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Fie. 13, TLC analysis of methyl myristoleate before and
after silica gel treatment.
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for methyl myristate and component A broadened ap-
preciably until they finally merged into one shoulder
on the front of the myristoleate peak.

It is not clear whether the relatively small samples
are required because the stationary phases (poly-
esters) are easily overloaded or whether the separa-
tions performed were so critical that near optimum
conditions were required.
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Abstract

Two new schemes for fractionation of complex
lipid mixtures are presented. Their use for the
study of lipids of beef brain, beef liver, and the
sea anemone are described. Apparatus and tech-
niques for working in an inert atmosphere, evapo-
ration of solutions in the cold under nitrogen,
use of infrared spectroscopy for examination of
lipids and their hydrolysis products, prepara-
tion and elution of diethylaminoethyl (DEAR)
cellulose and silicic acid-silicate columns, and
general column combinations that can be used to
fractionate complex lipid mixtures are considered
in detail. The first scheme, employing DEAE
cellulose columns followed by thin layer and paper
chromatographic examination of the fractions, was
applied to liver lipids. The many components,
some of them new lipids not previously detected,
are clearly seen with this technique but are not
seen when paper or thin layer chromatography

alone or silicic acid chromatography are used.

The second scheme employing DEAE for initial
fractionation, followed by complete separation
on silicic acid and silicic acid-silicate columns,
was applied to lipids of the sea anemone and
beef brain. Typical lecithin and phosphatidyl
ethanolamine were isolated, but sphingomyelin
was not found. A new sphingolipid, ceramide
aminoethylphosphonate, with a free amino group
and a direct carbon to phosphorus bond was iso-
lated and characterized. The methods used for
quantitative isolation, the infrared spectra, and
the amounts of cholesterol, ceramide, cerebroside,
galactosylglyceride, sulfatide, sphingomyelin,
lecithin, phosphatidyl ethanolamine, phosphatidyl
serine, phosphatidyl inositol, triphosphoinositide,
phosphatidic acid, cardiolipin, and ganglioside
of beef brain are presented. Finally, the types
of lipid-nonlipid interactions disclosed by column
chromatography and their potential application
to biological problems are discussed.
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Fic. 1. Rotary (flash) evaporator. See text for details.
F16. 2. Vacuum rack. See text for details.

Introduction

NTEREST IN THE functions of lipids in complex bio-

logical systems (1-4) has led us to extensive and
detailed studies of lipid chemistry and improved
methods for the isolation and characterization of
lipids. This report presents methods useful for the
quantitative fractionation of complex lipid mixtures
and features two general fractionation schemes. Both
schemes depend upon the high resolving power of
DEAE (diethylaminoethyl) cellulose columns. The
first scheme employs DEARE cellulose columns fol-
lowed by examination of the fractions by paper (5)
and thin layer chromatography (TLC). The second
scheme, an extension of the first, employs DEAE for
initial fractionation followed by complete separation
on other eolumns (6).

When a lipid mixture is examined for the first
time, the first scheme is most useful since it offers
a rapid means for defining the complexity of the
mixture. Some pure lipid classes can be eluted from
the DEAE ecolumn, and the complexity of other
fractions can be judged by paper and TLC. The
method serves as a basis for the selection of the
most interesting fractions for more extensive study
and the amount of a particular phospholipid in a
fraction can be estimated by determination of phos-
phorus in spots after paper or TLC. The second
scheme is necessary for quantitative determination
and careful characterization of all components of
a complex mixture and precise determination of the
fatty acid and fatty aldehyde composition of indi-
vidual lipid classes.

General Laboratory Techniques in Lipid Chemistry

The necessity for working in an inert atmosphere
(e.g. nitrogen) in quantitative lipid studies has been
stressed and some simple ways of performing labora-
tory operations under nitrogen have been described
(6). A useful new addition to laboratory supplies
for working in an inert atmosphere is the glove bag
(Model 3X, available from the I12R Company, Chelten-
ham, Pa.). These plastic bags have plastic gloves
sealed in and can be used as inexpensive, disposable
dry boxes for many laboratory manipulations. If
they become contaminated or damaged, they can be
replaced at nominal cost.

Nitrogen lines can be installed with plastic tubing
(Polyflow, Imperial Brass Mfg. Co., Chicago, Ill.)
to replace the usual copper lines. We use 14 in.
tubing. The tubing is very flexible, withstands high
pressures (up to 180 1b/in2), can be cut with scissors
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or knife, and does not leak. It is inexpensive and
comes In several colors that facilitate recognition of
separate lines. A variety of fittings (Imperial and
Swagelok) are available and can be placed readily
by hand in a few seconds (and be leak proof). It
is convenient to have spools of several hundred feet
available. Within minutes a line for nitrogen or
other gas (as for gas chromatography) can be in-
stalled as needed.

Evaporation of solutions. Careful work requires
redistilled solvents. Distillation removes a small
golid residue present in reagent grade solvents. This
residue can interfere with quantitative isolation
procedures and with the characterization of minor
components of lipid mixtures since the solvent resi-
due may be a significant portion of the total weight
of material.

We utilize two evaporation devices for concentrat-
ing solutions. A conventional rotary type evaporator
is recommended for large volumes or when a relatively
small number of fractions are to evaporated quickly.
Figure 1 illustrates our apparatus. It consists of a
Flash Evaporator (Buchler Instruments Inc.,, New
York, N. Y.) with the trap cooled in methyl cello-
solve-dry ice and a small auxiliary trap cooled in
the same mixture. Reduced pressure is provided by
a vacuum pump of good capacity. The Langdon
pump (Hevi-Duty Electric Co., Milwaukee 1, Wis-
consin) is ideal for this purpose. The pump operates
on 50 ml of ordinary 30 wt motor oil that is replaced
after about 8 hr of operation. The standard taper
joints of the evaporator do not require lubrication,
and grease should not be used in lipid work since
fractions can become contaminated. A small man-
ometer is mounted in the line to facilitate detection of
leaks 1n the vacuum system and return of the flask to
atmospheric pressure with pure nitrogen.

The system is thoroughly flushed with nitrogen and
evaporation is begun by allowing the solution to cool
very rapidly to about 0C (or below). These low
temperatures are maintained by allowing the evapo-
rator flask to rotate in air rather than in the water
bath. If a large cake of ice develops on the sample
flask, it is removed by pouring water over the flask
or by adding enough water to the bath to bring the
temperature of the outside of the flask to slightly
above 0C. When glacial acetic acid is evaporated,
the water bath is maintained at 1 or 2° above the
freezing point of the solvent by carefully adjusting
the water level of the bath so that a small portion
of the flask dips into the water. Evaporation of 500
ml or more of most solvents can be accomplished in
30 min or less at low temperature and under nitro-
gen. An efficient vaenum pump makes this possible.
Vacuum pumps are far superior to water pumps
since they allow the efficient use of low temperatures.
To prevent vigorous boiling and loss of material at
the reduced pressure, solvent must be evaporated at
a low temperature when a vacuum pump is used.

After the bulk solutions have been evaporated to
dryness in the rotary evaporator, it is usually desir-
able to transfer the lipid to a suitable vessel for
weighing. The lipid is transferred to a preweighed
side-arm filtering flask of the appropriate size (25-125
ml capacity) and placed on a vacuum rack (Fig. 2).
The flasks are connected to a vented vacuum pump
(Model 1402B, W. M. Welch Scientific Co., Chicago,
II1.) and fitted with rubber stoppers into which the
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ends of small (0.1 ml) pipettes or capillary tubes
are inserted for the introduction of pure nitrogen.
It is helpful if the holes in the stoppers are just large
enough to allow the nitrogen inlet tube to be pushed
closer to the surface of the liquid during evaporation.
Evaporation takes place more rapidly with the inlet
tube close to the liquid level. The flask contents are
first exposed to partial pressure reduction of the
vacunm pump (stopeock partially opened) with a
fast flow of nitrogen for rapid cooling to or below
0C. The cold flasks are then exposed to the full
capaecity of the vacuum pump (stopcocks to the vacu-
um line wide open) and a small steady stream of
nitrogen is passed over the solvent surface. In this
way it is possible to evaporate solvent with a cake
of ice around the flask and under nitrogen. Manifolds
in use in our laboratory have been prepared with
ten 6 mm stopceocks (preferably of the pressure type)
and open ends fitted with rubber stoppers to facilitate
cleaning. If small volumes are used for transfers,
evaporation of the solvent may be accomplished in
5-10 min. Even bulk fractions of several hundred
milliliters can be concentrated with this apparatus
in 1-3 hr. Acetic acid solutions can be evaporated
after addition of chloroform and/or methanol to
prevent freezing. Aqueous solutions or dispersions
are usually lyophilized by conventional techniques or
with a rotary evaporator with the simple flask ro-
tating in air.

When a large amount of lipid is to be recovered,
and particularly when it must be mixed owing to
layering in an uneven manner duing evaporation, a
vacuum desiccator is substituted for the side arm
flasks. The desiceator is fitted with a nitrogen inlet
tube and a glass tube for connection to the vacuum
rack. A thick slurry of the lipid is transferred to a
large glass mortar and covered with aluminum foil.
The nitrogen inlet tube is passed through a hole in
the foil. The foil serves to prevent loss from bumping,
and, in the all glass system, the flow of nitrogen can
be regulated with ease since the surface of the liquid
is clearly visible. In some cases a bell jar is more
convenient and can be used for the same purpose.

A word of caution is necessary concerning the use
of rubber stoppers. Black rubber stoppers are con-
venient and can be used successfully in routine opera-
tion without introduction of color or weighable im-
purities when some simple precautions are followed.
Stoppers should be perfectly smooth (to avoid econ-
tamination of the sample with small bits of rubber
dislodged mechanically) and should not be placed
in a flask containing solvent (particularly chloro-
form) for more than 5-10 min unless the sample is
on the vacuum rack. When not under vacuum, the
solvent may extract colored material from the stopper.
The stoppers with the nitrogen inlet tubes inserted
can be cleaned with a good detergent.

RBemoval of salt from fractions. The use of solvents
containing salt for the elution of DEAR cellulose
columns is described below. Quantitative separation
of lipid from salt requires considerable care. We
recommend the use of ammonium acetate (rather than
potassium acetate originally used) (6) since ammo-
nium acetate can be removed during evaporation of
solvent or by lyophilization. Both potassium and
ammonium acetates are quite soluble in chloroform/
methanol mixtures. When a chloroform/methanol
mixture containing less than 0.01 M ammonium
acetate is evaporated on the rotary evaporator, the

Rouser &1 AL.: Two APPROACHES TO QUANTITATIVE FRACTIONATION 427

salt is usually removed completely along with the
solvent. Some salt usually remains with the lipid
at concentrations above 0.01 M. When the original
concentration of salt is not above about 0.05 M, its
complete removal from the lipid can frequently be
accomplished quickly by treating the solids with a
small amount of chloroform/methanol 2/1, adding
enough water to produce a slight turbidity, and re-
evaporating. This may be repeated several times
until salt erystals are no longer visible.

At very high salt conecentrations (0.1-0.4 M) it is
usually desirable to extract the lipid from most of
the salt with chloroform or chloroform/methanol 98,2,
filter through a prewashed glass wool plug, and re-
move any residual salt on the rotary evaporator after
treatment with chloroform/methanol/water.

A small amount of residual ammonium acetate can
be removed from lipid samples by treating with water,
freezing, and drying from the frozen state. Liyophil-
ization can be carried out on a rotary evaporator and
is a convenient technique to use as a check for salt
in samples after weighing. Samples in 50 ml side
arm flasks can be treated with 1-5 ml of water and
frozen. The flask is fitted with a rubber stopper and
attached by the side arm to a lyophilization apparatus
and dried. If the sample weight remains constant
after lyophilization, the lipid is almost certainly free
of ammonium acétate.

Extraction of Lipids

Quantitative studies of lipid composition require
quantitative extraction procedures. Although many
different solvent mixtures have been used, we prefer
chloroform/methanol 2/1 as recommended by Folch
et al. (7). Most lipids are relatively soluble in the
mixture and it has been used extensively in many
laboratories. The preparation of a lipid extract can
be divided into four steps: 1) extraction of fresh
tissue, 2) solvent removal, 3) re-extraction of dry
lipid (as with chloroform/methanol, chloroform, or
other solvent) to leave behind some nonlipid material,
and 4) final evaporation, mixing, and drying. Some
procedures utilize a water wash to free the extract
of nonlipid impurities. Because lipid may be lost
in sueh procedures, this step is not used in this
laboratory.

Extraction of brain lipids. Fresh wet brain or a
frozen sample is first extracted three times at room
temperature with chloroform/methanol 2/1 as pre-
viously deseribed (6,8). The first extraction is carried
out with 20 ml of solvent per g wet weight of tissue,
and the residue is extracted two times with 10 ml
of solvent per g wet weight of fresh tissue. The
entire procedure is carried out under an atmosphere
of pure nitrogen and with redistilled solvents that
have been deaerated. Solvent is removed by evapora-
tion in a rotary evaporator under nitrogen with the

‘sample maintained near or below 0C as described

above. It is important to have a two phase system
during evaporation of solvent to insure denaturation
of protein present in the extract. The original crude
lipid extract that contains denatured protein is then
thoroughly dried in a vacuum desiceator over KOH
(all operations to this point are carried out in the
same round bottom rotary evaporator flask, usually
of 2-liter capacity). The erude lipid is then extracted
with three portions of chloroform/methanol 2/1. For
extraction of lipid from one beef brain weighing
approximately 400 g, three one-liter portions of
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TABLE I
Paper Chromatographic Methods

Solvents Conditions * Substances

Dinitrophenyl
derivatives of
sphingosine and
allied compounds
a,Bv,A
tocopherols
Sphingosine,
phytosphingosine
and allied
compounds
Sphingosine,
phytosphingosine
and allied
compounds
(22) Chloroform/methanol 2/1...... 2,3,4, or 5, 60 min| Phospholipids,
sulfatides,
and cerebrosides

(18) Chloroform.......ccoocevvreeieannnnnnnns 1, 60 min

(i9) Carbon tetrachloride.............. 11, 120 min
(20) Chloroform/methanol 98/2.... |5, 60 min

(21) Chloroform/methanol 95/5...., 5, 60 min

(a) plus 10 ml H20/liter
(b) plus 20 ml H20/liter
(¢) plus 40 ml HeQ/liter .
(23) Chloroform/methanol 3/1....... 2,3,4, or 5, 60 min| Phospholipids,
sulfatides,
and cerebrosides
(a) plus 10 ml H20/liter
(b) plus 20 ml HaO/liter
(¢) plus 40 mi H20/liter
(24) Chloroform/methanol 4/1...... 2,3,4, or 5, 60 min| Phospholipids,
sulfatides,
and cerebrosides
(a) plus 10 ml H20/liter
(b) plus 20 ml H=0/liter
(¢) plus 30 ml H20/liter

* 1) Acidic silicic acid paper (prepared as in referemce 5), ascend-
ing technique, chamber lined with paper saturated with solvent just prior
to insertion of papers.

2) 0.05 N alkaline silicic acid paper, ascending, unlined chamber.

3) 0.1 N alkaline silicic acid paper, ascending, unlined chamber.

4) 0.25 N alkaline silicic acid paper, ascending, unlined chamber.

5) 0.5 N alkaline silicic acid paper, ascending, unlined chamber.

The number of minutes designates the time required for solvent to
travel 8 to 10 in. at 25 == 1C,

chloroform/methanol 2/1 are used. The insoluble
residue is removed by filtration through a sintered
glass filter (medium porosity) and the residue con-
taining denatured protein is discarded. If the residue
is finely divided and tends to pass through the filter,
the lipid should be recovered again from a chloro-
form/methanol/water solution, dried, and reextracted
as before,

The operations during reextraction are conducted
under nitrogen and evaporations are carried out as
for the original extract in the rotary evaporator until
the volume is reduced to 50-100 ml of thick suspen-
sion. The flask contents are then transferred to a
large glass mortar and the remaining solvent re-
moved in a vacuum desiccator under reduced pressure
and a stream of nitrogen as described above. The
lipid is then thoroughly dried over KOH, transferred
to a glove bag (see above) and mixed thoroughly
(under nitrogen) by seraping from the sides of the
glass mortar with a spatula followed by pressing
against the sides of the mortar with a glass pestle.
This operation is repeated several times after which
the lipid is transferred to weighed tubes and sealed
under nitrogen. The lipid remaining on the mortar,
pestle, and spatula is removed with chloroform/
methanol 2/1, the solvent removed by evaporation
in a preweighed flask, the lipid dried over KOH and
weighed. This weight is then added to the total weight
of sampled sealed in tubes to give the total quantity
of lipid extracted with chloroform/methanol 2/1.

This procedure works well for the lipid (about
45 g) from one beef brain weighing about 400 g.
Mixing in a mortar is necessary for brain lipids since
different lipids are deposited at different rates during
evaporation. This behavior is not observed with lipid
mixtures from all sources.

The original tissue residue left after chloroform/
methanol 2/1 extraction still contains a small amount
of lipid. After the residue has been thoroughly freed
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of solvent and water by careful drying over KOH,
it is extracted at room temperature with chloroform/
methanol 7/1 saturated with concentrated aqueous
ammonia (about 5.5%, v/v). We use three extractions
(100 ml each) of the residue obtained from one beef
brain weighing approximately 400 g. After the third
extraction no further material is obtained. From
one beef brain weighing about 400 g, 160-275 mg
of solids is obtained. The operations are conducted
under a nitrogen atmosphere and solvent is removed
under nitrogen at reduced pressure in the cold.

The chloroform/methanol/ammonia extraction pro-
cedure has been applied to the residue obtained from
beef heart mitochondria after exhaustive extraction
with chloroform/methanol 2/1. The extract in this
case was almost pure cardiolipin (ca. 10% of the total
amount in mitochondria).

The chloroform/methanol/ammonia extraction pro-
cedure is superior to procedures using acidified chloro-
form/methanol. Chloroform/methanol/ammonia - has
been compared to chloroform/methanol/concentrated
HCl (200/100/1) and chloroform/methanol/glacial
acetic acid/water (4/2/1/0.5). Chloroform/methanol
acidified with HCI extracts a great deal of pigment
and substances that are relatively insoluble after
evaporation of the solvent. Chloroform/methanol
acidified with acetic acid extracts less nonlipid ma-
terial, but the amount is still high. Chloroform/
methanol/ammonia gives an extract that is almost
colorless (entirely free of red pigment) and the
solids dissolve readily and completely in chloroform/
methanol mixtures, particularly if 1-2% water is
added.

The water content of whole beef brain determined
by drying to constant weight over KOH in a vacuum
desiccator evacuated with a vacuum pump has been
found to vary between 76.5 and 77.8%. The total
crude lipid (that contains about 10% water soluble
nonlipids as contaminants) has been observed to vary
from 11.4-12.8% of the fresh weight. Nearly one-
half of the total solids of beef brain is lipid.

Extraction of other tissues. Extraction of lipids
from sources other than brain can be accomplished
by modified techniques. It is desirable in some cases
to perform reextraction of the original crude lipid
(extracted from the tissue with chloroform/methanol
2/1) with a solvent other than chloroform/methanol
2/1. Both chloroform and petroleum ether (or hex-
ane) have been used for this purpose. The hydro-
carbon solvents are generally less satisfactory for
quantitative work since some lipid may be left
undissolved and water soluble nonlipids may be
carried into the solvent phase. Chloroform has better
solubility properties and is more satisfactory. We
have used this solvent successfully in the extraction
of lipids from the sea anemone where it possesses the
advantage of leaving as an insoluble residue a great
deal of salt originally extracted with chloroform/
methanol 2/1. In this case it was shown by extraction
of the chloroform insoluble residue with ehloroform/
methanol and paper chromatographic examination of
the extract that no significant amount of lipid re-
mained after chloroform reextraction. This test should
be applied when chloroform or hydrocarbon solvents
are used for reextraction.

Paper and Thin Layer Chromatographic Methods

Silicic acid impregnated paper can be divided into
three general types: acidie, neutral, and alkaline.
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These papers differ in silicate content. The acidie
papers have a low silicate content, while the neutral
papers have an appreciable silicate content. These
two types of papers have been described previously
(5). Various alkaline silicic acid papers that contain
progressively increasing amounts of silicate have been
added. Additional separations can be obtained with
.these new alkaline papers.

The chromatographic systems listed in Table I are
numbered in sequence with those previously pre-
sented (5). System 18 utilizes acidic paper with
chloroform as solvent and is useful for the separation
of the dinitrophenyl derivatives of sphingosine and
allied substances (Fig. 3). We have used this system
in studies of sphingolipid hydrolysis products.

