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Study of Abnormal Plasma Low-Density Lipoprotein in Rhesus
Monkeys with Diet-Induced Hyperlipidemia®

Gunther M. Fless, Robert W. Wissler, and Angelo vi. Scanu*

ABSTRACT: Male rhesus monkeys were divided into three
groups: five were fed a regular primate chow diet and were used
as controls; four received an “average” American diet; and five
a special low-fat primate chow diet supplemented with 25%
coconut oil and 2% cholesterol. In all of these animals, the
plasma low-density lipoproteins (LDL) were isolated by ul-
tracentrifugal flotation between densities of 1.019 and 1.050
g/ml. The LDL of the five control monkeys had variable mo-
lecular weights, with a mean value of 3.12 £ 0.21 X 10° (range:
2.92 X 10° to 3.45 X 10°), and an average partial specific
volume of 0.969 + 0.003 ml/g; both were assessed by flotation
equilibrium analysis in the analytical ultracentrifuge. In the
individual animals, however, the physical properties of LDL
were invariant with time. The administration of either an
“average” American diet or a coconut oil-cholesterol diet was
accompanied by hypercholesterolemia associated with changes
in LDL which were characterized by increases in molecular
weight to 3.52 £ 0.21 X 106 (average of nine monkeys) and in

The rhesus monkey is a good model for the study of experi-
mental atherosclerosis since advanced atheromatous lesions
closely resembling those observed in human subjects accom-
pany the hyperlipidemias induced by diets rich in fat and
cholesterol (Taylor et al., 1962, 1963; Wissler, 1968). It was
recently observed that hyperlipidemic sera, particularly the
low-density lipoproteins (LDL)! from rhesus monkeys, stim-
ulate proliferation and cholesteryl ester accumulation in sta-
tionary cultures of aortic smooth muscle cells, whereas sera
or LDL from normolipidemic animals do not exhibit such an
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" Abbreviations: LDL, low density lipoprotein; n-LDL, LDL from
normolipidemic monkeys; hyp-LDL, LDL from monkeys fed an “average”
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partial spectitc vorurie 10 0.973 + 0.002 ml/g. These changes
were particularly evident when the molecular weight of LDL
from monkeys in the normolipidemic state was compared with
that obtained from the same monkeys during the hyperlipi-
demic state. Chemical analyses revealed that the particles from
the hyperlipidemic animals had a relatively higher cholesteryl
ester content, a slight increase in phospholipids, and a marked
decrease to nearly complete absence of triglycerides. The other
lipoprotein components, protein, carbohydrate, free cholesterol,
and fatty acids, did not vary significantly from those of control
LDL. It is concluded that the administration of atherogenic
diets causes structural changes in LDL which appear to be
accounted for, at least in part, by changes in the composition
of the lipid moiety. The changes in physical and chemical
properties noted in the LDL of rhesus monkeys with experi-
mentally induced hypercholesterolemia contrast with the ap-
parent structurally normal LDL from rhesus monkeys with
spontaneous hypercholesterolemia reported previously.

effect (Fischer-Dzoga et al., 1971, 1974; Bates and Wissler,
1976). This important difference in cellular response prompted
us to examine the structural relationship between the EDL of
control monkeys and that of animals fed atherogenic diets. In
this report, we describe some of the physicochemical properties
of rhesus plasma LDL (p 1.019-1.050 g/ml) during diet-
induced hyperlipidemia. A description of the properties of LDL
from normolipidemic monkeys has already appeared (Fless
and Scanu, 1975).

Materials and Methods

Animals and Diets. Male rhesus monkeys were obtained
from the Food Research Institute, University of Wisconsin,
Madison. Five animals serving as controls were fed a regular
Purina primate chow diet. Four monkeys were placed on a
human diet which represents an “average’ American diet as
described by Wissler and Vesselinovitch (1975). Five other
animals were fed a diet that consisted of 70.5% of a modified,
low-fat Purina primate chow supplemented with 25% coconut
oil, 2% cholesterol, 1% vitamin mix, and 1.5% gelatin. This diet
was modified slightly from that published previously by Wis-
sler et al. (1962). Each animal was fasted 16-18 h before 30
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m! of plasma was collected biweekly by means of plasma-
pheresis, as previously described (Fless and Scanu, 1975). The
rhesus monkeys that were fed normal monkey chow had serum
cholesterol levels varying between 100 and 150 mg/dl; those
on the “average” American diet had a level between 250 and
450 mg/dl; and the animals on the diet high in coconut oil and
cholesterol had a level between 500 and 1000 mg/dl. Serum
triglyceride values for all monkeys were less than 100 mg/
dl.

