., 1972), and that it enters into the process of steroido- 
genesis by the adrenal gland (Gwynne et al., 1975). Again, i t  
would be of interest to determine whether these reported ac- 
tivities are exhibited by canine apolipoprotein A-I. 

The predominance of apo-A-I in canine HDL has recently 
been reported by Mahley et al. (Mahley and Weisgraber, 1974; 
Mahley et al., 1974) and by Nakai and Whayne (19753, the 
latter in abstract form. In neither study was the exact nature 
of the minor polypeptides established. I n  our investigations. 

j Mahley and Weisgraber (1974) have presented evidence for an ad- 
ditional high density lipoprotein, HDL, ,  which floats in  the ultracentrifuge 
ui th  the low density ( p  1.006-1.063 g/ml) lipoproteins and which is sep- 
arable from them by electrophoretic means. We have made similar ob- 
servations in our dogs and separated HDL,  from LDL by density gradient 
ultracentrifugation. In  the normolipidemic fasted dog, HDL,  represented 
about I090 by weight of the HDL described in  this article and its detailed 
characterization is i n  progress. 

fractionation of canine apo-HDL by gel column chromatog- 
raphy led to the detection of protein components with both 
higher and lower molecular weights than that of apo-A-I. In 
the case of the higher molecular weight component contained 
in Sephadex peak 11, studies now in progress appear to indicate 
that, although a large proportion of this peak may represent 
apo-A-I multimers, there is an additional high molecular 
weight component chemically distinct from apo-A-I; this 
component is now being characterized (unpublished). The 
present results do not allow an assessment as to whether the 
low molecular weight component(s) in the range of 8000 dal- 
tons correspond to any of the A, C, or D apolipoproteins de- 
scribed in man. The resolution of this question must await the 
isolation of the polypeptides in a pure form, and their charac- 
terization. 

To sum up, our results have shown that canine serum HDL 
isolated between p 1.063 and 1.21 g/ml is predominantly an 
apo-A-I lipoprotein. Whereas this observation leaves little 
doubt about the important structural role of apo-A-I in canine 
HDL., it leaves unanswered the potential structural partici- 
pation of the other "minor" polypeptide components, which 
may or may not correspond to the polypeptides which have 
been described previously. Studies on this question are in 
progress in this laboratory. 
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The Hydrophobic Adsorption of Charged Molecules 
to Bilayer Membranes: A Test of the Applicability 
of the Stern Equation? 

Stuart McLaughlin* and Howard Harary 

ABSTRACT: To describe the hydrophobic adsorption of 
charged molecules to bilayer membranes, one must recognize 
that the adsorption produces a change in the electrostatic po- 
tential a t  the surface of the membrane. The surface potential 
produced by the adsorption of the charged molecules can be 
described most simply by the Gouy equation from the theory 
of the diffuse double layer. This potential will tend to lower the 
concentration of the adsorbing ions in the aqueous phase im- 
mediately adjacent to the membrane, a phenomenon which can 
be described by the Boltzmann relation. The number of ad- 
sorbed ions is, in turn, a function of the aqueous concentration 
of these ions at the membrane solution interface and can be 
described, in the simplest case, by a Langmuir adsorption 
isotherm. If the ions are regarded as point charges, the com- 
bination of the Gouy, Boltzmann, and Langmuir relations may 
be considered a simplified Stern equation. To test experi- 

A variety of pharmacologically significant molecules are 
amphipathic in nature and adsorb “hydrophobically” to 
phospholipid bilayer membranes. The cationic local anes- 
thetics, for example, adsorb to artificial bilayer membranes 
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Nocember I S ,  1975. This investigat-ion was supported by USPHS Grants 
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mentally the applicability of this equation, one should measure 
both the charge density and surface potential as a function of 
the concentration of adsorbing molecules in the bulk aqueous 
phases. Direct, accurate measurements of one of these pa- 
rameters, the number of moles of 2,6-toluidinylnaphthal- 
enesulfonate ions bound to vesicles formed from phosphati- 
dylcholine, are available in the literature (Huang, c., and 
Charlton, J. P. (1972), Biochemistry 1 1 ,  735). We estimated 
the change in the surface potential in two independent ways: 
by means of conductance measurements with “probe” mole- 
cules on planar black lipid membranes and by means of elec- 
trophoresis measurements on multilaminar unsonicated ves- 
icles. The two estimates agreed with one another and all of the 
data could be adequately described by the Stern equation, 
assuming, at 25 OC, a dissociation constant of 2 X M and 
a maximum number of binding sites of ’ho A2. 

(Bangham et a]., 1965; McLaughlin, 1975) at the same con- 
centration at which they block nerves, but their mechanism of 
action on the biological membrane is unknown. Anions such 
as the salicylates enhance the cation and depress the anion 
conductances of Nauanax neurons (Barker and Levitan, 197 1 )  
and black lipid membranes (McLaughlin, 1973) at identical 
concentrations, but the mechanism by which these molecules 
affect the electrical properties of neurons is a matter of debate 
(Levitan and Barker, 1972; McLaughlin, 1973). Fluorescent 
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