Systems 20-24 are those utilizing alkaline papers.
There are three general variables in the alkaline
paper systems: the amount of silicate, the chloroform/
methanol ratio, and the amount of water. The amount
of silicate in the system is controlled by the strength
of the alkali used in preparing the paper. The alka-
line papers are prepared from acid paper by dipping
into 0.05, 0.1, 0.25, or 0.5N NaOH just long enough
for the paper to be completely wet; removed quickly
and air dried. This gives papers with increasing
quantities of silicate and markedly different separa-
tion characteristics. Very good results can be obtained
with alkaline papers without the addition of water
to the solvent and when the methanol content of
such systems is gradually increased the migration of
lipids is likewise increased. When water is added
to the system, some lipids are retained more tena-
ciously by the stationary phase while others are
bound less firmly. There is thus a change in the order
of migration of lipids with chloroform/methanol/
water mixtures compared to chloroform/methanol
mixtures.

Systems 20 and 21 are very useful for the separa-
tion of sphingosine, dihydrosphingosine, and phyto-
sphingosine. This is illustrated in Figures 41 and 42
where the. control substances were used along with
an hydrolysate of a lipid isolated from the sea anem-
one. Systems 20 and 21 have disclosed that there
are a number of components in acid hydrolysates of
sphingolipids. These appear to be related to the
presence of substances similar to sphingosine, dihydro-
sphingosine, and phytosphingosine, but differing in
chain length and unsaturation. The erythro and threo
forms of these bases are also separable in systems 20
and 21, and both forms can be visualized on paper
chromatograms from acid hydrolysates. The remain-
ing solvent systems (22-24) are particularly useful
for the paper chromatographic separation of certain
phospholipids and sulfatides.

Rhodamine 6G is an exceptionally sensitive stain
for lipids on alkaline paper and photographic repro-
duction is excellent. Liess than 1 pg of most of the
lipids can be detected as a definite spot after paper
chromatography. Since the background after staining
is a deep purple, these chromatograms can be repro-
duced readily by photography under ultraviolet light
with the Polaroid camera (5).

A TLC technique similar to that described by
Habermann et al. (9) has been used in this laboratory
and is still under study. Plates have been spread with
the conventional spreader obtained from Brinckmann
Instruments Inc., Great Neck, L. I, N. Y., using
silica gel G obtained from Research Specialties Co.,
Richmond, California. The plates have been heat
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activated at 120C for 10-20 min, cooled in air for
approximately 30 min, spotted as a single spot or as
a row of very small spots (to give bar shaped spots
on the final chromatogram), developed in chambers
with or without a paper liner saturated with solvent,
and sprayed with various reagents.

The most sensitive reagent that we have used is a
modification of the Rhodamine 6@ staining technique

- W o e e )
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F1g. 3. Paper chromatogram (system 18, Table 1) of dinitro-
phenyl derivatives of sphingosine and allied substances. Spots
1 and 2, prepared from 30 ug of crude preparations, contain O-
methyl sphingosine, dihydrosphingosine, and sphingosine (both
erythro and threo forms). Spots 3 and 4 from dinitrofluoro-
benzene and dinitrophenol, demonstrate that spots are not seen
in the body of the chromatogram that might be confused with
dinitrophenyl derivatives.

Fig. 4. Thin layer plate developed with chloroform/methanol/
water (65/25/4, v/v/v) and sprayed with alkaline Rhodamine
6G reagent as described in the text. The chromatographic re-
sults illustrate the findings with fractions from an overloaded
DEAE column with brain lipid as sample (see text seetion on
DEAE columns for details of elution). Acidic lipids are not
retained completely and appear in more than one fraction.
100 wug of each fraction was applied and fractions are in
order of elution (from left to right). Spot 1 shows lipid
eluted with chloroform/methanol 9/1. The substances from
above down are: cholesterol, 3 spots of cerebroside, lecithin,
and sphingomyelin, Spot 2 shows a series of substances eluted
with chloroform/methanol 9/1 after the lipids shown in spot
1 were eluted. Acidie lipids that should have been retained
are present. From above down the components are cholesterol,
uncharacterized acidie lipid, 3 spots of cerebroside, phosphatidyl
ethanolamine, sulfatide, lecithin, sphingomyelin, and one gangli-
oside component. Spot 3, prepared from the main fraection
eluted with chloroform/methanol 7/3, contains in addition to
phosphatidyl ethanolamine (the major spot) small amounts of
uncharacterized acidic lipids migrating ahead of the main
spot and sulfatide and phosphatidyl inositol migrating behind
the main spot. Spot 4 prepared from the methanol eluate (after
eluting with ehloroform/methanol 7/3) shows a large amount
of acidic lipid that is normally not eluted with this solvent.
The substances from above down are uncharacterized acidic
lipid (2 major and 2 minor spots), sulfatide and phosphatidyl
inositol. Spot 5 shows the tailing portion of the methanol
eluate (primarily water soluble nonlipid materials) containing
traces of acidic lipid. Spot 6 prepared from the acetic acid
eluate (after methanol) composed primarily of phosphatidyl
serine (major spot) and gangliosides migrating behind phos-
phatidyl serine. Spot 7 from substances eluted with methanol
after glacial acetic acid showing only traces of ganglioside that
were an insignificant part of the weight of the entire sample
(about 0.2%). Spot 8 prepared from a very small fraction
(eluted with ehloroform/methanol 4/1 containing 20 ml of
concentrated aqueous ammonia per liter) shows only traces
of acidie lipids. Spot 9 is from the lipids eluted with the same
solvent as in spot 8 with 0.1M ammonium acetate added to in-
erease the eluting power. From above downward the lipids are
cardiolipin, uncharacterized acidie lipid, sulfatide, and phos-
phatidyl inositol. Spot 10, from total beef brain lipid, shows
from above down: cholesterol, three spots of cerebroside, phos-
phatidyl ethanolamine, and a complex area in which sulfatide,
lecithin, phosphatidyl inositol, phosphatidyl serine, and sphingo-
myelin migrate without separation. Spot 11 is from cardiolipin
isolated from beef heart mitochondria by column chromatog-
raphy on DEAE. The apparent complexity of the lipid mixture
judged by the composition of the fractions from an overloaded
column is misleading sinee acidic components are not retained
properly and are eluted with solvents other than those indi-
cated in the text,



430 THE JOURNAL OoF THE AMERICAN O1L CHEMISTS' SOCIETY

described previously for paper chromatograms (5).
A mixture of 0.0025% Rhodamine 6G in 2 N NaOH
(mixed a few seconds before use) is sprayed on the
plate. Best results are obtained when solvent has
been removed completely from the plate before spray-
ing. If the drying time is too short, the purple back-
ground is not as intense and the yellow or orange
spots are not as readily visualized. When the plate
is allowed to stand for a short time after spraying
and viewed under ultraviolet light, a point of maxi-
mum brightness is reached. The background becomes
a deep apurple or bluish-purvle and the spots become
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Fra. 5. A thin layer plate to illustrate division of a lipid
mixture into nonacidic and acidic fractions, respectively (see
text, elution of DEAE columns). The plate was developed with
the same solvent as in Figure 4 (see text for details). The
DEAE column was prepared in methanol, charged with brain
lipid, and eluted with methanol followed by chloroform/metha-
nol/ammonia containing 0.1 M ammonium acetate. Spot 1 was
prepared from the methanol eluate. The components in spot 1
are from above downward: cholesterol (at the solvent front and
difficult to distinguish from colored material at the solvent
front), 3 incompletely separated spots of cerebroside, phospha-
tidyl ethanolamine, leeithin, and sphingomyelin, The latter
separated almost completely into 2 separate spots presumably
on the basis of fatty acid content. Spots 2, 3, and 4 were
prepared from samples obtained at the first, middle and latter
portion of the chloroform/methanol/ammonia/ammonium ace-
tate eluate to show that some acidic lipids are eluted less readily
than others. Spot 2 shows from above down: uncharacterized
acidie lipids with a small amount of sulfatide, phosphatidyl
inositol, and ganglioside. Spot 3 shows similar general compo-
gition to spot 2, while spot 4 shows from above down 2 spots of
sulfatide (in this case sulfatide migrated well ahead of leeithin)
and a mixture of components just off the origin ineluding
phosphatidyl serine, phosphatidyl inositol, and ganglioside.
Ganglioside was eluted slowly with chloroform/methanol/am-
monia/ammonium acetate so a change to acetic acid was made
and spots 5 and 6 show ganglioside eluted with acetic acid.
Spot 7 was prepared from whole beef brain lipid showing, in
contrast to the spot of whole beef brain lipid in Figure 4, a
relatively wide separation of a number of the brain lipids
related to slightly different methods of heat activation of the
plates and different equilibrium conditions inside the chromato-
graphic chambers. From above down the components are:
cholesterol, a trace spot from a mixture of ceramide and ecardio-
lipin (barely detectible), 3 spots of cerebroside clearly seen,
phosphatidyl ethanolamine, followed by 1 spot of sulfatide just
touching the end of the phosphatidyl ethanolamine spot and a
second sulfatide spot (clearly separated from surrounding
spots), leeithin, sphingomyelin, a completely separated phos-
phatidyl inositol spot, with phosphatidyl serine and ganglioside
admixed and just off the origin.

¥16. 6. Thin layer chromatogram prepared as deseribed for
Figure 4 showing in spot 1 from above down: chloesterol,
three cerebroside spots, phosphatidyl ethanolamine, lecithin,
and sphingomyelin; spot 2, phosphatidyl ethanolamine; spot 3,
brain sulfatide (2 spots); spot 4, sphingomyelin; spot 5, phos-
phatidyl serine; spot 6, phosphatidyl inositol; and spot 7, whole
beef brain lipid. Note the marked difference in sulfatide migra-
tion compared to Figure 5. Even relatively small changes in
heat activation of the plates and equilibration conditions within
the chambers may cause shifts in relative migration of acidie
lipids (see text for further details). ’ B
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a very bright yellow or orange. Other very useful
general detection reagents are sulfuric acid-potassium
dichromate (10,11), ammonium molybdate-perchlorie
acid (12), and phosphomolybdate (13). These rea-
gents give spots visible under ordinary light that
are readily reproduced with the Polaroid camera.

‘We have encountered a wide degree of variability
with TLC and conclude that the technique must be
used with great care. Aside from variations in the
migration of lipids on plates spread with different
amounts of adsorbent, we have obtained different re-
sults with different preparations of silica gel. Marked
variations have been observed depending upon the
method of heat activation and cooling of the plate,
the method of maintaining saturation in the chamber
{(whether or not a solvent saturated liner is used,
exactly how the liner is saturated, and whether 1 or
2 plates are placed in the chamber), and the tempera-
ture of the run. One of the undesirable features of
the variability of the TLC technique with chloro-
form/methanol/water mixtures is that the relative
orders of migration of some lipids may be changed.
With the same solvent system and the same silica
gel preparation, acidic lipids have been observed to
move to different positions relative to nonacidie lipids
depending upon the equilibration conditions and the
exact manner of treating the plate. Specifically it
has been observed that the relative order of migration
of phosphatidyl serine and phosphatidyl inositol with
respect to sphingomyelin can be changed and that
sulfatide may migrate either well ahead of or overlap
with the lecithin spot (Fig. 4,5,6). Authentic sub-
stances should be used as standards on each plate.

Aside from the variability noted above, TLC may
lead to deceptive results seldom observed with paper
chromatography. Generally speaking, paper chro-
matography can be used to recognize individual lipid
classes without separation into more than one spot
of the various members of the lipid class containing
different fatty acids. We have found that most lipid
classes tend to give more than one spot by the thin
layer technique. This is related in part to differences
in fatty acid and/or fatty aldehyde composition of
the lipid class. The phenomenon is most apparent
when, in order to improve resolution, the sample is
spotted as a small bar by applying a series of very
small spots rather than one large round spot. Under
these circumstances the different forms of lecithin,
phosphatidyl ethanolamine, cerebrosides, and most of
the other polar and ionic lipids are more readily
separated and recognized as discrete spots. This can
be confusing when a complex lipid mixture is ex-
amined for the first time since it is not always pos-
sible to assign each spot to a separate lipid class with
certainty.

Preparation and Elution of DEAE Cellulose Columns

Because of their basic importance in the two gen-
eral schemes for lipid fractionation presented here,
the characteristics of the versatile DEAE columns
have been explored extensively.

Nonionic lipids and zwitterion lipids are eluted
from DEAE with polar nonionic solvents. We prefer
mixtures of chloroform and methanol, although other
solvents can be substiuted. Acidic lipids are eluted
from DEAE columns with acids or bases or chloro-
form/methanol mixtures containing salts, acids, or
bases. The most useful salt in our experience is
ammonium acetate since it is quite soluble in organie
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solvents and can be removed completely in many cases
during evaporation of solvent (see above).

Mixtures of chloroform/methanol/salt, chloroform/
acetic acid/salt and chloroform/methanol/aqueous
ammonia/salt elute all acidie lipids at sufficiently
high salt concentrations (0.2 M or less). When the
salt econtent of such mixtures is gradually increased,
several useful separations can be obtained. Separa-
tion into the maximum number of components is
generally not as good as when appropriate mixtures
of chloroform/acetic acid and glacial acetic acid are
used along with solvent mixtures containing salt,
and our general elution schemes therefore combine
solvents containing salts with acidic and basic solvents
without salt.

Since there are many possible combinations of sol-
vents, it is apparent that DEAE offers many possibil-
ities for special separations. We have not used mix-
tures of acids and alcohols in order to avoid solvent
composition changes due to esterification. Similarly
we have avoided the use of strong acids or bases
because, even though they are effective eluting agents,
they will degrade some lipids.

All preparations of DEAE tested have been found
to have undesirable impurities. The types and
amounts of impurities in different preparations are
variable and the procedures necessary to remove the
impurities will vary. The most generally useful
method we have found is to wash the adsorbent with
methanolic or aqueous 1 N HCL, methanol (or water),
methanolic (or aqueous) 1 N KOH, and methanol (or
water). Three cycles of acid and base are usually
adequate. Exposure to acid and base should be as
brief as possible and usually no more than three bed
volumes of wash are required in each washing cyecle.
It is usually advisable to prepare a column from
washed DEAE and run through the elution sequence
for chromatography (without application of a sample)
in order to insure that impurities will not be eluted
when the sample is applied.

DEAE preparations differ in the number of fine
particles. The finest particle sizes pack readily into
columns, but with some preparations fine particles
may appear along with lipid in the column effluent
during some stage of the elution. With some solvents
this is very pronounced. We prefer Selectacel DEAR
and Selectacel DEAE type 20 (Brown Co., Berlin,
N. H.) rated at 0.80-0.95 meq per g. These prepara-
tions have fewer fine particles and can be packed with
ease. The Type 20 can be packed in glacial acetic
acid to give a 2.5 X 20 cm column (using 15 g DEAE)
with about 2.5 lb/in? pressure from a nitrogen line,
but the regular grade should be packed in small por-
tions under the same pressure and may require slight
manual pressure applied with a large diameter glass
plunger when a column larger than 2.5 em id. is
required.

Preparation of DEAE columns. DEAER columns
are prepared for chromatography as follows: One
hundred g of Selectacel DEAE is placed in a large,
medium-porosity, sintered-glass filter over which has
been placed several layers of filter paper or surgical
gauze. The DEAR is then washed with 1 N aqueous
HCl, water, 1 N aqueous KOH, and water, this se-
quence of washes constituting a cycle. After three
wash cycles, the bed is washed with methanol. The
bed is then air dried on the filter under mild suction
from a water pump, transferred to a vacuum desic-
cator and thoroughly dried over KOH. A 15-g portion
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of this dry material (to prepare a 25X 20 cm
column) is placed in a beaker and allowed to stand
overnight in glaeial acetic acid. To insure thorough
wetting of the ion exchange cellulose with acetic acid
and a uniformly packed column, the ion exchange
cellulose is pressed gently with a pestle in a mortar
until it takes on a uniform appearance. The column
can be packed with DEAE as a slurry in methanol,
but it is more difficult to obtain a highly uniform bed
with this solvent.

A 20-cm column can be packed in a 2.5 (i.d.)X 40
em chromatography tube equipped with a Teflon
stopcock. A small plug of glass wool is held in place
at the bottom of the tube with a glass rod, and a
slurry of DEAE in glacial acetic acid is passed into
the chromatography tube. After the first addition
of DEAE, the rod is withdrawn and packing is con-
tinued. Approximately five equal portions can be
packed to give a satisfactory column. After each
addition of DEAE, the excess acid is forced out
under approximately 2.5 psi nitrogen pressure and
the DEAE bed is pressed lightly with a large bore
glass rod. At this stage the bed height should be
22-24 em (with 15 g of DEAE). Two to three bed
volumes of glacial acetic acid are passed through the
column, and glacial acetic acid is washed out with
methanol (approximately 6 bed volumes). Removal
of acetic acid is assured by testing with pH paper.
Methanol is washed out with chloroform, and chloro-
form replaced by the chloroform/methanol mixture
to be used as the first eluting solvent. At this stage
the bed height should be 20 =2 em. Columns of
larger diameter can be packed with more DEAR
in proportion to the increase in volume (column
diameter).

Eluting Solvents. Various elution schemes that
can be recommended for particular purposes are
listed below in order of increasing complexity. There
are two general groups of eluting solvents. Solvents
of the first group are used for elution of nonacidic
lipids and solvents of the second group are used for
elution of acidic lipids. Any one of the systems of
the first group can be combined with solvents of the
second group to make a eomplete elution scheme de-
pending upon the composition of the sample and the
information desired. The volume of solvent collected
with different solvent mixtures varies but should be
within the range of 5-10 column volumes.

Elution of Nonacidic Lipid. This category includes
nonionie lipids (sterols, sterol esters, glycerides, ete.),
lecithin, sphingomyelin, lysolecithin, phosphatidyl
ethanolamine, and lysophosphatidyl ethanolamine as
well as any new lipid classes that have the same or
similar ionic groups (see work on the sea anemone
below). :

I. Elution of total nonacidic lipid and water soluble
nonlipid. The column in the acetate form is prepared
in methanol, the sample applied in methanol or a
suitable chloroform/methanol mixture in which the
sample is soluble, and the column eluted with metha-
nol to remove all nonacidic lipids and water soluble
nonlipid components. The column is then cleared of
acidie lipids (see below) before it is used for another
sample.

II. Elution of total nonacidic lipid and water solu-
ble nonlipid separately. The column is prepared in
chloroform/methanol 9/1, 7/1, or 7/3 and the sample
is applied in any of these solvents. Eluting solvents
are:
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1) Chloroform/methanol 7/3 (total nonacidic
lipids).

2) Methanol (water soluble nonlipid, lysophospha-
tidyl ethanolamine, and some oxidation products of
phosphatidyl ethanolamine when present). The col-
umn is cleared of acidic lipids by one of the methods
outlined below.

ILI. Separation of pure phosphatidyl ethanolamine,
remasing nonacidic lipids and water soluble nonlipid.
The column is prepared in chloroform/methanol 9/1
or 7/1 and the sample applied in either of these
solvents. Hluting solvents are:

1) Chloroform/methanol 9/1 or 7/1 (elutes all
nonacidie lipids except phosphatidyl ethanolamine).

2) Chloroform/methanol 7/3 (elutes pure phos-
phatidyl ethanolamine except when other lipid with
the same ionic groups is present as in the sea
anemone).

3) Methanol (elutes water soluble nonlipid, lyso-
phosphatidyl ethanolamine, some oxidation products
of phosphatidyl ethanoclamine, and uncharacterized
lipid present in beef liver).

The column is then cleared of acidic lipids before
reuse.

Elution of Actdic Lipids. Columns are prepared
and eluted as in I, IT, or III above before elution of
acidie lipids. Acidie lipids are then eluted as de-
seribed below.

IV. Elution of total acidic lipid with chloroform/
methanol/ammonia/ammonium acetate. Following elu-
tion with methanol to clear of nonacidic substances,
elution is carried out with:

1) Chloroform/methanol/ammonia/ammonium ace-
tate, 4/1 + 20 ml concentrated (29%) aqueous am-
monia per liter + 0.05 M salt (elutes all acidic
lipids).

2) Methanol wash to remove ammonia and salt.

3) Acetic acid to prepare column for reuse.

Solvent 2 can be eliminated if desired and the
ammonia and salt concentration can be increased to
bring about more rapid elution (decrease of elution
volume), but higher salt concentrations also increase
the time required for removal of salt from lipid. High
salt concentrations may cause release of extraneous
material from some DEAE preparations. See Figure
5 for illustration of findings with this elution sequence.