Low density lipoproteins of p 1.019-1.050 g/ml were pre-
pared as previously described (Fless and Scanu, 1975). Two
out of seven control animals had multiple components of St 5
and 6 in their LDL fraction that could be separated by density
gradient centrifugation on a 0 to 10% NaCl gradient. The
buoyant densities were 1.048 and 1.036 g/ml, respectively.
Therefore, for purposes of comparison we used only LDL from
the five monkeys exhibiting a single component by flotation
analysis in the ultracentrifuge.

Physicochemical Methods. The sedimentation, flotation,
and diffusion coefficients of LDL were determined at 25 °C
as previously described (Fless and Scanu, 1975). In some of
the diffusion experiments, interference optics were used be-
cause of the relatively low lipoprotein concentration.

High-speed sedimentation equilibrium experiments were
carried out at 25 °C in a Beckman Model E ultracentrifuge,
as described by Yphantis (1964). Flotation equilibrium of LDL
was conducted in high-density solutions of NaBr at sufficiently
high speed to permit flotation of all of the macromolecular
solute, so that the bottom of the cell was cleared (Nelson et al.,
1974). By this procedure, the measurement of d log ¢/dr? as
a function of solvent density permits the simultaneous deter-
mination of the molecular weight and the partial specific vol-
ume.

Before analysis, solutions of LDL were dialyzed exhaustively
against 0.15 M NaBr (pH 7.0) containing 0.025% Na;EDTA.
For a typical equilibrium experiment, the LDL solutions were
diluted to concentrations between 0.1 and 1.0 mg/ml with the
dialysate. To obtain solutions of higher density, we added
various amounts of a concentrated NaBr solution of p2* = 1.35
mg/ml to the lipoprotein. Reference solutions were made by
the addition of dialysis medium to the concentrated NaBr so-
lution in place of the lipoprotein solution. Solvent densities were
measured with a Precision Density Meter DMA-02 (Anton
Paar, Graz, Austria), as previously described (Fless and Scanu,
1975). The analytical cell used was equipped with sapphire
windows and a six-channel, 12-mm-thick charcoal-filled Epon
centerpiece. Column heights of 3 mm were used without
fluorocarbon or silicon oil. Equilibrium was considered es-
tablished when no further fringe displacement had occurred
with time at a given radial distance, r, from the center of
rotation. For greater accuracy, we checked speeds manually
instead of relying on the electronic speed control setting.
Photographs of sample and baseline patterns were analyzed
as previously described (Fless and Scanu, 1975).

The frictional ratio of the unhydrated lipoprotein particle
was calculated from the relation

flfo = RT/N DO 6mq[3Mv,/4mN]'/

where R is the gas constant, 7 is the absolute temperature, V
is Avogadro’s number, DO is the diffusion coefficient corrected
for concentration, 5 is the viscosity of the solvent, M is the
anhydrous molecular weight obtained from sedimentation
equilibrium, and »; is the partial specific volume of the lipo-
protein, also obtained from sedimentation equilibrium (Tan-

5800

BIOCHEMISTRY., VOL. 15, NO. 26,

1976

FLESS, WISSLER, AND SCANU

ford, 1961). The solvation of LDL was calculated from the
relation

S fmin = flfo [(2 + 810,9)/p2] /3

where f/fmin is the minimum possible frictional ratio, 4, rep-
resents the solvation, and v, is the specific volume of pure
solvent (Tanford, 1961). The radius, Ry, of a spherical hy-
drated particle was obtained from the equation

Ro = [3M /4N (7, + 6,1,°)]"/?

Density gradient ultracentrifugation, agarose gel column
chromatography, and acrylamide-agarose gel electrophoresis
were done as previously described (Fless and Scanu, 1975).
The method of Weber and Osborne (1969) was used for sodi-
um dodecyl sulfate gel electrophoresis with 10% acrylamide
gels.

Chemical Analysis. Lipids were extracted from LDL ac-
cording to the procedure of Schmid et al. (1973), by use of 25
volumes of toluene-ethanol (3:2, v/v) containing 0.2 ml of
glacial acetic acid per 100 ml. The total lipid extract dissolved
in chloroform was separated by thin-layer chromatography
on freshly activated, precoated Silica Gel G plates (Brinkmann
Instruments, DesPlaines, Ill). The developing system, hex-
ane-diethyl ether-glacial acetic acid (90:20:2, v/v/v), was used
for neutral lipids, and chloroform-methanol-glacial acetic
acid-water (25:15:4:2, v/v/v/v) was used for phospholipids.
The neutral lipid fractions were visualized with 2’,7’-dichlo-
rofluorescein, and the phospholipid fractions with iodine before
they were scraped off and extracted with chloroform-methanol
(1:1, v/v) for analysis.

