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The studies described in this paper and some
which follow have as an objective a better de-
scription of serum lipids. The present paper
represents the first detailed report of work begun
early in 1948, some features of which have been
published in abstract (1-5). Initially our pur-
pose was to extend the observations of Recant,
Chargaff and Hanger (6) on the influence of se-
rum proteins upon the cephalin-cholesterol floccu-
lation and the thymol turbidity tests. Weincluded
quantitative analyses of the centrifugate for lipids
as well as for proteins. It soon became apparent
that we were using a procedure which was useful
in the study of the structure and function of lipid
complexes.

As shown in the review by Edsall (7) there
has long been evidence that a large proportion of
the lipids of the serum occur not as small molecules,
but as lipid aggregates, or lipoproteins, of varying
complexity. The use of the ultracentrifuge, both
quantitative and analytical, has a well established
place in the study of serum lipids. Important con-
tributions have been made by McFarlane (8, 9),
Pedersen (10, 11), the Harvard group (12),
Gofman and the Berkeley group (13-17), and
more recently by others (18-20).

The Berkeley workers have effectively used both
the quantity and analytical ultracentrifuge in the
study of serum lipids and have established exacting
technics for the use of the analytical ultracentrifuge
in the description of lipid complexes by measure-

' This work was done in part under a contract from the
Office of the Surgeon General, U. S. Army, and under the
sponsorship of the Commission on Liver Disease, Armed
Forces Epidemiological Board.

2 Some of the data in this paper were presented at the
Tenth Liver Injury Conference of the Josiah Macy, Jr.
Foundation on May 21, 1951.

ment of rate of flotation when suspended in a
standard medium, a technic which we have not
used. Principal emphasis in published studies by
other workers has been on centrifugation of treated
serum. In the present paper we deal exclusively
with centrifugation of untreated whole serum. At
present it does not seem profitable to attempt a
detailed comparison between the results obtained
by our procedure on the one hand and those ob-
tained by the system of analysis introduced by
Cohn and his associates (21), and the results of
the flotation procedures of others. Whenour stud-
ies of diseased states and normal individuals under
dietary stress have been presented, such compari-
sons will be in order. Some of the similarities of
our contributions to those of others will be men-
tioned below in the discussion.

The perfect procedure for the study of serum
proteins and lipids in the initial step would give
complete separation of the different lipid and pro-
tein complexes, each entity in pure state with
structure unchanged by the procedure effecting
separation. Wedoubt if the procedure described
in this communication separates any single lipid
or protein complex in pure form; nevertheless, the
concentration of complexes at certain levels in the
centrifugate is of such a degree as to give new
information concerning the structure of the com-
plexes at that level and their concentration in the
serum under study. The lipid distribution curves
are reproducible within satisfactory limits with
normal sera, and are significantly different in cer-
tain diseased states, especially in acute virus hepa-
titis, as we have already reported briefly (3) and
will report later in detail. Webelieve our proce-
dure has three main advantages: The manipula-
tion of serum which effects redistribution of pro-
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teins and lipids is gentle and involves minimal risk
of damage to complex molecules; description of
samples is by multiple quantitative methods; and
an integrated picture of the protein and lipid com-

positions of whole serum is provided. The obvious
disadvantages are that the method requires a large
sample of serum, expensive apparatus and much
time of highly trained workers.

MATERIALS AND METHODS

The data reported in the present paper were obtained
by study of sera from 14 normal young men, either medical
students or members of the laboratory staff, who were

apparently in excellent health. Chemical analyses of
whole serum for the constituents under study fell within
the normal range as determined in our laboratory. From
an original group of 16 subjects, two were eliminated be-
cause the estimations on the whole serum for neutral fat
exceeded by more than 3 standard deviations the mean of
the 16. Blood was drawn in the morning after a 12-hour
fast, the subject usually having been instructed to eat
no fat-rich food the preceding evening. The serum was

stored at 40 C. until the following day, when centrifuga-
tion was performed. Commonly, three or more tubes
were filled with a single serum so that several sera, in-
cluding at least one normal and one abnormal, were

centrifuged at one time. The Beams type air-driven ul-
tracentrifuge was used with a rotor holding 12 plastic
tubes, each of one-half inch diameter and 8.2 ml. capacity,

set at an angle of 100 from the axis of rotation (22, 23).
The centrifugation was performed at a speed of 800 revo-