V. Elution of total acidic lipids with chloroform/
methanol/aqueous ammonia. Following elution of
nonacidic substances with methanol, elution is carried
out with:

1) Chloroform/methanol/ammonia (2/1 saturated
with concentrated aqueous ammonia for elution of
total acidic lipids).

2) Methanol wash to remove aqueous ammonia.

3) Glacial acetic acid to prepare column for reuse.

Solvent 2 can be eliminated, but is recommended
in order to avoid the formation of large amounts of
ammonium acetate. The large amount of aqueous am-
monia may cause the column to show channels (not
visible to the naked eye) and thus the column should
be repacked (in acetic acid) before it is used again.
Some DEAE preparations are relatively unstable
to the high concentration of aqueous ammonia used
for this elution and give off extraneous material that
appears in the column effluent.
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VI. Selective elution of triphosphoinositide, fatty
acids, and bile acrds. (Use of ehloroform/glacial acetic
acid 3/1). These lipids can be eluted with chloroform/
glacial acetic acid 3/1 without eluting other acidic
lipids (including sulfatide, phosphatidyl inositol,
cardiolipin, phosphatidic acid, ganglioside, and phos-
phatidyl serine). When chloroform/acetic acid 3/1
is used with brain lipid as sample (and the eoclumn
has been cleared previously with methanol), only
triphosphoinositide is eluted (free fatty acids, ete.
not present). With this solvent and lipid from beef
liver, beef heart mitochondria, or sea anemone as
sample, uncharacterized lipids are eluted. Vitamin
A acid and similar earboxylic acids also are eluted
with chloroform/acetic acid 3/1.

Pure triphosphoinositide can be recovered from
the chloroform/methanol/ammonia extract of beef
brain (described above) by chromatography on a
DEAE column prepared in c¢hloroform/methanol 9/1.
The first fraction eluted with chloroform/methanol
9/1 contains the nonpolar, nonionie lipid components
(up to 50% of the total weight of the sample), the
second fraction eluted from the column with absolute
methanol contains water soluble nonlipid materials
(25% or less of the total), and triphosphoinositide
(about 25% of the total) is eluted with a mixture
of chloroform/glacial acetic acid 3/1.

VIL. Selective elution of phosphatidic acid with
chloroform/glacial acetic acid/ammonium acetate.
After elution with I, II, or IIT and VI above, phos-
phatidic acid can be eluted with chloroform/glacial
acetic acid 3/1 containing 0.001 M potassium acetate
or 0.005 M ammonium acetate. Other substances are
also eluted with these solvent mixtures. With brain
lipid as sample, uncharacterized lipid is eluted; while
with beef heart mitochondrial lipid, products related
to cardiolipin are obtained. It has been shown that
some decomposition products of cardiolipin are eluted
with this solvent. More work is required to clarify
the nature of the substances related to cardiolipin
that are present in brain and eluted with this mixture.

VIIL. Elution of phosphatidyl serine and ganglioside
with glacial acetic acid. Both phosphatidyl serine and
ganglioside are eluted from DEARE with glacial acetic
acid as well as solvents IV and V above, but are not
eluted as deseribed in LILIII, VI, and VII above.
When all nonacidic substances have been eluted first
with methanol and any substances present which ean
be eluted with VI and VII are removed, only phos-
phatidyl serine and ganglioside are eluted with glacial
acetic acid when ecardiolipin is absent. If cardiolipin
is present, it will be eluted almost quantitatively
with glacial acetic acid when this solvent is preceded
by solvent VII. If solvent VII is first washed out of
the column with methanol (to remove salt), cardio-
lipin is not eluted with glacial acetic acid and only
phosphatidyl serine and ganglioside are obtained.

IX. Selective elution of cardiolipin (diphosphatidyl
glycerol) with glacial acetic acid plus salt. As noted
above, phosphatidyl serine and ganglioside are eluted
from DEAE with glacial acetic acid while cardiolipin
is eluted with acetic acid only if solvent VII hag
been passed through the column first (the effective
eluting solvent is acetic acid plus salt). Cardiolipin
can be eluted free of other lipids if elution as in
LII, or IIT above is used and then the sequence VI,
VIILVII, and VIII is employed. This sequence makes
use of the fact that cardiolipin is eluted with acetie
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acid only when preceded by solvent VII while phos-
phatidyl serine and ganglioside are eluted with acetic
acid without solvent VII. Glacial acetic acid plus
0.1 M salt can be substituted for solvents VII and
VIII for elution of cardiolipin, but this solvent also
elutes other lipids. ‘

X. Selective elution of sulfatide and phosphatidyl
inositol with chloroform/methanol/ammonia mixtures.
As noted above (V) chloroform/methanol 2/1 satura-
ted with concentrated aqueous ammonia elutes all
acidic lipids from DEAE columns. Under the proper
conditions, chloroform/methanol mixtures containing
ammonia can be used for selective elutions. Chloro-
form/methanol 1/1, 2/1, and 4/1 each containing 10,
20, or 40 ml of concentrated ammonia per liter have
been used and chloroform/methanol 4/1 containing
20 ml of concentrated ammonia per liter has been
found generally useful.

The results obtained depend upon exactly how the
solvent is used. Since salt increases the effectiveness
of an eluting solvent, the elution scheme must take
this into comsideration. This is illustrated by the
behavior of sulfatide of brain. Sulfatide is obtained
as the magnesium salt by the method previously re-
ported for the recovery of cerebroside plus sulfatide
from a magnesium silicate column (6). When the
mixture of cerebroside plus sulfatide is applied to a
DEAE column, cerebroside is eluted with a chloro-
form/methanol mixture and sulfatide is retained.
Sulfatide is eluted with chloroform/methanol 4/1
containing 20 ml of concentrated aqueous ammonia.
If cerebroside is eluted with chloroform/methanol
2/1, sulfatide is eluted rapidly with chloroform/
methanol/ammonia and is obtained as the magnesium
salt after solvent evaporation (ammonia and ammo-
nium acetate are removed along with solvent). If
after cerebroside elution, however, the magnesium
acetate formed by ion exchange of magnesium sulfa-
tide and DEAR acetate is eluted with methanol, sulfa-
tide is eluted less rapidly with chloroform/methanol/
ammonia and is obtained as the ammonium salt after
removal of solvent.

Phosphatidyl inositol is similar to sulfatide in its
elution characteristics with chloroform/methanol/
ammonia and this behavior can be used to obtain a
mixture of phosphatidyl inositol and sulfatide from
brain lipid. Nonacidic and other acidic lipids are
eluted first (I,II, or III followed by VI,VII, and
VIIT). After removing acetic acid with a methanol
wash, chloroform/methanol 4/1 containing 20 ml of
concentrated agueous ammonia per liter elutes phos-
phatidyl inositol and sulfatide. These lipids are eluted
even more rapidly if the solvent contains ammonium
acetate (0.05 M is a useful concentration).

XI1. Selective elutions with chloroform/acetic acid/
ammonium acetate. (Separation of phosphatidyl

anglioside phosphatidyl inositol
from sulfatide). When chloroform/acetic acid mix-
tures are used with stepwise increases in concentration
of ammonium acetate, several useful separations are
possible. There is a wide choice of solvent composi-
tions. The eluting capacity of these mixtures becomes
greater when the amount of either acetic acid or
salt is increased. Chloroform/acetic acid 1/1, 2/1,
and 3/1 are all useful, but the 3/1 mixture gives the
greatest degree of resolution of acidic lipids when the
salt concentration is increased in steps. The upper
limit of salt concentration (0.2-0.4 M) is not depend-

RoUusEr ET AL.: Two APPROACHES TO QUANTITATIVE FRACTIONATION 433

ent upon solubility in the solvent, but upon the fact
that solids derived from DEAE are eluted at high
salt concentrations.

The elution characteristics of the complex mixture
of acidic lipids of brain have been studied carefully
with chloroform/acetic acid 3/1 containing from
0.001-04 M ammonium acetate. Useful increments
are (.001,0.005,0.010,0.025,0.050,0.10,0.20, and 0.40 M.
When all of the acidic lipids of brain are present,
several incompletely separated peaks are observed.
Complete separations of several lipids can be obtained
when less complex mixtures are applied to the column.

Phosphatidyl serine and ganglioside eluted to-
gether from DEAXE with solvent VIII can be applied
to another DEAE column and eluted separately
using chloroform/acetic acid 3/1 containing 0.005—
0.1 M ammonium acetate for elution of phosphatidyl
serine and 0.2-0.4 M salt for gangliosides. With small
stepwise increases in salt concentration, partial sepa-
ration of the different gangliosides can be obtained.

A mixture of phosphatidyl inositol and sulfatide
eluted from DEAE with solvent X above can be
separated completely on DEAE by elution of phos-
phatidyl inositol with chloroform/acetic acid 3/1
being 0.025-0.05 M in ammonium acetate and sulfa-
tide with the same solvent mixture containing 0.1-
0.4 M salt. With small stepwise increases in salt con-
centration, partial separations of different types of
sulfatides can be observed.

XII. Selective elution of phosphatidyl serine with
acetic acid/chloroform 4/1. This lipid can be eluted
along with ganglioside with solvent VIII. When the
same general procedure is used as in VIII, but the
mixture acetic acid/chloroform 4/1 is used for elu-
tion of phosphatidyl serine rather than glacial acetic
aeid, ganglioside is not eluted and pure phosphatidyl
serine is obtained.

XITI. Separation of phosphatidyl ethanolamine and
phosphatidyl serine. Phosphatidyl ethanolamine and
phosphatidyl serine can be separated readily on
DEARE since phosphatidyl ethanolamine is eluted with
chloroform/methanol mixtures or methanol while
phosphatidyl serine is retained and eluted with acidic
or basic solvents. When a mixture of these two
lipids obtained by silicic acid chromatography (8)
is applied to a DEAE column, procedure I above
can be used for preparation of the column and elu-
tion of phosphatidyl ethanolamine. Phosphatidyl
serine can be eluted with solvents IV,V, or VIII. If
whole brain lipid is applied to a DEAE column,
phosphatidyl ethanolamine and phosphatidyl serine
can be eluted in pure form by using IIT above for
the preparation of the column and the elution of non-
acidic lipids followed by VII, a methanol wash to
remove salt, and then acetic acid/chloroform 4/1 for
elution of phosphatidyl serine. ,
Loading of DEAE columns. The separations de-
scribed above are mnot obtained unless the proper
amount of lipid is applied to the column. The proper
load for beef brain lipid is 350 mg or less for a
2.5 X 20 em column containing 15 g of DEAE (0.8-
0.9 meq/g). More or less of other mixtures may be
desirable depending upon the exact composition.
When a column is overloaded, acidic lipids are not
retained completely and may appear in several frac-
tions. The results of overloading are illustrated in
Figure 4. The maximum load must be determined
by trial and error, although 200 mg of all lipid mix-
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F1a. 7. Elution of cholesterol (A), cerebroside (B), lecithin
(C), and sphingomyelin (D) from a silicic acid-silicate-water
column (2.5x10 em, id.). Solvent changes indicated by ar-
rows. Fractions (10 ml) were collected at a flow rate of 3
ml/min. Sample: 152 mg of the mixture of beef brain lipids
eluted from DEAE with chloroform/methanol 9/1. See text
for additional comments.

tures examined in this laboratory can be applied to
a 2.5 X 20 em column without signs of overload. When
more lipid is desired or required for characterization,
a larger column should be used (increase of column
diameter) to aceept the larger amount of lipid.

Silicic Acid-Silicate-Water Columns

Silicic acid-silicate-water columns are of primary
importance for the separation of fractions from
DEAE columns into individual lipid classes. We
have had extensive experience with three different
types of columns prepared by treating silicie acid
with aqueous ammonia to introduce a known amount
of ammonium silicate. Such columns have the neces-
sary characteristics for several important separations.

Silicie acid-silicate-water columus prepared by pas-
sage of a chloroform/methanol/aqueous ammonia mix-
ture through a bed of silicic acid in a chromatography
tube have been used for the separation of a mixture
of phosphatidyl ethanolamine and phosphatidyl ser-
ine (8). Silicic acid-silicate-water columns for the
separation of leeithin and sphingomyelin have been
prepared by mixing 10 ml of concentrated aqueous
ammonia with 50 g of silicic acid in enough chloro-
form/methanol 1/1 to make a smooth flowing slurry
before transfer to a chromatography tube (6). This
method gives an adsorbent of very high silicate con-
tent. The silicie acid is washed with 6 or 10 N HCl
and then with water to neutrality. It is then dried
before treatment with aqueous ammonia. This pro-
cedure has one disadvantage. Some silicic acid prepa-
rations give columns from which very fine particles
are eluted along with lipids when the eluting solvent
contains 1% or more water. This does not prevent
accurate quantitation since, after evaporation of the
solvent, the lipid can be extracted readily from the
small amount of column material with chloroform
containing 2-10% methanol.

Even traces of silicic acid or silicate can distort
a solids curve of the type shown in Figure 7. For
such applications an alternate procedure is useful
since with it silicic acid is not eluted along with lipid.
Unwashed Mallinckrodt silicic acid (50 g) in enough
chloroform/methanol 1/1 to make a free flowing
slurry is mixed with 7 ml of concentrated aqueous
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ammonia. The mixture is then passed into the chro-
matography tube to give a ecolumn 10 cm in height,
washed with chloroform to remove both methanol
and water (8), and the sample applied in chloroform.
Column height should be maintained carefully since
performance varies a great deal with height.

The elution of silicic acid-silicate columns can be
carried out in several ways. Nonionic lipids includ-
ing cholesterol, glycerides, etc., that are less polar
than ceramide and cerebrosides can be eluted with
chloroform (stabilized with 0.25% methanol). When
chloroform /methanol mixtures without water are used
for elution of the more polar lipids, some of the
desired separations (including that of lecithin from
sphingomyelin) are not obtained. When the correct
amount of water is added to chloroform/methanol
mixtures, lipids are more tightly bound to the column
stationary phase, and the separation of lecithin and
sphingomyelin is obtained. Polarity can be increased
by increasing either the percentage of methanol or
water (or both) in chloroform. We prefer to increase
polarity by change in the percentage of water only,
Thus, with chloroform/methanol 4/1 the water con-
tent can be varied from 0.5-3.0% with any desired
series of increments for the elution of most lipids.
Some samples may contain oxidized or other extra-
neous material or very polar lipids that can be eluted
from the column with 3% water in methanol.

‘We have most frequently used increments of 0.5%
water content beginning with chloroform/methanol
4/1 4+ 0.5% water for the separation of cerebrosides,
lecithin, and sphingomyelin (obtained as a mixture
along with cholesterol and ceramide from a DEARE
column as described above). The exact findings will
depend upon column height and load as well as
solvent composition. Figure 7 illustrates how several
lipids can be eluted with a single solvent mixture
(chloroform/methanol 4/1 containing 1.5% water)
but with one undesirable feature. The column was
prepared by treating 50 g of silicic aeid with 7 ml
of concentrated aqueous ammonia as described above.
The curve was prepared by weighing lipid from 1 ml
aliquots of fractions on a micro-balance (8) and was
not complicated by appearance of silicic acid in the
fractions. Although completely separated, the cerebro-
side and lecithin peaks are very close together and
the sphingomyelin peak is very flat. When the se-
quence 0.5,1.0, and 1.5% water is used, however,
cerebroside and lecithin are widely separated. If a
portion of the lecithin peak tails back into the
sphingomyelin fraction, it can be removed by . re-
chromatography of the sphingomyelin peak.

The relative elution order for any series of lipids
can be predicted from the relative migration of the
lipids with chloroform/methanol/ammonia on silicie
acid paper (system 12, ref. 5). When paper chroma-
tography indicates that two substances migrate close
together, it may be wise to use increments of 0.25%
water to obtain the desired separation.

General Combinations of Columns for Fractionation
of Lipid Mixtures

DEAE cellulose columns are preferred for initial
separation of a complex lipid mixture into fractions
that can be separated conveniently into individual
lipid classes by use of silicic acid, silicic acid-silicate-
water, or other DEAE columns. The choice of a
column for the separation of a mixture obtained from
DEAE will depend upon the composition of the
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sample and the information desired. The front frac-
tion from DEAR (eluted with chloroform/methanol
7/1 or 9/1) that will contain neutral (nonionic)
lipids, cerebroside, lecithin, sphingomyelin, and lyso-
lecthin if these are present in the mixture can be
handled in several ways. If only the separation of
individual neutral lipids is desired and the amount
of cerebroside and individual phospholipids are not
required, a silicic acid eolumn can be used. The silicie
acid is washed, bheat activated, and deoxygenated
as described by Rouser et al. (8), prepared in hexane,
and eluted essentially according to Barron and
Hanahan (14). Fractions containing hydrocarbons,
sterol esters, triglycerides, sterols, and lower glycer-
ides are eluted with mixtures of ether and hexane
or benzene and hexane of increasing polarity. The
cerebrosides and phospholipids can then be eluted
together with methanol. The elution of neutral lipids
is not complicated by the presence of fatty acids or
bile acids since these are removed on DEAE prior
to application to silicic acid.

‘When cerebrosides and phospholipids of the chloro-
form/methanol 9/1 (or 7/1) fraction from DEAE
are to be separated and the less polar neutral lipids
determined as a group, a silicic acid-silicate-water
column is chosen and eluted as described previously
(6). Under these conditions lecithin and sphingo-
myelin can be separated, although the two lipids
can not be separated completely on silicic acid col-
umns. If all neutral lipids, cerebroside, and phospho-
lipids are to be separated into individual classes, the
mixture from DEAE can be applied to a silicie acid-
silicate column first and eluted to give neutral lipids
as a mixture, and cerebrosides, lecithin, sphingo-
myelin, and lysolecithin as separate fractions. The
neutral lipids are then separated on a silicic acid
column,

Other fractions from DEAE can be separated by
silicic acid, silicic acid-silicate, or DEAE columns.
Phosphatidyl ethanolamine and ceramide amino-
ethylphosphonate can be separated completely on
silicic acid columns as described below. A mixture
of phosphatidyl serine and ganglioside can be sepa-
rated on silicic acid columns by elution with chloro-
form/methanol 4/1 for phosphatidyl serine (8) and
then methanol for gangliosides. This separation can
also be made on DEAE as described above. Silicic
acid-silicate columns are suitable for the separation
of some acidic lipids eluted from DEAE ecolumns
with chloroform/acetic acid/ammonium acetate. The
separation of a mixture of phosphatidyl inositol and
sulfatide can be accomplished best on DEAE by
elution with chloroform/acetic acid 3/1 with increas-
ing amounts of ammonium acetate (see above).

Column combinations including. magnesium sili-
cate-DEAE and cellulose-DEAE are of more limited
use. The elution of magnesium silicate columns
to give cholesterol, ceramide, and cérebroside plus
sulfatide has been described (6). The mixture of
cerebrosides and sulfatides can be separated on
DEAE (6). The separation is obtained readily since
cerebroside is not retained to any appreciable extent
by DEAE. Sulfatide is eluted from magnesium sili-
cate columns as the magnesium salt and can be ob-
tained from DEAE columns either as the magnesium
or ammonium salt depending upon the elutlon scheme
employed as discussed above.

If small amounts of other lipids are. eluted along
with cerebroside and sulfatide from magnesium sili-
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cate columns through improper performance of the
column, pure sulfatide can still be obtained from
DEAE by elution of contaminating substances with
other solvents before elution of sulfatide.

Cellulose columns can be used to separate total
brain lipid into water soluble nonlipid, gangliosides,
and other lipids as noted before (6). These columns
are difficult to reproduce because the chloroform/
methanol /water mixtures required for the separation
may lead to the development of invisible channels in
the column and fraction overlap may be observed.
‘We have not developed a procedure where this effect
can be controlled, and thus cellulose columns cannot
be recommended for routine use.

Infrared Examination of Lipids and Lipid
Hydrolysis Products

General observations. Infrared spectra of lipids
in the 2-15u region obtained from potassium bromide
pellets or films over silver chloride are valuable as
an aid in confirmation of identifications made on the
basis of chromatographic data, and for recognition
of chromatographic adsorbents in column fractions
(6). The complexity of the speetra of lipids and their
similarities in many respects limits the usefulness of
the spectra for conclusive, independent evidence
pertaining to the structure of a given lipid.