Lipid phosphorus was measured according to the method
of Bartlett (1959). Phospholipid concentrations were obtained
by multiplication of the lipid phosphorus value by 25.1(leci-
thin), 17.5 (lysolecithin), 24.1 (sphingomyelin), 24.1 (phos-
phatidylethanolamine), and 26.5 (phosphatidylserine and
phosphatidylinositol combined). Total and free cholesterol
were determined as described by Zak (1965). Cholesteryl ester
was calculated as the difference between total and free cho-
lesterol by means of the factor 1.65 for the ester cholesterol.
Triglyceride was determined by the method of Kritchevsky et
al. (1973).

Fatty acid methy! esters were prepared by transesterification
with acidic methanol, essentially according to the procedure
described by Stoffel et al. (1959). Internal standard heptade-
canoic acid was added to the dry lipid extract before methan-
olysis. All operations were conducted under an atmosphere of
nitrogen. The methy! esters were injected into a Hewlett-
Packard F and M Model 402 gas chromatograph equipped
with a flame ionization detector. A U-shaped glass column,
6-ft long, with an inner diameter of 3 mm, was packed with
10% SP-2300 cyanosilicon on 100-120 Supelcoport. The initial
column temperature was 160 °C, and the temperature rise was
programmed at 2 °C/min. The injection port temperature was
290 °C and the detector was at 270 °C. Peaks were identified
by comparing their positions with those obtained from standard
mixtures of known methylated fatty acids (Nu-Chek Prep.,
Elysian, Minn.). Areas were usually obtained by electronic
integration (Mini Lab Integrator, Columbia Scientific Ind.,
Austin, Texas); but when not applicable, areas were obtained
manually, either by cutting and weighing, or by triangula-
tion.

Protein content was determined by Lowry’s method, with
bovine serum albumin used as standard (Lowry et al., 1951).
Amino acid and carbohydrate analyses of apo-LDL were
carried out as previously described (Fless and Scanu, 1975).
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FIGURE 1: Sodium bromide gradient 0-10% in 0.025% Na>EDTA and
NaNj; (pH 7.0). Rhesus LDL was spun at 38 000 rpm for 66 h in the
SW-40 rotor of a Beckman Model L2-65B centrifuge at 25 °C. Fractions
were collected from the bottom and monitored for absorbance at 280 nm.
(®) n-LDL, pooled from monkeys numbers 4 and 5; (O) hyp-LDL, pooled
from five monkeys on a coconut-oil-supplemented diet; (@) hyp-LDL,
pooled from four monkeys on an “average” American diet. The densities
of the fractions were obtained from refractometric measurements of a
control gradient at 20 °C.

Results

Assessment of Purity. Rhesus LDL from hyperlipidemic
monkeys fed an “average” American diet or the coconut-oil-
supplemented diet were homogeneous as judged by acrylam-
ide-agarose gel electrophoresis, gel filtration on Sepharose 4B,
and density gradient centrifugation. Although the hyperlipi-
demia induced in the monkeys by the coconut-oil-supple-
mented diet was more severe than that with the “average”
American diet, all of the physical parameters of LDL examined
were very similar to each other within the experimental error
of the analyses and were, therefore, treated together. Hyp-LDL
eluted as a homogeneous peak from Sepharose 4B with a K¢
of 0.38 and exhibited a single component by density gradient
ultracentrifugation in NaBr, although with a lower hydrated
density than n-LDL (Figure 1). By sodium dodecyl sulfate gel
electrophoresis, the fractions from the central portion of the
gradients did not penetrate the gels and were considered to
represent apo-B. Additional peptides (mo!l wt <60 000) were
observed in the peripheral fractions of the gradient and were
estimated to represent less than 5% of the total protein applied
to the gel.

Chemical Composition. The amino acid and carbohydrate
composition of apo-LDL from the hyperlipidemic monkeys was
identical with that reported previously for the normolipidemic
animals (Fless and Scanu, 1975). As shown in Table I, the
lipid-protein composition of hyp-LDL was significantly dif-
ferent from that of n-LDL. Hyp-LDL had a smaller weight
percentage of protein and triglyceride, but a significantly
higher percentage of cholesteryl ester, which accounted for
most of the increase in the lipid-protein ratio of the hyperli-
pidemic particles. The content of free cholesterol relative to
the LDL protein remained constant, while the phospholipid-
protein ratio increased slightly. The phospholipid composition
given in Table II shows no major differences between hyp-LDL
and n-LDL.