lutions per second, producing a mean centrifugal force
of 130,000 G., for four hours, with about 23 minutes
for acceleration and from 75 to 110 minutes for decelera-
tion. The standard speed was maintained with an error
of less than 1% by hand regulation guided by an oscil-
lographic speed indicator. A vacuum of less than 0.0005

mm. Hg was maintained about the rotor, which had a

temperature of about 280 C. After the rotor had coasted
to a stop and had been removed from the vacuum chamber,
the plastic tubes containing the centrifugate were care-

fully removed and sampled.
The objective in sampling was to obtain reproducible

segments from the column so that centrifugate from cor-

responding levels of tubes of the same serum might be
pooled for analysis and samples from comparable levels
of different sera might be compared. Hughes, Pickels and
Horsfall used the quantity ultracentrifuge for the study
of the sedimentation properties of serum proteins and
separated the centrifugate into six samples (24). Pre-
viously we employed a sampling technic of quick freezing
of the centrifugate and cutting the frozen column on a

lathe (25). However, for the work now being reported,
we have used a device for sampling liquids which obviates
the difficulties of thermal convection, and possible de-
naturation of lipoproteins by freezing. This device drives
a thin pointed knife blade horizontally through the walls
of a vertically clamped plastic tube and through the col-
umn of liquid centrifugate at successively measured levels
in such a fashion that the blade forms a sealed bottom to

BLE I

Principal features of centrifugate according to density zones

Composition Protein Total
Descriptive according to Vol., Range, content, lipids

term for sampling % % Sp. gr. Physical cotoet, content, Distinguishing chemical
density technic and whole column range appearance in cen- %total characteristics

zones ~ vol. in column ht. tiuae in cen-zones 6 tubes trfugate trifugate

Minimum No. 1 = 5.71 12 88-100 1.000- Top is 0.3 21 Rich in neutral fat
density Top sample 1.004 creamy

Minimum No. 2 = 7.00 14 74-88 1.004- Water 0.9 5 Inconstant with usual
concentration 1.010 clear procedure; poor in pro-

teins and lipids

Low-medium No. 3 = 6.05 37 37-74 1.010- Turbid 18.0 44 High concentration all
density 4 = 6.12 1.028 band lipid constituents

5 = 6.05

18.22

High-medium No. 6 = 6.12 25 12-37 1.028- Clear 40.7 22 All lipid constituents well
density 7 = 3.17 1.055 dark represented except free

8 = 3.17 yellow cholesterol

12.46

High No. 9 = 3.17 12 0-12 1.055- Clear 40.0 7 Phospholipids and neu-
density 10 = 2.70 1.110 brownish tral fat only important

yellow lipids; high concentra-
5.87 tion globulins

Bottom samples
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the segment of tube above that level (26). The con-
tents of the tube above the blade are drawn into a syringe
through a No. 20 gauge needle. The theoretical volumes
of our 10 standard samples of centrifugate are shown in
Table I.

During centrifugation the components of serum tend
to form cylindrical layers about the axis of rotation. Dur-
ing deceleration and while the tubes stand vertically be-
fore sampling, these layers assume a new transverse ar-
rangement in the tubes. The success of sampling depends
upon this reorientation. That a rearrangement does oc-
cur is evident from gross inspection. The top cream layer
and various bands of color and turbidity at different levels,
sometimes seen as low in the tube as 15% column height,
are sharply defined and horizontal. Such a reorienta-
tion of layers is not always perfect as is shown by the ob-
servation during sampling of highly viscous protein ma-
terial concentrated at the peripheral side of the bottom of
the tube. In a few instances the bottom sample has been
divided by cutting vertically and the outer fraction showed
significantly higher concentration of protein than the
inner. On the side of the tube toward the axis of rota-
tion there is sometimes observed a thin projection down-
ward of part of the creamy material from the top of the
column. This has not been observed after prolonged
centrifugation.