Generally, infrared spectra must be interpreted in
the light of other data. The fact that absorption due
to one functional group may be shifted in position
owing to the influence of other groups may make
positive assignment of any particular band to a
particular funectional group difficult. This is par-
ticularly true when a limited amount of information
on lipids is available and interpretations must be
made by analogy to other organic compounds where
possibilities for error are great. More information
on the infrared absorption of well characterized lipids
and eclosely related compounds is required for more
complete interpretations. The value of infrared is
well illustrated by the work reported below on the
lipids of the sea anemone.

The spectra of a number of pure lipids isolated by
column chromatography have been prepared using a
Beckman IR-4 double beam infrared spectrophotom-
eter (sodium chloride optics) equipped with a beam
condenser and micro pellet sample holder. The char-
acteristic spectra of the zwitterion lipids lecithin,
phosphatidyl ethanolamine, and sphingomyelin as
well as the recently isolated ceramide aminoethyl-
phosphonate are shown in Figures 8,9,10, and 39.
Synthetic lipids, particularly the phosphatidyl etha-
nolamines, prepared from saturated fatty acids are
not generally suitable for comparison by the film
or potassium bromide pellet techniques with the
same lipids isolated from tissues. The lipids syn-
thesized with saturated fatty acids give distinctly
different spectra (Fig. 11). The saturated compounds
are solids that have absorption characteristics that
may be related to different ecrystalline forms not
obtained with the unsaturated, natural forms. When
the natural phosphatidyl ethanolamines are hydro-
genated, the spectra resemble the saturated synthetic
products, and when partially hydrogenated an inter-
mediate spectrum is obtained (Fig. 12). The spectra
obtained in this laboratory for the saturated phos-
phatidyl ethanolamines are different in several re-
spects from spectra presented by others (15,16) with
the pellet technique. The spectra obtained from
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Fia. 8. Infrared spectrum of beef brain lecithin isolated
from a silicie acid-silicate-water column and prepared as a 0.19
mm thick KBr pellet containing 1.22% lipid. See text for
comments.

F16. 9. Infrared spectrum of beef brain phosphatidyl etha-
nolamine isolated from a DEAE cellulose column (see text
for details). Sample prepared as a KBr pellet 0.16 mm thick
containing 2.34% lipid. See text for comments.

F1e. 10. Infrared spectrum of brain sphingomyelin isolated
from a silicic acid-silicate-water column and prepared as a
KBr pellet 0.310 mm thick containing 1.36% lipid. See text for
comments,

Fie. 11. Infrared spectrum of synthetic dimyristoylphospha-
tidyl ethanolamine (gift from FErich Baer) prepared as a
0.158 mm thick KBr pellet containing 1.71% lipid. See text for
comments.

Fic. 12, Infrared spectrum of partially hydrogenated phos-
phatidyl ethanolamine. Phosphatidyl ethanolamine of soybean
was isolated from a DEAE column, hydrogenated over a pal-
ladium catalyst, and examined as a KBr pellet. See text for
comments.

phosphatidyl ethanolamine of beef brain, soybean,
beef heart mitochondria, and the sea anemone are
very similar to each other and to the spectrum re-
ported by Baer and Buchnea (17) for dioleylphos-
phatidyl ethanolamine in KBr. The natural phos-
phatidyl ethanolamines isolated from different sources
give spectra that are very similar despite the fact
that they differ in fatty acid composition and that
some contain almost no plasmalogen form (soybean)
while others occur predominantly as the plasmalogen
form (brain).

WAVE LENGTH (MICRONS)

F1g. 13. Infrared spectrum of ceramide prepared by enzy-
matic degradation of sphingomyelin (gift from Michael Srib-
ney) prepared as a 0.316 mm thick KBr pellet containing 1.47%
lipid. See text for comments.

F16. 14. Infrared spectrum of yeast cerebrin. The sample
was eluted from a Florisil eolumn with chloroform/methanol
4/1 and examined as a KBr pellet. See text for comments.

F1a. 15. Infrared spectrum of cerebroside isolated from the
spleen lipids of a patient with Gaucher’s disease. The sample
was eluted from a Florisil column and examined as a KBr
pellet. See text for comments,

F16. 16. Infrared spectrum of beef brain cerebroside isolated
by column ehromatography on magnesium silicate and DEAE
cellulose. The sample was prepared as a 0.170 mm thick KBr
pellet containing 3.47% lipid. See text for comments.

Fig. 17. Infrared spectrum of ceramide after heating with
0.05 N HCI for 6 hrs in a sealed tube at 100C, The sample was
prepared as a 0.138 mm thick KBr pellet containing 4.75%
lipid. Note the strong increase of the ester absorption band
at 5.72 u brought about by acid (compare with Figure 13 be-
fore acid treatment). See text for comments.

The fact that differences in chain length, unsatura-
tion, and the presence of the a,8-unsaturated ether
link of the plasmalogen form do not change the
spectra of naturally oceurring phosphatidyl ethanola-
mines appreciably facilitates infrared comparisons
of this lipid class from different sources. The dif-
erences in spectral characteristics after hydrogena-
tion are useful in comparisons. Natural products can
be hydrogenated and compared to other fully satu-
rated lipids as an aid in characterization.
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F1a. 18. Infrared spectrum of beef brain sulfatide isolated
by a combination of magnesium silicate and DEAE cellulose
column chromatography (see text for details). Sulfatide was
evaporated with an excess of concentrated aqueous ammonia
prior to examination and prepared as a 0.175 mm thick KBr
pellet containing 1.81% lipid. Note the relatively strong
sharp band at 7.10 4 and the shouder at 3.15 u characteristic
of the ammonium salts of acidic lipids not seen in a similar
preparation isolated from a silicie aeid column (ecompare with
Fig. 19). Note also the small absorption at 5.72 x indicating
a trace of glycerol lipid. See text for comments.

F1a. 19. Infrared spectrum of beef brain sulfatide isolated
as described for the preparation in Figure 18 and then passed
through a silicic acid column. Note the absence of the peaks
at 7.10 and 5.15 p characteristic of the ammonium salt (seen
in Fig. 18) and the absence of the ester absorption at 5.72 u
after removal of a trace of glycerol phosphatide present in
the sample in Figure 18. See text for further comments.

F16. 20, Infrared spectrum of the sodium salt of phosphatidyl
inositol isolated from wheat germ (gift from Dr. M. J.
Morelee). Sample prepared as a 0.148 mm thick KBr pellet
containing 1.42% lipid. Compare with Figures 21 and 22 pre-
pared from beef brain phosphatidyl inositol. See text for
further comments.

Infrared examination is useful in distinguishing
the glycerol lipids from sphingolipids. A comparison
of lecithin, phosphatidyl ethanolamine, phosphatidyl
inositol, and phosphatidyl serine (Figs. 8,9,20,25)
with sphingomyelin, ceramide, yeast cerebrin (also
a ceramide), cerebroside, and ceramide aminoethyl-
phosphonate (Figs. 10,13,14,15,39) clearly shows the
presence of a strong band at 5.70-5.75 u_(related to
the absorption of the ester carbonyl group of the
glycerolphosphatides) that is absent from the sphingo-
lipids. Absorption at ca. 6.1 u (amide I band) is
characteristic of sphingolipids, although all glycero-
phosphatides examined have some absorption in this
region, and phosphatidyl serine (Fig. 25) shows a
relatively strong band at 6.1 u. The amide II band
near 6.4 p is fairly strong in the sphingolipids. Ab-
sorption is not seen around 6.4 u with pure lecithin
or phosphatidyl inositol, but some absorption is seen
in this region in the spectrum of phosphatidyl ethan-
olamine and phosphatidyl serine. Since this band
is related to —NH absorption, its presence in the
spectrum of lipids with amino groups as well as
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F16. 21, Infrared spectrum of beef brain phosphatidyl inositol
by a combination of DEAE cellulose and silicic acid column
chromatography. The sample was eluted from silicic acid with
chloroform/methanol 3/2 and then examined as a 0.121 mm
thick KBr pellet containing 1.84% lipid. Note the absence of
a distinet band at 7.1 p characteristic of the ammonium salt
of phosphatidyl inositol. The sample was applied to the column
as the ammonium salt, but was partially converted to the acid
form by silicic acid. Compare with Figure 22 prepared from
the same sample after evaporation with chloroform/methanol/
aqueous ammonia to obtain the ammonium salt. See text for
further comments.

F16. 22. Infrared spectrum of brain phosphatidyl inositol
prepared from the same sample shown in Figure 21 after
evaporation with chloroform/methanol/aqueous ammonia for
conversion to the ammonium salt. It was prepared as a 0.159
mm thick KBr pellet containing 1.89% lipid. Note the strong
bands at 7.10 and 3.15 u that are characteristic of the am-
monium salts of acidic lipids. See text for further comments.

amides and its absence from the spectrum of lecithin
and phosphatidyl inositol is readily understood.

The 5.70-5.75 u absorption of beef brain cerebroside.
Since sphingolipids do not have absorption in the
ester carbonyl region (5.70-5.75 u), we were surprised
to find that column chromatography frequently gave
preparations with some ester absorption. In the case
of sphingomyelin this was related to a small con-
tamination with lecithin. To remove the last traces
of this contaminant it is sometimes necessary to re-
chromatograph the sphingomyelin fraction from a
silicie acid-silicate-water column to free sphingomyelin
of the last traces of lecithin. The small contamina-
tion may be missed by paper chromatography when
it is easily detected by infrared examination. Beef
brain cerebroside isolated by column chromatography
has invariably shown the presence of a small ester
band. This is also seen occasionally in spectra of
sulfatide (Fig. 18). The small 5.75 p absorption of
some sulfatide preparations was readily removed by
rechromatography. It is evidently related to an oec-
casional slight contamination (ca. 1%) of sulfatide
with an uncharacterized acidic phospholipid that
gives a positive ester test (hydroxamic acid). In the
cerebroside fractions the absence of glycerol contain-
ing lipids known to occur in animal tissues was
demonstrated by column, paper, and thin layer chro-
matography. These preparations did not contain
phosphorus and a clear demonstration of glycerol
was not possible. The ester hydroxamic acid test,
however, was positive.

The possibility that the ester absorption of cerebro-
side preparations from beef brain might be related
to changes produced by autoxidation or to an N to
O acyl migration during ecolumn chromatography
was considered. The band at about 5.75 p was still
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observed even when all steps were carefully conducted
under nitrogen indicating that the absorption was
not an artifact of oxidative change related to column
chromatography. The possibility of a significant N
to O acyl migration to produce an ester group during
column chromatography was then excluded by passing
sphingolipids without ester absorption through the
same column chromatographic procedures used for
the isolation of cerebrosides. No significant ester
absorption was introduced and cerebroside was ninhy-
drin negative. A further indication that the N to O
migration was unlikely was obtained by treatment of
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F1e. 23. Infrared spectrum of cardiolipin isolated from beef
heart mitochondria by DEARE cellulose column chromatography
as deseribed in the text. The sample was evaporated directly
from a mixture of echloroform/acetic acid containing am-
moninm acetate and examined as a 0.310 mm thick KBr pellet
containing 1.22% lipid. The preparation was partially in the
free acid from and after evaporation with concentrated aqueous
ammonia some of the absorption characteristics were changed
(see Fig. 24). See text for further comments.

F1g. 24. Infrared spectrum of the same preparation of
cardiolipin shown in Figure 23 after addition of exeess con-
centrated aqueous ammonia to eonvert to the ammonium form.
The increased strength of the absorption at 7.12 and 3.15 u
characteristic of the ammonium salt is evident (ecompare with
TFig. 23). See text for further comments.

Fia. 25. The infrared spectrum of beef brain phosphatidyl
serine isolated from a DEAE cellulose eolumn (eluted with
chloroform/acetic acid 3/1 containing ammonium acetate as
described in the text). The sample was in the ammonium form
and bands at 7.12 and 3.20 u are strong. It was prepared as a
0.15 mm thick KBr pellet containing 1.84% lipid. See text for
additional comments.

Fie. 26. Infrared spectrum of beef brain phosphatidic aeid
isolated first from DEAE cellulose and then from a silicie acid-
silicate-water column (see text for details). Sample prepared
as a 0,162 mm thick KBr pellet containing 1.29% lipid. The
preparation was predominantly in the ammonium form and the
7.10 and 3.15 p absorptions characteristiec of the ammonium
salts of the acidie lipids are relatively strong. See text for
further comments.

12 14

Vor. 40

sphingolipid preparations with aqueous acid. When
ceramide, cerebroside, and sphingomyelin were heated
individually in sealed tubes with 0.05 N HCI for 2-20
hr, only ceramide showed a large inecrease in ester
absorption after 6 hr (Fig. 17). The other lipids
suffered extensive hydrolysis without appreciable in--
crease in ester absorption. It thus appears that more
vigorous conditions than those encountered in chro-
matography are required to produce an N to O acyl
migration.

The data clearly indicated that the ester absorp-
tion was a characteristic of the preparations and not
an artifact. Since keto acids have been shown to
have absorption in this region, it was thought that
the absorption might arise from a keto aecid in the
sphingolipid molecule. This possibility was checked
by passage of brain cerebroside treated with 24-
dinitrophenylhydrazine hydrochloride through a silie-
ic acid column. After elution of excess reagent with
chloroform, cerebroside was eluted with chloroform/
methanol 9/1. No indication of the formation of a
derivative of cerebroside was obtained but a colored
product, possibly a hydrazide, was formed.

Repeated attempts to separate another component
from cerebroside were unsuccessful and the fully
acetylated cerebroside (pyridine-acetic anhydride)
showed only one spot after paper chromatography.
Since only galactose was detected by paper chro-
matography after acid hydrolysis (3 N HCI, 1.5 hr,
100C, sealed tube), it was concluded that the brain
cerebroside was contaminated with a glycerol lipid
containing galactose. Both mono and digalactosyl-
glycerides have been isolated from plants and the
produects of mild alkaline hydrolysis have been placed
on chromatograms. After deacylation of our cerebro-
side preparation with alkali we obtained a spot having
the correet paper chromatographic migration for
galactosylglycerol. In keeping with the findings of
Steim and Benson (18) this suggests the presence
of monogalactosyldiglyeceride.

Infrared absorption of acidic lipids. Acidic lipids
present a special problem since the spectra obtained
will depend upon the form examined. The free acid
and the salt forms give different spectra. Further-
more, ammonium salts have absorption not seen in
the spectra of the sodium or potassium salts.

The spectrum of the sodium salt of phosphatidyl
inositol from wheat germ is shown in Figure 20. The
spectrum from brain phosphatidyl inositol applied
to a siliciec acid column as the ammoninm salt and
eluted with chloroform/methanol 3/2 is shown in
Figure 21 while Figure 22 shows the same prepara-
tion after evaporation with excess ammonia to con-
vert back completely to the ammonium form. It is
evident that absorption in the 3.15 and 7.1u regions
is strong for the ammonium salt. These differences
can be seen when sulfatide as the ammonium salt
(Fig. 18) is compared to sulfatide isolated from a
silicic acid column (Fig. 19). This is illustrated
further by the spectra of the ammonium salts of
cardiolipin (Figs. 23,24), phosphatidyl serine (Fig.
25), and phosphatidiec acid (Fig. 26). Although
there are differences in other regions of the spectra,
these are generally less pronounced than those as-
sociated with absorption of the ammonium ion.

The spectra of acidie lipids prepared in this labora-
tory have been obtained largely from ammonium and
magnesium salts since these are the forms usually
eluted from DEAE and magnesium or ammonium sili-
cate columns. If eluted in the less stable acid form,
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acidie lipids ean be conveniently converted to the am-
monium salts by evaporation with excess ammonia.
(Compare Figs. 21 and 22 showing conversion to the
ammonium salt.) The ammonium or magnesium salts
can be converted to sodium or potassium salts by
passage through a short bed of the sodium or potas-
sium forms of moisture free phosphocellulose.

General interpretations of spectral characteristies
are rather uncertain. An illustration of a typical
difficulty is afforded by absorption in the trans double
bond region (10.3u). Sphingolipids absorb in this
area when the trans double bond of sphingosine is
present, and may not absorb when it is absent as
with yeast cerebrin (Fig. 14). Lecithin without a
trans double bond absorbs at 10.3x and some cere-
broside preparations absorb at 10.2 and 10.4p rather
than 10.3yx (Fig. 15). The disappearance of the
10.3 (or 10.2 and 10.4) absorption after hydrogena-
tion can be used to demonstrate trans double bond
absorption.

Infrared spectroscopy of hydrolysis products of
lipids. Infrared spectroscopy is a valuable supple-
ment to chromatographic techniques for characteriza-
tion of hydrolysis products of lipids. Infrared ex-
aminations can be carried out in several ways. Dif-
ferent hydrolytic conditions can be employed ranging
from mild aeid or alkali to strong acid or alkali for
varying times at different temperatures. Under any
given set of hydrolytic conditions it is possible to
examine all the hydrolysis products together (i.e.
the fatty acids, ete. along with water soluble com-
ponents) or various separations can be carried out
prior to infrared study. Separation of hydrolysates
into lipid and water soluble fractions by solvent
partition prior to infrared examination is a conven-
ient, simple, and rapid procedure and is used as an
aid in characterization in this laboratory.

The essential steps in the method are: 1) hydrolysis
of the sample and, if available, an authentic lipid
for comparison ; 2) separation of the hydrolysis prod-
uets into water soluble and organic solvent soluble
fractions; 3) determination of the weight of water
soluble and organic solvent soluble hydrolysis prod-
ucts (when salt is present, the water soluble portion
cannot be weighed without further purification);
4) preparation of appropriate solutions of the two
fractions for chromatography and infrared examina-
tion; and 5) preparation of a KBr pellet from
weighed amounts of sample and KBr and preparation
of the spectrum.

Control samples for the water soluble and organic
solvent soluble portions of hydrolysates can be pre-
pared from known amounts of aunthentic substances
(glycerophosphate, choline, fatty acids, ete.) rather
than from samples of authentic lipids obtained by
synthesis or isolation. When carefully weighed
amounts of samples and KBr are mixed and pressed
into pellets of the same size, any deviations from the
control sample have both qualitative and quantitative
significance.

The problems encountered in the examination of
hydrolysates of phosphatidyl ethanolamine can be
used to illustrate the method. Both the diacyl and
plasmalogen forms occur in brain and the hexane
soluble products will include a mixture of fatty acids
and fatty aldehydes. Under the hydrolytic condi-
tions described by Rouser et al. (8) both plasmalogen
and diacyl forms give only glycerophosphate and
ethanolamine as the water soluble products. Since
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no trace of ethanolamine-O-phosphate is formed, the
infrared spectrum of the water soluble hydrolysis
products should be that of an equimolar mixture
of glycerophosphate and ethanolamine provided the
same ionic forms are examined in both control and
experimental runs. This can be achieved by running
an authentic sample of phosphatidyl ethanolamine
along with the sample under investigation, or more
simply by mixing glycerophosphate and ethanola-
mine in equimolar amounts and subjecting the mix-
ture to the same conditions as the sample. When
the KBr pellet technique is used with sodium chloride
optics (as in our own studies), the presence of sodium
or potassium chlorides in the samples is of no signifi-
cance for infrared examination. The sodium or
potassium salt of glycerophosphate and ethanolamine
rather than ethanolamine hydrochloride can be used
to prepare the authentic sample used for comparison
with a lipid hydrolysate provided the authentic mix-
ture is treated with HCI1 prior to infrared examina-
tion. If this is not done the standards, due to dif-
ferences in ionic form, will not correspond exactly
to the same substances obtained from acid hydrolysis
of lipids. Differences, attributable to variations in
—~NH absorption, are very marked in the 3.15 and
7.1 p regions of the spectrum.

After mild alkaline hydrolysis, glycerylphosphoryl
ethanolamine is formed from the diacyl form of
phosphatidyl ethanolamine, but only one fatty aeid
is released from the plasmalogen form to give a
lyso compound. Acid and alkaline hydrolysis of
lecithin and phosphatidyl serine show an analogous
behavior. Aecid hydrolysis of phosphatidyl inositol
releases glycerol, inositol, inositol phosphates, and
glycerophosphates, thus the most appropriate stand-
ard is an authentic phosphatidyl inositol sample
hydrolyzed in the same manner. This would be the
best general procedure also with cardiolipin and simi-
lar substances. Acid hydrolysis of sphingomyelin will
give phosphorylchlorine, sphingosine, and fatty acids
as hydrolysis products while cerebroside will give
galactose (and/or glucose depending upon the source),
sphingosine, and fatty acids. An equimolar mixture
of sphingosine and fatty acids gives a characteristic
spectrum as do phosphorylecholine and the hexoses.