The results of the fatty acid analyses of the various lipid
classes in n-LDL and hyp-LDL are shown in Table III. The
diet had little effect on the fatty acid composition of the total
phospholipid except for linoleic acid, which was higher in co-
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TABLE I: Chemical Composition of Rhesus LDL.7

hyp-LDL (wt %)

“Average” Coconut

n-LDL? American oil

(Wt %) Diet® Diet?
Protein 232+ 1.0 198 £0.7 19.0 £ 1.3
Phospholipid 252+ 1.0 259+ 1.0 236+ 1.5
Free cholesterol 11.0£1.2 9.5+ 1.2 9.1+14
Cholesteryl esters 357 £ 2.0 440+ 23 47.0+ 2.5
Triglyceride 48+0.2 0.9+0.2 1.2+0.2

« Mean x SEM of three different analyses done in triplicate. ® The
chemical composition of n-LDL from the same two monkeys was
analyzed previously (Fless and Scanu, 1975). The discrepancy be-
tween the two analyses resulted from technical difficulties attending
the use of the automated instrument utilized in the earlier study, which
gave inaccurate data. ¢ Pool of four monkeys. ¢ Pool of five mon-
keys.

TABLE 11: Phospholipid Composition of Rhesus LDL.?

hyp-LDL (wt %)

“Average” Coconut
n-LDL®  American Qil
(wt %) Diet¢ Diet4

152+03 151+£1.0 13.9£0.3
606 +1.2 679%£32 667140

Sphingomyelin
Phosphatidylcholine

Lysophosphatidylcholine 48+02 40+06 52108

Phosphatidylserine plus 83+03 58%+09 82%13
phosphatidylinositol

Phosphatidylethanolamine  11.1+03 7.2+13 59%1.5

¢ Mean values £ maximum deviation from the mean of two de-
terminations. ® Pool of monkeys 4 and 5. ¢ Pool of four monkeys.
¢ Pool of five monkeys.

conut-oil-fed animals, at the expense of oleic and arachidonic
acids. In the cholesteryl! ester fraction, palmitic, oleic, and
linoleic acids were essentially the only constitutents. The
amount of palmitic acid and the sum of oleic and linoleic acids
were almost the same in all three groups. There was a differ-
ence, however, in the monkeys fed the “average” American
diet. The major fatty acids found in the LDL triglycerides from
all three groups of monkeys were palmitic and oleic. However,
the coconut-oil-fed monkeys had a more heterogeneous com-
position and contained more short-chain fatty acids than the
other two groups. This was also evident in the composition of
cholesteryl esters and is likely to be a reflection of the feeding
of coconut oil, which is rich in short-chain fatty acids.

Hydrodynamic Analysis. The sedimentation and diffusion
coefficients of LDL were measured in 0.2 M KCI-0.0125 M
phosphate buffer (pH 7.0) containing 0.025% Na,EDTA. At
infinite dilution, the 55 ,° of hyp-LDL was 4.58 £ 0.11 S and
the flotation coefficient, 5251.063 g/m° was —8.53 £ 0.30 S
(Figure 2, A and B). The latter was determined at p 1.063 g/ml
NaCl (pH 7.0) containing 0.025% Na,EDTA.

The concentration dependence of the Dypp values of LDL
from hyperlipidemic monkeys is shown in Figure 2C. The
translational diffusion coefficient at infinite dilution, D35 4°,
was 1.83 £ 0.23 X 1077 cm?s~!. The translational diffusion
coefficient of n-LDL from monkeys number 4 and 5 was re-
determined and is shown in Figure 2D. By combining the data
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TABLE 111: Fatty Acid Composition of Rhesus LDL and the Diets
Used in the Study.«*
n-LDL Hyp-LDL Hyp-LDL
(wt %), (wt %), (wt %),
Regular “Average” Coconut
Primate American Oil
Chow Diet Diet
Phospholipid
C16:0 20,0 1.1 235408 273+ 1.3
Cl18:0 192+ 0.7 187+ 1.0 21.5+£ 2.0
Ci8:1 11.4+£0.3 11.0+£0.1 8.1+£0.7
Cl18:2 198 £ 1.3 21.7+£0.5 31.3+£ 09
C20:4 10.3+£0.5 11.2+06 56+ 04
Cholestery! ester
Cl14:0 62+0.3
Cl6:0 144102 13.1 £ 0.6 140+0.8
C18:0 49+0.1
C18:1 239+0.2 370+ 2.0 19.1 £ 04
Cl18:2 445+ 0.2 355+ 1.5 47.8 £ 0.5
Triglyceride
C12:0 50+£1.3
C14:.0 11.8+04
Cl16:0 42,1 £2.3 31.4+£0.2 307+ 1.0
Cle:l 8.0+£5.0 73403
C18:0 7.1+09 58+ 1.5
C18:1 40.1 £ 1.7 345420 207 £5.0
Cl18:2 125+09 10.8 £ 3.0 8.3+23
Diets
C 8.0 85+0.1
C10:0 58+0.2
C12:0 425+ 07
C14:0 49+0.2 17.3 £ 0.1
C16:0 20.7 £ 0.8 28.0+£ 0.7 10.0 £ 0.1
C18:0 11.0+£0.3 11.1+£0.5
C18:1 35407 388+ 1.1 8.6 +04
Cig:2 298+ 0.6 10.0£0.2 47+£02