CHEMICAL METHODS

Total protein and albumin values were based on micro-
Kjeldahl nitrogen determinations (27), using a factor of
6.25 to convert nitrogen to protein. Albumin-globulin
separations were accomplished by saturation with MgSO4,
using the technic employed by Popjak and McCarthy (28),
and albumin nitrogen was determined on the filtrates.
Non-protein nitrogen determinations on tungstic acid
filtrates of a series of samples of ultracentrifugate showed
all to have concentrations of 30 to 40 mg.%, with no ap-
preciable deviations from normal values for whole serum.
Accordingly, a corresponding value of 0.2 gm.% was uni-
formly subtracted from the total protein and albumin
values obtained by total nitrogen determinations.2

Specific gravity determinations were done by the fall-
ing-drop method of Barbour and Hamilton (29). When-
ever concentrated protein solutions from the lower layers
of the centrifugate were diluted with 0.85% NaCl solution
to facilitate their manipulation, the specific gravity of the
diluted specimen was corrected for the saline dilution, us-
ing 1.0045 as the density of the saline, a value obtained
by pycnometer and falling-drop technics.

All lipid analyses were performed on extracts of the
samples in 24 volumes of ethanol-ether, 3: 1 by volume.
Cholesterol determinations were done by the Schoen-

2In some instances when 0.2 gm.% was subtracted from
the albumin concentration based upon nitrogen estimations
in the Popjak filtrate, negative values resulted. In such
cases the albumin concentrations were taken as zero, and
the globulin values accordingly equal the total protein
concentration.

heimer-Sperry technic (30), with some modifications sug-
gested by Sobel and Mayer (31). Ester cholesterol values
were converted to cholesterol esters via the factor 1.67,
assuming a molecular weight of 277 for average serum
fatty acids (32). Lipid phosphorus was determined on
aliquots of the lipid extract evaporated to dryness in a
hot water bath and digested with perchloric acid (33),
with color development according to the method of Fiske
and SubbaRow (34). A factor of 25 was used to convert
values for lipid phosphorus to phospholipid. Fatty acid
determinations were done following a method (35) based
on the Man and Gildea modification (36) of the older
Stoddard and Drury technic (32). To calculate neutral
fat, there have been assumed to be 2 mEq. of fatty acids
per mole of lipid phosphorus, and 1 mEq. per mole of
cholesterol ester. The total of these values is subtracted
from the figure for total fatty acids, to give neutral fat
fatty acid concentrations in milliequivalents. Multiplying
this quantity by 290 gives the milligrams of neutral fat,
assuming the average serum fatty acid molecular weight
of 277. By expressing as neutral fat the fatty acids which
are found in excess of those attributable to the phospho-
lipids and cholesterol esters determined, we do not ex-
clude the possibility that significant quantities of fatty
acids may be present in some other form, such as free
fatty acids, or else not measured by the method used, as
would be true for short-chain water-soluble fatty acids.
Total lipid values are a summation of the individual lipid
concentrations-free cholesterol, cholesterol esters, phos-
pholipids, and neutral fat.

GRAPHS

The graphs (Figures 1 and 2) present the mean concen-
trations of different constituents versus volume of centri-
fugate, as measured from the bottom of the tube. The
plotted points represent the mean values in each of the 10
standard samples per serum and are placed at the mid-
point in theoretical volume for each sample. Smooth
curves have been drawn to yield the same content in each
sample as the measured mean value for that sample, but
the curves do not necessarily pass through the plotted
points. Concentrations in the top sample, which is far
from homogeneous because it contains the lipid-rich cream
layer, are represented by rectangular bars. The content
of a given material of any sample or selected volume of
the tube is directly proportional to the area under the ap-
propriate curve and between the chosen limits of volume.
Water-soluble compounds unaffected by ultracentrifuga-
tion would appear on such graphs as nearly horizontal
lines, similar to one representing concentration of water.
This is approximately what happens with non-protein
nitrogen, sodium and potassium.

At certain levels the shape of the curves we have drawn
is influenced by the volume of the samples. This is well
illustrated by the two top zones contained in samples 1
and 2, the upper one of which contains the cream layer.
Our graphs present the mean concentration for the en-
tire top sample, whereas in fact less than one-third of the
No. 1 sample constitutes the concentrated creamy ma-
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CUT 11 2, 1,3 1, 4
%HEIGHT100 90 80 70 60

FIG. 1. PROTEIN AND LiPID COMPOSITION OF ULTRACENTRIFUGATEOF
NoRMAL SERUMSPUN FOR EIGHT HOURSAT 800 R.P.S. (SEE TEXT),
BASED ON MEANCURVESFOR 14 SEA

Concentrations shown in mg. per 100 ml., except for proteins which are
in gms. per 100 ml. First row of figures at the bottom opposite "cut" is
number of sample, the boundary of each sample being indicated by the
lines between these numbers. Bottom row of figures, 0 to 100, repre-
sents either %of volume of column of centrifugate, or %of column height,
assuming a flat bottom for the tube.

terial at the top of the liquid column. When we had di-
vided sample 1 of normal serum into two equal parts, the
creamy upper half was found to contain nearly all the
lipid constituents and the clear lower half resembled the No.
2 sample. In some pathologic sera the clear lower part
of the top sample contains a high concentration of lipids.