Lipid Composition of Beef Liver

The findings with beef liver lipids illustrate the
value of DEAE column chromatography combined
with paper and thin layer chromatography (scheme
one) for recognition of the variety of lipid classes
that may be present in an organ and not be detected
when paper and thin layer chromatography alone
are used. After DEAE column chromatography,
many more lipid classes can be recognized. Several
new lipid classes have been detected in liver and
the presence and approximate amounts of phospha-
tidyl inositol and cardiolipin have been confirmed,
while both phosphatidic acid and lysolecithin that
have been reported to occur in liver were not detected.

Extraction of beef liver. Fresh beef liver was
frozen less than 30 min from the time of death. A
100 g portion was later extracted with 2 liters of
chloroform /methanol 2/1, the solvent removed using
the rotary evaporator, and the lipid dried over KOH.

DEAE column chromatography. Columns 4.5 X
20 em were prepared as described above using 45 g
of DEAE. Samples (750-800 mg) of crude lipid
were applied to the columns in chloroform/methanol
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TABLE II
Lipid Composition of Beef Liver
Solvent Substances qi;{)g&al
(1) C/M 3/1eciciiiriiriccicriniennens Nonionic lipids.
lecithin, sphingomyelin 45.7
(2) C/M 7/8 and CH3OH........ Phosphatidyl
ethanolamine,
uncharacterized
lipid, and water
soluble nonlipids 34.8
(8) C/HACB/Luvvvrcrrcrasicaracernann Uncharacterized 8.7
(4) C/HAc3/1 4
0.05 M NH1AC...cocvvresrrrinnns Cardiolipin,
phosphatidyl serine,
phosphatidyl inositol,
and several minor
uncharacterized lipids® 8.8
(5) HAC.cciivrireriereeneinccncrnennnn Uncharacterized 1.0
(6) O/M 4/1 4 20 ml/liter
cone. ag. ammonia
+ 0.01 M NHaAcC...coveernenenn Uncharacterized 0.6
Total acidic 99.6%
lipida=19.1%
Total nonacidic
lipid=80.5%

* Approximate percentages of components obtained by silicic acid
chromatography are: cardiolipin (plus some related products), 1.4%;
phosphatidyl serine, 0.6%; ‘‘phosphatidyl inositol” (2 closely related
substances), 5.2%.

C = chloroform, M = methanol, HAc = acetic acid, NHiAc = ammo-
nium acetate.

9/1. Three DEAE columns were run. The elution
sequence was chloroform/methanol 9/1, chloroform/
methanol 7/3, methanol, chloroform/acetic acid 3/1,
chloroform/acetic acid 38/1 plus 0.05 or 010 M
ammonium acetate, glacial acetic acid, methanol wash,
and chloroform/methanol 4/1 containing 20 ml of
concentrated aqueous ammonia per liter and 0.01 M
ammonium acetate.

The percentage of lipid eluted with the various
solvents is shown in Table 1II. The chloroform/
methanol 7/3 and methanol eluates are shown as
one fraction since phosphatidyl ethanolamine was
not separated completely from uncharacterized lipid
eluted with both solvents. Water soluble nonlipid
was present also in the methanol eluate. Several
uncharacterized lipid components in the methanol
eluate can be visualized by thin layer chromatography
(Figs. 27,28). The substances are evidently not
acidie since they are eluted with a nonionic solvent
(methanol). The lipid is quite soluble in methanol
and relatively insoluble in chloroform. This accounts
for the failure of chloroform/methanol 9/1 and 7/3
to elute the lipid rapidly from DEAE. The major
component migrates just behind lecithin on paper
chromatograms and just ahead of lecithin on thin
layer chromatograms. This new lipid is a very polar
methanol soluble nonacidic substance. The complete
characterization of this material should be interesting
since it represents several per cent of the total liver
lipid and does not appear to have been encountered
in previous investigations.

The chloroform/acetic acid 3/1 eluate is surpris-
ingly large (8.7% of the total lipid) and several
uncharacterized substances can be seen by thin layer
chromatography (Fig. 27). Fatty acids, bile acids,
vitamin A acid, ete. are eluted with this solvent.
Some bile acid and free fatty acid may be present
in this fraction, but complete separation into individ-
ual components on other columns will be necessary
for complete characterization.

Paper and TLC indicated that the chloroform/
acetic acid/ammonium acetate fraction probably con-
tained cardiolipin and phosphatidyl inositol and the
mixture was fractionated further on a silicic acid
column. Despite some fraction overlap, approximate
values for some of the components were obtained and
are shown below in Table II. We failed to detect
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material with the properties of phosphatidic acid in
disagreement with the reports of Hiibscher (19,20)
although a trace (0.1% or less of the total lipid)
might have escaped detection. Our results agree
with those of Macfarlane (21) who found ecardiolipin
and related produets and suggested that these sub-
stances may have been the products isolated by
Hibscher and Clark (19).

The phosphatidyl inositol fraction isoclated from
the silicie acid column was eluted largely with chloro-
form/methanol 3/2 as expected from the work of
Hanahan et al. (22), but some was found in the
chloroform/methanol 4/1 eluate as well. Phosphatidyl
inogitol from liver had the same column chromato-
graphic characteristics as phosphatidyl inositol from
soybean, wheat germ, and brain. All of the prepara-
tions were similar by paper and TLC and by infrared
spectroscopic examination, although the preparation
from liver showed two spots after paper and thin
layer chromatography. Inositol, inositol phosphate,
glycerophosphate, and glycerol were detected in acid
hydrolysates from the preparations.

Discussion of beef liver results. The present find-
ings are to be compared with the results obtained by
others using silicic acid column chromatography or
thin layer chromatography. In these comparisons
the neutral lipids appearing at the front on DEAE
columns will not be considered, since these were not
studied further. Hanahan et al. (22) fractionated
beef liver lipids on siliciec acid eolumns and recognized
the presence of phosphatidyl ethanolamine, phos-
phatidyl serine, phosphoinositide, leeithin, and sphin-
gomyelin in column eluates. Neither paper nor TLC
was used. Since these investigators washed their total
lipid extracts with water and then precipitated and
washed the lipid with acetone, some differences in
composition from the crude chloroform/methanol ex-
tracts examined in this laboratory can be expected.

Getz et al. (23) studied the lipid composition of
rat liver by silicie acid chromatography in much the
same manner as Hanahan et al. (22). Polar lipid
fractions were reported to contain phosphatidyl etha-
nolamine, phosphatidyl serine, inositol phosphatide,
lecithin, and sphingomyelin. They noted also, as
did Hanahan et al, that an early fraction might
contain cardiolipin (polyglycerolphosphatide).

Nelson (24) studied the lipids of mouse liver by
silicic acid column chromatography and examined
column fractions by TLC with chloroform/methanol
2/1 plus 2% water as solvent and by infrared spec-
troscopy of chloroform or earbon tetrachloride solu-
tions. Aside from neutral lipids, he noted the presence
of phosphatidyl ethanolamine and serine, monophos-
phoinositide, lecithin, lysolecithin and sphingomyelin.

Skipski et al. (25) used one dimensional TLC
with ‘‘neutral’’ and‘‘basic’’ adsorbents developed with
mixtures of chloroform/methanol/acetic acid/water.
Using a general detection reagent they were able to
observe spots attributed to phosphatidyl ethanolamine,
phosphatidyl serine, lecithin, sphingomyelin, and
lysolecithin. Skidmore and Entenman (26) used two
dimensional TLC with two different chloroform/
methanol/ammonia mixtures as solvents to study rat
liver lipids. With a general detection reagent (iodine
vapor) they observed spots in the correct positions
for phosphatidie acid, phosphatidyl ethanolamine and
serine, phosphatidyl inositol, lecithin, sphingomyelin
and lysolecithin.

It is eclear that previous investigators did not
encounter the very large number of lipid components
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observed in the present studies. Previous investigators
observed 5-7 components and occasionally noted the
possible presence of cardiolipin. Our studies dis-
closed some 30 or more polar lipids in beef liver when
all definitely different spots on thin layer chromato-
grams prepared from DEBEAE column fractions are
counted. Some of the lipids appear to be new classes
sinee they are eluted from DEAE columns with
solvents that differentiate them from the known lipids.

There are several reasons for such marked dif-
ferences in lipid composition depending upon the
methods used. First, the use of untreated chloroform/
methanol 2/1 extracts to avoid possible loss of lipid
by water washing or acetone precipitation is im-
portant. Second, the overlap of fractions on silicie
acid columns and spots on thin layer plates (coupled
with the relatively small amount of some of the com-
ponents) can lead to a failure to recognize all of
the components. We observed only a small number
of spots when either one or two dimensional TLC
was carried out on liver lipid extracts in keeping
with this conclusion (Figs. 27,28).

The major advantage of the present procedure over
previous methods lies in the high resolving power
of the DEAE columns. Another distinet advantage
of the present procedure is the use of both paper
and TLC after column chromatography. This ad-
vantage is well illustrated by findings for lysolecithin.
With TLC we observed a spot in approximately the
correct position for lysolecithin in keeping with the
reports of Skipski et al. (25) and Skidmore and
Entenman (26). By paper chromatography in sys-
tems 11,12,15, and 16 (5) the spot was clearly not
lysolecithin. No trace of lysolecithin could be found.
‘We have not been able to obtain a satisfactory spot
for phosphatidie acid by TLC, but paper chromatog-
raphy gives a good, well-defined spot. Paper chro-
matography is also more useful than TLC for dis-
tinguishing phosphatidyl serine from other lipids
while TLC as desceribed above is very wuseful for
recognition of cardiolipin in a lipid mixture. o

The findings with regard to cardiolipin and phos-"
phatidyl inositol deserve further comment. Faure
et al. (27) isolated cardiolipin (polyglycerophospha-
tide) from ox liver and showed it to be similar to
the cardiolipin isolated from beef heart. Macfarlane
(21) also demonstrated the presence of cardiolipin
in ox liver and the percentage found by her (1-2% of
the total phospholipid) is in agreement with the value
of 1.4% of the total lipid found in the present studies.

Hanahan et al: (22) and Faure et al. (27) re-
ported the isolation of phosphatidyl inositol from
beef liver and its presence in liver was confirmed
in the present studies. The chromatographic approach
involving both DEAE cellulose and silicic aeid eolumn
chromatography disclosed, however, a closely related
lipid as a contaminant in the phosphatidyl inositol
fraction.

Lipid Composition of the Sea Anemone

Our interest in the lipid composition of the sea
anemone was first aroused by the work of Bergmann
and Landowne (28) who reported that Anthopleure
elegantissima contained sphingomyelin and a small
amount of choline plasmalogen, but no lecithin, phos-
phatidyl ethanolamine, or other common polar lipids.
We examined a lipid extract of this species by paper
chromatography: no trace of sphingomyelin was de-
tected but a number of neutral lipids (including
sterols and glycerides), and lecithin, phosphatidyl
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ethanolamine, and phosphatidyl serine along with
other polar lipids were detected. These results were
thus exactly the opposite of those reported by Berg-
mann and Landowne. Interest in this problem was
again aroused when Kittredge et al. (29) isolated
free 2-amineothylophosphonic acid from Anthopleaura
elegantisstma and reported that alkali released 2-
aminoethylphosphonic acid from lipid extracts. These
findings suggested that 2-aminoethylphosphonic acid
with a carbon-phosphorus bond was incorporated into
a phospholipid and the problem of sea anemone lipids
was reinvestigated.

The studies of the lipids of the sea anemone illus-
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F1g. 27. Thin layer chromatogram illustrating the composi-
tion of fractions eluted from a DEAE column after application
of beef liver lipid. The: chromatogram was developed with
chloroform/methanol/water (65/25/4, v/v/v) and sprayed with
alkaline Rhodamine 6G reagent. 100 ug of each fraction was
applied as a series of small spots. Spot 1 shows the composi-
tion of the chloroform/methanol 9/1 eluate with neutral lipid
at the solvent front (not clearly distinguished from impurities
migrating to the solvent front) followed by lecithin, sphingo-
myelin, and trace of material migrating in the lysolecithin
region, but not Iysolecithin as shown by paper chromatography.
Spot 2 is from the first portion of the chloroform/methanol 7/3
eluate; behind the major component (phosphatidyl ethanol-
amine) are several minor spots of uncharacterized lipid. The
tailing portion of the chloroform/methanol 7/3 eluate (spot 3)
contained only a trace of phosphatidyl ethanolamine and more
of the uncharacterized lipid. Spot 4 was prepared from the
methanol eluate and showed a large spot of the uncharacterized
component eluted in part with chloroform/methanol 7/3. Spot
5, a series of substances (uncharacterized) was eluted with
chloroform/acetic acid 3/1. Spot 6 is from acidic lipids eluted
with chloroform/acetic acid 3/1 containing 0.1 M ammonium
acetate. The fastest moving component is cardiolipin, A num-
ber of uncharacterized substances are present and one of the
major components is phosphatidyl inositol not clearly dis-
tinguished from other lipids. Spot 7, prepared from the acetic
acid eluate, shows one major component clearly. This was
demonstrated by paper chromatography to be a new, unchar-
acterized lipid. Spot 8, from total beef liver lipid, shows from
above down: phosphatidyl ethanolamine, a new uncharacterized
lipid migrating just ahead of lecithin, leeithin, sphingomyelin
(2 spots overlapping with phosphatidyl inositol), and unchar-
acterized substances. Note the apparent simplicity of liver
lipid before column chromatography. See text for additional
details.

F1a. 28. A thin layer chromatogram (prepared as deseribed in
Figure 27 using chromatographic fractions from the same col-
umn) to indicate the variability of the thin layer chroma-
tographic technique on the same day and to show 2 additional
very minor fraetions. 100 ug of each fraction was applied.
Spot 1 is the chloroform/methanol 9/1 eluate; spot 2, the first
portion of the chloroform/methanol 7/3 eluate; spot 3, the
chloroform/acetic acid 3/1 eluate; spot 4, the chloroform/
acetic acid 3/1 containing 0.1 M ammonium acetate eluate;
spot 5, the glacial acetic acid eluate; spot 6, the chloroform/
methanol 4/1--20 ml/liter coneentrated aqueous ammonia
eluate (a very minor fraction containing only trace of un-
characterized lipid); spot 7, another minor fraction contain-
ing only traces of uncharacterized lipid eluted with ehloroform/
methanol 4/1 containing 20 ml/liter concentrated aqueous am-
monia and 0.05 M ammonium acetate; and spot 8, whole beef
liver lipid. The composition of the fractions is as indicated
for Figure 27. See text for additional information.
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_ TABLE IH speed in a Waring blender. The anemones were

Flution of Anemone Lipid from DEAE diffieult to fragment by this procedure and the float-

Faaction | gorven Lipid Class(es) | VyCighs % Total ing mass in the solvent was removed, cut into small

7- 15 | O/M9/1
16— 19 | O/M9/1
20— 42 | C/M 7/3

Lecithin and
nonionic lipid

5 uncharacterized
components

Phosphatidyl etha-
nolamine and
ceramide amino-
ethylphosphonate

Primarily cer-
amide aminoethyl-
phosphate + some

0.17996 38.3
0.01314 2.8

0.06952 14.8
43— 50 | O/M7/3

phosphatidyl
ethanolamine 0.07167 15.2
51— 65 | C/M 7/38 Uncharacterized
ninhydrin
positive lipid 0.00995 2.1
66— 81 | CHaOH Uncharacterized lipid | 0.02845 6.1
82-101 ! C/HAc 3/1 Pigments 0.00950 2.0
102-128 | C/HAe 3/1 Almost pure phos-
4+ 0.01 M phatidic acid 0.01535 3.3
NHiAec

129-1381 | HAc ‘“Phosphatidyl
serine’’ and un-

characterized lipid 0.04972 10.?
1.

132—148 | HAc Pigments 0.00386
149-183 | C/M 4/1 ‘Phosphatidyl
<+ 10 ml cone. inositol’” and un-
aqueous NHs characterized lipids 0.01310 2.8
per liter

0.46422 99.5%

C = chloroform, M = methanol, HAc = acetic acid, NHiAc == ammo-
nium acetate.

trate several important points. It is clear that the
newer methods of analysis give strikingly different
results from some of the older monchromatographic
methods, and that the newer methods developed
originally for brain lipids can be modified for use
with other samples as previously postulated (6). The
value of DEAE cellulose eolumn chromatography and
paper chromatography as a means for examining a
complex lipid mixture prior to undertaking other
column separations is well illustrated by these studies.
Using column chromatographic methods a new phos-
pholipid was isolated and shown to contain a carbon
to phosphorus bond. This appears to be the first re-
ported instance of the natural oceurrence of a sphin-
golipid with a free amino group and the first isola-
tion of a pure phospholipid with a carbon-phosphorus
bond.

Collection of sea anemone. The sea anemone, Antho-
pleura elegantissima, was collected off the shores of
Ladolla, California by James Kittredge. The anemo-
nes were freed of as much loose extraneous ma-
terial as possible, frozen over dry ice as a cake
approximately 34 in. thick, and stored in the frozen
state (—20C) for approximately 2 months prior to
extraction.

Extraction of lipid. The frozen cakes were partly
thawed, some sea shells and sand removed, and 60 g
(wet weight) was extracted with 1220 ml of chloro-
form/methanol 2/1 by grinding for 5 min at medium

TABLE IV
Recovery of Anemone Lecithin from Silicic Acid
Fraction Wt % o
No. Solvent (mg) Sample Lipid class(es)
1 /M 9/1 32.3 18.9 Nonionic (neutral)
lipids and pigments
2 ¢/M9/1 5.4 3.2 Nonionie (neutral)
lipids and pigments
3 ¢/M9/1 7.5 4.4 Nonionic (neutral)
lipids and pigments
4 C/M9/1 16.2 9.5 Nonionic (neutral)
lipids and pigments
5 C/M9/1 50.0 29.3 Nonionic (neutral)
lipids and pigments
6 /M 9/1 6.1 3.6 Nonionie (neutral)
lipids and pigments
7 CHs0H 52.4 30.7 Lecithin
Total 169.9 99.6

C = chloroform, M = methanol

pieces with a pair of scissors, and reground in the
blender. The solid material was removed by filtration
through a coarse grade sintered glass filter and the
chloroform/methanol extract was evaporated to dry-
ness at about OC in a rotary evaporator as described
above. All of the work was carried out as much
as possible under nitrogen. A highly precise quantita-
tive determination of the total lipid content of the
anemone was not feasible because of the impossibility
of removing all sand and fragments of shells from
the sample. The single chloroform/methanol extract
used shounld contain at least 95% of the total lipid.

The lipid extracted with chloroform/methanol was
spread very evenly over the entire surface of a
2-liter round bottom flask after evaporation on the
rotary evaporator. This very evenly spread material
was then thoroughly dried in a vacuum desiccator
over KOH and extracted with chloroform by swirl-
ing with 5-10 ml portions of chloroform very gently
in the flask with care to be certain that chloroform
wet all parts of the flask and its contents. The
progress of lipid extraction was easily followed by
the disappearance of color from the insoluble residue.
The anemone lipid extract contained a number of
highly colored substances and chloroform was used
in small portions until the insoluble residue was white.
The chloroform solution was filtered through a loose,
prewashed (methanol and chloroform) glass wool
plug to remove a small amount of insoluble matter
dislodged from the side of the flask during extraction,
and the extract was evaporated to dryness under
nitrogen on a vacuum rack as described above. The
lipid was then thoroughly dried over KOH: the
final weight was 0.9399 ¢.

The residue, after extraction with chloroform, was
then extracted with about 25 ml of 10% methanol
in chloroform in order to determine the completeness
of lipid removal. After filtration to remove insoluble

*material and evaporation on the vacuum rack, a

residue weighing 0.1681 g was obtained. This was
examined by paper chromatography and found to
contain only traces of lipid. The chloroform extract
can thus be considered to represent virtually the
entire lipid extractible from the anemones. The total
lipid content of the sample of sea anemone was de-
termined as 1.56% of the fresh weight.

Column chromatographic fractionation. The major
objectives of the present study were to examine the
ninhydrin positive components of the sea anemone
for the possible presence of 2-aminoethylphosphonic
acid as an hydrolysis product, and to check for the
presence of sphingomyelin. Method one involving
DEAE column chromatography followed by paper
chromatographic examination of the fractions was
carried out first and then silicic acid column chro-
matography was chosen for the separation of the
two fractions of major interest into some of the
individual components.