“ Mean percent £ SEM. # For clarity, values of less than 5% were
not included in the table, but were taken into account in the calculation
of the weight percent of fatty acid for each fraction.

from the present and previous investigation (Fless and Scanu,
1975), we arrived at a new Djs 0 of 2.17 £ 0.05 X 1077 ¢m?
s™!. The fact that the D,pp values obtained in the two studies
(same monkeys used in both investigations) fall on the same
line (Figure 2D) indicates that the diffusion coefficient is in-
variant with time (the interval was eighteen months). A sum-
mary of the ultracentrifugal results is given in Table 1V.
Molecular Weight Determination. Sedimentation and flo-
tation equilibrium measurements of rhesus LDL were carried
out in solutions of NaBr (pH 7.0) of different densities, con-
taining 0.01% Na,EDTA and 0.005% NaN3;. The plots of log
¢ vs. the square of the distance from the center of rotation were
linear at all densities employed. Under conditions of “flotation
equilibrium”, however, d log ¢/dr? was negative because the
buoyancy term (1 — 7,p) was negative. The mean molecular
weight of n-LDL from five control monkeys was 3.12 £ 0.21
X 10°, with a 7, value of 0.969 £ 0.003 ml/g, both values being
obtained simultaneously from the plot of solvent density, p, vs.
(T dlog c/dr?)/w? The LDL from control monkeys numbers
1, 2, and 3 were analyzed individually, but the LDL from
control monkeys 4 and 5 were pooled so that a detailed com-
parison with the molecular weight obtained previously (Fless
and Scanu, 1975) could be made. A typical molecular-weight
analysis is shown in Figure 3, which gives the results for the
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FIGLRE 2: (A) Apparent sedimentation coefficient of hyp-LDL plotted
as a function of lipoprotein concentration. The solvent was 0.2 M KCI-
0.125 M phosphate (pH 7.0) containing 0.025% Na;EDTA. The rotor
speed was 44 000 rpm at 25 °C. (B) Concentration dependence of the
Motation coefficient of hyp-LDL in p 1.063 g/ml NaCl containing 0.025%
Na,EDTA (pH 7.0). The rotor speed was 44 000 rpm at 25 °C. (C)
Concentration dependence of the apparent diffusion coefficient of hyp-
LDL. Measurements were made in the same solvent as in A. Rotor speed
was 3600 rpm at 25 °C. (D) Concentration dependence of the apparent
diffusion coefficient of n-LDL. Conditions were as in C. (O) hyp-LDL
from coconut-oil-supplemented monkeys; () hyp-LDL from monkeys
fed an “'average” American diet; (B) n-LDL from monkeys numbers 4
and 5 fed normal purina monkey chow; (@) n-LDL from monkeys 4 and
S, examined 18 months previously (Fless and Scanu, 1975).

TABLE 1V: Physical Parameters of Rhesus LDL from Normal and
Hyperlipidemic Monkeys.

Rhesus LDL
Physical Parameters Normal“ Hyperlipidemic
sasp” (S) 7.09 £0.157  4.58+0.11
535,1.063" (S) —5.75+£0.28" —8.53+0.30
Dy X 107 (ecm?s™1) 2.17 £ 0.05 1.83 £0.23
¥ (ml/g) 0.969 + 0.002 0.973 £ 0.002
M, X 107° 3.01 £0.12 3.52+£0.21
S 1.08 1.21
64 (gof HO/¢g 0.25 0.75
of LDL)

Diameter? (A) 222 268
K/ 0.43 0.38

“« Pool of monkeys 4 and 5. # Value taken from Fless and Scanu
(1975). © Maximum asymmetry. ¢ Maximum hydration. ¢ Diameter
of a hydrated, spherical, hydrodynamic particle. / Distribution
cocfficient of LDL on Sepharose 4B.