Because of minute leaks and coating of apparatus and
glassware, our sampling technic introduces some volu-
metric losses, part of which may consist of material from
either the upper or lower portion of a given sample. In
our construction of graphs we have assumed that the vol-
ume of centrifugate lost from each sample contained mean

concentrations of all the constituents measured in that
sample. The magnitude of errors from this assumption
is not, in our opinion, a cause for concern with our cur-

rent objectives.

RESULTS AND DISCUSSION

The effects of ultracentrifugation of untreated
normal serum are best visualized by inspection of

the mean curves of distribution in Figures 1 and 2
and a summary of principal features of the centri-
fugate in Table I. The description of centrifugate
in this paper, unless otherwise stated, is based on
the mean curves. The greatest changes in concen-
tration as a result of four hours of centrifugation
are found at the bottom and top of the tube where
globulin and neutral fat, respectively, are con-
centrated. As shown in Figure 2, globulin is con-
centrated about seven times in the bottom sample
and neutral fat less than four times in the top
sample. With prolonged centrifugation globulin
concentration in the bottom sample may be 12 times
that of the original serum and total lipids at one
level are concentrated five and a half times (Figure
3).

The concentration of total proteins and, in paral-
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lel, values of specific gravity increase at a progres- -g'% gm.%

sively increased rate from the top sample with 0.3
gm.% to the bottom sample of the column with 28 OFREECHOESTEROL
gms.%, the latter concentration being about 90 ANEUTR FATS

morehomogeneous.In the top one-quarter of u~~~~~PHOSPHOLUPIDS I
times the former. The distribution curves for al- .TOTAL LIPIDS

* TOTALPROTEINO

bumin are simpler in form than those for globulin A GRAVITY
in keeping with the evidence that albumin is the OGLOBULN

more homogeneous. In the top one-quarter of the
column and in a narrower zone at the bottom
globulin concentration exceeds that of albumin;
as shown in Figure 2, there is a peak concentration
of globulin slightly over the mid-point of the col- 60 so

umn in association with concentration of various
lipids. We believe that much of these globulins 7
in the upper two-thirds of the column are protein
constituents of lipoproteins. Wewill present re- l4
sults of electrophoresis of centrifugate in a later
report.

375

350 I35
325 T

*--o* Total LipidItO++++*o Free Cholesterol !
300 _+ Cholesterol Esters 300 24

-----aF Phospholipids
275 ~~---~Neutral Fats

275 _- - - Albumin ! 275
0-.. GlobulinI

250 Total Protein12
X-- Specific Gravity

225 225

200 200

'7 175it 4 302V 01i
150 t *' /;//); 150%HOf 90 dO 70 60

50 40 3020 ib

ll NFs5,/ax r FIG. 3. PROTEIN AND LIPID COMPOSITION OF ULTRA-
125 125 CENTRIFUGATEOF A SINGLEFNOOMALSERUMSPUNFOR 16

/ / 4JA-too HOURSAT 800 R.P.S.

75, The mean curves of distribution for the indi-
50 X / \_50vidual lipid components show varying degrees of

$JxXp i% / \t X individuality. In general the similarities in form
1 *w. 25%.f ttu \ are greater in the upper half of the column while

C_T oi 2 31415, extreme differences are found in the lower half.
CUT 9i 2 , i 6, 17,811911 to Shown in Table I are the distinctive physical%HEIGHTIOO 90 80 70 60 50 40 30 20 10 0

and chemical features of five zones of increasing
FIG. 2. SAMEDATAAS IN FIG. 1, EXCEPTCOMPOSITION density from the top of the column: 1) Minimum