A solution of 0.46655 g of anemone lipid in 6 ml
of chloroform/methanol 9/1 was transferred to the
“just dry’’ top of a DEAR cellulose column (2.5 X
20 em) prepared as described above in chloroform/
methanol 9/1, and the sample was thoroughly washed
into the bed with the same solvent. Ten ml fractions
were eollected at a flow rate of approximately 3
ml/min maintained by turning the Teflon stopeock
at the end of the column to the correct position. The
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first fraction was collected with chloroform/methanol
9/1, and then the following solvents were used:
chloroform/methanol 7/3, methanol, chloroform/gla-
cial acetic acid 3/1, chloroform/glacial acetic acid
3/1 plus 0.01 M ammonium acetate, methanol wash
to remove excess salt (approxamtely 5 column vol-
umes or 350 ml of solvent), glacial acetic acid, another
methanol wash (approximately 5 column volumes)
to remove glacial acetic acid, and finally chloroform/
methanol 4/1 containing 10 ml/liter of concentrated
aqueous ammonia. The progress of the elution in
each case was followed with the simple solids test
using a 1 ml aliquot from each fraction (6) and
solvent changes were made when solids could no
longer be detected. Ninhydrin tests were carried
out with 0.1 ml aliquots of the fractions (6). With
each solvent change a new pigment fraction was
eluted along with other lipid components. Most of
the pigment components were present in minute
amounts, but their intense color made them. easy to
detect during collection of the fractions.

The two fractions of major interest from the
DEAE column were the chloroform/methanol 9/1
eluate that should contain all of the nonionic lipids
as well as lecithin and sphingomyelin, and the frac-
tion eluted with chloroform/methanol 7/3 that should
contain phosphatidyl ethanolamine and any analogue
containing 2-aminoethylphosphonic acid. These two
fractions were subjected to silicic acid column chro-
matography after paper chromatographic examina-
tion disclosed the general nature of the components.
Paper chromatography clearly indicated that lecithin
was the only phospholipid present in the chloroform/
methanol 9/1 eluate and therefore a simple silicic
acid column procedure was feasible.

A 100-g portion of Mallinckrodt silicic acid for
chromatography (100 mesh) was washed with metha-
nol, chloroform/methanol 1/1, and finally chloroform
on a coarse grade sintered glass filter under gentle
suction from a water pump, and enough of the silicie
acid slurry in chloroform was passed into a 2.5 X 40
em chromatography tube equipped with a Telflon
stopecock to give a column height of 20 em. A solu-
tion of 0.17086 g of the chloroform/methanol 9/1
eluate from the DEAE column was applied to the
siliciec acid column in echloroform and the sample was
washed in thoroughly with chloroform. Approximately
35 ml of chloroform (1 column volume about 70 ml)
was passed through the column. It became apparent
that some of the pigment would be eluted very slowly
with chloroform and 10% methanol in chloroform
was applied to the column. This solvent brought the
pigments off very rapidly and a rather crude frac-
tionation on the basis of different colored pigments
was made to give six pigment fractions (all eluted
with chloroform/methanol 9/1). TLecithin plus a
trace of other pigments was then eluted from the
column with methanol. The elution was earried out
until the solids test was negative with a 1-ml aliquot.
Fractions (10 ml) were collected at a flow rate of
approximately 3 ml/min maintained by application
of slight nitrogen pressure.

The ninhydrin positive material eluted with chloro-
form/methanol 7/3 from DEAE was applied to the
same silicic acid column used for the fractionation
just deseribed. The silicic acid bed was first washed
with three volumes of methanol and methanol was
replaced by chloroform/methanol 9/1. Washing was
carried out under enough nitrogen pressure to give
a flow rate of approximately 10 ml/min. The sample
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TABLE V
Sea Anemone Ninhydrin Positive Components Separated on Silicic Acid
Fraction Wt ing
(No.) Solvent (mg) % Sample Lipid class(es)
i—- 5 C/M9/1 0 0 None
6 32 C/M9/1 and 32.2 28.8 Uncharsacterized
85/15
33- 62 C/M 85/15 35.9 32.1 Phosphatidyl
ethanolamine
63— 72 C/M 85/15 3.1 2.7 Phosphatidyl
ethanolamine
73— 78 C/M85/15 0 0] No lipid
79-100 C/M 85/15 34.3 30.6 Ceramide amino-
ethylphosphonate
Bulk CHs0H 5.9 5.2 Uncharacterized
(200 ml) —_— -
Total 1114 99.4

C = chloroform, M = methanol

weighing 0.1120 g dissolved in 10 ml of chloroform/
methanol 9/1 was applied to the top of the silicic
acid column and the sample washed in with the same
solvent. Fractions (10 ml) were collected in glass
stoppered tubes at the rate of 3 ml/min. The first
22 fractions were collected using 10% methanol in
chloroform as eluting solvent, and then 15% methanol
in chloroform was applied to the top of the column
and 88 more fractions collected. Finally methanol
was added and a 200 ml bulk fraction was collected.

Two.completely separated major ninhydrin positive
fractions were eluted from the silicic acid column.
There were six tubes between the two major fractions
that did not contain lipid so that the separation was

~complete. Two other fractions, one eluted rapidly

ahead of the ninhydrin positive material and one
cleared from the column with methanol, were not ex-
amined in detail.

Table IIT shows the amount of material eluted with
each solvent from the DEAE column run. Total
recovery was satisfactory. Table IV shows the re-
sults of the fractionation on silicic acid of the chloro-
form/methanol 9/1 eluate from the DEAR column,
again with satisfactory recovery of the sample applied.
Table V shows the results obtained by silicic acid
column fractionation of the ninhydrin positive frac-
tion from the DEAE column (recovery also quite
satisfactory). Table VI summarizes the data obtained
from the three runs giving the percentages of the
various fractions and the probable constituents.

Three substances were isolated in pure form as
shown by paper chromatography and infrared spec-

TABLE VI
Composition of Sea Anemone Lipid
Lipids Percent
1) Total nonionic lipid (including pigments,
sterols, and glycerides) ....cuicrierceniniieninininnene 24.2
2)  LeCHNIN ceiiieriiiriinirreerseeneiieariisiicosiessesasiesssssssraesnane 14.4

3) 5 uncharacterized components (eluted from

DEAE between lecithin and phosphatidyl

ethanolamine) .......cccccviiniinimiiiiiiin 2.8
4) Uncharacterized (eluted from DEAE with

phosphatidyl ethanolamine, but eluted

from silicie acid before phosphatidyl

ethanolamine) ......ccccciviiiciiimiinncnireinee e
5) Phosphatidyl ethanolamine .........
6) Ceramide aminoethylphosphonate
7) Uncharacterized (eluted from DEAE with

phosphatidyl ethanolamine and from

silicic acid with methanol) ....c..ceccciiimmiiniicciiccnes 1.6
8) One uncharacterized ninhydrin positive

component eluted after (6) from DEAE

With C/M T/3 ciiiieireirinenreicriiirirnrereessssssinnennessenias 2.1
9) Uncharacterized (eluted from DEAE with

Methanol) .eecivvniiiiiiiiiiiiiiicniiiniiiensnerecenn . 6.1
10) Pigment eluted from DEAE with C/HAe 3/1........ 2.0
11) Eluted from DEAE with C/HAc/salt,

presumably phosphatidic acid .......coeeorviiieiiiee.. 3.3

12) Lipid eluted from DEAE with HAc
(“‘phosphatidyl serine” and uncharacterized

LPIAS)  corviiiiirmerrereeiiiiiiireessssssiaternesesessossensressessnnnns 10.6
13) “Phosphatidyl inositol’’ and uncharacterized
lipids (eluted from DEAE with C/M/NHzs) ........ 2.8
98.6%

C = chloroform, M = methanol, HAc¢ = acetic acid
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F1c. 29. Paper chromatogram showing the composition of some fractions eluted from a DEAE cellulose column after appplication
of sea anemone lipid. The chromatogram was developed with chloroform/acetone/acetic acid/water mixture (system 15, ref. 5)
and dipped in Rhodamine 6G reagent (100 ug each fraction spotted). Spot 1 is from a chloroform/methanol 9/1 eluate that con-
tained nonioniec (neutral) lipids at the solvent front and lecithin as the only phospholipid ecomponent (sphingomyelin entirely ab-
sent). Spot 2, a very minor fraction eluted with additional chloroform/methanol 9/1, contained largely uncharacterized lipids.
Spot 3, the first portion of the chloroform/methanol 7/3 eluate, contained from above downward: phosphatidyl ethanolamine,
ceramide aminoethylphosphonate and unchavacterized material at the origin. Spot 4, from the second portion of the chloroform/
methanol 7/3 eluate, shows enrichment with respect to eeramide aminoethylphosphonate and the presence of an additional eompo-
nent migrating just behind ceramide aminoethylphosphonate. Spot 5, from the final portion of the chloroform/methanol 7/3
cluate, shows only very small amounts of phosphatidyl ethanolamine and ceramide aminoethylphosphonate and more of the minor
uncharacterized ninhydrin positive lipid eluted partially in the previous fraction. Spot 6, from total anemone lipid, shows the major
components from above down: neutral (nonionie) lipid at the solvent front followed by phosphatidyl ethanolamine, phosphatidyl
serine, ceramide aminethylphosphonate, and lecithin. Many of the minor components are not seen in the erude lipid mixture. Some
migrate with the major components while others are below the limit of detectibility.

F1e. 30. The same fractions from the DEAE column deseribed in the legend for Figure 29, but the chromatogram was devel-
oped with chloroform/methanol/aqueous ammonia (system 12, ref. 5). Note the uncharacterized component in spots 2 and 3 that
migrates just off the origin.

Fie. 31. Paper chromatogram developed with 5% ether in hexane on acidic silicie acid paper (system 3, ref. 5) to show some
of the neutral lipid components of the sea anemone. The fractions were eluted with chloroform/methanol 9/1 from a silicie acid
column (see text). The sample was the chloroform/methanol 9/1 eluate from a DEAE column. No attempt was made to get clean
separations of neutral lipids (an arbitrary series of cuts based on different pigment colors was made) since the column was used
for the isolation of pure lecithin (see Figs. 33 and 34). 50 ug of each of six consecutive neutral lipid fractions was applied. Spot
1 shows components in the correet position for sterol esters and glycerides with some uncharacterized material, spot 2 contained the
same substances as spot 1 plus a small amount of free sterol and much more polar components migrating in the mono and diglye-
eride regions, while spots 3, 4, 5, and 6 showed primarily sterol and substances not migrating from the origin. Spot 7 was prepared
from 20 ug each of (from above downward) cholesterol palmitate, beef spleen triglyceride, oleic acid, and cholesterol. See text for
additional comments.

Fig. 32. Paper chromatogram developed with 60% ether in hexane from the same fractions deseribed in the legend for Figure
31. This chromatogram shows the migration of pigmented substances that give dark purple spots on chromatograms. The controls
at the far right (10 ug each) are di and monoglycerides. The pigments of the sea anemone can be separated into a number of spots
with system 7 (5).

Fre. 33. A glass fiber impregnated paper chromatogram developed with chloroform/acetone/acetic acid/water mixture (solvent
15, ref. 5) to be compared with Figure 34 using the same solvent system but impregnated cellulose paper. Spots 1, 2, and 3 show the
pure lipid fractions isolated by column chromatography from sea anemone lipid (see text) and their migration with respect to total
anemone and brain lipids. Spot 1 was from 50 ug of lecithin, spot 2 from 100 ug phosphatidyl ethanolamine, and spot 3 from 50
ng of ceramide aminoethylphosphonate. Spot 4, from 100 ug of erude anemone lipid, clearly shows the three major eomponents that
were isolated in pure form. Spot 5 prepared from 100 ug of the echloroform/methanol 9/1 extract of a residue left after ehloroform
extraction of the erude anemone lipid (see text) to illustrate the absence of lipids in the residue. Spot 6, from 80 ug of beef brain
lipid, shows from above downward cholesterol, cerebroside plus phosphatidy! ethanolamine, a very faint spot of cerebroside contain-
ing hydroxy fatty acid, phosphatidyl serine, lecithin, sphingomyelin, and phosphatidyl inositol plus sulfatide. The purity of the
main lipid components of the anemone is clearly shown by this paper chromatogram.

F1g. 34. Paper chromatogram developed with the same solvent mixture deseribed for Figure 33 but using cellulose impregnated
paper rather than glass fiber impregnated paper. Fractions are as indicated in the legend for Fig. 33. The purity of the three
main lipid fraetions isolated by column chromatography (spots 1, 2, and 3) is again indieated by this chromatogram, Note the very ‘
minor component migrating just behind eceramide aminoethylphosphonate (spot 3). See text for further comments.
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troscopy. These three substances represented 34.3%
of the total lipid. The other fractions were mixtures
and were not further separated in the present study,
although paper chromatographic examinations were
carried out to indicate the degree of complexity of
the fractions. The only other fraction that appeared
to be essertially one substance was the chloroform/
acetic acid/salt eluate from the DEAE column (3.3%
of the total lipid) that is apparently phosphatidie
acid. The fact that the lipid was eluted with the
proper solvent from DEAE columns and migrated
as phosphatidic acid in different paper chromato-
graphic systems indicates with a high degree of cer-
tainty that the substance is in fact phosphatidic acid
(trace amounts of other lipid materials were detec-
tible on the paper chromatograms).

Paper chromatography of anemone lipid. Some of
the paper chromatographic data with the column frae-
tions are shown in Figures 29-36 and the legends
for the figures explain the composition of the fractions
from the columns. The purity of the lecithin, phos-
phatidyl ethanolamine, and ceramide aminoethylphos-
phonate is shown in Figures 33 and 34. Figures 35
and 36 prepared from chromatograms sprayed with
ninhydrin reagent show clearly that there are four
ninhydrin positive components in the original anemo-
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Fia. 35. Paper chromatogram prepared as described in the
legend for Figure 29 but sprayed with ninhydrin to show the
number of ninhydrin positive components in erude sea anemone
lipid and in fraetions from DEAE columns. Spots 1 and 2
eluted with chloroform/methanol 9/1 did not eontain ninhydrin
positive substances, but spot 3 showed clearly phosphatidyl
ethanolamine above and ceramide aminoethylphosphonate below.
Spot 4 was enriched with respect to ceramide aminoethylphos-
phonate and showed the presence of a small amount of another
ninhydrin positive component in this intermediate fraetionm,
spot 5 was greatly enriched with respeet to the minor component
migrating just behind ceramide aminoethylphosphonate and
eluted somewhat less readily from DEAE with chloroform/meth-
anol 7/3. The 6th spot, from crude sea anemone lipid, showed
from above downward phosphatidyl ethanolamine, ceramide
aminoethylphosphonate, an almost undetectible trace of a very
minor component and phosphatidyl serine.

Fie. 36. Paper chromatogram prepared with system 15 (see
ref. 5) using chloroform/acetone/acetic acid/water as solvent
and’ sprayed with ninhydrin reagent after development. Spot 1
shows phosphatidyl ethanolamine and phosphatidyl serine in
total beef brain lipid and free amino acids at the origin. Spot
2 shows the first portion of the chloroform/methanol 7/3 eluate
from DEAE contaoining phosphatidyl ethanolamine and cera-
mide aminoethylphosphonate, and spot 3 shows the presence of
a somewhat more polar minor component eluted in the middle
portion of the ehloroform/methanol 7/3 eluate. Spot 4, from
the chloroform extraet of anemone lipids, shows from above
downward: phosphatidyl ethanolamine, phosphatidyl serine, cer-
amide aminoethylphosphonate, a small amount of uncharacter-
ized ninhydrin positive lipid, and free amino acids (at the
origin). Spot 5 shows the chloroform/methanol 9/1 extract of
the residue left after chloroform reextraction. It is apparent
that essentially no ninhydrin positive lipid is present in this
extract (free amino acids present at the origin). Cdmpare the
results with the chromatograms stained with Rhodamine 6G
shown in Figures 29 and 34.
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ne lipid extract. One of these was recovered in pure
form and shown to be phosphatidyl ethanolamine.
The second, also isolated in pure form, is the new
ninhydrin positive sphingolipid; the third substance
is a minor component that is still uncharacterized,
and the fourth appears to be phosphatidyl serine.

Infrared spectra of anemone lipids. Figures 37,38,
and 39 show the infrared spectra from the pure leci-
thin, phosphatidyl ethanolamine, and the new lipid.
Lecithin isolated from the sea anemone gives a spec-
trum almost identical to that obtained from brain
lecithin (compare Figs. 8 and 37). Similarly, phos-
phatidyl ethanolamine from the anemone gives a
spectrum similar to the phosphatidyl ethanolamine
isolated from beef brain (compare Figs. 9 and 38),
but distinetly different from the spectrum of syn-
thetic dimyristoylphosphatidyl ethanolamine (Fig.
11). Lecithin and phosphatidyl ethanolamine from
the anemone were strongly Feulgen positive indicat-
ing a very large amount of the plasmalogen form of
each of these lipids. This indication was borne out
by the demonstration of fatty aldehydes by paper
chromatography of the hexane soluble portion of acid
hydrolysates of both preparations.

The spectrum prepared from the new ninhydrin
positive lipid is clearly not that of a glycerol phos-
phatide since the characteristic ester band at 5.70-
575 u is not present. Instead, absorption character-
istic of amide linked fatty acid is present.

The column and paper chromatographic behavior
as well as the infrared spectra indicated that lecithin
and phosphatidyl ethanolamine isolated from the sea
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Fie. 37. Infrared spectrum of pure lecithin isolated from
sea anemone lipid by column chromatography (see text). The

spectrum was obtained as a film on a silver chloride plate.
Compare with the spectrum of beef brain lecithin (Fig. 8).
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F1a. 38. Infrared speetrum of phosphatidyl ethanolamine
igsolated from the sea anemone (sce text). The spectrum was
obtained from a KBr pellet containing 1.49% lipid. Compare
with the speetrum of brain phosphatidyl ethanolamine (Fig. 9).

Fie. 39. Infrared spectrum of ceramide aminoethylphospho-
nate isolated as described in the text and examined as a KBr
pellet containing 1.50% lipid. Note the absence of the typieal
ester band at 5.70-5.75 x and the presence of typical amide
bands at 6.06 and 6.45 u. Absorption at 10.37 u is related in
part to the trans double bond of sphingosine and allied sub-
stances (Figs. 42 and 43).
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F1g. 40. Chromatogram run on Whatman 3 MM paper de-
veloped with butanol/acetic acid/water (4/1/5, v/v/v, upper
layer) and sprayed with ninhydrin. Spot 1 is from 60 ug of
phosphatidyl ethanolamine and spot 2 from 60 ug of cera-
mide aminoethylphosphonate from the sea anemone prior to
hydrolysis. The lipids are at the solvent front and ethanolamine
and 2-aminoethylphosphonic acid are absent before hydrolysis.
Spot 3 shows the ethanolamine present in 15 ug of water soluble
hydrolysis products from phosphatidyl ethanolamine of the
anemone. Spot 4, from 20 ug of water soluble hydrolysis prod-
ucts of ceramide aminoethylphosphonate, shows 2-aminoethyl-
phosphonic acid as the major spot. It also shows minor ecom-
ponents migrating with higher Rt values (see text for details)
and a trace of ethanolamine. Spot 5 is from 20 ug of water
soluble hydrolysis products from synthetic phosphatidyl ethanol-
amine with a single spot from ethanolamine.

anemone were similar to the lecithin and phosphatidyl
ethanolamine of beef brain with the exception that the
lecithin fraction from beef brain is virtually devoid
of plasmalogen while the lecithin from the anemone
is rich in the plasmalogen form.

A good deal of information was available at this
stage with regard to the composition of the new
ninhydrin positive lipid. It was evident that it had
the same proportion of ionic groups as phosphatidyl
ethanolamine (from DEAE and silicic acid chro-
matography). One of these groups was evidently the
—NHj; group (ninhydrin positive). The ion exchange
behavior of zwitterion lipids of this type has been
discussed previously (6). No definite indication of
a carbon-phosphorus bond was obtained by these
preliminary examinations. It was evident, however,
that the new lipid was not a glycerol containing
compound, but rathér that fatty acid was amide
linked. This finding aided considerably in setting
up the hydrolysis conditions for the new lipid.