n-LDL of monkeys 4 and 5. The molecular weight of 3.01 X
10° obtained in the present investigation for their pooled LDL
compares favorably with the value of 3.18 X 10° that was
calculated by correction of the molecular weight of 2.29 X 10°
found in the previous investigation with the new and more
accurate partial specific volume (v; = 0.969 % 0.002 ml/g).
The time interval between the two investigations was 18
months; this indicates that the molecular weight of normal
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FIGURE 3: Flotation equilibrium data of n-LDL and hyp-LDL, plotted
according to the equation p = (—4.606RTd log c/dr?)/ Mvw? + 1 /7.
The rotor speed was varied as a function of the solvent density; at density
1.28 g/ml, speeds used ranged from 3000 to 3600 rpm; at densities 1.18
and 1.21 g/ml, speeds were varied from 4800 to 5200 rpm; and at densities
from 1.008 to 1.017 g/mi, speeds varied from 10 000 to 14 000 rpm. The
temperature was usually 25 °C. Each point represents a single determi-
nation. (®) n-LDL, pooled from monkeys 4 and 5; (O) hyp-LDL, pooled
from five monkeys on a coconut-oil-supplemented diet; (@) hyp-LDL,
pooled from four monkeys on an “average” American diet.

rhesus LDL does not change significantly with time. The
molecular weights found for n-LDL of monkeys 1, 2, and 3
were 2.92 X 105, 3.18 X 10°, and 3.45 X 109, respectively. It
is evident from the above results that the molecular weight of
n-LDL may vary from animal to animal.

The LDL from the monkeys on the “average” American diet
and from those on the coconut-oil diet had a molecular weight
of 3.52 4 0.21 X 10% and a partial specific volume of 0.973 +
0.002 ml/g (Fig. 3). The observed difference between n-LDL
and hyp-LDL was significant and was not related to any
variation from animal to animal, or to variation with time (as
was shown above). In a further attempt to rule out variation
among animals, we measured the molecular weight of LDL
in monkeys 1 and 3 before and during the administration of the
coconut-oil-supplemented diet. The feeding of the hyperlipi-
demic diet to monkey 1 was attended by a significant elevation
in LDL molecular weight, which was already evident 3 days
after the start of the diet (from a basal value of 2.92 X 10° to
3.19 X 109), reaching a plateau of 3.64 X 10° after just 10 days.
In monkey 3, the molecular weight of LDL increased from 3.45
X 10°to 4.41 X 10° after the animal had been on the diet for
2 months, indicating that, even with a relatively high initial
basal value, the molecular weight of LDL increased once hy-
perlipidemia developed (Figure 4). In parallel with the mo-
lecular weight, the partial specific volume increased from 0.967
to 0.981 ml/g over this 2-month period.

Discussion

It has previously been shown that the determination of the
molecular weight of LDL by flotation and diffusion analysis
at solution densities far removed from the particle buoyant
density yields results which are more accurate than those in
solutions of comparatively low density (Adams and Schu-
maker, 1969a; Fisher et al., 1971). In these earlier studies, it
was found that high-salt solutions do not adversely affect the
structure of LDL and that there is no preferential salt binding.
Studies by Nelson et al. (1974) subsequently indicated that
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FIGURE 4: Flotation equilibrium data of n-LDL from monkey 3 before
and after a 2-month diet consisting of coconut-oil-supplemented Purina
monkey show. Conditions were the same as for Figure 3. i

flotation equilibrium of LDL in solutions of different densities
provides even more accurate values of molecular weight since
this method does not depend on the shape or hydration of the
particle and since it permits the simultaneous determination’
of the partial specific volume. In addition, calculating the
molecular weight from the slope of the graph of p vs. (T d log
¢/dr?)/w? makes the result less sensitive to the partial specific
volume. Thus, in the present work we made use of the tech-
nique of flotation equilibrium which proved both practical and
highly reproducible. Two important results emerged from these
studies: (1) the molecular weight varied among the control
normolipidemic monkeys, but was relatively invariant with
time in the individual animals (difference within 18 months:
0.17 X 109); (2) regardless of the starting basal value, the
molecular weight of LDL showed a significant progressive
increase in the animals fed an atherogenic diet. Fisher et al.
(1975) have reported that the molecular weight of LDL ob-
served in human subjects is essentially invariable over a 2-year
period (difference less than 0.2 X 10°). They also recognized
the existence of molecular weight differences in the LDL of
various normolipidemic individuals. Although the number of
our observations is limited, the results of our present studies
appear to indicate that the LDL of the rhesus monkey has a
behavior similar to that of man. Fisher et al. (1975) linked their
observations to a genetic basis; our results for the rhesus
monkey do not permit us to rule on this possibility at present.
Our observations make it appear likely, however, that the size
and shape of circulating LDL are under a fine metabolic
control which is maintained under normolipidemic condi-
tions.