OF THE CENTRIFUGATE IS EXPRESSEDRELATIVE TO THE density. 2) Minimum concentration. 3) Low-
COMPOSITIONOF THE WHOLE. SERUM

medium density. 4) High-medium density. 5)
In expressing specific gravity as %0 of original serum,

only those figures to the right of the decimal point have High density. The zone of minimum density con-
been used. tains 21%o of the total lipids and consists of two
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layers, the upper and narrower of creamy material
containing chylomicrons, or lipomicrons. The
lower and larger layer is a clear liquid, which in its
chemical composition resembles that described be-
low for the zone of minimum concentration. Be-
cause it is not feasible to separate these two layers
exactly while sampling and because we know that
the sample consists of two grossly different parts,
we represent the contents of this zone by rec-
tangular areas in our graphs. It cannot be as-
sumed for pathologic serum that the lower clear
layer in this zone is low in lipid concentration as
we have so far found it in the normal. Neutral fat
is the principal lipid component but there are sig-
nificant concentrations of both free and esterified
cholesterol and phospholipids. There are moder-
ately exact mathematical interrelationships among
these four lipids.

The distinctive features of the centrifugate in
the zone of minimum concentration no doubt re-
sult from the movement out of this zone of nearly
all of the lipids and proteins in one direction or
the other. The zone may be greatly broadened and
the composition simplified by prolonging the cen-
trifugation for more than four hours. One nor-
mal serum has been centrifuged for eight hours and
another for 16 at our usual speed (see Figure 3).
Eight samples from the zone of minimum concen-
tration of these two centrifugates showed the fol-
lowing mean values: specific gravity 1.006 (maxi-
mum1.009, minimum 1.002), globulins 0.15 gm.%'o
(maximum 0.20, minimum 0.10), phospholipids
29 mg.%o (maximum 48, minimum 18), neutral
fat 46 mg.%o (maximum 84, minimum 21) and in-
significant concentrations of cholesterol and albu-
min. In five of the 14 normal sera subjected to
our standard technic, which showed lowest con-
centrations of lipids in the No. 2 samples, this zone
had a composition which resembled that of the
broadened zone, having the same mean specific
gravity, similar concentrations of free cholesterol
and neutral fat, slightly higher values for phos-
pholipids, but considerably higher for cholesterol
esters. Webelieve that prolonged centrifugation
reveals distinctive characteristics not discernible
when the usual technic of centrifugation is
employed.

Two main possibilities are suggested to explain
these findings: One is that the lipids remaining in
this zone after prolonged centrifugation consist

of small molecules, little influenced by centrifuga-
tion. If this proves to be the correct explanation,
distribution throughout the column would give
greater quantities of this material than are now
apparent. The other possibility is that large mole-
cules containing these lipids have the observed
distribution because of their density. Lindgren,
Elliott, and Gofman have published in graphic
form the results of similarly prolonged centrifu-
gation of untreated serum (17). Our graph in
Figure 3 shows a number of similarities to and
differences from theirs.

The two zones of medium density meet at the
level where the specific gravity of the centrifugate
is that of normal serum. The zone of low-medium
density is the zone of largest volume and con-
tains 44%o of the total lipids of normal serum and
a still greater proportion of phospholipids and
cholesterol, particularly the free form. The lipids
found in the zone of high-medium density are
characterized by the sparsity of free cholesterol
and the predominance of phospholipids and cho-
lesterol esters, and 22%o of the total serum lipids
are found in this zone. The zone of high density
is characterized by extremely high concentration
of proteins and by the extreme sparsity of cho-
lesterol in any form. The significant lipid con-
stituents here are phospholipids and neutral fat,
both of which are found in concentrations approxi-
mating that of whole serum. Twenty-one %yo of
the serum total lipids are found in this zone.

Webelieve from study of data presented in this
paper that there are at least five different lipid
complexes in normal serum, one entity for each
of the five density zones, which gives to that por-
tion of the centrifugate distinctive chemical fea-
tures. The lipoproteins characteristic of the three
lowest zones show a marked degree of overlapping
distribution among the three zones. This con-
cept will be further developed in reports which
follow.

The degrees of variability in concentration of
proteins and lipids in 14 normal sera and in 10 sam-
ples for each corresponding centrifugate are shown
in Table II. The frequency distribution curve of
concentrations at each sampling level usually
shows skew because one or more high values
causes a long tail on the curve, as is commonly ob-
served in statistical analyses of a small number of
samples. The standard deviation of the mean con-
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TABLE II

Mean, standard deviation of the mean, maximum and minimum values of measurements made on whole serum
and 10 samples of centrifugates of sera from 14 healthy young men

In column under "S" are values for whole serum and beneath the numbers 1-10 (in columns 1-10) are values for
centrifugate samples serially from top to bottom of the column.