Hydrolysis of anemone lipids. The three pure
lipid fractions from the anemone and a control sample
of synthetic dipalmitoylphosphatidyl ethanolamine
were then hydrolyzed with acid. In each case a
known amount of lipid was transferred to a Pyrex
glass tube in chloroform/methanol 2/1, the solvent
evaporated under a current of pure nitrogen, 3 ml
of 2 N HCl added, nitrogen blown into the tube to
replace any air, and the tube sealed. Hydrolysis
was then carried out at 100C for the desired time.
The tubes were cooled, opened, and redistilled n-
hexane added in 3-ml portions and mixed vigorously
with the tube contents until no more lipid floating
over the aqueous HCl or sticking to the sides of the
tubes was apparent. This required three extractions
in each case with 3 ml of n-hexane. (Pure sphingo-
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sine hydrochloride or phytosphingosine hydrochlo-
ride are not very soluble in hexane, but the lipid por-
tion from the aqueous acid hydrolysates of sphingo-
lipids dissolves in this solvent. Apparently the pres-
ence of fatty acid along with the sphingosine and
similar substances facilitates the extraction.) In the
case of the new ninhydrin positive lipid from the
anemone it was necessary to shake the hexane with
the lipid floating on the aqueous acid phase for
several minutes to effect solution. The hexane ex-
tracts were then evaporated to dryness under nitro-
gen and weighed. The aqueous acid portion of each
hydrolysate was evaporated to dryness under a stream
of nitrogen on a vacuum rack, treated with 3-5 ml
of water, frozen, and lyophilized to remove the last
traces of HCl. The samples were dried over KOH,
weighed, and water and chloroform/methanol 2/1
used to prepare solutions of known concentrations
for the aqueous and lipid phases respectively.

Phosphatidyl ethanolamine from the anemone was
hydrolyzed using 12.05 mg of sample and a 4-hr
hydrolysis period. After hydrolysis 6.08 mg of hexane
soluble and 6.28 mg of water soluble material were
recovered. The hydrolysis of synthetic dipalmitoyl-
phosphatidyl ethanolamine was carried out wusing
14.60 mg of lipid heated for 6 hr to give 10.31 mg
of hexane soluble and 7.85 mg of water soluble ma-
terial. The new lipid was hydrolyzed using 11.98 mg
of material heated for 21 hr to give 8.14 mg of hexane
soluble and 5.91 mg of water soluble material.

Synthetic phosphatidyl ethanolamine gave 53.6%
and anemone phosphatidyl ethanolamine 53.0% of
the starting weight of the sample as water solu-
ble material. (Total recovery after acid hydrolysis
is invariably above 100%. It is higher than ex-
pected from simple hydrolysis equations since the
amount of water retained by hydrolysis products
is greater than that retained by the lipid.) The
close correspondence of the percentage recoveries
in the water soluble and hexane soluble portions
of the hydrolysates from synthetic phosphatidyl etha-
nolamine and that isolated from the anemone is
strong indication of the presence of only phos-
phatidyl ethanolamine of the type normally found
in mammalian tissues. This was further confirmed
by paper chromatography on Whatman 3 MM paper
using butanol/acetic acid/water (4/1/5, v/v/v, upper
phase) as solvent. The chromatogram was sprayed
with ninhydrin and as shown in Figure 40 the anemo-
ne phosphatidyl ethanolamine prior to hydrolysis did
not contain the substances released on hydrolysis.
After hydrolysis, both the anemone and synthetic
phosphatidyl ethanolamines gave a typical spot for
ethanolamine. It is thus apparent that no 2-amino-
ethylphosphonic acid was obtained from the phos-
phatidyl ethanolamine fraction of the anemone since
this substance migrates well behind ethanolamine.
Kittredge et al. (29) established that 2-aminoethyl-
phosphonic acid is stable to strong HC1 and it would
not be hydrolyzed under the conditions used. Hy-
drolysis of a phosphonic acid analogue of phosphatidyl
ethanolamine should have released 2-aminoethylphos-
phonic acid.

Paper chromatography of the mnew sphingolipid
aqueous hydrolysis products showed (Fig. 40) that,
while the original substance before hydrolysis did
not contain material migrating on paper chromato-
grams in the ethanolamine or 2-aminoethylphosphonic
acid regions, after hydrolysis the major spot in the
water soluble portion of the hydrolysate migrated
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like 2-aminoethylphosphonic aecid. Light spots for
ethanolamine and some lipid components (with higher
R+ values) not removed completely from the water
soluble hydrolysis products can be seen. The solution
of water soluble hydrolysis products frothed when
shaken, although it was entirely clear. Evidence for
the presence of a small amount of lipid in the aqueous
fraction was obtained by paper chromatography with
lipid solvents.

The hexane soluble portion from the new sphingo-
lipid was strongly ninhydrin positive and when ex-
amined by paper chromatography using the alkaline
paper systems with chloroform/methanol 98/2 and
95/5 (systems 20 and 21, Table I) showed the pres-
ence of components migrating in the general regions
of sphingosine and phytosphingosine (Figs. 4142).
The migration of phytosphingosine anhydro base,
phytopshingosine, the hydrolysis products from the
anemone sphingolipid, sphingosine isolated from beef
brain, a mixture of sphingosine and dihydrosphingo-
sine, and a preparation of O-methyl sphingosine con-
taining a small amount of sphingosine are all shown
in Figures 41 and 42. It is to be noted that most of
the preparations showed more than one spot. The
major spots in each case are the eompounds listed.

It is apparent from the chromatograms that an
additional hydroxyl group on phytosphingosine as
compared to sphingosine produces a marked decrease
in paper chromatographic migration, and further
that the loss of an hydroxyl group from sphingosine
as in the formation of O-methyl sphingosine produces
a similar large increase in migration. The light spots
between these various major components indicate that
substances of different chain length and/or degree
of unsaturation are present in the samples. It is
expected that an increase in chain length and/or
an increase in unsaturation should increase mi-
gration while a decrease in chain length or un-
saturation should decrease migration. In the ecase
of hydrolysates from sphingolipids it is expected
that the natural erythro forms would have been
converted in part to the corresponding threo forms.
Examination of erythro and theo sphingosines has
shown these to be readily separable in both solvent
systems (Figs. 41,42). The paper chromatographie
examinations demonstrate the presence of erythro
and threo sphingosines as well as some erythro and
threo phytosphingosines along with related compounds
of different chain length and/or unsaturation. These
substances are all ninhydrin positive.

Infrared examination of hydrolysis products of
anemone lipids. A complete identification of 2-amino-
ethylphosphonic acid as an hydrolysis product of the
new sphingolipid of the anemone was not possible
with paper chromatography alone since 2-aminoethyl-
phosphonic acid is not separated from ethanolamine-
O-phosphate with the systems employed (29). Al-
though the two substances can be distinguished by
differences in chemical properties (29), we desired a
more rapid and still unequivocal method applicable
to very small amounts of material. Infrared examina-
tion was found suitable for this purpose. The general
nature of this method is described above.

In the case of phosphatidyl ethanolamine from the
sea anemone, the problem was to distinguish by infra-
red examination between the production of 2-amino-
ethylphosphonic acid and an equimolar mixture of
glycerophosphate and ethanolamine. Although glye-
erol should be released from a phosphonie acid anal-
ogue of phosphatidyl ethanolamine under the hydro-
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F1g. 41. Paper chromatogram developed with system 20 of
Table I and stained with Rhodamine 6G reagent. Spot 1 was
prepared from 25 ug of phytosphingosine anhydro base (gift
from Paul O’Connell) and shows a single very bright spot with
a number of other components migrating closer to the solvent
front. Spot 2, prepared from 25 ug of phytosphingosine (gift
from Paul O’Connell), shows again minor components migrating
ahead of the main component, phytosphingosine, which migrates
just off the origin and appears as a very bright spot. Spot 3
is from 100 ug of the hexane soluble portion of an acid hydroly-
sate of eceramide aminoethylphosphonate isolated from the sea
anemone. A number of minor components are shown migrating
throughout the body of the ehromatogram; also shown are spots
in the eorrect positions for sphingosine, dihydrosphingosine,
and fatty acids (the bright spot at the origin). Spot 4, from
25 ug of a sphingosine preparation, shows principally a single
large spot due to sphingosine. Spot 5 is from 25 ug of a prepa-
ration enriched with dihydrosphingosine but also econtains
sphingosine. Dihydrosphingosine migrates just behind sphingo-
sine and overlaps slightly with it. Spot 6 is from 25 ug of a
preparation enriched in O-methylsphingosine but contains a
small amount of sphingosine (the minor slower-migrating com-
ponent) and substances related to O-methylsphingosine migrat-
ing ahead of O-methylsphingosine.

Fi1e. 42, Paper chromatogram prepared using system 21 of
Table I and spotted with the same preparations in the same
order and amount as described in the legend for Figure 41.
In this solvent system all of the lipids have somewhat greater
R« values.
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lytic conditions employed, glycerol would be lost
during preparation of the sample and only 2-amino-
ethylphosphonic acid should be present. When the
water soluble acid hydrolysis products from the
phosphatidyl ethanolamine of the sea anemone were
compared to those obtained from brain phosphatidyl
ethanolamine and synthetic dipalmitoylphosphatidyl
ethanolamine (or an equimolar mixture of glycero-
phosphate and ethanolamine treated in the same way)
essentially identical spectra were obtained. A typical
spectrum is shown in Figure 46 and can be compared
to Figure 43 prepared from glycerophosphate and
ethanolamine. Unless the standards are exposed to
exactly the same conditions as the samples to insure
the presence of similar ionic forms, water of hydra-
tion, and amounts of ethanolamine the spectra will
not be identical, although the nature of the hydrolysis
products can still be determined in some cases. The
spectral data were in agreement with chromatographic
data and gave an independent unequivocal answer:
the phosphatidyl ethanolamine of the anemone did
not contain a phosphonic acid group.

In the case of the new sphingolipid, either ethanola-
mine-O-phosphate or 2-aminoethylphosphonate, sphin-
gosine (or similar bases) and fatty acids were expected
after hydrolysis. The infrared spectrum of the hexane
soluble products after hydrolysis matched well with
spectra obtained from sphingosine hydrochloride and
fatty acids treated in the same way. The infrared
spectrum of the water soluble hydrolysis product
was clearly that of 2-aminoethylphosphonic aeid and
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Fie. 43. Infrared spectrum obtained from an equimolar mix-
ture of ethanolamine and sodium B-glycerophosphate dissolved
in 2 N HCI and lyophilized before mixing with KBr to make
a pellet 0.137 mm thick containing 2.21% sample. This mixture
serves as a reasonably adequate control for the water soluble
portion of a phosphatidyl ethanolamine acid hydrolysate. Com-
pare with Figure 46.

Fi¢. 44. Infrared spectrum of 2- aminoethylphosphonic aeid
isolated from the sea anemone by James Kittredge and re-
produced from Kittredge et al. (29) for comparison with Figure
47 obtained from an aeid hydrolysate of ceramide aminoethyl-
phosphonate isolated from the sea anemone as described in the
text.

not ethanolamine-O-phosphate (compare Figs. 44,45,
and 47).

Structure and significance of the new sphingolipid
of the anemone. From the data presented above, the
structure of the new lipid can be formulated as:

HH H OHH )
RCC COPCCNH
OHNHH e)HH

RZ—C—O

CERAMIDE AMINOETHYLPHOSPHONATE

where R; represents the carbon chain of sphingosine,
phytosphingosine, ete. and R. represents the hydro-
carbon chains of fatty acids. The rather descriptive
name, ceramide aminoethylphosphonate, seems appro-
priate. The placement of the 2-aminoethylphospho-
nate group on the primary hydroxyl group is by
analogy to other sphingolipids, although no direct
data have been obtained on this point. The presence
of a free amino group is certain and 2-aminoethyl-
phosphonate has been positively identified as an hy-
drolysis product. A mixture of fatty acid and long
chain bases has also been demonstrated.

The biological significance of ceramide aminoethyl-
phosphonate is not known but it is evident that this
ninhydrin positive sphingolipid completely replaces
sphingomyelin which is so widely encountered in
animal tissues. This conclusion is in direct contrast
to the findings of Bergmann and Landowne who re-
ported sphingomyelin as the major lipid of this
same species. Our data are, however, clear and un-
ambiguous: no sphingomyelin was present and other
lipids were found. No trace of ceramide or cerebro-
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F1a. 45. Infrared spectrum of ethanolamine-O-phosphate pre-
pared as a 0.137 mm thick KBr pellet containing 1.44% sam-
ple. This speetrum is clearly differentiated from that of
2-aminoethylphosphonic acid (Fig. 44) and from the water
soluble aeid hydrolysis product of ceramide aminoethylphos-
phonate (Fig. 47). See text for further comments.

F1g. 46. Infrared spectrum obtained from the water soluble
portion of a 3 N HC! hydrolysate of synthetic dipalmitoylphos-
phatidyl ethanolamine as described in the text. The spectrum
was prepared from a KBr pellet eontaining 1.55% sample. Note
the similarity to an equimolar mixture of ethanolamine and
glycerophosphate (Fig. 43). An almost identical spectrum
was obtained from the water soluble hydrolysis products of sea
anemone phosphatidyl ethanolamine.

Fia. 47. Infrared spectrum obtained from water soluble HCI
hydrolysis products of ceramide aminoethylphosphonate as de-
seribed in the text. The spectrum was prepared from a KBr
pellet containing 1.50% sample. The marked similarity of this
spectrum to that of 2-aminoethylphosphonic acid (Fig. 44) is
evident. The major difference between the two spectra is the
strong band at 7.18 x in the hydrolysate of ceramide amino-
ethylphosphonate related to —NH absorption from HCl treat-
ment. This band is very minor in the 2-aminoethylphosphonic
spectrum shown in Figure 44 since the preparation was not
treated with HCl prior to preparation of the spectrum. Other
minor differences in the two spectra are also related to the fact
that 2 slightly different ionic forms were used for the prepa-
ration of the spectra. The fact that 2-aminoethylphosphonic
acid ean be clearly identified even when the reference substance
has not been treated in exactly the same manner as the sample
is quite clear. The spectrum is entirely different from that of
ethanolamine-O-phosphate (Fig. 45). See text for further
comments.

side was seen in the anemone lipid mixture.

The finding of Kittredge et al. (29) that 2-amino-
ethylphosphonic acid is present in hydrolysates of
anemone lipid is confirmed and the lipid has been
isolated and characterized.

The studies of Rajogopal and Sohonie (30) on the
anemone Gyrostoma sp. were carried out with non-
chromatographic methods. It is not surprising then
that their results differ from ours. We did not detect
cerebroside or sphingomyelin reported by these in-
vestigators as components of their anemone lipid
extracts. Rapport and Alonzo (31) reported the pres-
ence of the typical o,B-unsaturated ether type of
plasmalogen in a sea anemone and noted that this
oceurred in several invertebrates primarily as etha-
nolamine plasmalogen. In a short note from the same
laboratory (32) a great deal of ethanolamine and



SEPTEMBER, 1963

choline plasmalogen and a small amount of sphingo-
myelin was reported to be present in Anthopleura
elegantissima on the basis of TLC examinations. The
observation that Anthopleura elegantissima is rich
in choline and ethanolamine plasmalogen is in keep-
ing with our results. We did not detect sphingomyelin
and a new lipid not reported by the other investigators
was isolated and characterized. It is evident that
TLC alone as used by Rapport and Alonzo did not
distinguish sphingomyelin and ceramide aminoethyl-
phosphonate from other lipids.

The great superiority of column chromatographic
methods over paper chromatographic methods alone
for the study of new lipid mixtures is well illustrated
by a comparison of the results obtained in the present
studies with those of Hack et al. (33) who studied
the anemone but did not report new lipids and failed
to gain any information of the type reported above.

The role of the phosphonate grouping and its
metabolic fate is yet to be determined; however, we
will eonform to well established custom on the occa-
sion of the discovery of a new ionic lipid and suggest
without direect data that it may play a role in
permeability.

Lipid Composition of Beef Brain

Table VII is a compilation of the lipid classes thus
far isolated and characterized from beef brain and
the best available estimates of the amounts of these
lipid classes. The basis for the entries in the table
and the problems in the analysis of beef brain lipid
are discussed below. The values in Table VII differ
in some cases from those reported previously (6).
The present values were obtained with improved
methods and are based on a larger number of
determinations.

General objectives and defintttons. We have at-
tempted to isolate each lipid class quantitatively.
A lipid class is defined here as a group of lipids having
the same polar functional groups regardless of dif-
ferences in fatty acid and/or fatty aldehyde composi-
tion. The cerebrosides containing normal and hydroxy
fatty acids are grouped as one lipid class and the
phosphatidyl ethanolamines containing two fatty acids
or one fatty acid and a fatty aldehyde (ethanola-
mine plasmalogen) are termed together phosphatidyl
ethanolamine. Sulfatides and ganglioside are more
heterogeneous groups with subeclasses in which differ-
ences are not confined to fatty acids. Sulfatides are
considered as a single class that contains sulfate,
and gangliosides are grouped together because they
contain neuraminic acid. Gangliosides have been iso-
lated that differ in carbonhydrate composition and
different types of sulfatides have been reported (see
below). Eventually the sulfatides and gangliosides
must be divided into the individual subelasses, and
ultimately the individual molecular species in each
class must be defined. The determination of the com-
plete fatty acid (and aldehyde) composition of each
lipid class is a step toward the final definition of each
molecular species present in brain. The first task is
to devise methods for the guantitative isolation of
the broadest lipid classes and progress toward this
goal is the subject of this report. ,

Cholesterol. Cholesterol has been determined by
direct isolation as the first fraction eluted from a
magnesium silicate column with total brain lipid as
sample, and by separation of the first fraction from
a DEAE column (eluted with chloroform/methanol
9/1) on a silicic acid-silicate colummn. The elution
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TABLE VII
Composition of Whole Beef Brain Lipid

Lipid Class % Total Lipid

(]
f=1
©2
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Cholesterol .......ccoocooivmiiieiieereeenmmiiiiinineiiereerranenn
Ceramide ....
Cerebroside ...
Galactosylglyceride
Sulfatide ............
Sphingomyelin ....
Lecithin ..............
Phosphatidyl Ethanolamine
Phopshatidyl Serine ......
Phosphatidyl Inositol ....
Triphosphoinositide *
Phosphatidic Acid ..
Cardiolipin ......
Ganglioside ........
Uncharacterized a
Water Soluble Nonlipid

[y

[

=

160.2

* Includes triphosphoinositide extracted with chloroform /methanol /
ammonia.

schemes are given above or have been described
previously (6). Such simple methods are adequate
for the quantitative isolation of pure cholesterol from
beef brain because sterol esters and glycerides are
not present.

Ceramide. Ceramide has been isolated from mag-
nesium silicate columns and by fractionation of the
nonionic fraction from DEAE columns on silicie acid-
silicate columns (6). The values by both methods
are in good agreement.

Cerebroside and galactosylglyceride. Cerebroside
has been determined by two methods. A mixture of
cerebroside and sulfatide has been isolated from
magnesium silicate columns and the mixture separated
into cerebroside and sulfatide fractions on DEAR
columns (6). The value for cerebroside by this
method compares favorably with the value obtained
by a combination of DEAE and silicic acid-silicate-
water column chromatography (6). It is now clear
that cerebroside isolated by both methods contains
a small amount of galactosylglyceride. This can be
degraded by mild alkaline hydrolysis without affect-
ing the cerebroside. The cerebroside can then be
separated from the fatty acids of the glyceride on a
silicic acid ecolumn and the relative amounts of each
lipid can thus be determined. Fatty acids are eluted
with chloroform and cerebrosides with chloroform/
methanol 4/1. The amount of galactosylglyceride
has been determined by quantitative infrared spectros-
copy using pure cerebroside to which was added
phosphatidyl inositol to give the amount of ester
absorption seen with brain cerebroside fractions.
Values by both methods have been checked by the
quantitative determination of ester groups with the
hydroxamic acid reaction.

Sulfatide. Sulfatides are incompletely characterized.
Nakayama (34) and Thannhauser et al. (35) pre-
sented evidence indicating that a sulfatide prepara-
tion from beef brain was cerebroside-6-sulfate. Hako-
mori and Ishimoda (36) described the separation of
three sulfatides, and Rouser et al. (5) noted the
separation of several sulfatide spots on paper chro-
matograms. Yamakawa et al. (37) reported that a
cerebroside-3-sulfate was present in brain, and Hako-
mori et al. (38) separated two sulfatides from beef
brain and characterized one as a cerebroside-3-sulfate
and the other as a more complex sulfatide with two
carbohydrate residues and two sulfate groups per
lipid molecule,

Total sulfatide has been determined in this labora-
tory by two methods. Elution of sulfatide along with
cérebroside from magnesium silicate followed by sepa-
ration of the two lipid classes on DEAE was achieved
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first (6). A seecond procedure has been developed with
which sulfatide is eluted directly from a DEAE
column (see above). The amounts of the individual
sulfatides have not been determined.