In our earlier account (Fless and Scanu, 1975), we gave a
value of 2.29 X 10° for the weight-average molecular weight
of LDL in normolipidemic rhesus monkeys. We now recognize
that this value was probably too low, and that a more appro-
priate figure is 3.12 X 0.21 X 10°, the value obtained in the
current study by use of a more accurate method for deter-
mining the molecular weight and partial specific volume. This
molecular weight is in agreement with the value of 3.3 X 10°
reported by Lee and Morris (1974). The new partial specific
volume of n-LDL was 0.969 + 0.003 ml/g. In addition, con-
trary to our previous study in which the graphs of log ¢ vs. r?
were curved, we obtained only linear plots for our present
normolipidemic animals. At this time, we have no explanation
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for the apparent discrepancy, and we are pursuing this problem
further.

For the hyperlipidemic animals, the molecular weight of
hyp-LDL (average of nine monkeys) was 3.52 & 0.21 X 10°
and the partial specific volume was 0.973 + 0.002 ml/g. Al-
though the results indicated a significant difference between
the LDL of normo- and hyperlipidemic animals, the recognized
molecular weight variability of the LDL among control ani-
mals made it difficult, at first, to determine the validity of the
observed difference. However, the studies in which each animal
served as its own control clearly showed that the administration
of atherogenic diets caused significant changes in the size,
density, and likely hydration of LDL (see Table 1V). The
frictional ratio of hyp-LDL was found to be somewhat larger
than that of n-LDL,; this suggests that the particle from the
hyperlipidemic animals was either more hydrated, asymmet-
rical, or both, than the LDL from the control animals. The
decrease in the diffusion coefficient from 2.17 X 10~7 to 1.83
X 10~7em?s™!, the increase in diameter from 222 to 268 A,
and the smaller K4 in Sepharose are all consistent with an in-
crease in size of hyp-LDL. Furthermore, the decrease in hy-
drated density for hyp-LDL is consistent with its larger partial
specific volume, which can be predicted from the results of the
chemical analyses (Table I).

These observed differences between normal and hyperlipi-
demic particles may be accounted for by the changes in
chemical composition of hyp-LDL with respect to n-LDL
particularly by the large increase in cholesteryl esters, the small
increase in phospholipid, and the substantial decrease in tri-
glycerides (Table I). This contrasts with the protein and free
cholesterol content, which remained essentially constant ir-
respective of the levels of hypercholesterolemia. Initially, we
considered the possibility that the increase in size of hyp-LDL
was due to the association with n-LDL of a second particle
having as a protein moiety a polypeptide different from apo-B.
Our studies ruled out this possibility since the hyp-LDL, like
the n-LDL, contained either only apo-B (particles collected
from the central portion of the gradient) (see Figure 1) or less
thn 5% by weight of fast-migrating electrophoretic components
(fractions in the peripheral portion of the band).

Further evidence supporting the correlation between in-
creased size of hyp-LDL and its relative increase in lipid con-
tent was obtained when the molar volume of LDL was plotted
as a function of molecular weight, according to the method of
Schumaker (1973). The reciprocal of the slope of such a graph
provides an average value for the density of the hyp-LDL mass
in excess of that of n-LDL. The value obtained was 1.015 g/ml;
being so low, it may be taken to indicate that the excess mass
consists primarily of lipid. Adams and Schumaker (1969b) and
Hammond and Fisher (1971), who also noted variations in size
among the various LDL which they studied, attributed them
to changes in the lipid content and not to protein mass, which
remained relatively constant. At this time, we are unable to
specify the type of structural abnormality which attends the
changes in chemical composition. Studies by small-angle x-ray
scattering (Aggerbeck, private communication) have shown
that important structural differences exist between n-LDL and
hyp-LDL; the exact nature of these differences is still under
investigation. Wissler and collaborators (Fischer-Dzoga et al.,
1974) showed that, in cultured arterial smooth-muscle cells
from rhesus monkey aortas, the stimulating proliferative effect
exhibited by hyp-LDL is not shared by n-LDL. From the above
results, it is evident that diet-induced hyperlipidemia is asso-
ciated with the appearance of LDL particles in the circulation
that are abnormal in terms of both structure and function.
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Although the lipids appear implicated in the observed changes,
our studies do not rule out that changes in the structure of
apolipoprotein B may have occurred. However, these changes,
if present, were probably so subtle that they could not be de-
tected by amino acid or carbohydrate analysis. The same
reasoning applies to the fatty acid composition shown in Table
IIT which, per se, cannot readily explain the structural differ-
ences between n-LDL and hyp-LDL.