5 1 2 3 4 5 6 7 8 9 10

Mean 1.027 1.002 1.007 1.011 1.016 1.024 1.032 1.040 1.049 1.061 1.089
Sp. gr.

S.D. 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.005 0.004Sp. gr. Max. 1.029 1.007 1.009 1.014 1.021 1.027 1.036 1.044 1.053 1.072 1.097
Min. 1.026 0.997 1.004 1.008 1.013 1.021 1.028 1.036 1.045 1.055 1.083

Total Mean 7.25 0.21 0.47 1.69 3.72 5.97 8.78 11.60 14.29 18.35 28.23
prot S.DD. 0.30 0.14 0.30 0.73 0.63 0.47 0.56 0.76 0.81 1.45 1.63pros. % Max. 7.67 0.46 0.98 3.29 4.81 6.52 9.55 12.74 15.64 21.64 30.68gns. % Min. 6.90 0.01 0.10 0.85 2.70 5.13 7.96 10.54 12.79 16.81 25.84

Mean 5.16 0.13 0.25 1.25 2.94 5.46 7.39 9.41 10.64 12.16 13.50
Alb.,t S.D. 0.35 0.18 0.17 0.65 0.73 0.37 0.45 0.60 1.13 1.24 1.68
gms. % Max. 5.70 0.53 0.53 2.52 3.92 5.91 8.11 10.76 12.58 14.74 16.33

Min. 4.61 0.00 0.02 0.47 2.00 4.61 6.75 8.94 9.12 10.84 10.90

Mean 2.11 0.16 0.23 0.42 0.74 0.46 1.50 2.10 3.62 6.07 14.47
Glob.,t S.D. 0.41 0.05 0.10 0.14 0.35 0.27 0.37 0.66 1.35 0.99 1.82
gms. % Max. 2.74 0.45 0.45 0.77 1.27 0.82 1.95 3.30 5.28 7.50 17.80

Min. 1.60 0.00 0.06 0.23 0.29 0.13 0.99 1.36 1.92 4.41 12.42

Mean 2.55 0.29 1.39 2.93 5.41 13.83 5.46 4.85 3.52 2.05 0.95
A/G S.D. 0.62 0.56 0.75 1.04 3.75 12.81 1.77 1.59 1.94 0.47 0.21
ratio Max. 3.56 1.18 2.17 4.65 10.90 44.00 8.33 7.91 6.27 2.97 1.31

Min. 1.79 0.00 0.00 1.24 1.93 4.33 3.87 2.86 1.96 1.58 0.72

Free Mean 43.7 69.9 12.9 51.3 78.3 62.8 24.8 5.8 3.5 3.4 2.7Free S.D. 14.4 48.7 11.6 23.4 21.9 14.3 9.6 4.6 2.9 3.2 2.6
chos.,% Max. 71.4 161.0 40.5 91.4 109.9 91.8 40.2 17.4 7.8 10.8 7.6
mg. MMin. 27.4 3.2 0.7 22.5 37.6 36.7 7.7 0.0 0.0 0.0 0.0

Cholest. Mean 215 161 68 262 415 374 237 163 89 35 13esterst S.D. 46 119 50 108 104 72 37 22 40 35 16
e,.% Max. 282 296 165 446 547 548 266 200 151 95 35

Min. 148 12 0 134 257 268 175 114 12 2 0

Mean 222 278 79 190 298 303 265 244 231 216 203
P-lipids, S. D. 32 129 39 63 60 36 29 16 16 21 40
mg. % Max. 280 465 169 318 395 340 296 268 270 355 313

Min. 170 105 41 117 208 251 192 208 205 190 143

Mean 161 749 55 77 98 67 99 90 109 127 138
Neut. fat, S.D. 73 440 25 36 58 43 53 33 56 39 43
mg. % Max. 287 1,684 110 142 197 139 221 148 194 194 223

Min. 46 148 23 15 32 0 32 15 17 64 67

Total Mean 635 1,247 215 579 883 807 626 502 433 382 352lipidsa S.D. 155 678 101 204 228 122 75 48 64 39 53ipid Max. 911 2,494 440 900 1,176 1,034 769 589 536 467 460
mg. /o | Min. 463 326 82 331 543 600 530 432 335 334 279

* On 10 sera. t On 8 sera.