Sphingomyelin and lecithin. These two lipids have
been recovered together (along with cholesterol, cer-
amide, and cerebroside) from DEAE and separated on
silicie acid-silicate-water columns (6). The purity of
sphingomyelin is shown in Figures 6 and 7 and
illustrates the performance of a silicic acid-silicate-
water column for the separation of lecithin and
sphingomyelin.

Phosphatidyl ethanolamine and phosphatidyl serine.
Two methods have been used for quantitative isola-
tion of these lipids. The first method utilizes a silicie
acid eolumn for the recovery of a mixture of phos-

phatidyl ethanolamine and phosphatidyl serine that

is then separated into individual components on a
silicic acid-silicate-water column (8). The separation
of these two lipids has also been accomplished on
DEAE columns (see 6 and above). The value for
phosphatidyl ethanolamine from DEAE is slightly
lower than the value obtained by the first method.
This appears to be related to the presence of a natu-
rally occurring oxidation product of phosphatidyl
ethanolamine that is separated from the native form
of the lipid on DEAE but not on silicie acid columns.
This conclusion is based on comparisons of brain
lipid with phosphatidyl ethanolamine and its oxida-
tion products. The value determined by the DEAR
method is shown in Table VII. The purity of these
lipids eluted from DEAE is shown in Figure 6.

Phosphatidyl inositol. The presence of phosphatidyl
inositol in brain was indicated by mild alkaline hy-
drolysis procedures, and Rouser et al. (6) reported
the chromatographie isolation of a lipid believed to
be phosphatidyl inositol. Coneclusive evidence for
the presence of this lipid in beef brain has now been
obtained in this laboratory and an improved isolation
procedure giving a more accurate estimate of the
amount in whole brain lipid has been developed.
We have found that phosphatidyl inositol from soy-
bean and wheat germ are eluted from DEAE and
silicic acid columns in the same manner as the lipid
from brain; that the paper and thin layer chromato-
graphic migrations for the preparations are the same;
and that the preparations give similar hydrolysis
products and infrared spectra. Phosphatidyl inositol
has been eluted from DEAE columns along with
sulfatide and the two lipids separated by elution
from DEAE with different solvents as deseribed
above. The purity of the fraction is shown in Figure 6.

Triphosphoinositide. Two advances have made the
estimation of triphosphoinositide possible. The total
extraction of this lipid with chloroform/methanol/
ammonia has been accomplished (see above) and the
elution of triphosphoinositide in pure form from
DEAE columns with chloroform/acetic acid 3/1 as
described above has made possible the quantitative
isolation of the lipid. A small amount of this lipid
has been found in chloroform/methanol 2/1 extracts
of brain, but most of the lipid is extracted by chloro-
form/methanol/ammonia.

Phosphatidic actd. The presence of phosphatidic
acid (diacylglycerophosphate) in brain has now been
established by quantitative isolation. Phosphatidie
acid elution from DEAE is described above and is
accomplished with chloroform/acetic acid 3/1 con-
taining ammonium acetate. Phosphatidic acid is first
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eluted along with uncharacterized acidic lipids from
DEAE, then pure phosphatidic acid is recovered
from a silicie acid-silicate-water column with chloro-
form/methanol 4/1 containing 2% water used as the
final eluting solvent. Phosphatidic acid from brain
was found in this laboratory to have the same column,
paper and TLC characteristics as phosphatidic acid
prepared from lecithin by treatment with carrot
phospholipase. The two preparations gave similar
hydrolysis products and infrared spectra.

Cardiolipin. The elution characteristics of cardio-
lipin from DEAE columns deseribed above have been
used to isolate a fraction from brain that appears to
be identical to cardiolipin of beef heart and beef
heart mitochondria, although an absolutely pure car-
diolipin has not been obtained from brain. The value
in Table VII is an approximation that is, however,
believed to be close to the actual value. The column,
paper, and TLC properties of the substance from
brain are identical to cardiolipin of beef heart. The
migration of cardiolipin on a thin layer plate is
illustrated in Figure 4 (spot 11).

Uncharacterized acidic lipids. Two uncharacterized
lipid classes of beef brain are eluted from DEAR
columns with chloroform/acetic acid 3/1 containing
0.001 M potassium acetate or 0.01 M ammonium ace-
tate. These acidic substances are similar to cardio-
lipin in that they migrate to the solvent front on
paper chromatograms with an acidic solvent (chloro-
form/acetone/acetic acid/water, system 15, ref. 5).
One of these lipids migrates in the general region of
cardiolipin on paper and TLC with several systems,
but this lipid is eluted from DEAE columns along
with phosphatidie acid rather than cardiolopin. The
infrared spectra of these lipids are similar to that of
cardiolopin, and glycerophosphate is released from
both on acid hydrolysis.

The data suggest substances elosely related to cardio-
lipin. Their elution characteristics from DEAE can
be used to formulate an hypothesis regarding their
chemical nature. The order of elution of acidie lipid
from DEAE columns where chloroform/acetic acid
3/1 containing increasing amounts of ammonium
acetate is the eluting solvent is as follows: triphos-
phoinositide (eluted without addition of salt), the
new acidie lipids, phosphatidic acid, cardiolipin, phos-
phatidyl inositol, and sulfatide. The acidic lipids
with the largest number of acid groups are eluted
first. This suggests that the new acidic lipids are
glycerophosphate polymers with at least four glycerol
and three phosphate groups (cardiolipin is composed
of a chain of three glyeerol and two phosphate
groups). Paper and TLC indicate that fatty acids
would have to be present on all but one or two of
the hydroxyl groups of the glycerol molecules. It is
possible that the two new lipids differ from each
other only in that one lipid has one free hydroxyl
group and the other lipid two.

Gangliosides. Gangliosides have been isolated from
cellulose columns and from DEAE eolumns (6). Al-
though the cellulose column procedure is diffieult
to reproduce, the values obtained by the two different
methods are in fair agreement. There are several
types of gangliosides. This is clear from the work
reported from the laboratories of R. Kuhn and E.
Klenk in particular. The value in Table I includes all
of the gangliosides.

Water soluble nonlipids. The nonlipid substances
(carbohydrates, amino acids, salts, ete.) extracted
along with lipids into chloroform/methanol 2/1 are
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frequently removed by a water wash using one of the
procedures described by Folch et al. (7). These non-
lipids have been separated from lipids and determined
in the present work by elution from DEAE columns
with methanol. They have also been removed using
cellulose columns (6). A very small amount of lipid
that appears to be a naturally occurring oxidation
product of phosphatidyl ethanolamine is also eluted
from DEAE with methanol and is presently included
in the value for water soluble nonlipid.

Additional problems. The quantitative isolation of
the most abundant lipid classes of brain has been
accomplished and some of the minor components
have also been isolated quantitatively and character-
ized. The quantitative recovery in pure form and
the characterization of the new acidic lipids referred
to above, and the separation of the subclasses of
sulfatide and ganglioside are outstanding problems
that are rather clearly defined. Two other general
problems that require further investigation are the
complete separation of cerebrosides from the small
amount of glycerol lipid (probably galactosylglycer-
ide) and the isolation and characterization of some
of the numerous minor components detected in a
number of column fractions. The very minor com-
ponents (eluted along with acidic lipids from DEAE)
present a particularly diffienlt problem. They occur
in small amounts and it is difficult to distinguish
natural components from artifacts of oxidation and
hydrolysis.

Results obtained by other methods. Radin and co-
workers were the first to present a column chromato-
graphic method for the isolation of cerebrosides. Crude
cerebroside was isolated from magnesium silicate and
separated from most other lipid by passage through
a column of ion exchange resin (39). No exact com-
parison of values by this method and the magnesium
silicate column method used in this laboratory are
available, although we think that the Radin procedure
will yield similar results. Long and Staples and
co-workers have reported column chromatographic
methods for the isolation of cerebroside, sulfatide,
phosphatidyl ethanolamine and phosphatidyl serine
based on chromatography on aluminum oxide (40—
43). Destruction of phosphatidyl ethanolamine and
phosphatidyl serine on aluminum oxide was observed.
No data on the reproducibility of the procedures was
" presented and quantitative values were not reported.
From the data available it appears that these methods
are less precise than the methods discussed above.
The isolation of phosphatidyl ethanolamine and phos-
phatidyl serine from a strong absorbent upon which
degradation has been observed, as well as exposure of
the lipids to air seem particularly objectionable. Ren-
konen has reported degradation of lecithin to lysoleci-
thin on alumina columns (44), and Thompson et al.
(45) using alumina column chromatography isolated
a large amount of lysolecithin from brain lipid sam-
ples. Webster and Thompson (46) demonstrated that
this earlier report was in error and reported a small
amount of lysolecithin in brain, although it was not
isolated and characterized. The degradation of leci-
thin by alumina was shown to be responsible for the
earlier results. Even the small amount of lysolecithin
reported by Webster and Thompson to oceur in human
and rat brain has not been observed by us in studies
of beef brain. We observed a trace component migrat-
ing like lysolecithin in some column chromatographic
fractions (6). The substance appears to be an artifact
sinee it is not present in all beef brain lipid extracts.
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‘When isolated by column chromatography the ma-
terial was clearly not lysolecithin,

TLC has been used for the study of brain lipids
(47-52) and it has been suggested that TLC may
be useful for quantitative determination of brain
lipids. As shown by column chromatographic pro-
cedures, the complexity of the lipid pattern of brain
makes it apparent that TLC will have marked limita-
tions. There are no values reported in the literature
for beef brain that can be compared with the results
reported here.

Dawson (53) has reported methods for the deter-
mination of phospholipids of brain by determination
of the phosphorus content of spots from paper chro-
matograms of the water soluble products of alkaline
and acid hydrolysis of the lipids. The reported re-
coveries varied from 85-90% of the phosphorus of
the brain lipid sample. Since more than one hy-
drolysis product is formed from some lipids, correc-
tion factors are necessary. Some lipids yield the same
hydrolysis products, e.g. lecithin and lysolecithin,
and phosphatidyl ethanolamine and lysophosphatidyl
ethanolamine. A crude analysis of brain phospho-
lipids is possible with the Dawson procedures.

Bond Types in Column Chromatography and
Their General Significance

The continued development of paper and column
chromatographic methods has been based upon a series
of hypotheses arising from attempts to explain the
chromatographic findings and these hypotheses have
been used as guides for subsequent studies. Concepts
of the types of bonds formed in column chromatog-
raphy and how these bonds can be broken have gradu-
ally evolved to rather well established principles. The
chromatographic findings have general significance,
and these findings have some almost unique advan-
tages for recognizing the types of bonds involved in
the interactions of lipids with nonlipid substances.
Evidently many of these bond types may be en-
countered in various in vitro systems and in biological
systems in general.

One of the most striking features of the column
chromatographic method is the relative ease with
which the importance of water can be demonstrated.
It is well known that natural lipoproteins contain
water, but the way this water is bound has remained
uncertain. The results from column chromatography
may be useful in the formulation of lipoprotein
struetures.

The following discussion of bond types should be
of interest to the lipid chemist utilizing chromato-
graphic procedures since these bond types help to
explain the mechanisms underlying the separations.
They should also be of interest to the biochemist in
his analysis of the struetures of complex biologieal
systems and in vitro model systems.

Silicic Acid. The interaction of lipids with silicie
acid has been discussed previously (6). The two
basic forms of interaction are hydrogen bonding and
electrostatic (coulombie) bonding, the latter being
frequently mediated by ion exchange (proton trans-
fer). Hydrogen bonding is through the Si=0, Si —
0—S8i, and Si—OH groups of silicic acid while the
ion exchange reactions occur by proton transfer of
the Si—OH group with proton acceptor groups (phos-
phate, sulfate, and amino) of the ionic lipids. The
two forms of interaction may be combined in one
molecule.
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Silicates. Several interesting bonding types oecur
with silicates that are quite distinet from those with
silicic acid. Silicates are different from silicic acid
in that they are proton acceptors rather than proton
donors. Silicates of monovalent and divalent ions
can form different types of bonds. We have previously
presented a postulate to explain the extremely strong
bonding of the acidic lipid phosphatidyl serine (as
well as other acidic lipids) to silicate by interaction
of the acidic lipid through water to the silicate ion
(6). The interaction through water can be depicted
as hydrogen bonding through the carbonyl group of
a carboxylate ion and Si=0 or Si—O— groups or
between the hydrated cations of both the acidic lipids
and the cation (sodium, potassium, or ammonium) of
the silicate.

One of the most significant types of interaction
that has been disclosed by column chromatographic
studies is that involving silicates of divalent ions
with various lipids. Here direct binding to the col-
umn through acid groups can take place. Two general
types of interactions can be visualized. Phosphatidyl
ethanolamine can interact with magnesium silicate to
give a chelate type structure that is held together by
ionic forces.
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This is a surprisingly strong form of interaction in
the absence of water. When a magnesium silicate
chromatographic system is maintained completely free
of water (by heat activation of the adsorbent and de-
hydration of solvents with molecular sieve 5A),
chloroform/methanol mixtures are poor eluting sol-
vents for phosphatidyl ethanolamine and methanol
alone elutes this lipid rather slowly (6). By the ion
exchange mechanism for the dissociation of phos-
phatidyl ethanolamine from magnesium silicate, the
transfer of a proton from the —NH3 group can be
to the silicate ion or to the phosphate group.. In
either case magnesium silicate is regenerated and
phosphatidyl ethanolamine may escape from the bind-
ing site on the adsorbent.

The reversible reactions shown for phosphatidyl
ethanolamine are not possible, however, with sub-
stances such as lecithin or sphingomyelin.
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The quaternary ammonium group can hot engage
in proton transfer reactions and the chelate type strue-
ture held together by strong ionic bonds is not broken
with absolute methanol in the absence of water. Chloro-
form/methanol /water mixtures elute these lipids
slowly with formation of a hydrated magnesium sili-
cate (elution of lecithin and sphingomyelin with chloro-
form/methanol mixtures containing even traces of
water is detectible). This is in marked contrast to
the behavior of phosphatidyl ethanolamine which is
eluted with absolute methanol (no water required).
The bonding type just considered for lecithin and
sphingomyelin is of interest for biological systems
since divalent ions (caleium and magnesium) present
in tissues may help to bind lipids to nonlipid materials
(proteins and nucleic acids) in a similar manner.
After lecithin or sphingomyelin are bound fo mag-
nesium silicate, the column may be treated with water
alone without elution of any appreciable amount of
lipid. Despite the necessity for water in the eluting
solvent, water alone can not detach lipid. Water
alone does not appear to penetrate through the rela-
tively nonpolar barrier of fatty acid chains into the
area of binding of lipid to nonlipid. Evidently an
appropriate organic solvent (chloroform/methanol or
methanol) must be used with water. The role of the
organic solvent can be visualized as aiding the pene-
tration of water through the nonpolar lipid layer to
reach the polar ionic sites. If magnesium silicate is
prepared in water and an aqueous dispersion of lipid
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is passed through the bed, lipid is not bound to any
appreciable extent. This behavior is readily under-
stood and explained, but it is important to note that
water can prevent the formation of certain types of
bonds that, once formed, will be stable in its presence.

DEAE Cellulose. The previous description of the
method of interaction of lipids with diethylamino-
ethyl cellulose (6) can be supplemented to a certain
extent. Zwitterion lipids such as lecithin and sphingo-
myelin show very little tendency to bind to DEAE
cellulose and a freely reversible ion exchange reac-
tion with the adsorbent can be visualized. Phospha-
tidyl ethanolamine is a proton donor in the zwitter-
ion form and is retained more firmly by DEAE. The
retention of phosphatidyl ethanolamine ig great enough
to make DEARE useful for recovery of this lipid in
pure form as described above. The wvalidity of the
ion exchange reactions formulated as responsible for
this separation is substantiated by studies with other
types of cellulose.

Phosphatidyl ethanolamine is not retained from
chloroform/methanol 9/1 to any appreciable extent
by cellulose without ion exchange groups in contrast
to the retention on ion exchange celluloses. Evidently
the ion exchange groups of the ion exchange celluloses
do function to bind the lipid. Phosphatidyl etha-
nolamine is bound to triethylaminoethyl cellulose
(TEAE) and is not eluted with neutral solvents as
it is from DEAE. This interaction can be depicted as:
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The bonding to triethylaminoethyl cellulose is not
reversible in a nonionic solvent since TEAR is not
a proton donor. The elution of phosphatidyl etha-
nolamine from THEAE is accomplished with either
acidie or basic solvents. '

Another observation in agreement with the ion
exchange concepts for phosphatidyl ethanolamine in-
teraction with DEAE is the behavior of ceramide
aminoethylphosphonate. This new lipid with amino
and phosphonate groups emerges from a DEAE cellu-
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F16. 48. Schematic representation of bonding types en-
countered in column chromatography. @ and © indicate posi-
tive and negative charges while the squares represent polar
nonionic (usually hydroxyl) groups. See text for comments.

lose column along with phosphatidyl ethanclamine.

Summary of Bond Types. Bonding types that have
been encountered in column chromatographic work
that may be important in biological systems are shown
in Figure 48. Bonding type 1 is a simple interaction
of positively and negatively charged groups encoun-
tered when the salt of a fatty acid is bound to DEAE.
The bond is broken with acidic or basic solvents or
by inclusion of salt in an eluting solvent.

Bond types 2 and 3 are the simplest forms of a
polar nonionic interaction (hydrogen bonding) as
for cholesterol, cerebroside, and galactosylglycerides.
Bonding type 4 is a combination of interaction by
ionic groups and nonionic polar (hydroxyl) groups
that can be visualized for phosphatidyl inositol in-
teracting with DEARE cellulose. Bonding type 5 is
an interaction typieal of lecithin and sphingomyelin
and is labile. The adsorption site and the molecule
being adsorbed are internally balanced and may dis-
sociate in the absence of an ionic solvent. Bonding
type 6 is possible with phosphatidyl serine, while
bonding type 7 can be visualized for a more complex
lipid such as the triphosphoinositide interacting with
ion exchange sites of DEAE celluloses. This is a
simplification of the triphosphoinositide structure
since two of the phosphate groups on the inositol have
two negatively charged groups under biological con-
ditions. Bonding type 8 is an illustration of bonding
of two anionic substances through water. This is
believed to take place when phosphatidyl serine is
bound to a silicate of a monovalent ion and the mode
of interaction has been used to explain the separation
of phosphatidyl serine from other lipids (6). Bond-
ing type 9 is typical for magnesium or caleium sili-

- cates and can be formed from the salt of a fatty acid

with a silicate of a divalent ion. Bonding type 10
is the chelate type structure discussed above that can
be formed with lecithin or sphingomyelin and mag-
nesium silicate.

A bimolecular lipid structure of the type thought
to be important for biological membranes can be
formulated using the various types of ionic and hydro-
gen bonding interactions discussed above. The bonds
can be considered as joining the lipid-nonlipid layers
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and perhaps some of the lipid molecules to each other.
It seems probable that studies of model systems
based upon the above observations will be profitable.
It is apparent that various chromatographic adsorb-
ents ean be replaced by proteins or other substances
of biological interest and the binding of lipid under
various conditions can be studied. The binding of
lipid to an insoluble protein can be studied in chloro-
form or a hydrocarbon solvent in which the protein
is insoluble. The role of water, the number of mole-
cules bound per mole of protein, and other factors
affecting binding and bond breakage can be studied.
The substances can be brought together in a test
tube and the bonding studied by separation of the
insoluble portion by centrifugation, although some
substances may be solubilized by the lipid. A detailed
study of such interactions will undoubtedly aid ap-
preciably in formulating lipoprotein structures.

General Conclusions

Lipid chemists can look forward to a very bright
future. With the great increase in knowledge of lipids
and the greatly improved methods for their isolation
and characterization, some of the important biological
problems concerning the methabolism and funections
of lipids can now be approached with confidence. The
solutions to many important problems now seem only
a matter of time.

It is evident that the job of the lipid chemist has
only begun. There are many new lipid classes to be
isolated and characterized, and each lipid class must
be determined quantitatively. The amount of each
lipid class and the precise fatty acid composition must
then be determined under various physiological con-
ditions and in various pathological states. Ultimately
each lipid class will be separated into the individual
molecular species. Several ways that individual mo-
lecular species can be separated are known and these
will be explored. The separation of appropriate
derivatives by gas-liquid chromatography and the
separation of the mercury adducts will without
doubt find broad application for this purpose. When
individual molecular species can be recovered, isotope
studies can establish relative turnover rates and focus
attention on important differences within a lipid class.

‘When the skills of the lipid chemist are applied to
the problems of lipid composition of subeellular parti-
cles, biological membranes, and specific lipoproteins,
a better understanding of the relationships between
lipid structure and biological funetion will be obtained
and important metabolic pathways can be studied in
even greater detail.
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