The results obtained with experimentally induced hyperli-
pidemia in rhesus monkeys invite a comparison with the
spontaneous form. Lee and Morris (1974) have observed that
the molecular weight of the LDL in rhesus monkeys with
spontaneous hyperbetalipoproteinemia is essentially the same
as in normolipidemic monkeys. It appears that the adminis-
tration of atherogenic diets leading to hypercholesterolemia
is attended by structural changes in LDL not seen in either
normolipidemic states or genetically determined hyperlipi-
demias. The exact mechanisms whereby diets with a high fat
content cause changes in the rhesus monkey LDL and, perhaps,
of the other circulating lipoproteins remain open for investi-
gation.
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Properties of Deoxycholate Solubilized Sarcoplasmic Reticulum

Ca2t-ATPase’

Marc le Maire, Karl E. Jgrgensen, H. Rgigaard-Petersen, and Jesper V. Mgller*

ABSTRACT: The Ca?*-dependent ATPase of sarcoplasmic
reticulum after solubilization with deoxycholate and removal
of lipid by gel chromatography exists as a mixture of monomer,
dimer, and smaller amounts of higher molecular weight ag-
gregates. The binding capacity of deoxycholate by monomeric
and oligomeric forms of the ATPase is 0.3 g/g of protein at pH
8 and ionic strength 0.11. Examination in the analytical ul-
tracentrifuge results in estimates of protein molecular weight
of monomer of 115 000 + 7000 and of Stokes radius of 50-55
A. The results indicate an asymmetric shape of both delip-
idated monomer and dimer. Solubilization of ATPase vesicles
by deoxycholate at high protein dilutions leads to almost in-
stantaneous loss of ATPase activity. However, ATPase may
be solubilized by deoxycholate in presence of phospholipid and
sucrose in a temporarily active state. Inactivation appears to
be accompanied by delipidation and conformational changes

The Ca?*-dependent ATPase of sarcoplasmic reticulum is
characterized by tight association with membrane lipids.
Studies aiming at a physicochemical characterization of the
ATPase are therefore hampered by difficulties in obtaining
native ATPase in a molecularly dispersed state. For this reason,
detergents have to be used which solubilize the ATPase by
forming micellar-like complexes with the protein. In a previous
paper we have reported on the properties of detergent-solubi-
lized ATPase, using retention of enzymatic activity as a cri-
terion of a native-like conformation (le Maire et al., 1976). It
was found that nonionic detergents under appropriate condi-
tions could maintain the solubilized protein in an enzymatically
active state. Those conditions involved initial treatment of
vesicles of the ATPase with an effective solubilizer such as
dodecyl octaoxyethylene glycol monoether, followed by re-
moval of excess detergent and membrane lipid by gel chro-
matography in which the eluent contained a relatively low
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of the protein as evidenced by circular dichroism measure-
ments. Sedimentation velocity examination of enzymatically
active preparations of soluble ATPase in presence of phos-
pholipid and sucrose strongly suggests that the major part of
enzymatic activity is derived from a monomer with an asym-
metric shape. The extent of formation of soluble oligomers by
column chromatography was dependent on the exact condi-
tions used for initial solubilization of ATPase. No evidence for
differences among monomer and dimer fractions was obtained
by isoelectric focusing and amino acid analysis. The results of
these studies are compatible with electron-microscopic studies
by other authors which suggest that the ATPase has an elon-
gated shape with limited hydrophobic contact with the mem-
brane lipid. A resemblance of delipidated oligomers with the
form in which ATPase occurs in the membrane is conjectural
at present.

concentration of nonionic detergent. By contrast, long-term
exposure of ATPase vesicles to deoxycholate, even at nonso-
lubilizing concentrations, was found to lead to enzymatic in-
activation. From this point of view deoxycholate is a less sat-
isfactory detergent for characterization of ATPase in the sol-
ubilized state. However, there is ample evidence in the litera-
ture showing that it is possible to reconstitute Ca2*-trans-
porting vesicles under carefully controlled conditions after
solubilization with deoxycholate (Meissner and Fleischer,
1974; Warren et al., 1974a).

Thus deoxycholate appears to retain another characteristic
function of the protein, viz., the capability of forming an or-
ganized structure with membrane lipids. It was therefore
considered worthwhile to continue our preliminary charac-
terization studies of ATPase solubilized by deoxycholate (le
Maire et al., 1976). The work proceeded in three stages. First,
we examined the properties of delipidated and enzymatically
inactive enzyme in order to determine such factors as molecular
weight, Stokes radius, and the aggregational state. In the
second stage, we explored conditions for solubilization of dilute
ATPase in an enzymatically active form. It was found that
inactivation of the solubilized ATPase could be slowed down
by addition of phospholipid and sucrose to the deoxycholate
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