centration at each of the 10 levels sampled indi- for our different components in the normal se-
cates the over-all variability attributable to tech- rum is remarkably high. In general, reproduci-
nical errors of centrifugation, sampling and ana- bility is greater in the lower half of the column.
lytical measurement as well as the physiologic vari- The lowest standard deviation expressed as per
ation in concentration of proteins and lipids in a cent of the mean concentration is found in the
small group of healthy young men. With so many No. 5 sample for free cholesterol, in the No. 7
important sources of variability we are of the opin- sample for phospholipids, ester cholesterol and total
ion that the reproducibility of distribution curves proteins, in the No. 6 sample for albumin, in one
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of the two bottom samples for neutral fat, and
globulin. In general, reproducibility of curves of
distribution is of the same order as reproducibility
of a given measurement for whole serum in de-
scending order: specific gravity, total protein, al-
bumin, phospholipids, globulin, cholesterol ester,
free cholesterol and neutral fat. No doubt, the
large technical error in estimation of neutral fat
contributes to its poor reproducibility.

Wehave examined our data to determine what
portion of the centrifugates contributed most to
variation in concentration of the different lipid
components in normal whole serum. Samples
from any given tube level should contribute to
variability of concentration of a given component
in whole serum in proportion to the magnitude of
the standard deviation of mean content of that
component in the sample. The three highest val-
ues for any one lipid among the 10 samples were
found in either the zone of minimum or of low-
medium density.

The most reasonable explanation for the pecu-
liarities in distribution of lipids we are reporting
is that they are associated with proteins and that
their behavior under high centrifugal forces is in-
fluenced by peculiarities of both protein and lipid
components and by the quantity and character-
istics of non-lipid proteins present in the serum.
The role of the protein portion of the complex in
determining the localization in the centrifugate
seems especially important for those in the lower
levels. We believe an important mechanism in
the distribution of lipids depends upon the behavior
of a lipid complex when surrounded by media of
differing density. The sedimentation of proteins
results in a gradient of density of the surrounding
medium, which varies from specific gravity of about
1.006 at the top to one of about 1.110 at the bottom.
Certain lipid complexes, with densities between
these limits, tend to become concentrated at their
own density level by both flotation from lower
levels and sedimentation from higher portions of
the column. This concept was first suggested by
one of us (J. R. S.) early in 1949 because the peak
concentration of lipids in the zone of low-medium
density, particularly that of free cholesterol, tended
to appear in centrifugate of about the same specific
gravity, regardless of length of centrifugation and
original specific gravity of the whole serum (2).

Gofman and associates arrived at a similar con-
cept from study of analytical ultracentrifuge pat-
terns. Our observations with different technic and
data confirm the basic principle described by the
Berkeley workers whose publication (13) pre-
ceded ours. Although the importance of the pro-
tein density gradient in determining localization of
certain lipoproteins in the ultracentrifugate of
whole serum is now well established, we still lack
accurate expression of the relationship between
density of suspending medium and lipid complex
at various levels in the column. There is evidence
that the specific gravity of the two may differ sig-
nificantly after four hours of centrifugation, in
spite of the tendency toward equality. Certainly
at the top of the column the lipid complexes are
less dense than the suspending medium. Our
study of correlation between specific gravity and
total protein concentration of the centrifugate
shows the presence of a non-protein solution with
specific gravity of 1.006 (37). Furthermore, esti-
mations of concentration of sodium and potassium
at various levels gave values within the normal
range for whole serum. Our observation that the
specific gravity of centrifugate of our top sample
is approximately that of water can- only be ex-
plained by the presence of lipid aggregates having
a lower specific gravity than that of the medium in
which they are suspended. Lindgren, Elliott and
Gofman have reported that chylomicrons and other
lipid particles have a specific gravity of less than
1.006 (17). Obviously the two ends of the col-
umn represent a special condition where lipid
complexes may be stopped while moving toward
their own density levels. Wehave measured the
density of lipid complexes in the zone of low-
medium density and find their densities to be
slightly higher than that of the suspending medium
(38).

The possibility remains that the lipid distribution
patterns observed might be due in part to ac-
cumulations of non-protein lipid aggregates at
some levels. That this is not the case, with the
possible exception of the cream layer, however, is
strongly suggested by the observation that the lipid
aggregates with the greatest proportion of the
lipid of highest density, cholesterol, occur rela-
tively high in the tube, while those complexes con-
taining the greatest proportions of low density
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lipids, neutral fat and phospholipids, occur deep
in the tube at high density levels.

Evidence that the described technic for the
use of the quantity ultracentrifuge achieves a high
degree of differentiation of lipid complexes are:
1) The individuality of curves of distribution for
the different lipid components, and as a conse-
quence extreme variations in different samples in
relationships which in normal whole serum tend
to great constancy, such as ratios of esterified to
free cholesterol, and cholesterol to lipid phosphorus
(39). 2) Marked tendency to constancy of inter-
relationship among lipid components in each of five
top samples. This evidence will be presented in
detail later. One of the important methods for
differentiation of lipoproteins does not show dif-
ferences between fractions in the proportions of
free and esterified cholesterol (40).

The observation that the four lipid constituents
estimated, free and esterified cholesterol, phos-
pholipids and neutral fat, were all found in high
concentration slightly above the middle of the col-
umn and that in the layers beneath, first free then
esterified cholesterol approached or reached zero
concentration, although the others remained at high
levels, is interpreted as evidence that some serum
lipoproteins contain cholesterol in the esterified
form only and others are completely lacking in
cholesterol. The existence of such lipoproteins,
as far as we are aware, has not been previously
pointed out. Albrink, Man and Peters, in a re-
cent study of the lipids of whole serum (41), pre-
sented mathematical evidence that might be in-
terpreted as indicating the presence of a moiety of
lipid phosphorus which is not associated with free
cholesterol.

It is entirely possible that better differentiation
of lipoproteins may be achieved when the redistri-
bution of large molecules by high centrifugal forces
has reached equilibrium than is possible by our
usual four hour technic, as is shown in Figure 3.
When centrifugation is prolonged, however, the
proteins, including the lipoproteins, are forced
into such a small fraction of the tube and reach
such high concentration there that two difficulties
may interfere with exploitation of the possible ad-
vantages: accurate collection of thin layers of cen-
trifugate and imperfect reorientation of layers when
centrifugation ends.

SUMMARY

1. A procedure for the study of untreated hu-
man serum with the quantity ultracentrifuge is
described, in which the column of ultracentrifugate
is sampled at 10 levels and analyzed by quantitative
methods for proteins and lipids.

2. Detailed results of analyses of centrifugate
and whole serum of 14 healthy young men are
shown in tables, which also indicate over-all vari-
ability of concentration due to errors of physical
method, sampling, analytical technics, and physio-
logic variables. In graphs are presented mean
curves of distribution in the column of centrifugate
of specific gravity, total protein, albumin, globu-
lin, free and esterified cholesterol, phospholipids,
and neutral fat. A similar graph shows results
of prolonged centrifugation.

3. The principal features of the centrifugate are
shown by the characteristics of five zones of in-
creasing density: (a) Zone of minimum density
at the top of the column; neutral fat is the princi-
pal constituent; content highly variable, represent-
ing about one-half of whole serum neutral fat.
(b) Zone of minimum concentration; poor in pro-
teins and lipids; inconstant composition with usual
centrifugation. (c) Zone of low-medium density,
not exceeding that of normal serum; a broad zone
centering above the mid-point of the column;
moderate increase in concentration over whole se-
rum of all lipid constituents measured, except neu-
tral fat; contains nearly one-half the lipids in the
serum. In this zone more than in any other are
the lipids, excepting neutral fat, principally re-
sponsible for the variation in concentration of
such lipids in normal serum. (d) Zone of high-
medium density, exceeding that of normal serum;
contains little free cholesterol, but the esterified
form is present in disproportionately great con-
centration. (e) Zone of high density at the bot-
tom, with the highest concentration of proteins;
especially rich in globulins, and contains little cho-
lesterol in any form, but with concentrations of
phospholipids and neutral fat approximating that
of whole serum.

4. The distribution of lipids in the column of
centrifugate is greatly influenced by the protein
density gradient, the characteristics of which in
normal serum depend upon the choice of mean
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centrifugal force and time of centrifugation. In
the standard procedure described, the density gra-
dient and distribution of proteins and lipids is
adapted to present limitations of sampling.

5. The distribution of lipids in the lower portion
of the centrifugate shows the presence there of
serum lipoproteins containing either phospholipids
or neutral fat, or perhaps both; in one type the cho-
lesterol is only of the esterified form, and in the
other there is no cholesterol whatever.
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